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Editorial on the Research Topic 
Regeneration from cells to limbs: past, present, and future


Since the early 20th century, scientific interest in regeneration has steadily increased, fueled by hopes of applying basic knowledge of regeneration in complex living systems to clinical problems. Yet, partly because of the inherent complexity of the concept itself -- which covers everything from structural repair in unicellular forms to functional restitution of organs and appendices -- and partly as a consequence of historical contingencies in the development of the field, limited success has been achieved thus far in developing a unified framework for interpreting regeneration. Voluminous, world-class research on various aspects is ongoing, yet organizing a cohesive, interdisciplinary research community centered on regeneration is also an outstanding challenge, as evidenced by the fact that, at present, no dedicated journal for reporting research on animal regeneration even exists. Thus, the Editors welcomed the venue of Frontiers in Cell and Developmental Biology for this Research Topic, which offered a platform on which contributions from experimental biologists could meet those from historians and philosophers of science concerned with the epistemological aspects and sociocultural contexts of experimental work. The impetus for this way of thinking was a challenge from the then-President of the James S. McDonnell Foundation, Dr. Susan Fitzpatrick., who in 2019 asked the leaders of several working groups at the Marine Biological Laboratory (MBL) in Woods Hole, Massachusetts to “think differently” about regeneration: for instance, at various biological levels, across the animal kingdom, and in its philosophical and historical dimensions1. This challenge eventually led to the idea of bringing together research papers exploring regeneration along these intersecting lines. A defining feature of some of the papers in this Research Topic, therefore, is direct collaborations between biologists, historians, and philosophers of science, working together to provide wider and deeper perspectives on the multiplicity of animal models for studying regeneration, research questions in regenerative biology, and the contexts and changes through time that have been associated with these models and research programs.
The two Perspective articles in this Research Topic (MacCord and Maienschein, Fitzpatrick et al.) clearly show the breadth and complexity of the issue. Through historical examples, MacCord and Maienschein provide an overview of the epistemological changes that have characterized research on regeneration as a biological phenomenon since the 19th century, noting (for instance) the early emphasis on whole, complex systems and comparative perspectives, the shift towards model organisms and a molecular-mechanical approach in the 20th century, and different attempts at translating biological results into practice, which have met with varying degrees of success. Focusing on the example of hand transplantation and associated prosthetics and recovery of function, Fitzpatrick et al. then explore the biological, clinical, social, and ethical dimensions of different, sometimes competing, and converging therapeutic strategies. Building on the two Perspectives, the further 25 articles (12 reviews and 13 original research articles, representing the work of over 100 authors) address the study of regeneration from cells to complex structures in numerous organisms, spanning from protists, such as Stentor coeruleus (Marshall), to mammals (e.g., Suarez-Berumen et al.) (Figure 1). The range of species represented includes those for which sequenced genomes and molecular tools have long been available, and which therefore carry the label of traditional “model organisms” (Ankeny and Leonelli, 2021), and several less conventional experimental systems for which new opportunities are emerging, thanks to tools such as genome editing.
[image: Figure 1]FIGURE 1 | Range of organisms represented in this Research Topic, both from HPS and biological contributions. Figures adapted from: Almazan et al., Lovely et al., Hoffseth et al., Maxson Jones and Morgan, Medina-Feliciano and García-Arrarás, Voss et al., De Sio and Imperadore, Harreguy et al., Imperadore et al., Stahnisch, Martinez Acosta et al., Marshall, Debuque et al., Reiß. Images used with permission as stated under Creative Commons license: https://creativecommons.org/licenses/by/4.0/.
Unconventional models and their associated genomic and/or evolutionary novelties are recurring themes in this Research Topic, which also have enriched the field overall with a large variety of organisms and approaches. The exclusive use of traditional model systems, indeed, has for at least three decades been questioned by biologists as well as historians and philosophers of science, and the possibility of applying cutting-edge technologies to less well-studied, regeneration-competent species is increasing our chances of success in uncovering both common pathways and alternative regenerative strategies (Alvarado, 2004; Alvarado et al., 2018, De Sio and Imperadore). For instance, S. coeruleus, the giant heterotrichous ciliate protist, offers an impressive example of single-cell regenerator, one that is able to constantly re-establish correct patterning after any kind of disturbance. In this Research Topic, it is proposed as a model to investigate the origins of cellular geometry and single-cell repair, in order to shed light on animal development and regeneration more generally (Marshall). Echinoderms, among deuterostomes, also have allowed for the identification of conserved molecules and pathways, as well as a great number of orphan genes (unknown genes with no significant homology in any other species) active during spine, pedicellariae, arm, viscera, and pyloric caeca regeneration, thanks to high-throughput methods and the introduction of functional studies (Medina-Feliciano and García-Arrarás). Moreover, lampreys and goldfish permit detailed studies of neural regeneration and have led to the discovery that recovery of locomotor behaviors can occur despite imperfect axon regeneration, due to compensatory neural plasticity (Zottoli et al., Maxson Jones and Morgan).
Regeneration studies also provide novel educational opportunities, as Martinez Acosta et al. note, proposing Lumbriculus worms as “accessible models for the Lab and the Classroom.” Used since the mid-18th century to investigate regeneration, these worms are easy to care for and culture. They also are practically inexpensive, and they are recently opening to the ‘-omics’ era. Considering the availability of regenerating and non-regenerating worms, as well as of species endowed with anterior and/or posterior regeneration and indeterminate growth (Ribeiro et al., 2018; Ribeiro et al., 2019), the annelids offer excellent models for answering many outstanding biological and biomedical questions related to regeneration, evo-devo, physiology, and ecology.
Novel microscopic imaging techniques, applied to the study of regenerative phenomena, also are proving advantageous in studies of several emerging experimental species. Indeed, the scarcity of commercially available markers experienced by researchers working with non-traditional model organisms has represented a limit to their use until recently. Nevertheless, label-free multiphoton microscopy, as applied to the regenerating arm of Octopus vulgaris, has provided fundamental morpho-chemical information that appears promising for its use in a species-independent way (Imperadore et al.).
These few cases are enlightening and allow us to envision how the increasing use of emerging systems can guide in tackling fundamental, unresolved questions, expanding our knowledge of exceptionally complex biological phenomena.
In different ways, the history and philosophy of science (HPS) contributions in this Research Topic also accepted the challenge that MacCord and Maienschein presented in their Perspective: making history and philosophy of biology relevant to biology itself, for instance by identifying assumptions in past research to clarify limitations of and new opportunities for the present. Barbara and Stahnisch both underscore contextualized shifts in the meaning of regeneration, which has depended in large measure on the types of tissues that have been studied (Barbara) and the “thought styles” and experimental approaches of different scientific communities (Stahnisch). Barbara notes how the concept of regeneration has shifted in meaning since Antiquity in studies of soft tissue and peripheral nerve, and Stahnisch focuses on the specificities of studies of brain “plasticity” in biology and neurology since the 19th century. In addition, in his study of Rhoda Erdmann (1870–1935) and the development of tissue culture -- a method that has served regeneration scholars and many other biologists -- Fangerau emphasizes the social/communitarian dimensions of experimental biology, highlighting tissue culture research as “an academic niche for underprivileged scientists,” including women.
Moreover, the contributions examining individual species, from both the HPS and biological perspectives, raise complementary questions, investigating the historical and epistemic rationales for strategic choices of models. The lamprey (Hu et al., Maxson Jones and Morgan) has long proven to be a productive choice of organism for studying anatomical and molecular features of CNS regeneration conserved through the vertebrate lineage, while cephalopods (De Sio and Imperadore, Imperadore et al.) and echinoderms (Medina-Feliciano and García-Arrarás) have helped biologists investigate diversity, meaning “the novel strategies different taxa evolved to promote regeneration of tissues and organs”. Reiß, in addition, has shown how the axolotl’s remarkable regeneration capacities raised the latter to the status of a bona fide Research Topic in the 20th century, after the organism first gained cache in biology in the contexts of metamorphosis and experimental zoology. Salamanders, indeed, and the Mexican axolotl (Ambystoma mexicanum) in particular, are nowadays established and axiomatic organisms for the study of regeneration (Joven et al., 2019), a status confirmed by the number of contributions included in this Research Topic. Salamanders prove particularly useful for investigating the involvement and role of conserved pathways in limb development and regeneration (Lovely et al., Wells et al.), the epigenetic control of transcriptional regulation in tail regeneration (Voss et al.), and the contributions of pro-regenerative, liver-derived macrophages in limb repair (Debuque et al.). Similarly, the highly-regenerative planarians are well represented in this Research Topic, revealing their power in studies of mechanisms of regeneration across scales, from molecules to behavior (Almazan et al., Allen et al.).
Despite the contributions offered by non-conventional organisms, however, methodological challenges still remain, particularly related to transgenic approaches for functional studies. Thus, while model organisms, in the traditional sense, are sometimes endowed with limited regenerative abilities, they nonetheless contribute to the advancement of the field, as the articles in this Research Topic examining Mus musculus (Hoffseth et al., Suarez-Berumen et al.), Caenorhabditis elegans (Harreguy et al.), and Xenopus laevis (Ivanova et al.) demonstrate. Indeed, through transgenic animals, overexpression experiments, long-lasting cell culture, and other molecular methods, these species continue to offer biologists unique opportunities for in-depth investigations of regenerative phenomena, in ways that emerging models are only just attempting to pursue.
Collectively, the diversity of species now involved in regenerative studies -- including both traditional and emerging model organisms -- sustains a comparative approach, which can highlight shared features, molecules, and mechanisms involved in various biological systems. Katz et al., for instance, identify ATF3 as a common neural pro-regenerative transcription factor in vertebrates with a high degree of sequence homology across phyla, confirming it as one of the most actively induced genes in highly regenerative species following CNS damage (e.g., spinal cord injury (SCI) in zebrafish and SCI and brain injury in lamprey) that also is actively induced in mammals (rodents and human cell lines) after injury in several tissues. Similarly, Avalos and Forsthoefel propose cell-cell signaling through extracellular vesicles (EVs) and their cargos as ubiquitous mechanisms occurring in all systems, both in physiological turnover as well as in injury repair. EVs, indeed, can transport cargo that regulates apoptosis, cell survival, and tissue growth, as well as micro-RNAs (miRNAs), many of which have already been demonstrated to play active roles in regeneration across distinct phyla. Interestingly, despite their discovery in the early 1990s, miRNAs have been proposed recently as new and potentially powerful targets for therapeutic intervention against various pathological conditions, including SCI in humans (as reviewed in Boido and Vercelli). In their mini-review, Boido and Vercelli suggest combined therapeutic approaches with the aims of activating transcriptional cascades to promote axonal regrowth, restoring damaged neuronal circuitries, and reverting the inhibitory mechanisms occurring in the mammalian CNS after lesions that generate a hostile environment for regeneration.
Taken together, the contributions to this Research Topic hint at further agendas: both for HPS and biological scholars and for potential areas of fruitful collaboration. Despite significant existing studies (e.g., Dinsmore, 2007; Stahnisch, 2016; Stahnisch et al., 2019), historical changes in the meanings and contexts of the concept itself are still under-investigated, and thus they hold the promise of providing fresh views on the interactions of bio-medical research and public health priorities and on ethical considerations of the limits of medicine.
Finally, the varied landscape of research options—in terms of techniques, animal models, approaches, and objectives—collectively painted by the contributions to this Research Topic calls for a difficult, but promising, common endeavor as the future of regeneration research unfolds. Truly comparative regeneration studies are still greatly needed, both in order to establish which molecular pathways and strategies are most viable to rebuild and replace lost structures and functions, and to move toward clinical applications. However, various factors make comparing regeneration across species extremely challenging, including fundamental differences in the species themselves as well as in the injury models employed (i.e., in their tissue composition and time courses for regeneration, to name but a few variables). Thus, what we need now is a new vision for how to unify these experimental variables across species, a challenge requiring interdisciplinary perspectives. Major funding sources also are needed to support this work. Indeed, the high ratio of emerging/unconventional models to traditional model organisms presented here may be a skewed and partial picture, yet it resonates with many old and new cries for revising the balance amongst model organisms, traditional “translational” approaches focused on higher vertebrates and mammals, and more “biological” perspectives, harkening back to the 19th century and earlier and focused on a multiplicity of species and various dimensions of comparisons between them (e.g., Alvarado, 2004; Alvarado et al., 2018). Moving forward, realizing the promises of regenerative medicine, and maximizing the applications of the research that already has taken place, may well require a reevaluation of the meaning of comparative research in light of molecular approaches, not to mention a radical reassessment of the very concept of “translation”. For example, in what ways does biological research gain relevance to medicine? How is this “relevance” defined? Or “promise?” “Or even the term “regeneration” itself?” There surely are many illuminating solutions emerging in each of the fields here represented. But such complex and cogent questions call for novel, courageous, and collective efforts to eschew tunnel vision.
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Paralysis following spinal cord injury (SCI) is due to failure of axonal regeneration. It is believed that axon growth is inhibited by the presence of several types of inhibitory molecules in central nervous system (CNS), including the chondroitin sulfate proteoglycans (CSPGs). Many studies have shown that digestion of CSPGs with chondroitinase ABC (ChABC) can enhance axon growth and functional recovery after SCI. However, due to the complexity of the mammalian CNS, it is still unclear whether this involves true regeneration or only collateral sprouting by uninjured axons, whether it affects the expression of CSPG receptors such as protein tyrosine phosphatase sigma (PTPσ), and whether it influences retrograde neuronal apoptosis after SCI. In the present study, we assessed the roles of CSPGs in the regeneration of spinal-projecting axons from brainstem neurons, and in the process of retrograde neuronal apoptosis. Using the fluorochrome-labeled inhibitor of caspase activity (FLICA) method, apoptotic signaling was seen primarily in those large, individually identified reticulospinal (RS) neurons that are known to be “bad-regenerators.” Compared to uninjured controls, the number of all RS neurons showing polycaspase activity increased significantly at 2, 4, 8, and 11 weeks post-transection (post-TX). ChABC application to a fresh TX site reduced the number of polycaspase-positive RS neurons at 2 and 11 weeks post-TX, and also reduced the number of active caspase 3-positive RS neurons at 4 weeks post-TX, which confirmed the beneficial role of ChABC treatment in retrograde apoptotic signaling. ChABC treatment also greatly promoted axonal regeneration at 10 weeks post-TX. Correspondingly, PTPσ mRNA expression was reduced in the perikaryon. Previously, PTPσ mRNA expression was shown to correlate with neuronal apoptotic signaling at 2 and 10 weeks post-TX. In the present study, this correlation persisted after ChABC treatment, which suggests that PTPσ may be involved more generally in signaling axotomy-induced retrograde neuronal apoptosis. Moreover, ChABC treatment caused Akt activation (pAkt-308) to be greatly enhanced in brain post-TX, which was further confirmed in individually identified RS neurons. Thus, CSPG digestion not only enhances axon regeneration after SCI, but also inhibits retrograde RS neuronal apoptosis signaling, possibly by reducing PTPσ expression and enhancing Akt activation.
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INTRODUCTION

Paralysis following spinal cord injury (SCI) is due to axon interruption and failure of regeneration. Accumulating evidence suggests that both extrinsic and intrinsic factors contribute to the inability of axons to regenerate. Among the key factors, chondroitin sulfate proteoglycans (CSPGs) are normal constituents of the perineuronal nets in central nervous system (CNS; Bruckner et al., 2000; Deepa et al., 2006), and are greatly elevated after SCI, both in rodents (Bradbury et al., 2002) and lampreys (Zhang et al., 2014). In the lamprey, CSPG levels peaked near the transection (TX) at 2 weeks post-TX, returning to normal by 10 weeks. In vitro experiments showed that CSPGs can inhibit neurite outgrowth (Snow et al., 1990; McKeon et al., 1991), while digestion of CSPGs with chondroitinase ABC (ChABC) can prevent macrophage-induced axon retraction (Busch et al., 2009). ChABC application in vivo leads to axon sprouting in the intact spinal cord (Galtrey et al., 2007). Moreover, intrathecal ChABC promoted growth of spinal axons and functional recovery in rats (Bradbury et al., 2002). Transgenic ChABC-mediated digestion of the CSPGs promoted growth of axons past a dorsal root crush (Cafferty et al., 2007), enhanced sensory recovery (Cafferty et al., 2008) and promoted compensatory sprouting and functional recovery after unilateral corticospinal tract (CST) lesion (Starkey et al., 2012). The molecular mechanisms for these effects are not certain, and the behavior of growth cones in vitro may not represent mechanisms of regeneration of mature axons in vivo (Jin et al., 2009). Although CSPGs might interfere with axon adhesion to extracellular matrix (Friedlander et al., 1994), the receptor-like protein tyrosine phosphatases (RPTPs), protein tyrosine phosphatase sigma (PTPσ) and leukocyte common antigen-related phosphatase (LAR), have been identified as transmembrane receptors for CSPGs (Shen et al., 2009; Fisher et al., 2011; Sharma et al., 2012). Genetic disruption of PTPσ promoted axon growth into CSPG-rich regions of SCI (Shen et al., 2009), and transgenic deletion of LAR increased growth of descending axons caudal to the lesion and enhanced locomotor recovery after SCI (Xu et al., 2015). This also was true for systemic injection of small peptide inhibitors of LAR (Fisher et al., 2011) and PTPσ (Lang et al., 2015). RPTPs exist in the plasma membrane as auto-inhibited dimers. When bound to ligands, they separate, triggering phosphatase activity (Hower et al., 2009). Similar to myelin-associated growth inhibitors such as Nogo (Monnier et al., 2003), CSPG-mediated inhibition of neurite growth appears to involve RhoA activation (Fisher et al., 2011).

Although removal of the polysaccharide side chains of CSPGs with ChABC enhances axon growth and functional recovery after SCI in mammalian partial injury models, it is not clear whether this involves true regeneration of injured axons, or to collateral sprouting by spared axons. Nor is it known how this treatment affects the expression of CSPG receptors and their downstream signaling pathways. Since lampreys have both CSPGs and their RPTPs, to get around the limitations of mammalian models, we used complete TX of lamprey spinal cord to determine whether these effects relate to true regeneration of lesioned axons.

In the lamprey, the main descending system that transmits commands from the brain to the spinal cord is composed of reticulospinal (RS) neurons, which are responsible for initiation of locomotion, steering, and equilibrium control (Deliagina et al., 2000). The 18 pairs of individually identified RS neurons have axons that extend the entire length of spinal cord and therefore, are always axotomized by a complete spinal cord TX. The perikarya of these identified RS neurons can be labeled retrogradely by application of a dye to the site of the fresh TX. In the lamprey, some spinal-projecting neurons are good regenerators and some are bad (Davis and McClellan, 1994; Jacobs et al., 1997). The latter often experience a very delayed form of apoptosis (Shifman et al., 2008; Busch and Morgan, 2012; Hu et al., 2013, 2017). In the present study, these features have been used to determine the effects of ChABC treatment on the regeneration of axons belonging to spinal-projecting neurons, on their retrograde death after spinal cord TX, and on a downstream pathway thought to participate in these effects. In vitro studies had indicated that Akt is an important downstream signaling molecule of CSPG receptors (Fisher et al., 2011). In addition, the deletion of phosphatase and tensin homolog (PTEN) has been reported to promote potent CNS axon regeneration after optic nerve injury (Park et al., 2008) and SCI (Liu et al., 2010; Du et al., 2015), and the effect of PTEN knockdown to promote survival of retinal ganglion cells (RGC) and regeneration of their axons appeared to involve activation of Akt (Yang et al., 2014; Guo et al., 2016). Therefore, we explored the role of Akt in mediating the axon regeneration and suppression of retrograde neuronal death produced by ChABC treatment after SCI in the lamprey.



MATERIALS AND METHODS


Spinal Cord Transection, ChABC Treatment, and Retrograde Labeling

Wild-type larval lampreys, Petromyzon marinus, 10–14 cm in length (4–5 years old), were obtained from streams of Lake Michigan and maintained in fresh water tanks at room temperature (RT) until use. All animal procedures described in this report were performed with approval from the Temple University Institutional Animal Care and Use Committee (ACUP#: 4922). For spinal cord TX, animals were anesthetized by immersion in 0.1% tricaine methanesulfonate, and the spinal cord was exposed by an incision along the dorsal midline at the level of the fifth gill. TX of the spinal cord was performed with Castroviejo scissors. Completeness of TX was confirmed by retraction and visual inspection of the cut ends. For ChABC treatment, 1 μl ChABC (Cat# C2905, Sigma-Aldrich) dissolved in enzyme buffer was applied to the TX site and a pledget of Gelfoam soaked with 1 μl ChABC was placed gently on the surface of the spinal cord spanning the injury site. Control animals were treated with enzyme buffer. To label axon tips after SCI, we placed a pledget of Gelfoam soaked in 5% dextran tetramethylrhodamine (DTMR; Cat# D1817, Thermo Fisher Scientific) with enzyme buffer or ChABC into the TX gap. TXed lampreys recovered on ice for 2 h and then were returned to fresh water tanks at RT for 1, 2, 4, 8, and 11 weeks, at which times the brainstems were removed for fluorochrome-labeled inhibitor of caspase activity (FLICA) assay and then followed with PTPσ mRNA in situ hybridization (ISH). The spinal cords were carefully dissected out at 2 weeks and fixed with 4% paraformaldehyde (PFA) immediately. After washing with phosphate buffered saline (PBS), the axon tips were imaged with a fluorescence microscope. To assess axon regeneration at 10 weeks after the first TX at 5th gill, we performed the second TX at 5 mm caudal to the first TX and placed a pledget of Gelfoam soaked in 5% DTMR into the 2nd TX gap. The lampreys recovered on ice for 2 h and then were returned to fresh water tanks at RT for another 1 week to allow the DTMR to label the regenerated axons (Figures 2E–I). To retrogradely label the individual RS neurons for the convenience of pAkt-308 immunostaining analysis, 5% dextran Alexa Fluor 488 (DAF-488, Cat# D22910, Thermo Fisher Scientific) was placed into the TX gap. TXed lampreys recovered on ice for 2 h and then were returned to fresh water tanks at RT for 2, 4, or 8 weeks, at which times the brainstems were removed for pAkt-308 immunofluorescence staining.



FLICA on Whole-Mounted Lamprey Brains

After the recovery times described above, animals were re-anesthetized by immersion in saturated benzocaine solution. Brains were dissected out in ice-cold lamprey Ringer’s buffer (110 mM NaCl, 2.1 mM KCl, 2.6 mM CaCl2, 1.8 mM MgCl2, and 10 mM Tris buffer; pH 7.4). The posterior and cerebrotectal commissures of the freshly dissected brains were split along the dorsal midline. Brains were incubated immediately at 4°C for 1 h in 150 μL 1 × FLICA labeling solution (Image-iTTM Live Green Poly-Caspases Detection Kit, Cat# I35104, Molecular Probes; or Green Caspase-3 Staining Kit, Cat# PK-CA577-K183-25, PromoKine), which was diluted with PBS. Afterward, brains were washed five times with 1X wash buffer on a rotator at 4°C, 5 min per time. The alar plates of brains were deflected laterally and pinned flat to a small strip of Sylgard (Dow Corning Co., United States). The tissue was fixed in 4% PFA in PBS for 2 h at RT, and then washed three times in PBS at RT. Fluorescence images of brains were captured immediately with a Nikon 80i microscope. The whole procedure was conducted in the dark and all the samples were carefully protected from light. The brains were placed in 70% EtOH and kept at −20°C for PTPσ mRNA ISH. Control experiments were performed using brains from lampreys without spinal cord TX. All images were acquired using the same parameters.



In situ Hybridization on Whole-Mounted Lamprey Brains After FLICA

In situ hybridization was carried out according to modifications of the chromogenic method previously described (Swain et al., 1994). The whole-mounted brains were placed in Eppendorf tubes and washed in PTW (0.1% Tween-20 in PBS), then pre-hybridized at ∼ 55°C in hybridization solution for 60 min (50% deionized formamide, 5X SSC, 100 mg/ml Torula yeast RNA, 100 mg/ml wheat germ tRNA, 50 mg/ml heparin, 0.1% Tween-20). Hybridization was carried out by adding digoxin-labeled PTPσ antisense RNA probes, 1 μg/ml in hybridization solution, to the brain samples, which were kept at ∼ 55°C on a rotator overnight. Brains were washed in hybridization solution at 55°C followed by washes in PTW and PBT (0.1% bovine serum albumin, 0.2% Triton X-100 in PBS) at RT. Anti-Digoxigenin-AP Fab fragments (Cat# 11093274910, Roche Applied Science) were applied 1:1,000 to the brain samples at 4°C on a rotator overnight. The samples were washed sequentially in PBT and SMT (100 mM NaCl, 50 mM MgCl2, 100 mM Tris, pH 9.5, 0.1% Tween-20). The chromogenic reaction was carried out in a solution containing 20 μl of NBT/BCIP stock solution (Cat# 11681451001, Roche Applied Science) in each 1 ml of SMT on ice in the dark for 1 h, or until the reaction was completed, as determined by monitoring under a dissecting microscope. Finally, brain samples were washed in PBS, and the meninges were stripped gently from the posterior surface of the brain, using a forceps under a dissecting microscope. The brains were mounted onto glass slides and bright-field images were captured with a Nikon 80i microscope.



Calculation of Probabilities of FLICA- and PTPσ-Positive Identified RS Neurons

The RS neurons were identified individually in brain wholemounts labeled retrogradely with DTMR, based on their characteristic morphologies, sizes, and locations (Jacobs et al., 1997). Thus far, there are no molecular markers specific for individual RS neurons, although retrograde labeling combined with immunohistochemistry for developmentally regulated genes has been used to study the segmental development of the embryonic lamprey hindbrain (Murakami et al., 2004). The number of PTPσ-positive neurons were counted separately for each of the individually identified RS neurons in each brain. Then, for each of the individually identified RS neurons, the number of PTPσ-positive neurons was divided by the total number of neurons (2) of that individual type (PTPσ-positive and -negative) in each brain, and the percentages were considered the probability of PTPσ positivity for each of the identified RS neurons. For example, among the five brains treated with ChABC and surveyed at 2 weeks post-TX, three M1 neurons were PTPσ positive. Since each brain has two M1 neurons, the total number of M1 neurons was 2 × 5 = 10. Thus, the probability of PTPσ positivity for the M1 neuron in this ChABC-treated group was (3÷10) × 100 = 30%. This method also was used to calculate the percent of FLICA-positive identified RS neurons.



Western Blotting

The brains were collected from lampreys under a dissecting microscope. To investigate the expression of Akt in brains (with or without ChABC treatment), we dissected out the brain from the olfactory lobe to the obex. The tissues were snap-frozen in liquid nitrogen and homogenized in cold lysis buffer (Cat# C3228, Sigma-Aldrich) supplemented with 1× protease inhibitor cocktail (Cat# P8341, Sigma-Aldrich). After brief centrifugation to remove debris, the total protein concentration in supernatants was determined, using Bio-Rad (Hercules, CA, United States) DC protein assay reagents (Cat# 500-0006, Bio-Rad). After 10 min of heating at 75°C in loading buffer (Cat# NP 0007, Invitrogen) supplemented with reducing reagent (Cat# NP 0004, Invitrogen), 25 μg of protein were loaded from each sample. The protein was separated in 4–12% NuPAGE® Bis-Tris gradient mini gels (Cat# NP 0321BOX, Invitrogen), and transferred onto a PVDF membrane, using a Bio-Rad transblot apparatus. The membranes were blocked in 5% non-fat dry milk in TRIS-buffered saline (TBS) for 1 h at RT. Membranes were probed with an anti-Akt-T308 antibody (Cat# 2965, Cell Signaling) diluted 1:1000 at RT for 1 h, or anti-Actin (Cat# MAB1501, Chemicon) diluted 1:10,000 at 4°C overnight. After washes with TBS, the blots were incubated with secondary antibodies IRDye 800CW goat anti-rabbit IgG (Cat# 926-32211, LI-COR) or IRDye 680RD goat anti-mouse IgG (Cat# 926-68070, LI-COR) at 1: 20,000 for 1 h at RT in the dark. The blots were washed three times with TBS, 10 min each, scanned and quantified with an Odyssey CLx (LI-COR), and processed with Adobe Photoshop (San Jose, CA, United States).



Immunohistochemistry

To test whether in vivo ChABC treatment can digest CSPGs in lamprey spinal cord. We applied ChABC onto the intact spinal cord at the level of the fifth gill, and sacrificed the lampreys after 4 h recovery. We also applied ChABC in vivo immediately after TX at the fifth gill, and allowed the lampreys to survive for 2 weeks before being sacrificed. The spinal cords between the second gill and 5 mm caudal to the seventh gill were fixed, dehydrated and embedded in paraffin. Sagittal 10 μm thick sections were mounted onto glass slides. After de-paraffinization and rehydration, sections underwent the chromogen reaction. Endogenous horseradish peroxidase (HRP) was quenched with 5% H2O2 in methanol for 30 min at RT. Sections then were washed three times with PBS, 10 min each. All the sections were incubated with 10% fetal bovine serum (FBS)/0.2% Tween-20/PBS for 1 h at RT and then incubated with primary antibody 2B6 (Cat# 270432, Seikagaku Biobusiness Corporation) at a dilution of 1:200 in 10% FBS/0.2% Tween-20/PBS overnight at 4°C. Sections were washed three times with PBS, 10 min each, and then incubated with either goat anti-mouse IgG-conjugated HRP (Cat# SC-2005, Santa Cruz) at 1:200 or donkey anti-mouse IgG-conjugated Alexa Fluor® 594 (Cat# R37121, Thermo Fisher Scientific) at 1:200, in 10% FBS/0.2% Tween-20/PBS for 1 h at RT. All sections were washed three times with PBS, 10 min each. After incubation in HRP-secondary antibody, sections were washed with PBS and the chromogen reaction was performed with diamino benzidine (DAB). If sections were incubated in fluorescently tagged secondary antibody, the sections were washed with PBS and mounted with Fluoromount-G (Cat# 0100-01, SouthernBiotech). Brightfield or fluorescence images were captured with a Nikon 80i microscope.

To measure levels of Akt phosphorylation at threonine 308 in individual identified neurons, after fixation, dehydration, and paraffin embedding, 10 μm thick paraffin sections were mounted onto glass slides for further investigation. All of the brain sections were de-paraffinized, rehydrated, and washed in PBS. Antigen retrieval was performed as follows: sections were immersed in the sodium citrate buffer (10 mM sodium citrate, pH 6.0). The buffer was boiled for 20 min, and the sections allowed to cool for 20 min at RT. Sections were rinsed in PBS twice for 5 min each time. All the sections were blocked with 10% FBS/0.2% Tween-20/PBS for 1 h at RT, and incubated overnight with primary antibody anti-Akt-T308 (Cat# 2965, Cell Signaling) at 1:1000 in 10% FBS/0.2% Tween-20/PBS at 4°C. Sections were washed three times with PBS, 10 min each and then incubated with donkey anti-rabbit Alexa Fluor® 594 (Cat# A21207, Thermo Fisher Scientific) at 1:200, in blocking buffer for 1 h at RT. After incubation in secondary antibody, sections were washed three times with PBS, 10 min each time. Autofluorescence was carefully quenched with the TrueView kit (Cat# SP-8400, Vector TrueView). Sections were mounted with Fluoromount-G (Cat# 0100-01, SouthernBiotech). DAF-488 and pAkt-308 fluorescence signaling were captured with a Nikon 80i microscope under consistent parameters to allow quantification of pAkt-308 fluorescence. All brain sections with identified neurons were collected and quantified with NIS-Elements AR 3.10. For each brain section, all the identified neurons that were filled with DAF-488 were outlined and pAkt-308 intensity was measured. Background fluorescence intensity was measured by outlining the area adjacent to the brain. The fluorescence intensity for each section was calculated as follows: the background fluorescence intensity was subtracted from the mean fluorescence intensity within identified neurons in the same section. For each animal, the average fluorescence intensity from all the sections was calculated. Then an overall mean fluorescence was calculated as the mean of all these average intensities.



Statistical Analysis

Data sets were analyzed with InStat software (GraphPad), normally distributed data were further analyzed by InStat to determine if standard deviations (SD) were equal. An unpaired t-test was used for comparison between data sets with equal SD. For western blots, to avoid between-blot variation, all the groups were normalized against loading controls (actin). Then the experimental groups were compared with their respective normalized control groups, whose relative densities were assigned a value of 1. A paired t-test was performed to compare the density difference between groups. The effects of ChABC on apoptosis signaling was determined for individual identified neurons, by comparing FLICA labeling for the same RS neurons in control and ChABC-treated groups, using the paired t-test. For normally distributed data sets requiring multiple group comparisons, we used one-way analysis of variance (ANOVA) followed by the Tukey’s multiple comparisons test. For correlation analysis, we used the Pearson correlation test. All values were expressed as mean ± SEM.



RESULTS


ChABC Digests CSPGs in Lamprey Spinal Cord

Chondroitinase ABC was applied in vivo onto the lamprey spinal cord at the level of the 5th gill, with or without TX (detail in section “Materials and Methods”). After ChABC application, there was strong staining of CSPG stumps (2B6) in control and TXed spinal cords (Figures 1A,C), suggesting that ChABC had digested the sugar chains of CSPGs, and thereby exposed the stumps (2B6). H2O2 was used to eradicate endogenous HRP activity during IHC staining and chromogenic reaction. The results were confirmed by immunofluorescence staining with the 2B6 antibody, to show the distribution of CSPG stumps after ChABC treatment in control and TXed spinal cords. Figures 1B,D show strong immunofluorescence in the same area as indicated in Figures 1A,C. These results confirmed that ChABC application in vivo can digest endogenous CSPGs effectively in lamprey CNS, either in control lamprey, or after spinal cord TX.
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FIGURE 1. ChABC treatment of lamprey spinal cord after transection. Stumps of digested CSPGs were labeled with mAb 2B6 and imaged in sagittal sections of spinal cord by colorimetric immunohistochemistry (A,C) or Alexa Fluor-594 immunofluorescence (B,D). A,B are intact lamprey spinal cord treated with ChABC. C,D are sections of a spinal cord that had been transected and treated with ChABC 2 weeks previously. Scale: 1 mm.




Digestion of CSPGs With ChABC at the Site of Injury Inhibits Axon Retraction in the Proximal (Rostral) Stump at Early Stage and Promotes Axon Regeneration at Late Stage

At the early stage after SCI in the lamprey, transected axons can form axon tips which undergo retraction first and then begin to grow forward toward the TX site, reaching the injury scar by 4 weeks. These axon tips can be imaged in vivo, and thereby can be assessed by measuring the distance between the axon tips and TX site (Jin et al., 2009; Hu et al., 2017). We transected the spinal cords at the level of the 5th gill and applied either enzyme buffer or ChABC with DTMR to the TX site for 2 weeks (Figure 2A). The whole-mounted free spinal cords were carefully dissected out. The images of axon tips were taken by fluorescence microscopy, so that the distances between individual axon tips (arrowheads in Figures 2B,C) and the TX sites (dashed lines in Figures 2B,2C) could be measured. The mean distances between the axon tips and TX sites in ChABC-treated spinal cords (683 ± 62 μm; n = 30 from five lampreys) were shorter than that in enzyme buffer-treated ones (1026.03 ± 106 μm; n = 31 from five lampreys, p < 0.01) at 2 weeks post-TX (Figure 2D). This result suggested that ChABC digestion of CSPGs inhibits the retraction of transected axons, either by reducing the retraction distance or by promoting the early start of axon regrowth.
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FIGURE 2. ChABC slows initial axon retraction in vivo at 2 weeks and promotes axon regeneration in vivo at 10 weeks post-TX. (A) Experimental design for detecting the axon tips at 2 weeks post-TX. A solution of DTMR and either ChABC or control enzyme buffer was applied to a fresh spinal cord TX. (B,C) Axon tips (arrowheads) in the lamprey spinal cord back-filled with DTMR at 2 weeks post-TX (TX sites are labeled by dashed lines). (D) Mean distances of axon tips from the center of the TX site (dashed line). **p < 0.01, n = number of axon tips. (E) Experimental design for detecting the neurons whose axons have regenerated by 10 weeks post-TX. The TX site was treated with either control enzyme buffer (F), or ChABC (G) at the time of injury. Ten weeks later, DTMR was applied to a second TX 5 mm caudal to the first, and 1 week allowed for retrograde transport of the dye. (H) A graph showing an increased number of retrogradely labeled neurons in brains of animals treated with ChABC compared to controls. (I) The probability for each identified neuron that its axon will have regenerated at 10 weeks post-TX. *p < 0.05, n = 5 lampreys per group. Error bars: SEM. Scale bar: 100 μm.


We also assessed the axon regeneration after ChABC treatment at late stage (10 weeks post-TX). A first TX was performed at the fifth gill and Gelfoam was applied with either enzyme buffer (control) or ChABC in enzyme buffer. After 10 weeks, a 2nd TX was performed 5 mm caudal to the first TX, and DTMR applied as a retrograde tracer to both groups (control vs. ChABC) (Figure 2E). After 1 more week, the retrogradely labeled RS neurons in the brain were counted carefully and these were considered neurons whose axons had undergone true regeneration (not collateral sprouting) at least 5 mm beyond the TX (Figure 2E). The total number of DTMR-positive identified RS neurons was greatly increased at 10 weeks post-TX with ChABC treatment compared to control enzyme buffer treatment (Figures 2F–H). We organized all of the identified RS neurons by their locations in brain (M1–M4 are in mesencephalon; I1–I6 are in anterior rhombencephalon; B1–B6, Mth and mth′ are in the middle rhombencephalon). There were increased numbers of DTMR-labeled identified RS neurons in all three of these regions, among which the RS neurons in the anterior rhombencephalic region showed the most dramatic regeneration (Figure 2H). Since individual identified RS neurons have different regeneration probabilities, the effects of ChABC treatment might be different for each of the individual identified RS neurons. We calculated the regeneration probability of individual identified RS neurons after TX with or without ChABC treatment (Figure 2I). Except for M4, I2, B2, B5, and mth′, all the other identified RS neurons benefited from ChABC treatment. The poorly regenerating neurons I1, Mth, B3, and B4 and the good regenerators M1, I3, I4, and I5, all had greater regeneration probabilities with ChABC treatment. Thus, in lamprey, ChABC promotes true axon regeneration after spinal cord TX.



Digestion of CSPGs With ChABC Reduces Retrograde Neuronal Apoptosis Signaling

Fluorochrome-labeled inhibitor of caspase activity staining was performed on brains at 1, 2, 4, 8, and 11 weeks after spinal cord TX. Compared to uninjured controls (Figure 3A), the number of all RS neurons showing polycaspases activity increased significantly at 2, 4, 8, and 11 weeks post-TX (Figures 3D,F,H,J,L). ChABC did not affect the number of polycaspases positive (FLICA+) RS neurons at 1 week post-TX (Figure 3B vs. C, Figure 3L), but reduced it significantly at 2 weeks (Figure 3D vs. E, Figure 3L). This reduction effect disappeared at 4 weeks (Figure 3F vs. G, Figure 3L) and 8 weeks (Figure 3H vs. I, Figure 3L). Interestingly, at 11 weeks after TX, the number of FLICA+ neurons decreased again in ChABC-treated lampreys (Figure 3J vs. K, Figure 3L), suggesting that the ChABC effects on retrograde neuronal death outlast the caspase activation. This is consistent with the effects of ChABC to increase axon regeneration at 10 weeks post-TX (Figures 2E–I). It has been reported that caspases are not involved only in apoptosis, but also play critical roles in multiple cellular processes in the nervous system (Hu et al., 2013). The polycaspases FLICA reagent that we used in this study labels all active caspases and does not specifically target any single caspase. This may explain why ChABC did not affect the number of poly-caspase positive neurons at 4 and 8 weeks post-TX. To clear up this ambiguity, caspase 3-specific FLICA was used (Figure 4), which targets only neurons undergoing apoptosis. ChABC significantly reduced the number of caspase 3-positive RS neurons at 4 weeks post-TX (Figure 4). Thus ChABC treatment had a beneficial effect by reducing retrograde apoptosis after SCI.
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FIGURE 3. Polycaspase activation in RS neurons is suppressed by ChABC. Spinal cords were transected at the 5th gill with/without ChABC, and allowed to recover for 1–11 weeks. (A) FLICA on control brain (without TX). ChABC did not affect the number of polycaspase positive (polycaspase FLICA) RS neurons at 1 week post-TX (B vs. C), but reduced it significantly at 2 weeks (D vs. E) and at 11 weeks (J vs. K, *p < 0.05), but not at 4 (F vs. G) or 8 weeks (H vs. I). (L) A graph showing the number of polycaspase positive identified RS neurons per brain at 1, 2, 4, 8, and 11 weeks post-TX with or without ChABC. Polycaspase positive RS neurons increased greatly at 2, 4, 8, and 11 weeks comparing to control brain (xp < 0.05, xxp < 0.01); ChABC reduced polycaspase positive RS neurons at 2 (***p < 0.001) and 11 weeks (*p < 0.05). The large fluorescent accumulations (outlined by circles) seen laterally are out of focus cranial motor nuclei, which are axotomized close to their perikaryal at the time of live dissection, so their neurons rapidly turn caspase-positive. n = 5 lampreys per group. Error bars: SEM. Scale bar: 200 μm.
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FIGURE 4. Active caspase 3 in RS neurons is reduced by ChABC at 4 weeks post-TX. Spinal cords were transected at the 5th gill with or without ChABC, and allowed to recover for 4 weeks. ChABC reduced the number of caspase 3-positive RS neurons at 4 week post-TX significantly (A vs. B). (C) A graph showing the number of caspase 3-positive identified RS neurons per brain at 4 weeks post-TX with or without ChABC. Arrows point to the active caspase 3 positive RS neurons, and circles outline cranial motor nuclei, whose neurons rapidly become caspase positive when they are axotomized during brain dissection. *p < 0.05, n = 5 lampreys per group. Error bars: SEM. Scale bar: 100 μm.




ChABC Inhibits PTPσ mRNA Expression

Because PTPσ is thought to be a receptor for CSPGs, we determined the effect of digesting CSPGs with ChABC on the expression of PTPσ. ISH was used to detect the level of PTPσ mRNA expression in identified RS neurons at 2 and 8 weeks post-TX. In this set of experiments, we identified the 18 pairs of RS neurons by their specific anatomical locations and unique cell body morphologies. We found that ChABC not only reduced polycaspases activation at 2 weeks post-TX (Figure 5A vs. C), but also reduced the number of neurons expressing PTPσ mRNA (Figure 5B vs. D, Figure 5K). PTPσ mRNA expression correlated with polycaspases FLICA labeling in RS neurons at 2 weeks post-TX, both without (r = 0.8886, p < 0.001) and with ChABC treatment (r = 0.8729, p < 0.001) (Figure 5E). Although the effect of ChABC on polycaspases activity had disappeared by 8 weeks post-TX (Figure 5F vs. H), the number of neurons expressing PTPσ mRNA remained reduced (Figure 5G vs. I, Figure 5K). The correlations persisted at 8 weeks post-TX (Figure 5J; r = 0.8985, p < 0.0001, and r = 0.7145, p < 0.001, respectively).
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FIGURE 5. ChABC reduces PTPσ mRNA expression in brain at 2 and 8 weeks post-transection. At 2 weeks post-TX, ChABC reduced caspase activation (A vs. C), and also reduced the number of neurons expressing PTPσ mRNA (B vs. D). (E) PTPσ mRNA expression correlated strongly with FLICA in RS neurons at 2 weeks post-TX, both with control enzyme buffer treatment (r = 0.8886, p < 0.001) and with ChABC (r = 0.8729, p < 0.001). The effect of ChABC on caspase activity disappeared at 8 weeks post-TX (F vs. H), but the number of neurons expressing PTPσ mRNA was still reduced (G vs. I). (J) At 8 weeks post-TX, there was a strong correlation between PTPσ mRNA and FLICA in identified RS neurons, both with control enzyme buffer (r = 0.8985, p < 0.001) and with ChABC treatment (r = 0.7145, p < 0.001). (K) The number of identified RS neurons expressing PTPσ mRNA was reduced greatly by ChABC treatment at 2 and 8 weeks post-TX. Circles outline cranial motor nuclei, whose neurons rapidly become caspase positive when they are axotomized during brain dissection. *p < 0.05, **p < 0.01, n = 5 lampreys per group. Error bars: SEM. Scale bar: 200 μm.




ChABC Increases Akt Activation

Akt is an important downstream target signaling molecule for CSPG receptors in neurons in vitro (Fisher et al., 2011), and Akt activity is thought to be a signaling molecule that promotes axon regeneration after SCI. Therefore, the effect of ChABC on the activation status of Akt was investigated, using phosphorylation at threonine 308 (pAkt-308) as an indicator. ChABC treatment after SCI increased Akt phosphorylation levels in the brain at 1, 2, 4, and 8 weeks post-TX (Figures 6A,B). This long-term activation of Akt after ChABC treatment is consistent with its enhancement of long-term axon regeneration described above (Figures 2E–I).
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FIGURE 6. ChABC increases Akt phosphorylation at Threonine 308 (T308) in brain post-TX. (A) Brain homogenates from control lampreys and at 1, 2, 4, and 8 weeks post-TX, treated with ChABC or control enzyme buffer, were examined by western blots and probed with mAbs against pAkt-308, total Akt (Akt-pan) and actin as a loading control. (B) At each time point, ChABC treatment produced a significant increase in pAkt-308 compared with control enzyme buffer (*p < 0.05, n = 5 lampreys per group). Error bars: SEM.


Since Akt is expressed widely in both neurons and glial cells, the western blots cannot specify whether Akt activation occurs specifically in axotomized neurons (Figure 6). Therefore, we determined the activation status of Akt in individually identified RS neurons after ChABC treatment. RS neurons were retrogradely labeled by DAF-488 applied to an acute spinal cord TX, with or without ChABC treatment. The glial cells would not be labeled because they lack the long axons that would allow for retrograde labeling. Lampreys were sacrificed at 2, 4, and 8 weeks post-TX, and the brains fixed and processed for paraffin sectioning. The expression levels of pAkt-308 in the individual RS neurons were determined by immunofluorescence staining. The individual identified neurons were recognized with the retrogradely labeled DAF-488 (green, Figures 7A,C,F,H,K,M), and then by pAkt-308 immunofluorescence (red, Figures 7B,D,G,I,L,N). Akt phosphorylation intensity was quantified in the DAF-488 retrogradely labeled neurons. Thus, we included only neurons that were filled with the retrograde dye DAF-488, i.e., RS neurons. At 2, 4, and 8 weeks post-TX, the fluorescence intensity in identified RS neurons of ChABC-treated lampreys was approximately 15% greater than in those treated with control enzyme buffer (Figures 7A–E, F–J, and K–O), respectively; p < 0.01). Thus digestion of CSPGs with ChABC significantly increased the level of activation of the pro-growth signaling molecule Akt in the individually identified RS neurons of the lamprey brain.


[image: image]

FIGURE 7. ChABC treatment increases the axotomy-induced activation of Akt in identified RS neurons. RS neurons were retrogradely labeled with DAF-488 and treated with ChABC or control enzyme buffer. Horizontal paraffin sections were prepared and imaged at 2 weeks post-TX (green, A and C). Sections were immunostained for pAkt-308 (Red, B and D). There was a small but statistically significant increase in pAkt-308 fluorescence intensity in identified RS neurons of the ChABC-treated group, relative to the control buffer-treated animals, whose mean intensity was defined as 1 (E; **p < 0.01, n = 3 lampreys per group). This also was true at 4 weeks (F–J; **p < 0.01, n = 5 lampreys per group) and at 8 weeks post-TX (K–O; **p < 0.01, n = 3 lampreys per group). Error bars: SEM. Scale bar: 100 μm.




DISCUSSION

We investigated the effects of removing the polysaccharide side chains of CSPGs with ChABC on axon regeneration of RS neurons, and on retrograde apoptosis of their cell bodies in the brainstem, after SCI in the lamprey. IHC of CSPG stubs confirmed the digestion of CSPGs by application of ChABC in vivo. FLICA labeling was used to quantify caspase activation, i.e., apoptosis signaling, which previously was shown to be increased after spinal cord TX, primarily in “bad-regenerating” identified RS neurons in lamprey brain (Barreiro-Iglesias and Shifman, 2012; Hu et al., 2013).


Digestion of CSPGs With ChABC Reduces Retrograde Apoptotic Signaling

Caspases are a family of cysteine proteases that are found in a wide range of animals, from worms to humans, and are involved in apoptosis. The poly-caspase FLICA we used in the present study detects most caspases, including caspase 1, 3, 4, 5, 6, 7, 8, and 9. The number of identified RS neurons containing activated polycaspases increased significantly at 2, 4, and 8 weeks post-TX, compared to controls. These findings are consistent with our previous findings that neurons known to be bad regenerators eventually die by a very delayed form of TUNEL-positive apoptosis (Shifman et al., 2008). CSPGs, which are normal constituents of the perineuronal nets in CNS (Bruckner et al., 2000; Deepa et al., 2006), are greatly elevated after SCI (Bradbury et al., 2002; Zhang et al., 2014). We successfully digested the elevated CSPGs by ChABC at the TX site in the spinal cord. Digestion of CSPGs significantly reduced the number of polycaspase positive RS neurons at 2 and 11 weeks post-TX, but showed no beneficial effects at 4 and 8 weeks post-TX. However, because in addition to their role in apoptosis, many caspases also play critical roles in multiple physiological processes in the nervous system, such as dendritic remodeling (Kuo et al., 2006; Williams et al., 2006) and synaptic plasticity (Lu et al., 2006; Li et al., 2010). Even caspase-3 has been found in some cases to participate in non-apoptotic functions in CNS (D’Amelio et al., 2010), but caspase-3 is an executioner caspase, which is more directly involved in apoptosis than are the upstream caspases. Therefore, we used caspase 3-specific FLICA to selectively target RS neurons undergoing apoptosis. ChABC significantly reduced the number of those RS neurons at 4 weeks post-TX. Based on the caspase 3 results at 4 weeks, it is reasonable to conclude that lack of reduction in polycaspace activity does not exclude reduced caspase 3 activity after ChABC treatment at 8 weeks, as well. We could have repeated the caspase 3-specific assays at 8 weeks, but felt that the 4-week result was proof of principle. Thus, ChABC treatment after SCI can greatly decrease retrograde apoptotic signaling.



Digestion of CSPGs With ChABC Promotes Axon Regeneration

Chondroitinase ABC treatment has beneficial effects over the transected axons. At 2 weeks post-TX, ChABC treatment reduced the distance between the axon tips and TX sites. Moreover, it greatly increased the number of individually identified RS neurons that could be labeled retrogradely from 5 mm caudal to a spinal cord TX at 10 weeks post-TX, indicating that ChABC treatment promotes axon regeneration after SCI. The beneficial effects of ChABC on identified RS neurons were seen in the mesencephalon, and the anterior and middle rhombencephalon. The ChABC treatment also changed the probabilities of regenerating for individual identified RS neurons, which included both bad regenerators and good regenerators. These findings suggest that ChABC treatment is generally beneficial for axon regeneration of these identified RS neurons. This might be due to retrograde signaling in the injured axons due to their interaction with CSPGs secreted at the site of injury. Previous reports in mammals suggested that in vivo, ChABC application in the intact spinal cord can induce axon sprouting (Galtrey et al., 2007). In rats with bilateral dorsal column lesions, ChABC treatment promoted growth of spinal axons and functional recovery (Bradbury et al., 2002). Digestion of the CSPGs with ChABC enhanced sensory recovery after unilateral cervical rhizotomy at C5, C6, C8, and T1, sparing C7. This was accomplished via reorganization of intact C7 primary afferent terminals – not by regeneration of severed afferents back into the spinal cord (Cafferty et al., 2008). Unilateral pyramidotomy in spinal cord-injured mice elicited robust sprouting of the uninjured CST, with numerous axons observed crossing the midline in the brainstem and spinal cord, and terminating in denervated gray matter. This was accompanied by restoration of function (Starkey et al., 2012). Taken together, these studies suggest that digestion of CSPGs with ChABC enhances axon sprouting and functional recovery after SCI in mammalian models, but because these models involved partial SCI, it is unclear whether this beneficial effect was due entirely to collateral sprouting by spared axons, or also involves true regeneration of injured axons. This ambiguity was eliminated in the current study on lampreys, because we performed complete spinal cord TX. Thus the increased growth of RS axons beyond the lesion was due to true regeneration, and could not be accounted for by compensatory collateral sprouting by spared axons.



Role of PTPσ in Retrograde Neuronal Death

Chondroitinase ABC treatment at the time of SCI significantly inhibited PTPσ mRNA expression in the perikarya of the axotomized identified RS neurons, as assessed at 2 and 8 weeks post-TX. This was accompanied by a concomitant reduction in retrograde neuronal apoptotic signaling (poly-caspase FLICA), and is consistent with a role for PTPσ in retrograde neuronal apoptosis. This was suggested previously by the selective expression of PTPσ in “bad regenerator, bad survivor” RS neurons, which became FLICA-positive after SCI (Hu et al., 2013). More intriguingly, Akt activation (pAkt-308) was enhanced in brains after ChABC treatment, as determined by western blotting, and confirmed in individual identified RS neurons by immunostaining.



Role of PTPσ in Axon Regeneration

Two RPTPs, PTPσ, and LAR, have been identified as transmembrane receptors for CSPGs (Shen et al., 2009; Fisher et al., 2011; Sharma et al., 2012). Genetic disruption of PTPσ promoted axon growth into CSPG-rich regions of SCI (Shen et al., 2009). Transgenic deletion of LAR increased growth of descending axons caudal to the lesion and enhanced locomotor recovery after SCI (Xu et al., 2015). This also was true for systemic injection of small peptide inhibitors of LAR (Fisher et al., 2011) and PTPσ (Lang et al., 2015). Our group used antisense morpholinos (MOs) to knock down lamprey PTPσ in vivo and studied its direct effects on the axon regeneration and retrograde neuronal death after SCI. Unexpectedly, we found that PTPσ knockdown in lamprey reduced axon regeneration and neuronal survival beginning between 10 and 20 weeks after TX (Rodemer et al., 2020). Those results seem to be inconsistent with the putative role of PTPσ in mammalian axon regeneration (Lang et al., 2015), and with the correlation between PTPσ mRNA and post-TX retrograde apoptotic signaling seen even after ChABC treatment in current study. In our previous report, the lack of activated caspases in RS neurons, and the long latency after PTPσ knockdown in vivo indicated that enhanced supraspinal neuronal death might result from non-apoptotic mechanisms: by incidentally transfected infiltrating immune cells, or trophic deprivation, or autonomous autophagic mechanisms (Rodemer et al., 2020). It also is possible that the redundancy of CSPG receptors mitigated the beneficial effect of in vivo PTPσ knockdown. The use of ChABC can avoid the complications or concerns raised with PTPσ knockdown in vivo. The ChABC-induced digestion of elevated CSPGs around the TX site restores the CSPG levels in the environment of the injury site to those found in the un-injured spinal cord. This manipulation is easy to perform and does not directly interfere with other physiologically critical molecules in vivo. Thus, ChABC digestion of elevated CSPGs may be beneficial to axon regeneration and neuronal survival in more than one mechanism.



Digestion of CSPGs With ChABC Reduces Expression of PTPσ

Previously, we reported that in lamprey CNS, CSPGs were widely distributed in the extracellular matrix, as well as in cell bodies of the gray matter (Zhang et al., 2014). There was increased CSPG expression at the site of injury, which peaked at 2 weeks post-TX and then gradually decreased to control levels by 10 weeks. In lamprey, both PTPσ and LAR mRNAs were expressed primarily in neurons whose regeneration capacity is poor (bad regenerators) in both control brains and brains of animals with SCI. Although ISH suggested that both PTPσ and LAR were upregulated after spinal cord TX, the effect was not quantitated at that time. The PTPσ mRNA-positive identified RS neurons often included M2 and M3 in the mesencephalon, and I1, I2, Mauthner (Mth), B1, B3, and B4 in the rhombencephalon. In the present study, PTPσ mRNA also appeared dramatically in some axons with poor−regenerative ability (including Mth, B3, and I2), consistent with the pattern of expression observed in the cell bodies in the brainstem. Of special interest, digestion of CSPGs with ChABC applied at the site of injury reduced the number of RS neurons expressing PTPσ mRNA, suggesting that the upregulation of PTPσ mRNA observed in RS neurons after SCI is due in part to the actions of elevated CSPGs. Although we cannot determine from the present study whether this is due to a direct effect of CSPGs on the injured axons, our findings are consistent with the recent studies. Lang et al. (2015) found that PTPσ becomes concentrated in dystrophic stabilized growth cones and LAR has similar elevation pattern. They also observed a large concentration of PTPσ in the lesion penumbra following SCI (Lang et al., 2015). Moreover, there is a report suggesting that CSPGs may upregulate PTPσ mRNA and protein levels in neural stem cells in vitro (Zhong et al., 2019). Thus, the ChABC digestion of CSPGs affects PTPσ expression in lamprey RS neurons, which may reflect a direct action on the injured axon and a retrograde signal to the neuronal perikaryon.



ChABC Activates Akt

PTEN knockout promotes potent CNS axon regeneration after injury (Park et al., 2008; Liu et al., 2010; Du et al., 2015), and the signaling molecules downstream of PTEN that mediate this effect have been studied extensively (Liu et al., 2011). It has been reported that Akt activation can promote optic nerve axon regeneration and survival of RGC (Yang et al., 2014; Guo et al., 2016). GSK3β plays an indispensable role in mediating Akt-induced axon regeneration. Deletion or inactivation of GSK3β promotes axon regeneration independently of the mTORC1 pathway, whereas constitutive activation of GSK3β reduces Akt-induced axon regeneration. eIF2Bε has been identified as a novel downstream effector of GSK3β and inactivation of eIF2Bε reduces both GSK3β and Akt-mediated effects on axon regeneration. Constitutive activation of eIF2Bε is sufficient to promote axon regeneration, which reveals a key role of the Akt-GSK3β-eIF2Bε signaling module in regulating axon regeneration in the adult mammalian CNS (Guo et al., 2016). Akt activation is sufficient to promote optic nerve regeneration, but the regeneration is not as robust as that with PTEN deletion (Yang et al., 2014). Akt plays similar roles in the regeneration of lamprey CNS axons after SCI. In the present study, ChABC treatment greatly promoted axonal regeneration at 10 weeks after SCI. This was accompanied by widespread enhancement of Akt activation (pAkt-308) in the brain. IHC in individual identified RS neurons confirmed the increase in Akt phosphorylation. Taken together, these findings support the idea that enhanced activation of Akt is involved in the axon regeneration induced by ChABC treatment after SCI in lamprey.

On the other hand, Akt is also a critical pro-survival molecule in stressed cells. Previous studies showed that Akt can be phosphorylated by phosphoinositide 3-kinase (PI3K), and thereby protect tumor cells from death (Mayer and Arteaga, 2016). PI3K/Akt activation signals damage in neural tissues after SCI (Du et al., 2015; Wang et al., 2017; Qi et al., 2019). Rapamycin treatment can activate Akt via phosphorylation (O’Reilly et al., 2006; Wullschleger et al., 2006), which has been reported to suppress apoptosis in several models of ischemia reperfusion injury (Lee et al., 2004; Carloni et al., 2009). Interestingly, we found that ChABC treatment protects identified RS neurons from undergoing apoptosis at 2 and 11 weeks post-TX. The activation of Akt after ChABC treatment is consistent with the observed effect on neuronal survival. We conclude that Akt activation contributes to the beneficial effect of ChABC treatment in protecting the RS neurons from undergoing retrograde apoptosis after SCI. A report on axon regeneration after small peptide-induced inhibition of PTPσ indicated that extracellular regulated kinases (Erks) also are involved in regeneration of peripheral axons (Yao et al., 2019). Another group of researchers specifically activated the ERK and Akt signaling pathways and performed a comprehensive study of neural regeneration in both PNS and CNS neurons in live Drosophila (Wang et al., 2020). They found that both ERK and Akt activations enhanced axon regeneration in the sensory neurons in Drosophila larvae (Wang et al., 2020). These reports strongly suggest that Erk might be involved in the downstream signaling pathway after ChABC treatment. We have also examined the roles of Erk in lamprey SCI model and explored the expression pattern after SCI in retrograde signaling (Jin et al., 2020). The specific role played by Erk after ChABC treatment in lamprey CNS is still unclear and under investigation.
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Regeneration has been investigated since Aristotle, giving rise to many ways of explaining what this process is and how it works. Current research focuses on gene expression and cell signaling of regeneration within individual model organisms. We tend to look to model organisms on the reasoning that because of evolution, information gained from other species must in some respect be generalizable. However, for all that we have uncovered about how regeneration works within individual organisms, we have yet to translate what we have gleaned into achieving the goal of regenerative medicine: to harness and enhance our own regenerative abilities. Turning to history may provide a crucial perspective in advancing us toward this goal. History gives perspective, allowing us to reflect on how our predecessors did their work and what assumptions they made, thus also revealing limitations. History, then, may show us how we can move from our current reductionist thinking focused on particular selected model organisms toward generalizations about this crucial process that operates across complex living systems and move closer to repairing our own damaged bodies.
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INTRODUCTION

Regeneration is a long-recognized phenomenon, dating back to Aristotle. Every species maintains some capacity to regenerate, though that capacity varies drastically. Although we have appreciated that organisms have the ability to repair and replace lost and damaged parts for over 2000 years, conceptualization of what regeneration is, how it works, and how best to explain it remain under construction. Each study of regeneration from cells to limbs today typically involves looking at a single species and examining molecular and genetic activation, or stem cells’ responses to environmental stimuli that damage an organism. Yet collectively, the research community increasingly conducts studies across a wide diversity of organisms, as witnessed in this special issue.

When compared to Hydra or axolotls, our own ability to regenerate is particularly poor. Yet we seek to do better—this is the goal of regenerative medicine, to harness and enhance our regenerative abilities for biomedical interventions. We look at how regeneration works in other species on the reasoning that because of evolution, information gained from other species must in some respect be generalizable. Since Aristotle, understanding of regeneration has certainly progressed, but we have yet to synthesize understanding of this process across species. Simply put, how can we explain regeneration in a way that is applicable beyond the individual species in each laboratory to the diversity of species on our planet and to our own damaged bodies?

In other words, we look toward an understanding of regeneration that is generalizable, such that knowledge of the process(es) of regeneration can be abstracted and applied from the multitude of studies on various parts of individuals to whole organisms and broadly across species. The attempt at generalizability will likely require more mathematical modeling and much more conscious coordination across laboratories studying different organisms. As historians and philosophers of science taking a broad view, we see efforts at generalization as tremendously valuable and also see indications that it is time to work in that direction. This effort will require embracing new ways of thinking and looking to history may help. History gives perspective, allowing us to reflect on how our predecessors did their work and on what assumptions they made, thus also revealing limitations. By exploring the history of gaining knowledge of nature, we move toward acquiring a deeper understanding of the nature of knowledge and in so doing, we can use the work of the past to shape the endeavors of the future.


Regeneration Through History

What can history show about understanding regeneration? How have people investigated and explained regeneration, and what were their limitations and assumptions? Throughout the following sections, we quickstep through the long and storied history of regeneration research, synthesizing guiding principles, main ideas, and limitations of three periods.

Historical study of regeneration tends to start with Greek mythology such as stories of Prometheus, bound to a rock and destined to have his liver plucked out by an eagle each day only to have it regenerate each night, or Hercules’ battle against the nine-headed Hydra capable of quickly regenerating its lost heads. Despite some observations by that keen naturalist Aristotle, what we consider scientific awareness of regeneration began in the 18th century, when investigators began to recognize and record regeneration in earnest. A small battalion of experimenters, inspired by the era of exploration in which they lived, captured Hydra, worms, and other creatures and chopped them into pieces to observe what would happen and consider what it meant. Their driving questions centered around definitions of life: could these disembodied bits continue to “live,” and what did this say about whether life requires a vital force and whether organization of the whole has the capacity to direct its recovery? (Maienschein and MacCord, 2022).

These figures of the Enlightenment exhibited great curiosity and eagerness to discover what is inside organisms and what makes them whole. They also increasingly embraced the idea called materialism that living organisms as well as inanimate objects all consist of matter that is constantly in motion, and experimental approaches. They saw parts of organisms, but not anything called cells. And they focused on discovering and observing, while offering less in the way of explanation. For that, we move to the end of the 19th and into the 20th century.



Toward Generalizability: Regeneration in Complex Living Systems

Beginning in the late 19th century, investigators who turned toward regeneration sought to understand it in ways that we would recognize, through materialistic, experimentally based explanations. Scientists like Thomas Hunt Morgan, Jacques Loeb, and Charles Manning Child understood organisms as made up of cells and took a systems-based approach in order to form generalizable explanations of how regeneration works. However, their generalizable explanations were too abstract and lacking in fine details to be tractable for use in controlling regeneration.

Morgan (1901) published Regeneration, a summary of previous studies and his own work on a diversity of organisms. There Morgan (1901) emphasized that, “the forming organism is of such a kind that we can better understand its action when we consider it as a whole and not simply as the sum of a vast number of smaller elements.” (p. 278) Organisms consist of cells, but it is the whole that matters for regeneration. Even though best known for his study of Drosophila genetics, Morgan resisted reductionistic tendencies to take the organism apart, to over-emphasize genes, and to lose track of the interacting whole. This emphasis also characterized the work of Morgan’s contemporaries Jacques Loeb and Charles Manning Child, each of whom saw regeneration as a valuable way to understand living systems. It is worth recalling what Morgan, Loeb, and Child were thinking at the beginning of the 20th century, why, and what we learn from this history.

These three men overlapped in many ways, including the questions they asked, organisms they studied, where they worked, and how they carried out their experiments. They all looked for explanations of regeneration in material terms. They all thought in terms of the whole organism as a living system, including its individuality and organization. They all demanded that explanations must be grounded in experimentally based evidence and avoided philosophical speculation far beyond their data. Yet they also had quite different accounts of regeneration.

While presenting his observations in his 1901 book and dozens of articles, Morgan noted that he had not reached an overarching theory to explain regeneration. He saw two different modes of regeneration. “Morphallaxis” occurs when the organism somehow causes existing material to reshape into the missing part, and “epimorphosis” involves production of new material. He saw these as descriptive terms, representing two different ways organisms can respond to injury. Yet he also suggested the more theoretical “tensions” within an organized self-regulating organism. Tensions hold the parts together in the right relationship, not allowing them to become too close nor to drift apart. Injury can disrupt the system’s balance, Morgan felt, by pulling the tensions out of order. Regeneration involves restoring that order. Morgan (1901) could not directly observe these tensions, so he made clear that he offered them as a working hypothesis, to be tested and refined.

Morgan carried out his work at Bryn Mawr College, then at Columbia University, and during summers at the Marine Biological Laboratory (MBL) in Woods Hole, Massachusetts, beginning in 1890. Loeb also began spending summers at the MBL in the early 1890s. There he took up questions about regeneration, with an even more ardent commitment to finding materialistic explanations. Like Morgan, Loeb also studied a diversity of different organisms, though he soon focused his regeneration studies on plants.

Where Morgan offered his working tensions hypothesis, Loeb focused on tropisms. A tropism is the movement of parts or the whole organism in response to an external stimulus. Unlike Morgan with his working hypothesis, Loeb offered his theory as the right one and sought evidence in its favor. In a 1907 article, Loeb acknowledged his interest in “controlling life.” (Pauly, 1987) “There may be a difference of opinion as to whether or not it will ever be possible to produce living matter from inanimate,” Loeb (1907) wrote, but “we cannot well hope to succeed in making living matter artificially unless we have a clear conception of what living matter is.” (p. 425) Biological investigation should ask what is living matter and how does it work in organized living individual organisms. It should also seek explanations in terms of quantitative studies and rigorous mathematical formulas and laws.

Loeb’s favorite research subject became Bryophyllum calycinum, called the life plant, that he found in Bermuda. Loeb made two assumptions about plant growth: that light provides all the necessary factors for plants to grow, and that the mass of plant material increases in proportion to the amount of chlorophyll. In addition, to make regeneration possible, he assumed that the amount of chlorophyll available remains constant. This was important to make clear that the conditions for growth persist through the plant’s life and not just at the beginning. These assumptions led Loeb (1924) to what he called the “mass relation,” or law of regeneration, according to which “the mass of shoots and roots regenerated varies in proportion with the mass of the leaf or stem where the regeneration occurs.” (p. 8) For Loeb, this mass relation explained how regeneration occurs, and internal factors related to polarity and the way the organism responds to environmental conditions through various tropisms explain the patterns of where regeneration occurs within the leaves.

Charles Manning Child was also intrigued by polarities within the organism, and with what he came to interpret as metabolic gradients. Child retained an emphasis on the internal organization of organisms as laying out where and how they respond to injury and repair. And while Morgan and Loeb worked for many years at the MBL, Child visited occasionally but worked at the University of Chicago, where Loeb was based.

Child did not discuss regeneration by name, but he was clearly fascinated by the ways organisms respond to injury and change as systems throughout their life cycles as individual organisms. As he put it, “The reconstitution of pieces into new individuals is fundamentally the same process as embryonic development, and the same relation of dominance and subordination exists in both” (Child, 1915a, p. 125). Child (1915b) published the relatively short Individuality in Organisms that followed his much longer Senescence and Rejuvenescence from the same year.

Unlike Morgan and Loeb, Child focused on cells and their organization within the whole organism. He felt that none of the existing hypotheses about development or recovery from injury explained the phenomena. There must be, he felt, regions within each organism with higher or lower rates of metabolism to explain change, with transmissions of “excitations” from one area to another that set up metabolic gradients. Injury or poisons or other perturbations activate transmissions across these “susceptibility gradients.”

Morgan had studied the flatworm planarians, and so had Loeb. Child did as well. Cut off their heads or tails and watch which parts grow back, Child said. This led him to conclude that “axial gradients in the dynamic processes are characteristic features of organisms” and “that a definite relation exists in each individual between the direction of the gradient of any axis and the physiological and structural order which arises along that axis” (Child, 1915a, p. 87).

Tensions, tropisms and mass relations, and metabolic gradients: all had their role in explaining what early 20th century researchers saw in regenerating organisms. Morgan, Loeb, and Child all studied a diversity of organisms, embraced materialism, and eschewed reductionist tendencies to place the causes of regeneration within very specific parts of the organism. They understood their organisms as complex living systems, and regeneration as a systems-level process that required generalized explanations applicable to more than a single species. Their combined work on regeneration also had limitations; while they drew on extensive experiments and observations, they did not have the tools to give their hypotheses more specific mechanisms in order to connect their abstract systems-thinking with fine-grained details to make them tractable for controlling regeneration.



Toward Reductionism: Regeneration in Model Organisms

Following Morgan, Loeb, and Child, abstract ideas of tensions, mass relations, and gradients gave way to concrete observations of cell signaling and molecular genetics as investigators made use of new tools. From the mid-20th century, with a few notable exceptions, we see an inward focus, initially toward the mechanics of particular regenerating parts and cells, and later through the gene expression responsible for regeneration. This push inward has produced a wealth of information about causes of regeneration within individual model organisms but has also come with a cost. The often myopic, reductionistic attention to inner workings of specific individual parts of particular organisms has left the generalizability of regeneration explanations behind. Let’s briefly explore what this means.

By the 1950s, developmental biologists focused on the “regeneration mass,” or blastema, as a mass of undifferentiated cells that can undergo differentiation to repair damage after injury. Electron microscopy helped make this mass of cells more visible, and soon illuminated their active role during regeneration of limb muscle, for example. Further studies showed that the mass required a critical number of active nerve cells to induce regeneration (Singer, 1954; Hay, 1959).

The observable blastema also took on a theoretical role to guide explanation. In his various editions of Developmental Biology, Scott F. Gilbert points to the way in which the blastema came to be seen as the “progress zone” for developing limbs in particular. It provided the tangible locus for action that Morgan, Loeb, and Child had all sought (Gilbert, 2000). Yet increasing attention on cell signaling, genetic triggering, and cell differentiation of the blastema put the focus of regeneration studies on the localized, internal mechanics rather than on the whole organism.

As scientists worked on sorting out the mechanisms involved in blastema formation, a handful of biologists carried on searching for more theory-based explanations of regeneration sought by Morgan, Loeb, and Child. Most notable in this vein is Lewis Wolpert, whose work included developing a robust understanding of how positional information within cellular systems can define spatial patterns of cellular differentiation (Wolpert, 1969). Others, like French et al. (1976) expanded on Wolpert’s positional information concept of regeneration and development. While these investigators carried on the spirit of Morgan, Loeb, and Child in terms of developing explanations of regeneration that extended across individual parts and across species, their search for generalized models was the exception at the time, not the rule.

The 1980s brought flurries of activity exploring a diversity of organisms using many different methods. In the 1990s, the explosion of interest in stem cell biology, as Gilbert noted, gave the discussions new focus (Gilbert, 2000). Do organisms that regenerate easily have more stem cells, or more active stem cells, than the rest of us? Is the blastema made up of stem cells, and with what capacities? Can we finally answer Morgan’s question: whether new cells arise to take the role of damaged cells, or whether existing cells become transformed into those roles? By 1999, as Susan Bryant put it: “In the last decade, we have witnessed spectacular advances in our understanding of development in genetically tractable model systems. Given the remarkable conservation of large parts of developmental pathways, the impact of this progress reaches far beyond the organisms and systems in which they have so far been described.” Furthermore, it was time to move from simple to more complex systems for “Above all, regeneration is a problem whose time has come, because it alone has the potential to play a key role in the treatment of any or all of these complex problems, and more, but only if we understand how to induce and control it” (Bryant, 1999, p. 363).

Control: Jacques Loeb would have been enthusiastic. So would those eager to harness stem cells for medical use. Yet questions still largely focus on the nature of cells, their interactions, and the genetic pathways responsible in individual organisms and not more generally. Gradually, researchers have made enormous progress in sorting out which genes need to be expressed, in a variety of organisms, how many and which nerves can activate the blastema, how stem cells can act as sources for new cells, and other factors that make up the complexities of regeneration. These crucial components of the regeneration puzzle have been painstakingly wrought and detailed for a wide variety of organisms, giving us the kind of information that Morgan, Loeb, and Child lacked. They have also shown that there are shared suites of regenerative mechanisms involved across many species. And yet, for all of our attention to these cellular and molecular details of regeneration over the past 70+ years, the ability to harness this information to control our own regenerative abilities is underwhelming. The focus on wrestling these details from individual organisms has come at the expense of the generalizability that Morgan, Loeb, and Child embraced.



DISCUSSION: LESSONS FROM HISTORY FOR THE FUTURE

History is often invoked as a means to avoid repeating the past, but history can also help us shape the future. What, then, can we learn from our historical quickstep? We saw how Morgan, Loeb, and Child eschewed reductionism in order to produce generalizable explanations for regeneration that were too abstract to be tractable because they lacked the tools to fill in details and refine explanations. We also saw how the past 70+ years of research on regeneration has sought to fill in those details by reducing organisms to cells and genes, and in so doing has stumbled when it has come to producing generalizable explanations. History has shown us two extremes in the arc of explaining regeneration, and now is the time to bring the two together.

One approach is to embrace regeneration as Morgan, Loeb, and Child did: as a process that occurs within complex living systems. Each organism we investigate in the laboratory is a living system, a group of parts that interact in a coordinated fashion. Types of parts could be groups of cells or molecules within a regenerating limb, but they need not be; parts and interactions can be defined at any scale, from the whole organism down to the formation and regulation of a blastema or even an individual cell. During regeneration, parts of the system interact with each other in definable ways such that some cells may initiate regeneration, activating others to proliferate, while other cells may regulate how those proliferating cells form into replacement tissues. The process of regeneration undoubtedly involves at least some different molecules, genes, and cells across axolotls, Hydra, and mice, and yet thinking about how parts and their relationships are conserved or different across these living systems is likely to yield a more generalizable understanding of how regeneration works.

What we have now is a collection of studies of many different organisms, each an organized individual system. But funding mechanisms and the structures of science tend to keep the different studies apart and make it harder to seek a shared model for all regenerating systems. We can surely learn about nerve regeneration, for example, by looking at stem cells in cancer, or germline regeneration, or limb regeneration in different organisms. We may be much closer to modeling regenerative processes overall, yet it will take work. We need ways to move past persistent pressures to specialize on one or another organism, without comparison. Ideally, efforts like this special issue can help move toward explaining regeneration in all systems.
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The lack of scar-free healing and regeneration in many adult human tissues imposes severe limitations on the recovery of function after injury. In stark contrast, salamanders can functionally repair a range of clinically relevant tissues throughout adult life. The impressive ability to regenerate whole limbs after amputation, or regenerate following cardiac injury, is critically dependent on the recruitment of (myeloid) macrophage white blood cells to the site of injury. Amputation in the absence of macrophages results in regeneration failure and scar tissue induction. Identifying the exact hematopoietic source or reservoir of myeloid cells supporting regeneration is a necessary step in characterizing differences in macrophage phenotypes regulating scarring or regeneration across species. Mammalian wounds are dominated by splenic-derived monocytes that originate in the bone marrow and differentiate into macrophages within the wound. Unlike mammals, adult axolotls do not have functional bone marrow but instead utilize liver and spleen tissues as major sites for adult hematopoiesis. To interrogate leukocyte identity, tissue origins, and modes of recruitment, we established several transgenic axolotl hematopoietic tissue transplant models and flow cytometry protocols to study cell migration and identify the source of pro-regenerative macrophages. We identified that although bidirectional trafficking of leukocytes can occur between spleen and liver tissues, the liver is the major source of leukocytes recruited to regenerating limbs. Recruitment of leukocytes and limb regeneration occurs in the absence of the spleen, thus confirming the dependence of liver-derived myeloid cells in regeneration and that splenic maturation is dispensable for the education of pro-regenerative macrophages. This work provides an important foundation for understanding the hematopoietic origins and education of myeloid cells recruited to, and essential for, adult tissue regeneration.
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INTRODUCTION

Salamanders are the only vertebrate to regenerate limbs as adults, a trait that is lost in mammals and related amphibians (Godwin and Rosenthal, 2014). Adult scar-free repair and regeneration is restricted to very few vertebrate species (Tanaka and Reddien, 2011; Godwin, 2014; Godwin and Rosenthal, 2014). Understanding the molecular basis for the remarkable ability of the salamander to regenerate after extensive organ damage or tissue loss provides opportunities for future therapies aimed at enhancing human repair. The limb has a long history of gaining scientific attention as it is an accessible, morphologically complex structure that progresses through definable stages of progenitor cell activation, regrowth, and patterning (Tanaka, 2016). We previously identified that limb regeneration is critically dependent on early myeloid blood cell recruitment during a period when salamander myeloid cells share similar recruitment kinetics observed in mammalian tissue injuries (Mirza et al., 2009; Godwin et al., 2013; Aurora et al., 2014). Myeloid cells in mammals show considerable heterogeneity in phenotype and origin. Various macrophage subpopulations can play opposing roles in both repair and fibrosis within various contexts [reviewed in Godwin et al. (2017b)]. Identifying the origin, tissue reservoir, and mode of migration of myeloid cells participating in regeneration in the adult salamander will provide insights on how successful regeneration is mediated in adult tissues.

In mammals, the bone marrow is the major site of adult hematopoiesis, with the spleen also serving as an extramedullary site for monocyte production in some circumstances (Swirski et al., 2009). In salamanders, the bone marrow appears non-hematopoietic (Brunst, 1958; Durand et al., 2000; Golub et al., 2004). Recent reports have supported historical observations (Hightower and Haar, 1975) that the axolotl liver, spleen, and thymus serve as leukocyte niches similar to mammals, with the liver and spleen also acting as sites for hematopoiesis (Lopez et al., 2014). Understanding the leukocyte proportions in these tissues as well as in circulation during homeostasis is of great interest. In the past, tritiated thymidine has been used to label the newt liver and spleen prior to amputation (Hay and Fischman, 1961). Blood cells originating from both tissues are reported to migrate to the amputated limb but the extent of their contribution as well the identity of these infiltrating cells is unknown. To address this, we have opted to use modern flow cytometry approaches utilizing antibodies and lectins to enumerate distinct leukocyte subsets. In addition, we have developed a novel adult transgenic hematopoietic tissue transplantation model to study cellular migration from these niches during homeostasis and limb regeneration. Contrary to previous reports, which suggest that the adult spleen is the primary tissue that deploys leukocytes into the periphery (Lopez et al., 2014), we demonstrate that the liver is the main source of myeloid cells trafficking to distant injury sites such as the early regenerating tail or limb and can do so without passing through or requiring education within the spleen. These studies form a foundation for understanding the immune cell requirements for adult tissue regeneration.



RESULTS


The Axolotl Peripheral Immune System Has a Profile Rich in B Cells and Granulocytes With Monocyte/Macrophage Numbers Typical of Other Species

We previously described the requirement for salamander macrophages in the success of limb regeneration (Godwin et al., 2013) and a basic flow cytometric toolkit for profiling phagocytic macrophages in the blood and regenerating limb (Debuque and Godwin, 2015; Debuque et al., 2021). To gain further insights into the recruitment of different axolotl immune cells to the regenerating limb and tail, we extended our flow cytometric panel to label additional non-myeloid cells. Deploying this more advanced panel allowed the identification of monocytes, macrophages, T cells, and several B cell subsets. Red blood cells (RBCs) in salamanders can present a considerable impediment to flow cytometry as they have a range of forward and side scatter characteristics and spectral properties that can occlude and greatly outnumber stained leukocytes. Density gradient (Ficoll or Percoll) depletion of nucleated RBCs prior to flow cytometry is effective in removing most RBCs (Debuque and Godwin, 2015), but dual CD18/IB4 staining allows the clear identification of contaminating RBCs (Figure 1A). Axolotl myeloid cells can be identified with the CD18 (B2 integrin) surface antigen which forms a subunit for many granulocyte receptors. Isolectin B4 (IB4) also reacts with myeloid cells in multiple animal species (Sorokin and Hoyt, 1992; Zammit et al., 1993; Debuque and Godwin, 2015; Lai et al., 2017). B cells can be identified with the axolotl-specific Pan Ig marker (Tournefier et al., 1988a,b). In a large screen of anti-human antibodies, we identified a cross-reactive anti-CD2 monoclonal antibody that reacts with a subset of B cells (Figure 1A). This panel was used for FACS purification to isolate five major populations labeled A–E that were then profiled with downstream RT-PCR and cytological analysis (Figures 1A–D). Peripheral blood cell subset frequencies in the axolotl have monocyte/macrophage levels in a similar range to human, mouse, and rats. The T cell numbers are more consistent with human blood, while the B cell numbers are more consistent with rodent blood. Granulocyte counts are more consistent with the intermediate levels found in the blood of rats than the low levels in mice or high levels in humans (Figure 1B and Supplementary Figure 1).
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FIGURE 1. Identification of major leukocyte subsets in the axolotl peripheral circulation. (A) Flow cytometry gating strategy to identify viable circulating single-cell leukocytes in adult axolotls. Use of anti-CD18 and IB4 lectin to identify Monocyte/Macrophage (orange), Granulocytes (green), and RBCs (red). Use of the anti-Pan-Ig, anti-CD2, and IB4 lectin to identify T cells as well as two subsets of B cells. Populations are labeled A–E. (B) Enumeration and visualization of approximate cell subset frequency within total leukocyte population pool. The mean % of non-RBC shown for each population and SD is based on four biological replicates. (C) RT-PCR validation of population identity within FACS sorted populations A–E using representative cell-specific genes. Fold enrichment is calculated relative to pre-sorted blood. Significance calculated using two-way ANOVA with Turkey’s multiple comparisons test indicated as nsp > 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, and ****p ≤ 0.0001 (D) Cytospins of FACS sorted populations A–E and pre-sort blood stained with Wright–Giemsa. Each population shows a high level of purity. Population A shows monocyte/macrophage morphology. Population B shows typical granulocyte morphology with multilobed nucleus. Populations C–E display typical lymphocyte morphology. 40 × magnification with scale bar = 20 microns. Mo/Mϕ, monocyte/macrophage; Gran, granulocyte; RBC, red blood cells.


Quantitative RT-PCR analysis using marker genes associated with distinct cell types showed high levels of purity in the five sorted populations (Figure 1C). The typical monocyte/macrophage receptor CSF1R (Rojo et al., 2019) is only enriched in population A. Granulocyte-associated genes (NE, MPO, and PRTN3) (Hirche et al., 2005) were significantly enriched in populations A and B (Figure 1C). This may be due to a small amount of granulocyte contamination in population A or could be co-expressed in both populations. The myeloid-specific genes ITGAM and PU.1 (Pahl et al., 1993) were both co-expressed in populations A and B (Figure 1C). The T cell-specific genes CD3 and TCRa (Xu et al., 2020) were enriched in population C as was the T-cell associated gene perforin. The B cell-specific genes IGHM and IG-lambda-Constant chain (Andre et al., 2000) were only enriched in population D and E. RAG-1 is a gene involved in T and B cell development and is downregulated during maturation (Durand et al., 2000). Some RAG-1 expression was detectable in population D and E, possibly indicating the presence of immature B cells circulating in the bloodstream (Figure 1C). The RT-PCR results were confirmed with Wright-Giemsa stained cytospin preparations of each population (Figure 1D). The cytospin preparations also demonstrate the purity of each sorted population. Population A has morphology consistent with monocyte/macrophages, population B is consistent with granulocytes (mostly neutrophils), and populations C–E have typical lymphocyte morphology with no visible contamination from myeloid cells (Figure 1D).



Myeloid Cells Are the Major Circulating Leukocytes Recruited to Early Regenerating Wounds

Using the flow cytometry gating strategy we developed, we were able to isolate GFP+ myeloid and lymphoid B cells from peripheral blood and inject these into naïve hosts to profile the early time course of wounding for myeloid vs. lymphoid recruitment (Figures 2A–C). In the tail amputation model, we identified robust recruitment of myeloid (granulocyte and macrophage) GFP+ donor cells to regenerating wounds over the first 7 days, but no major recruitment of lymphoid GFP+ donor B cells (Figure 2F). To confirm that the lack of B cells was not due to a loss in B cell survival, we examined host liver and spleens at 15 days post adoptive transfer and confirmed a robust viable population of B cells recruited to host liver and spleens (Supplementary Figure 5). At 3 days post amputation (dpa), myeloid cells were robustly recruited to tail wounds and were detectable between 18 h and at least 7 dpa (Figure 2D and Supplementary Figure 2). Almost no donor-derived B cells could be detected between 18 h and 14 days (Figure 2E and Supplementary Figure 2). Both CD2+ and CD2neg B cells exhibited similar phenotypes (Figure 2C and Supplementary Figure 2). CD18+ IB4+ macrophage adoptive transfers (without granulocytes) confirmed macrophage recruitment between 1 and 7 dpa. The CD18negIB4+ putative T-cell population showed a small number of GFP+ donor cells arriving at 1 dpa and no major accumulation up to 7 dpa (Figure 2C and Supplementary Figure 2). Interestingly the triple-negative (CD18negIB4negPanIgneg) population that has yet to be identified did show some recruitment by 18 h post-amputation and was still visible up to 14 dpa (Figure 2C and Supplementary Figure 2). Taken together, myeloid cells and CD18+IB4+ macrophages are the dominant leukocyte recruited to regenerating wounds, which is consistent with their known pro-regenerative activities.
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FIGURE 2. Myeloid cells are the major circulating leukocytes recruited to early wounds. (A) Experimental design to test peripheral blood recruitment to wounds. FACS isolation of peripheral blood leukocytes obtained from transgenic Tg:CAGGS:GFP (ubiquitous GFP + axolotls) and adoptive transfer of 5 × 104 GFP+ donor cells before tail amputation and live cell imaging at 3 dpa. (B,C) FACS gating strategy for isolation of viable single cells and collection of myeloid cells and B lymphocytes. (D) Representative images show that myeloid cells are consistently detected in early 3-day wounds of amputated tails. (E) No detectable recruitment of GFP+ Pan-Ig + B cells is observed in 3-day wounds of amputated tails. N = 4 host recipients per transplant group. (F) Recruitment of major leukocyte cell types quantified at 1, 3, and 7 dpa. DPA, days post amputation.




Robust Homing of Liver-Derived GFP+ Cells to Amputated Limbs and Periphery Following GFP+ Organ Tissue Grafts Into Leucistic Hosts

Both liver and spleen are thought of as the major contributors to adult hematopoiesis. Although the spleen is a major host for hematopoietic stem cells (HSCs) in the axolotl (Lopez et al., 2014), the exact site of adult myelopoiesis is still unknown. To test which organs are potentially responsible for acting as sites of myelopoiesis or reservoirs for mature myeloid cells prior to recruitment to the regenerating limb, we established an organ grafting model. It could be reasoned that myeloid-committed stem cells may need to reside inside a stem cell niche to be functional and undergo development and maturation before recruitment to peripheral sites. The grafting model is predicted to allow potential stem cells to maintain their niche and undergo normal development before testing their recruitment to the amputated limb. Taking advantage of the salamander’s ability to accept long-term allografts without rejection for 3–8 weeks (Tournefier et al., 1998; André et al., 2007), we resected the rostral tip of the host liver and replaced it with the equivalent region from a GFP+ donor. The grafts rapidly fused to the host tissue (Figure 3A and Supplementary Figure 3), which allowed us to test the potential recruitment of liver-derived cells to peripheral immunological sites or limb amputations (Figure 3A). Similarly, we were able to test the potential for spleen-derived myeloid cells by replacing the rostral half of the equivalent region with donor GFP+ spleen (Figure 3B). These grafting studies demonstrated that liver-derived GFP+ cells were robustly recruited to the spleen with very little if any migration to the thymic nodes or heart and minor recruitment to dermal vascular beds in the skin (Figure 3A). In contrast, splenic grafts showed robust recruitment of donor GFP+ cells to the thymic nodes and heavy accumulation localized in dermal nodes within the host skin (Figure 3B). Very little migration from the spleen grafts to the host liver was observed. After 1 week of donor-host engraftment, we performed limb amputations and examined the recruitment of donor GFP+ graft-derived cells to the amputated limb at 4 dpa (Figure 3C). These experiments identified robust donor GFP cell recruitment with GFP+ liver grafts but very weak recruitment to the amputated limb with GFP+ spleen grafts. Liver-derived GFP+ donor cells could be found in the regenerating limbs for up to 6 weeks (Figure 3D). These experiments suggest that liver is the major source of myeloid cells recruited to the regenerating limb.


[image: image]

FIGURE 3. Robust homing of liver-derived homing GFP+ cells to amputated limbs and periphery following GFP+ organ tissue grafts into leucistic hosts. (A,B) Representative ex vivo imaging of host tissues 7 days post organ tissue graft. GFP+ liver grafted to host liver show that cells originating from this tissue have capacity to home in large numbers to the host liver, spleen but not the thymus, skin, or heart. GFP+ spleen grafted to host spleen show that GFP+ spleen cells can migrate in large numbers to the spleen and thymus and concentrated areas in the skin but show reduced migration to the liver and no migration to the heart. N = 4 host recipients. (C) Representative images of robust liver-derived GFP+ cell recruitment. Limbs were amputated 1 week after organ tissue graft and imaged to detect GFP+ cells migrating from graft to limbs 4 dpa. (D) Liver-derived GFP + cells still visible in regenerating limb 4 and 6 weeks post amputation (N = 4).




The Liver Is the Dominant Contributor of Myeloid Cells During Limb Regeneration

To confirm our findings with GFP+ liver or spleen tissue grafts, we next tested the potential for dissociated GFP+ liver and spleen-derived single cells to migrate to amputated limbs (Figure 4A). This single-cell adoptive cell transfer (ACT) strategy used equal amounts of GFP+ cells from liver or spleen and from matched donors to quantify the homing potential for spleen-derived or liver-derived GFP+ donor cells. The recipients were full siblings to allow the closest possible match. Given that salamanders are extremely tolerant of grafts for up to 60 days (Tournefier et al., 1998; André et al., 2007) and lack the acute rejection responses that are present in mammals, it is reasoned that matching the donor tissue is the most important variable within this experimental design. The results supported the findings of the organ tissue grafts and demonstrated that liver-derived myeloid cells have greater homing potential for the amputated limb than splenic-derived donor cells in this model (Figures 4B,C,E). The majority of the GFP+ cells homing to the limb were found to be CD18+IB4+ myeloid cells with a flow cytometry profile (dual histogram peaks in both IB4 and CD18) that is consistent with a mixture of neutrophils and macrophages (Figures 4D–F).
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FIGURE 4. The liver is the dominant contributor of myeloid cells during limb regeneration. (A) Experimental strategy to identify cellular contributions from the liver and spleen following transplantation of 5 × 105 live GFP+ cells. (B,C) Representative live imaging of the regenerating host limb at the wound healing (4 dpa), blastema outgrowth (24 dpa), and re-development (40 dpa) stages of limb regeneration. Liver-derived GFP+ cells are most abundant during the wound healing stage (4 dpa) and reduce in number throughout later stages of regeneration. Spleen derived GFP cells are recruited to the limb but qualitatively less in number compared to liver transplanted cells. N = 12 biological replicates. (D) Quantitation of myeloid cells and B cells in the limb at 4 dpa using CD18/IB4 and Pan-Ig staining, respectively. Bar graphs show mean ± SEM of four biological samples. p-Values obtained via one-way ANOVA with comparisons to the unamputated sample. ****p ≤ 0.0001. (E) Quantitation of viable GFP+ cells in the early regenerating limb following liver or spleen transplantation. Bar graphs show mean ± SEM of three biological samples. p-Values obtained via one-way ANOVA. **p ≤ 0.01. (F) Flow cytometry histograms of GFP+ cells in the limb testing for myeloid cell identity (CD18) in the second plot and B cell identity in third plot. T, time; DPA, days post amputation. ns, not significant.




Identification of the Major Leukocyte Subsets in the Axolotl Liver and Spleen Throughout Its Lifespan

Myeloid cells that have migrated to the sites of inflammation are eventually replaced via two mechanisms: hematopoiesis or by having tissue reservoirs that meet these demands by deploying cells from hematopoietic or extramedullary niches. The liver and spleen have been identified as the major hematopoietic tissues in the adult axolotl (Lopez et al., 2014). We thus chose these two tissues to evaluate their potential as myeloid cell reservoirs across key time-points of the axolotl life-span: juvenile (4 months), sexual maturity (12 months), and onset of thymic involution (24 months) (Durand et al., 2000; André et al., 2007). We then examined the changes in both myeloid cells and B cells in the liver and spleen of young, sexually mature, and older animals to attempt to identify major immunological changes in these representative myeloid/lymphoid subsets. We found that the liver maintained the production and/or housing of myeloid cells throughout the ages we tested and had a significant increase in myeloid cell signal over time. Flow cytometry analysis of these tissues at 4 months post fertilization showed that the liver contained more CD18+ IB4+ myeloid cells than the spleen (Figure 5A: 3.8% ± 0.83 vs. 1.34% ± 0.28). By 12 months, the liver contains an approximately fivefold greater portion of myeloid cells than the spleen (Figure 5A). We found no significant changes in the spleen with age. Conversely, we found no significant accumulation of B cells in the liver, but B cell numbers steadily increased in the spleen with the age of the animal (Figure 5B). The spleen was found to be the primary site where B cells resided in all tested time points, and they comprise nearly one third of the whole spleen tissue by 24 months of age (Figure 5B).
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FIGURE 5. Liver and spleen identification of the major leukocyte subsets in the axolotl liver and spleen throughout its lifespan. (A) Line graph of percentage of myeloid cells (IB4+ CD18+) in the liver (brown) and spleen (red) prior to sexual maturity (4 months), sexual maturity (12 months), and thymic involution (24 months). (B) Line graph of percentage of B cells (Pan Ig+) in the liver (brown) and spleen (red). Graphs show mean ± SEM of three biological samples at each time point. Adjusted p-values obtained via 2-way ANOVA with multiple comparisons to the 4-month-old sample. ***p ≤ 0.01, ***p ≤ 0.001 (C) Line graph showing changes in mature phagocyte number (IB4+ DiI+ cells) measured by flow cytometry in the liver (brown line) and spleen (red line) over the course of early limb regeneration. (D) Line graph showing changes in B cell numbers measured by flow cytometry in the liver (brown) and spleen (red) over the course of early limb regeneration. Error bars represent mean ± SEM of three animals per group at each time point. Adjusted p-values obtained via one-way ANOVA with multiple comparisons within each group. **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. ns, not significant.


To examine potential changes in macrophage or B cell populations with the liver or spleen that could be consistent with a response to limb amputation, we set up an experiment to profile these organs over the first 10 days post amputation (dpa). Phagocytic myeloid cells are critical during the early phases of regeneration and so we used a functional marker for phagocytic macrophages (uptake of fluorescent DiI liposomes (Debuque and Godwin, 2015)) that allows liver profiling. Using this labeling technique, we examined the liver and spleen at 2, 5, and 10 dpa to see if there was any disturbance in the liver myeloid phagocyte population or PanIg+ B cell numbers. After amputation, liver myeloid phagocyte numbers significantly fluctuated throughout 2–10 dpa, whereas in the spleen myeloid phagocyte numbers only significantly changed between 5 and 10 dpa (Figure 5C). B cell numbers did not significantly change in either liver or spleen tissue during the first 10 dpa (Figure 5D). The triple-negative (CD18negIB4negPanIgneg) as well as the putative T cell populations (CD18negIB4+PanIgneg) appear relatively stable over 24 months in the liver and spleen (Supplementary Figure 4). Taken together, the change in liver myeloid cell numbers within the spleen in response to amputation are consistent with the liver being the major reservoir for myeloid cells that are recruited to amputated limbs.



GFP+ Cell Homing in Serial Transplants Reveals Preference for Organ of Origin That Is Lost in Liver-Derived Cells That Have Been Educated in the Spleen

In mice, immature myeloid cells can traffic to the spleen to be educated and finish their development before responding to infection or injury in the periphery (Swirski et al., 2009; O’Neill et al., 2011; Wu et al., 2018). Since the spleen had a delayed myeloid cell response relative to the liver (Figure 5C), we wondered about the potential for liver-derived myeloid cells to migrate to the spleen to acquire new functions possibly required for regeneration. We established an assay using a serial transplant model of organ-specific GFP+ adoptive cell transplants to examine inter-organ trafficking and potential homing biases (Figure 6). In round one of this assay, GFP + donor cell transplantations were performed with equal numbers of either liver-origin (N = 4) or spleen-origin (N = 4) donor cells, delivered to alternative recipient (GFP–) cohorts (N = 4 + 4) (Figure 6A). After 1 week, liver and spleens were isolated and dissociated in parallel from each cohort. GFP+ cells obtained from each organ were re-injected into the blood in equal cell numbers (Round 2) into new (GFP–) terminal recipients (N = 4 + 4 + 4 + 4). After another week, both spleens and livers were collected as paired samples from each of the 16 animals. To assess the effect of cross organ exposure (education) on liver-origin or spleen-origin GFP cells, we used flow cytometry to count GFP+ cells in the terminal recipients of paired liver and spleen tissue. We then calculated the ratio of GFP cells between liver and spleen per recipient animal where a 1:1 ratio would reflect that the GFP+ cell mixture that was adoptively transferred had an equal chance of trafficking to either the liver or spleen. Those animals with ratios higher than 1 would reflect a GFP+ donor cell population with a preference for liver. Those with a ratio lower than 1 represent donor GFP+ cells with a preference to home to spleens. The results (Figure 6) indicated that those GFP+ cells that have only been exposed to liver prefer the liver, and those that have only been exposed to spleen preferentially home to the spleen. Strikingly, those liver derived GFP+ cells that were recovered from spleens lost their preference for liver-specific homing, whereas, splenic derived GFP+ donor cells recovered from livers maintained their preference. These experiments indicate that liver-derived GFP+ cells and spleen-derived GFP+ cells are not equivalent, thus indicating that homing may be one directional from liver to spleen with splenic education potentially expanding cell functions. Finally, we confirmed that the primary migration of dissociated GFP+ cells in this model is functionally equivalent to the homing preferences obtained in the organ-transplant model. Although the dissociated cell transplant model shows reduced GFP+ cell migration relative to the organ transplant model (Figure 3), it has the major advantage that equalized cell inputs allow sensitive quantification.
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FIGURE 6. GFP + cell homing in serial transplants reveals preference for organ of origin that is lost in liver-derived cells that have been educated in the spleen. (A) Experimental strategy displayed as a cartoon depicting serial liver and spleen transplantation to quantify GFP cell homing bias. Liver-derived GFP+ cells from four individual animals were adoptively transferred into four separate non-GFP hosts (round one transfer). Seven days post transfer GFP+ cells were collected from livers and spleens in parallel (i.e., four liver-liver and four liver-spleen) These parallel GFP+ cell preparations were then adoptively transferred into one naïve host recipient per cell preparation (round 2 transfer). After another 7 days, both liver and spleens were isolated and profiled as paired samples (i.e., one liver and one spleen per host) by flow cytometry. (B) Spleen-derived GFP+ cells were tested as described for (A) using spleens from four GFP + animals as original donor tissue. (i.e., four spleens −>4 spleen-spleen + 4 spleen-liver transfers). (C) Flow cytometry cell counting of terminal organs containing GFP+ cells from serially transplanted organs. The ratio between terminal livers and spleens was quantified per recipient with a value of 1 indicating an equal preference of GFP+ cells for liver or spleen from round 2 adoptive transfers. Values higher than 1 indicate a preference for homing to host liver and values lower than 1 indicating a preference for homing to host spleen tissue. Only liver-derived GFP+ cells isolated from host spleen (condition 2, liver-spleen, indicated with blue arrow) show education that allows equal migration to liver/spleen from round two adoptive transfers. Bar graph showing the ratio of GFP cells in the liver and spleen from serial transplant experiments. Error bars represent mean ± SEM of four biological samples. (D,E) Intravenously transplanted GFP+ cells from the liver and spleen display differential leukocyte trafficking to host lymphoid organs with a preference for the tissue of origin. Spleen-derived GFP+ cells also show robust homing to thymic nodes. Representative ex vivo images of host lymphoid organs four days after transplantation of 1–5 × 105 liver or spleen leukocytes. N = 6 host recipients in each transplant group.




The Spleen Is Not Required for Liver-Derived Myeloid Cell Trafficking to the Limb or for Limb Outgrowth

Having shown that there is potential for liver-derived cells to traffic to the spleen and alter the homing bias, we wanted to test the requirement for spleen in adult axolotl limb regeneration. By performing a splenectomy combined with adoptive cell transfer of liver-derived leukocytes from a GFP+ donor on white leucistic (d/d) animals (Figure 7A), we were able to confirm that the spleen is not required for liver-derived leukocyte cells to traffic to the amputated limb. We then wanted to test the requirement for the spleen in functional limb regeneration. Experiments where the spleen was removed prior to limb amputation confirmed that limb regeneration can occur in the absence of a spleen (Figure 7B) and that this regeneration occurs in a similar timeframe to reach the blastema stage, paddle stage, and full regeneration (Figure 7C). Taken together, this work strongly suggests that the liver is the primary organ responsible for the supply of myeloid cells participating in salamander limb regeneration.
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FIGURE 7. The spleen is not required for liver-derived myeloid cell trafficking to the limb or for limb outgrowth. (A) Experimental timeline to study cellular contributions from the liver following splenectomy. (B) Live imaging of 4 dpa limb. GFP cells in the limb following 5 × 105 GFP liver cell transplant in non-splenectomized control cohort (Top row). GFP cells in the limb following 5 × 105 GFP liver transplant in splenectomized control cohort (Bottom row). (N = 4 per group) (C) Live image of regenerating limbs with spleen (pictured left) and without spleen following splenectomy (pictured right). Critical regeneration stages shown. All animals regenerated their limbs in both groups. N = 8 animals per experimental group.




DISCUSSION

The immune system is now appreciated to play a critical role in shaping the outcome of tissue repair in various animal models and tissue contexts (Godwin et al., 2017b; Mescher et al., 2017). In the salamander, the recruitment of macrophages to the amputation plane is an essential step in successful limb and heart regeneration (Godwin et al., 2013, 2017a). In mammalian wound healing, the origin and phenotype of recruited macrophages play a critical role in the regulation of scar formation and repair quality (Wynn and Vannella, 2016). Repair quality can also be shaped by the presence of other non-macrophage immune cells within the wound (Julier et al., 2017). In the salamander, there is lack of basic knowledge in the types of immune cells recruited to the regenerating wound and the hematopoietic origin of the cells that are recruited. To address this knowledge gap, this report provides a broad assessment on the origin and trafficking routes of leukocytes recruited to regenerating tissue in salamanders. We successfully developed a flow cytometry toolkit that efficiently identifies major leukocyte subsets in blood, organs, and regenerative tissues that was validated with downstream molecular and cytological analysis. Coupling of this toolkit, with adoptive cell transfers and organ tissue grafting in parallel, we identified that myeloid cells are the major leukocyte subtype recruited to regenerating wounds. Furthermore, this work revealed the adult liver as the primary source of myeloid cells recruited to regenerating wounds. Although surgical removal of the liver with survival is not possible, the removal of the spleen demonstrated that the spleen was unnecessary for myeloid cell recruitment to the regenerating limb and was also dispensable for regeneration. Given the robust recruitment of liver-derived macrophages to the amputated limb, in the absence of a spleen, the liver is the most likely primary source of pro-regenerative macrophages.

The frequency of each leukocyte population in healthy adult animals can vary widely by species and collection method. It is generally agreed that human blood is rich in granulocytes (50–70% granulocytes and 30–50% lymphocytes) with lower lymphocyte counts than rodents (5–25% granulocytes and 75–90% lymphocytes) (Mestas and Hughes, 2004). Interestingly, huge variation is observed between mice and rats in both lymphocyte and granulocyte cell frequencies (Supplementary Figure 1). Rats have unusually high T-cell counts compared to mice and humans, but all rodents have high B cell numbers (Supplementary Figure 1). The profiling of axolotl peripheral leukocytes revealed a profile with a monocyte/macrophage frequency in a range that is similar to humans and rodents. Despite known deficiencies in adaptive immunity (Cohen, 1971; Salvadori and Tournefier, 1996; Cotter et al., 2008), axolotl blood appears to have T-cell numbers that are equivalent to human and mouse blood, with B cell frequencies closer to rodents than humans. In terms of granulocyte counts, axolotl blood falls in a similar range as rats and humans, whereas mice seem to have an unusually low number of circulating granulocytes. The axolotl blood cell frequency analysis comes with a major caveat that 16–25% of the circulating leukocytes could not be identified by the staining panel that we used and that some of these cells may fall into those T cell, B cell, and granulocyte categories. It should also be noted that the existence and frequency of circulating NK, NKT, DC, thrombocytes, immature leukocytes, and circulating stem cells is yet to be determined. Taken together, adult axolotl blood appears to have cell frequencies that are intermediate between mouse and human peripheral blood frequencies.

Whilst several non-mammalian model organisms are utilized in regenerative biology, amphibians such as anurans (frogs) and urodeles (salamanders) offer a unique perspective to study the contributions of the innate immune system as they share a majority of the key immune tissues present in mammals (Ciau-Uitz et al., 2006; Demircan et al., 2016). The notable exception is bone marrow and its presence, or lack thereof, in many anuran amphibians and most urodele amphibians, excluding Plethodontidae (lungless salamanders) (Curtis et al., 1979). When no bone marrow is present, consensus view equates adult amphibian hematopoiesis to that of the developing avian and mammalian blood system, a period during which both animals retain high regenerative capacities (Mescher and Neff, 2005; Allender and Fry, 2008; Coleman, 2008; Larson et al., 2010). In these organisms, definitive hematopoiesis of hematopoietic stem cells (HSCs) originates in the aorta-gonad mesonephros (AGM), which expands and seeds the fetal liver, spleen, then thymus (Dzierzak and Speck, 2008). Studies have shown that unlike mammals, the axolotl does not form or utilize bone marrow as the primary tissue for definitive hematopoiesis following birth (Brunst, 1958; Durand et al., 2000; Golub et al., 2004; Lopez et al., 2014). Anuran amphibians similarly do not use bone marrow as the primary site for blood production. However, their propensity for scar-free repair and limb regeneration progressively declines following the onset of metamorphosis, which coincides with the maturation of its adaptive immune system (Mescher and Neff, 2006; Godwin and Rosenthal, 2014; Mescher et al., 2017). In contrast, salamanders retain regenerative proficiency following metamorphosis and are regarded as immunodeficient. This is characterized by a weak humoral response to soluble antigens, slow cytotoxic immune responses, and high vulnerability to viral infections due to defective T cell proliferation (Cohen, 1971; Salvadori and Tournefier, 1996; Cotter et al., 2008).

In addition to functioning as sites for hematopoiesis, our results indicate that the liver and spleen also serve as reservoirs for myeloid cells and B cells. This is in line with historical histological findings in several salamander species, which observed granulocytes primarily residing in the sub-capsular zone of the liver and lymphocytes predominantly inhabiting the white pulp regions of the spleen (Rowley and Ratcliffe, 1988; Tournefier et al., 1988b; Fini and Sicard, 2010). During mammalian development, the major site of hematopoiesis transitions from the fetal liver to the spleen and bone marrow (Sheng et al., 2015). In adult life, HSCs dynamically change their location and phenotypes, shifting from quiescent and stationary cells anchored in the bone marrow to cycling and motile cells entering circulation (Parkman and Weinberg, 2014). These changes are driven by stress signals. Bidirectional migrations to and from the bone marrow are active processes that form the basis for HSC transplantation protocols. In addition, fetal liver-derived HSCs are primed to seed the splenic tissue niche from which HSCs will be partially maintained in adult life. Splenic monocyte reserves are known to be mobilized to liver tissues when inflammation occurs (i.e., infection or injury) (Wynn et al., 2014). However, the potential for reverse migration from spleen to liver under homeostatic conditions in mammals has not been adequately evaluated. Given the dynamic regulation of HSCs in mammals, it is therefore not entirely surprising that leukocytes exhibit bidirectional trafficking and a bias toward their tissue of origin. It is notable that salamander liver cells captured from host spleens lose their bias toward liver and exhibit new migration potential. This finding suggests that there is an altered phenotype potentially involving an educational process induced by the splenic microenvironment. Despite this altered functional readout, splenic modification of liver-derived leukocyte phenotype is not a requirement for effective limb regeneration.

A recent study conducted by Lopez et al. (2014) has pointed to the adult axolotl spleen as the primary tissue for leukocyte deployment following hematopoiesis into peripheral tissues, such as the skin. These results were obtained by grafting a GFP labeled cephalic portion of one embryo to the RFP or wild-type caudal segment of another. These experiments did not characterize leukocyte identity or assess leukocyte contributions during regeneration. In contrast, our dual-model approach utilizing tissue grafting and cell transplantation of age-matched GFP donors into leucistic hosts confirmed the liver as the principal organ for myeloid cell deployment into the early regenerating limb. While the study by Lopez et al. (2014) provides critical information on the contribution of splenic hematopoietic progenitors that give rise to skin resident leukocytes in adults, our approach has revealed that the major source of leukocytes recruited to sites of regeneration are myeloid cells that originate in the liver. Whilst our study tracked liver-derived GFP myeloid cells migrating into the amputated limb, it is not yet clear what cell type accounts for the numerous cells observed in the skin that are of spleen origin. Clarity on this matter will be resolved with the development of transgenic tools specific to diverse immune cell lineages.

Regeneration of the mouse heart is observed during a narrow temporal window during development and is gradually lost between 1 and 7 days of postnatal life (Porrello et al., 2011). This loss of regenerative potential is correlated with the switch from dependence on fetal liver-derived hematopoiesis to bone marrow derived hematopoiesis. Importantly, this process has been shown to be critically dependent on macrophages, and considerable collateral evidence is emerging that fetal liver-derived macrophages exert a higher potential for tissue repair (Dey et al., 2014). It is possible that salamanders maintain a hematopoietic system in adult life that is analogous to the fetal liver-dominated regeneration-competent stage of mouse development. Our findings support a model where the emergence of a bone marrow-derived hematopoietic immune system may be inhibitory for regeneration.

Sustained myeloid cell recruitment into the site of injury is a conserved process between salamander and mammalian tissues. Blockade of this process in the axolotl results in the formation of fibrotic tissue similar to that induced in the injured mouse heart characterized by the abnormal appearance of myofibroblasts and an irregular build-up of thick collagen I and IV fibers in the place of thin collagen III (Aurora et al., 2014; Godwin et al., 2017a). Our findings implicate the axolotl liver as the niche in which these macrophages are educated prior to deployment into the limb where they act as positive regulators of regeneration. An essential element of leukocyte biology is the definition of progenitors and precursors since this underpins the formation of cell lineages with distinct functions. Further examination into how this niche responds to systemic injury signals to instruct the appropriate myeloid cell phenotype release into regenerating tissues is warranted. Juxtaposing these basic mechanisms to analogous models that display ranging competencies for tissue regeneration will outline the necessary elements required for adaptation toward clinical settings.



MATERIALS AND METHODS


Ethics Statement

All scientific procedures involving animals were undertaken in line with Animal Ethics Committee guidelines for Monash University or the MDI Biological laboratory.



Animal Husbandry, Procedures, and Live Imaging

Ambystoma mexicanum (Mexican axolotl) animals (wild-type, d/d leucistic “white hosts” and Tg:CAGGS:GFP) were obtained from the Ambystoma Genetic Stock Centre (AGSC), Lexington, KY, United States, and captive bred. Animals were individually housed in carbon-filtered tap water tanks on a 12-h light, 12-h dark cycle. Juvenile and adult animals were used for all experiments and were between 4 and 24 months old. Prior to animal surgeries (blood collection, amputation, tissue transplantation, and live imaging), animals were anesthetized using 0.1% ethyl-3-aminobenzoate methanesulfonate salt (MS-222; Sigma-Aldrich, St. Louis, MO, United States). Forelimb and tail amputation procedures were carried out as previously described (Godwin et al., 2013; Debuque and Godwin, 2015). For cell transplantation experiments, 1–5 × 105 cells were delivered intravenously into the dorsal side of the gills by adapting previous intravenous delivery methods (Debuque and Godwin, 2015).

Cell transplantation experiments were carried out in 5–7-month-old age-matched animals (snout to tail length of 8–12 cm). Liver and spleen grafts were performed on 9–12-month-old animals (snout to tail length of 15–20 cm) where 25% of the rostral side of the host organ was resected and then equal volume of donor tissue was grafted onto the host. For live imaging procedures, harvested organs or anesthetized animals were imaged using a Zeiss Lumar V12 fluorescent stereo microscope. Spleens were removed via keyhole surgery. The remaining vessels were cauterized to prevent any blood loss and the incision into the skin was sutured. The control cohorts for these experiments underwent sham surgery.



Isolation of Single Cell Suspensions From Peripheral Blood, Liver, and Spleen

Peripheral blood was isolated as previously described (Debuque and Godwin, 2015) with minor adaptations (using animals’ snout to tail length of around 20 cm and at least 12 months of age). Briefly, peripheral blood was collected from the gills facing the ventral side in anesthetized animals using a 25G SURFLO® winged infusion set (Terumo Medical Corporation, Somerset, NJ, United States) and was dispensed into 50-ml tubes containing ice-cold 0.7X HBSS-5 mM EDTA. Cells were then centrifuged at 200 × g at 4°C for 20 min (with no decelerating brakes) to remove platelets. Contaminating red blood cells were then removed by layering the cell suspension onto Ficoll Paque Plus (GE Healthcare, Waukesha, WI, United States) and centrifuging the sample for 5 min at 400 × g at room temperature (no decelerating brakes). All liquid phases except the red blood cell phase were collected and washed. Liver and spleens were harvested from euthanized animals and briefly rinsed in ice-cold 1X HBSS/5 mM EDTA and placed onto a 10-mm tissue culture dish. Tissues were then processed with surgical scissors and minced into fine chunks of approximately 25 mm in cubic size then processed through a 70-μM cell-strainer with the aid of a 3-mL syringe plunger. Cells were then centrifuged twice at 200 × g at 4°C for 20 min with no decelerating brakes to remove tissue debris, and their numbers were counted using the Countess Automated Cell Counter (Thermo Fisher Scientific, Carlsbad, CA, United States).



Flow Cytometry and FACS

Single cell suspensions were blocked with ice-cold 1 × HBSS/5 mM EDTA/1X DNase1/2% goat serum for at least 20 min on ice as previously described (Debuque and Godwin, 2015). Primary antibodies were then added at final dilution and incubated for at least 1 h on ice shielded from light. Primary antibodies were washed, and if necessary, cells were then incubated with their corresponding secondary antibody for 30 min on ice shielded from light. Cells were then washed and transferred into FACS tubes for flow cytometry analysis or FACS isolation. Cell viability for flow cytometry experiments was assessed with Ghost DyeTM Red 780 (Tonbo Biosciences, San Diego, CA, United States) following manufacturer’s instructions. Cell viability for FACS experiments was assessed using DAPI. FACS was performed using either the BD symphony A6 or BD Influx Cell sorters. Flow cytometry quantification was performed on LSRII Flow Cytometers (BD Biosciences, San Jose, CA, United States). Compensation of fluorescence spectral overlap was used with UltraComp eBeads (eBioscience, San Diego, CA, United States) according to manufacturer’s instructions. FCS 3.0 files generated by flow cytometry were analyzed using FlowJo Software v10. For list of antibodies used in these experiments and their working dilutions, see Supplementary Table 1.



Giemsa–Wright Stain

Cytospins and staining was performed as described in Debuque and Godwin (2015). Briefly, following FACS isolation, cells were transferred onto poly-L-lysine slides utilizing a cytospin centrifuge and then fixed in 4% PFA. Working dilution May–Grunwald stain was applied to cells for 5 min and then washed after which working dilution Giemsa stain was applied for 15 min. Following staining, slides were then rinsed multiple times with distilled water, air-dried, and preserved in DEPEX and imaged under a light microscope.



cDNA Synthesis and RT-qPCR

Cell samples were collected into TRIzol® reagents (Thermo Fisher Scientific). RNA was purified using Direct-ZolTM RNA MiniPrep (Zymo Research, Irvine, CA, United States) according to manufacturer’s instructions. RNA quality was assessed by spectrophotometry using a NanoDrop ND-1000 (NanoDrop). Reverse transcription was performed using SuperScript® VILOTM cDNA synthesis kit (Thermo Fisher Scientific). Quantitative polymerase chain reaction (qPCR) assays were performed using LightCycler® 480 SYBR green (Roche, Indianapolis, IN, United States). Gene expression levels were calculated using the 2–ΔΔCt method. Sample gene expression was normalized to the geometric mean of three housekeeping genes and either expressed as relative fold change or log2 fold change. Primer sequences used in qPCR assays are listed in Supplementary Table 2.



Statistical Analysis

Statistical analyses were performed using the software Prism 9 (GraphPad Software, San Diego, CA, United States). Data are always shown as mean values ± SEM. Analyses of significant differences between means were performed using unpaired Student’s t-test, one-way ANOVA for cell counts, or a two-way ANOVA with Turkey’s multiple comparisons test for RT-PCR comparisons between groups as indicated in figure legends.
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We often think about regeneration in terms of replacing missing structures, such as organs or tissues, with new structures generated via cell proliferation and differentiation. But at a smaller scale, single cells, themselves, are capable of regenerating when part of the cell has been removed. A classic model organism that facilitates the study of cellular regeneration in the giant ciliate Stentor coeruleus. These cells, which can grow to more than a millimeter in size, have the ability to survive after extensive wounding of their surface, and are able to regenerate missing structures. Even a small piece of a cell can regenerate a whole cell with normal geometry, in a matter of hours. Such regeneration requires cells to be able to trigger organelle biogenesis in response to loss of structures. But subcellular regeneration also relies on intracellular mechanisms to create and maintain global patterning within the cell. These mechanisms are not understood, but at a conceptual level they involve processes that resemble those seen in animal development and regeneration. Here we discuss single-celled regeneration in Stentor from the viewpoint of standard regeneration paradigms in animals. For example, there is evidence that regeneration of the oral apparatus in Stentor follows a sender-receiver model similar to crustacean eyestalk regeneration. By drawing these analogies, we find that many of the concepts already known from the study of animal-scale regeneration and development can be applied to the study of regeneration at the cellular level, such as the concepts of determination, induction, mosaic vs. regulative development, and epimorphosis vs. morphallaxis. We propose that the similarities may go beyond analogy, and that some aspects of animal development and regeneration may have evolved by exploiting pre-existing subcellular developmental strategies from unicellular ancestors.
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INTRODUCTION

The ability to heal wounds and regenerate is a fundamental feature that separates living from non-living systems. Regeneration, which we view as the ability of a living thing to re-build missing parts following their accidental or deliberate removal, has long been the subject of intense investigation, partly because it is a fascinating process in its own right, but even more so because it sheds light on the process of development.

Given the clear importance of stem cells such as neoblasts in regenerating tissues and organs in animals, studies of regeneration have justifiably focused on the mechanisms for replacing dead or lost cells with new cells that have taken on the appropriate differentiation state (Tanaka and Reddien, 2011). However, it turns out that even within individual cells, missing parts can regenerate. In many cells types, including both free-living organisms and cells inside the human body, cilia can be regenerated following their loss from mechanical shearing or other forms of stress (Rosenbaum and Child, 1967; Ibrahim et al., 1979; Heller and Gordon, 1986; Atef et al., 2009). Neurons are capable of regrowing dendrites or axons that have been damaged or removed (Baas and Heidemann, 1986; Hall and Cohen, 1988; Maier and Schwab, 2006; Bloom and Morgan, 2011), and hair cells of the ear are capable of regenerating stereocilia following their shearing by loud noises (Cotanche, 1987). A classic example of cellular regeneration is the ability of the giant green alga Acetabularia to regenerate its cap structure (Mine et al., 2008).

The examples just cited all represent cellular protrusions of various forms, which are prone to shearing and therefore in particular need of regenerative mechanisms. Whether or not internal organelles can regenerate is a question that calls for more investigation. One case where this has been studied is the Golgi complex, which can be induced to resorb via treatment with brefeldin. When the drug is washed out and normal membrane trafficking is restored, the Golgi is re-built inside the cell (Langhans et al., 2007; Ito et al., 2012). When organelle inheritance to the bud is blocked in budding yeast, the daughter cells are often still able to re-form the organelle via independent biogenesis mechanism that do not require inheritance of the pre-existing organelle from the parent cell (Jin and Weisman, 2015).

Going beyond specific structures, some cells are able to regenerate completely from tiny fragments, which requires not only the re-building of lost or damaged structures, but also the re-arrangement of cellular components to restore a normal cell architecture. Regeneration of cells from cell fragments has been most extensively studied in large single-celled protists, mainly amoeba and ciliates, whose large size makes the surgery easy (Balamuth, 1940). Several examples of cells which have been shown capable of restoring a normal size and shape after being cut into pieces include the giant ciliates Stentor (Tartar, 1961) and Blepharisma (Kumazawa, 1979) as well as giant Amoebas (Radir, 1931; Goetz Von Olenhusen et al., 1979). Just as the study of regeneration has shed light on the mechanisms of animal development, studies of regeneration at the subcellular level have the potential to reveal the mechanisms that determine the geometry of cells.

Can all cells regenerate? One of the confusing aspects of animal regeneration is the extent to which different species, and even whole phyla, differ in their regenerative capacity. Some species, such as hydra or flatworms, can regenerate entire organisms from tiny fragments, while in other cases, regeneration is restricted to smaller portions such as limbs or fingertips. One of the goals of studying regeneration has always been to see if there is a way to increase the ability of humans to regenerate following injury or degeneration, with spinal cord neurons being a system of particular interest.

The same variability in regenerative capacity seen across animals is also seen among single cells. One obvious difference among cell types is the number of nuclei. Only a cell fragment that contains the nucleus will be able to regenerate and continue living. This is of course self-evident in light of modern understanding of genomes, but prior to that understanding, it was directly demonstrated that regeneration in both amoeba and ciliates depends on the presence of a nucleus in the regenerating fragment, and could be restored to enucleated fragments by nuclear transplantation (Tartar, 1961). But even among phyla with similar sizes and distributions of nuclei, there are differences in regenerative potential. A general trend in the literature is that the cells that can regenerate from the most dramatic fragmentation and surgery tend to be very large cells, such as Xenopus oocytes, giant amoebas or the giant ciliates Stentor and Blepharisma (Tartar, 1961; Sonnemann and Bement, 2011). Large size might itself be important by allowing cells to survive longer after wounding. The larger the volume of the cell, the more time it would take to “bleed out” in the sense of losing cytoplasm to the medium or undergoing damaging changes in cellular chemistry. But there are also differences in regenerative ability seen even when differences in wound healing are not at play. For example, when the large ciliate Stentor is bisected, the two fragment cells each restore a completely normal shape. In contrast, when a different ciliate, Paramecium, is bisected, the partial cells often fail entirely to regenerate (Calkins, 1911) and when they do, they tend to maintain whatever positioning of structures were present prior to the cut, so that they do not restore a normal cell geometry (Tartar, 1954a). Similarly, re-arrangements of the rows of cilia on the cortex of a Paramecium cell can persist indefinitely, suggesting that in this species cells either cannot detect, or cannot repair, geometrical rearrangements of cellular organization (Beisson and Sonneborn, 1965). The differing capacities of different cell types to restore proper global organization following cutting or perturbation is directly equivalent to the difference between mosaic and regulative development in animal embryos. From this viewpoint, we would say that Stentor development is regulative while Paramecium development is mosaic.

Eggs after fertilization represent an interesting gray zone between single and multicellular life. In phyla with mosaic development, much of the body plan is already determined by regional differences inside the egg prior the first cleavage division. Can this patterning be regenerated when the embryo is still just a single cell? Depending on the species, when embryos are dissociated into blastomeres at early cleavage divisions, sometimes the individual blastomeres can regenerate whole organism, such as in the case of sea urchin embryos (Driesch, 1891). In other cases, such as the limpet Patella, isolated blastomeres will give rise to precisely those tissues that they normally would give rise to, but cannot regenerate any other parts of the animal, indicating that developmental fate may have already been specified (Wilson, 1904). Such specification of fate at such an early stage clearly indicates that the egg has been regionalized prior to cleavage. Indeed, it can be directly seen in some species that fate-determining mRNA molecules have a polarized distribution within the egg before the first cleavage division (Nishida, 2005; Sardet et al., 2007). Such spatial segregation of fate determinants requires mechanisms to partition these fate determinants in distinct parts of the egg, in other words, a mechanism to establish spatial variation or geometry within a cell. Since this is the same type of problem that unicellular organisms need to solve when they divide and regenerate, it may well be the case that multicellular organisms have co-opted pre-existing mechanisms for regeneration and development of pattern in single-celled ancestors. Testing this hypothesis will require a mechanistic understanding of regeneration in unicellular organisms. Even if it turns out that regeneration in protists is completely different from regeneration in animals, we believe that an attempt to compare the two may still shed light on both types of regeneration. Unicellular organisms have a number of advantages for studying pattern formation and development at the subcellular level. Their large size makes microsurgery possible at a level that would be extraordinarily difficult in, say, mammalian cells. They are naturally free-living such that studying individual cells in the lab is possible, without the usual concerns that exist with cultured animal cells grown outside of their normal 3D tissue context. Because they are free-living, there is less concern about the possibility that subcellular patterning is driven by cues provided by neighboring cells in a tissue, such that attention can be focused on intracellular patterning mechanisms. Finally, many unicellular protists have elaborate surface structures that allow patterning to be easily visualized in living cells (Aufderheide et al., 1980), in much the same way that bristle patterns were used to visualize patterning in Drosophila embryos in the original Heidelberg screens for patterning mutants (Nüsslein-Volhard and Wieschaus, 1980).

Among the protists, ciliates have a highly visible surface patterning that has made them particularly useful as model organisms for studying the mechanisms of pattern formation within cells (Aufderheide et al., 1980; Frankel, 1989). This review will focus on regeneration in the giant heterotrichous ciliate Stentor coeruleus (Figure 1A), arguably the best-studied model for single-cell regeneration due to its large size and prodigious powers of wound healing (Tang and Marshall, 2017; Zhang et al., 2021) that allow it to survive almost any cutting and grafting experiments that have been attempted. Another advantage of Stentor for studying regeneration is its dramatic blue body striping that provides a natural set of fiduciary marks to assess cellular pattern in living cells. These blue stripes (Figure 1A) reflect the organization of the Stentor cortex as a parallel array of ciliary rows (also known as “kineties”) which consists of rows of basal bodies with associated microtubule bundles (Figure 1B inset). A blue pigment (Stentorin) is present in the gaps between the ciliary rows and gives rise to the stripe like appearance of the cell surface. Overall, the Stentor cell shows a clear anterior-posterior polarity, with an oral apparatus (feeding organelle) at the anterior end, and a holdfast at the posterior end. The body striping is non-uniform in width—on one side of the cell, the ciliary rows are spaced relatively far apart from each other, such that the intervening blue stripes are wide. As one progresses around the cell, the ciliary rows become progressively closer together such that the blue stripes become narrower. Eventually a point is reached where the narrowest stripes meet the widest stripes, a region call the locus of stripe contrast or the contrast zone. This contrast zone conventionally defines the ventral side of the cell body, thus producing a dorsal-ventral axis perpendicular to the A/P axis. These two body axes define a midline, and it turns out that every visible cellular structure has a defined left-right position relative to this midline. For example, the macronucleus, which contains thousands of copies of the genome, is located to the right of the midline, while the contractile vacuole, an organelle that collects and expels excess water to maintain osmotic balance (Allen and Naitoh, 2002), is located to the left. The Stentor cell thus possesses the same body axes that a bilaterian animal does.
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FIGURE 1. Overview of Stentor coeruleus. (A) Micrograph of a single Stentor cell, attached to the wall of a plastic chamber via its holdfast. (B) Anatomy of Stentor. The oral apparatus (OA) is located at the anterior end of the cell and consists of a membranellar band of cilia, an oral pouch where food is temporarily captured, and a gullet where food is ingested. Inset shows expanded view of the region circled in red, illustrating the ultrastructural organization of the ciliary rows. Each row contains not only pairs of basal bodies, one of which nucleates a cilium, but also a parallel array of microtubule bundles known as Km fibers (Huang and Pitelka, 1973) and, underneath the microtubules, a contractile fiber bundle known as a myoneme, which is composed of centrin-like EF hand calcium binding proteins (Maloney et al., 2005). An additional set of microtubule bundles, known as transverse microtubules, emerge from each basal body pair and extend perpendicularly to the Km fibers toward the adjacent ciliary rows. The spaces in between these rows are filled with blue pigment, giving rise to the blue color seen in (A). The spacing between the ciliary rows shows a circumferential variation, such that the spacing between the rows, and hence the width of the intervening blue stripes as well as the lengths of the transverse microtubule bundles, starts out large at one side of the cell and then gradually decreases as one moves around the circumference, until eventually the narrowest stripes (mostly closely spaced ciliary rows) about the widest stripes (mostly widely separated ciliary rows). This region is known as the locus of stripe contrast, and represents a key site for regeneration of oral structures.


Stentor can regenerate following a vast range of surgical perturbations (Tartar, 1961), but despite over a century of experimental work on Stentor regeneration, we still know virtually nothing about how this cell regenerates at a molecular mechanistic level. Rather than attempt to exhaustively review the hundreds of surgical experiments reported in Stentor, we will focus on four specific regeneration paradigms: regeneration of the oral apparatus, regeneration of the posterior holdfast, regeneration following bisection into anterior and posterior halves, and finally recovery of body wall pattern following disarrangement of the cortex. Each of these regenerative paradigms gives us clues about how Stentor may detect abnormalities in its geometry as well as how those abnormalities are corrected, and together they will allow us to ask what similarities and differences can already be discerned between Stentor and better-known animal models for regeneration.



REGENERATION OF THE ORAL APPARATUS IN STENTOR

The most intensively studied regenerative process in Stentor is regeneration of the oral apparatus (OA), a complex structure (Paulin and Bussey, 1971) consisting of a membranellar band surrounding a frontal field of cilia that together create a feeding flow to capture food, an oral pouch into which food is swept, and a gullet through which food is ultimately ingested via endocytosis (Figure 1B). The membranellar band itself is a large ring of “membranelles,” each of which consists of parallel rows of cilia that form and beat together as a group. The entire oral apparatus can be removed by surgery or by treatment with sucrose or other noxious chemicals that trigger an autotomy process in which all or part of the oral apparatus is shed (Tartar, 1957b). Once the oral apparatus is removed, a new one begins to form at the locus of stripe contrast on the ventral surface of the cell, where the narrow and wide surface stripes meet (Figure 2). Formation of a new oral apparatus proceeds through an intricate series of morphological steps, beginning with formation of thousands of basal bodies, which then arrange themselves into orderly rows and then sprout cilia to produce functional membranelles. Once the membranelles have formed, the cortex of the cell undergoes a rearrangement such that a patch of ciliary rows to the right of the membranellar band curl to form the frontal field, along with the membranellar band itself that curves into its final position. At the same time, the oral pouch and gullet develop at the posterior end of the membranellar band. The formation of the oral structures represents an instance of the embryological concept of determination but at a subcellular level, in that if the posterior end of the oral primordium is removed, no gullet will subsequently form (Tartar, 1957a). Formation of a new oral apparatus also happens spontaneously at apparently random times throughout the life of a cell, in a process known as “reorganization.” This process is thought to play a role in maintaining the usual scaling relation between the size of the oral apparatus and the size of the whole cell. Stentor cells double in size between divisions, such that the OA a cell is born with will eventually become too small. When the cell becomes disproportionately large compared to the current size of its OA, it will reorganize, shedding all or part of its old OA and replacing it with a newer, larger one. As in regeneration, the new OA in reorganization forms at the locus of stripe contrast and proceeds through the same set of morphological steps, indicating that it is the same morphological process. The same sequence of morphogenetic steps as seen in OA regeneration and re-organization is also seen during cell division, a topic we will discuss below in section “General Issues of Regeneration Shared Between Stentor and Animals.”
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FIGURE 2. Oral apparatus regeneration and reorganization in Stentor. When the original oral apparatus (green) is removed, an oral primordium (red) forms at the locus of stripe contrast. This primordium, consisting of thousands of basal bodies, organizes into a new oral apparatus as it migrates to the anterior end of the cell. The same process can also occur spontaneously, creating a reorganization in which the old oral apparatus is replaced by a new, usually larger one.


One of the most interesting features of OA regeneration is the role of the stripe contrast zone in this process. If the contrast zone is surgically removed and transplanted onto another cell, it will cause the recipient cell to form a second oral primordium during regeneration, thus acting much like an “organizer” in animal development (Tartar, 1956a). There is clearly something special about the locus of stripe contrast, since it always predicts the site where the new oral primordium will form, but what is the nature of the determinant? One possibility is that the contrast in stripe width is a consequence of some molecular mark at that site, such as a localized protein or mRNA, which also dictates oral primordium position. However, surgical experiments suggest that it is actually the contrast in stripe width itself, rather than some pre-existing mark at the contrast zone, that is important. If new contrast zones are created surgically, by grafting a patch of narrow stripes into a region of wide stripes on the back of the cell (Figure 3), a new oral apparatus will form at this ectopic contrast site, indicating that the contrast in stripe width is actually sufficient.
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FIGURE 3. Induction of a new oral primordium by juxtaposition of narrow and wide striped cortical regions. In this experiment, a region of the cortex containing narrow stripes (closely spaced ciliary rows), but not including the locus of stripe contrast itself, is removed from one cell and grafted onto another in a region containing wider stripes. When the graft recipient cell is induced to regenerate, the new contrast zone supports the formation of a second oral primordium.


Regeneration of the oral apparatus requires the continuous presence of the nucleus. If the nucleus is removed during regeneration, the process grinds to a halt (Tartar, 1961), presumably reflecting a need for gene expression at multiple stages of regeneration. Studies with inhibitors of transcription and translation are consistent with this view (Whitson, 1965; James, 1967; Burchill, 1968; Younger et al., 1972), as is the fact that an increase in transcription is directly detectable during regeneration (Ellwood and Cowden, 1966; Burchill, 1968; Younger et al., 1972). It is interesting to consider how a sequential program of gene expression, acting as a “production schedule,” may contribute to the orderly events of oral apparatus development. The fact that oral regeneration requires gene expression has allowed RNA sequencing studies to investigate the process by asking which genes are turned on at each stage in the process (Sood et al., 2017; Onsbring et al., 2018; Wei et al., 2020). By inhibiting translation at the start of regeneration, it was possible to show that the regeneration program is organized as a cascade, such that a small number of early genes must be translated in order to trigger transcription of the later genes (Sood et al., 2021).

One fundamental outstanding question is what cue triggers formation of a new oral apparatus during regeneration. One model is that the existing oral apparatus sends out an inhibitory signal, such that as long as it is present, the cell will not form a new oral primordium. Such a model was suggested by surgical experiments (Figure 4A) in which implantation of an additional oral apparatus is reported to block regeneration even when the original oral apparatus of a cell is removed (Hyvert et al., 1972). Grafting an oral apparatus back onto the anterior end of a regenerating Stentor causes regeneration to cease and the oral primordium to be resorbed (Tartar, 1958), suggesting that the inhibitory signal can act for a prolonged period, not just at the very first step of regeneration. The situation is apparently more complex than a simple diffusible signal, however, based on other experiments showing that displacement of the oral apparatus within the cell can trigger regeneration. In these experiments, the cortex is cut and the oral apparatus rotated or transplanted to other regions of the cell. Normally, the oral pouch and gullet are located anterior to the stripe contrast zone. Whenever this arrangement is perturbed, regeneration is triggered. For example, if a cut is made through the cortical rows and the anterior part of the cell is rotated relative to the rest of the cell, thus moving the oral pouch and gullet out of alignment with the contrast zone, this is sufficient to trigger formation of a new oral primordium (Tartar, 1956b). These observations are consistent with a sender-receiver model in which an inhibitory signal is generated at the oral apparatus and then transmitted along the cortical rows to the contrast zone, where it acts to suppress regeneration as long as the oral apparatus is present. The nature of this signal is currently unknown. De Terra further implicated the role of the cortical microtubules in transmitting an inhibitory signal by showing that when a ring of cortical rows is inserted in reverse orientation to the rest of the body wall cilia between the OA and the contrast zone, regeneration is triggered even though an intact OA is still present (de Terra, 1985). In doublet cells from which one OA is removed (Figure 4B), the corresponding oral primordium is activated to regenerate a replacement OA. At the same time, the oral primordium in the other half of the doublet cell is also activated, such that it undergoes a reorganization (Tartar, 1954b). Taken together these experiments indicate that a single missing OA is sufficient to activate the regeneration program as long as it is connected to a contrast zone by correctly oriented ciliary rows, but once it has triggered development of an oral primordium, some signal can spread to the rest of the cell and thereby activate other contrast zones that may still have an intact associated oral structure. The phenomenon of reorganization also raises questions about the regulation of oral primordium activation. During reorganization, a new OA is formed even in the presence of an existing one. Given that reorganization can be triggered by a mismatch in organelle size (e.g., when the OA is disproportionally small relative to the cell body), the phenomenon may indicate some presently unknown link to cell size. In fact, understanding reorganization may provide a way to learn about how cells size both organelle and cell size. Clearly, the regulatory logic of OA regeneration is not as simple as a diffusible beacon signal that directly triggers target genes. Unraveling the complexities of this regulatory system will require information about the molecules involved.
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FIGURE 4. Evidence that regeneration is inhibited by a signal from the existing oral apparatus. (A) Implantation of OA material into a cell prevents regeneration. The implanted OA is denoted by orange color. (B) Removal of one OA from a grafted doublet cell is able to trigger parallel regeneration and reorganization.




RESTORATION OF GLOBAL ANTERIOR-POSTERIOR POLARITY IN REGENERATING STENTOR

A normal Stentor cell has a clear anterior-posterior polarity (Figure 1B). This polarity includes not just the presence of the OA at the anterior end, but also a holdfast at the posterior, and it extends to virtually all components of the cell, each of which has a well-defined position along this axis. The ubiquitous cortical ciliary rows, with their associated microtubule Km fibers, align themselves parallel to the A/P axis. Stentor is able to regenerate structures at the posterior, just as it does the OA at the anterior, and can in fact do both at once when cells are cut into pieces. These regeneration processes, along with the striking ability of Stentor to recover a normal architecture when its entire cortex is randomly disarranged by minceration (Tartar, 1960), points to a regulative process for ensuring global cell organization in much the same way that an animal embryo has mechanism to ensure global organization of its body plan. We begin our discussion of pattern regulation by considering the posterior-most structure of the cell as the basis for further discussion of the A/P axis.

At the posterior end of the cell is a holdfast structure that the cell uses to attach to the substrate during filter feeding. Regeneration of the holdfast following its surgical removal (Figure 5A) is extremely rapid, taking place on the time scale of tens of minutes (Tartar, 1961). Unlike oral apparatus regeneration, holdfast regeneration does not require the nucleus. The molecular components of the holdfast are not known, hence there is little we can say about the molecular processes of holdfast assembly. Normally, the holdfast forms where the microtubule bundles on the cell surface terminate at their minus ends. This fact suggests a simple model for how the cell could know where to build the hold fast—by targeting molecules to the minus ends of the bundles, either via microtubule end-binding proteins or using motor proteins that move toward the minus ends. On the other hand, one could argue that there is some other factor that determines the posterior most region of the cell, and that this posterior determinant both triggers holdfast formation and also joins the minus ends of the microtubule bundles into a confined region.
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FIGURE 5. Regenerating and maintaining proper cell shape. (A) Regeneration of holdfast. Newly formed structures are indicated in red. (B) Identification of molecules involved in maintaining a single unified anterior-posterior axis (Slabodnick et al., 2014). Tubulin knockdown causes the ciliary rows to become discontinuous, and additional holdfasts begin to sprout from the sides of the cell body. Mob1 RNAi causes cells to form multiple holdfasts and a garland-like arrangement of oral apparatus, one for each posterior pole. (C) Regeneration of bisected cells. Anterior fragment inherits the pre-existing OA and regenerates a holdfast. Posterior fragment inherits the pre-existing holdfast and regenerates an OA. Note that the half-cells start out with abnormally short and squat shapes, and the anterior fragment has a disproportionately large OA. Properly proportioned shape and sizes of components is gradually established over a period of hours (Morgan, 1901). (D) Regeneration following cortical disarrangement. When cells are minced into pieces, the cortical rows break up into fragments. Over time, these fragments merge, either by growth or rotation, eventually restoring parallel rows. When a region of stripe contrast emerges, an oral primordium (red) forms, leading to formation of a new oral apparatus.


Direct evidence that the minus ends are in fact sufficient to trigger holdfast assembly comes from experiments in which the cortical rows are surgically perturbed. When cuts are made or the cortex re-arranged such that a group of microtubule minus ends are ectopically created far from the posterior pole of the cell, a new holdfast immediately grows from this position (Tartar, 1961). The same effect is seen when tubulin is depleted using RNAi (Figure 5B). In this case, as tubulin protein is depleted, the cortical rows become less and less continuous, and “holes” start to appear in which bundles can be seen to terminate far from the posterior pole (Slabodnick et al., 2014). At the same time, ectopic holdfasts sprout from the side of the cell. These are not just morphologically similar to the holdfast; they can actually serve to anchor the cell (Slabodnick et al., 2014). These results are thus consistent with a model in which the holdfast forms wherever the microtubule bundles end. According to this model, when breaks in the cortex appear due to depletion of tubulin, this holdfast-inducing molecule erroneously accumulates at the minus ends of the bundles around the break, and cause the formation of an ectopic holdfast.

The position of the holdfast seems to be coordinated relative to that of the oral apparatus, presumably because the parallel microtubule bundles of the ciliary rows are anchored at the base of the OA and then run down to the other end of the cell. When extraneous posterior halves are grafted onto a cell, they gradually coalesce to form a single posterior pole on the exact opposite end of the cell from the OA (Tartar, 1961). One molecular candidate is now known that appears to play a role in this process. RNAi of the highly conserved kinase scaffolding protein Mob1 produce cells with a “medusoid” appearance, in which a garland of OAs at the anterior of the cell are matched with multiple posterior poles, with parallel microtubule bundles linking each OA in the garland to a corresponding posterior pole complete with a functional holdfast (Figure 5B; Slabodnick et al., 2014). These results suggest that Mob1 is part of the mechanism that normally ensures a single unified A/P body axis in the Stentor cell. Time-lapse imaging suggests that the first morphological defect in Mob1 RNAi cells is a failure to properly position a new OA during spontaneous reorganization. A new posterior pole then sprouts from the cell opposite to the location of the new OA, which suggests a long-range interaction of some sort whereby the OA dictates the location of the posterior pole, possibly by organizing ciliary rows into a coherent group that is perpendicular to the edge of the OA itself.

When cells are cut into pieces, it becomes necessary to re-build both anterior and posterior structures. When a Stentor cell is cut in half transversely the two halves, anterior and posterior, will each recover a normal cell form (Figure 5C). The anterior half-cell contains the oral apparatus of the original cell and therefore needs only to grow a new holdfast. The posterior half-cell contains the old holdfast but needs to form a new oral apparatus. Thus, regeneration after bisection ends up entailing the two processes already discussed—regeneration of oral apparatus and holdfast. Regeneration is possible in both half-cells because of the elongated shape of the macronucleus. When a cell is bisected, each half retains a portion of the macronucleus, which is highly polyploid (most genes are present a copy number of approximately 50,000 copies per cell; Slabodnick et al., 2014). Thus, each half cell retains many copies of the genome. However, there is a complication caused by the fact that the two half cells are only half the size of the starting cell. It is a general phenomenon in most cells that the size of their organelles and other structures scales with the size of the whole cell, and this is also true for Stentor. Larger cells have larger oral apparatuses, and cells maintain a relatively constant ratio of length to diameter as they grow (Morgan, 1901). When a cell is bisected, the two halves are abnormally short given their width, and the oral apparatus in the anterior half is twice as large as would be appropriate for a small cell of that size. Thomas Hunt Morgan (1901) investigated the scaling of cellular structures in Stentor and found that after bisection, the cell is able to restore the proper scaling of its components in a matter of hours. This entails replacement of the oral apparatus in the anterior half with a new, smaller one, via the reorganization process. In Mob1 RNAi cells, if they are bisected early in the RNAi experiment, before the “medusoid” phenotype (see above) has become apparent, cell geometry rapidly becomes abnormal leading to an acceleration of the defect (Slabodnick et al., 2014). This observation suggests that regeneration after bisection places a particular burden on the Mob1-based signaling pathway beyond that required in normally growing cells, further implicating this pathway in maintaining and restoring proper cell organization.

One of the most striking visual features of Stentor is the orderly parallel striping of the body surface. By cutting into the cortex with glass needles and pushing pieces around, it is possible to rotate segments of the cortex out of alignment with the rest of the cell, or even to mince the whole surface into a patchwork quilt of striped sections, randomly aligned with each other (Tartar, 1960). Following these disarrangements, the Stentor cell is able to restore a normal pattern (Figure 5D), which it appears to do through a combination of stripe growth, stripe shrinkage, and annealing of stripes with matching widths (Tartar, 1956b). The key principle is the ability of parallel linear structures to elongate and then link up with other parallel linear structures. The microtubule bundles (Km fibers) in ciliates have been shown to undergo directional growth, elongating from their plus ends, and can even do so independently of the normally associated basal bodies in some ciliate species (Ng, 1979). Thus, one likely mechanism for restoring a parallel configuration of cortical rows would be for one or a few of the cortical domains to undergo growth by elongation of its rows, while other domains shrink, until eventually what is left is all aligned the same way. Such a mechanism would resemble the way magnetic domains grow and shrink when a material is magnetized, but it would potentially require a long-range interaction between neighboring domains such that growth would be favored among domains sharing a common orientation. A still open question is whether rotational motion of cortical fragments may also play a role in alignment. One can envision a process whereby a microtubule bundle from one fragment anneals to a bundle on another fragment, after which elastic forces would tend to drive the two fragments to rotate until their bundles are properly aligned.



COMPARE AND CONTRAST: STENTOR VS. ANIMAL REGENERATION

Regeneration in Stentor takes place at an entirely different scale from regeneration in animal models. Because it is a single cell, there are no stem cell populations on which to draw, no neurons to transmit signals, no cells to migrate, and no cell-cell contacts to define regional identity. Everything has to be done within a single common cytoplasm. We thus imagine that Stentor regeneration must use entirely different mechanisms from classic models of animal regeneration. Whether animals may use Stentor-like mechanisms within their own cells to drive morphogenetic and regenerative processes at a cellular level is an entirely different question, that we will address in the Discussion section. Here, we point out a few examples of animal regeneration in which there are apparent similarities to regeneration in Stentor, albeit at a different scale.

Oral apparatus regeneration takes place at a defined location (the contrast zone) on the cell body, spatially separated from the OA. The OA is thought to generate an inhibitory signal that travels to the contrast zone and prevents a primordium from initiating regeneration when an OA is present (Figure 4). An analogous situation is seen in regeneration of eyestalks in crustaceans (Mykles, 2021). Many crustaceans can regenerate their eyestalks if they are severed, which one can imagine may happen rather frequently given the way the eyestalks project out from the head of the animal, unprotected by the thick carapace. This regeneration requires the animal to start molting its shell, which is regulated by a gland called the Y-organ, which secretes ecdysteroid hormones that regulate molting and regeneration. The secretory activity of the Y-organ is normally inhibited by peptide hormones produced in a neurosecretory gland called the X-organ. The Y organ is part of the brain, but the X-organ is located at the tip of the eyestalk. In an intact animal, the X-organ produces peptide hormones at the tip of the eyestalk which then travels to the brain, where it shuts off the Y-organ. This prevents eyestalk regeneration or molting. But if the eyestalk gets severed, then the X-organ is removed, and so there is no longer a source of the inhibitory hormones, so the Y-organ turns on and produces hormones that trigger regeneration and molting. The overall geometry of this situation clearly resembles the arrangement in Stentor where an inhibitory signal from the OA acts to prevent formation of an oral primordium at the stripe contrast zone subtended by the oral structures. In this model, the OA or some portion of it corresponds to the X-organ, which transmits a signal to the primordium corresponding to the Y-organ, with the ciliary rows anterior to the contrast zone forming a conduit for the signal much as the eyestalk serves to transmit the peptide signals in the crustacean case.

When Stentor regenerates a new oral apparatus, the oral primordium always forms in a defined location, the contrast zone, which evidently presents an appropriate molecular context to allow development of the oral primordium. In teleost fish, scales form within dermal spaces known as scale pockets (Meunier, 2002). When a scale is removed, it can re-grow, and this takes place only within existing scale pockets (Bereiter-Hahn and Zylberberg, 1993). The correlation between the location of scale pockets and the location of scale regeneration are not just coincidence: if scales are transplanted into empty pockets they can grow, but if they are transplanted elsewhere on the organism they erode. If half the scale pocket is cut away, the remaining pocket will form only half a scale (reviewed in Goss, 1969). Cells lining the scale pocket proliferate and condense to form the beginnings of a new scale (Iimura et al., 2012). The scale pocket thus serves as a defined location in which a scale can regenerate, a necessary signal to support scale formation and a source of material from which the new scale can be built. If the contrast zone is behaving similarly to the scale pocket, it raises an important unanswered question about OA regeneration in Stentor—is the contrast zone just a signal to tell the cell where to form the OA, or do the basal bodies present in the contrast zone serve as components from which to construct the new oral primordium?

Many instances of Stentor growth and regeneration rely on the fact that individual ciliary rows are self-propagating via the mechanism of centriole duplication. One example, discussed above, occurs when the cortex is disarranged by rotation or minceration, individual ciliary rows can grow and shrink so as to restore a normal parallel arrangement of stripes on the surface. The key underlying mechanism for restoring patterning to the cortex in such disarranged cells is the independent growth of parallel, polarized structures (the ciliary rows). A similar situation appears to hold in the regeneration of the fins of teleost fishes. These fins are composed of parallel rays made of cartilage. During normal fin growth, each fin ray elongates, and if one cuts through a fin, it can regenerate simply by elongating its fin rays, each of which continues growing (Akimenko et al., 2003). On the other hand, if one cuts the fin longitudinally, it can’t make new fin rays. In essence, the fin can regenerate because of each of its parallel longitudinal elements (the fin rays) can individually regenerate as an autonomous unit. The behavior of these fin rays is thus highly similar to the cortical ciliary rows of Stentor.

The cortex of Stentor and other ciliates is highly polarized along the A/P axis. I discussed above the tendency for the ciliary rows of the Stentor cortex to form parallel arrays with common polarity (plus ends at the anterior and minus ends toward the posterior of the cell) following minceration (Figure 5D). Looking at an even smaller scale (Figure 1B), the entire surface of the cell can be viewed as a lattice of cortical units, each consisting of a pair of basal bodies and joined by associated fibers to neighboring cortical units (Aufderheide et al., 1980). These cortical units are asymmetrical structures and in a normal cell they all have the same polarity, such that when the cilia beat, they beat in the same direction to drive forward motion of the swimming cell. This partitioning of the cell surface into a lattice of polarized units is highly reminiscent of planar cell polarity at the tissue scale (Eaton, 1997), in which a tissue is divided up into polarized cells, each of which has its PCP molecular pathway oriented in the same direction as its neighbors. It is known that the PCP pathway can respond both to extracellular fluid flow (Guirao et al., 2010) as well as to mechanical tension within a tissue (Aigouy et al., 2010). In Stentor, the cortical cilia generate a coherent flow over the whole body (Wan et al., 2020) which I hypothesize, based on the role of flow in PCP, might serve as a signal to help align the cortical rows during recovery after minceration or other disarrangements. It is interesting to note that Stentor regeneration is accompanied by expression of genes whose products are known to be involved in coupling ciliary orientation to planar cell polarity proteins in animals (Sood et al., 2021). Likewise, the Stentor cortex contains contractile fibers built of centrin-like EF hand proteins, and I hypothesize that mechanical tension generated by these fibers might play a role in transmitting long range spatial information to help enforce a common polarity among cortical units. In light of the discussion above, it is also interesting to note that PCP is involved in fish fin regeneration (Stoick-Cooper et al., 2007) as well as in many other regeneration paradigms such as in Planaria (Almuedo-Castillo et al., 2011). Given some of the phenomenological similarities between PCP and Stentor cortical polarization, mathematical modeling of PCP (Amonlirdviman et al., 2005; Burak and Shraiman, 2009) may serve as a basis for building models for Stentor surface patterning that can incorporate both short range interactions among cortical units and long-range interactions mediated by fluid flow or mechanical tension.



GENERAL ISSUES OF REGENERATION SHARED BETWEEN STENTOR AND ANIMALS

A classic question in animal regeneration is whether a given regenerative process is a unique or special process, or simply a re-activation of normal developmental pathways. In Stentor, much of the existing evidence points to the latter possibility. For a cell, “development” can be viewed as equivalent to “cell division,” since that is when new structures must be developed such that both cells have all required structures. Stentor cells undergo a division process in which pre-existing cortical structures are retained while new structures are built (Tartar, 1961). The cell divides into anterior and posterior daughter cells, such that the anterior daughter inherits the OA and the posterior daughter inherits the holdfast. Prior to cytokinesis, a new OA is built in the posterior half of the cell, which then slots into the cytokinetic furrow to become the OA of the posterior daughter cell. This formation of an OA during division follows the same morphogenetic steps as seen in regeneration of the OA, suggesting the process may be the same. During cell division, the macronucleus changes shape from a long string of beads to a single compact blob. The reason for this shape change is not known, although it is speculated to mix the genomes of the highly polyploid nucleus to ensure equal partitioning during division. During OA regeneration, the macronucleus undergoes identical shape changes (Paulin and Brooks, 1975), again consistent with the idea that regeneration entails a re-activation of some developmental processes normally occurring in division. Finally, transcriptional analysis of genes expressed during regeneration all indicate the upregulation of mitosis-related genes (Sood et al., 2017; Onsbring et al., 2018; Wei et al., 2020). Taken together, it seems that, as in many examples of animal regeneration, regeneration in Stentor is actually telling us about developmental processes that are important even for cells not subject to damage.

Another classical question in the study of animal regeneration is whether a given structure is replaced by building new material (for example by trigger proliferation and differentiation of neoblasts) or by re-sculping existing material, for example via cell migration and trans-differentiation (Reddien and Sanchez-Alvarado, 2004). This question of morphallaxis vs. epimorphosis has not yet been answered in Stentor. Formation of the oral primordium clearly entails the appearance of thousands of basal bodies, but whether these form by new synthesis, or by re-purposing basal bodies from neighboring cortical ciliary rows, has not been determined. During formation of the oral primordium, there is a stage at which basal bodies constitute an “anarchic field” (Bernard and Bohatier, 1981), so-called because neighboring basal bodies appear to have lost the usual rotational alignment that they would normally have in cortical structures. This apparently random orientation of the basal bodies may suggest that they have recently formed by de novo assembly rather than by templated duplication, but it could also be consistent with a process in which pre-existing basal bodies in the ciliary rows break free from their normal positions and migrate to the anarchic field. There is precedent in other ciliates for pre-existing basal bodies to be re-tasked to build different structures, for example during cirrus duplication in Paraurostyla (Jerka-Dziadosz, 1980). In the case of the Stentor oral primordium, the loss of attachments of such re-tasked basal bodies to their neighbors would potentially result in random rotational orientations, explaining the anarchic field. Transcriptomic studies have found that during OA regeneration, genes involved in basal body biogenesis are upregulated (Sood et al., 2017; Onsbring et al., 2018; Wei et al., 2020). The simplest explanation for this observation would be that these genes are turned on in order to drive new basal body formation at the moment of regeneration, which would argue against a re-utilization model.

In animal development, we often distinguish between mosaic and regulative forms of development. Classically, these were distinguished in experiments in which early blastomeres were separated from each other and the subsequent fate followed. In strongly mosaic systems, the individual blastomeres have defined fates early on that cannot be changed, while in strongly regulative systems, it is possible for cell-cell interactions or other active pattern homeostasis mechanisms to restore a normal animal form starting from a sub-set of the blastomeres. That Stentor follows a regulative scheme is perhaps most clearly seen in cell fusion mass experiments, in which multiple cells are grafted together in random orientations. These fusion masses undergo dynamic rearrangements and eventually lead to a normal looking cell many times the size of a normal Stentor cell (Tartar, 1961).

We see that many of the regenerative processes in Stentor bear striking similarities to regenerative processes in animal models, and raise many of the same questions. We do not mean to suggest that the processes have the same molecular basis in both cases, nevertheless it is interesting to see how living systems deploy the same regulatory logic across vastly different scales of organization.



DISCUSSION

Most of the information about Stentor regeneration discussed above has come from microsurgical experiments, and our molecular understanding of the process remains very poor. Now that we have assembled the Stentor genome (Slabodnick et al., 2017) and developed methods for perturbing gene function by RNAi in Stentor (Slabodnick et al., 2014), the path is open to dissecting the molecular basis of regeneration and its regulation (Figure 5B). Current methodological challenges that still remain are developing methods for live cell imaging such large motile cells at high resolution, and the establishment of transgenics and genetic methods in Stentor. We can use RNA to knock down gene expression, but methods to express transgenes are still under development. Gene editing and genetics will require reliable methods for mating Stentor cells, something that remains problematic. Mating is well documented in this organism but it appears to happen spontaneously—conditions have not yet been developed to trigger mating. Establishment of clonal lines will be an important step toward developing genetics, since it will help to determine the number of different mating types. We are thus at a stage of the field where several key methods are already in hand, while others are still under development. But why should we study regeneration in Stentor? As mentioned in the introduction, regeneration of animals has played an important role in revealing mechanisms of normal development. Given how little we currently know about the origins of cellular geometry (Kirschner et al., 2000; Harold, 2005; Marshall, 2011), regeneration studies will have an important role to play for understanding single cell development.

To see how regeneration can influence our thinking about development, consider the possibility that cells grow like crystals, with new cellular structures templated directly by existing ones. Indeed, this has been demonstrated for the case of ciliary rows by Beisson and Sonneborn (1965), who found that inverted ciliary rows in Paramecium can be propagated indefinitely. This propagation takes place because the basal bodies of the ciliary rows dictate the position and orientation of new basal bodies, such that new basal bodies form immediately anterior to pre-existing ones (Dippell, 1968). The basal bodies are themselves inherently asymmetrical structures, which dictate the formation and orientation of associated fiber structures. Consequently, an inverted ciliary row grows by elongation while maintaining the inverted orientation of all the basal bodies, and associated structures, composing the row. When the cell divides, it does so transversely to the rows, such that each daughter cell inherits a new inverted row of half the length of the mother cell. Based on experiments like this, one could propose a model for cellular morphogenesis in which cells never actually form new structures, but rather inherit all of their organization from parent cells. In such a scenario, cells would never require mechanisms to break symmetry, establish polarity, or form new patterns—all the things we think of as representing “development.” Instead, they would simply grow and then partition existing patterning. But in such a scenario, regeneration would not be possible. Alteration in structure, or loss of a component, would result in a permanently inherited alteration or loss. The fact that Stentor can regenerate a normal cellular geometry after almost any perturbation thus strongly argues against a purely templated mechanism for maintaining cell geometry, and instead suggests that cells must constantly retain the ability to generate and correct patterning. Regeneration also provides a convenient way to trigger the need for these processes—the experimenter can force the cell to regenerate at a time of ones choosing, allowing the process to be quantified under various perturbations. The acute nature of surgical perturbation contrasts with the slower timescale of genetic perturbation, even when using conditional mutants. The fact that a surgical operation can be performed and the effects immediately observed reduces potential concerns about compensatory mutations. Thus, at the most general level, Stentor regeneration provides a way to study morphogenesis and patterning within a single cell that has a different set of advantages and disadvantages compared with traditional genetic model systems.

Among the lessons learned from Stentor regeneration is the fact that biological information resides not just in the genome, but also in the physical structure of the rest of the cell. The induction of new oral primordia by artificially constructed contrast zones (Figure 3) illustrates this point—simply by altering the physical relations between cortical regions, it is possible to create a cell with a radically altered structure (multiple oral apparatus) without any modification in the genome itself. Similarly, the ability to monitor the molecular pathways of regeneration following surgical perturbation of cell structure potentially opens a window into learning how a cell senses its own organization. For example, the fact that rotating the anterior half of the cell relative to the posterior half can trigger activation of the oral primordium strongly suggests a system that monitors the position of cortical structures relative to a longitudinal reference frame. But what sort of molecular mechanism can specify longitude in a cone-shaped cell? Whatever the mechanism, this may also provide the explanation for induction of new oral primordia in artificial contrast zones.

Will lessons learned in Stentor apply to other cell types? We have every reason to believe that they will. The Stentor genome contains remarkably few Stentor-specific genes (Slabodnick et al., 2017). On the contrary, the vast majority of Stentor genes have clear orthologs in other eukaryotes including animals. At a structural level, while linear ciliary rows are seen mostly in ciliates, the fundamental structural motif of a basal body or centriole pair which links to a set of associated fibers that emerge at defined angles relative to the centrioles, is highly conserved, being throughout eukaryotes including humans In humans, ciliated epithelia are organized by a lattice of molecular filaments in the cell cortex (see for example Kunimoto et al., 2012; Tateishi et al., 2017). The mechanisms that pattern such lattices are not fully understood, but there is clear conservation of molecular components between the human ciliated epithelial cell cortex and the cortical rows of Stentor. So at least in some specialized tissues, it is likely that some aspects of the molecular pathways of morphogenesis will turn out to be directly conserved. At a more conceptual level, many cells in the body face the same general challenge of the Stentor cell—how to establish complex, asymmetrical structures inside a single cell. Well known examples of complex cellular structures include the hair cells of the inner ear (Schwander et al., 2010) and the rod and cone cells of the retina (Kennedy and Malicki, 2009). The idea that Stentor and other ciliates are somehow unusual in their complex organization mainly arises from the fact that most commonly used cell culture lines take on an amorphous amoeboid appearance. But if we step back from the dish and look inside the body, complexity of cell structure abounds. Where does this structure come from? In some cases, organization in a cell may be induced by signals coming from neighboring cells, but in other cases it could easily arise cell-autonomously from developmental mechanisms that operate within the cells themselves, just as it does in Stentor.

By learning how Stentor cells regenerate their structure, it is hoped that new light may be shed on pathways for cellular morphogenesis that may also act within the many complex cells of humans. Many human diseases result from breakdown at the level of individual cells. Most work in regenerative medicine aims to replace damaged cells with new cells produced by differentiation of pluripotent stem cells. But this may be challenging in many cases because these new cells lack the context of the damaged cell to be replaced. An alternative strategy would be to learn how to encourage the damaged cells to repair themselves and regenerate their damaged structures. Identification of regeneration mechanisms and pathways in Stentor has the potential to suggest candidate pathways to explore for such a strategy in the context of human disease. At this point, such a suggestion remains highly speculative, however, and we close by arguing that the main motivation for studying Stentor regeneration is that it has been a long standing biological mystery for over a hundred years, and that breaking open such a mystery has clear potential for new fundamental insights into the origins of biological form.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



FUNDING

Our studies of regeneration in Stentor are supported by the NIH grant R35 GM130327. WM was a Chan Zuckerberg Biohub investigator.



ACKNOWLEDGMENTS

I thank the members of my lab, students in the MBL Physiology course, as well as Joel Rosenbaum and Dennis Diener for many helpful and enlightening discussions about Stentor, and Chris Lowe and Dan Rokhsar for discussions of the links between protists and early animal evolution.



REFERENCES

Aigouy, B., Farhadifar, R., Staple, D. B., Sagner, A., Roeper, J. C., Juelicher, F., et al. (2010). Cell flow reorients the axis of planar polarity in the wing epithelium of Drosophila. Cell 142, 773–786. doi: 10.1016/j.cell.2010.07.042

Akimenko, M. A., Mari-Beffa, M., Becerra, J., and Géraudie, J. (2003). Old questions, new tools, and some answers to the mystery of fin regeneration. Dev. Dyn. 226, 190–201. doi: 10.1002/dvdy.10248

Allen, R. D., and Naitoh, Y. (2002). Osmoregulation and contractile vacuoles of protozoa. Int. Rev. Cytol. 215, 351–394. doi: 10.1016/s0074-7696(02)15015-7

Almuedo-Castillo, M., Salo, E., and Adell, T. (2011). Disheveled is essential for neural connectivity and planar cell polarity in planarians. Proc. Natl. Acad. Sci. U. S. A. 108, 2813–2818. doi: 10.1073/pnas.1012090108

Amonlirdviman, K., Khare, N. A., Tree, D. R., Chen, W. S., Axelrod, J. D., and Tomlin, C. J. (2005). Mathematical modeling of planar cell polarity to understand domineering nonautonomy. Science 307, 423–426. doi: 10.1126/science.1105471

Atef, A., Zeid, I. A., Qotb, M., and El Rab, E. G. (2009). Effect of passive smoking on ciliary regeneration of nasal mucosa after functional endoscopic sinus surgery in children. J. Laryngol. Otol. 123, 75–79. doi: 10.1017/S0022215108003678

Aufderheide, K. J., Frankel, J., and Williams, N. E. (1980). Formation and positioning of surface-related structures in protozoa. Microbiol. Rev. 44, 252–302. doi: 10.1128/mr.44.2.252-302.1980

Baas, P. W., and Heidemann, S. R. (1986). Microtubule reassembly from nucleating fragments during the regrowth of amputated neurites. J. Cell Biol. 103, 917–927. doi: 10.1083/jcb.103.3.917

Balamuth, W. (1940). Regeneration in protozoa: a problem of morphogenesis. Quart. Rev. Biol. 15, 290–337. doi: 10.1086/394611

Beisson, J., and Sonneborn, T. M. (1965). Cytoplasmic inheritance of the organization of the cell cortex of Paramecium aurelia. Proc. Natl. Acad. Sci. U. S. A. 53, 275–282. doi: 10.1073/pnas.53.2.275

Bereiter-Hahn, J., and Zylberberg, L. (1993). Regeneration of teleost fish scale. Comp Biochem. Physiol. 105, 625–641. doi: 10.1016/0300-9629(93)90262-3

Bernard, F., and Bohatier, J. (1981). Ultrastructure et mise en place des organelles buccaux au cours de la régénération orale chez Stentor coeruleus (Cilié Hétérotriche). Can. J. Zool. 59, 2306–2318. doi: 10.1139/z81-309

Bloom, O. E., and Morgan, J. R. (2011). Membrane trafficking events underlying axon repair, growth, and regeneration. Mol. Cell Neurosci. 48, 339–348. doi: 10.1016/j.mcn.2011.04.003

Burak, Y., and Shraiman, B. I. (2009). Order and stochastic dynamics in Drosophila planar cell polarity. PLoS Comp. Biol. 5:e1000628.

Burchill, B. R. (1968). Synthesis of RNA and protein in relation to oral regeneration in the ciliate Stentor coeruleus. J. Exp. Zool. 167, 427–438. doi: 10.1002/jez.1401670405

Calkins, G. N. (1911). Effects produced by cutting Paramecium cells. Biol. Bull. 21, 36–72. doi: 10.2307/1535984

Cotanche, D. A. (1987). Regeneration of hair cell stereociliary bundles in the chick cochlea following severe acoustic trauma. Hear Res. 30, 181–195. doi: 10.1016/0378-5955(87)90135-3

de Terra, N. (1985). Cytoskeletal discontinuities in the cell body cortex initiate basal body assembly and oral development in the cilia Stentor. J. Embryol. Exp. Morphol. 87, 249–257. doi: 10.1242/dev.87.1.249

Dippell, R. V. (1968). The development of basal bodies in paramecium. Proc. Natl. Acad. Sci. U. S. A. 61, 461–468. doi: 10.1073/pnas.61.2.461

Driesch, H. (1891). Entwicklungsmechanische Studien: I. Der Werthe der beiden ersten Furchungszellen in der Echinogdermenentwicklung. Experimentelle Erzeugung von Theil- und Doppelbildungen. II. Über die Beziehungen des Lichtez zur ersten Etappe der thierischen Form-bildung. Z. Wiss. Zool. 53, 160–184.

Eaton, S. (1997). Planar polarity in Drosophila and vertebrate epithelia. Curr. Opin. Cell Biol. 9, 860–866. doi: 10.1016/S0955-0674(97)80089-0

Ellwood, L. C., and Cowden, R. R. (1966). RNA Metabolism during regeneration in Stentor coeruleus. Cytologia 31, 80–88. doi: 10.1508/cytologia.31.80

Frankel, J. (1989). Pattern Formation. Ciliate Studies and Models. New York, NY: Oxford University Press, 314.

Goetz Von Olenhusen, K. G., Juecker, H., and Wohlfarth-Bottermann, K. E. (1979). Induction of a plasmodial stage of Physarum without plasmalemma invaginations. Cell Tissue Res. 197, 463–477. doi: 10.1007/BF00233571

Goss, R. J. (1969). Principles of Regeneration. New York, NY: Academic Press, Inc.

Guirao, B., Meunier, A., Mortaud, S., Aguilar, A., Corsi, J. M., Strehl, L., et al. (2010). Coupling between hydrodynamic forces and planar cell polarity orients mammalian motile cilia. Nat. Cell Biol. 12, 341–350. doi: 10.1038/ncb2040

Hall, G. F., and Cohen, M. J. (1988). The pattern of dendritic sprouting and retraction induced by axotomy of lamprey central neurons. J. Neurosci. 8, 3584–3597. doi: 10.1523/JNEUROSCI.08-10-03584.1988

Harold, F. M. (2005). Molecules into cells: specifying spatial architecture. Microbiol. Mol. Biol. Rev. 69, 544–564. doi: 10.1128/MMBR.69.4.544-564.2005

Heller, R. F., and Gordon, R. E. (1986). Chronic effects of nitrogen dioxide on cilia in hamster bronchioles. Exp. Lung Res. 10, 137–152. doi: 10.3109/01902148609061489

Huang, B., and Pitelka, Dr (1973). The contractile process in the ciliate, Stentor coeruleus. I. The role of microtubules and filaments. J. Cell Biol. 57, 704–728. doi: 10.1083/jcb.57.3.704

Hyvert, N., Pelvat, B., and de Haller, G. (1972). Morphogenes experimentale chez les ciliates: IV. Sur le role de la Zon de Membranelles Adorales dans la regeneration chez Stentor coeruleus. Rev. Suisse Zool. 79, 1060–1068. doi: 10.5962/bhl.part.97154

Ibrahim, A. L., Zee, Y. C., and Osebold, J. W. (1979). The effects of ozone on the respiratory epithelium of mice II. Ultrastructural alterations. J. Environ. Pathol. Toxicol. 3, 251–258.

Iimura, K., Tohse, H., Ura, K., and Takagi, Y. (2012). Expression patterns of runx2, sparc, and bgp during scale regeneration in the goldfish Carassius auratus. J. Exp. Zool. B. Mol. Devl. Evol. 318, 190–198. doi: 10.1002/jez.b.22005

Ito, Y., Uemura, T., Shoda, K., Fujimoto, M., Ueda, T., and Nakano, A. (2012). Cis-Golgi proteins accumulate near the ER exit sites and act as the scaffold for Golgi regeneration after brefeldin A treatment in tobacco BY-2 cells. Mol. Biol. Cell. 23, 3203–3214. doi: 10.1091/mbc.e12-01-0034

James, E. A. (1967). Regeneration and division in Stentor coeruleus: the effects of microinjected and externally applied actinomycin D and puromycin. Dev. Biol. 16, 577–593. doi: 10.1016/0012-1606(67)90065-6

Jerka-Dziadosz, M. (1980). Ultrastructural study on development of the hypotrich ciliate Paraurostyla weissei. I. Formation and morphogenetic movements of ventral ciliary primordia. Protistologica 16, 571–589.

Jin, Y., and Weisman, L. S. (2015). The vacuole/lysosome is required for cell-cycle progression. Elife 2015:e08160.

Kennedy, B., and Malicki, J. (2009). What drive cell morphogenesis: a look inside the vertebrate photoreceptor. Dev. Dyn. 238, 2115–2138. doi: 10.1002/dvdy.22010

Kirschner, M., Gerhart, J., and Mitchison, T. (2000). Molecular “vitalism”. Cell 100, 79–88. doi: 10.1016/S0092-8674(00)81685-2

Kumazawa, H. (1979). Homopolar grafting in Blepharisma japonicum. J. Exp. Zool. 207, 1–15. doi: 10.1002/jez.1402070102

Kunimoto, K., Yamazaki, Y., Nishida, T., Shinoara, K., Ishikawa, H., Hasegawa, T., et al. (2012). Coordinated ciliary beating requires Odf2-mediated polarization of basal bodies via basal feet. Cell 148, 189–200. doi: 10.1016/j.cell.2011.10.052

Langhans, M., Hawes, C., Hillmer, S., Hummel, E., and Robinson, D. G. (2007). Golgi regeneration after brefeldin A treatment in BY-2 cells entails stack enlargement and cisternal growth followed by division. Plant Physiol. 145, 527–538. doi: 10.1104/pp.107.104919

Maloney, M., McDaniel, W., Locknar, S., and Torlina, H. (2005). Identification and localization of a protein immunologically related to caltractin (centrin) in the myonemes and membranelles of the heterotrich ciliate Stentor coeruleus. J. Eukaryot. Microbiol. 52, 328–338. doi: 10.1111/j.1550-7408.2005.00048x

Maier, I. C., and Schwab, M. E. (2006). Sprouting, regeneration and circuit formation in the injured spinal cord: factors and activity. Philos. Trans. R. Soc. B Biol. Sci. 361, 1611–1634. doi: 10.1098/rstb.2006.1890

Marshall, W. F. (2011). Origins of cellular geometry. BMC Biol. 9:57.

Meunier, F. J. (2002). “Scales,” in Manual of Fish Sclerochronology, eds J. Panfili, H. de Pontual, H. Troadec, and P. J. Wright (Brest: Ifremer–IRD Coedition), 58–64.

Mine, I., Menzel, D., and Okuda, K. (2008). Morphogenesis in giant-celled algae. Int. Rev. Cell Mol. Biol. 266, 37–83. doi: 10.1016/S1937-6448(07)66002-X

Morgan, T. H. (1901). Regeneration of proportionate structures in Stentor. Biol. Bull. 2, 311–328. doi: 10.2307/1535709

Mykles, D. L. (2021). Signaling pathways that regulate the crustacean molting gland. Front. Endocrinol. 2:674711.

Ng, S. F. (1979). Unidirectional regeneration is an intrinsic property of longitudinal microtubules in Tetrahymena – an in vivo study. J. Cell Sci. 36, 109–119. doi: 10.1242/jcs.36.1.109

Nishida, H. (2005). Specification of embryonic axis and mosaic development in ascidians. Dev. Dyn. 233, 1177–1193. doi: 10.1002/dvdy.20469

Nüsslein-Volhard, C., and Wieschaus, E. (1980). Mutations affecting segment number and polarity in Drosophila. Nature 287, 795–801. doi: 10.1038/287795a0

Onsbring, H., Jamy, M., and Ettema, T. (2018). RNA sequencing of Stentor cell fragments reveals transcriptional changes during cellular regeneration. Curr. Biol. 28, 1281–1288. doi: 10.1016/j.cub.2018.02.055

Paulin, J. J., and Brooks, A. S. (1975). Macronuclear differentiation during oral regeneration in Stentor coeruleus. J. Cell Sci. 19, 531–541. doi: 10.1242/jcs.19.3.531

Paulin, J. J., and Bussey, J. (1971). Oral regeneration in the ciliate Stentor coeruleus: a scanning and transmission electron optical study. J. Protozool. 18, 201–213. doi: 10.1111/j.1550-7408.1971.tb03308.x

Radir, P. L. (1931). A demonstration of mon-axial polarity in the naked ameba. Protoplasma 12, 42–51. doi: 10.1007/BF01618698

Reddien, P. W., and Sanchez-Alvarado, A. (2004). Fundamentals of planarian regeneration. Annu. Rev. Cell Dev. Biol. 20, 725–757. doi: 10.1146/annurev.cellbio.20.010403.095114

Rosenbaum, J. L., and Child, R. M. (1967). Flagellar regeneration in protozoan flagellates. J. Cell Biol. 34, 345–364. doi: 10.1083/jcb.34.1.345

Sardet, C., Paix, A., Prodon, F., Dru, P., and Chenevert, J. (2007). From oocyte to 16-cell stage: cytoplasmic and cortical reorganizations that pattern the ascidian embryo. Dev. Dyn. 236, 1716–1731. doi: 10.1002/dvdy.21136

Schwander, M., Kachar, B., and Mueller, U. (2010). The cell biology of hearing. J. Cell Biol. 190, 9–20. doi: 10.1083/jcb.201001138

Slabodnick, M. M., Ruby, J. G., Dunn, J. G., Feldman, J. L., DeRisi, J. L., and Marshall, W. F. (2014). The kinase regulator mob1 acts as a patterning protein for Stentor morphogenesis. PLoS Biol. 12:e1001861. doi: 10.1371/journal.pbio.1001861

Slabodnick, M. M., Ruby, J. G., Reiff, S. B., Swart, E. C., Gosai, S., Prabakaran, S., et al. (2017). The macronuclear genome of Stentor coeruleus reveals tiny introns in a giant cell. Curr. Biol. 27, 569–575. doi: 10.1016/j.cub.2016.12.057

Sonnemann, K. J., and Bement, W. M. (2011). Wound repair: toward understanding and integration of single-cell and multicellular wound responses. Annu. Rev. Cell Dev. Biol. 27, 237–263. doi: 10.1146/annurev-cellbio-092910-154251

Sood, P., McGillivary, R., and Marshall, W. F. (2017). The transcriptional program of regeneration in the giant single cell, Stentor coeruleus. bioRxiv[Preprint] doi: 10.1101/240788

Sood, P., Lin, A., McGillivary, R., and Marshall, W. F. (2021). Modular, cascade-like transcriptional program of regeneration in Stentor. bioRxiv[Preprint] doi: 10.1101/2021.06.23.449623

Stoick-Cooper, C. L., Weidinger, G., Riehle, K. J., Hubbert, C., Major, M. B., Fausto, N., et al. (2007). Distinct Wnt signaling pathways have opposing roles in appendage regeneration. Development 134, 479–489. doi: 10.1242/dev.001123

Tanaka, E. M., and Reddien, P. W. (2011). The cellular basis for animal regeneration. Dev. Cell 21, 172–185. doi: 10.1016/j.devcel.2011.06.016

Tang, S. K. Y., and Marshall, W. F. (2017). Self-repairing cells: how single cells heal membrane ruptures and restore lost structures. Science 356, 1022–1025. doi: 10.1126/science.aam6496

Tartar, V. (1954a). Anomalies of regeneration in Paramecium. J. Protozool. 1, 11–17. doi: 10.1111/j.1550-7408.1954.tb00787.x

Tartar, V. (1954b). Reactions of Stentor coeruleus to homoplastic grafting. J. Exp. Zool. 127, 511–575. doi: 10.1002/jez.1401270306

Tartar, V. (1956a). Grafting experiments concerning the primordium formation in Stentor coeruleus. J. Exp. Zool. 131, 75–121. doi: 10.1002/jez.1401310105

Tartar, V. (1956b). “Pattern and substance in Stentor,” in Cellular Mechanisms in Differentiation and Growth, ed. D. Rudnick (Princeton NJ: Princeton University Press), 73–100. doi: 10.1515/9781400876877-005

Tartar, V. (1957b). Reactions of Stentor coeruleus to certain substances added to the medium. Exp. Cell Res. 13, 317–332. doi: 10.1016/0014-4827(57)90011-3

Tartar, V. (1957a). Deletion experiments on the oral primordium of Stentor coeruleus. J. Exp. Zool. 136, 53–74. doi: 10.1002/jez.1401360105

Tartar, V. (1958). Specific inhibition of the oral primordium by formed oral structures in Stentor coeruleus. J. Exp. Zool. 139, 479–505. doi: 10.1002/jez.1401390307

Tartar, V. (1960). Reconstitution of minced Stentor coeruleus. J. Exp. Zool. 144, 187–207. doi: 10.1002/jez.1401440208

Tartar, V. (1961). The Biology of Stentor. New York, NY: Pergamon Press, 413. doi: 10.5962/bhl.title.7444

Tateishi, K., Nishida, T., Inoue, K., and Tsukita, S. (2017). Three-dimensional organization of layered apical cytoskeletal networks associated with mouse airway tissue development. Sci. Rep. 7:43783. doi: 10.1038/srep43783

Wan, K. Y., Hurliman, S. K., Fenix, A. M., McGillivary, R. M., Makushok, T., Burns, E., et al. (2020). Reorganization of complex ciliary flows around regenerating Stentor coeruleus. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375:20190167. doi: 10.1098/rstb.2019.0167

Wei, W., Jiang, C., Yang, W., Miao, W., and Xiong, J. (2020). Proteomic identification and expression of oral apparatus constituents in cell regeneration of giant ciliate Stentor coeruleus (strain WHEL). Gene 743:144624. doi: 10.1016/j.gene.2020.144624

Whitson, G. L. (1965). The effects of actinomycin D and ribonuclease on oral regeneration in Stentor coeruleus. J. Exp. Zool. 160, 207–214. doi: 10.1002/jez.1401600207

Wilson, E. B. (1904). Experimental studies in germinal localization. J. Exp. Zool. 1, 197–268. doi: 10.1002/jez.1400010202

Younger, K. B., Banerjee, S., Kelleher, J. K., Winston, M., and Margulis, L. (1972). Evidence that the synchronized production of new basal bodies is not associated with DNA synthesis in Stentor coeruleus. J. Cell Sci. 11, 621–637. doi: 10.1242/jcs.11.2.621

Zhang, K. S., Blauch, L. R., Huang, W., Marshall, W. F., and Tang, S. K. Y. (2021). Microfluidic guillotine reveals multiple timescales and mechanical modes of wound response in Stentor coeruleus. BMC Biol. 19:63. doi: 10.1186/s12915-021-00970-0


Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Marshall. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 05 October 2021
doi: 10.3389/fcell.2021.736813





[image: image]

Pannexin 1 Regulates Skeletal Muscle Regeneration by Promoting Bleb-Based Myoblast Migration and Fusion Through a Novel Lipid Based Signaling Mechanism
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Adult skeletal muscle has robust regenerative capabilities due to the presence of a resident stem cell population called satellite cells. Muscle injury leads to these normally quiescent cells becoming molecularly and metabolically activated and embarking on a program of proliferation, migration, differentiation, and fusion culminating in the repair of damaged tissue. These processes are highly coordinated by paracrine signaling events that drive cytoskeletal rearrangement and cell-cell communication. Pannexins are a family of transmembrane channel proteins that mediate paracrine signaling by ATP release. It is known that Pannexin1 (Panx1) is expressed in skeletal muscle, however, the role of Panx1 during skeletal muscle development and regeneration remains poorly understood. Here we show that Panx1 is expressed on the surface of myoblasts and its expression is rapidly increased upon induction of differentiation and that Panx1–/– mice exhibit impaired muscle regeneration after injury. Panx1–/– myoblasts activate the myogenic differentiation program normally, but display marked deficits in migration and fusion. Mechanistically, we show that Panx1 activates P2 class purinergic receptors, which in turn mediate a lipid signaling cascade in myoblasts. This signaling induces bleb-driven amoeboid movement that in turn supports myoblast migration and fusion. Finally, we show that Panx1 is involved in the regulation of cell-matrix interaction through the induction of ADAMTS (Disintegrin-like and Metalloprotease domain with Thrombospondin-type 5) proteins that help remodel the extracellular matrix. These studies reveal a novel role for lipid-based signaling pathways activated by Panx1 in the coordination of myoblast activities essential for skeletal muscle regeneration.
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INTRODUCTION

Adult mammalian skeletal muscle is composed of multinucleated fibers that cannot divide. Regeneration after an injury is mediated by a resident stem cell population called satellite cells (Lepper et al., 2011; Sambasivan et al., 2011). In undamaged adult muscles, satellite cells are quiescent; however, upon injury, they become activated and divide both asymmetrically and symmetrically. This allows self-renewal of the satellite cell pool, as well as the generation of a transit-amplifying population called myoblasts that become progressively differentiation-competent and eventually withdraw from the cell cycle and differentiate. Muscle regeneration is dependent on the ability of satellite cells to migrate to the point of a lesion, which relies on dynamic cytoskeletal rearrangements and cell-cell communication and is controlled in part by nitric oxide and purinergic signaling pathways (Irintchev et al., 1994; Irizarry et al., 2003; Hutcheson and Kardon, 2009; Makarenkova et al., 2009; Collins-Hooper et al., 2012; Webster et al., 2016). Myoblast migration is characterized by the formation of surface protrusions, called “blebs,” especially on its native substrate, the muscle fiber. Blebs have been implicated in the amoeboid movement of cells that lack mature focal adhesions and stress fibers (Friedl et al., 2001; Friedl and Wolf, 2009; Otto et al., 2011; Khajah et al., 2015). We have previously shown that blebbing is essential to support the rapid migration of myoblasts (Otto et al., 2011). Adhesion of myoblasts to each other and to the extracellular matrix (ECM) and their synthesis of ECM components are also critical for myoblast differentiation (Hantai et al., 1985; Melo et al., 1996; Schwander et al., 2003; Lukjanenko et al., 2016). Myoblasts express a pericellular matrix rich in versican (Ermakova et al., 2011). During differentiation, the pericellular matrix is remodeled by enzymatic cleavage and new matrix synthesis. In particular, the reduction of hyaluronidase-sensitive pericellular coats by the ADAMTS family of versicanases is necessary for myoblast fusion (Hattori et al., 2011; Stupka et al., 2013; Taye et al., 2020).

Muscle fibers and myoblasts express the pannexin family of gap junction-like membrane channel proteins (Panchin et al., 2000; Bruzzone et al., 2003; Baranova et al., 2004; Langlois et al., 2014; Jorquera et al., 2021). The pannexin family consists of three members (Panx1–3; Baranova et al., 2004; Panchin, 2005; D’hondt et al., 2010). Pannexin hemichannels are activated through interaction with purinergic receptors (Iglesias et al., 2008) and by various stimuli such as high intracellular calcium (Locovei et al., 2006), high extracellular potassium (Bunse et al., 2009), membrane stretch via the activation of Piezo-1 channel and submembrane increase in Ca2+ signal (Lopez et al., 2021), and membrane depolarization (Bruzzone et al., 2003; Pelegrin and Surprenant, 2006). Panx1 is ubiquitously expressed in mammalian tissues and is elevated in the central nervous system in the CNS and skeletal muscle (Cea et al., 2012, 2014). In humans and mice, high levels of Panx1 gene transcripts have been found in the nervous system, heart, gonads, kidney, and skeletal muscles (Baranova et al., 2004; Jorquera et al., 2013; Riquelme et al., 2013; Cea et al., 2014; Langlois et al., 2014; Pham et al., 2018). Panx1 forms membrane hemichannels that, upon activation, mediate small molecule communication with the extracellular environment. As a proven conduit for paracrine signaling, Panx1 has been associated with calcium wave propagation, and nucleotide release, including pre-apoptotic “Find Me” signaling, which is transduced via activation of P2 purinergic receptors (Iglesias et al., 2008; Chekeni et al., 2010; Makarenkova et al., 2018). In this context, direct interaction between the P2X7 receptors and Panx1 has been shown to be necessary for ATP release from the cell (Locovei et al., 2006; Schenk et al., 2008; Qiu and Dahl, 2009). A growing number of studies demonstrate that Panx1-mediated ATP release is involved in essential physiological functions such as vasoregulation (Lohman et al., 2012; Gaynullina et al., 2015), and long-range Ca2+ wave propagation in endothelial cells (Iglesias et al., 2008) and astrocytes (Iglesias et al., 2009). Panx1-mediated ATP release is essential for paracrine or autocrine activation of purinergic receptors in many tissues, including brain and skeletal muscles (Bruzzone et al., 2003; Baranova et al., 2004; Prochnow et al., 2012). In skeletal muscle, Panx1 has been implicated in potentiation of myofiber contraction by altering ATP and calcium flux (Riquelme et al., 2013; Cea et al., 2014); however, the role of pannexins in muscle regeneration is not well defined. A recent report suggested that Panx1 is important for primary myoblast differentiation in vitro (Langlois et al., 2014); however, the role of Panx1 in muscle regeneration in vivo has not been studied, and the mechanism(s) by which it controls myoblast differentiation are unknown.

In this study, we show that Panx1 is expressed both by undifferentiated satellite cells/myoblasts and differentiated skeletal muscle fibers. Genetic ablation of Panx1 or pharmacological perturbation of Panx1 or its downstream signaling partners disrupted myoblast differentiation leading to the formation of smaller myofibers. Loss of Panx1 inhibited cell migration by attenuating cell blebbing, and also inhibited myoblast fusion. These findings are consistent with our previous findings that bleb formation is required for myoblast migration and fusion (Makarenkova et al., 2009). Mechanistic studies show that Panx1 activates the P2 (P2X7) purinergic receptor which initiates a lipid signaling cascade that culminates in the activation of myosin-based contraction of the cortical cytoskeleton which supports migration and fusion through the formation of plasma membrane blebs. In addition, Panx1 is required for the expression of several adhesion molecules and a Disintegrin-like and Metalloprotease domain with Thrombospondin-type 5 motifs (ADAMTS5), which have been implicated in ECM remodeling essential for the myoblast fusion process (Stupka et al., 2013).

This study reveals a novel pathway for regulation of myoblast migration and fusion involving Panx1 activated purinergic signaling, lipid metabolism and ECM remodeling, providing important new insights into the molecular mechanisms that underpin muscle regeneration.



MATERIALS AND METHODS


Mice

In this study we used two Panx1 null mouse strains: the Panx1KO/B6 (Genetech Inc.) and the CMV-Cre/Panx1 strain. The Panx1KO/B6 (Qu et al., 2011) was backcrossed to the C57BL/6 background (see Supplementary Methods) for 11 generations. The Panx1 null strain CMV-Cre/Panx1fl/fl carries a floxed Panx1 allele that was activated with CMV-Cre to create a global knockout. This strain also carries a “passenger” Casp11 mutation (Dvoriantchikova et al., 2012). Caspase11 is induced in macrophages in response to injury or exposure to bacterial metabolites but is not detectable in homeostatic conditions in tissues such as muscle (Kang et al., 2000; Py et al., 2014). The Casp11–/– [B6.129S4(D2)-Casp4tm1Yuan/J] mouse strain in the C57BL/6 background (Jackson Labs) was used as a control for any effects that might be mediated by loss of Casp11 in the CMV-Cre/Panx1 strain. Wildtype C57BL/6 mice were used as an additional control.

Mice were housed under standard conditions of temperature and humidity, with a 12-h light/dark cycle and free access to food and water. All experiments were performed in compliance with the Guidelines for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication No. 85-23, revised 1996) and were pre-approved by the Scripps Research Institute Animal Care and Use Committee.



Myoblast Isolation and Growth

Primary myoblasts were isolated from limb muscles of 3-week-old mice. Satellite cells were isolated using gentleMACSTM Octo Dissociator and either the MACS Microbid satellite cell isolation kit (Miltenyl Biotech, CA, United States) or Fluorescence Activated cell sorting (FACS) as described previously (Sacco et al., 2010; Meech et al., 2011). Cells were grown on collagen-coated plates or chamber slides in growth medium (GM: 1:1 Ham’s F10/DMEM, supplemented with 20% FBS, and 2.5 ng/ml of basic FGF; Rando and Blau, 1994; Makarenkova et al., 2009). To induce myoblast differentiation, the GM was replaced with a differentiation medium (DM: DMEM supplemented with 2% horse serum).



Injection of Myotoxins (Notexin, Cardiotoxin) and Muscle Regeneration Analysis

Tibialis anterior (TA) muscles of anesthetized 3-month-old Panx1-null and wild-type mice were injected with cardiotoxin (CTX, 100 ng) to induce muscle injury, or with saline (control) as described previously (Sacco et al., 2010; Meech et al., 2011). Muscles were dissected at 2–10 days post-injury, fixed with buffered 4% paraformaldehyde (PFA). Paraffin sections prepared from the muscle midsection were stained with Hematoxylin and Eosin (H&E), and Masson’s Trichrome to detect collagen deposition, and imaged using a Leica scanner.



Gene Expression Analysis

For gene expression analysis, RNA was extracted using Trizol or Zymo Direct-Zol RNA Kit (Zymo Research Corporation, Irvine, CA, United States) either from dissected TA tissues or from myoblast cultures. The amount of total RNA was estimated using a Nanodrop ND-1000 spectrophotometer and RNA purity and integrity (RIN) was assessed using a Bioanalyzer-2100 device (Agilent Technologies, Inc., Santa Clara, CA, United States). RNAs with RIN between 9 and 10 were used in all experiments. RNA was reverse transcribed to cDNA using the RT2 First Strand Kit (#330404, Qiagen, Valencia, CA, United States). The Mouse ECM & Adhesion Molecules RT2 Profiler PCR Array (PAMM-013Z; Qiagen) and RT2 SYBR Green ROX qPCR Mastermix (#330522; Qiagen, Carlsbad, CA, United States) were used to measure expression levels of 84 individual genes involved in cell–cell and cell–matrix interactions. All other gene-specific primers were obtained from Qiagen. Quantitative real-time PCR was performed using an ABI 7300 Real-Time PCR System (Applied Biosystems, Life Technologies, Carlsbad, CA, United States). Statistically significant differences in threshold cycle (Ct) for each reaction were determined using the RT2 Profiler PCR Array Data Analysis software v3.5 (Qiagen). Gene expression differences were filtered for >1.5-fold change and significance P < 0.05. Genes with highly variable Ct values were excluded from the final analysis. Reference genes for normalization of real-time PCR data were b-actin (ACTB), β-2 microglobulin (B2M), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).



Immunocytochemistry

Myoblast cultures were fixed with 2% PFA in PBS pH 7.5 for 20 min, permeabilized in Tris–buffered Saline with 0.1% Tween 20 (TBST), and blocked with 5% goat serum. Cells were immunostained with primary antibodies overnight at 4°C, followed by staining with appropriate secondary antibodies (antibodies are detailed in Supplementary Methods) and nuclear staining with DAPI. Images were taken using Zeiss LSM 710 laser scanning confocal microscope (LSCM).



Antibodies

Primary antibodies used: affinity purified rabbit Panx1 antibody CT-395 (Px-34; Penuela et al., 2007) was kindly provided by Dr. D. W. Laird (University of Western Ontario, Canada), rabbit polyclonal anti-human Panx1 antibodies (Chemicon, Inc.); mouse monoclonal anti-Myogenin (clone F5D, BD Bioscience Pharmingen, San Diego, CA, United States), mouse monoclonal anti-MyoD (clone MoAb5.8A, BD PharMingen, San Diego, CA, United States), pan myosin heavy chain (MyHC; A4.1025 Developmental Studies Hybridoma Bank, Iowa City, IA, United States), and mouse monoclonal anti-sarcomere myosin (clone MF20, Developmental Studies Hybridoma Bank, Iowa City, IA, United States), antibodies.



Immunoblotting

Total protein was prepared from primary myoblast cultures using Nonidet P-40 lysis buffer and sonicated. Equal aliquots of protein were resolved by SDS-PAGE using the 4% to 12% Bis-Tris gels (NuPAGE; Invitrogen), transferred to polyvinylidene difluoride membrane, and probed with polyclonal antibodies to Panx1 (Chemicon) and to β-actin, β-tubulin, or GAPDH. Bands were visualized by chemiluminescence using X-ray film exposure and quantified by densitometry. Each experiment was performed in duplicate.



Single Myofibre Isolation and Culture

Single muscle fibers were isolated from the extensor digitiorum longus (EDL) muscle of 12-week old male C57Bl6 as described previously (Otto et al., 2008, 2011). Briefly, the EDL was dissected with both tendons intact and myofibers liberated by digestion with (0.2%) type I collagenase (Sigma) in Dulbecco modified eagle medium (DMEM) at 37°C under 5% CO2. Using tapered glass pipettes, single fibers were plated in single fiber culture medium (SFCM, DMEM supplemented with 10% horse serum, 0.5% chick embryo extract, and 1% penicillin/streptomycin).



Time-Lapse Light Microscopy and Electron Microscopy

Following 24 h of culture, myofibers were monitored using a phase contrast time-lapse microscope system. Myofibers grown in chamber sides were imaged in an environmental chamber maintained at 37°C and supplemented with 5% CO2. Time-lapse video was taken at a rate of 1 frame every 15 min over 24 h for satellite cells using a 10X objective, a previously well-studied time course for satellite cell migration following single fiber isolation (Otto et al., 2008, 2011). All video analysis was carried out using freeware package ImageJ (version 1.49 m). Satellite cells were individually manually tracked using the MTrackJ plugin on ImageJ.



Electron Microscopy

For electron microscopy, single myofibers were fixed following 48 h in standard culture with 4% PFA for 15 min, and then processed.

Fixed myofibers were dehydrated through 30, 50, 70, 80, 90, and 100% ethanol solution series (15 min for each step) and transferred to a critical point drier (Balzers CPD 030, using liquid carbon dioxide) thereafter. Dried myofibers were then carefully transferred to scanning electron microscopy (SEM) chucks using micro-forceps under a light microscope. Myofibers were then gold-coated using an Edwards S150B sputter-coater. Coated myofibers were then visualized under an FEI 600F SEM using the accompanying analysis software for image collection.



Mathematical Data Analysis

Mathematical models of particle motion are able to provide us with characterizations, which can be compared with data in order to predict how cells are moving (Woolley et al., 2013, 2014). Although we have shown that the shape of the cell and its blebs are critical to its migration properties (Woolley et al., 2015a,b), here, we simply characterize the motion characteristics in terms of the migration data. Specifically, we model the cells as random walkers on a straight, cylindrical fiber. Previously (Collins-Hooper et al., 2012), we have shown that, under this assumption, we can separate the cellular motion into two components; (i) a purely angular motion of the cell, around the muscle fiber and (ii) a purely longitudinal motion, along the axis of the fiber. We primarily focus of this longitudinal motion as it is the most crucial mode of movement.

Due to the probabilistic nature of the problem, we cannot specify exactly where the cell will be at all times in the future, however, we can predict the probability distribution of the cell locations. We define this probability distribution to be p(x,t), which represents the probability of finding a cell at a position x (measured along the fiber) at a given time t. The distribution satisfies the standard diffusion equation in one dimension (Belmonte-Beitia et al., 2013),
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This equation simply encapsulates the idea that the cells are moving randomly, all of the cell’s positions are normalized to start at zero and the fiber has no boundaries. The D parameter is a positive constant that measures that rate at which the cells spread out from the normalized origin. From this equation we derive that the mean squared displacement of the cells is proportional to time,
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Thus, taking the trajectory data we normalize the start position of all trajectories to zero and rotate all trajectories such that the fiber lies along the x-axis. The mean square distance moved by the cell along the fiber is calculated, and a straight line is fitted to this derived statistic. A goodness of fit R2 value is also computed to express how well the straight line fits the data. The closer the R2 value is to one, the closer the movement of the cells is to a memoryless, random diffusion.



Pharmacological Treatments


Carbenoxolone Disodium

Primary myoblasts were treated with carbenoxolone (CBX, Sigma-Aldrich # C4790) or vehicle, for 24 h prior and then induced to differentiate in low serum medium also containing CBX or vehicle (control). CBX blocks pannexin and connexin channels at 100 μM, but has high selectivity for pannexin channels at 10–50 μM (Bruzzone et al., 2005). Varying CBX concentrations from 10 to 100 μM were tested and 25 μM was found to be optimal for pannexin inhibition. Myoblast cultures treated with 25 μM CBX in DM were fixed at different time points 6, 12, 24, and 72 h and processed for immunostaining.



Purinergic Receptor Inhibitor A740003

A740003 is a potent, selective and competitive P2X7 receptor antagonist that displays selectivity to P2X7 receptor up to a concentration of 100 μM. A740003 (Tocris, # 3701) at 50–100 nM or vehicle (dimethylsulfoxide) was applied to myoblasts 24 h prior to induction of differentiation. GM was replaced with DM containing A740003 or vehicle and cells were fixed at different time points for immunostaining.



Apyrase

To disrupt ATP signaling, cultures were treated with the ATP hydrolyzing enzyme apyrase (2.5 U/ml, Sigma, added to GM) or vehicle 24 h prior to the induction of differentiation. GM was then replaced with DM also containing apyrase or vehicle (control).

To study the role of lipid signaling, single muscle fibers were cultured with the following drugs 24 h post isolation: Butanol (1% v/v Fisher # A383-1), that inhibits the action of PLD in the formation of phosphatidic acid; VPC 32183 (1 μM Avanti Polar Lipids # 857340), a selective inhibitor of the LPA1 and LPA3 receptors; ML-7 (50 μM Sigma # I2764), a selective myosin light chain kinase inhibitor; Y-27632 (10 μM Sigma # Y0503), a potent inhibitor of Rho-associated kinase; and LPA (10 μM Sigma # L7260).



Myoblast Fusion Index

To determine the fusion index, cultures were stained with the MF20 antibody and the numbers of nuclei were counted in MyHC+ cells. Fusion index was calculated as the number of nuclei in multinucleated MyHC+ cells (≥2 nuclei) as a proportion of total nuclei. Three independent experiments were performed for each condition; approximately 500 nuclei were counted per condition.



Quantification of Pericellular Matrix Area

The erythrocyte exclusion assay was performed as previously described (Hattori et al., 2011; Stupka et al., 2013). Briefly, Panx1 and WT primary myoblasts were plated into two-well chamber slides and cultured for 24–48 h. The culture medium was replaced by freshly prepared erythrocyte suspension (1 × 107 erythrocytes/ml) in serum-free DMEM. After erythrocytes had settled to the bottom, images (20–30 per experimental group) were taken with an inverted microscope. In some assays, Streptomyces hyalurolyticus hyaluronidase (H1136, Sigma) was added prior to erythrocyte addition.



Statistical Analysis

Statistical significance was assessed using unpaired two-tailed Student’s t-test and results were considered significant at P < 0.05, or P < 0.01. Results were expressed as mean ± s.d.m (standard deviation of the mean).



RESULTS


Panx1 Is Expressed in Satellite Cells and Is Increased During Myoblast Differentiation

Panx-1 was previously shown to be expressed in skeletal muscle (Langlois et al., 2014); however, its role during muscle differentiation and regeneration remains largely unknown. We examined the temporal pattern of PANX1 protein expression during myoblast differentiation using immunocytochemical, quantitative Western blot and gene expression analyses of primary cultures. Panx1 was expressed in isolated satellite cells (Figure 1A) and was increased rapidly at both mRNA and protein levels after the induction of myoblast differentiation (Figures 1A–C).
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FIGURE 1. Panx1 expression in primary myoblasts and role of Panx1 in muscle regeneration. (A) Migrating myoblasts express Panx1 (green) in the plasma membrane. Panx1 expression levels are increased in myoblasts forming membrane protrusions, i.e., blebs (indicated by white arrows), stained with SMA (red) to visualize blebbing. Panx1 expression (green) is up-regulated in differentiating myoblasts (8 h in DM) and early myotubes (48 h in DM). An inset shows higher magnification of cells maintained 48 h in DM. Nuclei are stained with DAPI (blue). (B,C) Panx1 expression increases during myoblast differentiation. (B) Western blot showing that undifferentiated freshly isolated SCs show the lowest level of Panx1; Panx1 expression increases during myoblast differentiation (0, 3, 8, 24, and 48 h in DM), peaking in adult myofibers (MF). (C) Quantification of western blotting data (n = 3 independent experiments); P < 0.05. (D,E) Quantitative RT-PCR analysis of Panx1 (D) and Panx2. *p < 0.0001; **p < 0.001. (E) Expression at 2 or 5 days after CTX injection into the TA muscle. Gene expression data from the CTX-treated limb was normalized to that from the vehicle (saline)-treated contralateral limb; n = 3 mice per time point, P < 0.01, *p < 0.0001. (F) Hematoxylin and eosin-stained transverse sections of TA muscle from WT and Panx1–/– (CMV-CrePanx1fl/fl) mice 10 days after muscle injury. Newly formed (centronucleated) Panx1–/– myofibers are smaller in diameter than newly formed WT myofibers. (G) Quantification of myofiber sizes shows that myofibers from both Panx1–/– mouse strains (CMV-CrePanx1fl/fl and Panx1KO/B6) are on average ∼30% smaller than myofibers from Casp11–/– and WT control mice. *p < 0.0001. (H) Histogram demonstrating the distribution of regenerated myofiber sizes in Panx1–/– (CMV-CrePanx1fl/fl) and control mice. Minimal myofiber diameters were measured in transverse sections of TA muscle from three mice for each genotype. n = 647 fibers for Panx1–/– and 636 for WT.




The Role of Panx1 in Muscle Development and Regeneration

Muscle development and regeneration in the absence of Panx1 have not been previously studied. Basic morphometric analysis of muscle groups (TA, gastrocnemius, and soleus) in WT vs. Panx1–/– mice showed that neither postnatal nor adult Panx1–/– mice have any significant change in the size of limb muscles (data not shown). These results suggest that loss of Panx1 does not significantly affect muscle development and/or postnatal muscle growth.

To determine whether Panx1 may play a role in regeneration, we first examined the dynamics of pannexin expression during muscle regeneration in vivo. The TA muscle of WT mice was injured with notexin and changes in the levels of Panx 1–3 transcripts post-injury were assessed by qRT PCR. The Panx1 transcript levels were higher than those of the Panx2 and Panx3 genes at all stages (data not shown). On day 2 after notexin-injury (muscle inflammation/early regeneration phase), there was a 7.6 ± 1.9-fold increase in the amount of Panx1 transcript in injured vs. saline-injected control TA muscle (Figure 1D), while the amount of Panx2 transcript remained unchanged (Figure 1E). On day 5 after injury (late differentiation phase), Panx1 levels decreased relative to the day 2 peak level and was 2.4 ± 0.7 (Figure 1D). In contrast, Panx2 levels at this time point increased 11 ± 1.2-fold (Figure 1E). These findings suggest that these two pannexins may play different roles in the succession of injury-induced muscle repair phases. As expected (Langlois et al., 2014), the Panx3 mRNA level during muscle regeneration was very low and in some samples undetectable (data not shown).

We next investigated the role of Panx1 in muscle regeneration using two different Panx1 null models: CMV-Cre/Panx1fl/fl mice for which Casp11–/– mice served as the relevant control, and Panx1KO/B6 mice with WT mice as the control. TA muscles were injured with notexin and regeneration studied 10 days later. All mice showed regeneration as evidenced by appearance of new myofibers with centrally located nuclei (Figure 1F). However, the newly regenerated myofibers in both Panx1–/– models were significantly smaller in diameter when compared to those of the control strains (Figure 1G). In addition, we found that regenerated TA muscles of Panx1–/– mice were depleted for large myofibers and enriched in smaller myofibers, as compared to wild-type TA muscles (Figure 1H).



Genetic Ablation of Panx1 Affects Myotube Formation

The reduction in myofibre size in regenerating Panx1–/– muscle suggested a possible myoblast fusion defect. We thus compared differentiation of Panx1–/– (both Panx1-null strains) and control (Casp11–/– and/or WT) myoblasts in culture. Control myoblasts cultured in DM formed numerous multinucleated myotubes (Figures 2A,B and Supplementary Figure 1A) and by 72 h the cultures were almost free of unfused myoblasts (Figures 2C,D and Supplementary Figure 1A). In contrast, Panx1–/– myoblasts developed very few multinucleated cells over 72 h in DM (Figures 2E–H and Supplementary Figure 1B). Analysis of Casp11–/– myoblast differentiation showed that they differentiated normally and did not differ morphologically from WT myoblasts. Both differentiating control and Panx1–/– cultures expressed MyHC protein (Figures 2A–H).
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FIGURE 2. Loss of Panx1 function impairs myoblast fusion but not activation of the molecular differentiation program. WT myoblasts form myotubes after 24 h in DM (A,B), while the majority of Panx1–/– myoblasts remain unfused (C,D). After 72 h in DM, WT cells form long myotubes and only a few single cells remain (E,F). In contrast Panx1–/– cultures show fewer myotubes and many more single myoblasts (G). (H) Higher magnification of cultures shown in (G) shows that even single myoblasts in these Panx1–/– cultures express MyHC (red). In all panesl SMA (green), MyHC (red), DAPI (blue). Quantification of MyoD (I) and MYOG (J) expressing cells in WT and Casp11–/– controls and Panx1–/– (CMV-CrePanx1fl/fl and Panx1KO/b6) myoblasts 3 and 24 h after induction of differentiation. MyoD and MYOG expression is calculated as the percentage of MyoD and MYOG positive nuclei. (K) Fusion index is calculated as the percentage of MyHC-positive cells containing one, two, or ≥3 nuclei at 48 h after induction of differentiation. Data are presented as mean ± standard deviation. n = 3 independent experiments. *P < 0.05 compared with controls.


The process of myoblast differentiation is tightly controlled by myogenic regulatory factors (MRFs). Cultured myoblasts normally express MyoD in GM and initiate expression of myogenin as early as 1–3 h after induction of differentiation (Makarenkova et al., 2009). There was no difference in the number of MyoD expressing cells in Panx1–/– relative to control myoblasts at 3 and 24 h-hours post induction of differentiation (Figure 2I). Moreover, the proportion of myogenin (MYOG)-positive nuclei in Panx1–/– and control myoblast cultures 3 and 24 h after induction of differentiation was not significantly different (Figure 2J). The time to induction of MyHC and percentage of MyHC expressing cells were also similar in both cultures (Figures 2A–H). However, relative to control (WT and Casp11–/–) myoblasts, Panx1–/– myoblasts formed significantly fewer multi-nucleated (3 or more nuclei per cell) MyHC positive myotubes (Figure 2K and Supplementary Figure 1C). Interestingly, unfused myoblasts in Panx1–/– cultures also expressed MyHC despite the impaired myotube formation (Figures 2G,H). In summary, our results suggest that activation of the myogenic differentiation program is not affected in Panx1–/– myoblasts. This finding corroborates previous reports that myoblast fusion is not required for the expression of MyHC (Devlin and Emerson, 1978, 1979).



Genetic Ablation of Panx1 Affects Myoblast Blebbing and Migration

To form myofibers, differentiating myoblasts must migrate and establish stable cell-cell contacts (Asakura et al., 2001). Real-time in vivo imaging has revealed rapid migration of myoblasts to the site of myofiber damage in vivo (Ishido and Kasuga, 2011, 2012; Webster et al., 2016). Several research groups, including ours, reported that rapid movement of myoblasts requires formation of dynamic membrane blebs (Charras and Paluch, 2008; Makarenkova et al., 2009; Otto et al., 2011), as they utilize an amoeboid-based rather than lamellipodia-mediated propulsion mechanism (Otto et al., 2011). Morphometric analysis showed that cultured primary Panx1–/– myoblasts had fewer blebs than control myoblasts (Figure 3A and Supplementary Figure 1, compare A and B). Analysis of Panx1–/– myoblasts showed that they were significantly less migratory and stayed clustered, in contrast to Control (WT and Casp11–/–) myoblasts that readily spread throughout the dish (Figures 3C,E). Moreover, while control myoblasts had wide, rounded surface blebs, the blebs on Panx1–/– myoblasts were thinner. The average length-to-width ratio of Panx1–/– myoblast blebs was 2-fold less than that of controls (1.23 ± 0.42 for CMV-CrePanx1fl/fl vs. 0.79 ± 0.18 for Casp11–/– and 1.45 ± 0.54 for Panx1KO/B6 vs. for WT myoblasts, p > 0.001), (Figures 3B,D,F).
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FIGURE 3. Panx1 signaling regulates myoblast blebbing, migration, myoblast fusion and myofiber formation Panx1–/– myoblasts have fewer surface blebs (A) and altered bleb shape (B), as shown by comparison of bleb length/width ratio in control and Panx1–/– myoblasts. Data are presented as mean ± standard deviation. n = 3 independent experiments. *P < 0.05. The appearance of blebs in control (C,D) and Panx1–/– myoblasts stained with αSMA (E,F). (G–J) Blocking Panx1 signaling in myoblast cultures with carbenoxolone (CBX) decreases blebbing: myoblasts treated with vehicle (G), 10 μm (H), 25 μm (I), 50 μm (J) of CBX for 24 h. Quantification of bleb numbers in control and CBX treated myoblasts (K). (L) High-dose CBX treatment decreases cell adhesion and induces cell detachment in plate washing assays. Analysis of the differentiation program in CBX treated myoblasts: (M–Q): MYOG expression was calculated as the percentage of MYOG-positive nuclei (M). (N–Q) Cultures were treated with vehicle (N,P). and 25 μm of CBX in DM (O,Q) and MYOG (N,O) and MyHC (P,Q) expression was assessed by immunostaining. MyHC expression was found in the majority of cells in the vehicle (P) and CBX-treated (R) cultures. Single migrating cells in control cultures (P, white arrows) did not express MyHC, while almost all single cells in CBX treated cultures expressed MyHC (Q, yellow arrows). Myotube formation was inhibited in CBX-treated (O,Q), compared to control (N,P) cultures. Data in (K–M) is presented as mean ± standard deviation. n = 3 independent experiments. *P < 0.05. **P < 0.01.


We next tested whether pharmacological blockade of Panx1 channels in culture could phenocopy Panx1 genetic ablation. Carbexonolone (CBX) inhibits ATP release through pannexin channels (Hayoz et al., 2012; Xia et al., 2012) and has high specificity for Panx1 channels at <100 μM (Bao et al., 2012). Undifferentiated wildtype myoblasts were exposed to CBX (10, 25, and 50 μM) for 24 h prior to induction of differentiation and then transferred into DM also containing CBX. Myoblast treatment with CBX for 24 h produced significant changes in the morphology and number of surface blebs. With increasing CBX concentration, the number of surface blebs per cell decreased significantly after 10 μM CBX applicationammount of protein; at 25–50 μM CBX myoblasts retained only a few small protrusions (Figures 3G–K).

The morphological changes induced by CBX negatively correlated with adhesion of treated myoblasts to the collagen substrate, causing cells to detach in plate-washing assays more readily (Figure 3L and Supplementary Methods). Thus, 50 μM CBX treatment caused a 5-fold increase in myoblast detachment relative to control (Figure 3L). In contrast, treatment with 10–25 μM of CBX did not induce significant myoblast detachment and we used these drug concentrations in all further experiments. After 24 h exposure to 10 and 25 μM CBX, myoblasts were induced to differentiate in DM also containing CBX, and expression of MYOG and MyHC was assessed by immunocytochemistry (Figures 3M–Q). Similar to Panx1–/– myoblasts, the number of MYOG expressing cells remained unchanged in CBX treated myoblasts (Figures 3M–O), implying that the core transcriptional differentiation program remained unaltered. The induction of MyHC protein expression also appeared unaffected in control and CBX treated cultures (Figures 3P,Q and Supplementary Figures 2A,B). However, unlike control myoblasts (Figures 3N,P), myoblasts treated with CBX failed to elongate and showed almost no fusion (Figures 3O,Q). The similarities in differentiation deficiencies of CBX-treated and Panx1–/– cells, suggest that Panx1 and ATP mediated signaling controls myoblast migration and fusion.



ATP Signaling Controls Blebbing and Migration via Membrane Derived Lipid Intermediates

Next, we examined whether signaling downstream of Panx1, particularly release of intracellular ATP, is involved in myoblast migration and fusion. We treated myoblasts with apyrase, an enzyme that catalyzes the breakdown of ATP into AMP and inorganic phosphate. Apyrase treatment did not alter the timing of MYOG expression or the number of MYOG-expressing cells (Figures 4A,B, white arrows, C), but dramatically inhibited myotube formation (Figures 4D–L). After 24 h in DM, apyrase treated myoblasts elongated but did not form myotubes (Figure 4, compare E, F with G, H) and after 48 h the percentage of myotubes with 3 or more nuclei was much lower than in control cultures (Figure 4D, compare I, J with K, L). This effect phenocopied Panx1–/– and CBX-treated myoblasts (see Figures 2, 3). Thus, both ablation of Panx1 and pharmacological blockade of ATP lead to altered cell shape, migration, and fusion properties, suggesting that Panx1 mediates these events through ATP signaling.
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FIGURE 4. Disruption of ATP or P2X7 receptor signaling inhibits myoblast fusion but not the molecular differentiation program. (A–L) Myoblast cultures were treated with ATP hydrolyzing enzyme apyrase (2.5 U/ml) or vehicle 1 day prior to the induction of differentiation. GM was then replaced with the DM also containing apyrase or vehicle. Myogenin (MYOG) expression (A-control, B-apyrase, white arrows) was assessed by immunostaining; MYOG – red, SMA – green, DAPI – blue, scale bar is 20 μm. The percentage of MYOG expressing cells was quantified (C) 3 h after induction of differentiation with and without apyrase treatment (compare I, J with K, L). (D) The percentage of MyHC-positive cells containing one, two, or ≥3 nuclei was quantified after 48 h of differentiation. Data are presented as mean ± standard deviation. N = 3 independent experiments *p < 0.0001. Control (vehicle-treated; E,F – 24 h in DM; I,J – 48 h in DM) and apyrase treated (G,H – 24 h in DM; K,L – 48 h in DM) primary myoblast cultures. Myoblast fusion is impaired in apyrase treated cultures (E–H; SMA – green; MYOG – red, and DAPI – blue; I–L; SMA – green, MyHC – red, and DAPI – blue). Scale bars: in (E,G,I,K) – 50 μm; in (F,H,J,L) – 20 μm. The A740003 treatment inhibited myotube formation (N) relative to vehicle (M) treated cultures; activation of the differentiation program as assessed by quantification of the percentage of MYOG expressing cells (O) was unaffected at 3 and 24 h after induction of differentiation. In (M,N), SMA – green, MYOG – red, and DAPI – blue. Scale bars are 20 μm.


Extracellular ATP is known to transmit signals by activating purinergic ionotropic P2X or metabotropic P2Y receptors (Wilkinson et al., 1993; Meyer et al., 1999; Ryten et al., 2004; Martinello et al., 2011); involvement of P2X receptors in C2C12 myoblast differentiation was documented previously (Araya et al., 2004). To test whether purinergic signaling via P2X7 is involved in myoblast migration and differentiation, we blocked this receptor in WT primary myoblasts with P2X7 receptor antagonist A740003. A740003 treatment inhibited myotube formation relative to control (Figures 4M,N), while again MYOG expression was unaffected (Figure 4O). These data suggest an important role for P2X7-mediated signaling in myotube formation.

We next examined the effect of inhibiting the P2X7 channel on cell blebbing and migration using single myofiber cultures where individual satellite cells migrate along the myofibers. Treatment of fiber associated-satellite cells with A740003 significantly reduced bleb formation and migration speed (Figures 5A–E). Lipid signaling mediated by LPA was shown to be a major determinant in bleb formation in a variety of cell types (Hagmann et al., 1999; Jia et al., 2006). Moreover, P2X7 receptors activate a signaling pathway that induces Phospholipase D (PLD) to convert phosphatidylcholine to phosphatidic acid (PA) which in turn is transformed into lysophosphatidic acid (LPA) by Phospholipase A2 (Panupinthu et al., 2007). The hydrolytic reaction mediated by PLD requires water and is inhibited by primary but not tertiary alcohols. To assess whether P2X7 may control blebbing through (L)PA production, we repressed PLD activity by addition of 1-butanol to satellite cells on their native substrate and found that it resulted in a significant decrease in the number of blebs displayed on the cell surface, as well as a reduction in migration speed (Figures 5F–J). In a control experiment, an identical concentration of tertiary butanol had no effect on either parameter (Figures 5G–J). These data indicate that P2X7-facilitated blebbing and migration is reliant on PLD activity to form PA. The action of lipids to induce signaling cascades is heavily dependent on the conversion of PA into LPA by phospholipase A2, which in turn activates the LPA receptor, a G-coupled protein that controls a diverse activity including cell migration. We examined whether LPA activity was important in blebbing and satellite cell migration using VPC-32182, a selective LPA1 and LPA3 receptor antagonist. Treatment with VPC-32182 dramatically reduced bleb formation and rate of satellite cell migration (Figures 5K–O), showing a role for LPA activity in these processes. LPA receptors can activate Rho, which ultimately leads to myosin light chain phosphorylation hence controlling actin/myosin-based contraction which may drive bleb dynamics. We found that inhibition of myosin light chain kinase with a ML7 inhibitor reduced satellite cell blebbing and migration speed (Figures 5P–T).
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FIGURE 5. Panx1 regulates a lipid-based signaling pathway that controls bleb formation and satellite cell migration on single myofibers. Quantification of SEM images shows a reduction in the number of blebs per cell, reduced migration speed, but no change in the directionality of movement (plotted as mean square displacement over time) after treatment with A740003 (A–E), Butanol (F–J), VPC-32183 (K–O), and ML7 (O–T). The inhibitory effect of A740003 (U–Y) and CBX on blebbing and migration were (Z–Ad) rescued by LPA. Treatment with LPA resulted in a significantly higher migration speed than the control cells (X,Ac). For movement directionality plots, control data are represented by black squares and treatment data by gray triangles. Black and gray lines represent best fit curves; straight fit curves indicate random migration. *p < 0.05.


To show a more direct link between Panx1/P2X7-mediated ATP signaling and the activity of the LPA receptor in controlling blebbing and migration, we inhibited Panx1 channels with CBX or P2X7 receptors with A740003, and simultaneously introduced LPA. The inhibitory effect of both CBX and A740003 on bleb formation and migration was rescued by LPA (Figures 5U–Y for A740003 and Z-Ac for CBX).

Finally, we used mathematical modeling to examine whether interfering with the Panx1-mediated lipid based signaling pathway in myoblasts influenced not only migration speed but also directionality. We have previously demonstrated that satellite cells from young mice move in a random, directionless manner on the myofiber that contrasts the behavior of cells from old mice, which show directionality (Otto et al., 2011). Plotting the mean square displacement over time showed that although A740003, Butanol, VPC-32183 and ML7 treatments all decreased migration speed of young myoblasts on single myofiber, they still moved in a random manner indicated by a straight-line plot (Figures 5E,J,O,T). Furthermore, rescue of the migration deficit induced by A740003 or CBX with LPA did not alter the migration mode (Figures 5Z, Aa–Ad).



Inhibition of Panx1 and Its Downstream Target Molecules Impedes Myoblast Fusion

The studies above define a signaling pathway activated by Panx1 that regulates bleb formation and migration of satellite cells. Here we determined whether the same signaling components also regulate myoblast fusion. Freshly isolated satellite cells were cultured at high density permitting cell-cell contact and then maintained in GM or DM for 72 h under a range of drug treatment conditions. In the control conditions, cells in GM remained largely mono-nucleated with few cells expressing MyHC (Figure 6A), while cells in DM formed myotubes with an average of 4.5 nuclei and robust MyHC expression (Figure 6B). Addition of Panx1 channel inhibitor CBX or P2X7 channel inhibitor A740003, to high-density cultures in DM inhibited fusion despite the expression of MyHC (Figures 6C–F). Likewise, fusion was attenuated by addition of butanol, LPA receptor inhibitor VPC32183, or ROCK inhibitor Y-27632 (Figures 6G–L). Finally, inhibition of fusion by blockade of either Panx1 or P2X7 receptor could be reversed by LPA addition (Figures 6M–P). Together these results show Panx1 signaling facilitates myoblast fusion through the P2X7 receptor, downstream lipid intermediaries and the ROCK pathway that activates blebbing.
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FIGURE 6. Inhibition of multiple steps of the Panx1 signaling cascade blocs fusion of myoblasts but not the molecular differentiation program. (A) Primary myoblasts cultured in GM do not form myotubes and express little MyHC (red). (B) Culture of primary myoblasts for 72 h in DM induces the formation of MyHC-expressing myotubes. (C–L) Treatment with CBX (C,D), A740003 (E,F), Butanol (G,H), VPC32183 (I,J), and 27632-Y (K,L) all inhibit myotube formation (presented as an average number of nuclei per cells) but not the expression of MyHC. The inhibitory actions of CBX (M,N) or A740003 (O,P) are rescued by the action of LPA (p < 0.05). *p < 0.05.




Microarray Analysis of Cell Adhesion Pathways

Pannexins mediate dynamic adhesive contacts and thus regulate diverse functions including cell alignment, adhesion, migration and fusion (Gorbe et al., 2007; Bao et al., 2012). To test whether loss of Panx1 affects expression of key genes involved in these processes, we isolated Panx1–/– and WT myoblasts from 4-month-old mice by FACS and profiled the expression of 84 genes important for cell-cell and cell-matrix interactions. We found nine genes that were significantly altered (>1.5-fold) in Panx1–/– vs. WT myoblasts (Table 1). Among the genes significantly up-regulated in Panx1–/– vs. WT myoblasts were Cadherin-2 (Cdh2), Integrin-β4 (Itgb4), Collagen VI (Col6a1), and sparc/osteonectin (SPOCK1). Among the genes down-regulated in Panx1–/– cultures, we identified transforming growth factor, beta-induced gene (TGFBI/BIGH3; 3.04-fold change, p = 0.008). TGFBI activation has been previously shown to promote myofibril bundling and ECM deposition (Kim and Ingham, 2009). We also found significant downregulation of Elastin Microfibril Interface-Located Protein 1 (Emilin1) that was recently shown to be responsible for the formation of the elastic fibers and anchoring muscle cells to them (Gundry et al., 2009). Multiple Matrix Metalloproteinases (MMPs) were also down-regulated, particularly MMP12 (5.6-fold; p = 0.02), and the disintegrin metallopeptidase with thrombospondin type 5 motif gene (Adamts5, 1.79-fold; p = 0.01; Table 1).


TABLE 1. Genes significantly up-regulated and down-regulated in Panx1–/– myoblasts.
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Loss of Panx1 Function Results in the Accumulation of Pericellular Matrix Around Mouse Myoblasts

ADAMTS versicanases such as ADAMTS5 have been shown to mediate proteolysis of a hyaluronan and versican-rich matrix leading to pericellular matrix clearance enabling migration, cell-cell interaction, and fusion (D’hondt et al., 2010; Stupka et al., 2013). Moreover, a recent report shows that Adamts5 gene knockdown impairs myoblast fusion in vitro (Stupka et al., 2013). Hypothesizing that this gene may play a role in the migration- and fusion-defective phenotypes of Panx1–/– myoblasts, we tested whether impaired Panx1 signaling disrupts pericellular matrix accumulation using an erythrocyte exclusion assay. Consistent with our hypothesis, we observed significantly more pericellular matrix in Panx1–/– myoblast cultures than in WT (Supplementary Figure 3, compare A and B, D). Treatment of Panx1–/– myoblasts with hyaluronidase blocked erythrocyte exclusion (Supplementary Figures 3C,D) indicating that the pericellular matrix is hyaluronan-based (and thus versican containing). These data suggest that reduced levels of ADAMTS5 and/or other extracellular proteinases in Panx1–/– myoblasts may interfere with fusion by attenuating extracellular protein remodeling.



DISCUSSION

In this study, we used genetic perturbation to show for the first time that Panx1 is important for efficient skeletal muscle regeneration in vivo. Moreover, in vitro studies provided evidence that Panx1 regulates three major satellite cell/myoblast functions: migration, fusion, and remodeling of the ECM, all of which can contribute to formation of myotubes/myofibers. The signaling events downstream of Panx1 that could control these cellular processes were probed using chemical tools. These data supported a model in which Panx1 functions to induce membrane blebbing and migration via activation of the purinergic receptor P2X7, which in turn leads to production of extracellular ATP. Moreover, several lines of evidence support a role for lipid intermediates in the signaling pathway. In particular, myoblast blebbing and migration could be blocked by inhibition of LPA production, and conversely, P2X7 blockade could be rescued by addition of LPA. Based on this data, we propose that Panx1-regulated P2X7 receptors may signal through PLD and A2 (PLA2); the resulting LPA then causes dynamic membrane blebbing. This pathway could involve Rho-associated kinase (ROCK; Jia et al., 2006; Figure 7). This would be consistent with previous studies showing that ROCK promotes rearrangement of the actin cytoskeleton to facilitate migration and fusion (Signorello and Leoncini, 2014; Hyder et al., 2015).
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FIGURE 7. Schematic representation of a new signaling mechanism that connects Panx1/P2X7R signaling with lipid metabolism and lipid-mediated ROCK signaling and regulation of myoblast blebbing/migration/fusion which is important for efficient muscle regeneration. Panx1-regulated P2X7 receptors can signal through PLD and A2 (PLA2); the resulting lysophosphatidic acid (LPA) then causes dynamic membrane blebbing via a pathway dependent on Rho-associated kinase (ROCK). Interaction between Panx1 and P2X7 receptors leads to further activation of the pannexin channel through a positive feedback loop that has been reported previously (Pelegrin and Surprenant, 2006; Velasquez and Eugenin, 2014). Perturbation of any component of these signaling pathways results in decreased blebbing and reduced myoblast migration and fusion.


Blebbing involves changes in the membrane and the underlying actin cytoskeleton. As reported previously, blebs on the surface of myoblasts and other cells are spherical membrane protrusions that appear due to hydrostatic pressure in the cytoplasm but their retraction involves actomyosin complexes of the cell cortex (Charras and Paluch, 2008; Tinevez et al., 2009; Otto et al., 2011). The profound effect of Panx1 gene ablation or P2X channel blockade on the shape and length of blebs, suggests that Panx1 influences the actomyosin bleb cortex. In addition to the potential for ROCK mediated effects on actin, Panx1/P2X7R may function via direct physical links to the cytoskeleton (Wicki-Stordeur and Swayne, 2013; Boyce et al., 2014). In particular, this complex was shown to directly interact with actin filaments (Kuehnel et al., 2009a,b; Wicki-Stordeur and Swayne, 2013; Boyce et al., 2014), and in BICR-M1Rk cells, Panx1 has been reported to co-localize and interact with actin at the leading edge of the lamellipodia and filopodia (Jaenisch and Bird, 2003). It was also shown that in the brain PANX1 controls actin cytoskeleton rearrangement during cell migration via interaction with the ARP2/3 complex (Wicki-Stordeur and Swayne, 2013; Boyce et al., 2014). The question of whether Panx1 interacts with directly or indirectly with actin in myoblasts and whether it helps control bleb retraction would be interesting to study in the future.

In addition to cytoskeletal changes that could modulate migration and fusion, the blebbing process might play a direct role in promoting interaction between the plasma membranes of adjacent cells. This idea is supported by recent studies, which demonstrate that blebbing promotes fusion of cancer cells exposed to chemical stress. In this context, bleb-mediated fusion results in the formation of blebbishields that ensure cell survival and growth (Kuehnel et al., 2009b; Jinesh et al., 2013, 2016; Jinesh and Kamat, 2016). We suggest that bleb-mediated myoblast fusion could involve a process that is normally found in cells undergoing apoptosis: plasma membrane scrambling (Marino and Kroemer, 2013). This scrambling involves the formation of dynamic membrane blebs with phosphatidylserine translocated from the inner to the outer membrane. In contrast to the apoptotic pathway, we suggest that in myoblasts these molecules could become available to bind the phosphatidylserine receptor BAI1 on adjacent myoblasts to activate the ELMO/DOCK180/Rac1 pathway leading to fusion (Hochreiter-Hufford et al., 2013).

The precise role of ATP production in Panx1/P2X channel mediated signaling in myoblasts is yet to be defined. ATP is known to mediate paracrine cell-cell signaling (Iglesias and Spray, 2012) and is involved in multiple important biological functions, such as sympathetic nerve activation in the ischemic heart (Dong et al., 2016), leukocyte emigration through blood endothelium (Lohman et al., 2015), and response to mechanical pressure (Lopez et al., 2021). Our new data suggests that ATP release can also promote cell fusion, however, further studies are required to confirm this hypothesis.

While this discussion has focused in the role of Panx1 signaling in blebbing and actin/membrane changes that may promote migration and fusion, it is important to note that myoblast differentiation involves multiple steps including cell cycle exit and commitment to differentiation, myoblast migration and fusion, and sequential expression of differentiation factors (Zammit et al., 2006). A previous study (Langlois et al., 2014), reported that Panx1 is involved in muscle differentiation, in part because they found that the formation of MyHC-expressing myotubes was perturbed by CBX application. However, the study did not define the specific stage of myoblast differentiation controlled by Panx1. Our data indicate that Panx1 inhibition impairs myoblast migration and fusion, but does not alter the expression of differentiation markers. Further work will be required to clarify whether Panx1 has a role in regulation of the muscle regulatory factor (MRF)-driven gene expression program during differentiation.

While levels of core differentiation factors did not seem to be altered in our genetic and chemical Panx1 perturbation studies, we did find that Panx1–/– myoblasts had reduced expression of matrix remodeling genes including Adamts5 and MMPs. There was also dysregulation of several adhesion related molecules. A publication from Stupka and co-authors showed the importance of Adamts versicanases and especially Adamts5 in myoblast fusion. Moreover, our data suggested that Panx1 inhibition leads to the failure to remodel pericellular matrix during fusion. Adhesive interactions also play critical roles in migration, proliferation, and fusion of myoblasts, and aberrations in such interactions can lead to compromised function and pathology (Siegel et al., 2009; Lukjanenko et al., 2016). Integrin β (Itgb1) expression was reduced in Panx1–/– myoblasts; Igtb1-deficient myoblasts (see Table 1) were previously shown to have defective plasma membrane breakdown and fusion (Schwander et al., 2003). It is possible that reduced expression of several adhesion and matrix remodeling factors (such as Itgb1 and Adamts5) jointly contribute to delayed fusion of Panx1–/– myoblasts.

In conclusion, our study provides multiple lines of evidence that Panx1 mediates purinergic signaling, which can be mediated via lipid intermediates, to control key processes underlying myoblast migration and fusion including membrane blebbing, ECM remodeling, migration, and adhesion. These pathways are essential for robust skeletal muscle regeneration.
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Supplementary Figure 1 | Panx1–/– myoblasts obtained from Panx1KO/B6 mice show significant delays in myotube formation, confirming the phenotype of Panx1–/– myoblasts from CMV-Cre/Panx1flf/fl mice; Casp11–/– myoblasts show normal differentiation. (A) Casp11–/– myoblasts: Casp11–/– myoblasts have prominent surface blebs and differentiate similarly to WT myoblasts at 24 and 48 h in DM. (B) Panx1–/– myoblasts: Panx1–/– myoblasts have fewer surface blebs and do not spread well through the surface of the dish. Panx1–/– myoblasts show a delay in myotube formation at 24 h (B,C) and 48 h after replacement of GM with the DM. (E–H,I) Fusion index quantification of Panx1–/– (Panx1KO/B6), WT, and Casp11–/– myoblasts. Myoblast fusion was calculated as the percentage of MyHC expressing cells containing one, two, or ≥3 nuclei at 48 h after induction of differentiation. Data are presented as mean ± standard deviation. n = 3 independent experiments. ∗P < 0.05 compared with WT.

Supplementary Figure 2 | Western blot analysis (A) and quantification (B) of the MyCH in control (WT untreated) myoblasts and myoblasts treated with the 10 mm and 25 mm of CBX. Analysis of MyCH expression was perfomed 1 and 48 h after induction of differentiation. Control is vehicle treated myoblasts. Myoblast Lysate was probed with anti-MyCH antibody at 1:1000 dilution (#05-716, clone A4.1025, Sigma-Aldrich).

Supplementary Figure 3 | Loss of Panx1 function in primary myoblasts results in accumulation of pericellular matrix (A,B), Panx1–/– myoblasts (A-red dashed line) accumulate more pericellular matrix as shown by the exclusion of erythrocytes (yellow dashed line) than WT myoblasts (B). Treatment of Panx1–/– myoblasts with hyaluronidase (hyalur) reduces the area of erythrocyte exclusion to be similar to WT myoblasts (C). Scale bar = 15 μm. (D) Quantitation of the area of pericellular matrix exclusion around WT myoblasts and Panx1–/– myoblasts with and without hyaluronidase. Data is the ratio of exclusion area to cellular area; images are taken randomly from three independent experiments (n ∼20 cells per condition). ∗p < 0.001.
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Warm-blooded vertebrates regenerate lost limbs and their parts in general much worse than fishes and amphibians. We previously hypothesized that this reduction in regenerative capability could be explained in part by the loss of some genes important for the regeneration in ancestors of warm-blooded vertebrates. One of such genes could be ag1, which encodes secreted protein disulfide isomerase of the Agr family. Ag1 is activated during limb and tail regeneration in the frog Xenopus laevis tadpoles and is absent in warm-blooded animals. The essential role of another agr family gene, agr2, in limb regeneration was demonstrated previously in newts. However, agr2, as well as the third member of agr family, agr3, are present in all vertebrates. Therefore, it is important to verify if the activity of ag1 lost by warm-blooded vertebrates is also essential for regeneration in amphibians, which could be a further argument in favor of our hypothesis. Here, we show that in the Xenopus laevis tadpoles in which the expression of ag1 or agr2 was artificially suppressed, regeneration of amputated tail tips was also significantly reduced. Importantly, overexpression of any of these agrs or treatment of tadpoles with any of their recombinant proteins resulted in the restoration of tail regeneration in the refractory period when these processes are severely inhibited in normal development. These findings demonstrate the critical roles of ag1 and agr2 in regeneration in frogs and present indirect evidence that the loss of ag1 in evolution could be one of the prerequisites for the reduction of regenerative ability in warm-blooded vertebrates.
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INTRODUCTION

Proteins of the anterior gradient (Agr) family belong to the superfamily of protein disulfide isomerases (PDI), all members of which contain the thioredoxin motif and are localized in the endoplasmic reticulum (ER) where they participate in the folding of various proteins (Park et al., 2009; Delom et al., 2020). In contrast to other PDIs, the Agr family, besides operating in the ER, can be secreted in the extracellular space, participating in cell signaling during the embryonic development, in tissue repairing and in cancer (Aberger et al., 1998; Zhu et al., 2017; Moidu et al., 2020).

Two members of agr family, ag1 and agr2, were discovered firstly in the frog Xenopus laevis (Sive et al., 1989; Aberger et al., 1998; Novoselov et al., 2003). In total, three non-orthologous agr genes were identified in vertebrates, ag1, agr2 and agr3, which demonstrate closest homology with genes encoding non-secreted PDI of the TLP19 family (Ivanova et al., 2013). Interestingly, whereas agr2 and agr3 are present in all vertebrates, ag1 is specific only for fishes and amphibians (Ivanova et al., 2013).

It was shown that ag1 in Xenopus laevis is involved in the regulation of forebrain development through regulation of the expression of such genes as foxg1, fgf8 and otx2 (Aberger et al., 1998; Tereshina et al., 2014).

The critical role of agr2 in limb regeneration was demonstrated in newts (Kumar et al., 2007; Kumar and Brockes, 2012; Grassme et al., 2016). During this, Agr2 operates via binding with its receptor three-finger protein from Ly6 family, Prod1, thus activating the limb blastema cells proliferation (Kumar et al., 2007). It was shown activation of EGF pathway, metalloproteinase MMP9 expression and cell proliferation in the blastema cells during salamander regeneration due to interaction of Prod1, with EGF receptor (Blassberg et al., 2011). Interestingly, Agr2 with a mutation of cysteine in the PDI motif was unable to do so (Grassme et al., 2016). The interaction of Agr2 with the structural and functional homolog of Prod1, Tfp4, was also shown in Xenopus laevis (Eroshkin et al., 2017). We demonstrated that Tfp4 is expressed at a low level in the ectoderm of tadpole tail and limb buds, but its expression significantly increased in the regenerative epithelium already on the 1st day after the amputation of these appendages (Tereshina et al., 2019).

In humans, agr2 is activated in most adenocarcinomas and promotes cell proliferation and cancer progression (Li et al., 2015a; Tsuji et al., 2015; Moidu et al., 2020). A similar role was also demonstrated for agr3 (Adam et al., 2003; Jian et al., 2020). It was shown that Agr2 stabilized hypoxia-inducible factor-1a HIF1 in breast cancer cells (Li et al., 2015b). Notably, the inhibition of HIF-1α was recently shown to impair regeneration, whereas stabilization of HIF-1α induces regeneration in the refractory period (Ferreira et al., 2018). This finding may indicate a possible mechanism promoting regeneration through stabilization of HIF1α by Agr2. It was also reported that the interaction of Agr2 with the epidermal growth factor receptor and with vascular endothelial growth factor A (VEGF-A) in ER could enhance the activities of these signaling pathways (Dong et al., 2015; Jia et al., 2018).

Despite the role of agr2 in newt limb regeneration being established (Kumar et al., 2007; Grassme et al., 2016) and elevated expression of ag1 and agr2 being shown during the regeneration of the frog (Xenopus laevis) tadpoles limbs and tails (Ivanova et al., 2013), it is still unknown whether these two genes also play critical roles in frogs’ regeneration abilities. Additionally, answering this question would contribute to a better understanding of whether the disappearance of ag1 in the evolutionary younger vertebrate species, in particular in mammals, could be one of the critical reasons for the sharp decline in their ability to regenerate body appendages (Khyeam et al., 2021). Previously, we hypothesized and presented evidence that such a decline, as observed in groups of animals that appeared later in the evolution than amphibians, could be the result of the loss of some genes in their ancestors, which still regulate regeneration in the extant fishes and amphibians (Ivanova et al., 2013, 2015, 2018; Korotkova et al., 2019).

To verify if ag1 could be one of such genes, we analyzed the effects of ag1 downregulation and overexpression on the regeneration of Xenopus laevis tadpoles’ tails. In addition, we investigated the effects of the downregulation and overexpression of agr2, whose role in regeneration in frogs, as far as we know, has not been tested before. As a result, we demonstrate the essential roles of both ag1 and agr2 at the cellular and gene expression levels for tail regeneration and blastema cell proliferation. In addition, we found that both overexpression of either of these two genes and treatment of tadpoles with the recombinant protein product of either of them restores regeneration in the refractory period when amputated tail tips cannot regenerate in normal development (Slack et al., 2004). These results confirm the critical role of ag1 and agr2 for regeneration in frogs and provide an additional argument in favor of the hypothesis that connects reduction of the regenerative abilities in warm-blooded vertebrates with the loss of some important genes, in particular ag1, in their ancestors.



MATERIALS AND METHODS


Manipulations With Tadpoles and Embryos

All experiments with animals were approved by the Animal Committee of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry (Moscow, Russia) and the Animals (Scientific Procedures) Act 1986, and the Declaration of Helsinki (Hollands, 1986). Amputation and injections of Xenopus tails were performed with MS222 anesthesia.



Experiments With Morpholino Oligonucleotides

To test the effects of ag1 and agr2 downregulation, conventional morpholino oligonucleotides (MOs), vivo-morpholinos (vivo-MOs) and photo-activating morpholinos (photo-MOs)1 were used (see Supplementary Figure 1 for MOs structure, specificity and efficiency).

In brief, 4–8 cell embryos were injected in blastomeres, mostly giving rise to the tail bud, with conventional MOs specific to ag1 and agr2 mRNAs (4–5 nl of 0.3 mM MO water solution per blastomere) and incubated at 20–22°C until stages 40–42. After tail amputation, tadpoles were incubated at 20–22°C for 1–7 days. Regenerates of 1–7 days were used for regeneration rate analysis, immunochemistry and qRT-PCR. However this approach has one significant weak point. As Agr genes are very important for early development the injections at 4–8 blastomere stages sometimes did not allow to avoid totally Agr MO influence on early development leading to high percent of abnormal and dead tadpoles.

To minimize the possible early effects of conventional MOs, we temporary inactivated them by the complementary photo-MOs, which contained photo-sensitive bonds cleavable with 365 nm light (GeneTools). As a result, ag1 and agr2 mRNA translation was not blocked until the embryos were illuminated at the desired stage with 365 nm light, which induces cleavage of photo-MOs and the release of anti-sense MOs. The 4–8 cell embryos were injected (4–5 nl) with 0.3 mM solution of the corresponding anti-sense MO mixed with the sense photo-MO in a dilution of 1:1.3 according to the manufacturer’s recommendations. Importantly, all procedures during and after injections were performed under > 560 nm light (we used a red lamp in a dark room). All embryos were then incubated until stage 40–42 in dark conditions. Before amputation, the tadpoles were exposed for 30 min to 365 nm UV light for activation (releasing) of anti-sense MO. After tail tip amputation, they were incubated at 20–22°C in daylight for 1–7 days. Regenerates of 1–7 days were used for regeneration rate analysis, immunochemistry and qRT-PCR. Photo-MOs are extremely effective, but all procedures with them must be performed under red light, which leads to increased run-off of the MO solution as it was necessary to check the flow from the capillary before each injection. As photo-MOs are used together with conventional MO, experiments with them become quite expensive. Unfortunately, it worth noting that nowadays Gene-Tools no longer produces photo-MO.

In the third approach, we injected fresh tail stumps by the anti-sense vivo-MOs, which can penetrate through plasma membrane due to a unique covalently linked delivery moiety. Thus, local injection of vivo-MO at a certain developmental stage allows one to knock-down the target gene at the desired spatio-temporal parameters. After amputation, the anesthetized tadpoles were transferred from a 0.1 MMR solution (Marc’s Modified Ringer’s solution) with MS322 anesthetic to Petri dishes with a 3% agarose layer. For better spreading of vivo-MO, we injected 0.4 mM solution in a mixture with the fluorescent tracer FLD into the notochord and both fins in the direction of tail growth near the amputated edge immediately after amputation. We repeated injections once per day during 1–4 dpa. After blastema formation, we injected the solution into the fins and notochord and the blastema. On 7–8 dpa, tadpoles with both normally and abnormally regenerated tails were counted. Additionally, at 1–4 dpa, the regenerated tails were collected for immunochemistry, and total RNA extraction was carried out for qRT-PCR.

For statistical analysis, all tails for simplicity were divided into only two categories: (1) regeneration was considered complete, when good regeneration, similar to the regeneration in most control tails, was observed; (2) regeneration was considered defective if the tail did not grow at all or some defects were observed, such as non-regenerating or partially regenerating fins and a curved thin notochord, without surrounding fin blade. In all experiments statistical significance was calculated with t-test for independent samples.



RNA Synthesis and Overexpression Experiments

Synthetic mRNAs were obtained by in vitro transcription using mMessage Machine SP6 Kit (Ambion) and ag1/agr2-pCS2 plasmids linearized by Not1. For the over-expression experiments, injections (4–5 nl) of the following concentrations of mRNA were used: agr2 (300 ng/μl) and ag1 (300 ng/μl), ag1 + agr2 (150 ng/μl + 150 ng/μl). Experiments were performed according to the previously validated method. In brief, we injected 4–8-cell embryos using the solution of the target mRNA and RDA (Rhodamine-labeled dextran-amine) into the blastomeres of the prospective tail buds. The control tadpoles were injected with a water solution of RDA. After tail amputation in the refractory period (stages 46–47), tadpoles were incubated for 1–7 days. Then, regeneration rates were analyzed on morphological (7 dpa), cellular (2–3 dpa) and gene expression levels (0–2 dpa). In total, 400–500 tadpoles were analyzed in three independent experiments for each of control, ag1 and agr2 mRNA. To justify this method of ag1 and agr2 overexpression, we demonstrated by qRT-PCR that the injected mRNA presented in tips of tadpoles’ tails during the refractory period in amounts several times higher than the mRNA of the endogenous ag1 and agr2 (Supplementary Figure 2).



In situ Hybridization, Immunostaining and Terminal Deoxynucleotidyl Transferase Mediated dUTP Nick End Labeling Assay

For in situ hybridization, we used the protocol described by Harland (1991). To obtain antisense dig-RNA probe for cyclin D1, we cloned its cDNA into a pAL2-T vector (Evrogen) and conducted in vitro transcription from the PCR-product with dig-NTPs (Roche) and SP6-RNA-polymerase (Thermo Fisher Scientific).

For immunohistochemistry staining, we used the same protocol as previously described in detail (Ivanova et al., 2018). The following antibodies were used: primary rabbit anti-phosphohistone H3 (Millipore, cat. #DAM1545035) (1:100), secondary anti-rabbit CF568 (Sigma, cat. #SAB4600400 and #SAB4600425) (1:500) and anti-rabbit-FITC (Sigma, Cat. # F9887) (1:100). The results were processed by ImageJ software.2

The DeadEnd Fluorometric TUNEL System (Promega, Cat. #G3250) was used to reveal the apoptotic cells. The detailed protocol was described previously (Ivanova et al., 2015).

During these experiments, we determined the border between the old and regenerating part of the tail taking advantage of the fact that even after 5–7 dpa, the regenerating part has more transparent notochord and less structured muscles.



qRT-PCR

qRT-PCR was performed and evaluated as described previously in Ivanova et al. (2013). Briefly, for total RNA extraction from the regenerating tail tips (1–4 dpa) and isolation, we used, respectively, an RNA extract reagent (Evrogen) and RNA isolation KIT (Evrogen). About 20–30 tails were used for each sample for total RNA extraction. For both MO injections and controls, we took tail’s’ tip tissues, cutting off a piece of the stump proximally to the amputation level extending at a distance of 1/4–1/5 of the tail width from the amputation level. To equalize the amount of tissue, we usually used 5–10 more tails in experimental samples than in the control ones. The RNA quality and concentration were measured by NanoPhotometer N60 (Implen). The reverse transcription (RT) of purified RNA samples was carried out using the M-MLV reverse transcriptase kit (Evrogen) according to the manufacturer’s guidelines. The qPCR with marker primers (see Supplementary Material) and the qPCR-mix HS SYBR (Evrogen) were conducted on the DTprime 4 qPCR amplifiers (DNA-Technology) with a standard 40-cycle hot start program. The obtained PCR data were calculated using the ΔΔCt method. The geometric mean of expression of ODC and EF-1alpha (housekeeping genes) was used for the normalization of gene expression levels. The normalized PCR signal of the 0 dpa sample was taken as an arbitrary unit (a.u.) in each series. The data for each gene expression were calculated in 3–7 independent experiments.



Treatment of Tadpoles With Recombinant Ag1 and Agr2 Proteins

After amputation of the tips of the tails, the tadpoles were incubated in 50 ml Petri dishes with 0.1 MMR, to which recombinant Ag1 and Agr2 were added once to a final concentration of 3 μg/ml (see Supplementary Materials and Supplementary Figure 3 for the procedure of the purification of the recombinant proteins and testing their integrity at successive days after addition to the medium with tadpoles). The same final concentration of BSA was used in the control experiments.




RESULTS


Downregulation of Ag1 or Agr2, or Both, Suppresses Tail Regeneration

Previously, we demonstrated that both in the amputated tails and hind limb buds of Xenopus laevis tadpoles, the expression levels of ag1 and agr2 had strongly increased on the first day postamputation (1 dpa), reaching a maximum on the 2 dpa, and gradually decreased afterward (Ivanova et al., 2013). Using the regeneration of the amputated tails as a model, we then decided to verify if such activation of the expression of these two genes is necessary for successful tail regeneration.

To this end, we arranged a series of experiments in which we investigated the effects on tail regeneration of the downregulation of ag1 and agr2, alone or together, provoked by the antisense morpholino oligonucleotides (MO) to their mRNA. To achieve the greatest reliability, we used three different types of MOs: conventional MO, photo-MO and vivo-MO.

We injected the conventional MO into the blastomeres of 4–8 cell-stage embryos, which in most cases gives rise to tadpoles’ tails. To minimize the likelihood of possible early effects of the conventional MO, which could have long-term consequences, thus affecting tail regeneration, we downregulated ag1 and agr2 by an photo-inducible morpholinos using mixture of anti-sense conventional MO with sense photo-MOs (further named photo-MO). Although photo MOs were injected into the early embryos in the same way as conventional MOs, they were inactive almost until the tail amputation, when we activated them by 365 nm blue light (see “Materials and Methods” section for details). Finally, to avoid any manipulation of the embryos until the tadpole stage, we used ag1 and agr2 vivo-MOs, which can penetrate through plasma membrane due to a unique covalently linked delivery moiety. In these experiments, we injected vivo-MOs directly into the tail tips immediately after amputation.

On 4–5 dpa, we scored the regeneration effectiveness in each experimental group, comparing it with that in the groups of the control sibling embryos injected with the control MOs (Figures 1A–E). As a result, we established that whereas in all control (control and control MO) groups there were about 90–95% of normally regenerating tails, the percentage of such tails was dramatically lower in the groups of tadpoles in which ag1 and agr2 were downregulated alone or together. In these groups, the percentage of normally regenerating tails varied from 20 to 38% depending on the type of MOs (Figure 1E). We also confirmed these effects of ag1 and agr2 downregulation by revealing at 2 dpa in the amputated tail tip tissues a strong decrease in the expression of three essential regulators of tail regeneration, fgf20, msx1b and wnt5a (Beck et al., 2003; Lin and Slack, 2008; Figure 1F).
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FIGURE 1. Downregulation of ag1and/or agr2 genes leads to regeneration blockage. (A,A’) Imaging of Xenopus laevis tadpoles developed from embryos injected with control morpholino oligonucleotides (control MO) and regenerating tail tip at two developmental timepoints corresponding to 2 and 4 days post amputation (dpa). Lateral view, dorsal to the top. Dashed red line indicates amputation level. Sc, spinal cord; nt, neural tube; m, muscles. Tail tip regeneration is dramatically reduced if ag1 and/or agr2 genes are downregulated by injection of embryos with ag1 vivo-MO (B,B’), agr2 vivo-MO (C,C’), or both (D,D’). (E) Quantification of normal regenerates percentage among controls and ag1/agr2 morphants. N—number of tails analyzed. Error bars indicate SD. Statistical significance was determined with t-test for independent samples; the results are statistically significant, p < 0.001 (asterisk). (F) qRT-PCR analysis of expression levels changes of regeneration markers wnt5a, msx1 and fgf20 during the regeneration process (at 0 and 2 dpa) in amputated tails of tadpoles injected with control, ag1 and/or agr2 vivo-MO. The value of normalized PCR signal in the 0 dpa sample, harvested immediately after amputation, was taken as an arbitrary unit in each series. Dpa—days post amputation. Error bars indicate SD, t-test, p < 0.05 (asterisk).


All these results confirm that the activity of ag1 and agr2 during the first days after amputation is essential for tail regeneration.



Ag1 and Agr2 Downregulation Suppresses Cell Proliferation but Does Not Affect Apoptosis in the Regenerating Tail Tissues

As was discovered, downregulation of ag1 and agr2 resulted in a significant shortening of tail regenerates or the absence of growth or elongation. To verify if these effects were the result of cell proliferation inhibition, apoptosis activation, or both, we compared cell proliferation and apoptosis in the regenerating tail tips of the control tadpoles and those in which ag1 and agr2 were downregulated by photo- and/or vivo-MOs.

When we had analyzed the mitotic activity using monoclonal antibodies to the specific marker of the S-phase, phosphor-histone 3B, a decrease in the number of mitotic cells in the 1–2 dpa regenerating tails with downregulated ag1, agr2, or both, as compared to the control tails, was detected. Notably, the effect was more pronounced in tails injected with ag1 MOs (Figures 2A–E). In some of the tails with downregulated ag1 or agr2, we observed that the number of dividing cells in the tail area near the amputation plane was much less than in the control tails (compare Figures 2A,A’ with Figures 2B–D’). During early period of regeneration (1–4 dpa), an intensive epithelial cell proliferation covering the injury followed by dedifferentiation and proliferation of blastema cells took place (Tseng and Levin, 2008). In support of the critical roles of ag1 and agr2 for cell proliferation, we also revealed by qRT-PCR a statistically significant decrease in the expression levels of several cell cycle regulatory genes, cyclin D1, cdk4 (cyclin-dependent kinase 4) and cdca9 (cell division cycle-associated 9) (Sampath et al., 2004; Musgrove et al., 2011), in the regenerating tail tissues of tadpoles at 1–4 dpa with downregulated ag1, agr2, or both, as compared to the control vivo-MO tails (Figure 2F).
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FIGURE 2. Cell proliferation is inhibited in regenerating tails under ag1 and/or agr2 downregulation conditions. (A,A’) The transmitted light and fluorescent images of regenerating tails of tadpoles injected with solution of control vivo-MO after immunostaining with primary rabbit anti-pH3 and secondary anti-rabbit antibodies conjugated with red fluorescent protein CF568 demonstrate mitotic activity in the regenerating area at 2 and 4 dpa, respectively (see E for statistics). Transmitted light and immunostained fluorescent images of tadpoles injected with ag1 vivo-MO (B,B’), agr2 vivo-MO (C,C’), or a mixture of them (D,D’), show strong inhibition of mitotic activity at 2 and 4 dpa. Dashed yellow line indicates amputation level. (E) Quantification of number of mitotic cells per 1 mm2 of tail regenerating area. Data of five independent experiments (10 tadpoles of each injection type were used in 1 experiment) were used for statistical analysis; statistical significance was determined by t-test for independent samples, p < 0.05 (asterisk). Error bars indicate SD. (F) qRT-PCR analysis of expression levels changes of cell cycle markers cyclin d1, cdk4, and cdca9 during the regeneration process (at 0, 1, 2, and 4 dpa) in amputated tails of tadpoles injected with control, ag1 and/or agr2 vivo-MO. The value of normalized PCR signal in the 0 dpa sample, harvested immediately after amputation, was taken as an arbitrary unit in each series. Dpa—days post amputation. Error bars indicate SD, t-test, p < 0.05 (asterisk).


In addition, we examined changes in the spatial pattern of cyclin D1 expression by in situ hybridization on regenerates with normal and downregulated expression of ag1/agr2. During normal regeneration, cyclin D1 mRNA was clearly detected in the formation of blastemas at 2 and 3 dpa (Figures 3A–B’). This spatiotemporal pattern of cyclin D1 expression correlates well with the data of intensive cell proliferation of dedifferentiated cells in the forming blastema. However, in the tails injected with ag1/agr2 MO, cyclin D1 expression was significantly reduced (Figures 3C–D’).
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FIGURE 3. Downregulation of ag1 and agr2 during regeneration is accompanied by cell cycle regulator cyclin d1 expression blockage but does not affect apoptosis activity in the regenerating tail. (A,A’). Results of in situ hybridization of non-injected control regenerating tails as well as tails injected with control vivo-MO (B,B’) demonstrate active expression of cyclin D1 at 2 and 3 dpa predominantly in blastema cells. Knock-down of ag1 (C,C’) as well as agr2 (D,D’) by specific vivo-MOs result in a high reduction of cyclin d1 expression at 2 and 3 dpa. Bl—blastema, we—wound epithelium. Dashed red line indicates amputation level. Lateral view, distal to the right. (E–G) TUNEL analysis of apoptotic cells pattern in 2 dpa regenerating tails injected with control vivo-MO (E), ag1 vivo-MO (F) or agr2 vivo-MO (G). (H) Statistical analysis of number of TUNEL-labeled nuclei per 1 mm2 of regenerating region, distal to the amputation level (yellow dashed line). N—number of tails analyzed.


Thus, we concluded that the activities of ag1 and agr2 are necessary for active cell proliferation in the regenerating tails.

Then, to test if the increased cell death could also give rise to the suppression of tail regeneration in tadpoles with downregulated ag1 and agr2, we investigated patterns of the apoptotic cells in regenerating tadpole tails injected with ag1, agr2, or control vivo-MO, using the TUNEL assay. However, we could not find statistically significant differences in the mean density of apoptotic cells after injections of ag1/agr2 vivo-MO between normally regenerating tails and tails with suppressed regeneration, neither in the regenerating tips themselves nor the regions proximal to the level of amputation (Figures 3E–H and Supplementary Figure 4). These results indicate that the suppression of tail regeneration caused by downregulation of ag1 and agr2 was not the result of changes in the normal intensity of apoptosis.



Overexpression of Ag1 and Agr2 Can Unlock the Blockage of Regeneration in the Refractory Period

Despite Xenopus laevis tadpoles, in general, being able to regenerate amputated tails, there is a special refractory period between stages 45 and 47, during which the regeneration ability is temporarily blocked (Slack et al., 2004). While initial causes of this blockage are not completely known, it was shown that critical processes for the earliest steps of regeneration processes such as reactive oxygen species production, activation of the HIF-1α pathway and recruitment of innate immune cells to the injury site (such as macrophages) are downregulated in this period (Fukazawa et al., 2009; Love et al., 2013; Ferreira et al., 2018). Activation of these processes by various experimental cues was shown to be sufficient for the activation of tail regeneration in the refractory period. Moreover, downregulation in this period of several other late regulators of tail regeneration was reported, and the activation of regeneration in case of their overexpression was also demonstrated (Tseng et al., 2010; Kakebeen and Wills, 2019). Notably, we previously demonstrated the same for two proteins, whose genes were lost during evolution in poorly regenerating higher vertebrates: for small GTPase Ras-dva1 and the transmembrane modulator of FGF and purinergic signaling, c-Answer (Ivanova et al., 2018; Korotkova et al., 2019).

To arrange similar testing for ag1 and agr2, we first compared their normal expression dynamics after tail amputation was performed before the refractory period, at stages 40–42, with the expression dynamics when the amputation was performed directly during this period, at stages 45–47. Consistent with our previous results (Ivanova et al., 2013), we found that before the refractory period, the expression of ag1 and agr2 strictly increased by six to nine times on the first and second days after amputation (Figure 4A). At the same time, in the tails amputated during the refractory period, the expression of both these genes remained at a low level during at least 5 dpa (Figure 4A).
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FIGURE 4. Regeneration blockage during tadpoles’ refractory period can be unlocked by ag1/agr2 over-expression or incubation in solution with purified Ag1/Agr2 proteins. (A) The qRT-PCR results show the difference in expression dynamics of ag1 and agr2 at 0–5 dpa in tadpole regenerates upon amputation at stage 40–42 or in the refractory period. The value of normalized PCR signal in the 0 dpa sample, harvested immediately after amputation, was taken as an arbitrary unit in each series. Dpa—days post amputation. Error bars indicate SD, t-test, p < 0.05 (asterisk). (B) Scheme of the experiment with ag1/agr2 over-expression and types of analysis of the regeneration process in the refractory period. (C) Statistical analysis of regeneration success of tadpoles, developed from embryos injected with a solution of FLD, either ag1 or agr2 mRNA (or both), and amputated in the refractory period. The picture shows the average values. (D) The transmitted light images of tails of corresponding tadpoles on 7 day post amputation in the refractory period demonstrate total regeneration of tails in tadpoles over-expressing either ag1 or agr2 mRNA (or both). (E) qRT-PCR analysis of expression levels changes of regeneration markers msx1b, wnt5a, and fgf20 and cell cycle markers cyclin d1, cdk4 and cdca9 during the regeneration process (at 0 and 2 dpa) in amputated tails of tadpoles injected with RDA, ag1 or agr2 mRNA solution. The value of normalized PCR signal in the 0 dpa sample, harvested immediately after amputation, was taken as an arbitrary unit in each series. Dpa—days post amputation. Error bars indicate SD, t-test, p < 0.05 (asterisk). (F) Scheme of the experiment with tadpoles amputated in refractory period and incubated in solution with BSA, Ag1 or Agr2 purified proteins (see Supplementary Material for the procedure of the recombinant proteins preparation and Supplementary Figure 3B for testing the integrity of the proteins in the medium with tadpoles). (G,G’) The transmitted light images of tadpoles tails on day 7 post amputation in the refractory period after incubation in BSA solution (G) or in solution with Ag1 or Agr2 proteins (G’) demonstrate total regeneration only in the latter variants. (H) Statistics of normally regenerated tails percentage among tadpoles amputated in refractory period and incubated with BSA or purified Ag1 or Agr2 proteins. N—total number of tadpoles used in three independent experiments.


Then, we tested whether tail regeneration in the refractory period could be initiated by overexpression of the ag1 and/or agr2. Indeed, when we overexpressed any of these genes in tadpoles by a previously validated method of injecting synthetic mRNA in the tailbud precursor blastomeres of embryos in stage 4–8 blastomeres (Ivanova et al., 2018), we obtained results clearly confirming the ability of the overexpressed ag1 and agr2 to rescue tail regeneration in refractory period (Figures 4B–E). Thus, if in the control groups 85–88% of the amputated tails did not regenerate at all or were with various defects, and only 12–15% normally regenerated, in the groups of tadpoles injected with ag1 mRNA, only 35–45% of tails regenerate with defects or not regenerate and 55–65% regenerated normally. Similar results were obtained for the amputated tails overexpressing agr2 mRNA or a mixture of ag1 and agr2 mRNAs: the corresponding values were 32–54% and 46–58% in the first case and 35–40% and 60–65% in the second (Figures 4C,D).

Importantly, after analyzing tails overexpressing ag1 and agr2, which were amputated in the refractory period, the expression of two regulators of tail regeneration, msx1b and wnt5a, was increased compared to the control amputated tails (Figure 4E). These results indicate that overexpression of ag1 and agr2 is sufficient to induce regeneration in the refractory period leading to the activation of at least some key signaling pathways that normally regulate regeneration.

The analysis of the proliferative status also showed similar results to the normal regeneration increase in the expression of cell cycle markers, cyclin D1, cdk4 and cdca9 and the mitotic index in the amputated refractory tails of tadpoles overexpressing ag1 and agr2 compared with the control ones (Figure 4E and Supplementary Figure 5).

The data obtained suggest that Agr proteins restore regeneration ability during the refractory period by activating, directly or indirectly, mitotic activity and signaling pathways essential for regeneration.



Ag1 and Agr2 Recombinant Proteins Can Reactivate Tail Regeneration in the Refractory Period Indicating Their Direct Influence Upon Stump Cells

Since in the experiments described above we activated regeneration in refractory tails by injecting ag1 and agr2 mRNAs into early embryos, it remained unclear whether such activation was actually caused by the direct influence of these proteins on the stump cells or whether it was a result of some of their actions in earlier stages. In addition, in these experiments, it was impossible to distinguish which of the two possible modes of action of Ag1 and Agr2 was decisive for the activation of regeneration: from the outside or from the inside of cells. As is known, Agrs can operate either in the endoplasmic reticulum or the Golgi apparatus, where they perform the function of chaperones, changing the conformation of proteins, including, possibly, some signaling factors essential for regeneration, or, they can be secreted from the cell, executing functions of such signaling factors themselves (Maurel et al., 2019; Delom et al., 2020).

To determine whether Ag1 and Agr2 could act directly from the outside of cells of the refractory stumps, we arranged experiments in which we treated the stumps with the recombinant Ag1 and Agr2 proteins. In these experiments, we added purified recombinant Ag1 and Agr2, or BSA as a control, in the final concentration of 3 μg per ml (see Supplementary Materials for details of how they were obtained and purified) to the refractory tadpoles (stage 46) kept in 0.1 × MMR, immediately after tail tip amputation. At 2 dpa, the proteins containing the mediums were changed for 0.1 × MMR, and tadpoles were incubated at room temperature until 5 dpa when the regeneration efficiency was scored as compared to control (Figure 4F).

As a result, we detected an evident increase in the tail regeneration frequency in the groups of tadpoles treated by the recombinant Agr proteins. Thus, if there were only 10–15% of regenerating tails in the control group, in the groups of tadpoles treated by Ag1 or Agr2, we revealed 55 and 50% of complete regenerates, respectively (Figures 4G,H). These results indicate that Ag1and Agr2 can activate tail regeneration in the refractory period by influencing the stump cells from the outside.




DISCUSSION

In this work, we have presented the following line of evidence confirming that both ag1 and agr2 are important for tail regeneration in Xenopus laevis.

First, suppression of any of these genes by any of the three types of antisense morpholinos, namely, ordinary MO, vivo-MO and photo-MO, resulted in the suppression of tail regeneration, accompanied by the suppression of blastema cell proliferation and downregulation of the regeneration marker genes. Importantly, the fact that distinct suppression of regeneration was observed when the MO activity was switched on just before tail amputation (vivo-MO and photo-MO) confirms that the effect was indeed the result of ag1 or agr2 downregulation.

Second, the overexpression of ag1 or agr2 in tadpoles, which was achieved by microinjection of mRNA encoding these proteins into embryos, resulted in the re-activation of tail regeneration in the refractory period. Concomitantly, enhanced regeneration genetic markers and cell proliferation was observed in the tips of the amputated tails of these tadpoles.

Excitingly, it also appeared to be possible to induce regeneration in the refractory period by treating tadpoles after amputation of their tail tips with any of the recombinant ag1 and agr2 proteins. The latter result is critically important because it confirms the specificity of the artificial enhancement of ag1 and agr2 levels for the re-activation of regeneration in the refractory period. Previously, only the entry into the S phase of newt blastema cells growing in culture after the addition to this culture of agr2 recombinant protein was shown (Grassme et al., 2016). The results of our experiments demonstrate that even complete tail regeneration can be triggered by the treatment of tadpoles with Agr proteins.

It was established earlier that during limb regeneration in newts, agr2 is secreted at first by Schwann cells of the limb nerve sheath (Kumar et al., 2007). In turn, agr2 secreted by these cells induces its own expression in the secretory cells of the regenerative epithelia covering the wound (Kumar and Brockes, 2012). The agr2 expression in these secretory cells is absolutely critical because it triggers all processes of regeneration, including blastema growth (Kumar et al., 2007; Kumar and Brockes, 2012). In addition, the authors of cited papers revealed that during this Agr2 may operate through its receptor Prod1.

According to the recently published atlas of single-cell transcriptomics, both ag1 and agr2 are also expressed during the regeneration of the Xenopus laevis tadpole tails in the epithelial secretory cells (Aztekin et al., 2019). However, their expression is not detected in the population of cells of the wound epithelia, which was shown in the same work to play a primary role in governing tail regeneration, i.e., in regeneration organizer cells (ROC). The latter cells specifically produce many signaling factors, in particular, Bmp2, Bmp4, Fgf4, Fgf7, Fgf9, Fgf10, Wnt3a, Wnt5a, and Wnt7b, whose activities are necessary for regeneration (Aztekin et al., 2019). Therefore, one may predict that in case of stimulation regeneration via modifying the activity of the aforementioned factors or their receptors, Ag1 and Agr2 diffusing from secretory epithelial cells should either interact with these factors directly in the intercellular space or change their synthesis by influencing ROC or other cells also from the intercellular space. Also, Agrs may operate via the Xenopus homolog of Prod1, their own receptor Tfp4, which is abundantly expressed in the regenerative epithelia (Tereshina et al., 2019). In turn, this may indicate that the recombinant Ag1 and Agr2 in our experiments could stimulate the regeneration in a similar manner, i.e., by modifying the activities of the aforementioned signaling factors, their receptors or operating through Tfp4 in the intercellular space. To confirm these predictions, it would be important in the future to test if recombinant ag1 and agr2 are able to rescue tail regeneration in the context of endogenous ag1 and agr2 downregulated by anti-sense morpholinos.

As we have established, the downregulation of even one of the two tested Agr genes appeared to be sufficient to suppress tadpole tail regeneration. This result indirectly confirms that the loss of ag1 alone in the ancestors of warm-blooded animals could be one of the reasons that led to the decline in their regenerative potencies. Earlier, we demonstrated essential roles of two other proteins for the regeneration of body appendages in fishes and amphibians, whose genes were lost in warm-blooded animals: small GTPase Ras-dva and transmembrane modulator of FGF and purinergic signaling c-Answer (Ivanova et al., 2018; Korotkova et al., 2019). Thus, the present work reveals the critical role of ag1 for frog tadpole tail regeneration and provides one more argument in favor of our hypothesis that connects the reduction of regenerative abilities in the warm-blooded animals with the loss of some important genes in their ancestors.
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Mouse digit amputation provides a useful model of bone growth after injury, in that the injury promotes intramembranous bone formation in an adult animal. The digit tip is composed of skin, nerves, blood vessels, bones, and tendons, all of which regenerate after digit tip amputation, making it a powerful model for multi-tissue regeneration. Bone integrity relies upon a balanced remodeling between bone resorption and formation, which, when disrupted, results in changes to bone architecture and biomechanics, particularly during aging. In this study, we used recently developed techniques to evaluate bone patterning differences between young and aged regenerated bone. This analysis suggests that aged mice have altered trabecular spacing and patterning and increased mineral density of the regenerated bone. To further characterize the biomechanics of regenerated bone, we measured elasticity using a micro-computed tomography image-processing method combined with nanoindentation. This analysis suggests that the regenerated bone demonstrates decreased elasticity compared with the uninjured bone, but there is no significant difference in elasticity between aged and young regenerated bone. These data highlight distinct architectural and biomechanical differences in regenerated bone in both young and aged mice and provide a new analysis tool for the digit amputation model to aid in evaluating the outcomes for potential therapeutic treatments to promote regeneration.

Keywords: regeneration, bone, aging, biomechanics, elastic modulus, digit regeneration


INTRODUCTION

The ability to regenerate limb structures, where new growth replaces both the amputated bone and surrounding soft tissue, varies widely in vertebrates. While the axolotl is able to completely regenerate an entire limb after amputation, de novo regeneration is extremely limited in mammals. In rodents, monkeys, and humans, regeneration is restricted to only the distal one-third of the third phalangeal element (P3). More proximal amputations, either in the same bone, in more proximal bones (P2), or through long bones such as the femur, result in the formation of a hypertrophic callus and failed regeneration. The regenerative response of the digit tip has been well documented in rodents, monkeys, and humans (Bryant et al., 2002; Brockes and Kumar, 2005; Han et al., 2008; Fernando et al., 2011; Simkin et al., 2013); and significant efforts have been placed on dissecting out the distinguishing signaling pathways differentiating a regenerative vs. a non-regenerative amputation. However, little information exists regarding the biomechanical properties of the regenerated bone. This information gap is largely due to the unusual shape and size of P3, and the fidelity of regenerative outcomes has been based predominantly on the ability to recapitulate the bone architecture and not biomechanical properties of the regenerated bone, such as hardness and elasticity.

To overcome these limitations and explore the biomechanical properties of skeletal regeneration, we utilized both nanoindentation and micro-computed tomography (microCT) image-processing methods for the assessment of elasticity in the whole P3 bone (Hoffseth K. et al., 2021) and evaluated the impact of aging on bone elasticity after regeneration. In this study, we showed that the elasticity measurements calculated from our processing method are able to detect age-dependent differences in elasticity that small samples of Young’s modulus values, generated from directly measured reduced modulus values from nanoindentation, are not able to detect (Hoffseth K. et al., 2021).

By using this processing method, we found that age increases the elasticity of the distal tip of the unamputated digit, while the process of regeneration predictably decreases elasticity and hardness. Surprisingly, we found that both calculated elasticity and direct measurements of hardness show no significant difference between the 6-month-old (Hoffseth K. et al., 2021) and 18-month-old mice after regeneration. These biomechanical similarities are in contrast with age-dependent differences seen in the bone architecture of young and aged mice. Together these findings underscore the importance of age-dependent bone architecture and suggest that the elasticity of aged regenerated bone maintains high fidelity when compared with young bone. These findings are the first step toward addressing, at least in part, the biomechanical properties of regenerated bone, whether endogenous or engineered, and suggest that interventions to address differences in bone architecture would be impactful. Moving forward, approaches such as finite element modeling, which ties together architecture and biomechanics, will be immensely useful in predicting and evaluating the regenerative outcomes of potential treatment in this digit regeneration model.



MATERIALS AND METHODS


Amputations and Animal Handling

Adult 18- to 20-month-old male and female CD1 wild-type mice were purchased from Charles River (Wilmington, MA, United States). Mice were anesthetized with 1–5% isoflurane gas with continuous inhalation. The second and fourth digits of both hind limbs were amputated at the P3 distal level as described previously (Fernando et al., 2011; Sammarco et al., 2014; Busse et al., 2019), and regenerating digits were collected at day 42 for analysis. The third digit was used as an unamputated control.



Tissue Collection, Fluorescence, and Imaging

Digits were fixed overnight in zinc-buffered formalin (Z-fix; Anatech). Bone was decalcified for 48 h in a formic acid-based decalcifier (Decal I; Surgipath). Once decalcified, all samples were processed for paraffin embedding. Immunofluorescent staining was performed on deparaffinized and rehydrated sections. Antigen retrieval was performed using antigen retrieval solution (Vector, H-3300) prior to blocking with blocking solution (Thermo, 37515). Sections were incubated with anti-CD31 antibody (Abcam, ab182981) overnight at 4°C and subsequently incubated with fluorescently labeled secondary antibodies (1:500) for 1 h at room temperature. Slides were imaged using a Cytation5 with 492/520 nm filter set (N = 3, each group). Registration of the P3 microCT stack to the corresponding CD31 image was performed using FIJI (ImageJ). MicroCT stacks were imported into FIJI as an image sequence in 8-bit grayscale. An arbitrarily oriented cross-sectional slice of the digit was reconstructed from its corresponding set of microCT images, visualized through rotation of the slice plane in relation to the xy, yz, and xz planes using the Volume Viewer plugin (https://imagej.nih.gov/ij/plugins/volume-viewer.html), with tricubic interpolation of voxel values for rendering. The cross-sectional slice was visually compared with the digit CD31 slide, with the best-fit image found by iterative variation of slice rotation in xy, yz, and xz planes and manual matching to the bone in the CD31 slide. The final image was then created through an overlay of the best-fit image on the CD31 slide image.



Micro-Computed Tomography and Density Calculations

Ex vivo microCT images of mouse digits were acquired using a Bruker SkySkan 1172 scanner (Bruker, Kontich, Belgium) at 50 kV and 201 μA, with 2K resolution and an isotropic voxel size of 3.9 μm. Images were captured at a rotation angle of 0.2 with a frame averaging of five. The complete P3 bone was used for analysis. Raw images were processed with Nrecon and Data Viewer (Bruker, Kontich, Belgium). For density calculations, attenuated x-ray data values were calibrated to mineral density using standard 0.25 and 0.75 mg hydroxyapatite density phantoms and converted to grayscale output. Hounsfield units (HU) values obtained from each phantom scan were used to calibrate for bone mineral density (BMD) within the CTan program. Density heatmaps were generated using Bruker software program CTvox where the colorized scale represents the corresponding tissue mineral density values throughout the rendered volume of each sample.



Bone Architecture

Skeletonization and spatial BMD were performed as described previously (Hoffseth K. F. et al., 2021). A three-dimensional parallel thinning algorithm was applied to microCT image data processed by digit, operating on calculated internal void geometry. Skeleton analysis returned a total sum of all internal skeletonized segment lengths by digit. Skeletonization raw data were normalized to the average skeletonization value for unamputated digits from an 18-month-old mouse.



Nanoindentation

Nanoindentation was performed by the Mayo Clinic Biomechanics Core (Rochester, MN, United States). Mouse P3 digits (N = 3 digits, each group) were stripped of all soft tissue and frozen before being embedded in polymethyl methacrylate in acrylic cylinders. Using a combination of a low-speed diamond saw and a polishing/grinding system, the digits were sectioned along the sagittal plane. Once the cross-section of a bone was revealed, it was manually polished using successively finer abrasive cloths (400, 600, 800, and 1,200 grit), with a final polish using a microcloth and slurry of 0.05-μm aluminum abrasive. Indentation testing was conducted on the cortical bone with a nanoindentation system (TI 950, Hysitron, Minneapolis, MN, United States) equipped with a diamond Berkovitch pyramidal tip. A total of 8 sites, 5 distributed across the distal area, and 3 distributed across the proximal area, were tested on each bone. At each site, a 2 × 2 array was indented with 15 μm spacing between indents. Indentation was conducted under load control at a rate of 500 μN/s to a peak load of 2,000 μN with a 60 s hold before unloading to reduce viscoelastic effects. The reduced modulus (Er; GPa) and hardness (H; GPa) were calculated using the Oliver–Pharr model (Oliver and Pharr, 1992, 2004).



Density-Elastic Modulus Calculation

The reduced modulus measurements acquired from nanoindentation were used to calculate Young’s modulus using the Oliver–Pharr model (Oliver and Pharr, 1992, 2004):
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where ν = 0.3 for bone, and Ei = 1,141GPa, νi = 0.07 for the diamond indenter, where ν = Poisson’s ratio of bone, Ei = Young’s modulus of the indenter material, and νi = Poisson’s ratio of the indenter.

Calculation of elastic modulus values utilized a processing pipeline starting with BMD as measured by μCT and using established density-elasticity relationships (Knowles et al., 2016) as detailed in Hoffseth K. et al. (2021) using 6-month-old mice. Mineral density values were calculated as previously described (Hoffseth K. F. et al., 2021) by averaging grayscale pixel intensity using L3-sized voxels (L = 3 pixels) for each representative data point through iterative operation over the digit image stack, reducing computation time without avoiding loss of digit characteristics. We utilized our predictive processing method (Hoffseth K. et al., 2021) to calculate elasticity values for the entire P3 bone in unamputated digits (all cortical bone) and day 42 regenerated digits (both cortical and trabecular bone). As previously described (Hoffseth K. et al., 2021), the density-modulus relationship equation below was used to calculate values of elasticity that were calculated from μCT measured volumetric BMD values using quantitative computed tomography (Knowles et al., 2016).
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Statistical Analysis

Young’s modulus (E) and hardness (H; N = 3, age 6 months; N = 3, age 18 months; one digit per mouse) were analyzed using the two-way ANOVA models for the bone area (proximal or distal) and amputation status (UA or D42) with random effects at the level of mouse and nanoindentation site within mouse using the R package nlme (Pinheiro et al, 2021). Statistical significance was assessed by testing the set of relevant contrasts (UA proximal vs. distal, D42 proximal vs. distal, and UA distal vs. D42 distal) with adjustment for multiple comparisons using the R package multcomp (Hothorn et al., 2008). Numerically calculated elastic modulus values were reduced to 1,000 values per digit and location (proximal or distal) via random sampling. Samples were analyzed with the two-way ANOVA models for the bone area and amputation status with random effects at the mouse level using nlme and multcomp as described above. Local polynomial regression curves were fit to the full set of calculated elastic modulus values for each digit as a function of proximal–distal location using the R function “loess” with span parameter set to 0.33. Differences in the distribution of BMD (N = 5 digits, age 18 months; N = 6 digits, age 6 months) were analyzed using linear quantile mixed models using the R package “lqmm.” Models were fit to assess differences in the 10th, 25th, 75th, and 95th percentiles of the distributions of UA and D42 digits as a function of age, using samples of 2,000 density values per digit with random effects at the level of mouse. Using the same approach, models were also fit to assess differences between UA and D42 digits between 6-month-old and 18-month-old mice.



RESULTS


Internal Void Skeletonization

We previously demonstrated that traditional quantification of bone morphometrics and analysis often does not appropriately address the long, highly variable, vascular-like spaces that are seen during digit skeletal regeneration. We used our previously described skeletonization technique (Hoffseth K. F. et al., 2021) to compare young and aged regenerated digits. For these comparative studies, we used 6-month-old mice, given that the growth ends and the skeleton stabilize around 6 months of age, following post-pubertal changes (Glatt et al., 2007). Using this analytical approach, we compared our previously analyzed 6-month-old digits (Hoffseth K. F. et al., 2021) with our aged digits and found that aged digits have significantly greater lengths of vascular space at day 28 when compared with young regenerated bone at day 28 and that this increase is sustained through day 42 (Figure 1A). Registration of CD31 staining for endothelial cells to the corresponding microCT in an aged digit shows that these inner void spaces are lined with CD31-positive cells (Figures 1B,C). These data support that bone morphology, vasculature, and architecture are impacted by age during skeletal regeneration.
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FIGURE 1. Internal void space. (A) Skeletonization of the internal vascular space of the regenerated digit at day 28 and day 42 relative to the unamputated skeletonization length in 6-month-old and 18-month-old mice. *indicates p < 0.05. N = 11–14 digits. Data are represented as mean ± SEM. (B,C) Void spaces are lined with CD31-positive cells. CD31 (red), dapi (blue). Inset shows (C) close-up CD31-positive area. Arrow indicates CD31+ cells. Representative sample shown: 18-month D42, N = 3. Scale bar = 1,000 μm.




Density

Since it is known that disease states such as osteoporosis decrease mineral density in an age-dependent manner compromising bone mechanics, we next sought to evaluate the impact of aging on mineral density in the regenerated aged digit. Mineral density analysis on aged digits using Python scripting (Hoffseth K. F. et al., 2021) showed that amputated digits had a significantly lower number of low-density values (10th percentile) than the D42 digit, a slightly higher median value, and a larger number of high-density values (0.75 and 0.9 quantiles; Figure 2A), similar to young regenerated digits (Hoffseth K. F. et al., 2021). Having previously analyzed young regenerated digits (Hoffseth K. F. et al., 2021), we then used this data to compare our aged digits with the young digits. Compared with the unamputated young digits, the unamputated aged digits showed an overall shift toward higher values of BMD distribution with significantly higher values (p < 0.05) for almost all modeled percentiles (10th, 25th, 50th, and 75th percentiles; Figure 2B). This age-dependent increase in mineral density was also seen in the regenerated digits where the aged mice also showed an overall shift toward higher values of BMD distribution, with significantly higher values (p < 0.05) in the same percentiles (Figure 2C). These higher mineralization values are predominantly localized in the distal regenerated bone and more specifically in the more central areas of trabecular bone. Interestingly, this increase in mineral density after an injury is not restricted to the regenerated bone and extends to the proximal bone stump as well (Figure 3). Together, these data show that the regenerative process increases the average and maximal mineral density levels and that aging exacerbates this effect. Furthermore, these changes in mineral density and mineral density distribution affect both the original bone stump and the newly regenerated bone.
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FIGURE 2. Bone mineralization. Pooled kernel density estimates compare (A) 18-month-old unamputated and regenerated digits, (B) 6-month-old and 18-month-old unamputated digits, and (C) 6-month-old and 18-month-old regenerated digits, showing the probability (frequency), and spread (density value range) of density values. Best-fit curve with normal distribution (significantly different p < 0.001). N = 10–12 digits.
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FIGURE 3. Distribution of calcium hydroxyapatite (CaHA) in microCT cross-sections of a (A) 6-month and (B) 18-month regenerated bone (D42). N = 11–14 digits. A representative sample is shown.




Nanoindentation

To better understand the effects of aging on the mechanics of skeletal regeneration, we employed nanoindentation to evaluate the impact of aging on the biomechanics of digit microstructure. After converting nanoindentation-derived reduced modulus values to Young’s modulus values (as shown in section “Materials and Methods”), we evaluated Young’s modulus and hardness measurements in both the proximal bone stump and the distal tip of unamputated digits and regenerated digits at day 42 in aged (18 months) mice. We compared the biomechanics of the sample microstructure at a regional tissue level (bone stump vs. regenerated bone). In unamputated digits, aged mice showed no significant change in hardness (p = 0.65) between the proximal and distal regions and no significant difference in Young’s modulus values (p = 0.82). Regenerated digits showed a significant decrease in both hardness (p = 0.001, 95% CI = 0.101 ± 0.066) and Young’s modulus in the distal regenerated bone compared with the uninjured original distal bone (p < 0.001, 95% CI = 1.96 ± 1.31). We then compared hardness and Young’s modulus measurements in our aged mice with 6-month-old young mice (Hoffseth K. et al., 2021). Interestingly, aged digits showed no significant difference in hardness or Young’s modulus between young and aged mice in all comparisons (UA, D42, distal/proximal; p > 0.05).

To better evaluate the aged regenerated bone and potential differences between aged and young bone, we utilized a modeling approach that allowed for numerical calculation of elastic modulus (Hoffseth K. et al., 2021). This approach uses μCT measured values of BMD to calculate predicted elastic modulus values for every representative voxel data point in the reconstructed digit, allowing for better predictive comparisons of the two groups. These comparisons of calculated elasticity were able to better detect differences within aged digits and between the two groups. The aged unamputated digit shows increased elasticity in the distal bone (p < 0.001, 95% CI = 4.6735, −4.1041), while the regenerated digit shows a significant decrease in elasticity distally (p < 0.001, 95% CI = 0.1736, 0.7430; Figure 4).
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FIGURE 4. Elasticity in unamputated and regenerated aged bone. Proximal/distal plotting of numerically calculated (A) unamputated and (B) regenerated (D42) elastic modulus values of individual digits (N = 3 per group). The local polynomial regression curve indicated in green indicates the spatial trend in modulus value.


Collective comparisons of elasticity between the aged and young (Hoffseth K. et al., 2021) groups show that while both the proximal and distal areas of the unamputated digit are lower in elasticity in young mice (p = 0.004, 95% CI = −3.6464, −0.6651, and p < 0.001, 95% CI = −4.3190, −1.3377, respectively), the proximal and distal areas of the regenerated digits are not significantly different between the two age groups (p > 0.05). These data support that while the biomechanical properties of unamputated bone differ between age groups on a nanoscale, the regenerated bone in young mice is remarkably similar to the regenerated bone in aged mice with regard to elasticity.



DISCUSSION

To date, the murine model of skeletal limb regeneration has been analyzed at a tissue level using predominantly bone morphometrics. The goal of this study was to evaluate the impact of aging on regenerated bone, as well as evaluate the resulting biomechanics of the bone after regeneration. While the digit provides an excellent model for assessing skeletal regeneration, constraints involving the size and shape of the bone have made the biomechanical assessment of the P3 bone difficult. Nanoindentation allowed us to evaluate the mechanical properties of nanometer areas of bone tissue and gain further insight as to the attributes of regenerated bone. We previously developed and validated an image-processing method that allowed us to predict voxel elasticity measurements from density measurements in a 3D microCT stack (Hoffseth K. et al., 2021). This predictive method expands the elasticity analysis to the entire microCT stack (Figure 4), increasing the resolution of the elasticity analysis and consequently providing a more rigorous approach that moves beyond physical nanoindentation and individual measures of reduced modulus. Assessing the regenerative biomechanical outcomes of P3 as a model is important in determining the overall effects of altered gene expression and also treatments designed to promote regenerative outcomes. Curiously, what we found was that while elasticity and hardness were reduced in both aged and young (Hoffseth K. et al., 2021) distal regenerated bone compared with the original unamputated bone, there was no statistical difference between the two age groups, suggesting that the major age-dependent changes in skeletal regeneration are architectural.

Our data showing that both hardness and elasticity are reduced in regenerated bone are consistent with the findings in bone healing: newly formed bone has both reduced hardness and Young’s modulus when compared with the original cortical bone (Ishimoto et al., 2011; Vayron et al., 2011, 2012). Studies investigating the elastic moduli in bone lamellae from human cadaver samples using direct measurements also parallel our direct measurement nanoindentation data showing that Young’s modulus and hardness measurements demonstrated no correlation with age, albeit in uninjured bone (Hoffler et al., 2000). Taken together, our findings, combined with others, demonstrate that the aged skeletal regeneration model is able to produce a bone matrix that is similar in biomechanical properties to the young mouse, shifting our focus to age-dependent architectural differences.

Bone mineral density, on the other hand, was affected by both regeneration and age. Analysis of BMD showed that both regeneration and increased age resulted in BMD values that were skewed into the higher values. Prior data in aged sheep show that the normal process of aging increases mineralization in the trabeculae and subsequently increases mineralization heterogeneity (Brennan et al., 2014), similar to what we see during the regeneration and aging process. While this increase in mineralization is not enough to also increase the overall elasticity properties of the terminal phalange, increased BMD should also increase rigidity locally in those areas. This increase in BMD heterogeneity has been studied in other bone models, predominantly fracture healing. Bone remodeling (Frost, 1983, 1989; Ingle et al., 1999a) and BMD (Ingle et al., 1999b) are known to increase following fracture injury in humans. This localized response is accompanied by an overall decrease in BMD systemically, in order to increase the availability of minerals stored throughout the body (Osipov et al., 2018; Emami et al., 2019). Loss of heterogeneity in BMD has been attributed to increased risk of fracture, and drastically increased heterogeneity can concentrate strain in areas of low modulus and promote cracks (Osterhoff et al., 2016). Mechanical properties such as elasticity and hardness have been shown not to differ between healthy and osteoporotic bone (Nyman et al., 2016), due in part to the heterogeneity of the bone. While digit regeneration and fracture healing form bone via different processes (direct and endochondral ossification, respectively), the advantages of heterogeneity in BMD and elasticity and hardness in the digit model may parallel those seen in fracture healing, and further investigation should be focused on how this affects the regenerated bone.

Together our data suggest that aged mice are able to regenerate bone with the same elasticity and hardness of the bone observed in young mice. This pivots our focus to the spatial patterning of BMD in the regenerated bone and also to the bone architecture, both of which are altered in the regenerated bone of the aged mouse. Further work addressing the combination of both architecture and biomechanical properties, such as finite element modeling, will be extremely useful to further elucidate the quality of regenerated bone overall. In the meantime, our data are encouraging in those pathways that alter bone architecture and patterning can be targeted to promote better-regenerated bone, particularly in aged models, and suggest that methods to manipulate bone architecture in order to promote strength could be immensely helpful during regeneration. Identifying pathways that promote bone architecture changes, that promote better quality bone formation, and that increase bone mineralization will help to improve the process of regeneration. This analysis method will be impactful in evaluating the regenerative potential of treatments by addressing, at least in part, the biomechanical properties of the regenerated bone.
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Spinal cord injury (SCI) is a devastating lesion to the spinal cord, which determines the interruption of ascending/descending axonal tracts, the loss of supraspinal control of sensory-motor functions below the injured site, and severe autonomic dysfunctions, dramatically impacting the quality of life of the patients. After the acute inflammatory phase, the progressive formation of the astrocytic glial scar characterizes the acute-chronic phase: such scar represents one of the main obstacles to the axonal regeneration that, as known, is very limited in the central nervous system (CNS). Unfortunately, a cure for SCI is still lacking: the current clinical approaches are mainly based on early vertebral column stabilization, anti-inflammatory drug administration, and rehabilitation programs. However, new experimental therapeutic strategies are under investigation, one of which is to stimulate axonal regrowth and bypass the glial scar. One major issue in axonal regrowth consists of the different genetic programs, which characterize axonal development and maturation. Here, we will review the main hurdles that in adulthood limit axonal regeneration after SCI, describing the key genes, transcription factors, and miRNAs involved in these processes (seen their reciprocal influencing action), with particular attention to corticospinal motor neurons located in the sensory-motor cortex and subjected to axotomy in case of SCI. We will highlight the functional complexity of the neural regeneration programs. We will also discuss if specific axon growth programs, that undergo a physiological downregulation during CNS development, could be reactivated after a spinal cord trauma to sustain regrowth, representing a new potential therapeutic approach.
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INTRODUCTION

Worldwide, every year up to 500,000 people experience a spinal cord injury (SCI), which usually causes remarkable dysfunctions and disabilities, determining long-lasting and irreversible motor, sensory, and/or autonomic deficits (World Health Organization, 2013). This tragic condition also determines remarkable economic and social consequences (Thuret et al., 2006).

The pathophysiology of SCI is biphasic, consisting of a primary and a secondary phase, further divisible in other consecutive stages (i.e., immediate, acute, intermediate, and chronic stages). The primary phase involves the initial mechanical injury (compression, distraction, laceration, or transection of the spinal cord): it initiates a cascade of cellular and molecular escalating events, leading to the secondary injury phase. The first hours (immediate stage) are characterized by massive death of neurons and glia, axonal damage, spinal cord swelling, hemorrhage, and ischemia. During the following days/weeks (acute and intermediate stages), inflammation, excitotoxicity, demyelination, formation of the cystic cavity, and glial scar occur most frequently. The chronic phase, starting 6 months after SCI, is characterized by maturation/stabilization of the lesion, continued scar formation, development of cysts or syrinxes, and necrotic death (Vercelli and Boido, 2014). In the first weeks after injury, a spontaneous regenerative attempt can occur, even though it is not sufficient to support a functional recovery; however, in the last phase, the degenerative and inflammatory events become chronic and exacerbate the damage, making any effort to repair vain (Rowland et al., 2008).

Unfortunately, a cure for SCI is still lacking: the current clinical approaches are mainly based on early vertebral column stabilization, anti-inflammatory drug administration, and rehabilitation programs. However, new experimental therapeutic strategies are under investigation, to stimulate axonal regrowth and bypass the glial scar. Understanding the damage mechanisms and unraveling the intrinsic recovery potential of CNS (although limited) is pivotal to treat SCI. In this review, we will describe the key genes, transcription factors (TFs) and miRNAs, involved in axonal outgrowth and regeneration, whose activity can be intertwined and represent an intriguing therapeutic target for SCI.



LEARNING FROM THE EMBRYONIC DEVELOPMENT TO TRIGGER REGENERATION IN ADULTHOOD

Motor disabilities following SCI are essentially due to axotomy affecting corticospinal motor neurons (CSMNs), whose cell body is located in the layer V of the motor and somatosensory cortical areas (often referred to as sensory-motor cortex) (Figure 1). The corticospinal tract (CST) is fundamental to regulate voluntary movements (Oudega and Perez, 2012).
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FIGURE 1. After a spinal trauma, CSMN axons can be severely damaged. CNS shows a limited capability in spontaneous regeneration after injury. Some well-known genes responsible for axonal outgrowth during the development (underlined in the figure) can be experimentally reactivated to support regeneration in the adulthood after SCI. Moreover, other genes and miRNAs (indicated in the panel) are emerging as interesting therapeutic targets, since able to induce sprouting and plasticity, support neurite/axonal regrowth, induce synaptogenesis, and/or inhibit apoptosis after a trauma in the adult CNS. Created with BioRender.com.


The specification of CSMNs, also known as “upper motor neurons,” depends on genes that are progressively restricted and specific to this cell population. CTIP2 is specifically expressed by CSMNs, and not from other pyramidal neurons (as callosal neurons), despite being within the same cortical layer. Interestingly in Ctip2–/– mice CSMN axons show defects in fasciculation, outgrowth, pathfinding, and abnormal developmental pruning of corticospinal axons, and fail in the connection to the spinal cord (Arlotta et al., 2005). Then, long-distance growth of the primary axons is mediated by several chemoattractants or repellants (including netrins, semaphorins, the SLIT family, ephrins, and repulsive guidance molecules) that diffuse into the local environment and guide the growing corticospinal axons (Martin, 2005; Harel and Strittmatter, 2006). During their elongation, the axons form numerous collateral branches; the refinement of corticospinal terminations occurs during a protracted postnatal period and includes both pruning of transient terminations and growth to new targets (Martin, 2005). Moreover, during the development, neurons can effectively extend their axons also thanks to innate genetic programs (Seiradake et al., 2016). Among the genes involved, Krüppel-like factor 7 (KLF7), signal transducer and activator of transcription 3 (STAT3) and Sry-related HMG box 11 (SOX11) encode for TFs widely expressed in the embryonic CNS and PNS during periods of axon growth (Puttagunta et al., 2014; Tedeschi and Bradke, 2017).

At adulthood, neurons stop expressing the genes responsible for developmental axon elongation (He and Jin, 2016) and epigenetic changes occur, with many of the TF binding sites that drive axon growth-related genes becoming inaccessible (Fawcett, 2020). Indeed, one major issue in case of spinal cord trauma is the difficulty in triggering axonal regrowth and/or reorganizing damaged or spared descending pathways. In particular, the CST shows very poor regeneration ability, compared to other pathways (as the nigrostriatal, the extrapyramidal, and autonomic pathways) that bear a relatively high capability to regrow (Brecknell et al., 1996; Di Giovanni, 2009).

To further highlight the differences between immature and mature CNS, in 2019 Tsujioka and Yamashita compared the gene expression profiles of neonatal and adult sham or injured spinal cords (pyramidotomy model), by performing RNA-sequencing and qRT-PCR validation on C4-C7 spinal levels. In comparison with adult mice uninjured, in the postnatal spinal cords genes related to axonal growth, cell proliferation, and myelination were upregulated, whereas those related to the immune response were downregulated. After pyramidotomy, some genes responsible for the inflammatory response were upregulated in adult mice, suggesting that these genes might be related to the low sprouting potential in adult mice (Tsujioka and Yamashita, 2019).

Since the developmental processes are well known, the attempt to reactivate them within adult neurons could represent an intriguing approach for enhancing axon regeneration after an injury. For example, adult CST neurons are unable to induce the Klf7 expression after axon injury, but its overexpression by AAV injection into the murine sensory-motor cortex can trigger both sprouting and axonal regeneration after SCI (Blackmore et al., 2012). Similarly, Stat3 overexpression, when combined with the activation domain from Herpes simplex virus VP6, significantly improved the neurite outgrowth both in vitro on primary cortical neurons and in vivo in retinal ganglion cells after optic nerve axon injury (Mehta et al., 2016). Likewise, CST neurons fail to spontaneously upregulate Sox11 after spinal axon injury, but its forced viral expression at the cortical level induced sprouting and axon regeneration: however, Sox11 overexpression also caused a reduced dexterity in the injected animals, suggesting that it is important to optimize not only the growth but also the function of regenerated axons (Wang et al., 2015).

The tumor suppressor p53 (encoded by Tp53) is also a developmentally regulated TF: when overexpressed by viral vectors in spinal cord hemisected mice, it is able to promote CST sprouting (Floriddia et al., 2012).

On the contrary, mature neurons can express genes that limit axon growth in adulthood, but not in the embryo. This mechanism is necessary to prevent ectopic axon growth and aberrant synapse formation (Hilton and Bradke, 2017; Tedeschi and Bradke, 2017). An example is represented by Klf4, a transcriptional repressor of regeneration: when overexpressed in vitro, it induces a remarkable neurite outgrowth reduction, whereas its silencing triggers axonal regeneration of retinal ganglion cells after nerve optic nerve injury (Moore et al., 2009).



CORTICAL GENE EXPRESSION AFTER SPINAL CORD INJURY

Many studies have investigated the genetic programs triggered in the CSMNs after SCI during the last decades. In 2003, by in situ hybridizations, Mason and coll. showed that the expression of a number of growth-associated genes (including C-Jun/Ap-1, L1cam/Ncaml1, Atf3, and Krox2-4/Egr1) was significantly increased after intracortical axotomy (within the neocortex), but not after an injury to the CST at the spinal level (C3/C4). This suggested that the distance of the injury site from the cell body can influence axotomy-induced gene expression (Mason et al., 2003).

However, more recently, the cortical gene expression changes after thoracic CST transaction were evaluated by microarray analyses using total RNA isolated from rat sensory-motor cortex layers V-VI, 1 to 60 days post-injury (DPI). Despite the distance between the lesion site and the relative sensory-motor cortex area, 521 genes (mainly related to wounding, apoptosis, neurogenesis, and cytoskeletal reorganization) underwent significant regulation, as early as 24 h after injury. The number of modulated genes further increased in the following days, reaching the maximum at 21 DPI. Interestingly, in presence of a local spinal anti-scarring treatment, genes regulating the inhibition of axon growth and impairment of cell survival were attenuated, whereas genes associated with axon outgrowth, cell protection, and neural development were upregulated, compared to untreated animals. Overall, this means that dynamic transcriptional responses are triggered in CSMNs by SCI, and further modulated in response to distant regeneration-promoting treatment (Kruse et al., 2011). On the contrary, other studies have investigated the expression of factors limiting axonal regeneration. By performing an in vitro genome-wide loss-of-function screening on isolated injured cortical neurons, Sekine and coll. identified many genes involved in transport, receptor binding, and cytokine signaling pathways. Interestingly, Rab27b was highly enriched and its lack in injured mice (optic nerve crush) assured a remarkable axonal regeneration (Sekine et al., 2018).

Despite the mentioned limited CNS capability in axonal regrowth after injury, modest levels of spontaneous functional recovery can be observed after trauma, probably due to the plasticity of intact circuitry. By performing a comparison between the transcriptomic profiles of adult murine intact “sprouting” CSMNs in active growth mode with intact “quiescent” CSMNs after pyramidotomy, Fink et al. (2017) identified some pro-axonal growth pathways able to drive functional plasticity within intact spinal circuits after partial SCI: in particular, lipid phosphate phosphatase-related protein type 1 (PLPPR1) and LPAR1 act as intrinsic axonal growth modulators for intact CSMNs after adjacent injury (Fink et al., 2017).

Unlike the CNS, PNS maintains a high regenerative ability during the entire individual lifespan, since after peripheral neuron axotomy hundreds of regeneration-associated genes (RAGs) can be activated (van Kesteren et al., 2011). A typical RAG response involves several hundred genes, including TFs (as Stat3, Sox11, c-Jun, already mentioned) or effector RAGs (as Gap43, Cap23, Scg10, Npy), that can successfully support axonal regrowth (Tedeschi, 2012; Ma and Willis, 2015). Instead, in central neurons, a very limited or no RAG-response is observed. However, by acting on the signaling pathways active in the PNS, it is possible to induce GAP43 expression and sustain axonal regrowth also at the central level. For example, IL-6 treatment after SCI was shown to activate the Jak/Stat3 and PI3K/Akt pathways, and in turn upregulate GAP43, promoting neurite outgrowth in vitro and synaptogenesis in vivo. Similarly, the administration of TDZD-8 (a GSK-3 inhibitor) after SCI is able to increase the GAP43 expression, increase the density of cortical spinal tract fibers at the injury site, and improve the motor performance of SCI rats (Lei et al., 2019). On the other hand, by inhibiting the RhoA kinase activation, the administration of the natural compound β-Elemene can enhance GAP43 expression and neurite outgrowth in SCI rats (Wang et al., 2018). Overall, this means that many molecular cascades converge on GAP43, which clearly represents a crucial target for axonal regeneration in the CNS too.



MiRNAs

MiRNAs are small non-coding RNAs, which negatively regulate gene expression at post-transcriptional level. In case of SCI, they can cooperate in influencing the molecular pathways regulating axon regeneration as well as inflammation, apoptosis, and remyelination (Ghibaudi et al., 2017). The activation/regulation of miRNAs can also occur at the level of the sensory-motor cortex where the cell bodies of CSMNs are located.

During the last years, both in vitro and in vivo studies have been performed to unravel the role of the miRNA network in this scenario. For example, miR-20a and miR-128 were able to induce the axon outgrowth of the cultured cortical neurons by regulating the PSD-95/Dlg/ZO-1 homology-Rho guanine nucleotide exchange factor (PDZ-RhoGEF)/Ras homolog gene family member A (RhoA)/GAP43 axis (Sun et al., 2013). Moreover, miR-20a plays a role in SCI-induced neuronal apoptosis through repression on the anti-apoptotic Mcl-1, as demonstrated both in vitro (in Neuro-2A neuroblastoma cell line) and in vivo (contusive SCI model) (Liu et al., 2015). It can also regulate Stat3 (see above), although until now this function has been only demonstrated during early embryonic branching morphogenesis in the lung (Carraro et al., 2009). Interestingly, these studies highlight the multiple functional roles of miR-20, also in case of SCI.

The Stat3/Gap43 pathway is targeted also by miR-17-5p: indeed the in vitro downregulation of miR-17-5p is able to promote the axon regeneration of the cortical neurons, suggesting that this miRNA may represent another interesting target for SCI (Zhang et al., 2020).

At the cortical level, miRNAs can also regulate other functions in SCI, apparently not directly correlated with axonal regrowth, such as neuroprotection. For example, after a spinal cord transection at C6 level in mice, miR-7b-3p is significantly upregulated in the sensory-motor cortex. Moreover, in vitro and in vivo experiments demonstrated that this miRNA can exert a dual role, in the attempt to maintain the axotomized CSMNs more plastic on one side, and to protect them from apoptotic death on the other. Indeed the hypothesis is that increasing the expression of miR-7b-3p after SCI could stimulate the reactivation of developmental programs silenced in adult upper MNs, meanwhile supporting their survival (Ghibaudi et al., 2021).



REGENERATION IN INVERTEBRATES AND LOWER VERTEBRATES

Unlike mammals, axonal regeneration spontaneously occurs in some invertebrates (as the nematode Caenorhabditis elegans, the crustacean Parhyale hawaiensis, and the cephalopod Octopus vulgaris) and lower vertebrates (including the axolotl Ambystoma mexicanum and the lamprey Petromyzon marinus), assuring a substantial recovery of locomotor function after SCI. This successful response is due to the activation of mechanisms for axonal elongation and selection of appropriate postsynaptic targets, together with limited necrosis at the injury site, and a permissive environment at the spinal cord level (McClellan, 1998; Agata and Inoue, 2012). The absence of glial scar and astrocyte activation can be relevant to support the regeneration of descending axons, as demonstrated in salamanders (Ryczko et al., 2020). Interestingly, the descending pathways mainly originate from cephalic ganglia, diencephalon, mesencephalon, or rhombencephalon (depending on the species): this can further justify why, unlike the tracts originating from the cerebral cortex, the subcortical descending tracts evolutionarily bear a relatively higher capability to regrow in humans.

Moreover, although a combination of factors seems necessary to facilitate fiber regeneration in some lower vertebrates and invertebrates, it is evident that the neuronal genetic programs are fundamental in these species as well. However, it remains unclear why turning off the developmental processes responsible for regeneration and plasticity has represented an evolutionary step forward for the higher vertebrates. Some theories justify this apparent contradiction with the high energy demanding process for a complex hard-wired nervous system (Fawcett, 2020). Moreover, studying the regenerative capabilities of invertebrates, in the attempt to identify orthologs RAGs, could represent an intriguing approach for stimulating silenced evolutionary neural regeneration pathways in adult mammalian injured CNS.



CONCLUSION

In the last years, remarkable progress has been made to understand the mechanisms involved in the CSMN axonal degeneration and “tentative” regeneration after SCI. However, deciphering the genetic differences between development and adult (re)generation remains elusive: some well-known genes (as KLF7, SOX11, STAT3) are active during development and represent potential therapeutic targets in adulthood, whereas in the adult CNS additional genes/TFs/miRNAs can be involved (Figure 1).

It should be also mentioned that, although recapitulating some developmental aspects and involving similar genes/pathways (as STAT3), these two processes differ, in part conditioned by other extrinsic aspects. In case of SCI, the environment is hostile and several inhibitory mechanisms can contribute to limit the intrinsic regenerative attempt of CSMN axons. Among the most known inhibitors deeply studied in the last years, we can mention NogoA, chondroitin sulfate proteoglycans, myelin-associated glycoprotein, oligodendrocyte myelin glycoprotein, semaphorin 3A, and tenascin-C (Fawcett, 2020). Therefore, the activation of TFs and miRNAs (as enhancers to drive the regeneration program) could be not enough after a CNS injury. To induce and sustain a substantial axonal regrowth, combined therapeutic approaches are probably needed, both by limiting the potential inhibitory mechanisms and activating transcriptional programs in the axotomized neurons.

With modern experimental approaches, discriminating the different “players” involved in regeneration should be easier. Although many challenges remain, the current technological advances will allow providing new insights into how axonal regrowth is promoted, possibly even exploiting the silenced developmental processes. For example, the combination of multi-layer omics (epigenomics, transcriptomics, proteomics…) and computational methods will help to study axon regeneration mechanisms and rebuild injured neural circuitries (Tedeschi and Popovich, 2019). Moreover, genetic reprogramming (to rejuvenate mature neurons) can represent another interesting strategy [e.g., the forced viral expression of SOX11 promoted CST sprouting and regrowth in both acute and chronic injury models (Wang et al., 2015)]. Other modern approaches (including circuit-specific genetic technologies, DREADDs, bioengineered rabies) can assess the succeeded axonal regrowth and functional connectivity after SCI (Hilton and Bradke, 2017).

Moreover, in addition to corticospinal projections, other descending pathways should be considered for regeneration, such as extrapyramidal and autonomic pathways. For instance, the raphespinal and the rubrospinal seem to be more plastic in the adult than the CST. In fact, growth-related genes (c-JUN, Galectin-1, beta-II-Tubulin) are upregulated in raphe and red nuclei, but not in upper motor neurons (Di Giovanni, 2009). Their regrowth, even though not sufficient to elicit voluntary movements, could support automatic circuits in the spinal cord and improve movements. Moreover, also ascending pathways should be recovered to provide a sensory feedback to supraspinal and spinal motor circuits.

As an additional consideration, we believe that, to truly overcome CNS injury, we still need to increase our knowledge. Indeed, until now, in the SCI field, the researchers have mainly investigated the expression of genes and non-coding RNAs at the injury site, often disregarding the cerebral cortex where CSMNs reside. Of course, these studies have been pivotal to unravel pathogenetic events occurring after an injury (related to local cell death, inflammation, oxidative stress, demyelination, and the inhibitory mechanisms): nevertheless, it is mandatory to further investigate the transcriptional and structural remodeling occurring within the sensory-motor cortex, without neglecting the significant impact of CSMN axotomy on the whole regenerative process.

In conclusion, the review aimed to highlight the complexity of the genetic system orchestrating the central axon (re)generation: we are probably looking only at the tip of the iceberg, just starting now to identify some of the main key players involved. Interestingly the Gap43 expression can be modulated by the TF Stat3, which in turn can be targeted by some miRNAs (e.g., miR-20a and miR-17-5p): this is an interesting converging pathway, currently representing one of the most promising potential therapeutic targets in the SCI field, since different molecules able to modulate its activity are already available.
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A pair of Mauthner cells (M-cells) can be found in the hindbrain of most teleost fish, as well as amphibians and lamprey. The axons of these reticulospinal neurons cross the midline and synapse on interneurons and motoneurons as they descend the length of the spinal cord. The M-cell initiates fast C-type startle responses (fast C-starts) in goldfish and zebrafish triggered by abrupt acoustic/vibratory stimuli. Starting about 70 days after whole spinal cord crush, less robust startle responses with longer latencies manifest in adult goldfish, Carassius auratus. The morphological and electrophysiological identifiability of the M-cell provides a unique opportunity to study cellular responses to spinal cord injury and the relation of axonal regrowth to a defined behavior. After spinal cord crush at the spinomedullary junction about one-third of the damaged M-axons of adult goldfish send at least one sprout past the wound site between 56 and 85 days postoperatively. These caudally projecting sprouts follow a more lateral trajectory relative to their position in the fasciculus longitudinalis medialis of control fish. Other sprouts, some from the same axon, follow aberrant pathways that include rostral projections, reversal of direction, midline crossings, neuromas, and projection out the first ventral root. Stimulating M-axons in goldfish that had post-injury startle behavior between 198 and 468 days postoperatively resulted in no or minimal EMG activity in trunk and tail musculature as compared to control fish. Although M-cells can survive for at least 468 day (∼1.3 years) after spinal cord crush, maintain regrowth, and elicit putative trunk EMG responses, the cell does not appear to play a substantive role in the emergence of acoustic/vibratory-triggered responses. We speculate that aberrant pathway choice of this neuron may limit its role in the recovery of behavior and discuss structural and functional properties of alternative candidate neurons that may render them more supportive of post-injury startle behavior.

Keywords: spinal cord regeneration, functional recovery, startle responses, Mauthner cells, adult goldfish


INTRODUCTION

The regenerative capacity of the spinal cord in anamniotes is well documented. Lamprey, teleost fish, and amphibians have the ability to regain locomotory movements after spinal cord injury (reviewed by Windle, 1956; Cohen et al., 1988; Larner et al., 1995; Bernhardt, 1999; Becker and Becker, 2008, 2014; Diaz Quiroz and Echeverri, 2013; Vajn et al., 2013; Zupanc and Sîrbulescu, 2013; Bloom, 2014; Rodemer et al., 2020; Haspel et al., 2021; Van houcke et al., 2021). Surprisingly, the recovery of other motor control behaviors such as equilibrium, feeding, and startle responses has been less well studied. A pair of identifiable cells, the Mauthner cells (M-cells), are known to initiate fast C-type startle responses (fast C-starts; Zottoli, 1977; Eaton et al., 1981; Hecker et al., 2020b) and S-starts (Liu and Hale, 2017). Axonal regrowth of lesioned Mauthner axons (M-axons) results in functional synaptic connections with motoneurons in Xenopus tadpoles (Lee, 1982) and recovery of fast C-starts in larval zebrafish (Bhatt et al., 2004; Hecker et al., 2020a). However, the role of M-cells in post-injury startle responses of adult fish is less clear. Startle responses can be elicited by abrupt acoustic/vibratory stimuli in adult goldfish, Carassius auratus, after spinal cord crush. These responses are less frequent with long latencies and are less robust compared to those in sham-operated control fish (Zottoli and Freemer, 2003). M-axons in adult fish have been shown to traverse a spinal cord wound in some studies (Becker et al., 1998; Becker and Becker, 2001) but not in others (Sharma et al., 1993; Becker et al., 1997). Intracellular labeling of M-axons in the adult goldfish damaged by spinal cord crush initiate sprouting in a few days (Koganti et al., 2020) but choose aberrant pathways between 30 and 42 days postoperatively (Zottoli et al., 1994; Zottoli and Faber, 2000). Little is known whether these sprouts are maintained or re-routed and form functional synapses over long post-operative intervals. We report here the results of experiments in adult goldfish with the aim of distinguishing behavioral, morphological, and electrophysiological consequences of M-cell axotomy by spinal cord crush. We ask whether: (1) M-axon sprouts traverse a crush wound at the junction of the medulla oblongata and spinal cord (spinomedullary level, SML), (2) M-axon regrowth contributes to post-injury startle responses, (3) M-cells can survive long postoperative intervals and maintain axon sprouts, and (4) post-injury startle responses in fish with an SML-crush are the same or differ from responses after a combination of M-cell ablation and SML-crush. We found that some M-axon sprouts project caudally, crossing the wound site after SML-crush, but they do not play a substantive role in post-injury startle responses. The similarity in such responses after SML-crush with and without M-cells supports these results. We assess possible mechanisms that may limit the ability of the M-cell to participate in behavioral recovery. Results such as these highlight the need to employ multidisciplinary approaches to expose the interactions that define complex neural circuit functions and their disturbances.



MATERIALS AND METHODS


Terminology

An abrupt acoustic/vibratory stimulus elicits Mauthner cell-initiated fast C-starts in adult goldfish (Zottoli, 1977; Eaton et al., 1981; Zottoli et al., 1999). An alternate neuronal pathway that is capable of initiating C-type startle responses, albeit with longer latencies than M-cell-initiated responses, was revealed after lesioning of the M-cell initial segment and soma (Eaton et al., 1982; Zottoli et al., 1999). Startle responses that return after a crush wound at the spinomedullary level (SML) are elicited less frequently, are less robust, and have a longer latency from stimulus onset to movement. This emergent behavior has been described as a “recovered C-start” (Zottoli and Freemer, 2003). This terminology is misleading since the neuronal circuitry for such startle behavior is not known at this time, and, therefore, we will use the term “post-injury startle responses,” based on their timing and intrinsic dynamics.



Fish Care

Common goldfish, Carassius auratus, (purchased in the fall from Hunting Creek Fisheries Inc., Thurmont, MD, United States), of 10.2 ± 1.2 cm standard length (mean ± SD range; 9–15 cm) were allowed to acclimate for a minimum of 2–3 weeks prior to use. Fish were housed individually in 23 cm × 17 cm × 14 cm deep tanks with 4 L of conditioned water (NovAqua; Kordon, Inc.). The water was continuously aerated and the mean temperature was 22.3 ± 1°C; (mean ± SD; range = 17.5–23.7°C). The fish were exposed to an alternating 12-h light, 12-h dark cycle. They were fed Hikari Staple food (mini pellet, floating type, Kyorin Food Ind. Ltd.) three times a week followed 2 h later by cleaning the tank and replacing the water with fresh, conditioned tap water. The fish were breeder stock between 6 months and 1.5 years old (Hunting Creek Fisheries, Inc., personal communication). The care and treatment of fish was in compliance with the Guide for the Care and Use of Laboratory Animals and was approved by the Williams College IACUC.



Brain Dissection

Fish were initially anesthetized in 0.024% ethyl-m-aminobenzoate (Sigma-Aldrich Co., St. Louis, MI, United States) until breathing ceased and were then transferred to an operating chamber where chilled water containing 0.01% of anesthetic was recirculated through the mouth and over the gills (under these conditions, the temperature of water measured in the opercular cavity stabilized at 10°C). A goldfish brain with the left semicircular canals filled with India ink is shown in Figure 1A. The area extending from the posterior margin of the corpus cerebellum (Ce) caudally to the spinal cord was exposed. Overlying muscle, cartilage, and fat were removed to expose the vagal lobes and rostral spinal cord at the site of the asterisk in Figure 1A.
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FIGURE 1. The wound site and visual identification of Mauthner axons (M-axons). (A) Goldfish brain with the left set of semicircular canals filled with India ink. An asterisk marks the location enlarged in panel (B). Distance between calibration marks = 1 mm. Ce, cerebellum; OT, optic tectum; FL, facial lobe; VL, vagal lobe. (B) Goldfish hindbrain in which the medulla oblongata has been exposed (see section “Materials and Methods”). Wound site is at the caudal border of the vagal lobes near the junction of the medulla oblongata and spinal cord (spinomedullary level, SML). The M-axon comes within 100 μm of the surface of the medulla oblongata and is visible between the vagal lobes with the aid of a dissecting microscope. As a result, the M-axons can be reliably penetrated for recording, stimulation, and dye injection. Successful Lucifer yellow fills of M-axons are indicated by arrowheads just caudal to the facial lobe (FL). The dye can be seen with tungsten light. The diameter of the spinal cord just caudal to the vagal lobes is about 2 mm. The orientation of the brain is with rostral at the top and caudal at the bottom in this and all subsequent figures.




Spinomedullary Whole Spinal Cord Crush Technique

The tips of a No. 5 Dumont forceps were separated, placed on either side of the spinal cord with the aid of a dissecting microscope, and lowered until they touched the floor of the brain case. The forceps were moved rostrally to the caudal edge of the vagal lobes, a site that is at the junction of the spinal cord and medulla oblongata. The tips were oriented perpendicular to the spinal cord axis at this spinomedullary level (SML; Figure 1B) and were then closed tightly and held together for 1–2 s. The anesthetized fish moved slightly, giving a preliminary indication that the medullary tissue had been damaged. After this initial crush, the tips were again closed and held for another 1–2 s. Although the crush did not disconnect the spinal cord from the medulla oblongata, a distinct line was evident where the crush had been made. Little bleeding resulted from this wound. We estimate that the wound site extended from the posterior edge of the vagal lobes for less than 1 mm caudally. SML-crush damages and ultimately results in separation of all descending axons (Zottoli and Freemer, 2003). Control fish had a sham-operation; the brain was exposed and forceps placed as described above but there was no crush before sealing the skull. Sham fish behaved normally after recovery from general anesthesia.



Skull Sealing Procedure

After an SML-crush, the brain and spinal cord were protected from additional trauma and osmotic shock by filling the surgical opening with a Vaseline-paraffin oil mixture to a level just below the skull. A piece of thin plastic the size of the opening in the skull was placed on this solution. Thirty-gauge stainless steel wire was looped through two small accessory holes drilled on either side of and rostral to the operation hole. The wire’s ends were twisted together caudally where a loop was made on one of the ends. The caudal loop was anchored to musculature just behind the skull with silk suture thread. The twisted wire and string acted as a secure framework for the vinyl polysiloxane impression material (Imprint, 3 M) used to “cap” the skull. After the operation, the recirculating anesthetic solution was replaced with conditioned tap water until the fish initiated breathing in approximately 5–15 min.



Behavior

Fish were returned to their home tanks and monitored for 30–60 min to assess the effectiveness of the operation. The sham-operated fish appeared normal on recovery from anesthetic. After SML-crush and recovery from the anesthetic, fish lay on their sides with no movement caudal to the wound. If any spontaneous movements were detected, the fish was not included in this study. Fish were fed postoperatively with presoaked mini pellets that sunk to the bottom of the tank and could be ingested by the fish. The fish were observed daily for the first 10 postoperative days to monitor carefully the effect of the operation.

The behavioral test tank was abruptly lifted to deliver an acoustic/vibratory stimulus as has been described elsewhere (Zottoli et al., 1999; Zottoli and Freemer, 2003). We used computer software (KNOWAL, Nissanov, 1991) to determine: (1) whether a post-injury startle response occurred and (2) to determine kinematic parameters including latency from stimulus onset to response, escape trajectory angle, straight-line center of mass distance 70 ms after the start, and linear velocity of the center of mass movement. In some cases responses were monitored after stimulation with two cycles of a 200 Hz sinusoidal signal generated by an underwater loudspeaker (Universal, Model UW-30). Although this stimulus is less effective in eliciting post-injury startle responses, it did not influence our results other than increasing the postoperative intervals at which the responses were elicited after SML-crush (Zottoli and Freemer, 2003).

All fish were tested preoperatively for their ability to respond to an acoustic/vibratory stimulus with a C-start. One set of six trials with an inter-trial interval of at least 2 min was given prior to SML-crush. Fish were screened during preoperative testing to meet the following three criteria: (1) each fish had to respond to the stimulus with C-starts in at least three of the six trials, (2) at least one C-start had to be to the left and one to the right, and (3) the fish silhouette had to be compatible with the software thinning algorithm (e.g., some fish had silhouettes that made it difficult for software analysis). Experimental fish were tested again 10 days postoperatively to ensure that the acoustic/vibratory stimulus did not elicit movement of trunk or tail musculature. These fish had a head-level response but no body movement at this postoperative interval. Fish were then observed weekly for return of the ability to eat food pellets from the water surface, for the return of equilibrium, and for a body response elicited by a tap on the home tank. Once post-injury startle responses occurred, fish were tested with the acoustic/vibratory stimulus as described above in blocks of six trials with a 2 min inter-trial interval. Testing for startle responses occurred at random times during the day/light cycle, and, in general, a set of six trials took approximately 1 h to complete.



Lucifer Yellow Fill Technique

Lucifer yellow was injected into M-axons of SML-crush fish to determine the extent of M-axon regrowth. SML-crush fish were anesthetized in 0.024% ethyl-m-aminobenzoate (Sigma-Aldrich Co., St. Louis, MI, United States) until breathing ceased and were then transferred to an operating chamber where chilled water containing 0.01% of anesthetic was recirculated through the mouth and over the gills. The medulla oblongata was exposed between the vagal lobes by removing the “cap” of dental impression material, the wire, and thread that anchored it and by suctioning away the Vaseline-paraffin mixture. The choroid plexus between the vagal lobes was torn with forceps and the vagal lobes were spread and held apart with Kimwipes to expose the surface of the medulla oblongata below the fourth ventricle (Figure 1B). The tip of a microelectrode filled with Lucifer yellow (5% in distilled water; Lucifer yellow, CH lithium salt; Sigma-Aldrich) was lowered to the surface of the medulla oblongata just caudal to the facial lobe and well rostral to the SML-crush site to ensure that the microelectrode did not damage the retracted M-axon tip. The axons are visible at this level where they come within 100 μm of the medullary surface (see Zottoli et al., 1994, Figure 5). Once an axon was penetrated, as determined by a stable resting potential, it was filled iontophoretically with dye (−10 to −30 nA for 200 ms three times a second for a minimum of 30 min). The success of the injection could be judged by observing the rapid entry of dye into the M-axons with a dissecting microscope and tungsten light. Axons filled with dye are marked by the arrowheads in Figure 1B. After the dye injections were completed, the anesthetized fish were perfused through the heart with 100 mL of 10% formalin in phosphate buffer (Fisher Scientific, Inc.). The brain and rostral spinal cord were removed and placed in fresh fixative overnight. The tissue was then dehydrated, and cleared in methyl salicylate before observing the whole brain (“brain wholemount”) under the fluorescent microscope. An example of filled, uninjured M-axons in the cleared brain wholemounts can be seen in Figure 1 of Koganti et al. (2020). Occasionally other axons were inadvertently filled with dye. The sprouts of these non-M-axons were clearly distinguishable from the M-axon sprouts in wholemount brain preparations.



Measurements of Mauthner-Axon Regrowth From Brain Wholemounts

Mauthner-axon sprout measurements were taken from brain wholemounts with a fluorescent microscope. The measurements for each axon include:

(a) The length of the sprout with the greatest growth rostrally (GGR). Measurements were made in segments along a meandering sprout and therefore represent the total growth. In some cases the sprout initially projected caudally and/or laterally; measurements were only made once the sprout began its rostral trajectory (Figure 2A, blue sprout).

(b) The length of the sprout with the greatest growth caudally (GGC). Measurements were made in segments along a sprout and therefore represent the total caudal growth. In some cases the sprout initially projected rostrally and/or laterally; measurements were only made once the sprout began its caudal trajectory (Figure 2A, red sprout).

(c) The length of the sprout that extends the furthest growth caudally measured as the longest straight-line distance caudal to the vagal lobes (FGC). This measure was taken as a Y-axis distance (i.e., parallel to the brain-spinal cord axis) from the caudal edge of the vagal lobes to the tip of the most caudally projecting sprout (FGC; Figure 2A, orange sprout). The caudal edge of the vagal lobes marks the rostral boundary of the SML-crush wound.

Other features of M-axon sprouts that were cataloged include reversal of direction, midline crossing, relationship to the first ventral root, formation of a neuroma, and entry into and projection past the wound site.
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FIGURE 2. Regrowth of axotomized M-axons. (A) Hindbrain schematic showing three M-axon sprouts and the method of measurement. For each axon, filled with Lucifer yellow, the caudal sprout that had the greatest growth caudally (GGC, red) was measured in segments. In this example, five segments delineated by lines were spliced together to give the GGC. The rostral sprout that had the greatest growth rostrally (GGR, blue) was measured in this example by combining the length of three segments. Measurements were first made when the sprout projected rostrally. The sprout that extended the furthest caudally from the wound site (furthest growth caudally, FGC, orange) was measured as the straight line distance from the caudal edge of the vagal lobes (SML, dashed line) to the end of the sprout. VR, ventral root; VL, vagal lobe; SC, spinal cord; R, rostral; C, caudal. (B) Plots of values (mean ± S.E.M.) for greatest growth caudally (GGC), greatest growth rostrally (GGR), and furthest growth caudally (FGC).


Two experimenters independently calculated regrowth distances. The more conservative measure between the two was selected. As a result, the measurements are most likely an underestimate of the total regrowth.



Recording of EMG Responses Evoked by Threshold Stimulation of Mauthner-Axons After Spinomedullary Level-Crush and Return of Startle Responses

Control EMG responses from the left mandibular, trunk and tail musculature evoked by M-axon activation were compared to those elicited after SML-crush. Two fish underwent sham crush operations and were tested for trunk EMG responses 431 days (∼1.2 years) postoperatively to control for the possibility of loss of startle responses with age.

Short-term SML-crush (2 days postoperative) and long-term SML-crush (198–468 days postoperative) fish were anesthetized as described above and the medulla oblongata was exposed between the vagal lobes by removing the “cap” of dental impression material, the wire, and thread that anchored it and by suctioning away the Vaseline-paraffin mixture. Control fish had their brains exposed as described in the “Brain Dissection” section above.

Paired stainless-steel wires (insulated 42-gauge wire) were used to record from the left mandibular and trunk and tail musculature bilaterally. The mandibular EMG electrodes were constructed differently than those for trunk and tail musculature due to the small size of the mandibular muscle. Specifically, 2 mm of insulation was scraped off each electrode tip for mandibular electrodes (Figure 3A1 to the left of the arrow). The pair of wires was drawn through a syringe needle (21 gauge, 25.4 mm) so that the tips of the wires protruded 2 mm beyond the tip of the needle and the tips were then bent at a 45° angle relative to the syringe needle and the tips were spread apart (Figure 3A1 to the right of the arrow). In contrast, the paired electrodes for recording trunk and tail EMGs were constructed to minimize the possibility that the bared portion of the wires would touch. The insulation was scraped off one of the paired wires 2 mm from the tip of the wire while 2 mm of insulation was scraped off the other wire of the pair, but at a distance of 2.5 mm from the tip of the wire (Figure 3A2 to the left of the arrow). The pair of wires was drawn through a syringe needle and the tips of the wires were bent 4.5 mm from the end of the wires so that the tips formed a 45° angle with respect to the long axis of the syringe needle (Figure 3A2 to the right of the arrow). EMG electrodes were placed into musculature while fish were under general anesthesia. EMG electrodes were inserted into the left mandibular musculature and bilaterally into the trunk and tail musculature. Before placement, one or two scales were removed from the sites of insertion. To reduce variability in the experiments, the EMG electrodes were always inserted by one experimenter (SZ). The syringe needle with the mandibular electrodes was inserted at a 45° angle to the main axis of the fish and then carefully withdrawn leaving the tips of the wires “harpooned” into the muscle. Trunk and tail electrode pairs were inserted at a 45° angle to the main axis of the fish in a rostral direction into musculature dorsal to the lateral line. The trunk insertion site was at the rostral edge of the dorsal fin [2.3 ± 0.2 cm (n = 23) caudal from the brain recording site] while that of the tail was the caudal edge of the dorsal fin [5.4 ± 0.4 (n = 23) cm caudal from the brain recording site]. The placement of EMG electrodes is shown in the schematic of Figure 3B. The wires were secured to the operating chamber with tape. The insulation on the opposite ends of the wires was burnt, the bare wire was burnished with sandpaper, and then connected to an extracellular amplifier.
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FIGURE 3. Method used to prepare EMG electrodes. Paired stainless-steel wires were used to record from the mandibular, trunk and tail musculature. (A1) Construction of electrodes used in recording EMGs from the left mandibular muscle. Two mm of insulation was scraped off each electrode tip for mandibular electrodes as shown to the left of the arrow. The pair of wires was drawn through a syringe needle as shown to the right of the arrow so that the tips of the wires protruded 2 mm beyond the tip of the syringe and the tips were then bent at a 45° angle relative to the syringe needle and were spread apart. This design risked short circuiting the wires but was required due to the small size of the muscle. (A2) The paired electrodes for recording trunk and tail EMGs were constructed differently than those in panel (A1) to minimize the possibility of an electrical short circuit between wires (see section “Materials and Methods”). (B) Placement of EMG electrodes into the left mandibular muscle and bilaterally into the trunk and tail musculature.




Recording From the Mauthner-Axon

After insertion of the EMG electrodes and exposure of the brain, topical anesthetic (20% benzocaine in a water-soluble glycol base; ULTRA-CARE Ultradent Products) was placed over the wound area and care was taken to prevent the local anesthetic from touching the brain. The water with general anesthetic was replaced with anesthetic-free water and the fish regained respiratory movements and were ready for recording in about 15 min. Topical anesthetic was reapplied to the skull wound about every 15–20 min.

The tip of a glass microelectrode (filled with 3 M KCL; 3–7 MΩ) was lowered to the surface of the medulla oblongata just caudal to the facial lobe. The electrode was positioned over one of the M-axons which are visible at this brain level with the aid of a dissecting microscope (see Figure 5 in Zottoli et al., 1994). Other features that helped us ensure that we were recording from the M-axon included:

(a) A depth of about 100 and 150 μm below the brain surface.

(b) An intracellular microelectrode excursion of greater than 40 μm without a significant drop in the RMP.

(c) The ability to re-penetrate the axon repeatedly.

(d) The presence of excitatory post-synaptic potentials in response to clapping.

(e) Movement of the fish on threshold depolarization of the M-axon.

Recordings of EMG responses to threshold depolarization of the M-axon were generally recorded after initial penetration when the resting potential was optimal. Fish movement resulted in a reduction of resting potential which in many, but not all cases, regained initial levels.

After electromyographic experiments, general anesthetic was resumed and some of the axons were filled with Lucifer yellow dye. After injection, the anesthetized fish were perfused through the heart with 100 mL of 10% formalin in phosphate buffer (Fisher Scientific, Inc.). The brains were removed and placed in fresh fixative overnight, dehydrated, and cleared in methyl salicylate for observation of M-axon regrowth in brain wholemounts. The brains were later embedded in paraffin and transverse sections (15 μm) were mounted on glass slides and stained with cresyl violet acetate.

In two free swimming fish, trunk EMG responses were recorded during acoustic/vibratory-evoked startle responses. These recordings were compared to those evoked in the same fish by intracellular M-axon activation.



Selective Axotomy Technique

A glass microelectrode (5–10 MΩ) filled with 3 M KCl was placed on the brain over the M-axon. Once penetrated, an axon was selectively axotomized by gently tapping the manipulator until the resting potential (initially around −75 mV) was reduced and stabilized below −30 mV for at least 4 min. This technique was used prior to Lucifer yellow injections of the proximal and distal segments of the M-cell (see Figure 9). A more detailed account of this technique can be found in Koganti et al. (2020).



Double Mauthner Cell Ablation Followed by Spinomedullary Level-Crush

Double M-cell ablation followed by SML-crush (ablation-crush) operations were designed to determine whether post-injury startle responses occur in the absence of M-cells. M-cell somata were located with a microelectrode by stimulating their axons in the spinal cord. The antidromic action potential generates a short-latency, extracellular field potential that can be up to −40 mV in amplitude within the axon cap (a specialized structure surrounding the initial-segment axon hillock region of an M-cell; Furshpan and Furukawa, 1962). This electrophysiological “signature” provides a point of reference from which any part of the soma, the two major dendrites, and axon can be located. A microelectrode (filled with 3 M KCl; 3–7 MΩ) initially penetrated the surface of the medulla oblongata about 400 μm to one side of the midline and at the rostro-caudal level where the corpus cerebellum joins the medulla. Electrode tracks about 1.5 mm in depth were used to search for the antidromically evoked field potential in the M-cell’s axon cap (Furshpan and Furukawa, 1962). The criteria for localizing the axon cap was set as an extracellular field potential of 15 mV or more (Furshpan and Furukawa, 1962). Once this site was localized, the electrode was removed and reinserted into the brain 50 μm laterally. The M-cell soma was identified by its depth (1.5 mm), and its short-latency extracellular field potential that was smaller than that in the axon cap (i.e., less than 5 mV; see Figure 4 of Zottoli et al., 1999). Identification of the M-cell was confirmed after intracellular penetration by the occurrence of both postsynaptic potentials elicited by auditory stimulation (i.e., clapping) and the short-latency action potential evoked by antidromic stimulation. The manipulator was then tapped so that the electrode mechanically disrupted the membrane of the cell. Once the resting potential was less than 30 mV with a concomitant decrease in action potential amplitude and remained low for at least 4 min, the cell was considered ablated. During this interval, the electrode was occasionally lowered through the cell so that the soma was “skewered” and the manipulator was again tapped. Subsequently, the electrode was moved to the other side of the medulla and the other M-cell was located and ablated in the same way. After the double ablation was complete, the spinal cord was crushed at the SML. Fish that had the brain exposed and sealed acted as controls. More detailed information on the ablation technique can be found in Zottoli et al. (1999).

To assess whether ablation resulted in M-cell death, fish were sacrificed under anesthesia (0.024% ethyl-m-aminobenzoate) after the last set of behavioral trials. When respiration had ceased, they were perfused through the heart with 100 ml of 10% formalin in phosphate buffer (Fisher). The brains were removed and placed in fresh fixative overnight, dehydrated, cleared in methyl salicylate, and embedded in paraffin. Transverse sections (15 μm) were mounted on glass slides and stained with cresyl violet acetate.



Dextran Biotin Backfilling of the Mauthner Cell

Dextran biotin was dissolved and recrystallized on the tip of a 45-gauge stainless steel wire. Under general anesthesia, the brain of an adult goldfish was exposed (see above), the rostral spinal cord was transected, and the dextran biotin was placed on the rostral stump of the cord until it dissolved. The brain was sealed and the water circulating over the gills was replaced with anesthetic-free water. Once the fish recovered, it was placed in its home tank. Two days postoperatively the fish was re-anesthetized and perfused through the heart with 4% paraformaldehyde, 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The brain was removed and processed as described in Gilland et al. (2014).



Statistics

Unpaired t-tests were performed on variables with normal distribution with equal variance and unpaired t-tests with Welsh’s correction were performed for those groups with unequal variance. For groups with non-normal distributions a Mann-Whitney test was performed. Normality tests were performed using the Shapiro-Wilk test. The significance level for all tests was set at P = 0.05. The statistical program used was GraphPad Prism version 9.0.2 for Windows, GraphPad Software, San Diego, CA, United States, www.graphpad.com.



RESULTS


Regrowth of Mauthner-Axons 56–85 Days After Spinomedullary Level-Crush

Regrowth of M-axons was studied after whole spinal cord crush at the junction of the spinal cord and medulla oblongata (spinomedullary level, SML; see Figure 1). A total of 22 M-axons in 15 fish were filled with Lucifer yellow between 56 and 85 days postoperatively, an interval when post-injury startle responses can be triggered by an abrupt acoustic/vibratory stimulus (see Figure 5 of Zottoli and Freemer, 2003). The methods used to measure sprouts are shown in Figure 2A and the mean values of sprout lengths in Figure 2B represent the GGC (range = 476–4711 μm), GGR (range = 273–4149 μm), and the furthest growth caudally measured as the longest straight-line distance caudally from the rostral edge of the SML-crush wound (FGC; range = 367–3034 μm).

Regrowth of one axon formed a neuroma. Of the remaining 21 axons, regrowth was initiated from the retracted tip as “parent” branches (range = 1–7; 3.1 ± 2, mean ± SD). Many sprouts that emanated from these branches chose aberrant pathways as shown in Table 1. Sprouts project rostrally, start in one direction and then reverse their trajectory, abut or enter the ventral root, cross the midline, or form a neuroma. In general, sprouts reverse direction from a caudal trajectory to a rostral one just rostral to the wound and cross the midline in the vicinity of the wound. Multiple sprouts from the same axon can follow aberrant paths. For example, 15 axons that had at least one rostrally projecting sprout also had one that projected caudally and 3 of these axons also had sprouts that abutted or entered the ventral root. Overall, 82% of axons had at least one sprout that entered the wound. We estimate that the wound extends for less than 1 mm and that at least 36.4% of axotomized M-axons have at least one sprout that projects caudally to the wound site. In brain wholemounts, the sprouts that traverse the wound appear lateral to the normal M-axon trajectory. This lateral position was confirmed in cross-sections in five fish (see Figures 8D2, 9C4). The aberrant pathway choice of M-axon sprouts for three fish is shown in Figure 4. All images are from brain wholemounts. Regrowth of the left M-axon of a fish 66 days postoperatively, as shown in the photographic montage of Figure 4A1, illustrates the reversal and rostral projection of a number of sprouts anterior to the level of the wound site (designated by red arrowheads), a sprout that crosses the midline from the right side of the spinal cord to the left and then projects out the left ventral root, and sprouts that project caudally past the wound site. The area to the left of the asterisk in Figure 4A1 is enlarged in 4A2 to show the extent of sprouting. Both M-axons in a fish 63 days postoperatively are shown in Figure 4B1. The right axon has sprouts that reverse direction rostral to and within the wound; the sprouts then project rostrally. A sprout from the left axon bifurcates and one branch crosses the midline within the wound and projects caudally and laterally on the right side of the spinal cord while the other branch projects out the left ventral root. The area above the asterisk in Figure 4B1 is enlarged in 4B2 to highlight the extent of sprouting in that region. The left M-axon of a fish 78 days postoperatively appears to have no growth in Figure 4C1 (above the asterisk). However, it is clear that when the micrograph is enlarged (Figure 4C2), the axon has sprouts that form a neuroma. Only the sheath of the right M-axon was filled with dye.


TABLE 1. Projection patterns of Mauthner axon (M-axon) sprouts 56–85 days following spinomedullary level (SML)-crush.
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FIGURE 4. Aberrant pathway choice of axotomized M-axons. (A1) Sprouting of the left M-axon of a fish 66 days postoperatively. The photographic montage of brain wholemounts shows reversal of direction (from caudal to rostral) of a number of sprouts anterior to the level of the wound site (marked by red arrowheads in this and subsequent panels), a midline crossing from left to right, a sprout that projects out the left ventral root (VR), and sprouts that project caudally past the wound site. The area to the left of the asterisk of panel (A1) is enlarged in panel (A2). (B1) Montage illustrating regrowth of both M-axons in a fish 63 days postoperatively. The right axon has at least two sprouts that reverse direction (caudal to rostral) rostral to the wound and one that reverses within the wound. The left axon crosses the midline within the wound and projects caudally and laterally. A sprout on the left side projects out the ventral root. The area above the asterisk in panel (B1) is enlarged in panel (B2). (C1) The left M-axon of a fish 78 days postoperatively appears to have no regrowth. However, in the higher magnification of panel (C2), it is clear that the axon has formed a neuroma. Only the sheath of the right axon has been filled with dye. R, rostral; C, caudal. All photographs are from brain wholemounts rostrally toward the top and caudally toward the bottom.




The Emergence of Post-injury Startle Responses

Experimental fish were monitored for post-injury startle responses to a tap on their tank. Once a response was elicited, fish were tested with the acoustic/vibratory stimulus (see section “Materials and Methods”) in blocks of six trials with a 2 min inter-trial interval. Experimental fish were tested between 198 and 213 days postoperatively and the responses were compared to those of sham-operated control fish tested between 329 and 421 days postoperatively (Table 2). Experimental fish had a significantly lower frequency of response (P = 0.02) and latency from stimulus onset to response (P = 0.03), a smaller escape trajectory angle (P = 0.03), and straight-line center of mass movement (P = 0.046) as compared to sham-operated controls. The linear velocity of the center of mass was not significantly different between the two groups (P = 0.1).


TABLE 2. Comparison of startle response parameters between SML-crush and sham-operated control fish.
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Control and Experimental EMG Responses Evoked by Intracellular Mauthner-Axon Stimulation

Intracellular stimulation of an M-axon in control fish activates cranial muscles of the jaw, eyes, opercula, and pectoral fins bilaterally (supraspinal head component; Auerbach and Bennett, 1969; Diamond, 1971; Hackett and Faber, 1983) as well as ipsilateral trunk and tail musculature. The placement of EMG electrodes in the left mandibular muscle to monitor the supraspinal head component and in trunk and tail musculature on each side of a fish is shown in Figure 3B.

Threshold stimulation of control axons resulted in visible movement of head, trunk, and tail in fish treated with topical anesthetic. Activation of 28 M-axons in 15 fish elicited trunk and tail EMG responses. Eight of these control axons did not elicit left mandibular EMG responses. Care was taken to stimulate intermittently to reduce the possibility of synaptic fatigue. We believe that the occasional failure to record left mandibular EMGs in control and experimental fish resulted from “shorting” of the recording wires because, (1) visible head level movement occurred during M-axon stimulation despite no left mandibular muscle recording, (2) in some cases the left mandibular EMG was initially present and then lost on subsequent stimulation (compare A1 with C1 and A2 with C2 in Figure 8) and, (3) in control fish, trunk and tail responses were present in all cases when the left mandibular responses were absent (see methods for a description of EMG electrode construction).

Examples of control EMG recordings are presented in Figure 5. Recordings shown in A and B are the same but B has a longer time base to demonstrate the duration of EMG responses. The movement of the fish oftentimes resulted in a depolarizing shift in the resting membrane potential (arrow in B). The time from spike initiation until the first signs of this shift was 9.3 ± 3.2 ms (mean ± S.E.; n = 18). Subthreshold and threshold traces are superimposed, and include from top to bottom: Intracellular recording from the M-axon, left mandibular EMG, trunk musculature EMG ipsilateral to the M-axon, and tail musculature EMG ipsilateral to the M-axon. Two sham-operated fish were tested 422 days (∼1.2 years) postoperatively to ensure that the control EMG responses do not deteriorate with age, or that there might be effects that result from the operation. Activation of the right (C) and left (D) M-axons (upper traces) resulted in ipsilateral trunk EMG responses (lower traces). Head, trunk, and tail movement was visible when M-axons were brought to threshold and the EMG responses were within the range of amplitudes recorded for control fish that did not have a sham operation.
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FIGURE 5. Mauthner-axon activation and EMG responses in control fish. (A) Intracellular activation of the M-axon results in EMG responses of head, trunk, and tail musculature. Traces from top to bottom: (1) Intracellular recording from the M-axon above and below threshold. Unless stated otherwise, calibration pulse is 80 mV and 1 ms in this and subsequent figures, (2) EMG recording from the left mandibular muscle (LM), (3) recording of trunk musculature ipsilateral to the M-axon (Ipsi. Trunk), and (4) EMG recording from the tail musculature ipsilateral to the M-axon (Ipsi. Tail). (B) Recording, as in panel (A), but at a longer time base to show the time course of EMG responses. The arrow designates the shift in resting potential due to movement of the fish. (C,D) Activation of the right (C) and left (D) M-axons in a control fish, held for 422 days in captivity. The top trace is from the M-axon above and below threshold and the bottom trace is an EMG recording from trunk musculature ipsilateral to the M-axon.


To ensure that the SML-crush wound was effective in separating M-axons, nine axons in seven fish were studied electrophysiologically 2 days after SML-crush. Stimulation of an M-axon to threshold resulted in visible movement confined to the head. Three of the nine axons elicited very small trunk EMG responses (0.11, 0.014, and 0.014 mV) and none of the axons elicited EMG responses in the tail musculature. An example of a recording from a SML-crush fish after 2 days is shown in Figure 6A. The activation of an M-axon (top trace) resulted in a left mandibular EMG but no response in the ipsilateral trunk or tail musculature.
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FIGURE 6. Activation of the M-axon after spinal cord crush and the emergence of post-injury startle responses results in little or no EMG responses in trunk and no response in tail musculature. (A) Recordings made from a fish 2 days after SML crush to determine whether the injury severed the M-axons. Traces from top to bottom: (1) Intracellular recording from the M-axon above and below threshold, (2) EMG recording from the left mandibular muscle, (3) EMG recording from the trunk musculature ipsilateral to the M-axon and (4) EMG recording from the tail musculature ipsilateral to the M-axon. The activation of an M-axon resulted in left mandibular EMGs but no response in the ipsilateral trunk or tail musculature. (B) An M-axon action potential resulted in a left mandibular EMG but no trunk or tail EMGs 206 days postoperatively. (C) An M-axon action potential resulted in a left mandibular EMG and a small EMG in the trunk but not tail musculature 213 days postoperatively.


Ten SML-crush fish displayed post-injury startle responses and were tested for EMG responses evoked by M-axon activation 198–468 days (∼0.5–1.3 years) postoperatively. Activation of an M-axon resulted in a visible head component movement. Eighteen axons in ten fish were studied and fifteen of the axons evoked mandibular EMG responses. The SML-crush trunk EMGs evoked in 18 axons can be lumped into three categories: (1) no detectable response (6 axons), (2) detectable EMG ≤ 0.019 mV (8 axons), and (3) peak EMG between 0.107 and 0.386 mV (4 axons); by comparison the smallest control trunk EMG response was 0.7 mV. In two M-axons, EMG responses were recorded in the tail musculature (0.014 and 0.011 mV). Examples of recordings from SML-crush fish where no EMG responses were recorded are presented in Figures 6B,C. Activation of the M-axon resulted in a mandibular muscle EMG, but no response in ipsilateral trunk or tail musculature for a fish 206 days postoperatively (B). In contrast, one of the larger trunk EMG recordings from a fish 213 days postoperatively is shown in Figure 6C. The mean amplitude of left mandibular, trunk, and tail EMG responses for control and SML-crush fish are compared in Figure 7. While there was no significant difference between the left mandibular EMG amplitudes between control and SML-crush animals (P = 0.50), stimulating the axons of control fish elicited significantly larger trunk and tail EMG responses than those of experimental fish (P < 0.001). The SML-crush left mandibular and trunk EMG latencies were significantly longer when compared to controls (P = 0.03 and 0.01, respectively).
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FIGURE 7. Comparison of control and experimental EMG responses elicited by M-axon activation. Comparisons of control (C) and experimental (E) EMG responses of left mandibular muscle (L.Mand.) and trunk and tail musculature. Left mandibular control and experimental EMG amplitudes (mean ± S.E.M.) were not significantly different (P = 0.50) while the control trunk and tail EMGs were significantly greater (P < 0.001) than those of experimental fish.
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FIGURE 8. Post-injury trunk EMG responses evoked by threshold stimulation of the M-axon are abolished after selective axotomy. (A1,A2) EMG recordings evoked by stimulation of the left (A1) and right (A2) M-axons 433 days postoperatively resulted in EMG responses in the trunk but not tail musculature. Note that the tail EMG is above the trunk EMG in panel (A1). (B) Lucifer yellow-filled distal segments of selectively axotomized M-axons in a brain wholemount. The axons were axotomized after the recordings were made in panels (A1,A2) (Pre-SA). The top of the photograph shows the tips of the distal segments marked with arrows with only the sheath visible rostrally (i.e., above the arrows; proximal segment is not visible). The wound site is delineated by red arrowheads. (C1,C2) Stimulation of the proximal portion of the M-axon 13 days after selective axotomy (Post-SA). An M-axon spike in either axon did not elicit EMG responses in the trunk as it had pre-selective axotomy. (D1–D3) Cross sections (15 μm) of the brain shown in the wholemount of panel (B). (D1,D3) Left and right Mauthner cells filled by iontophoresis of Lucifer yellow into the proximal segments of the M-axons after selective axotomy. (D2) A cross section of the spinal cord just caudal to the first ventral root (VR), showing the position of the left axon sprout (red arrow) lateral and dorsal to the position the M-axons follow in control fish (white dots).



[image: image]

FIGURE 9. Comparison of M-axon evoked EMG responses with regrowth patterns 434 days after a SML crush. Photographic montage of a Lucifer yellow-filled M-cell as seen in a brain wholemount. Three parent sprouts emanate from the M-axon. One remains ipsilateral and projects caudally. A second crosses the midline in the wound and projects both rostrally and caudally. A third crosses the midline, projects caudally, and then reverses direction rostrally at the anterior margin of the wound. The area to the left of the asterisk on the right side in panel (A) is enlarged in panel (B1). The area to the right of the asterisk on the left side in panel (A) is enlarged in panel (B2). A fine sprout appears to have a growth cone at its tip. (C1–C4) Cross sections of the wholemount brain shown in panel (A). Left M-cell body filled with Lucifer yellow (C1) and stained with cresyl violet (C2). (C3) An axon cap (*) was found at the former location of the right cell body. (C4) Cross section caudal to the wound site showing a sprout on the left and right of the spinal cord (red arrows) that corresponds to those seen in the wholemount. The sprouts are not located near the normal projection pathway of the M-axons (white dots). (D1,D2) Activation of the M-axon and EMG recordings from left mandibular and right and left trunk musculature. The recording in panel (D1) did not elicit a trunk response while somewhat later (D2) after the action potential had deteriorated, small EMGs were recorded in both the right and left trunk musculature.


In one fish activation of the left and right M-axons 433 days (∼1.2 years) after SML crush resulted in ipsilateral trunk EMGs as shown in Figures 8A1,A2 (Pre-SA). To determine whether the M-axons were responsible for the trunk EMGs, both axons were selectively axotomized and 13 days post-axotomy (Post-SA) activation of the proximal M-axon segments did not elicit ipsilateral trunk or tail EMGs (Figures 8C1,C2). The success of the selective axotomy procedure is apparent after Lucifer yellow fills of the distal segments of M-axon in Figure 8B. There was a correlation of the amplitude of the EMG and the length of regrowth caudally; that is, the left M-axon projected further caudally and had a larger trunk EMG compared to that of the right M-axon. Iontophoresis of Lucifer yellow into the proximal M-axon segments resulted in the filling of the left (D1) and right (D3) M-cells as shown in cross sections. The left sprout is shown caudal to the wound in the cross section of Figure 8D2. The sprout (red arrow) is lateral to the normal M-axon pathway (shown as white dots).

A comparison of M-axon regrowth patterns and EMG responses 434 days postoperatively is presented in Figure 9. The photographic montage of the right axon in Figure 9A shows three parent sprouts. One remains ipsilateral and projects caudally. A second crosses the midline in the wound and projects both rostrally and caudally. A third crosses the midline, projects caudally, and then reverses direction rostrally at the anterior margin of the wound. The area to the left of the more rostral asterisk (on the right) is enlarged in B1 and the area to the right of the more caudal asterisk (on the left) is enlarged in B2. Fine sprouts are visible, some of which appear to have a growth cone on the tip. Cross sections of the left cell body filled with Lucifer yellow and stained with cresyl violet are presented in C1 and C2, respectively. The right cell body could not be found but an axon cap (asterisk) marked the former position of the cell (C3). Left and right sprouts are shown in the cross section (red arrows) in relation to the normal position of the M-axons (C4, white dots). Activation of the right M-axon in D1 resulted in a left mandibular EMG but no response in trunk or tail musculature. Somewhat later as the spike deteriorated, stimulation of the right M-axon resulted in left mandibular and small trunk and tail EMGs (D2).



Comparison of Trunk EMGs Evoked in Free-Swimming Fish During a Post-injury Startle Response Compared to EMGs Evoked by Threshold Stimulation of Mauthner-Axons in the Same Fish

Startle responses evoked by an abrupt vibratory/acoustic stimulus while the fish were free-swimming are shown in Figures 10A1–D1 as regression lines of the rostral 40% of fish midlines plotted every 2 ms for a sham-operated control [Figures 10A1,B1; 588 days (∼1.6 years) postoperatively] and SML-crush fish (C1,D1; 612 days postoperatively). The corresponding EMGs for left (upper trace) and right trunk musculature (lower trace) are shown in A2–D2. Fish were then moved to a holding chamber, the brain was exposed, and M-axons were penetrated with a microelectrode and brought to threshold. Control EMG responses to left (A3) and right (B3) M-axon stimulation result in ipsilateral trunk responses. Experimental responses to left (C3) and right (D3) M-axon stimulation did not elicit trunk EMGs. The right axon of the experimental fish was successfully filled with Lucifer yellow and is shown in the brain wholemount (Figure 10E1). The area to the left of the single asterisk is enlarged in E2; axonal sprouts have formed a neuroma and some of those sprouts project caudally (double asterisk of E1) which is enlarged in E3.
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FIGURE 10. Mauthner-axons do not contribute to the post-injury startle response of a free-swimming goldfish 612 days after SML crush. (A1–B3) Sham-operated control fish 588 days postoperatively. (A1,B1) C-type startle response to the left (A1) and right (B1) side in a free-swimming goldfish. Regression lines of the rostral 40% of the fish body are plotted in 2 ms increments [see Figure 2 of Zottoli and Freemer (2003) for a more detailed description]. (A2,B2) EMG recordings from left (upper trace) and right (lower trace) trunk musculature during the free-swimming responses shown in panels (A1,B1). The EMGs correspond to the direction of the behavioral response. (A3,B3) Fish were moved from the sound test chamber to a holding chamber, and threshold activation of M-axons resulted in ipsilateral EMG recordings. Calibrations in panel (B2) are the same for panel (A2) and calibrations for panel (B3) are the same for panel (A3). (C1–D3) Experimental fish 612 days after SML crush. (C1,D1) Post-injury startle responses to the left (A1) and right (B1) side in a free-swimming goldfish. (C2,D2) EMG recordings from left (upper trace) and right (lower trace) trunk musculature during the free-swimming responses shown in panels (C1,D1). The EMGs correspond to the direction of the behavioral response. (C3,D3) Fish were moved from the sound test chamber to a holding chamber, and threshold activation of M-axons did not result in trunk EMGs. Calibrations in panel (D2) are the same for panel (C2). The calibration pulse on the axon trace of C3 is 60 mV, 1 ms and 40 mV, 1 ms for panel (D3). (E1–E3) Lucifer yellow fill of the right axon of the experimental fish. (E1) Low power image of the brain wholemount. An enlargement of the region to the left of the single asterisk is shown in panel (E2) and to the left of the double asterisk in panel (E3).




Morphology of Mauthner Cells After Spinomedullary Level-Crush Wounds

The morphology of M-cell somata was assessed in cross sections (15 μm) of paraffin-embedded brains stained with cresyl violet. Left and right M-cell somata are shown in Figure 11 for four fish (A–D) that had undergone SML-crush, displayed post-injury startle responses, and were used in EMG studies (198–214 days postoperatively). None of the M-cells were swollen or appeared chromatolyzed.
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FIGURE 11. Long-term survival of the Mauthner cell after spinal cord crush. Cross sections (15 μm) of left and right M-cell somata for fish that have undergone SML crush with post-injury startle responses. (A–D) Left and right M-cells are presented for four experimental fish 198–214 days postoperatively that were used in the EMG studies. Sections are stained with cresyl violet.




The Occurrence of Post-injury Startle Responses After Ablation-Crush

Mauthner cells can be located with a microelectrode by the large extracellular field potential evoked by antidromic activation of their axons (Furshpan and Furukawa, 1962). After intracellular penetration, the soma can be mechanically ablated (Zottoli et al., 1999). Four fish had double M-cell ablations followed by an SML-crush (ablation-crush fish). These fish first regained equilibrium and somewhat later displayed startle responses, 61–253 days postoperatively. Frequency of response (responsiveness) and kinematic response parameters are compared between four ablation-crush fish tested 291–437 days postoperatively and four fish tested 198–213 days after SML-crush in Table 3.


TABLE 3. Comparison of startle response parameters between ablation-crush and SML-crush fish.

[image: Table 3]The frequency of response of ablation-crush fish (P = 0.89), latency from stimulus onset to response (P > 0.99), escape trajectory angle (P = 0.33), straight-line center of mass movement (P = 0.45), and linear velocity of the center of mass (P = 0.053) are not significantly different from SML-crush fish.

The fish were placed under general anesthesia 740–783 days (∼2–2.2 years) postoperatively and perfused through the heart with 10% formalin in phosphate buffer (pH = 7.4). Brains were embedded in paraffin, sectioned, and stained with cresyl violet to confirm that the M-cells were missing. In all cases, M-cells could not be found while the axon cap was located in 7 out of 8 cells that were ablated. The axon cap, as delineated by arrowheads in Figure 12A, surrounds the initial segment of the M-axon. Cap dendrites extend from the axon hillock into the peripheral portion of this structure. The left (asterisk in B1) and right (asterisk in B2) axon cap marks the former location of M-cells in one fish. Fibers that appear to enter the cap can be seen between arrows. These fibers are presumed to be axons of spiral fiber neurons.


[image: image]

FIGURE 12. The Mauthner cell (M-cell) axon cap is recognizable 742 days after M-cell ablation. (A) A control M-cell filled with dextran biotin highlights the location of the axon cap. The initial segment of the M-axon projects from the cell body (MC) to the left through the center of the cap that is delineated by glial cell nuclei stained with cresyl violet (arrowheads). Cap dendrites project from the axon hillock into the outer portions of the cap. (B1,B2) The ablation of both M-cells results in the death and disappearance of the M-cell but the axon cap remains. (B1) Left M-cell cap (asterisk). (B2) Right M-cell cap (asterisk). Fibers (between arrows) appear to enter the cap from the left side of the photograph. These fibers are presumed to be axons of spiral fiber neurons.




DISCUSSION

The identifiability of Mauthner cells and their role in the initiation of fast C-starts make this a useful preparation for the study of regeneration in the central nervous system of vertebrates. After spinal cord injury of the adult goldfish at the spinomedullary level (SML-crush), there is an emergence of post-injury startle responses but they are not as frequent, fast, or robust when compared to sham-operated control fish (Zottoli and Freemer, 2003). We have utilized morphological, behavioral, and electrophysiological approaches to show that although the M-cell survives over long postoperative intervals, maintains supraspinal synaptic connections, and maintains extensive regrowth, its activation at most elicits occasional, small EMG responses in trunk and tail musculature.


Most Mauthner-Axon Sprouts Choose Aberrant Pathways

Mauthner-axon sprouts between 56 and 85 days postoperatively deviate from the normal, caudal trajectory within the fasciculus longitudinalis medialis. Sprouting of the M-axon occurs days after SML-crush at 22°C in the adult goldfish (Koganti et al., 2020). Sprouts branch, cross the midline, project rostrally, abut and enter the first ventral root, form neuromas, and choose caudal pathways lateral to the normal M-axon trajectory. These aberrant choices are maintained for at least 434 days postoperatively and suggest that there is not a preferred pathway. Regenerating fibers project into lateral but not ventral funiculi 6–12 weeks after spinal cord transection in goldfish (Bunt and Fill-Moebs, 1984). The lateral pathway choice of caudally projecting M-axon sprouts in this study corresponds to the findings that M-axon regrowth caudal to a wound in adult zebrafish is not present in the white matter of the ventral spinal cord (Becker and Becker, 2001).

Our observations of branching and aberrant pathway choice of axotomized M-axons are similar to those reported for M-axons in urodele larvae (Holtzer, 1952; Piatt, 1955), larval zebrafish prior to cAMP treatment (Bhatt et al., 2004; Lau et al., 2013), adult goldfish (Al-Goshae and Bunt, 1992; Bentley and Zottoli, 1993; Zottoli et al., 1994; Zottoli and Faber, 2000), and for the M-axon and other large reticulospinal neurons in larval lamprey (Rovainen, 1976; Wood and Cohen, 1979, 1981; Yin and Selzer, 1983; Lurie and Selzer, 1991; Oliphint et al., 2010). The reversal in direction of growth from caudal to rostral and midline crossings are more common proximal or within the wound in adult goldfish, as has also been noted in amphibians (Holtzer, 1952; Lee, 1982) and larval lamprey (Rovainen, 1976; Wood and Cohen, 1979; Yin and Selzer, 1983). Db-cAMP treatment has been shown to eliminate branching or rostral turning in favor of more direct pathways in larval lamprey (Lau et al., 2013) and larval zebrafish (Bhatt et al., 2004).

In an earlier study, 85.6% of sprouts that extended across an SML-crush wound 30–42 days postoperatively were within or in close proximity to the first ventral root (Zottoli et al., 1994). Thirty-two percent of axons had a sprout found in association with the ventral root in this study 56–85 days postoperatively. Since the wound (i.e., SML-crush) and temperature (22°C) were the same in both studies, we speculate that some sprouts that orient toward the ventral root at short postoperative intervals ultimately project elsewhere or sprouts in the ventral root may retract and then choose a different pathway.



Mauthner-Axon Sprouts Are Capable of Regrowing Across Spinomedullary Level-Crush Wounds

Eighty-two percent of M-axons have a sprout that enters the lesion and 36.4% of M-axons have a sprout that extends caudally to the crush wound site 56–85 days postoperatively. Our measurements are conservative and underestimate the actual directed growth since sprouts labeled with Lucifer yellow were eventually lost in the autofluorescence of the spinal cord. In addition, we chose the more conservative measures of sprout length by two separate experimenters. Nonetheless, sprouts are able to enter the wound site and some extend at least 3 mm caudal to the rostral edge of the wound. This sprouting argues against the inability of M-axons to regrow due to “excessive morphological specialization” (Kiernan, 1979).

The M-axon regrows past spinal cord lesions and forms functional synapses in Xenopus laevis tadpoles (Lee, 1982), while the ability of M-axons to regrow in urodele larvae decreases with age (Holtzer, 1952; Piatt, 1955). Larval zebrafish M-axons have the capacity to regrow caudal to a wound and form synapses after laser axotomy (Hu et al., 2018), and such regrowth results in the return of fast C-starts after spinal cord lesions (Bhatt et al., 2004; Hecker et al., 2020a). In contrast, the regrowth in larval lamprey, adult urodeles, and teleost fish is more limited. Reports of axotomized M-cells that lack sprouts have utilized silver-stained preparations which are difficult to interpret since this method limits the ability to detect fine processes (Xenopus larvae, Sims, 1962; adult urodeles, Piatt, 1955; adult goldfish, Bernstein, 1964). However, the M-axon was shown to traverse a wound site in one case in an adult urodele (Piatt, 1955). Retrograde labeling has not shown M-axon regrowth to an application site caudal to the wound in some cases (adult goldfish, Sharma et al., 1993; adult zebrafish, Becker et al., 1997) but has in others (Becker et al., 1998; Becker and Becker, 2001).



Axotomized Mauthner-Cells Maintain Supraspinal Synaptic Connections

Mauthner-cells synapse on cranial relay neurons (CRN) in the brain, and these connections mediate the supraspinal head component of a startle response (Hackett and Faber, 1983). A single M-axon in the hatchetfish bilaterally activates a CRN that synapses on motoneurons in trigeminal, rostral facial, and in some cases oculomotor and trochlear motor nuclei (Auerbach and Bennett, 1969; Barry and Bennett, 1990). In goldfish, activation of an M-axon results in bilateral adduction of jaw, opercula, and eye muscles (Diamond, 1971; Hackett and Faber, 1983). SML-fish maintain a visible supraspinal head component to M-axon activation at all postoperative intervals. Thus, synaptic connections rostral to the wound were maintained over the course of our electrophysiological studies. In addition, seven axons that were tested displayed PSPs in response to clapping between 198 and 214 days postoperatively; such a response implies that synapses between the VIIIth nerve and the M-cell are intact.



Do Some Axotomized Mauthner-Axons Reconnect to Targets That Elicit EMG Responses?

An SML-crush wound consistently results in the severance of the M-axon as demonstrated in many studies by Lucifer yellow fills (Zottoli et al., 1987; Zottoli and Freemer, 2003; Koganti et al., 2020). These axons can regrow across SML-crush sites but it is not clear whether they re-form synapses with targets capable of eliciting EMG responses either rostral or caudal to the wound. Small EMG responses (<0.014 mV) existed 2 days after SML-crush in the trunk but not the tail musculature in 33.3% of the axons studied. Similar small EMG responses were recorded after M-axon stimulation in trunk (8 of 18 axons; 198–468 days postoperatively; range = 0.006–0.019 mV) and tail musculature (2 of 16 axons; 0.007 and 0.014 mV). We speculate that these very small EMGs are a result of volume conduction from EMGs in the head region, although we cannot eliminate the possibility that non-M-cell axons were spared during the crush and synapses between these axons and the M-axon evoked EMGs caudal to the wound. HRP backfills caudal to a crush 8 days postoperatively showed that one ascending fiber was spared (Zottoli and Freemer, 2003). Larger trunk EMG responses were recorded in 4 of 18 axons (range = 0.107–0.386 mV), although these values were well below the smallest EMGs recorded in control fish (i.e., 0.7 mV). EMG responses elicited by M-axon activation recorded prior to a selective axotomy were abolished post-axotomy which indicates that they result from M-axon sprouts synapsing on appropriate post-synaptic targets (Figure 8).

The small amplitude EMGs recorded from SML-crush fish elicited by stimulation of the Mauthner axon implies that the resultant muscle contraction would not be sufficient to cause recovered startle responses. In support of this conclusion, trunk EMG responses during a post-injury startle response in a free-swimming fish were not due to M-cell activation (Figure 10).



Mauthner-Cells and Their Sprouts Survive for Long Postoperative Intervals

Mauthner-cell death has been reported after SML-transection at 15.6°C; three of four cells in two fish were atrophied and one cell was missing 421 days (∼1.2 years) postoperatively (Figure 12 in Zottoli et al., 1984). In this study, cell death of one of a pair of M-cells did occur 434 days (∼1.2 years) after an SML-crush (Figure 9). Four fish studied for EMG responses 198–214 postoperatively had M-cell somata with substantial Nissl substance and none of the cells were chromatolyzed or swollen. In addition, axons filled with Lucifer yellow maintained extensive sprouting for at least 434 days postoperatively. Some somata appeared somewhat shrunken and, as a result, we cannot eliminate the possibility that the cells might atrophy and die at longer postoperative intervals.

A subgroup of larval lamprey reticulospinal neurons that include the M-cell have limited regenerative capacity (Davis and McClellan, 1994; Jacobs et al., 1997; Zhang et al., 2005). As a result, they have been classified as “bad regenerating” neurons (Davis and McClellan, 1994; reviewed in Rodemer et al., 2020). For example, M-axons of larval lamprey send sprouts between 2.5 and 5 mm past a whole cord transection in less than 10% of the axons studied (Jacobs et al., 1997; Sobrido-Cameán et al., 2019). Fluoro-Jade staining that labels degenerating neurons, TUNEL-positive labeling that marks cells undergoing apoptosis, and a complete loss of Nissl staining, are correlated with cells that are considered “bad regenerators.” Thus, M-cells are unlikely to survive axotomy (Shifman et al., 2008; Busch and Morgan, 2012). In contrast, our results demonstrate that adult goldfish M-cells maintain functional supraspinal connections and M-axon sprouts over long postoperative intervals.



The Presence of the Mauthner-Cell Is Not Necessary for Post-injury Startle Responses

If M-cell regrowth does not contribute to post-injury startle responses, then removal of the cells should not influence the emergence of this behavior. In fact, fish that have had M-cell ablation followed by SML-crush (ablation-crush) display post-injury startle responses that are not significantly different in frequency, latency, and kinematic parameters as compared to post-injury startle responses after SML-crush alone.

The neuronal circuitry responsible for post-injury startle responses has not been identified. Non-M-cells are known to initiate startle responses in adult goldfish in the absence of the M-cell. Lesions that remove the M-cell and its initial segment (Eaton et al., 1982; Nissanov and Eaton, 1989) or cell-specific ablation (Zottoli et al., 1999) of M-cells does not abolish startle responses evoked by abrupt, acoustic/vibratory stimulation. These non-M-cell startle responses typically have longer latencies than those evoked by M-cells but have similar mechanical performance as compared to M-cell responses of control fish (Eaton et al., 1982, 2001; Zottoli et al., 1999). In contrast, kinematic parameters of post-injury startle responses differ from those of controls in this study and that of Zottoli and Freemer (2003). Thus, the emergent behavior after SML-crush may not involve parallel pathways revealed by M-cell ablation. Studies are needed to test whether parallel startle circuits formed by M-cell morphological homologs found in segments 5 and 6 of the medulla oblongata (Nakayama and Oda, 2004) may be part of the regenerative circuitry.

Our experimental approach is limited to “snapshots” at particular postoperative intervals, and, as a result, we cannot tell if M-axon sprouts are constantly remodeling or stable over time. M-axon sprouts that choose aberrant pathways may form synapses that stabilize the sprout and prevent further regrowth thus preventing contributions of the M-cell to post-injury startle responses. A Teflon barrier placed between rostral and caudal stumps of a transected goldfish spinal cord resulted in “arrested” axonal regrowth even after removal of the Teflon (Bernstein and Bernstein, 1967). The arrested growth has been hypothesized to result from synapse formation rostral to the Teflon block. The putative re-establishment of synapses by the M-cell may result in “contact inhibition” and a cessation of growth (Bernstein and Bernstein, 1967, 1969). Alternatively, the extensive sprouting of M-axons, albeit in aberrant pathways, may reach a neuronal volume that may limit further growth, as conceptualized by “the principle of conservation of total axonal arborization” (Devor and Schneider, 1975; Wood and Cohen, 1981; Sabel and Schneider, 1988). These possible mechanisms are not mutually exclusive.



CONCLUSION

Axotomized M-cells of adult goldfish maintain supraspinal connections, display extensive, aberrant sprouting, elicit small trunk EMG responses, and survive for long postoperative intervals despite little or no activation of trunk or tail musculature caudal to the wound. The pathway choice of adult M-axon sprouts suggests an inability to recognize pathways taken during development and/or a redirection by the presence of inhibitory molecules (Ghosh and Hui, 2018; Sobrido-Cameán et al., 2019) that limits the ability of the M-cell to participate in post-injury startle responses.

The dynamic nature of sprouting, pathway choice, restructuring, and synapse formation cannot be easily revealed by static “snapshots.” The continued development of imaging techniques that allow continuous sampling is necessary to answer why some cells are limited in their ability to functionally regenerate (Bhatt et al., 2004; Kerschensteiner et al., 2005; Zhang et al., 2005; Dray et al., 2009; Laskowski and Bradke, 2013; Hu et al., 2018; Hecker et al., 2020b).
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Detection of chemical stimuli is crucial for living systems and also contributes to quality of life in humans. Since loss of olfaction becomes more prevalent with aging, longer life expectancies have fueled interest in understanding the molecular mechanisms behind the development and maintenance of chemical sensing. Planarian flatworms possess an unsurpassed ability for stem cell-driven regeneration that allows them to restore any damaged or removed part of their bodies. This includes anteriorly-positioned lateral flaps known as auricles, which have long been thought to play a central role in chemotaxis. The contribution of auricles to the detection of positive chemical stimuli was tested in this study using Girardia dorotocephala, a North American planarian species known for its morphologically prominent auricles. Behavioral experiments staged under laboratory conditions revealed that removal of auricles by amputation leads to a significant decrease in the ability of planarians to find food. However, full chemotactic capacity is observed as early as 2 days post-amputation, which is days prior from restoration of auricle morphology, but correlative with accumulation of ciliated cells in the position of auricle regeneration. Planarians subjected to x-ray irradiation prior to auricle amputation were unable to restore auricle morphology, but were still able to restore chemotactic capacity. These results indicate that although regeneration of auricle morphology requires stem cells, some restoration of chemotactic ability can still be achieved in the absence of normal auricle morphology, corroborating with the initial observation that chemotactic success is reestablished 2-days post-amputation in our assays. Transcriptome profiles of excised auricles were obtained to facilitate molecular characterization of these structures, as well as the identification of genes that contribute to chemotaxis and auricle development. A significant overlap was found between genes with preferential expression in auricles of G. dorotocephala and genes with reduced expression upon SoxB1 knockdown in Schmidtea mediterranea, suggesting that SoxB1 has a conserved role in regulating auricle development and function. Models that distinguish between possible contributions to chemotactic behavior obtained from cellular composition, as compared to anatomical morphology of the auricles, are discussed.
Keywords: planarian, Girardia dorotocephala, regeneration, stem cells, neoblast, chemotaxis, auricles
INTRODUCTION
The ability to detect external chemical stimuli is an essential tool for all living organisms. In animals, movement in response to chemical stimuli (chemotaxis) contributes to foraging and mating behaviors. In humans, chemical sensing through olfaction allows people to differentiate between pleasant odors that may be beneficial (e.g. nutritious food) and unpleasant odors that could be emanating from a dangerous source (e.g. environmental hazards and toxins). Olfaction can be lost permanently and completely (anosmia), or be suboptimal (hyposmia), due to brain trauma, aging, or congenital defects (Bromley, 2000). Olfaction can also be compromised by pathogenic infection, as seen in a significant fraction of patients affected by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) during the coronavirus disease 2019 (COVID19) pandemic (Vaira et al., 2020). Given the association of mortality with olfactory disfunction (Pinto et al., 2014), as well as the contributions of olfaction to quality of life and diet (Reed and Knaapila, 2010), it is important to explore regenerative approaches to restore olfaction in compromised individuals.
Animals with less-developed visual capabilities, such as nematodes and mole rats, rely on chemotaxis for finding food (Ward, 1973; Catania, 2013). This is also the case for planarian flatworms, free-living members of the phylum Platyhelminthes, which not only display chemotactic behavior, but also respond to differences in temperature, contact, light, and water flow (Miyamoto and Shimozawa, 1985; Umesono et al., 2011; Inoue et al., 2015; Inoue, 2017; Ross et al., 2018). Although planarians can respond to light of different wavelengths (Paskin et al., 2014; Shettigar et al., 2017; Shettigar et al., 2021), they are not known to detect shapes (Walter, 1907). The sensory systems of planarians are well-integrated with their central nervous system (Agata et al., 1998; Okamoto et al., 2005; Inoue et al., 2015). To find food, planarians are believed to detect gradients of chemoattractants, which include amino acids leucine and tyrosine, through chemoreceptive processes modulated by calcium ion concentration (Coward and Johannes, 1969; Miyamoto and Shimozawa, 1985; Mori et al., 2019). Touch (thigmotaxis) and communication with conspecifics may also contribute to planarian foraging behaviors, but the degree by which these mechanisms are influenced by chemotaxis remains to be determined (Pearl, 1903; Iwai et al., 2010).
Anterolateral ear-like projections named auricles are believed to play a role in planarian chemotaxis (Koehler, 1932; Coward and Johannes, 1969; Farnesi and Tei, 1980; Asano et al., 1998). Electron microscopy analyses of these structures from planarians with particularly prominent auricles, such as Dugesia tigrina, identified entities that resemble chemo- and mechano-receptors embedded within ciliated epidermis of the auricle (Smales and Blankespoor, 1978; Farnesi and Tei, 1980). Recent studies have identified a handful of genes expressed in cells of the auricle, but none that display expression exclusive to these structures (Marsal et al., 2003; Nakazawa et al., 2003; Roberts-Galbraith et al., 2016; Ross et al., 2018; Auwal et al., 2020). Similarly, high throughput single-cell RNA sequencing (scRNAseq) studies failed to identify cell types exclusively present in these structures (Wurtzel et al., 2015; Molinaro and Pearson, 2016; Fincher et al., 2018; Plass et al., 2018). Therefore, it remains to be determined whether auricles serve as exclusive residence to specific sensory cells or whether their contributions to sensory functions depend on other features of their anatomy, such as position or structure.
In this study, we analyze the requirement of auricles to positive chemotactic behavior in a laboratory line of the North American planarian Girardia dorotocephala. Using an assay based on scoring feeding success, we found that amputation of auricles largely reduces positive chemotactic behavior. This loss is observed 1-day post-amputation (1 DPA) and restored by the second day post-amputation, which is days prior to visible regeneration of original auricle morphology. Irradiation prior to amputation abolished auricle regeneration, but did not abolish restoration of some chemotactic capacity 2 DPA. Characterization of differential gene expression in auricle tissue by high-throughput RNA-sequencing (RNA-seq), as well as a corresponding list of genes of interest with enriched expression in the auricle, are included as part of this study. This work represents an advancement in our understanding of auricle function and regeneration, while also providing a system for future studies of stem-cell mediated restoration of sensory neurons and auricle development.
MATERIALS AND METHODS
Animal Husbandry
Planarians purchased from Carolina Biological Supply Company (Item #132970; Burlington, NC) were used to generate a clonal line characterized as asexual Girardia dorotocephala MA-C2 (Almazan et al., 2018) as well as a mixed non-clonal population (coined “wild”) of asexual G. dorotocephala. This clonal line was used in most experiments, but non-clonal lines were also used in structural analyses of auricle regeneration. G. dorotocephala cultures were maintained at room temperature in plastic containers filled with approximately 1 L of 0.75× Montjüic salts (Cebria and Newmark, 2005) in dark incubators, but with natural illumination from a laboratory window at least 10 feet away, as well as irregular short exposures to artificial light. Colonies were expanded by natural fission, as well as through amputation when increased expansion to establish a clonal line was needed. For feeding, planarians were placed on a benchtop and fed chunks of Golden Forest organic calf liver (Fremont Beef Company, Fremont, NE) at room temperature once or twice per week. The liver was purchased frozen, cut into single serving pieces or pulped, stored at −80°C in aluminum foil or in small plastic Petri dishes (respectively), and thawed before use. Planarians were not fed during the week prior to analysis or experimental procedures.
Chemotaxis Assays
Positive chemotactic behavior was assessed using G. dorotocephala of 1.0–1.5 cm in length. A blue 5.7 L (6 qt) container (Sterilite®, Townsend, MA) measuring 35.6 × 20.3 × 12.4 cm (14″ L × 8″ W × 4 7/8″ H) was used as a feeding arena. The container was filled with 1.5 L of 0.75× Montjüic salts and a sterile 35 mm petri dish (Falcon®, Tewksbury, MA) was placed in the middle of the container as a feeding pedestal 1 cm from the bottom of the container. 40 µl pellets made from a mixture of 500 µl of liver puree, 200 µl of 2% TopVision Low Melting Point Agarose (Thermo Scientific, Waltham, MA; dissolved in ultrapure water), and 7 µl of Assorted Food Color & Egg Dye (McCormick & Company, Inc, Hunt Valley, MD), were used as chemoattractant. Pellets were prepared within 24 h of experimentation and stored at 4°C before use. Planarians were placed in the arena and allowed to habituate for 3 min before placing three feeding pellets in the center of the pedestal. At this point, planarians were monitored for 30 min and scored every 3 min based on observation of active feeding or detection of food dye in the gut of individual planarians.
An assay to assess the vertical distance range that elicits a chemotactic response was performed in 4 L polypropylene graduated cylinders (Nalgene, Rochester, NY) filled with 3.75 L of 0.75× Montjüic salts, with the chemoattractant placed inside a perforated 5 ml microcentrifuge tube (Phenix Research Products, Candler, NC) suspended at varying heights with a fishing line. For this assay, planarians were positioned in the bottom of the graduated cylinder and allowed to habituate for 3 min, the feeding pellets were then placed inside the perforated 5 ml microcentrifuge tube and positioned at 5, 10, and 45 cm from the bottom of the graduated cylinder, at which point feeding was scored in 10 min intervals for a total of 4 h.
All chemotaxis assays were performed with the laboratory room lights turned off and with 2 ft-tall cardboard surrounding the feeding arenas to decrease the natural light that came from laboratory windows. These experiments were run with groups of 8–13 planarians, and the data from a minimum of three independent analyses were used to calculate means and statistical significance using unpaired two-tailed Student’s t-tests.
Manipulation of Planarians Prior to Chemotaxis Assay
Amputation of auricles and other head fragments were performed under a dissecting microscope by immobilizing planarians on a 2-fold ply of Whatman filter paper #1 (Whatman Paper Limited, Kent, England) dampened with 0.75× Montjüic salts and placed on an aluminum block pre-cooled on ice. After amputations were performed using a size 11 disposable scalpel (EXELINT International Corporation, Redondo Beach, CA), planarians were placed back in standard husbandry conditions until the day of the analysis with at least one water change after amputation.
To analyze the contribution of neoblasts to chemotactic behavior and auricle regeneration, planarians were then subjected to 15 min treatments with 110 kVp in a Faxitron X-ray irradiation cabinet [Model 43855A (110 kVp, 3 mA), Faxitron Bioptics LLC, Tucson, AZ] as per Tasaki et al. (2016). Amputation of auricles was performed 3 days-post irradiation and followed by chemotaxis assays 1, 4, 7, and 11 days post-amputation.
Immunofluorescence
Planarians were fixed for immunofluorescence using two different approaches. For initial analyses of mitotic cells and the nervous system, fixation was carried out as described by Forsthoefel et al. (2014) with slight modifications. Briefly, planarians were sacrificed by incubating for 6 min in 2% HCl, followed by incubation in Methacarn Solution (6:3:1 methanol:chloroform:acetic acid) for 20 min at room temperature with slow nutation on a rocking platform. Samples were then incubated in PBSTx (PBS supplemented with 0.3% Triton-X), 1:1 PBSTx:methanol, 100% methanol, and then bleached under white light in methanol containing 6% hydrogen peroxide. For analysis of ciliated structures and detailed timepoints of regeneration after auricle amputation, fixation took place as per Ross et al. (2015). Planarians were sacrificed by incubating for 8 min in cold 2% HCl ultrapure water solution on a rocking platform and fixed in a solution of 4% formaldehyde in PBSTx for 1 h at 4°C. After fixation, samples were rinsed in PBSTx and bleached in PBSTx supplemented with 6% hydrogen peroxide overnight at room temperature under a white light. Samples were then rinsed with PBSTx, incubated for 2 h at room temperature in a blocking solution composed of PBSTx supplemented with 0.6% Bovine Serum Albumin (Item No. A7906, Sigma-Aldrich, St. Louis, MO) and 0.45% Fish Gelatin (Item No. G7765, Sigma-Aldrich, St. Louis, MO), and incubated overnight at 4°C with blocking solution supplemented with anti-synapsin (SYN; anti-SYNORF1; 1:250 dilution; clone ID: 3C11, Developmental Studies Hybridoma Bank, Iowa City, IA), anti-acetylated alpha-Tubulin (AcTub; 1:100 dilution; clone: 6-11B-1, Sigma-Aldrich, St. Louis, MO), and/or anti-histone H3 phospho-Ser10 (PH3; 1:250 dilution; Item no. 44-1190G, Invitrogen, Carlsbad, CA). Samples were washed in PBSTx four times for at least 15 min each at room temperature, incubated in blocking solution supplemented with Alexa Fluor® 488 and/or Alexa Fluor® 568 secondary antibodies (1:500 dilution; Catalog No. A-11001 and A-11011, respectively, ThermoFisher, Waltham, MA) for 3 hours, and washed four more times in PBSTx prior to mounting in a 4:1 glycerol:PBS solution. 4′,6-diamidino-2-phenylindole (DAPI) was added during incubation with secondary antibodies to visualize cell nuclei (1 μg/ml, final concentration; Item No. 28718-90-3, ACROS Organics, Fair Lawn, NJ), and FITC-conjugated Concanavalin A (Con A; 1:1,000 dilution; Vector Laboratories; Burlingame, CA) was included during secondary antibody incubation when staining epidermal cell junctions as per Zayas et al. (2010).
Differential Expression Analysis by RNAseq
Details of analyses in this section including command lines, scripts, and data files are available online: https://github.com/josephryan/Almazan_et_al_auricles_regen
Paired-end Illumina HiSeq® 2500 Sequencing System reads from this study and a previous study (Almazan et al., 2018) were used for RNAseq analyses. Reads are deposited under National Center for Biotechnology Information (NCBI) BioProject I.D. PRJNA317859 and NCBI Accession No. SRX1744820 – SRX1744825.
We used Trinity version 2.12.0 (Haas et al., 2013) to generate a reference transcriptome by concatenating RNA-Seq data from auricle fragments (SRR3479048) and from intact individuals (SRR3479052) from the MA-C2 G. dorotocephala clonal line (Almazan et al., 2018). We used the ‘--include_supertranscripts’ option to generate SuperTranscripts (where unique and common sequence regions among splicing isoforms are collapsed into a single linear sequence), which were used as reference transcriptome for downstream analyses. The resulting assembly is available here: https://corescholar.libraries.wright.edu/biology/802/. This new transcriptome is composed of 268,178 contigs.
We tested for the presence of contamination in the assembled transcripts by using alien_index version 3.00 (Ryan, 2014). The alien_index analysis included BLAST searches for each G. dorotocephala transcript against a database that included gene sets of 22 Platyhelminthes species from Wormbase Parasite, 12 non-Platyhelminthes animal species, five non-metazon eukaryotic species, five Bacteria species, and two Archaea species. The alien_index program takes that BLAST report and generates information about potential contaminants by looking specifically for instances where the best BLAST hit does not come from one of the 22 Platyhelminthes datasets. We found 2.3% of transcripts had a better BLAST hit to a non-Platyhelminthes sequence and less than 0.4% had alien_index indices greater than the standard cutoff of 40 (indicative of contamination or horizontal gene transfer).
We compared relative differences in gene expression between G. dorotocephala auricles (one group of auricles removed from MA-C2 and two groups of auricles removed from non-clonal cultures) and bodies (a group of intact MA-C2, a group of intact bodies from non-clonal culture, and a group of bodies from non-clonal culture post-auricle amputation) by mapping paired reads from each group to the new reference transcriptome using the CLC Genomic Workbench RNAseq Analysis platform (default settings; QIAGEN, Hilden, Germany). Genes (i.e. supercontigs) represented by less than 0.1 cumulative TPM across samples were removed from differential expression analyses. Illumina paired reads from body groups and auricle groups were mapped to the reference transcriptome (104,470,274 to 154,327,684 input reads/group) with over 93% mapping efficiency. Principal Component analysis of mapped reads showed separation between reads from auricle fragments and reads from body groups as the first principal component, while the second principal component revealed variance between reads from clonal and non-clonal samples used in biological replicates of both the body and auricle groups (Supplementary Figure S1).
We identified human proteins with highest sequence conservation to G. dorotocephala sequences by performing BLASTX searches against the human reference proteome (GRCh38_latest_protein.faa) using the CLC Genomics Workbench. Gene Ontology analysis of identified human homologs was performed using PANTHER overrepresentation tests based on Fisher’s exact analysis (Mi et al., 2013) in the Gene Ontology Resource site (geneontology.org; Ashburner et al., 2000; The Gene Ontology Consortium, 2021).
We used Orthofinder version 2.5.1 (Emms and Kelly, 2019) to identify orthologs between our G. dorotocephala transcripts and the S. mediterranea transcripts from Ross et al. (2018). Orthofinder performs best when peptide sequences are used as input. We therefore used Transdecoder version 3.0.1 (https://github.com/TransDecoder) to translate the S. mediterranea and G. dorotocephala reference transcriptomes. We then identified G. dorotocephala transcripts that met the following criteria: (1) TPM >0.1, (2) p-value less than or equal 0.05, (3) fold-change of 5 or more, and (4) occurred in the same single-copy orthogroup as one of the 193 transcripts with reduced expression in S. mediterranea upon SoxB1 RNAi (days 14 and 24 of RNAi) in Ross et al. (2018). To test whether the number of G. dorotocephala transcripts meeting these criteria was significant, we conducted a Monte Carlo analysis using a custom script available in the GitHub URL listed at the beginning of this section. Briefly, we randomly selected genes from the list of single-copy orthologs and counted how many of them occurred in the same single-copy orthogroup as one of the 193 transcripts with reduced expression in S. mediterranea SoxB1 knockdowns. We ran this 10,000 times and counted the number of times we recovered overlaps greater than or equal to those found in our data.
Imaging and Microscopy
Planarians and processed samples analyzed by bright and dark field microscopy, as well as those analyzed by low-magnification fluorescence microscopy, were photographed using an Axio Zoom V16 stereomicroscope (Zeiss, Oberkochen, Germany) equipped with an EOS Rebel T3 digital camera (Canon, Tokyo, Japan). High-magnification immunofluorescence analyses were carried out by confocal microscopy under a 10×, 20×, or oil-immersion 60× objective in a Nikon C2+ Confocal Microscope System. Z-stacks were generated from image sectioning of samples every 2– 3 microns and assembled using the NIS Elements Imaging Software (Nikon Corporation, Tokyo, Japan) to produce maximum projection and three-dimensional images. Brightness and contrast were adjusted for some images without producing changes that would alter interpretation of data.
RESULTS
Auricle Morphology and Regeneration in Girardia dorotocephala
The North American planarian Girardia dorotocephala has distinctively pronounced auricle morphology in comparison to other planarian species that have been broadly adopted as laboratory organisms. Auricles in G. dorotocephala extend away from the rest of the head (Figure 1A), whereas auricles of Dugesia japonica are integrated within the proximal end of a triangular head structure (Figure 1B) and those of Schmidtea mediterranea are difficult to distinguish under low magnification microscopy (Figure 1C). Upon amputation of auricles from G. dorotocephala, tissue growth can be observed as early as 2 days post-amputation (2 DPA) and morphology that resembles the size and shape of original structures is distinguishable 5– 6 DPA (Figures 1D–J). Upon amputation of the entire head, initial formation of eye and auricle tissue can be observed under light microscopy 3–4 DPA and become clearly distinguishable 5–6 DPA (Figures 1J–Q).
[image: Figure 1]FIGURE 1 | Girardia dorotocephala as research organisms for the study of auricle function and regeneration. (A–C) Dark = field images of live specimens of G. dorotocephela (A), Dugesia japonica (B) and sexual biotype Schmidtea mediterranea (C). (D–Q) Dark field images of G. dorotocephela undergoing auricle (D–J) and head (K–Q) regeneration. Images of intact (D,K) planarians, as well as daily timepoints from one to 6 days post-amputation (DPA) display the regenerative process that occurs within a week. Scale bars = 1 mm.
Although genetic markers to identify cells-types specific to the auricle are not available for G. dorotocephala, antibodies to highly conserved antigens from other species can be used to visualize some general features of these structures. Cells labeled by the mitotic M-phase marker Histone H3 phospho-Serine10 (PH3) are observed abundantly posterior to the eyes, but absent from the auricles and the anterior end of the planarian head (Figures 2A–A”). Given that neoblasts are the only actively dividing cells in the planarian soma (reviewed by Rink, 2013), this indicates that auricles are composed entirely of differentiated cells and non-mitotic neoblast progeny. Previous analysis of distribution of cells labeled by the conserved neoblast markers GdPiwi1 and GdPiwi2 corroborate with the interpretation that stem cells are absent from auricles and much of the head of G. dorotocephala (Almazan et al., 2018).
[image: Figure 2]FIGURE 2 | The auricle is largely composed of neurons and ciliated epithelia. (A–D) Maximum intensity projection of confocal z-stack images of whole-mount samples analyzed by phospho-Histone H3 Ser10 [PH3; (A and A”)], synapsin [SYN; (B and B”)], and acetylated alpha-tubulin [acTub; (C and D) and (C” and D”)] immunofluorescence. Ventral (v) and dorsal (d) views of ciliated epithelium are shown in (C and D), respectively. DNA staining using DAPI reveals nuclei in (A’–D’); blue in (A”–D”) and is used to visualize total cellular distribution. Scale bars = 0.1 mm. (E) Three-dimensional reconstruction of whole-mount sample analyzed as in (D) illustrates distribution of ciliated cells in the head of G. dorotocephala. Position of photoreceptors is marked by asterisks in (A”,E”).
Visualization of structures recognized by the pan-neural marker anti-Synapsin (SYN; Klagges et al., 1996; Cebrià, 2008) revealed the presence of neuronal extensions throughout the interior of the auricle and reaching out to the most distal cell layer (Figures 2B,B”). Acetylated alpha-Tubulin antibodies (AcTub) labeled outer cell layer of the auricles (Figures 2C–E), where multiciliated epithelial cells with presumably motile cilia covered much of the lateral and dorsal anatomy of the auricle (Figures 2D,E). However, structures recognized by AcTub were largely absent from the ventral epithelium of the auricle (Figure 2C). This is surprising given that this antibody labels motile cilia of cells throughout much of the rest of the ventral epithelium of the planarian anatomy, which are known to propel gliding (Figures 2C,C”; Sanchez Alvarado and Newmark, 1999; Rompolas et al., 2010). A band of ciliated cells present along a dorsal midline that resembles structures recently shown to contribute to sensing of water flow (rheosensation) and vibrations in S. mediterranea (Ross et al., 2018) was also detected by AcTub immunofluorescence in G. dorotocephala (Figures 2E,E”), although dorsal ciliated cells dispersed between the auricle and the midline are also observed (Figures 2D,E).
Auricle Amputation Results in Decreased Positive Chemotactic Ability that is Restored within 2 Days
To examine the role of auricles in positive chemotaxis, behavioral response to liver (as chemical stimulant) was compared between intact planarians and planarians subjected to different types of amputations. Chemotaxis assays were performed in large (35.6 × 20.3 cm) feeding arenas with a Petri dish positioned as a pedestal to hold the liver 1 cm from the bottom of the arena (Figure 3A). The decision to position the liver at 1 cm height was based on the observation that elevating the stimulant as little as 5 cm decreases the ability of planarians to find food within a 1-h period (Supplementary Figure S2) in ways that are not observed when horizontal travel of similar distances is required (Figure 3). Under these conditions, intact G. dorotocephala were able to feed 90% of the time within a 30-min period (Figures 3B,C). In contrast, planarians subjected to complete head amputation failed to display significant feeding success during the first 4 days post-amputation (Figure 3B). Partial feeding success ranging from 20 to 30% in average was observed in planarians 5–7 DPA (Figure 3B). By 10 DPA feeding success recovered to above 75% (Figure 3B), which was not statistically significantly different from intact planarians (unpaired Student’s t-test > 0.05).
[image: Figure 3]FIGURE 3 | Decreased chemotactic response is observed after auricle amputation and restored 2 days post-amputation. (A) Dimensions of feeding arena used to measure chemotactic response. Pellets of liver mixed with agarose and food dye sit as chemoattractant on a petri dish in the center of the field. (B) Bar graph illustrating the average percent of intact and regenerating planarians on different days post-amputation (DPA) of the head (x-axis) that performed successfully in independent chemotaxis response assay trials (n ≥ 3 biological replicates) by the end of 30 min sessions. (C) Average percent feeding success of intact planarians (blue) and planarians subjected to either head tip (green) or auricle (red) amputation, or both (purple), at the end of 30-min chemotactic response assays performed 1-DPA. (D) Average percent feeding success of planarians 1, 2, and 4 days following auricle amputation (DPA) reveal recovery of chemotactic response within 48 h. Error bars illustrate standard deviation from the mean. Asterisks (*) represent Student’s t-test p-value ≤ 0.05. No statistical significance (n.s.) is indicated.
Planarians subjected to auricle amputation a day prior to assessment showed a significant decrease in chemotactic response (unpaired Student’s t-test < 0.05) and displayed 40% feeding success, whereas 90% of intact planarians tested displayed feeding success in parallel assays (Figure 3C). The decrease in behavioral response observed after auricle amputation in G. dorotocephala appears to be largely specific to positive chemotaxis, as no significant difference in traveling speed or time to acceleration after transfer were observed in separate tests 1-day after auricle amputation (Supplementary Figure S3). Analyses of negative chemotaxis using turmeric (Miyamoto et al., 2020; Supplementary Figure S3) and Allyl isothiocyanate (Arenas et al., 2017; data not shown) were inconclusive. To distinguish between changes in positive chemotactic response caused by the absence of auricles rather than general head injury, planarians were subjected to head tip amputation and head tip amputation in addition to auricle amputation. Both head tip amputee groups showed a 10% decrease in average chemotactic response when compared to their counterparts (intact vs. head tip amputation; auricle amputation vs. head tip and auricle amputation; Figure 3C). Because these differences were not statistically significant (unpaired Student’s t-test > 0.05) and only modest in comparison to auricle amputation, these findings suggest that auricles are specifically required for normal chemotactic ability towards positive stimulants.
To assess whether and when chemotactic response is restored after auricle amputation, groups of planarians were amputated 1, 2, and 4 days prior to testing for assessment on the same day. As seen in the initial analysis (Figure 3C), the majority of auricle-less planarians failed to show normal chemotactic response 1 DPA (Figure 3D; 40% average feeding success, unpaired Student’s t-test < 0.05). However, planarians tested 2 DPA and 4 DPA achieved approximately 90% feeding success within the allocated 30-min period (Figure 3D). The feeding success observed in 2 and 4 DPA amputees was comparable to that of intact planarians in previous analyses (Figures 3B,C), therefore indicating restoration of chemotactic ability. Altogether, these results show that loss of auricles leads to a significant reduction in positive chemotactic behavior which is restored within 48-h post-amputation.
Neoblasts are Required for Anatomic Regeneration of the Auricle
To determine whether neoblasts contribute to the regeneration of auricle anatomy and the prompt restoration of chemotactic ability observed 2 days after auricle amputation, we measured the effect of x-ray irradiation on these processes. X-ray irradiation is routinely used as a chemical-free treatment to specifically deplete stem cells from planarian flatworms (Wolff and Dubois, 1948; Baguña et al., 1989; Shibata et al., 1999; Hayashi et al., 2006; Rouhana et al., 2010; Tasaki et al., 2016). It has been shown that mitotic neoblasts are selectively lost 1 day post-irradiation (1 DPI) and differentiating neoblast progeny within 2- and 3-DPI (Eisenhoffer et al., 2008). For our experiments, auricles were amputated from groups of G. dorotocephala subjected to x-ray irradiation 3 days prior, alongside a control group of non-irradiated planarians. The overall appearance of control and irradiated planarians was indistinguishable before auricle amputation (Figures 4A,D), as well as 1 day after auricle amputation (Figures 4B,E). However, control planarians were visibly able to regenerate their auricles 7 DPA (Figure 4C), whereas irradiated planarians failed to do so (Figure 4F). We assessed the integrity of the nervous system in irradiated planarians by immunostaining with SYN antibodies and verified that its overall morphology was undistinguishable between control and irradiated planarians (Figures 4G–J). Immunofluorescence using PH3 antibodies revealed that neoblasts were present in control planarians (Figures 4G’,H’) and absent in irradiated groups (Figures 4I’,J’), which validated the effectiveness of x-ray irradiation treatments. These results show that amputated auricles fail to regenerate in irradiated planarians, supporting the notion that auricle regeneration requires differentiation of stem cells and cannot be achieved by morphallaxis alone.
[image: Figure 4]FIGURE 4 | Stem cell requirements for morphological and full functional recovery after auricle amputation. (A–F) Darkfield microscopy images of control [not irradiated; (A–C)] and x-ray irradiated (D–F) G. dorotocephala shown before amputation (A,D), 1 day post-amputation [DPA; (B,E), and 7 DPA (C,F)] reveal that irradiated animals fail to regenerate the auricles regenerated by control samples 7DPA (arrows). (G–J) Images of planarians analyzed by immunofluorescence using anti-synapsin [SYT; green; (G–J)] and phospho-Histone H3 [PH3, (G’–J’), white] antibodies reveal that mitotic stem cells present in control animals (G’,H’) are absent in irradiated samples (I, J’) while the overall structure of the central nervous systems (CNS) remains comparable (G–J). (K–L) Average percent feeding success of intact (1st and 3rd bar in graphs) and auricle amputee (2nd and 4th bars per graph) control (1st and 2nd bars) and irradiated (X-ray; 3rd and 4th bars) planarian tested 1 (K), 4 (L), 7 (M), and 11 (N) days post-amputation (DPA). Averages calculated from at least 3 biological replicate groups of at least 7 planarians each. Error bars indicate standard deviation from the mean. Asterisks (*) indicate statistical significance according to Students’ t-test p-value < 0.05 when compared to intact control samples.
To determine whether reestablishment of normal chemotactic response after auricle amputation is driven by stem cells, control and irradiated planarians were subjected to feeding assays 1, 4, 7, and 11-days following auricle amputation. As observed in previous experiments, auricle amputation resulted in a significant decrease in feeding success 1 DPA, and this was observed in both irradiated and non-irradiated amputees (Figure 4K). Intact control and irradiated animals showed comparable feeding success, indicating that irradiation alone does not influence positive chemotactic ability under the used test conditions (Figure 4K). Unirradiated auricle amputees performed as well as intact control and irradiated planarians 4 DPA (Figure 4L). Irradiated amputees displayed feeding success which, although lower in average, was not significantly different to intact controls according to unpaired two-tailed Student’s t-tests (p-value > 0.05; Figure 4L). A similar trend was observed in planarians tested 7 DPA (Figure 4M). By 11 DPA irradiated intact and auricle-amputated planarians stopped eating (Figure 4N), most likely due to homeostatic decay caused by irradiation. These results show that x-ray irradiation has no direct effect on chemotactic behavior, and suggest that some chemotactic capacity can be restored after auricle amputation in the absence of stem cell-driven regeneration of complete auricle morphology.
Detailed Analysis of G. dorotocephala Auricle Regeneration During the First 2 DPA
Thus far, auricles remain one of the least characterized structures in planarian flatworms. Generating new molecular markers for the study of planarian auricles is required for better understanding their development, function, and regeneration. With the tools available at this time, we attempted analyze the events that take place within the 2-day window when chemotactic ability is restored following auricle amputation (Figure 3D). First, we visualized wound healing by staining epithelial junctions in intact planarians and auricle amputees using Concanavilin A (ConA; Figures 5A–E). ConA was retained by epithelium present throughout the outer cell layer of the auricle anatomy in intact animals (Figure 5A). ConA-labeled epithelium also covered the area positioned for auricle regeneration in the earliest checked timepoint (6 h post-amputation; 6 HPA; Figure 5B) and throughout the analysis (12-, 24-, and 48-HPA; Figures 5C–E). This indicated that wound healing takes place during the first 6 hours following amputation and therefore is unlikely to be the last event required for restoration of chemotactic ability. Analyses using SYN antibodies revealed that neuronal extensions reached the outermost cellular layer of the intact auricle (Figures 2B, 5A). Upon amputation, the neuronal extensions labeled by SYN antibodies in the pre-existing tissue seemed to persist, and the developing auricle had decreased but detectable SYN signal (Figures 5B’–E’). No obvious differences were observed in SYN signal distribution at the position of auricle amputation between 24- and 48-HPA (Figures 5D’,E’), thus failing to reveal pivotal events in neurogenesis that could be responsible for restoration of chemotactic ability.
[image: Figure 5]FIGURE 5 | Analysis of epithelial and neuronal distribution during the first 2 days post-auricle amputation. Maximum intensity projection of confocal z-stack images from intact (A–A”’) and auricle amputees 6 h post-amputation [6 hpa; (B–B”’), 12 hpa (C–C”’), 24 hpa (D–D”’) and 48 hpa (E–E”’)], illustrate the distribution of epithelia stained with Concanavanil A [ConA; (A–E); green in (A”’–E”’)] and neuronal projections stained with anti-synapsin [SYN; (A’–E’); orange in (A’–E’) insets and (A’”–E”’). DAPI staining of cell nuclei (A”–E”); blue in (A”’–E”’)] reveals the general position of cells. Scale = 0.1 mm. Insets in (A’–E’) show 5-fold magnified views.
To get a better idea of the timing when neoblast begin to give rise to replacement tissue, the distribution of M-phase cells close to the plane of amputation were visualized using PH3 antibodies. Previous studies have shown enrichment of PH3+ cells at the plane of amputation within 24 h of decapitation in D. japonica and S. mediterranea, which reach highest abundance in the 50 micron-region closest to the cut site 48 h post-amputation (Wenemoser and Reddien, 2010; Tasaki et al., 2011). More recent studies have shown that regeneration from smaller injuries, such as eye dissection, is achieved from existing progenitor cells without localized bursts in neoblast proliferation (LoCascio et al., 2017; Bohr et al., 2021). M-phase cells were rarely detected anterior to the photoreceptors in intact G. dorotocephala (average 2.8 PH3+ cells/sample; Supplementary Figure S4) and never within the auricle (Figure 2A; Figure 6A). Upon auricle amputation, accumulation of PH3+ cells on the plane of injury was not observed at any timepoint during the first 48 h following amputation (Figures 6B–E). The average number of mitotic cells anterior to the location of photoreceptors doubled at 12 HPA (2.8 vs 6.6 cells/sample; unpaired Student’s t-test < 0.05; Supplementary Figure S4), which may be indicative of a global burst in neoblast proliferation. These findings show that localized proliferation and accumulation of M-phase cells at the plane of injury does not take place during regeneration or amputated auricles, which suggests that post-mitotic neoblast progenitors migrate to the site of amputation to give rise to developing structures (as observed during eye excision in the work mentioned above).
[image: Figure 6]FIGURE 6 | Analysis of mitotic and ciliated cell distribution during the first 2 days post-auricle amputation. Maximum intensity projection of confocal z-stack images from intact (A–A”’) and auricle amputees 6 h post-amputation 6 hpa; (B, –B”’), 12 hpa (C–C”’), 24 hpa (D–D”’) and 48 hpa (E–E”’), illustrate distribution of M-phase neoblasts stained with phospho-Histone H3 [PH3; (A–E); yellow arrows; orange in (A”’–E”’) and ciliated cells stained with anti-acetylated tubulin AcTub; (A’–E’); green in (A’–E’) insets and (A’”–E”’). DAPI staining of cell nuclei (A”–E”); blue in (A”’–E”’) reveals the general position of cells. Area of aggregated ciliated cells (dashed lines) was quantified (Supplementary Material). Asterisks [* in (A’”–E”’)] mark position of eye. Scale = 0.1 mm.
Finally, we analyzed the presence and distribution of multiciliated epithelial cells at the position of auricle amputation using AcTub antibodies (Figure 6, A’–E’). As observed in our original analysis of intact planarians (Figures 2C–E), multiciliated cells fill the dorsal epithelia of the auricle and scatter in regions closer to the dorsal midline (Figure 6A’). Planarians analyzed 6 HPA displayed different patterns of cellular distribution (data not shown), from a few concentrated multiciliated epithelial cells at the site of amputation (n = 5/8) to a predominantly scattered cells (n = 3/8; Figure 6B’). We presume that this variability in distribution of multiciliated epithelial cells is partly due to inconsistencies in the precise location of amputation which are technically difficult to avoid. Similar variability was observed at 12 HPA (n = 4/10 scattered vs 6/10 concentrated; Figure 6C’) and at 1 DPA timepoints (n = 4/10 scattered vs 6/10 concentrated; Figure 6D’). At 2 DPA, all but one of the auricles analyzed a had concentrated multiciliated epithelial cells at the position of the regenerating structure (n = 9/10; Figure 6E’). In addition to the increase in number of samples with aggregated multiciliated cells at the position of auricle development, an increase in the area covered by these cells was noted. This observation was quantified by measuring the area of aggregated ciliated cells from maximum projections of z-stack images, which revealed that the region of concentrated multiciliated epithelial cells more than doubled between 1- and 2-DPA (Supplementary Figure S4). Although this difference did not reach statistical significance (Student’s t-test = 0.1), the correlation between trends suggests that accumulation of ciliated epithelia at the position of the auricle is a contributing factor in restoration of chemotactic ability between 1- and 2-DPA.
Transcriptional Profiling of G. dorotocephala Auricles
The lack of expression markers currently available to study the cellular composition of G. dorotocephala auricles hinders our ability to analyze how differentiation of specific cell types (e.g. specific types of neurons, chemosensory cells) contributes to restoration of chemotactic behavior. In order to identify potential auricle-specific markers for future studies, as well as better characterize the cellular composition of planarian auricles, we performed transcriptomic analyses of these structures by Illumina RNA sequencing (RNAseq).
We identified 39,737 contigs with significant differences in abundance (≥ 2-fold difference, p-value ≤ 0.05, minimal 0.1 cumulative TPM) between mapped reads from biological replicates of auricles and body fragments (Figure 7A; Supplementary Material S6 complete dataset available as Supplementary Material S2 at https://github.com/josephryan/Almazan_et_al_auricles_regen; see Materials and Methods section for details). A high threshold of ≥ 5-fold enrichment was applied to the group of differently-expressed genes to identify candidates with particularly favored auricle expression. This action revealed 1870 sequences (less than 0.7% of all reference contigs; Figure 7A, red). The percentage of sequences within this group of 1870 contigs that had strong conservation with human protein sequences (BLASTX E-value < 10-2) was enriched when compared to the entire reference transcriptome (33.8 vs. 12.1%; Supplementary Figure S5). GeneOntology (GO) analysis based on identified human homologs (BLASTX E-value < 10; n = 1440 uniquely mapped IDs) revealed enrichment of factors involved in cilia-related GO categories, such as outer and inner dynein arm assembly, sperm axoneme assembly, epithelial cilium movement, and regulation of cilium movement, as the most enriched biological processes (Supplementary Table S1). Genes involved in determination of left/right symmetry (False Discovery Rate (FDR) = 5.24E−04), regulation of cell projection organization (FDR = 2.86E−02, as well as neurogenesis (FDR = 2.31E−02) were also enriched GO biological processes. Surprisingly, “detection of chemical stimulus involved in sensory perception of smell” was the only GO biological process category that was significantly underrepresented amongst homologs of genes with ≥ 5-fold enriched expression in auricles (n = 12; 0.39-fold enrichment; FDR = 4.28E−02), suggesting that olfactory receptors genes are either highly divergent between these two species, less numerous in planarians, or without enriched expression in auricles of G. dorotocephala.
[image: Figure 7]FIGURE 7 | Analysis of auricle gene expression by RNAseq. (A) Log plot of average transcripts per million (TPM) calculated from Illumina reads of RNA extracted from G. dorotocephala auricles (y axis) and bodies (x axis) mapped to reference transcriptome contigs. Contigs with (Student’s t-test, p-val < 0.05; blue) and without (gray) statistically significant differences in relative gene expression are marked. Contigs with statistically significant difference in gene expression and ≥ 5-fold enriched abundance in reads of auricles are shown in red. Points representing the G. dorotocephala ortholog of Smed-SoxB1 (white with black circumference) as well genes corresponding to those listed in panel (B) (red with black circumference) are highlighted. (B) Venn diagram showing the overlap of 1:1 orthologs between sequences enriched in the auricle (> 5-fold) of G. dorotocephala (red) and sequences with decreased expression 14- and 24-days into Sox-B1 RNAi in S. mediterranea (Ross et al., 2018; yellow). Inset lists top human matches with E-value ≤ E10-10 from BLASTX searchers of G. dorotocephala sequences in orthology groups represented in the intersection of the Venn diagram.
The identification of ciliary processes as top GO categories represented by genes with auricle-enriched expression (Supplementary Table S1) corroborated with the remarkable abundance of ciliated cells visualized by immunofluorescence in auricles of G. dorotocephala (Figure 2). A member of the Sox family of transcription factors (Smed-SoxB1) was recently shown to be required for the presence of ciliated sensory neurons in the auricles of the planarian S. mediterranea (Ross et al., 2018). The G. dorotocephala ortholog of Smed-SoxB1 (TRINITY_DN4962_c1_g2) was enriched 1.9-fold in reads of auricles, but this enrichment did not reach statistical significance (p-value = 0.11; Figure 7A). Nevertheless, we identified significant overlap between the network of genes regulated by Smed-SoxB1 and the collection of genes with enriched expression in auricles of G. dorotocephala identified by our RNAseq analysis. This was determined by first using Orthofinder (Martín-Durán et al., 2017; Emms and Kelly, 2019) to identify orthologs between our G. dorotocephala reference transcripts and the latest S. mediterranea reference transcriptome deposited in PlanMine (dd_Smed_v6; Rozanski et al., 2019). Our orthofinder analysis produced a set of 8,682 single copy orthologs. Of the 1,870 transcripts that had enriched abundance of 5-fold or more in G. dorotocephala auricles, 430 were in the list of single copy orthologs. Of these 430, 31 matched one of the 88 Schmidtea genes that were both in the 193 set of dd_Smed_v6 transcripts with decreased abundance upon Smed-SoxB1-2 RNAi (14- and 24-day timepoints; Ross et al., 2018) as well as in the set of single copy orthologs (Figure 7B; Supplementary Table S2). Importantly, this set of 31 genes includes many factors not categorized as being involved in ciliary processes. To see if this was significant, we ran a Monte Carlo simulation where we randomly chose 430 genes from the list of 8,682 single copy orthologs and counted how many of them overlapped with the single copy orthologs from SoxB1-dependent genes. In zero out of the 10,000 iterations did we find 31 overlaps. In fact, the highest overlap in control iterations was 13 transcripts, which indicates that there is significant correlation (p-value ≤ 0.0001) between genes expressed with SoxB1 dependence in S. mediterranea and genes expressed in cells that compose the auricles of G. dorotocephala.
Finally, we asked whether our list of highly-expressed auricle genes (enriched ≥ 5-fold) included components of developmental signaling pathways that could to provide insight into the mechanisms that drive formation of prominent auricles in G. dorotocephala. We examined auricle-enriched genes that fall under the GO category of “pattern specification process,” which is cataloged under the GO biological process group “determination of left/right asymmetry” (both of which were over-represented in genes with highly-enriched expression in auricles; Supplementary Table S1). Amongst fifty-seven genes under GO group “pattern specification process” (Supplementary Table S3), highly conserved homologs of Noggin (BLASTX = 1.29E−12), BMP-4 (BLASTX = 8.49E−27), and WNT2B (BLAST = 1.78E−88) had greater than 6-fold enriched expression in auricles of G. dorotocephala. Further assessment of these genes using functional approaches may determine the mechanisms underlying auricle development and the evolution of auricle morphology.
DISCUSSION
Here we show that amputation of G. dorotocephala auricles reduces foraging success in a laboratory setting, which corroborates with observations by Koehler (1932) and Asano et al. (1998) suggesting that auricles contain chemoreceptors that are crucial for normal feeding behavior (reviewed by Fraenkel and Gunn, 1961). Given that a liver/agarose mixture (rather than live prey) was used, and water flow was not a factor, the contribution of auricles to feeding success in our experiments can be attributed to chemical sensing. Surprisingly, the reduction in chemotactic ability observed after auricle removal was restored just 2 days after amputation, which is earlier than what was observed during similar experiments in D. japonica (Asano et al., 1998), and sooner than the time that it takes to regenerate the characteristically stretched anatomy of G. dorotocephala auricles (Figure 1D). Nevertheless, 2 days were enough for ciliated cells on the dorsal side of regenerating auricles to accumulate (Figure 6E), suggesting that bilateral detection of attractant concentrated at the position of the auricles may be crucial for orientating these animals during foraging. Interestingly, recovery was also observed in x-ray irradiated animals, which suggests that if accumulation of ciliated cells at the position of auricle amputation is indeed driving recovery, then these cells may come (at least in part) from pre-existing cells and/or post-mitotic progenitors, as is known to occur after dissection of planarian eyes (LoCascio et al., 2017).
Close interaction between two ciliated cell types, epithelial cells and presumed chemosensory cells of the subepidermis, was observed in analyses of D. tigrina auricles by electron microscopy (MacRae, 1967). These presumed chemosensory cells were described to possess 1-2 cilia that project between epithelial cells onto the outer surface, with the potential to directly reach chemoattractants (MacRae, 1967). MacRae noted that cilia from epithelial cells and those projecting from the subepidermis contain subtle differences in width and membrane composition (inferred from different reaction to fixatives). We were unable to distinguish between these separate populations of cilia with our methods. However, the recent study by Ross et al. (2018) revealed that Smed-SoxB1 function is required for development of subepidermal multiciliated cells characterized as sensory neurons that populate much of the surface of the auricle in S. mediterranea. These cells express additional genes whose function are required for normal chemotactic behavior (i.e. eml-1, pdka-1, Smed-37835, and sargasso-1; Ross et al., 2018), corroborating with the idea that at least some of the cilia of auricles comes from sensory cells and not regular epithelia. Interestingly, eml-1, pdka-1, Smed-37835, and sargasso-1 are not only expressed in cells at the position of auricles, but also along almost the entire circumference of the head and the rest of the animal, as well as in cells that mimic the distribution of ciliated cells in the dorsal midline. These observations suggest that the position of chemosensory cells expands well beyond the head.
A separate study identified a friend leukemia integration 1 homolog in S. mediterranea (Smed-fli-1) whose function is also required for foraging, but whose expression is distributed in much of the planarian brain branches as well as in a heterogeneous population of neurons close to the edge of the entire planarian head (Roberts-Galbraith et al., 2016). The observation that the genes required for positive chemotaxis that were identified by these two groups are expressed throughout most of the edge of the head in S. mediterranea suggests that chemotaxis is not entirely dependent on the auricles. Our own analyses show that, although concentrated in the auricles, multiciliated cells are present throughout the edge of the head in G. dorotocephala (Figure 2E). In addition, the partial feeding success observed 1-day post-amputation of auricles (Figures 3C,D), supports the notion that chemoreception during foraging also occurs elsewhere in the body. Perhaps the most extreme example to support this notion comes from recent experiments showing that the pharynx of the planarian D. japonica is able to find food on its own over short distances, and may even direct foraging behavior of the entire organism (Miyamoto et al., 2020). If indeed chemosensory cells are broadly distributed throughout the entirety of the animal circumference, as well as along the dorsal midline and the pharynx, then these may establish sensory gradients along anteroposterior and mediolateral axes, whereas auricles with prolonged architecture (as the ones observed in G. dorotocephala) may provide an additional structural element that enhances the animal’s ability to sense gradients along the animal’s dorsoventral and mediolateral axes in complex three-dimensional ecosystems (Figure 8).
[image: Figure 8]FIGURE 8 | Possible contributions to chemical sensing from three-dimensional extension of auricle architecture. (A) Illustration of observed G. dorotocephala movements depicts the possible extension of 3-dimensional range covered by the auricles and head-tip. (B–D) Image of acetylated-alpha-tubulin-labeled ciliated sensory cells in G. dorotocephala (B), D. japonica (C), and S. mediterranea (D) are shown with the morphology and position of the central nervous system obtained from DAPI-stained samples is superimposed on the right half of each image. The hypothetical position of peripheral sensory cells (magenta) based on studies of Gt-wnt5 in G. tigrina (Marsal et al., 2003), and TRP family genes in D. japonica (Inoue et al., 2014) as well as S. mediterranea (Arenas et al., 2017) are drawn along the entire periphery of the head of each species (magenta). (E–G) Hypothetical chemosensory axes established by the 3-dimensional distribution of sensory cells in each planarian species.
Given the inconclusive results regarding restoration of chemotactic behavior in irradiated planarians (Figure 4), we are unable to predict how much of the behavioral recovery is due to rearrangements of pre-existing tissue as compared to stem cell-driven development of sensory neurons. Although the hypotheses that are more strongly supported by the data mentioned above are that chemical sensing is distributed throughout the entire animal, and that pre-existing non-mitotic cells may contribute to restoration of chemotaxis after auricle amputation, we have not ruled out the possibility that there are unique chemoreceptors in the auricle. Two days would be enough time for missing cell-types to be restored, based on the observation that changes in gene expression in neoblasts and early-neoblast progeny occur just within hours of injury (Gurley et al., 2010; Wenemoser et al., 2012; Wurtzel et al., 2015), and the appearance of new photoreceptor cells as early as 2-days following eye dissection (Deochand et al., 2016; Scimone et al., 2020). It is possible that accumulation of ciliated cells at the position of the auricle reestablishes an important chemosensory axis 2-DPA. However, it is also possible that specific chemosensory cells need to develop in the regenerating auricle. After all, the food used in our assays, and that found in nature, contains a multitude of potential chemoattractants that may trigger different planarian sensory cells. Thus far, large-scale screens for general neuronal (Cebria et al., 2002a; Cebria et al., 2002b; Nakazawa et al., 2003; Roberts-Galbraith et al., 2016) and specific sensory cell markers (Ross et al., 2018), as well as extensive single-cell RNAseq analyses (Wurtzel et al., 2015; Molinaro and Pearson, 2016; Fincher et al., 2018; Plass et al., 2018) have failed to identify genes exclusively expressed auricles of S. mediterranea. It seems worthwhile to pursue single-cell RNAseq and in situ hybridization screens in G. dorotocephala, which has more prominent auricule structures. A recent report using D. japonica showed auricular expression of a gene that is not broadly present in the head periphery but is also expressed in the pharynx (Dj_fibroblast growth factor (Djfgf); Auwal et al., 2020). It is predicted that Djfgf expression provides positional information during regeneration, but its actual function remains unknown (Auwal et al., 2020). Nevertheless, the regional expression of Djfgf within the head of D. japonica suggests the presence of auricle-specific cell types. Analysis of Djfgf ortholog(s) in G. dorotocephala, as well as highly enriched genes in our auricle RNAseq analysis, could help determine whether cell types exclusive to the auricle exist in planarians.
Koehler’s seminal work in the study of the auricle included observations comparing the behavior of planarians seeking food in lentic and lotic ecosystems, and predictions that chemosensory cells must be present throughout the planarian body (Koehler, 1932). Ninety years later, researchers in the field are revisiting these questions and finding that chemotaxis and rheosensation may be take place in the same group of cells, or at least in cells with shared molecular programs (i.e. gene expression regulated by SoxB1; Ross et al., 2018). Variability in auricle morphology may provide physical attributes that optimize flow and capture of chemicals in specific habitats. In other words, the vast array of auricle morphologies observed in different planarian species may be due to selective pressures unique to each of their ecosystems (e.g. water flow, depth of habitat, position and distance relative to food) or differences in innate behavior [e.g. head tilting, preference for travel on curved or vertical surfaces, or spontaneous wigwag movements, as observed by Akiyama et al. (2015; 2018)]. Our analysis of G. dorotocephala, supports the notion that auricles do contribute significantly to chemotactic behavior, although partial recovery of their structure is sufficient for functional restoration under our tested laboratory conditions. It is possible that full auricle development is required for optimal detection of chemoattractants in the more complex three-dimensional space present in their natural habitats.
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The mechanisms supporting regeneration and successful recovery of function have fascinated scientists and the general public for quite some time, with the earliest description of regeneration occurring in the 8th century BC through the Greek mythological story of Prometheus. While most animals demonstrate the capacity for wound-healing, the ability to initiate a developmental process that leads to a partial or complete replacement of a lost structure varies widely among animal taxa. Variation also occurs within single species based on the nature and location of the wound and the developmental stage or age of the individual. Comparative studies of cellular and molecular changes that occur both during, and following, wound healing may point to conserved genomic pathways among animals of different regenerative capacity. Such insights could revolutionize studies within the field of regenerative medicine. In this review, we focus on several closely related species of Lumbriculus (Clitellata: Lumbriculidae), as we present a case for revisiting the use of an annelid model system for the study of regeneration. We hope that this review will provide a primer to Lumbriculus biology not only for regeneration researchers but also for STEM teachers and their students.
Keywords: clitellate, molecular resources, stem cells, neurophysiology, invertebrate biology, STEM education
1 INTRODUCTION
Regeneration—the ability to regrow body parts lost to injury—has fascinated scientists and the general public at least since the 8th century BC, as shown by the Greek myths of the Lernaean Hydra or Prometheus and his continuously regenerating liver. Although most animals demonstrate capacity for wound-healing, the ability to initiate a developmental process leading to partial or complete replacement of a lost structure varies widely among animal taxa (Bely and Nyberg, 2010). Given that humans are located towards the rather poorly-regenerating end of the spectrum, it is not surprising that we look with awe to those groups that can regrow a limb, a tail, a head, or even a complete body from a small fragment. Variability in regenerative potential is not only found between species, but may also occur within a species depending on the nature and location of the wound and the developmental stage or age of an individual. Comparative studies of cellular and molecular changes that occur both during and after wound healing may point to conserved genomic pathways among animals of different regenerative capacity. Such insight could revolutionize studies within the field of regenerative medicine.
Although the phenomenon of regeneration has been known for millennia, scientific inquiry of its developmental mechanisms began during the 18th century, and remains an active field to date. However, none of the model systems that ushered the entry of developmental biology into the molecular era (e.g., Drosophila fruit flies, Mus mice, C. elegans nematodes) served as good regenerative models, prompting the need for the development of alternative models to study this biologically and medically important phenomenon. Along with planarians, cnidarians, arthropods and amphibians, marine, freshwater, and terrestrial annelids have been a traditional alternative to study regeneration, and they still provide an excellent platform for this purpose. Many annelid lineages show amazing abilities to regrow an entire new body from a single fragment, while others (sometimes closely related) find themselves incapable of regenerating heads, or even tails (Zattara and Bely, 2016). Despite their foundational importance, many basic questions about the developmental mechanisms underlying annelid regeneration are still open, and only recently are being addressed using modern molecular approaches (Özpolat and Bely, 2016; Zattara, 2020; Kostyuchenko and Kozin, 2021).
One of the models that has been pivotal to annelid regeneration research is the genus Lumbriculus (Clitellata: Lumbriculidae). Also known as blackworms, they are taxonomically related to leeches and other mud-dwelling clitellates. Some species can regenerate an entirely new body from a fragment only 1/50th the size of the original animal. Such remarkable regenerative capabilities include the ability to recover structure and function along most of the anterior-posterior body axis. In addition, Lumbriculus worms subjected to long-term deprivation of nutrients will still direct resources to regeneration following amputation, further attesting to the high regenerative capacity of this annelid (Nikrad and Tweeten, 2014). Overall, studies using Lumbriculus offer a rich history with a focus on the morphological, cellular, physiological, and proteomic changes occurring within a regenerating worm fragment.
In this review, we first summarize the past, present, and future of regeneration research using Lumbriculus. To provide context for its use as a model system, we take a tour through the past—the pioneering work that started at the turn of the last century and continued during the first half of the 20th century-, the present—the overarching questions currently driving research—and the future- ushered by development of accessible sequencing and molecular techniques—of Lumbriculus as a study system. We then explore the potential of Lumbriculus outside of the research labs, as a tool for STEM Education.
2 THE PAST: THE PIONEERS WHO DESCRIBED LUMBRICULUS REGENERATION
2.1 The Early Years: From the 18th to the Mid-20th Century
Lumbriculus worms have been among the earliest annelids used to experimentally investigate regeneration: working in France at the mid-18th century, Bonnet (1745) determined that a single individual could be cut in 16 pieces, and each piece would regenerate a complete worm; he also found that regenerated worms can be repeatedly cut and still retain the ability to regenerate. Over a hundred years later, the search for adult correlates of embryonic germ layers by experimental embryologists led Bülow (1883) in Germany to resume studies on this group, this time focusing on generating detailed descriptions of the regenerative process and the embryonic layer of origin of the cells that form the regenerated organs in the head and tails. This question also occupied Harriet Randolph (1892), who investigated regeneration in earthworms (Lumbricidae), sludge and water-nymph worms (Naididae), and in Lumbriculus. She started her work at Bryn Mawr College (PA, United States) advised by the renowned embryologist E. B. Wilson, and later at the University of Zürich (Switzerland) helped by A. Lang. Her results were published in a seminal pair of publications, in which she proposed that several mesodermal structures in the regenerate derived from segmentally iterated reserve mesodermal stem cells, which she named neoblasts, that laid dormant on the peritoneal epithelium, lateral to the ventral nerve cord (Randolph, 1891; Randolph, 1892). German, Russian and US researchers were also sectioning and studying regenerating Lumbriculus (von Wagner, 1900; Morgan, 1901; Iwanow, 1903; von Wagner, 1906; Morgulis, 1907; Müller, 1908; Morgulis, 1909; Krecker, 1910); research was driven by questions about the origin of the regenerated mesoderm, the differences between head and tail regeneration, and the patterns of regenerative responses that varied depending on the antero-posterior location of the regenerating tissues, the size of the fragments, and environmental and internal conditions. Most of this early phase of Lumbriculus research has been summarized by Stephenson (1930) in his monograph on oligochaetes.
2.2 Axial Regeneration: An Act in Five Stages
Work by researchers mentioned above resulted in a very complete description of the morphological and histological processes associated with anterior (head) and posterior (tail) regeneration (Stephenson, 1930; Herlant-Meewis, 1964). After transverse amputation, the remaining worm fragments present a cut surface that can be anterior- or posterior-facing, which undergoes wound healing. After healing, anterior regeneration is triggered at anterior surfaces, resulting in the growth of a new anterior end (i.e., a head), while posterior regeneration is triggered at posterior surfaces, resulting in the growth of a new posterior end (i.e., a tail). Annelid heads and tails are organized quite differently: heads include a non-segmental terminal prostomium followed by several segmental units, an antero-dorsal cerebral ganglion, ectodermal mouth, and pharynx, and distinctively patterned ventral nerve cord ganglia; in turn, tails have a non-segmental terminal pygidium adjacent to a posterior growth zone (PGZ) which generates proximal posterior segmental units (Zattara, 2020). Thus, anterior and posterior regeneration reconstruct a considerably different suite of organs. Despite these differences, both types of regeneration processes can be divided in five stages (Figure 1A): 1) wound healing; 2) blastema formation; 3) blastema differentiation; 4) resegmentation; and 5) growth (Zattara, 2020).
[image: Figure 1]FIGURE 1 | Regeneration and asexual reproduction in Lumbriculus. (A) Generic stages of annelid regeneration. Dashed line: cut/regenerated tissue; dark gray: non-segmental tissues; dark red: mitotically active areas; gray shading: differentiating segmental tissues. (B) Asexual reproduction by fission. Coloring as in A. (C–H) Histological sections through early (C), middle (E) and late (G) anteriorly regenerating individuals, and early (D), middle (F) and late (H) posteriorly regenerating individuals. (C–H) After Iwanow (1903); all labels are direct or interpreted translations of the original German labels.
2.2.1 Stage 1: Wound Healing
Immediately after amputation, body wall circular muscles located adjacent to the cut site contract quickly to close off the coelomic cavity and minimize contact with the external medium. Sometimes, this fast movement closes the body wall around the cut end of the gut, which is left protruding; if this happens, the gut withdraws or pinches off the exposed end. Usually, epithelial cells from the epidermis at the edges of the cut extend to cover and seal the wound, and the same happens with the gut epithelium, which closes forming a blind end; in some cases, the edges of the epidermis and gut come into contact and fuse directly instead, closing out the wound and restoring a posterior opening (von Wagner, 1900; von Wagner, 1906). At this stage, and especially for anterior surfaces, most mitotic activity is shut down (Figures 1C,D). Damaged epithelial cells and muscle fibers degenerate and die, their remains being engulfed by phagocytes that migrate towards the wound site (Iwanow, 1903). The interstitial spaces between epidermis and gut become filled with blood lacunae.
2.2.2 Stage 2: Blastema Formation
Soon after wound healing, neurites originating in nerves from the ventral nerve cord and peripheral nerves invade the wound site (Figure 1C). Around the same time, local cell proliferation is upregulated, particularly within the epidermis and gut. Many of the proliferating cells ingress from the epidermis and start forming a mass of unpigmented, undifferentiated cells known as blastema (Figure 1E). Randolph (1891), Randolph (1892), Iwanow (1903), von Wagner (1906) and Sayles (1927) describe the migration of large cells (named neoblasts) that migrate towards the wound site, proliferate there and contribute to formation of the blastema (Figures 1D,F,H); other studies in this species failed to find neoblast migration, especially during anterior regeneration (Stephenson, 1930). At this stage, it is also common to see muscle cells losing their fibrilar shapes and detaching as free myocytes into the coelomic cavity (Figure 1E).
2.2.3 Stage 3: Blastema Differentiation
After accreting, the blastemal mass begins to differentiate into distal non-segmental regions: a cone-shaped prostomium in anterior regenerates (Figures 1E,G) and an anus-bearing pygidium in posterior regenerates (Figures 1F,H). In anterior regenerates, cells derived from anterodorsal epidermal proliferation and ingression begin to differentiate into a cerebral ganglion, and a band of epidermal cells located at the ventral edge of the prostomium invaginate to form a stomodeum (Figure 1G) (von Wagner, 1897; von Wagner, 1900; Iwanow, 1903). Blastemal cells around the blind end of the gut develop to form a pharynx (Figure 1G), which will eventually meet the stomodeal invagination and open as a new mouth. By this stage, neurites have already formed an anterior dorsal loop connecting the developing cerebral ganglion with the ventral nerve cord. Cells derived from ventral epidermal proliferation ingress and surround these neurites, eventually developing into the anterior ventral cord ganglia (Iwanow, 1903).
In posterior regenerates, ventral epidermal proliferation, and cell ingression, potentially along with the neoblast progeny, give rise to the primordia of the new posterior growth zone, along with the posterior ventral nerve cord ganglia (Randolph, 1892; von Wagner, 1900; Iwanow, 1903; von Wagner, 1906). At the posterior end, the epidermis invaginates towards the blind end of the gut until they connect, re-establishing the anus (von Wagner, 1906; Wenzel, 1923).
In both anterior and posterior regenerates, proliferation located proximal to the prostomium/pygidium intercalate tissues that will form the segments. Muscle fibers from existing longitudinal bands extend over the blastema until they reach the terminal caps, while circular muscle rings form apparently de novo (von Wagner, 1900; Iwanow, 1903; von Wagner, 1906; Wenzel, 1923). Endothelial tissue develops around the blood lacunae and restores the main ventral and dorsal vessels (Iwanow, 1903).
2.2.4 Stage 4: Resegmentation
At this stage, the blastemal mass becomes organized into more discrete clusters of dorsal, lateral and ventral cells. The dorsal and lateral clusters develop into chetal sacs that secrete locomotory chaetae (von Wagner, 1906). The ventral clusters form the nerve cord ganglia. The brain completes its differentiation, and fibers of circular muscle form fine rings between the epidermis and the longitudinal muscle. At the posterior end, the regenerate transitions to developing new segments at its new posterior growth zone, as during normal growth.
2.2.5 Stage 5: Growth
Regenerated structures complete differentiation and the regenerate grows in size to adjust the proportions with the original tissues to fully restore functionality.
2.3 Coda: Asexual Reproduction by Fission
As with many other annelids lineages, Lumbriculus have co-opted their amazing regenerative abilities to evolve facultative asexual reproduction (Zattara, 2012; Zattara and Bely, 2016). Lumbriculus are known to reproduce by breaking up into two or more fragments, each of which reforms the missing parts and become a fully functional individual (Figure 1B); this fissioning behaviour can occur within the water or inside desiccation-resistant cysts (Stephenson, 1922; Cook, 1969). Unlike injury-driven regeneration, Lumbriculus fragmentation results from an autotomy reflex that causes a sudden contraction of circular muscles at a very specific location along a segmental unit (Lesiuk and Drewes, 1999); in other words, and similar to other animals presenting autotomy reflexes, Lumbriculus have a particular “breaking plane.” This breaking plane is characterized by the presence of an epidermal serotonin immunoreactive nerve ring (Figures 2B–E, white arrowheads) (Martinez, 2005; Zattara, 2012); since treatment with nicotine, a cholinergic agonist, blocks the autotomy reflex (Lesiuk and Drewes, 1999), it is possible that the mechanism to trigger this reflex depends on acetylcholine-mediated activation of serotonergic neurons.
[image: Figure 2]FIGURE 2 | Lumbriculus nervous system morphology and sensory field regeneration. (A) Schematic representation of the anterior nervous system, showing the ventral nerve cord (vnc), dorsal cerebral ganglion (cg), prostomial nerves (pn1-4) and segmental peripheral nerves (I–IV). (B–E) Ventral nerve cord and peripheral nerve roots; all panels show the same whole-mounted specimen, oriented anterior to the left; arrowheads point at the segmental fission planes. (B) Confocal image of immunohistochemical labeling of acetylated tubulin (green) and serotonin (red-white); DNA counterstain (blue) shows cell nuclei. (C) Differential interference contrast (DIC) image showing the main neuropil of the nerve cord flanked by muscle bands. (D) Depth coded confocal stack of phalloidin-labeled F-actin showing longitudinal, circular and diagonal muscle fibers. (E) DIC image showing the epidermis. (F) Confocal stack showing a stretch of nerve cord immunolabeled against serotonin (center); the laterals are two virtual Z-sections showing the medial (mgf) and lateral giant nerve fibers (lgf). The double-headed arrows show the anterior (A)/posterior (P) and dorso (D)/ventral (V) orientation in the center and lateral panels respectively. (G) Transmission electron microscopy image of a thin transverse section in the anterior region of the nerve cord, showing the medial (mgf) and lateral giant nerve fibers (lgf) surrounded by myelin-like sheaths (arrowheads); ms: muscle bundle; np: neuropil; pk: perikaryon (neuronal cell body); vbv: ventral blood vessel. (H–J) Reestablishment of the anterior medial giant fiber (MGL) and posterior lateral giant fiber (LGL) sensory fields after amputation and regeneration. (H) Intact worm. (I) Amputated worm fragments. (J) Regenerated fragments redrawn after Isossimow (1926), color/nerve nomenclature after Zattara and Bely (2015).
3 THE PRESENT: BURNING TOPICS IN LUMBRICULUS REGENERATION RESEARCH
3.1 Cryptic Diversity Within Lumbriculus: Opening the can of Worms
For more than a century, Old and New World regeneration biologists reported working on the same species, Lumbriculus variegatus (Müller, 1774). In 1895, Smith described worms collected near Havana, Illinois (United States) as a separate species, Lumbriculus inconstans, which was later folded as a subspecies of L. variegatus (Brinkhurst and Cook, 1966). A further revision (Brinkhurst, 1986) describes four species: L. variegatus (Müller, 1774), L. inconstans (Smith, 1905), L. ambiguus (Holmquist, 1976), and L. genitosetosus (Holmquist, 1976). In all of these cases, the primary classification descriptors were the number and arrangement of reproductive structures in sexually mature worms. Christensen (1980) reported that worms collected in Denmark differed in their DNA content, ranging from diploid (34 chromosomes) to 11-ploid. While there are no significant morphological differences between worms from different sources, recent molecular phylogenetic analyses of various populations based on cytochrome c oxidase subunit 1 and 16S rRNA sequence data have shown that populations of Lumbriculus form differentiated genetic clusters, strongly suggesting a significant cryptic diversity of species among the initially monotypic genus (Gustafsson et al., 2009). The study found that all sequenced individuals clustered within two clearly distinct clades (aptly named Clade I and Clade II), with representatives of both clades in both Europe and North America. Clade I included worms obtained from the Environmental Protection Agency laboratory (Dultuh, MN), Aquatic Foods (Fresno, CA) and several natural habitats in Europe and North America. Clade II comprised worms from habitats in Sweden, and populations isolated from natural habitats in the United States including worms collected from the Gull Point slough in Iowa by the Drewes lab (1996). Genetic differences of up to 17.7% between clades I and II suggest that divergence in these populations occurred in the distant past. Cytological analysis (Gustafsson et al., 2009) and flow cytometry analysis of DNA content (Tweeten and Morris, 2016) of several of these genetically analyzed populations showed that worms in Clade I are polyploid while Clade II worms are diploid. DNA analysis, together with differences observed in total protein profiles and hemoglobin linker proteins (Tweeten and Morris, 2016), support designating the diploid and polyploid populations of Lumbriculus as distinct species.
This results in a taxonomic dilemma, as the ploidy of the type species described by Müller (1774) is not known. Research that can be inferred to have used either polyploid worms (Phipps et al., 1993) or diploid worms (Drewes and Brinkhurst, 1990) both name the worms as Lumbriculus variegatus. With criteria focusing on reproductive structures, the current classification system excludes many polyploid populations that, due to high chromosome numbers, likely reproduce asexually and lack reproductive structures (Christensen, 1984). Others may reproduce through parthenogenesis where reproductive structures are abnormal or substantially reduced. Clearly criteria beyond reproductive structures need to be applied in resolving the identity and diversity of species within the Lumbriculus complex. Recognizing the unresolved issues regarding the taxonomy of Lumbriculus, current taxonomic keys (Brinkhurst and Gelder, 1991) provide a set of characteristics that identify Lumbriculus from different sources only to the genus level: prostomium without proboscis, bifid chaetae with reduced upper tooth, lengths of 50–100 mm, anterior greenish pigmentation, and extensively branched lateral blood vessels. The worms are further described as reproducing either asexually or sexually (lack retractable penises).
The occurrence of both diploid and polyploid populations imposes a taxonomic challenge, but also provides unique opportunities for investigations of regeneration within these contexts. Since ploidy levels impact physiology, gene expression, response to environmental stresses, and rates of cell proliferation, comparative studies could be conducted, examining the impact of chromosome numbers on wound healing and downstream events occurring during regeneration. What potential differences are there in the regeneration process between diploid and polyploid forms of the worms? Are there differences in the regenerative capacity of a diploid, sexually mature worm producing cocoons compared to that of polyploid asexually reproducing worm? What differences in responses might be observed through comparative transcriptomics between diploid and polyploid Lumbriculus when exposed to a variety of environmental stresses?
3.2 Cell Migration and Proliferation: The Quest for the Neoblasts
Ever since Randolph (1891), Randolph, (1892) described the migration and proliferation of putative reserve stem cells to form the posterior blastema of Lumbriculus, the role of these cells has been hotly debated. Zhinkin (1932), Zhinkin (1936), Turner (1934), and Turner (1935) found that formation of both anterior and posterior structures was blocked when amputated fragments of Lumbriculus were exposed to x-rays to inhibit mitosis. Non-irradiated tissues, through histological analysis, showed proliferation of ectodermal cells that were linked to regeneration of nerve ganglia and the ventral nerve cord. Other cells thought to be neoblasts appeared to migrate to the wound site where they proliferated and gave rise to blood vessels and muscle cells in the regenerating tissue. Stephan-Dubois (1956) also proposed that neoblasts migrated into blastemal tissue where they proliferated and contributed to regenerating tissues. More recent experiments in which fragments of Lumbriculus were treated with colchicine and vinblastine, inhibitors of cell proliferation, prevented regeneration of heads and tails (Tweeten and Anderson, 2008). These results suggested that cell proliferation occurred throughout the regenerative process. Fragments allowed to regenerate for 24, 48, 72, or 120 h before being exposed to colchicine showed no further regeneration when treated with this drug. Direct evidence for cell proliferation was observed through uptake of 5-bromo-2-deoxyuridine (BrdU), a thymidine analog, into regenerating tissues (Tweeten and Anderson, 2008; Zattara and Özpolat, 2021). BrdU uptake was detected within the first 24 h of regeneration, with the greatest uptake occurring at about 120 h into regeneration.
Cell migration also was found to be essential to the regenerative process (Tweeten and Anderson, 2008). Treatment of worm fragments with locostatin and latrunculin B, inhibitors of cell migration, completely inhibited tail regeneration and partially blocked head regeneration. Other insights regarding cell migration during regeneration in Lumbriculus came from studies on serine proteases (Tweeten and Reiner, 2012). Given that some serine proteases play a role in the remodeling of the extracellular matrix that accompanies cell migration (Friedl and Gilmour, 2009), a fluorescently labeled reagent (Williams and Mann, 1993) that irreversibly binds to serine proteases showed high levels of these enzymes in the intestine of Lumbriculus. After treating worms with this reagent and then cutting the worms at the midgut level, movement of labeled intestinal cells into the developing blastema was observed. These results suggested that migration of differentiated intestinal tissue accounts, in part, for formation of the pharynx during regeneration. That serine proteases might play a role in the migration process was indicated by inhibition of head and tail regeneration by aminoethyl benzenesulfonyl fluoride, a serine protease inhibitor (Tweeten and Anderson, 2008).
Despite a long history of study, definitive evidence of neoblast migration is still scarce: wound-directed migration of neoblast-like cells has only recently been directly observed using time-lapse imaging in the freshwater clitellate Pristina leidyi (Zattara et al., 2016). However, 130 years after Randolph’s first paper, the role played by these migrating neoblasts in Lumbriculus (and other clitellates) is still unclear.
3.3 Regeneration and the Nervous System: Regeneration Meets Neurophysiology
The oligochaete central nervous system (CNS) generally consists of a cerebral ganglion (brain; a fused supra-esophageal ganglion) which is located in prostomium and is connected to the subesophageal ganglion and subsequently a ventral nerve cord (VNC) via two circumesophageal connectives (Stephenson, 1930; Bullock, 1965; Jamieson, 1981). In lumbriculid worms, the VNC extends down the length of the worm and gives rise to four pairs of segmental nerves within each segment (except segments 1 and 2; Figures 2A,B) (Bullock, 1965; Hessling and Westheide, 1999). These segmental nerves extend laterally around the body wall and are the source of synaptic input (sensory) and output (motor) within the clitellate CNS (Stephenson, 1930; Bullock, 1965; Jamieson, 1981). Groups of different types of neurons (sensory, motor, and interneurons) converge and are organized within each segment of the VNC (Jamieson, 1981). Axons of some of these sensory and motor neurons extend through the segmental nerves, while others extend into the neuropil of the VNC. Thus, the neuropil is a site of integration of many synaptic events that underlie the function of the worm’s neuronal circuits controlling behavioral reflexes (Bullock, 1965; Günther and Walther, 1971; Jamieson, 1981; Purschke, 2015).
Lumbriculus exhibits anterior-posterior gradients in behavior that are easily monitored (Drewes and Fourtner, 1990; Lesiuk and Drewes, 2001). With its tail extended into the water column, Lumbriculus is exposed to predation and thus has evolved rapid escape reflex behaviors that aid in survival tactics (Drewes, 1984; Zoran and Drewes, 1987). Specifically, stimulation of segments in the posterior 2/3 region of the worm’s body (Figure 2H, LGF) results in posterior shortening or tail withdrawal (Drewes, 1984; Zoran and Drewes, 1987; Drewes and Fourtner, 1989; Drewes and Fourtner, 1990). Also, touch-stimuli applied to segments found in the anterior 1/3 region of the worm’s body (Figure 2H, MGF) result in a quick anterior shortening or head withdrawal (Drewes, 1984; Zoran and Drewes, 1987; Drewes and Fourtner, 1990). Stimulation of anterior segments also results in a 180° turn or reversal locomotor response away from the aversive stimulus, whereas stimulation of posterior segments elicits rapid undulating swim movements (Drewes, 1999). These behaviors, which are specifically activated by anterior- or posterior-specific sensory inputs, are also mediated by body region-specific motor networks.
A conserved feature of virtually all oligochaetes is the presence of three giant fibers (Figures 2F,G), located in dorsal regions of the ventral nerve cord (Bullock, 1965; Jamieson, 1981; Zoran and Drewes, 1987; Hessling and Westheide, 1999; Purschke, 2015). Each of these giant nerve fibers is derived from a chain of giant axons which arise from segmentally arranged interneurons whose cell bodies are found just ventrally within the neuropil (Bullock, 1965; Günther and Walther, 1971, Jamieson, 1981: Purschke, 2015). These three giant fibers include one medial (MGF) and a pair of lateral giant (LGF) axons (Figures 2F,G). Giant axon dye-filling in Lumbriculus demonstrates that these axons are septate in nature; having distinct, segmental divisions separated by a membranous septum (Lybrand et al., 2020), as opposed to being syncytial, where there are no cellular divisions and thus a continuous cytoplasm between cells. Moreover, each segmentally arranged giant axon is connected via gap junctions (i.e., electrically coupled) allowing for uninterrupted through-conduction of nerve impulses along the length of the giant fiber system (Mulloney, 1970; Brink and Ramanan, 1985). Each giant fiber (GF) has 2-4 ventrally projecting collaterals and one cell body per segment. Additionally, in most oligochaetes, one lateral giant fiber (LGF) collateral forms a cross-bridge with the contralateral LGF within each segment. These interconnections are undoubtedly the basis for observed electrotonic coupling between the LGFs and the resultant bilateral synchronization of LGF action potentials during spike propagation (Drewes, 1984). It has also been demonstrated that lumbriculid giant fiber axons are ensheathed by glial cell membranes, resulting in layers of myelin surrounding the axons (Figure 2G) (Günther, 1976; Roots and Lane, 1983; Purschke, 2015; Knowles, 2017; Lybrand et al., 2020). The presence of myelination on giant fiber axons functions to increase conduction velocity along the length of the giant fibers and thus is thought to be the basis of observed rapid escape reflexes (Zoran et al., 1988; Drewes and Fourtner, 1990; Martinez et al., 2008).
Rapid escape reflexes initiated following noxious stimulus (i.e., a potential predatory threat) are mediated by the giant fiber pathways. Activation of these giant fibers via sensory stimuli (e.g. tactile or photic) results in the rapid conduction of nerve impulses down the length of the fiber that, in turn, activate motor neurons, which impinge upon longitudinal muscles responsible for body shortening (Drewes, 1984; Drewes and Fourtner, 1989; Drewes and Brinkhurst, 1990). Moreover, these rapid escape reflexes are differentially regulated by the medial and lateral giant fibers. That is, head withdrawal reflexes, in response to sensory stimuli to the anterior 1/3 of the body, are governed by the medial giant fiber (MGF) and tail reflex responses are governed by the lateral giant fibers (LGF) (Drewes and Fourtner, 1990; Lesiuk and Drewes, 2001). Interestingly, there are a few segments (Figure 2H, segments 38–58 in a worm of 150 segments) in which both a head and tail withdrawal can be elicited and both MGF and LGF activation is detected (Drewes and Fourtner, 1990). Thus, giant fiber function is governed by discrete sensory fields, with the anterior 1/3 body region falling within the MGF sensory field and the posterior 2/3 body region comprising the LGF sensory field. Interestingly, although these three giant fibers are conserved among virtually all oligochaetes, there is a fundamental difference in these rapid escape pathways between terrestrial worms (most susceptible to anterior predatory attack) and aquatic worms with tails extended from the substrate burrows (susceptible to posterior attack). Specifically, LGF sensory fields, giant fiber diameters, conduction velocities, and synaptic efficacies have become highly adapted for speed during aquatic worm (tubificid and lumbriculid) evolution (Zoran and Drewes, 1987).
The nervous system is known to play a prominent role in animal regenerative processes (Kumar and Brockes, 2012). In annelids, removing the ventral nerve cord from the segments adjacent to an amputation site can inhibit or greatly delay the regeneration process, while transplantation or deviation of the nerve cord into a wound can induce ectopic regenerates (Hyman, 1940; Herlant-Meewis, 1964; Boilly et al., 2017). This role of the nerve cord is conserved in Lumbriculus: regeneration occurs only in the presence of a cut end of the VNC, and the blastema begins to form next to the VNC end; furthermore, extirpation of fragments of the VNC results in the formation of ectopic lateral regenerates, adopting anterior (head) or posterior (tail) morphologies depending on the facing of the cut VNC end (von Haffner, 1928; von Haffner, 1931; Zhinkin, 1935). In turn, cell proliferation activity and neoblast migration has been proposed to be necessary for nervous system regeneration (Zhinkin, 1936). Within the nervous system, the recovery of function upon regeneration appears especially evident. Studies first carried out by electrophysiologists in the late 1970s (Günther, 1976; Drewes et al., 1978), demonstrated remarkable recovery of nervous system function. More recent studies demonstrated re-emergence of neuronal activity as early as 24-h post-amputation (Lybrand and Zoran, 2012; Lybrand et al., 2020).
The importance of nerve injury for the induction of the regenerative process has been clearly demonstrated utilizing a unique developmental paradigm which involves the formation of an ectopic head along the anterior-posterior axis of the worm (Martinez et al., 2008). Injury to the ventral nerve cord is necessary for the regeneration of proper function along the anterior-posterior axis (Martinez et al., 2008). This rapid recovery of function in the regenerating worm fragment highlights the extensive capacity for regeneration and recovery demonstrated by lumbriculid worms. Most recently, patch clamp recordings carried out with regenerating worm fragments, removed from the posterior end of the worm, demonstrated the emergence of medial giant fiber (MGF) post synaptic potentials 24 h post-amputation (Lybrand et al., 2020). These posterior regenerating fragments undergo the most drastic change in axial position, as they become more anteriorly located following the regeneration of a 7–8 segment head (Martinez et al., 2005; Martinez et al., 2006). These posterior body fragments become transformed anatomically and physiologically to match their new positional identity along the animal’s body axis (Drewes and Fourtner, 1990; Martinez et al., 2006). Specifically, these posterior body fragments exhibit transformations in touch sensory fields, giant fiber conduction velocity, axonal diameter, and other physiological properties appropriate for the fragment’s new positional identity (Drewes and Fourtner, 1990; Martinez et al., 2006). These dramatic changes within the original body fragments have been defined as morphallaxis (Morgan, 1901; Berrill, 1952; Martinez Acosta and Zoran, 2015; Kostyuchenko and Kozin, 2020; Kostyuchenko and Kozin, 2021). Morphallaxis is a pattern of regeneration where existing tissues are transformed without the involvement of stem cell differentiation (Holstein et al., 2003; Agata et al., 2007; Martinez Acosta and Zoran, 2015; Özpolat and Bely, 2016). Morphallaxis is a regenerative mechanism utilized by multiple annelids, including Enchytraeidae (Takeo et al., 2008), Syllidae (Ribeiro et al., 2018), and Pristina (Zattara and Bely, 2011; Özpolat et al., 2016). Morphallactic regeneration in Lumbriculus is especially evident within the nervous system (Martinez et al., 2005; Zoran and Martinez, 2009; Martinez Acosta and Zoran, 2015), where non-invasive extracellular electrophysiology demonstrates a rapid switching between Medial Giant Fiber (MGF) to Lateral Giant Fiber (LGF) pathways in the transforming posterior segments. In less than 24 h post amputation, these posterior-most fragments display MGF activity (Figures 2I,J) (Lybrand and Zoran, 2012). The speed with which the MGF pathway becomes functionally activated in these posterior regenerating fragments demonstrates the remarkable plasticity of the nervous system in Lumbriculus, which is poised for regeneration and recovery of function. Continued work will help elucidate the exact physiological repertoire used for this incredible plasticity event.
4 THE FUTURE: LUMBRICULUS ENTERS THE GENOMICS ERA
Sydney Brenner (2002) said “Progress in science depends on new techniques, new discoveries and new ideas, probably in that order.” Lumbriculus research has taken an important step into the genomics era with a recent transcriptomic study comparing the profiles of regenerating and non-regenerating worms (Tellez-Garcia et al., 2021). This work identified 136 transcripts likely to be differentially expressed during early regeneration, 73 of which were potentially protein-coding and had significant BLASTp hits to known proteins; among them were bmi1b, Hsp60, vdr, BHMT, paics, Gls2 and several vwdes—all genes found to be also differentially expressed during regeneration of annelids or other systems. Besides highlighting some interesting candidate genes, this study generated a fundamental resource by providing a comprehensive database of sequences from genes expressed during Lumbriculus regeneration.
Additional sequence data is available from transcriptomic and phylogenomic studies, including RNAseq data for specimens from Sweden (SRX2649483) (Anderson et al., 2017), and genomic DNA short read sequences from Denmark (SRX9009164) and Sweden (SRX5630329) (Phillips et al., 2019). With an estimated genome size of 2.64 Gbp (Tweeten and Morris, 2016), which is larger than that of the domestic mouse, sequencing and assembling a reasonable quality genome draft is not a trivial task, especially given the relatively small size of the currently active Lumbriculus research community. Even so, the existing transcriptomic resources currently available are already pushing research forward, as specific genes and developmental pathways begin to be investigated.
Generation and sharing of molecular resources among researchers are important steps in moving Lumbriculus research into the modern molecular era. Gene expression analyses are powerful tools for screening of genes that may be involved in regeneration. Thus, the development of techniques for gene expression analysis is of utmost importance. A step toward this work is the optimization of real-time PCR protocols by the Martinez Acosta and Gillen labs which will reliably quantify expression of genes of interest (Quesada et al., 2015; LaRocca-Stravalle et al., 2020; Fischer et al., 2021).
Culturing of Lumbriculus poses limitations for this genetic work, due to the lack of sexual reproduction in the laboratory. Lumbriculus is collected in the field as sexually reproducing populations during summer months (Tweeten and Morris, 2016). The Drewes and Tweeten Labs have successfully raised cocoons in the lab which were collected in the field, showing promise for studies of regeneration during different developmental stages and for general investigations underlying genetic mechanisms in this remarkable worm (Drewes and Brinkhurst, 1990; Tweeten and Vang, 2011; Tweeten and Abitz, 2012; Tweeten and Morris, 2016). Access to sexually reproducing individuals has also opened up new avenues of research on questions related to sexual reproduction, including seasonal variation in cocoon production, anatomical location of reproductive structures within the worm, sperm morphology and formation, degradation of reproductive structures under laboratory conditions, and regulation of sexual reproduction in these worms. Transcriptomes from sexually reproducing populations of Lumbriculus and from asexually reproducing populations are being generated and studies comparing these transcriptomes are underway. Some questions of interest include: What are the properties of the DNA-binding proteins that package DNA into the sperm of Lumbriculus? What type of mucin proteins are produced by sexually reproducing worms and released into cocoons to cushion embryos during their development in the environment? What is the composition of the yolk proteins present in the eggs produced by sexually reproducing Lumbriculus? Are genes for DM proteins (ie., Dmrt), which regulate sexual development, differentially expressed in tissues from sexually reproducing worms? How similar or different are they to DM proteins from other animals? Characterization of these proteins would provide insights into mechanisms leading to sexual versus asexual modes of reproduction in Lumbriculus.
Further development of genomic methods will move Lumbriculus research beyond correlation and shift the focus of future work toward demonstrating the functional significance of gene expression changes. In particular, successful application of reverse genetic techniques such as RNA interference (RNAi) and the CRISPR-Cas endonuclease system would allow assessing gene function and drastically change the playing field for Lumbriculus regeneration studies. Work aimed to develop these techniques is already ongoing in several labs, and this research has benefited from fluid communication, data and resource exchange, and collaborative work.
4.1 Lumbriculus as a Model for Epigenetic Regulation of Regeneration
Regeneration depends on proliferation and differentiation and requires marked changes in gene expression programs based on epigenetic modifications (Barrero and Izpisúa Belmonte, 2011; Hamada et al., 2015; Rouhana and Tasaki, 2015). Epigenetic regulation of regeneration is achieved by three main mechanisms: DNA methylation, histone modification and noncoding RNAs (Rouhana and Tasaki, 2015). There are already reports of the relevance of epigenetic regulation for development and regeneration of annelids (Giani et al., 2011; Niwa et al., 2013; Kozin and Kostyuchenko, 2015; Bhambri et al., 2018; Bicho et al., 2020; Singh Patel et al., 2020; Planques et al., 2021). An analysis of the regeneration transcriptome of Lumbriculus variegatus (Tellez-Garcia et al., 2021) in search for transcripts encoding for writers and erasers of DNA methylation revealed genes encoding for DNA methyltransferases and several ten-eleven translocation proteins, as well as histone acetyltransferases, histone deacetylase, histone methyltransferases, and histone demethylases. Furthermore, 44,097 potential lncRNAs were identified, of which 13 were upregulated during Lumbriculus regeneration. Among the differentially expressed transcripts was bmi1b (Polycomb complex protein BMI-1-B), which has been implicated in regeneration in mammals (Fukuda et al., 2012). Moreover, piwi genes were also found in the Lumbriculus transcriptome (Tellez-Garcia et al., 2021). Thus, despite the currently limited in terms of molecular and genetic data, a brief analysis of the epigenetic regulation repertoire in Lumbriculus suggests that this annelid has the potential to be developed as a new model to study epigenetic regulation during regeneration.
5 AN ACCESSIBLE MODEL FOR THE LAB AND THE CLASSROOM
One of the main advantages of Lumbriculus as a study system includes its accessibility; individuals can be collected from the field in many temperate regions or acquired from several commercial suppliers. Lumbriculus spp. are easy to care for with minimal equipment—they only require containers, bubblers, and food—and many populations will readily reproduce by asexual fragmentation, allowing the attainment of a large number of worms in laboratory settings. This yields an advantage not only for research, but for life sciences educators as well, as blackworms serve as a well-established tool for science education. Current use occurs across high school and college classrooms to demonstrate concepts in Cellular Biology, Physiology, Animal Behavior, Biomechanics, Development, and Invertebrate Biology, both using guided inquiry as well as more advanced independent studies.
5.1 Procurement of Lumbriculus
Lumbriculus are available from commercial suppliers such as Aquatic Foods (Fresno, CA United States), Eastern Aquatics (Lancaster, PA), and Aquarem (Mexico DF, Mexico), that sell them as blackworms or mudworms for use in aquaculture. Various biological stores sell Lumbriculus for educational purposes, providing supporting curriculum kits directly to K-12 biology teachers, like Carolina Biological (Burlington, NC, United States) and Flinn Scientific (Batavia, IL. United States). Lumbriculus can also be obtained from the Environmental Protection Agency (EPA) Laboratory in Duluth, MN, United States where a culture has been maintained since the 1980s. All of these sources of Lumbriculus derive from polyploid populations, with chromosome counts compatible with at least 11-ploid to 12-ploid worms (Tweeten and Morris, 2016). Lumbriculus can also be collected from freshwater habitats throughout Eurasia, North America, and regions of the Northern Pacific (Figure 3). Lakes and ponds with standing or slow-moving water provide potential collection sites, especially where shorelines have deciduous trees, sedges, rushes, and cattails that contribute decaying plant material that accumulates in the shallow water along the edges of the lakes (Brinkhurst and Gelder, 1991). The leaf litter, grasses, and sediments along the edges of sloughs, marshes, and drainage ditches that persistently retain water are good collection sites, due to the water being more still and shallow. Sometimes specimens can be found further from the shoreline in algal mats growing on the surface of the water. In the United States, both diploid (from Minnesota, Wisconsin, Iowa, North Dakota) and polyploid (from California and Oregon) populations of Lumbriculus have been collected from natural habitats (Gustafsson et al., 2009; Tweeten and Morris, 2016). Several of the diploid populations have been observed to sexually reproduce during the summer months, producing cocoons for a limited period in the laboratory following their collection from natural habitats (Drewes and Brinkhurst, 1990; Tweeten and Morris, 2016). In Europe, diploid, polyploid, and sympatric populations of Lumbriculus have been collected from natural habitats (Christensen, 1980; Gustafsson et al., 2009).
[image: Figure 3]FIGURE 3 | Geographic distribution of Lumbriculus spp, based on occurrence records found at the Global Biodiversity Information Facility (GBIF.org, 2021). Hexagons in South Africa, Indonesia, Australia and New Zealand represent 98 records that would need additional verification.
5.2 Culturing of Lumbriculus
Whether obtained commercially or collected from the environment, Lumbriculus can then be easily maintained in the laboratory in spring water, while some labs have successfully used dechlorinated tap water. Worms are fed with fish flakes or pellets such as Tetramin®, rolled oats, and spirulina over a range of temperatures (typically 15°C to room temperature). Microbes in the cultures also serve as a source of nutrition. Strips of brown paper towels are added to mimic the leaf litter of natural habitats. For bioaccumulation experiments, sandy or other fine sediment types can be added to the cultures (Sardo et al., 2007). Some labs aerate the worm cultures, especially if large numbers of worms are being maintained. Water quality is closely monitored in large cultures. Various populations of Lumbriculus collected from natural habitats do not fare well when transferred to spring water. These are best maintained in water from the collection site that is filtered to remove particulates. Reproduction under laboratory conditions is almost exclusively by architomy followed by regeneration (Drewes and Brinkhurst, 1990; Martinez et al., 2006). As the worms proliferate, they can be subcultured. Ectoparasites can sometimes be associated with Lumbriculus obtained commercially or from natural habitats; their levels can get to a point where survival of the worms is jeopardized and the cultures crash. However, these ectoparasites can be removed by treating cultures with 0.6% sodium chloride in spring water. The EPA lab (Duluth, MN) found that salt provokes release of ectoparasites from the surface of the worms. Overall, the general culturing of Lumbriculus is carried out with ease, thus providing a reliable source for experimentation.
5.3 Lumbriculus in the Classroom: The Legacy of Charlie Drewes
While used extensively in monitoring of environments for pollutants and toxicity testing of industrial compounds (Goodnight, 1973; Hornig, 1980; Chapman and Brinkhurst, 1984; Phipps et al., 1993), Lumbriculus was first proposed by Charles Drewes (1996) as an inexpensive and accessible organism for high school and university student laboratory experiences (Figure 4). Drewes’ outreach to teachers and students began with development of laboratory exercises through which students explore segmental pattern formation during regeneration in Lumbriculus. Through detailed supply lists, descriptions of techniques, and examples of experimental design, Drewes described how students could generate and maintain worm fragments in the teaching lab. Through observations of regenerating fragments, students then learn about morphallaxis, the developmental process of reorganization that occurs as Lumbriculus regenerates anterior segments. As restoration of tissues and anatomical structures such as blood vessels are monitored, anterior regeneration is compared to posterior regeneration. Students also explore the influence of amputation location along the anterior-posterior axis and fragment size on numbers of regenerated segments. Generation in the laboratory of worm fragments by amputation severs the ventral nerve cord, disrupting the locomotory responses typical of anterior and posterior regions of Lumbriculus. As students monitor the fragments for recovery of different locomotory functions such as swimming, crawling, reversal behaviors, the role of the nervous system in the regenerative process can be explored (Drewes and Cain, 1999). Since then, a number of other Lumbriculus-based activities related to regeneration, physiology, and neurobiology have been designed for teaching laboratories. These hands-on activities have been made accessible online and published in journals ranging from Tested Studies for Laboratory Teaching Proceedings of the Association for Biology Laboratory Education (Bohrer, 2006; Killian and Baker, 2013) to Science Scope (Straus and Chudler, 2015), and Bioscene (Ryan and Elwess, 2017). These lab activities provide students with opportunities to learn about the anatomy of the worm’s circulatory system, observe behaviors which are easily correlated to restoration of nervous system function during regeneration, develop observational skills, and draw on the scientific literature to inform their approach to inquiry. Through such examples and protocols highlighting the use of materials and equipment that could easily be found in a high school or college laboratory, these articles model biological inquiry as it is carried out in scientific laboratories across the world, while also introducing the student to the important roles played by annelids within the greater environment. Students are immersed in the scientific process, formulating research questions, generating predictions, and designing experiments. Within a two to 3-h lab period, students are identifying experimental variables, setting up experiments, and collecting data using Lumbriculus. In addition to learning about the process of science, each laboratory investigation incorporates various methods for mathematical modeling and statistical testing of data which was collected by the student, further enhancing the learning experience through the application of quantitative skills (Killian and Baker, 2013). The dissemination of hands-on Lumbriculus activities has inspired the development of a growing community of educators that offer creative modifications and improvements to student learning experiences (Killian and Baker, 2013; Ryan and Elwess, 2017). For example, experimentation with Lumbriculus in the biology classroom helps students make sense of physiological concepts and functions in vertebrates, like themselves. Experiments that would be difficult or impossible to do in more complex systems can readily be done with Lumbriculus (Bohrer, 2006; Straus and Chudler, 2015). While designing projects to study the effect of various chemical and environmental factors on the regenerative process in Lumbriculus, students can also explore why regeneration of tissues is so limited in most other animals.
[image: Figure 4]FIGURE 4 | (A) Charlie Drewes collecting Lumbriculus, which he first proposed in 1996 as an inexpensive and accessible organism for high school and university student laboratory experiences. (B) Video frame capture of helical swimming behavior elicited when the posterior segments are stimulated, Example of online resources available for classroom use of Lumbriculus to study basic biology. Many of the educational outreach resources developed by Dr. Drewes incorporating invertebrates into student projects and activities are preserved and accessible at the C. Drewes website maintained by Iowa State University: http://www.eeob.iastate.edu/faculty/DrewesC/htdocs/. (C) Man is but a worm. Charlie was known to appreciate plays on words and was a master of disguising biological ideas within the puns he often shared. He enjoyed this caricature published in December 1881 following Darwin’s last publication, The Formation of Vegetable Mould Through the Action of Worms.
5.4 Lumbriculus in Undergraduate Research Training
Because so many aspects of the physiology, behavior, cell, and molecular interactions of Lumbriculus remain to be characterized, this annelid is an excellent organism for course-based undergraduate research experiences. At St. Catherine University, original research projects focused on Lumbriculus have been incorporated into several upper-level biology courses. Students learn cellular, molecular, and immunological techniques while applying them to basic questions about the structure and physiology of this annelid. For example, students in an immunology course used immunohistochemistry to study the distribution of fibronectin, laminin and collagen in cross-sections of worm tissue while antibodies against peptidoglycan were used to compare the quantity of microbes in the intestines of fed and starved worms. In the laboratory component of a “Molecular Biology: Proteins” course, students screened a Lumbriculus transcriptome for actin sequences and constructed a phylogenetic tree that revealed that the actin from Lumbriculus was more closely related to vertebrate cytoplasmic β-actins than vertebrate cardiac, smooth, or skeletal muscle α-actins. This relationship was further supported as students conducted Western blots on worm homogenates, finding that antibodies against vertebrate β-actin reacted more strongly with Lumbriculus actin than antibodies against vertebrate α-actin. Incorporated into the laboratory component of courses, the projects increase the research capacity of biology programs at small institutions. Students who otherwise might not have participated in a formal research experience find themselves immersed in the scientific process. In many cases, the course projects have expanded into collaborative research studies in faculty research labs that have resulted in student presentations at scientific conferences and publications in peer-reviewed journals with students as co-authors (Crisp et al., 2010).
These examples show how Lumbriculus is an ideal organism through which students can explore their interest and aptitude for science. Engagement in the research process while asking original questions and contributing to the scientific knowledge base has enhanced student motivation and satisfaction with their learning (Tweeten et al., 2007). Projects have generated original results which have been published in scientific journals, like Comparative Biochemistry and Physiology (Crisp et al., 2010) and Invertebrate Biology (Tweeten and Reiner, 2012; Tweeten and Morris, 2016) as well as journals that focus on publication of research conducted by undergraduates, such as BIOS (Tweeten and Anderson, 2008) and Impulse (Halfmann and Crisp, 2011).
6 CONCLUDING REMARKS
Thanks to the work of past and present researchers working on Lumbriculus regeneration and related topics, we now have a very firm foundation to launch new forays into many unresolved questions regarding the genetic, developmental, physiological, ecological and evolutionary underpinnings of these worms’ amazing regenerative abilities. In doing so, conserved, and novel mechanisms driving regeneration might be unveiled, informing development of alternative biomedical approaches. Furthermore, the research process will help current and future researchers learn many lessons about molecular and developmental biology, physiology and ecology that will become part of their professional toolkit whether they stick with Lumbriculus or move on to work on other systems. In summary, and despite the challenges associated with working with a non-traditional study system as Lumbriculus (such as lack of a reference genome, relatively underdeveloped molecular tools, and a much smaller knowledge base relative to models like Drosophila, C. elegans or mice), we think that the advantages of this organism—ease of procurement and culture, fast and robust regenerative abilities, rich research history, considerable ecological and genetic diversity, and a large spectrum of open questions with significant biological and biomedical relevance—render it a superb organism for regeneration research, either in a science research lab or in elementary, middle and undergraduate classrooms. We hope this review article will foster further work on Lumbriculus regeneration in research labs and encourage expanded use of these worms in the teaching labs; in turn, the work and questions of students are bound to spark new ideas for the research lab. Two heads are better than one.
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Which genes and gene signaling pathways mediate regenerative processes? In recent years, multiple studies, using a variety of animal models, have aimed to answer this question. Some answers have been obtained from transcriptomic and genomic studies where possible gene and gene pathway candidates thought to be involved in tissue and organ regeneration have been identified. Several of these studies have been done in echinoderms, an animal group that forms part of the deuterostomes along with vertebrates. Echinoderms, with their outstanding regenerative abilities, can provide important insights into the molecular basis of regeneration. Here we review the available data to determine the genes and signaling pathways that have been proposed to be involved in regenerative processes. Our analyses provide a curated list of genes and gene signaling pathways and match them with the different cellular processes of the regenerative response. In this way, the molecular basis of echinoderm regenerative potential is revealed, and is available for comparisons with other animal taxa.
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INTRODUCTION
Regeneration is a phenomenon present, to some degree, in all metazoans from sponges to vertebrates. However, the extent of an organism’s regenerative properties can vary significantly within a taxonomic group. In general terms, animals in deuterostome clades that radiated before vertebrates show great regenerative capabilities (Bely and Nyberg, 2010). Among the animal groups that are closely related to the chordates (e.g., humans), those in the Echinodermata phylum encompass some of the most advanced regenerative species. As deuterostome invertebrates they have been extensively used as model species, mainly because of the facility to perform developmental and molecular studies that have provided important information to development and molecular biology fields (Gahn and Baumiller, 2010). In the last decades, echinoderms have been slowly gaining special attention as model systems for regeneration studies due to their wide assortment of astonishing regenerative capacities (Hyman, 1955; Candia Carnevali and Bonasoro, 2001). Their use to probe the molecular underpinnings of regenerative processes and the possibility of comparative studies with other deuterostomes, including chordates, promise to shed some light into one of the oldest questions in Regenerative Biology: Why can some animals regenerate organs and body parts while others lack this ability?
The phylum Echinodermata is composed of five major classes: Crinoidea (feather stars), Asteroidea (sea stars), Echinoidea (sea urchins), Ophiuroidea (brittle stars), and Holothuroidea (sea cucumbers) (Figure 1). The degree of regenerative competences of echinoderms varies among the different classes. Sea urchins exhibit the lowest regenerative capacity but still can regenerate parts of its their test, broken or lost spines and pedicellariae (Dubois and Ameye, 2001). Brittle stars are well known for their arm regeneration prowess following amputation (Dupont and Thorndyke, 2006). Sea stars are also able to regenerate arms and pedicellaria, are capable of regenerating their pyloric caeca (Anderson, 1962; Anderson, 1965), and in some cases can regrow complete organisms from remnant arms (Wilkie, 2001; Ducati et al., 2004; Ben Khadra et al., 2018). Similarly, crinoids are also capable of regenerating arms as well as whole crowns and viscera (Amemiya and Oji, 1992; Candia Carnevali and Bonasoro, 2001; Wilkie, 2001; Kondo and Akasaka, 2010; Ben Khadra et al., 2018). However, it is within the holothuroid class that multiple regeneration processes have been documented. These animals are known to undergo regeneration of various organs, including respiratory trees, longitudinal muscles, radial nerve cord, tentacles, polian vesicles, and digestive tract, among others. The regenerative capacities of holothurians extend even further, with species known to regenerate full organisms after fission and even from remnant body parts (Smith, 1971; Kamenev et al., 2013; García-Arrarás et al., 2018).
[image: Figure 1]FIGURE 1 | Representative of the five classes in the Echinodermata phylum that have been used in regeneration studies. (A) Crinoidea represented by the feather star Antedon mediterranea. (B) Echinoidea represented by the sea urchin Lytechinus variegatus. (C) Asteroidea represented by the sea star Asterias rubens. (D) Ophiuroidea represented by the brittle star Amphiura filiformis. (E) Holothuroidea represented by the sea cucumber Holothuria glaberrima.
In addition to the studies of adult echinoderms described above, several investigators have focused their research on regeneration processes of echinderm larvae (Cary et al., 2019). It has been documented that echinoderm larvae can regenerate certain structures and are even able to undergo fission and clone themselves to produce two embryos from the original one (Vickery et al., 2001; Eaves and Palmer, 2003). More recently, (Kasahara et al., 2019), showed that the larvae of two sea urchin species are able to regenerate the “cell mass” responsible for adult rudiments when removed. These and other studies underscore the impressive regeneration capacities of larval echinoderms, opening the possibility of using larvae to probe molecular mechanisms of the regeneration processes. In this respect it is important to highlight the rich literature of echinoderm developmental processes, both at the cellular and molecular level. In fact, the development of the sea urchin embryo is probably the best-studied model system showing the gene regulatory network behind the formation of embryonic structures from the fertilized egg. Thus, the combination of what is known from embryonic developmental studies and regeneration studies promises to provide important information to explain the molecular basis of echinoderm regenerative processes. While the present review focuses on adult echinoderms, readers interested in larval regeneration are directed to a recent review (Wolff and Hinman, 2021) on the regeneration of sea star and sea urchin larvae that collects most of the information available on this topic.
Certainly, the phylum Echinodermata contains some of the most suitable species to perform in depth studies in Regenerative Biology. Here we revise the echinoderm species that have been used as models to study the molecular basis of the regeneration of different tissues and organs, and the molecular findings that have been generated from these studies. It is important to highlight that while there are numerous echinoderm molecular studies, here we only focus on those directed to their regeneration potential. Therefore, an extensive section of the article focuses on ophiuroids and holothuroids, being the only species, whose regeneration has been studied from in situ characterization up to functional studies. Complementary to this revision we would like to direct the readers to two previous reviews on the topic that provide some of the first insights into this area of research (Thorndyke et al., 2001; Mashanov and García-Arrarás, 2011) and to a recent comprehensive review by Dolmatov (2021) on the molecular aspects of regeneration mechanisms in holothurians.
MOLECULAR STUDIES OF REGENERATION
Molecular studies of echinoderm regeneration can be grouped into three different categories. The first category includes those studies limited to individual genes and focuses on the presence and/or expression of one or a few genes at a time. These studies provide for the study of candidate genes, in particular those that have been previously associated with regenerative or developmental processes, to be searched in the regenerating tissues of echinoderms. This is usually done by determining the gene’s mRNA or protein product within the regenerating structure. In some cases, these studies include some type of quantification of expression between regenerating structures and the normal non-injured organ. The evidence in these studies is of the sort of “guilt by association” where the presence of the gene product by itself is assumed as evidence for a possible role in the regeneration process.
The second category groups those studies where multiple genes are analyzed with some high-throughput method, mainly microarrays or RNA sequencing technology. In these studies, gene expression is quantified to determine differential gene expression levels between the regenerating structure and the normal (uninjured) tissue or organ. Differential expression provides evidence that might suggest specific genes for a role in the regenerative processes and might also serve for the identification of novel genes in the processes. Although the results are correlative and do not provide for functional relationship between the identified genes and the regeneration process, the identification of specific genes can lead to further functionality studies.
The third category comprises the studies where the functions of the candidate genes are tested. Two main strategies have been used to study functionality: 1) pharmacological experiments where drugs are used to activate or inhibit a gene product or its associated signaling pathway(s), and 2) gene knockdowns using RNAi technology to decrease the expression of a gene of interest. These are promising strategies that are in continuous optimization for echinoderm models in order to advance to levels similar to those of other regeneration models.
Not all echinoderm classes have been studied to the same depth at the molecular level. As shown on Figure 2, certain groups have barely been studied while studies in others are farther advanced (i.e., ophiuroids and holothuroids). The following sections provide a more extensive review of the molecular studies within the three categories.
[image: Figure 2]FIGURE 2 | Molecular studies of regeneration favor certain echinoderm classes over others. Extensive studies have been done in ophiuroids and holothuroids. Asteroids and crinoids have been less studied at the molecular level, even though their regeneration prowess is well known, and histological and cellular analyses of their arm regeneration are available. Molecular studies in echinoids are also limited, mainly because their regenerative capabilities are the least impressive when compared to those from other classes.
Category 1- Individual Genes
Regeneration-associated genes have been identified in all echinoderm classes. In situ hybridization and immunohistochemical techniques have been the principal techniques to localize the expression of the mRNA or protein for the genes of interest, while qRT-PCR has been used to quantify their expression. In crinoids, a few studies have addressed putative genes that might be associated to arm regeneration. Among the most important are the experiments by (Patruno et al., 2002; Patruno et al., 2003) documenting the expression of putative members of the Transforming Growth Factor (TGF) and Bone Morphogenetic Protein (BMP) families in cells of the regenerating arm of the crinoid Antedon bifida. An increase in the expression of the molecules at certain regeneration stages was associated with their possible involvement with cellular regenerative events, particularly with cellular migration. These initial experiments have shed light on the molecular basis of crinoid regeneration. Nonetheless, it is daunting the lack of high throughput experiments or at least multiple gene comparisons in an animal with outstanding regenerative capabilities, and one that holds a key position at the Echinodermata phylum. Therefore, this void serves as a reminder of the opportunities available for those that wish to focus on echinoderm regenerative biology.
There are also very limited studies on the molecular regeneration in sea urchins, and most of these are also focused on the presence and differential expression of single genes associated with the regeneration of spines or pedicellaria (Dubois & Ameye, 2001). Therein, the expressions of Notch target genes and of stem cell associated genes, Piwi, Vasa, and tert were analyzed during spine and tube feet regeneration in Lytechinus variegatus (Reinardy et al., 2015; Bodnar and Coffman, 2016). Similarly, genes associated with mineralization have been studied in experiments aimed at determining a possible effect of ocean acidification on spine regeneration (Emerson et al., 2017). Surprisingly, the species Strongylocentrotus purpuratus has never been the subject of regeneration studies, even though its genome was among the first to be sequenced and has served as the groundwork for molecular studies in many other species.
Among ophiuroids, the brittle star Amphiura filiformis has been the main species for studies on specific genes associated with regenerative processes, particularly arm regeneration. In one of the earlier studies, Afuni, a member of the BMP family, was shown to be expressed in A. filiformis regenerating arm (Bannister et al., 2005). This initial finding was followed by a second member of the BMP family (BMP2/4), also shown to be highly expressed in the regenerating arms of the same species (Bannister et al., 2008). Similarly, Hox gene sequences were identified from mRNA of brittle stars regenerating arm tips (Ben Khadra et al., 2014). Subsequent studies expanded the number of genes studied to include several transcription factors (alx1, ets1/2, foxN2/3, gataC, nk7, soxE, and twist) associated with skeletal and muscle tissues (Czarkwiani et al., 2013) and immune system related genes (Ferrario et al., 2018). Transcription factors have become key targets in recent studies, being crucial for processes intrinsic to regeneration such as cellular differentiation. Other studies focused on the presence (or absence) of extracellular matrix (ECM) genes (Ferrario et al., 2020), skeletogenic genes (Piovani et al., 2021) and glucosaminoglycans (Ramachandra et al., 2014; Ramachandra et al., 2017) as possible mediators of the arm regeneration process.
In holothurians, the initial studies addressing the molecular basis of intestinal regeneration were directed to the determination of changes in gene expressions. One of the initial studies done in Holothuria glaberrima led to the identification of the presence of the first serum amyloid A (SAA) ortholog in an invertebrate deuterostome (Santiago et al., 2000). Through further analyses, using northern blot and immunohistochemistry techniques, SAA was found to be highly expressed in the coelomic epithelia during the mid-late stage of intestinal regeneration. Likewise, using similar techniques, another study in H. glaberrima demonstrated for the first time the presence of an ependymin-related gene, long thought to be a vertebrate-specific gene. The expression of this gene was analyzed utilizing RT-PCR, demonstrating high expression around the first week of regeneration, when the initial intestinal rudiment is being formed (Suárez-Castillo et al., 2004). Other experiments using in situ hybridization documented the expression of various genes in the regenerating intestinal rudiment, including survivin, mortalin, Wnt9, TCTP, and BMP/Tll (Mashanov et al., 2010; Mashanov et al., 2012a). Furthermore, one of the initial attempts to characterize gene expression changes at a larger scale was done by analyzing cDNA libraries of regenerating animals through differential library screening (Rojas-Cartagena et al., 2007).
Category 2—Arrays and Transcriptomes
As modern sequencing technologies continue to develop, major advancements have been achieved towards uncovering the underpinnings of regenerative processes. These applications have allowed scientists to divert from studying only candidate genes to perform large-scale molecular studies. Certainly, the sequencing of the first echinoderm genome, that of the purple sea urchin S. purpuratus, followed by that of the sea star Patiria miniata and the sea cucumber Apostichopus japonicus set the groundwork for numerous molecular studies in echinoderm species (Sea Urchin Genome Sequencing Consortium, 2006; Kudtarkar and Cameron, 2017; Zhang et al., 2017). These high-throughput analyses are necessary to visualize the expression trends of all the key factors involved in the regenerative process. Ophiuroids and holothurians are the most used echinoderms in large-scale sequencing studies (Tables 1, 2). Specifically, regeneration has been mainly studied at this level in six species: the brittle stars A. filiformis, Ophionotus victoriae, and Ophioderma brevispina, where the focus is on arm regeneration and the sea cucumbers Eupentacta fraudatrix, A. japonicus, and H. glaberrima as models of intestinal regeneration. Regeneration of the radial nerve has also been studied in H. glaberrima.
TABLE 1 | Transcriptome profiling of regenerating tissues in brittle stars.
[image: Table 1]TABLE 2 | Transcriptome profiling of regenerating tissues in sea cucumbers.
[image: Table 2]Brittle Star Regeneration
To date, various reports have been done that employ large-scale molecular techniques to study regeneration in the ophiuroid A. filiformis (Table 1). These studies have focused on arm regeneration, a process that has been well-described at the histological and cellular level (Biressi et al., 2010; Czarkwiani et al., 2016; Ferrario et al., 2018, Figure 3A). In brief, soon after severing the arm, the injured tip is healed and re-epithelized. This is followed by the formation of what the authors refer to as a blastema [recent work questioned whether it is a real blastema (Czarkwiani et al., 2016), therefore, we will continue to use the term blaster-like structure to describe it]. The formation of this blastema-like structure signals the beginning of the regenerative process. As the bud grows, new tissues and organs such as the water vascular canals and the radial nerve, reappear, and eventually the first new arm segment is defined. Subsequent regeneration leads to the formation of new segments at the distal tip position. Although there are differences in the design and focus of each project (e.g., the time of sample collection after amputation/autotomy and the specific amputation site), similar gene-associated processes stand out in all the analyses. Compiling the findings of these studies, the most differentially expressed genes can be grouped in a few categories, such as developmental, ECM-related, and cytoskeleton genes. Also, they are mainly classified to be part of transcription, translation, cellular, development, and metabolic processes.
[image: Figure 3]FIGURE 3 | Pharmacological studies in brittle star arm regeneration and sea cucumber intestinal regeneration. (A) Stages of arm regeneration in the brittle star A. filiformis provide a baseline to detect the effect of regeneration modulating drugs as shown in Czarkwiani et al. (2016). (B) The effect of a FGF inhibitor in a study by Czarkwiani et al. (2021) is shown by a decrease in the extension of the regenerating arm and by the inhibition of formation of the spicules that form the skeleton. (C) Stages of intestinal regeneration in the sea cucumber H. glaberrima provide a baseline to detect the effect of regeneration modulating drugs as shown in García-Arrarás et al., 2019. (D) Results from Bello et al. (2020) on the effect of Wnt inhibitors (iCRT14) and activators (LiCl) is determined in the size of the regenerating gut rudiment when compared to those of vehicle treated controls.
The earliest high-throughput molecular study of A. filiformis used cDNA microarrays to search for genes differentially expressed in regenerating arms (Burns et al., 2011). They studied the three stages previously defined by a key differentiation patterns guide (Dupont and Thorndyke, 2006) to identify 4,072 genes with significant differential expression between the selected stages compared to non-regenerating arms. Among the stages, the first and second stages (the blastema-like formation and 50% differentiation stage, respectively) shared a high number of differentially expressed genes (488 upregulated and 743 downregulated). The first stage contained the highest percentage of differentially expressed genes, which suggested a higher transcription activity due to the numerous events required to form the blastema-like structure. At this stage, high expression of genes associated with transcription, translation, and cell energy, including cytochrome oxidase, members of the solute carrier, elongation factors, and ribosomal proteins were found. Other highly expressed genes identified were associated to cell proliferation, division, and apoptosis (e.g., cleavage stimulation factor, polyubiquitin, proteasome, actin, and collagen). Among the developmental genes identified as upregulated in early regeneration were the high mobility group box 1 (HMGB1-known to be involved in Hox regulation), hyalin, and Sox1. Other developmental genes commonly associated with regeneration, such as Hox and Wnt, were not found at any stage. The expression of the developmental genes upregulated at the first stage was different from those upregulated during the third stage, as would be expected due to the occurrence of different cellular events. Specifically, at the third stage the expression of hyalin and Sox1 genes decreased, while BMP-1 homolog, which was downregulated at the first stage, increased its expression to normal levels.
This initial microarray study by Burns et al. (2011) was followed by a report using 7-days arm regenerating explants in vitro (Burns et al., 2012). These explants were shown to continue their regeneration process in culture, and they were used to assess transcription profiles using microarrays. Three regions of the arm explant were analyzed: the proximal, medial, and distal portions (in relation to the site of arm amputation). After the initial arm autotomy, a second amputation was made at the tip of the arm (the distal portion), and as expected, most of the transcription activity was localized to that distal region (which eventually forms the blastema-like structure). They identified a total of 1,733 differentially expressed transcripts among all samples, from which 791 were sequenced. As expected, the identified genes were similar to those found in their previous in vivo study of 7-days regenerating blastema-like structure (Burns et al., 2011). The main changes were in expression levels rather than in the presence or absence of gene expression. Developmental genes, such as Notch1 and Sox1, were also upregulated as shown before. Other genes upregulated in the in vitro regenerating explants, are also involved with proliferation, migration, and differentiation, such as frizzled, tetraspanin, and selenoprotein W, respectively. From these, selenoprotein W gene was highly expressed at the second stage of Burns et al. (2011) study. Strikingly, this gene has been shown to be highly expressed in myoblasts proliferation (Loflin et al., 2006), which is in concordance with previous reports suggesting it is associated with the myocyte differentiation that takes place in early regeneration stages of A. filiformis (Biressi et al., 2010). While upregulation of frizzled was detected, none of its ligand Wnt molecules were found to be upregulated. Furthermore, DSP-1, another development-related gene involved in Hox regulation, was also found to be upregulated in the distal portion of the arm explant. Beyond genes associated to developmental processes, there were additional genes and transcription factors related with other components and processes as we will see below.
An additional report used a different approach to study the transcriptome of A. filiformis regenerating arm in vivo (Purushothaman et al., 2015). They focused on earlier stages [1- and 3-days post-amputation (dpa)] prior to the blastema-like structure formation stage when tissue repair processes are known to occur (Biressi et al., 2010). In this study, RNA sequencing (RNA-seq) was performed along with proteomic analyses, providing a higher level of confidence and confirmation of the molecular acitivtiy during this process. Despite the sampling difference, the results strongly correlate with the reports of Burns et al. (2011), Burns et al. (2012). Out of the assembled contigs, 694 annotated genes and 194 proteins were identified as differentially expressed. Among significant genes with highest expression were craniofacial development protein 1 (CFDP2), THO complex (THOC1), transitional endoplasmic reticulum atpase (TER94) and adenosine kinase (adk). In contrast, transforming growth factor beta-2 (Tgfb2), AT-rich interaction domain 1b (ARID1b), SIPA, and N-ethylmaleimide-sensitive fusion protein (NSF) were at the top of the downregulated transcripts list. Furthermore, by correlating differential expression profiles of genes and protein products at 1- and 3-dpa, it was possible to identify pathways and processes potentially involved in the regeneration process. Important processes identified through Gene Ontology (GO) analysis included: metabolic, catabolic, translation initiation, and elongation. They also identified genes involved with the cytoskeleton and ECM, such as actin and collagen genes. Nevertheless, compared to previous studies, their focus was towards identifying genes associated with regeneration-related pathways. Among these there were the development-related vascular endothelial growth factor (VEGF) pathway and cytoskeleton remodeling pathways. Genes from these pathways demonstrated dynamic expression patterns. For instance, the VEGF pathway downregulated genes were Protein kinase C (PKC), extracellular protein kinase (ERK1/2) and ERK1 (MAPK3). Comparatively, AKT, Actin cytoskeleton transcripts, and I-kB were upregulated. Among the identified genes from the cytoskeleton remodeling pathway, alpha-actin one and multiple eukaryotic initiation factors (eIF; i.e., eIF4G1, eIF4G3) appeared as downregulated. In comparison, eIF4G2, MSK1, myosin light chain phosphatase (MLCP) and Actin cytoskeleton transcripts showed upregulation. Other identified pathways showed involvement of ECM and cytoskeleton related genes, such as the Integrin mediated cell adhesion and migration pathway. Noteworthy, they also identified the translation regulation pathways as being associated with the brittle star early arm regeneration. Many of the genes identified in this study were not mentioned in previous reports, probably because of the differences in their analysis approach. Similarly, although the continuous expression pattern of genes associated with development, ECM and the cytoskeleton could be noticed, many of the common genes associated with these components and processes were not mentioned in this study.
Other than the above studies on A. filiformis arm regeneration, transcriptomic studies have been performed on two other brittle star species. One of these focused on arm regeneration of the Antarctic brittle star O. victoriae (Table 1) to determine if there were distinctive genes that cause slower regeneration rates in this species (Burns et al., 2013). Interestingly, regardless of the extensive regeneration time of O. victoriae, transcriptome profiles were like those previously reported for A. filiformis, with major representation of genes commonly found to be involved in regeneration. A recent study focused arm regeneration in another brittle star species O. brevispina (Table 1) (Mashanov et al., 2020). In this study, a total of 1,978 upregulated and 2,434 downregulated transcripts were identified in samples treated with a Notch pathway inhibitor. This study is further discussed in Pharmacological Modulations.
Taken together, the molecular studies of arm regeneration in brittle stars reinforce what has been seen at the cellular level, where common cellular events are taking place such as apoptosis, proliferation, migration, and differentiation. The differential expression of genes associated with development, remodeling, transcription, and metabolic activity provide the molecular effectors that underlie the initial events of the regeneration process.
Sea Cucumber Regeneration
In holothurians, the molecular aspects of regeneration have been studied in different species and in various organs (Table 2). Regardless of the differences in tissues and stages evaluated, GO terms and pathways analyses have yielded similar results. Some of the represented GO terms are metabolic processes, cellular signaling, binding processes, cell adhesion, and transcription/translation processes. Among the enriched pathways identified are ribosome, proteasome, development, signaling (e.g., Notch, TGF-beta, Wnt), and metabolic pathways. Collectively, these reveal the grand requirement of resources and mechanisms for the regeneration of the lost tissue. In the same way, the genes identified can be categorized in three main groups based on their involvement in specific processes: developmental, cytoskeletal and ECM component genes. Hence, they are accordingly discussed below, along with important differences between the studies.
While the focus of regeneration studies in holothurians has been the intestine, regeneration of other tissues and organs has also been investigated. For instance, the only transcriptome study on nerve regeneration of an echinoderm species was done on H. glaberrima (Mashanov et al., 2014). In this model, the radial nerves are known to regenerate following transection (San Miguel-Ruiz et al., 2009). The cellular aspects of this regenerative process have been well described in a series of papers (San Miguel-Ruiz et al., 2009; Mashanov et al., 2013; Mashanov et al., 2017). In brief, it is known that fibers and cells migrate from both nerve stumps forming a bridge that eventually gives rise to a new nerve cord region that is scar-free. Regeneration occurs in about a month and radial glia-like cells play a key role as precursor cells for the new structure (Mashanov et al., 2013). RNA-seq analyses of days 2-, 12-, and 20-post-injured radial nerve cords yielded a total of 4,023 upregulated and 3,257 downregulated transcripts. Functional analysis showed a high enrichment of transcripts involved with the ECM components and processes at all stages, when compared to uninjured nerve tissue. Comparatively, there was an upregulation of genes related to developmental processes at all analyzed time points, as has also been demonstrated for other tissues. At the earliest time points (2- and 12-days post injury) there was a high expression of genes involved in DNA synthesis and the cell cycle. Among the results of the study that should be highlighted are 1) the discovery of an increased expression of transposons that can be associated with the regeneration process (discussed extensively below) and 2) the finding that Myc, a Yamanaka factor (associated with induced cell plasticity) was upregulated in the early stages of radial nerve regeneration. The expression and role of Myc was the focus of other regeneration studies in this species (see below). In contrast, and surprisingly, Bmi-1 pluripotency factor appeared to be downregulated. Furthermore, the study identified 11 transcription factors with potential roles in the control of genes during regeneration processes. Among these, the top differentially expressed were the serum response factor (SRF) (upregulated), involved in neuronal cell migration and axon guidance, and the zinc protein pleomorphic adenoma gene 1 (PLAG1) (downregulated). Many of the pathways and processes identified in these studies correlate with those described in the regeneration of other tissues and organs.
The study described above demonstrate the advantage of sea cucumbers as regeneration models for nerve cord regeneration. Beyond nerve regeneration, these model organisms can also regenerate internal organs, providing comparative studies on nerve regeneration and visceral organogenesis. Specifically, studies targeting the regeneration of their digestive tract, exemplify their suitability as regeneration model. The holothurian intestine comprises much of its digestive tract. This organ is similar in its histological structure to that of other metazoans and includes tissues that arise from the three different germinal layers: ectoderm, mesoderm, and endoderm. It is physically separated from most other tissues of the animal and can be easily isolated. More importantly, in many holothurians, the intestine is expelled from the animal in a process named “evisceration”. This is a natural process that can be induced in the lab by various methods. The new intestine regenerates from the tip of the mesentery to which the eviscerated intestine was attached, and the cellular events associated with the regeneration process have been well documented (Hyman, 1955; García-Arrarás and Greenberg, 2001; Mashanov and García-Arrarás, 2011; García-Arrarás et al., 2019; Quispe-Parra et al., (2021b)). These cellular events, except for some species-specific differences, appear to be shared by most species studied. The molecular aspects of intestinal regeneration have been studied in three holothurian species: E. fraudatrix, A. japonicus, and H. glaberrima, providing insights to regenerative processes that go beyond those that might be specific to holothurians.
The first large-scale molecular studies of intestinal regeneration performed in a holothurian were done in H. glaberrima, using expressed sequence tags (EST) and microarrays (Rojas-Cartagena et al., 2007; Ortiz-Pineda et al., 2009). These initial studies set the ground for many of the future molecular studies. The EST sequence profiling identified 5,173 differentially expressed sequences from intestinal rudiments of 3- and 7-days post evisceration (dpe) (Rojas-Cartagena et al., 2007). This provided one of the first clear views of the expression trends between regenerative stages, as libraries from each stage only shared 10% of the sequences, demonstrating a stage specific expression profile. For instance, at the earliest stage (3-dpe) one of the most represented transcripts was serum amyloid A (SAA) (Santiago et al., 2000; Santiago-Cardona et al., 2003). Conversely, at the 7-dpe stage there was a high representation of sequences corresponding to matrix metalloproteinases (MMPs), which are related to the ECM remodeling. Comparatively, NF-kB transcripts, which are related to inflammatory response, appeared to be downregulated at 7-dpe. All these findings coincide with the processes represented at this stage, including cell adhesion, proliferation and intracellular signaling. Other interesting transcripts were also identified as highly expressed at one or more stages, such as melanotransferrin (Mtf), centaurin and many other unknown transcripts. These unknown transcripts were part of some of the most represented sequences, as was one containing an EF-hand domain with high expression at 3-dpe. In regenerative studies of non-traditional model species, such as sea cucumbers, these uncharacterized transcripts are an important aspect as they could lead to potential key players in the process.
Custom microarrays based on previous EST sequences were done, profiling differential gene expression of 3-, 7-, and 14-dpe regenerating intestines, and compared to normal intestines (Ortiz-Pineda et al., 2009). As expected, this analysis yielded a higher percentage of characterized genes, compared to the first report. Therefore, it led to the identification of many genes associated with regenerative processes, such as cytoskeletal genes (i.e., actins), developmental genes (i.e., Wnt and Hox), and ECM-related genes, which were not identified in previous analyses. Gene expression profiles were analyzed with higher resolution, having a wider view of the expression profiles at different stages. For instance, developmental genes, such as specific Hox genes, showed upregulation at earlier stages (Hox 9, 10, and 12), while others appeared upregulated at later stages (Hox 5). On the other hand, Wnt14 showed continuous upregulation at all regenerating stages and BMP-1 was only upregulated at 7-dpe. Many of the ECM related genes (i.e., collagen, tenascin, laminin, and echinonectin), showed upregulation at all regenerating stages, while the MMP genes returned to normal expression at 14-dpe. While many developmental and ECM related genes were upregulated at most regenerating stages, identified cytoskeletal genes showed the highest expression variability. Specifically, alpha-tubulin-1 and -2, and actin-1 and -2 were upregulated at all time points, whereas gelsolin, myosin, and actin-3 were downregulated. Similarly, to the initial study, analyses resulted in numerous unknown genes that did not have significant homology with genes from public databases for other species. Many of these were differentially expressed primarily at 3- and 7-dpe. Hence, these two reports (Rojas-Cartagena et al., 2007; Ortiz-Pineda et al., 2009) were some of the first studies to demonstrate the potential of wide transcription profiling for the identification of novel genes that were not previously considered to be involved in tissue regeneration processes.
Following the initial high-throughput molecular studies on H. glaberrima, gene expression studies from A. japonicus using pyrosequencing technology were also reported (Sun et al., 2011). In contrast to experiments performed in H. glaberrima, the tissues assessed were pooled samples from 7-dpe regenerating intestines and 4-days regenerating body walls that were compared to normal intestine and body wall tissues. Therefore, rather than assessing tissue specific transcripts, they aimed to identify genes that might stand out in regenerating tissues. They identified 324 genes that were upregulated and 80 downregulated. The low number of differentially expressed transcripts is interesting, when considering that a total of 24,867 contigs were assembled. The identified genes were representatives of the common processes mentioned before, such as metabolic processes and translation regulation. Furthermore, numerous developmental transcripts with high regulation were identified including frizzled (Wnt pathway), Notch, Delta (Notch pathway), and BMP (TGF-beta pathway). They also found members of the development associated kruppel-like family (KLF) that were upregulated in the regenerative tissues. In another transcriptome study from this group, they found another member of this gene family (KLF-6) downregulated in early stages of regeneration of A. japonicus (Sun et al., 2013). Genes that form part of the ECM component were also identified as upregulated including laminin, collagen, and tenascin genes. Various cytoskeletal genes were also upregulated on the regenerative tissues, including multiple actins (i.e., actin, actin-75, Actin-related protein 2–3), myosin and tubulin genes. Different from prior studies, here they also identified epigenetic reprogramming genes, such as Chromodomain-helicase-DNA-binding protein 5, as differentially expressed. This study provides an overview of genes that may have a function in multiple regenerative processes and not necessarily in a specific tissue or at specific stages.
Many of these genes were also identified in a later study where the same research group performed RNA-seq on regenerating intestines at different stages (3-, 7-, 14- and 21-dpe) (Sun et al., 2013). Different from the pooled data analysis of the first study, here they compared each individual stage to non-eviscerated intestinal tissue. The study yielded an improved characterization of differentially expressed genes and their possible involvement in specific pathways and processes in A. japonicus. In general, results coincided with those found in the initial studies of H. glaberrima; many of the similar expression trends were those of developmental, cytoskeleton and ECM related family genes. As seen before, their results showed that the extent of the differential expression in earlier stages was higher compared to those at later regenerative stages. The authors went in depth about the differentially expressed genes and enriched processes/pathways at each individual stage, demonstrating the transcription dynamics of the regrowth of the intestine. These dynamic changes are exemplified by focusing on those genes previously recognized as important for regeneration. Summarizing for the developmental genes, Wnt4 and Wnt6 reached their peak expression at 7-dpe and slowly decreased as regeneration progressed. A similar expression pattern to that of Wnt genes, was seen in Hox1 and Hox3 with maximum expression peaks in the 3-dpe regenerating intestine. On the other hand, and different to that found before, KLF-6 showed downregulation at 3-, 7- and 14-dpe, but upregulation at 21-dpe. The expression patterns of genes of ECM components showed diverse regulation patterns within specific families. For example, MMP-1 and -12 had high expression at 7- and 14-dpe, and MMP-16 appeared upregulated at 3- and 7-dpe, while MMP-14 appeared downregulated at 3- and 7-dpe. Cytoskeletal genes showed specific expression profiles with alpha-tubulin, beta-tubulin, and actin showing high expression, while myosin, gelsolin and gamma-tubulin appeared downregulated. Many of the same GO terms that had been seen so far prevailed. However, no significantly enriched GO terms were identified at 21-dpe, perhaps due to the low number of differentially expressed transcripts at this stage. Therefore, this decrease of transcription activity at this stage compared to the earliest, demonstrate that an increment in cellular activity is needed once regeneration is initiated. Further, compared to other studies, in their pathway analysis they showed not only those enriched by upregulated genes (e.g., Notch signaling pathway, ribosome, and spliceosome), but also depicted those highly represented by downregulated genes (e.g., digestion and absorption of vitamin fats and carbohydrates, Renin-angiotensin system).
In this study they compared 3-dpe relative to 7-dpe. This comparison is important, as the tissues from these stages are more similar between them than they are to normal intestine, providing for more resolution in determining gene differential expression. The most enriched processes from this comparison were those related to serine family amino acid and polyol metabolism. However, the only pathway that was unique in this comparison was the Glycine, serine, and threonine metabolism pathway. Moreover, among the top significantly differentially expressed genes were calcium activated chloride channel and solute carrier family 5, which were upregulated, and cellular retinol-binding protein type 1b and annexin A7 that were downregulated in 3-dpe.
A third holothurian species, E. fraudatrix, has been studied using high-throughput transcriptomic analysis. This study was centered on the transdifferentiation mechanism of mesodermal cells as part of the regeneration process, since in this species, the coelomic epithelia of the anterior regenerating intestine gives rise to the luminal epithelia (Boyko et al., 2020). Rather than describing the whole regeneration process, the study provides an insight into the transcription factors that are potentially involved in transdifferentiation during intestinal regeneration. For this study, the profiling was done focusing on the expression at 5-7-dpe. From their comparisons, 11 upregulated transcription factors at 5-7-dpe were identified as potential regulators of transdifferentiation. These included the early growth response 1 (EGR1), E74-like ETS transcription factor (ELF), GATA binding protein 3 (GATA3), inhibitor of DNA binding 2 (ID2), KLF1/2/4, musculin (MSC), polycomb group ring finger 2 (PCGF2), PRDM9, snail family transcriptional repressor 2 (SNAI2), T-Box transcription factor 20 (TBX20), and transcription factor 24 (TCF24). These have been reported to be mostly involved in development, cell reprogramming, cell proliferation, and cell differentiation. Importantly, even though the study mainly focused on the 11 transcription factors above, other genes such as Sox17, also appeared to be highly expressed at the first stage of regeneration. In fact, Sox17 is one of the identified genes in the transcriptome profile of the polian vesicles of eviscerated sea cucumbers, where production of coelomocytes occurs (Shi et al., 2020). Certainly, although the analysis of E. fraudatrix intestinal regeneration gene profiles had a specific focus on transdifferentiation processes, the identified transcription factors might also represent additional processes occurring simultaneously.
The most recent addition to the transcriptomic studies of holothurian intestinal regeneration is an in-depth study using RNA-seq on early stages of intestinal regeneration of H. glaberrima (Quispe-Parra et al., 2021a). The study focuses on 1-dpe and 3-dpe, the time when the cellular dedifferentiation process begins. This was the first transcriptomic analysis on stages earlier than 3-dpe and the first in comparing the early regenerating intestine to the mesentery of non-regenerative animals, instead of to normal intestine. The study yielded the differential expression of 8,460 transcripts at 1-dpe and 8,216 at 3-dpe. Both stages shared a total of 3,884 differentially expressed transcripts. These results clearly show major differences from those yielded in E. fraudatrix, A. japonicus, and even from previous studies from our group in H. glaberrima. These differences were mainly seen in the expression profiles of certain genes and the identification of new gene candidates. Among the top upregulated genes at 1-dpe were actin, serine/threonine-protein kinase NLK, translation elongation factor 2 (TEF2), and elongation factor 1 alpha (EEF1A). Among the top downregulated genes were the pancreatic lipase-related protein 2 (PNLIPRP2), sodium-coupled monocarboxylate transporter 1, histidine ammonia-lyase, caudal homeobox protein (CDX-2), and aquaporin-8. Some of these downregulated genes maintain their downregulation at 3-dpe (i.e., CDX-2, sodium-coupled monocarboxylate transporter 1, and aquaporin-8). At 3-dpe some of the top regulated genes were ubiquitin, actin and Wnt6. Interestingly, many of the genes identified at both stages were not among the top differentially expressed genes in previous intestinal regeneration studies. This could be mainly attributed to differences in the type of tissues that were compared, different stages or the different analyses performed. Out of the mentioned upregulated genes at 3-dpe, only actin and Wnt6 were also identified as upregulated in A. japonicus. One of the highlights of this study was the description of the differential expression of transcription factors. Among those transcription factors identified were Myc, KLF13, and Sox4, which showed constant higher expression, while others, such as CDX1, appeared with constant low expression. Moreover, genes involved in transcription appeared to be upregulated at 1- and 3-dpe (TAF1A, MYBBP1A, PWP1, and EEF1A).
We should also mention transcriptome analyses performed in other holothurian tissues that are related, to a certain extent, to the evisceration and regeneration processes. One of the most recent, is the transcriptome profiling of A. japonicus polian vesicles (Shi et al., 2020). Polian vesicles are known to be part of the inflammatory responses and have been suggested to be a site of origin of coelomocytes, the echinoderm immune cells. Polian vesicles remain within the animals after autotomy of other internal organs and are thought to be involved in coelomocyte recovery after evisceration. The study performed RNA-seq of the polian vesicles 6 h post-evisceration. Results showed that differentially expressed transcripts were part of development and signaling pathways, such as are Wnt, TGF-beta and Endocytosis pathways, all known to be involved with cellular proliferation and differentiation. Hence, data strongly suggests that following evisceration, the polian vesicle goes through a distinct transcriptome activity, possibly due to the great production of coelomocytes, strengthening their proposed role in the inflammatory response of sea cucumbers upon evisceration.
Another recent study performed transcriptomic profiling of genes expressed during the initiation of fission of the holothurian Cladolabes schmeltzii (Dolmatov et al., 2018). Fission is a form of asexual reproduction, during which sea cucumbers constrict around the middle region due to the changes in the connective tissue of the body wall. In this study the focus was on ECM-related genes, as this change in the strength of the connective tissue would not be possible without ECM remodeling. Many genes that form part of structural proteins of the ECM and proteases were identified in animals undergoing fission. Furthermore, there were development-associated genes that were expressed. Importantly, they also identified numerous transcription factors (26 in total) that were activated during fission. This high number of transcription factors is thought to be due to the regeneration processes that begin right after the division of the animal. There are specific transcripts that support this as they have been identified to be involved in the generation of the digestive system during development, such as genes from the Sox and GATA family. Among the tissues sampled for the analyses, they included the remnant mesentery, and the same genes were also identified in the latest transcriptome profiling of the sea cucumber H. glaberrima by Quispe-Parra et al., 2021a.
The evisceration mechanisms of sea cucumbers, which trigger the subsequent intestinal regeneration, have also been subjected to transcription profiling (Ding et al., 2019). In A. japonicus, the tissues include the nerve ring, including the calcareous structure, as well as the associate muscles of animals that were 1) eviscerating animals, 2) 3-h post evisceration and 3) non-induced to eviscerate (normal). The analysis yielded differentially expressed genes related to response to stimulation, muscle contraction, metabolism, ECM and secretion of neurotransmitters. In the same way, there were also genes related to the regeneration process identified mostly at the 3-h post evisceration, such SAA and MMPs. These studies provide a broader point of view of the interactions among body components, where processes taking place before or after regeneration can have an effect on the regeneration of other organs.
Transposable Elements
As mentioned earlier, transcriptome studies provide the opportunity to discover genes that have not been previously considered to be involved in a particular process. Such is the case with the finding that a large number of transposable elements (TEs), or transposons, were differentially expressed at different stages of radial nerve regeneration in H. glaberrima (Mashanov et al., 2012c). TEs are genomic DNA sequences that are able to “jump” from one position to another by copying themselves and inserting the copy DNA into a new location or by excising themselves from the genome and reinserting into a new location. As genomic and molecular studies continue to evolve, TEs have started to become more relevant and some of their roles have become evident in various species. Therefore, we consider that they are part of the advancements made towards identifying the molecular regulators of regeneration.
The first time TEs were associated with regeneration was in a study by our laboratory that found elements of the Gypsy and BEL LTR families differentially expressed at different stages of radial nerve regeneration on H. glaberrima (Mashanov et al., 2012c). It was further reported that two Gypsy retrotransposons were also expressed at various stages of intestinal regeneration (Mashanov et al., 2012b). In a similar way, retrotransposons accounted for about 33% of genes identified during fission initiation in C. schmeltzii (Dolmatov et al., 2018). In other regeneration models, the non-LTR LINE-1 was shown to be activated during limb regeneration of the salamander (Zhu et al., 2012). Similarly, a study on the Iberian ribbed newt, Pleurodeles waltl, also showed that specific TEs, including Gypsy elements were upregulated during limb regeneration and that these appear to have been expanded in this species genome (Elewa et al., 2017). Similarly, another study on lungfish tail regeneration, the authors found 16 TEs upregulated in the regenerating tail blastema (Verissimo et al., 2020). Thus, multiple studies on TE sequences demonstrate their expression in a dynamic manner, suggesting a functional role in the regeneration processes.
Other than the identified retrotransposons expressed during regeneration and fission of sea cucumbers mentioned there are no further studies addressing their role during tissue regeneration or other processes in echinoderms. Although there is a limited knowledge about retrotransposons in invertebrate species with advanced regenerative capacities, current data suggests that their abundant representation in the genome of these species (Flowers and Crews, 2018; Nowoshilow et al., 2018; Biryukov et al., 2020) and their upregulation after injury might be correlated to a species regenerative capacity. The degree to which these sequences are involved in this process is still unexplored, but as more genomic data is generated for distinct echinoderm species, we will be able to answer questions about these elements that were previously difficult to approach.
Genes From Genomic Studies
In the last decades several echinoderm genomes have been assembled, including that of S. purpuratus, L. variegatus, Parastichopus parvimensi, Anchaster planci, and P. miniata, among many others, which have been addressed in other publications and databases, such as echinobase (Cameron et al., 2015; Cary et al., 2018). However, these genomes have not been explored or discussed in relation to the animal’s regeneration capacity. Here we focus briefly only on the published genome of A. japonicus, which contains information discussed by the authors as to be relevant to its regeneration potential.
In 2017, the genome of the sea cucumber A. japonicus was sequenced (Zhang et al., 2017). Among the findings that were highlighted were the presence of two protein families that appeared to be significantly expanded when compared to other animal species. One of these families encoded a group of prostatic secretory proteins of 94 amino acids (PSP94)-like genes while the other was a family of fibrinogen-related protein (FREP) genes. The presence of these genes in a highly regenerative species, led the authors to posit that these proteins played a role in the organism’s intestinal regeneration process. Gene expression studies showed that these two gene families were upregulated in early regenerating intestines. Many other genes were studied in the regenerative process that follows evisceration in A. japonicus, however, the use of normal intestinal tissues as controls, particularly for the early regenerative stages makes it difficult to determine the relevance of the obtained results. As highlighted by (Quispe-Parra et al., 2021a), results obtained when comparing normal intestine to 3-dpe rudiments might correspond more to cell type-specific expression than to regeneration-associated expression.
Category 3—Functional Studies
The experiments described in the preceding section provide an important list of possible candidate genes that could control or modulate the regenerative process. However, the results are only correlative and there is no concrete proof that the listed genes are involved in regeneration. More so when we realize the multiplicity of processes, other than regeneration, that are taking place following evisceration, including activation of the immune system to deal with incoming pathogens, wound healing responses in the injured tissues and metabolic changes due to the loss of the main digestive organ, among others. Therefore, the need to perform experiments that probe the identified genes to determine their function during the regeneration process.
Pharmacological Modulations
Most studies performed to determine the role of particular molecules or pathways during echinoderm regeneration have been done using specific drugs that inhibit enzymes, receptors or components of a signal pathway. For most of them, previous experiments had shown that the molecules of interest were present in the tissues or organs studied and that they were over-expressed during the regenerative process, thus providing the rationale for their functional analyses. Pharmacological studies were done, in most cases, by treating the animals with a drug or chemical that interfere with the molecule function while undergoing regeneration and the results were compared to those of animals treated with the vehicle. While several species/pathways have been targeted using this pharmacological strategy (see below), its strength is demonstrated in two model systems: in the brittle star A. filiformis to study the role of fibroblast growth factors (FGF) during arm regeneration and in the sea cucumber H. glaberrima to analyze the role of the Wnt-βcatenin pathway during intestinal regeneration.
MMPs
One of the first pharmacological studies performed, targeted the matrix metalloproteinases (MMPs) as a way of studying their function in the extracellular matrix remodeling shown to take place during intestinal regeneration in H. glaberrima (Quiñones et al., 2002). In these experiments MMP activity was shown to increase during intestinal regeneration, and this took place concomitantly with collagen degradation. To study their possible function, three MMP inhibitors were used [1,10-phenanthroline, N-CBZ-Pro-Leu-Gly hydroxamate and p-aminobenzoyl Gly-Pro-D-Leu-D-Ala hydroxamate. All three caused a decrease in the size of the rudiment, suggesting that MMP activity is necessary for normal regeneration of the intestine. Similar results were obtained with other drugs in other species. (Dolmatov et al., 2019). treated a different species of sea cucumbers (E. fraudatrix) with a different MMP inhibitor (GM6001) after transecting the ambulacrum (body wall area including radial nerve, hemal vessel, water vascular canal and muscle band]. Their results showed not only a possible role for MMPs in regeneration, but also the importance of the timing of enzymatic activity; animals that received the drug 3 days after injury could not undergo wound healing and died, while animals that received the drug later (7-days) survived, and slowly regenerated.
RGD
Intracelomic injections of arginine-glycine-aspartate (RGD)-containing peptides were used to study the role of the ECM during regeneration (Cabrera‐Serrano and García‐Arrarás, 2004). These peptides blocked the association between cellular integrins and ECM molecules, and caused a delay in the regeneration process, as determined by a smaller rudiment size and a decrease in the ECM remodeling. Moreover, the presence of the RGD-containing peptides appeared to interfere with cellular migrations within the connective tissue of the mesentery.
Retinoic Acid
Components of the retinoic acid (RA) signaling pathway were identified in the digestive tract of the sea cucumber H. glaberrima, and some of these were shown to be differentially expressed during regeneration (Viera-Vera and García-Arrarás, 2018; Viera-Vera and García-Arrarás, 2019). To test the function of the RA signaling pathway, an inhibitor (Citral) against one of the RA synthesizing enzymes and an antagonist (LE135) of the retinoic acid receptor were administered to animals undergoing intestinal regeneration. Both drugs caused a decrease in the size of the regenerating rudiment and a significant reduction in cell division and cell dedifferentiation. Thus, suggesting that the RA signaling pathway has a role in the modulation of the cellular processes that are important for the regeneration of the intestine.
Proteasome
Components of the proteasome were found to be overexpressed during the early stages of intestinal regeneration (Pasten et al., 2012a). To study the role of the proteasome during this process, intracoelomic injections of MG132, E64d and TPCK were done in regenerating animals (Pasten et al., 2012a; Pasten et al., 2012b). These drugs disrupt the function of the proteasome through different mechanisms: MG132 is an inhibitor of the chymotrypsin and PGPH activity, E64d is an inhibitor of calpains and some cathepsins and TPCK is an inhibitor of serine proteases. TPCK showed no effect at the dose used, while MG132 and E64d treatments showed several effects on the regenerative cellular processes. Both drugs reduced cellular proliferation in the intestinal rudiment, however MG132 treated animals showed a reduction in the size of the rudiment while E64d treated animals showed a delay in the degradation of collagen. These types of experiments serve to separate cellular processes and the signals that might be modulating them during the regenerative response.
Notch
Pharmacological inhibition of the Notch pathway was done in sea urchins using DAPT (Reinardy et al., 2015). In these experiments both spines and tube feet regrowth were inhibited by intracelomic doses of DAPT. Moreover, animals treated with the Notch inhibitor showed a decrease in the expression of Notch target genes: hey, gataC and hes (Reinardy et al., 2015). DAPT was also tested during arm regeneration of the brittle star Ophioderma brevispina (Mashanov et al., 2020). Here also, inhibition of the Notch pathway significantly reduced the regrowth of the regenerating arm, suggesting that Notch plays a role in echinoderm regenerative processes particularly on those related to the regeneration of appendages. The authors also performed a comparative transcriptomic study between animals regenerating their arms in the presence and absence of the Notch pathway inhibitor. Differential expression of genes modulated by Notch pathway inhibition extended beyond the classical Notch target genes and effects were observed in many other signaling pathways that control cell proliferation, survival, apoptosis, differentiation and immunity, thus highlighting the interconnection of multiple pathways that takes place during the regenerative process. Their analysis of the data led the authors to propose that one gene in particular, Neuralized1-might be playing an important role in the process.
FGF
The effect of FGF signaling inhibition was studied in the regenerating arm of the brittle star A. filiformis (Czarkwiani et al., 2021). These studies focused on perturbations in skeletogenesis and were accompanied by extensive analyses of gene expression that served as molecular markers. The drug used was SU5402, a specific inhibitor of FGF receptors that competes with ATP for the tyrosine kinase catalytic domain. The authors exploited one of the main advantages of using echinoderm models; the possibility of comparing regenerative responses to embryonic development. Thus, they compared the gene expression profile of skeletogenesis during arm regeneration to that of the initial formation of the skeleton in the brittle star embryo. They further probed the effect of the FGF receptor inhibitor in both regenerating adult and developing embryonic stages. Embryos treated with the FGF receptor inhibitor failed to form the skeletal spicules needed to form the larval skeleton. Similarly, FGF receptor inhibition in adults prevented skeletal spicule formation in the regenerating arms (Figure 3). Interestingly, cell proliferation continued in the presence of the drug, once again highlighting the independence of certain cellular processes.
In the same report, VEGF was also studied in embryos and adults, by blocking its receptor with the drug axitinib. The response was a much milder effect when compared with blockade of the FGF receptor. The authors suggest that VEGF is not strictly required for skeleton formation but might be needed for establishing the patterning of the spicules. However, these results draw attention to one of the main problems encountered by those doing experiments in invertebrate or non-mammalian model systems: the possibility that the effect of a drug that has been tested on vertebrates (or more specifically on mammals) differs in other animal groups due to variations in the structure of the drug target (i.e. protein sequence of receptors or enzymes); in the present case in the VEGF receptor that is targeted by the axitinib.
Gene Expression Modulation (Knockdown)
Myc
The first report of gene knockdown in adult echinoderms was performed using the regenerating radial nerve cord of holothurians as a model system. The target gene was Myc, a gene that had been previously shown to be overexpressed in the radial nerve cord cells following cord transection (Mashanov et al., 2015a). A dsRNAi protocol was developed where the dsRNA was electroporated at the same time that the cord was transected (Mashanov et al., 2015b). The subsequent decrease in Myc mRNA levels (and the expected decrease in Myc protein levels) was accompanied by a decrease in the dedifferentiation of radial glia and a decrease in cellular apoptosis. These results strongly position Myc as one of the key genes controlling the initial events in the nervous system regenerative response. At the same time the experiments established a path on how the function of other candidate genes could be tested.
Wnt
The most complete analysis on the molecular basis of regenerative processes in echinoderms is probably the study of the Wnt signaling system in intestinal regeneration in holothurians. This pathway is present in all metazoan and involves the activation of membrane receptors by soluble proteins of the Wnt family that are usually released by neighboring cells (Nusse and Clevers, 2017). Among the signaling pathways modulated by Wnt is the canonical or Wnt/β-catenin dependent pathway. This pathway has been associated with multiple developmental and regenerative processes (Whyte et al., 2012). For example, Wnt has been associated with Hydra apical regeneration (Vogg et al., 2019), the establishment of axial polarity in regenerating Planaria (Almuedo-Castillo et al., 2012) and tail regeneration in zebrafish and in Xenopus tadpole (Stoick-Cooper et al., 2007; Lin and Slack, 2008) among others. Moreover, the canonical Wnt/β-catenin pathway is known to play a key role in the maintenance and regeneration of the luminal stem cells of the vertebrate intestine (Cordero and Sansom 2012; Kretzschmar and Clevers 2017).
The study of the Wnt signaling pathway genes in holothurian intestinal regeneration encompasses all previously described categories of gene molecular studies. First, mRNA for Wnt genes and/or some of their target molecules have been identified within the regenerating intestinal rudiment in at least three species of holothurians (Mashanov et al., 2012a; Sun et al., 2013; Girich et al., 2017; Li et al., 2017; Yuan et al., 2019). Moreover, the expression of some of these molecules has been shown to differ significantly at some stage of intestinal regeneration. For example, Wnt9 was shown to increase its expression during H. glaberrima intestinal regeneration (Ortiz-Pineda et al., 2009) and transcripts were detected within the regenerating intestinal rudiment (Mashanov et al., 2012a). Wnt6 and WntA were detected in intestinal tissues of A. japonicus, and their expression shown to vary depending on the stage of intestinal regeneration (Sun et al., 2013; Li et al., 2017). Finally, four different Wnt (A, 4, 6 and 16) were detected in regenerating internal organs of E. fraudatrix and each shown to have a distinct expression profile during the regeneration process (Girich et al., 2017).
Further studies in A. japonicus showed that Wnt7 and two upstream genes in the Wnt signaling (Fz7 and Dvl) were also differentially expressed during intestinal regeneration and provided a positive selection analysis that strengthened the importance of this signaling pathway in intestinal regeneration (Yuan et al., 2019). Analysis of conservation demonstrated the positive selection of Wnt signaling pathway genes among echinoderms. Furthermore, the high expression of upstream genes (Wnt7 and Frizzled7) at early intestine regeneration and downstream genes (Myc) at advanced stages strongly suggested an early activation of the pathway upon the initiation of regeneration. These authors also performed some experiments with a pharmacological inhibitor of the Wnt pathway and RNAi using dsRNA, and although the results confirm a possible role of Wnt on the regeneration process, the paucity of technical details and controls weaken the reliability of the findings.
Thus, the Wnt pathway genes fulfill two of the requirements for a potential role (or roles) in the intestinal regeneration process: 1) genes associated with the pathway are expressed in cells of the regenerating intestinal rudiment and 2) some of these genes show differential expression associated with specific stages of the regeneration process. Pharmacological studies in vivo and in vitro, provide additional (and much stronger) evidence for an active role. In H. glaberrima, injections of Wnt pathway inhibitors and activators into the coelomic cavity of regenerating animals showed significant changes in intestinal rudiment and in some cellular processes (Bello et al., 2020) (Figure 3). Wnt pathway inhibitors were shown to cause a decrease in the size of the regenerating rudiment, while activators showed an increase in the size of the structure. In vivo pharmacological studies, however, are prone to possible side effects, particularly when dealing with drugs that have a wide action spectrum, or that affect multiple processes. The research was then advanced by establishing an in vitro intestinal explant setup where certain cellular events associated with regeneration could be studied (Bello et al., 2020). Using this model system, multiple Wnt pathway modulating drugs were tested. The overall conclusion of the experiments was that the canonical Wnt/β-catenin pathway was responsible for the increase in cell proliferation associated with intestinal regeneration, but it had no effect on two other cellular events: muscle cell dedifferentiation nor apoptosis. Further studies suggested that dedifferentiation was under the control of a GSK3, Wnt-independent pathway that remained unidentified.
Although, experiments with pharmacological drugs are a step in the right direction, they remained, in many ways, inconclusive. This is due, as explained above, to the possibility of drug effects on other cells, or on other cell processes that are occurring concomitantly with regeneration. In addition, even in the best cases, the specificity of the drugs has to be questioned. Some of these drugs might modulate not only one gene or gene product in a signaling pathway but might modulate all members of a gene family. For example, in holothurians, at least four different Wnt genes have been detected during intestinal regeneration (Girich et al., 2017). When animals are treated with an inhibitor of the Wnt pathway, it can be modulating the expression (and thus, the role) of all these genes simultaneously.
In other animal models, the ultimate proof to define the role of a particular gene is to knock-out or knock-down the gene in question and then determine the effect of the genetic manipulation on the process being studied. Although many gene modulation techniques are available for echinoderm embryonic studies, their application for studies in adult echinoderms is a serious limitation to the regeneration field. Thus, the importance of the recent development in our lab of a dsRNAi method to knock-down specific gene expression in regenerating intestinal explants (Alicea-Delgado et al., 2021). This methodology was applied to the study of the Wnt pathway during regeneration by targeting β-catenin, a key molecule in the intracellular Wnt signaling pathway. The levels of β-catenin mRNA in the regenerating intestinal explant were knocked-down by the electroporation of ds-β-catenin RNA (Alicea-Delgado and García-Arrarás, 2021). Concomitant with the decrease in β-catenin mRNA (and therefore on the activity of the Wnt/β-catenin pathway) a ∼50% decrease in cell division was observed. However, no effect on apoptosis or cell dedifferentiation occurred. These results coincide with those obtained with the pharmacological treatments (Bello et al., 2020). The use of complementary techniques and the similarity in results provide reassuring evidence, showing that cell proliferation during intestinal regeneration in holothurians is under the control of the Wnt/β-catenin signaling pathway. More importantly, our results indicate that we now have the tools to explore more in depth, the molecular basis of intestinal regeneration in holothurians.
CONCLUSION
Echinoderm regeneration studies have advanced in recent years, and will become more numerous, thanks to the accessibility and increase of genomic and molecular data. However, this review shows the areas where more information is needed or where particular considerations must be taken for the data to be used for comparative studies.
On the issue of data availability, we have documented that most of the existing data focusing on the molecular base of echinoderm regeneration has been obtained from species of two echinoderm classes, holothuroids and ophiuroids. This makes further exploratory molecular studies on crinoids, echinoids, and asteroids essential in order to obtain a broader overview of the molecules that act during regeneration. Equally important is the opportunity presented by the recent studies on sea urchin and sea star larval regeneration that could allow the identification of molecular processes common to larval and adult regeneration. Or otherwise, identifying genes that might be activated specifically for regeneration purposes, and not development.
This review also highlights one of the main drawbacks of current available data: the heterogeneity of the tissues and stages used to perform gene expression studies within species. For instance, in ophiuroids, studies differ on the regions being dissected and on the description of regeneration stages with some focusing on differentiation index and other on days post amputation. Similarly in holothuroids, studies have questioned the use of adult normal intestines as being the appropriate comparisons for early regeneration intestines to determine differential gene expression due to dissimilarities in tissue layer composition. Therefore, there is a need of standardizing regeneration studies that could be achieved as more information on the process continues to be gathered.
Moreover, there is also need for more exploratory analyses, and therefore well-curated genomes and transcriptomes. So far data analysis and candidate genes assessment have been focused on specific gene groups—developmental, ECM, and cytoskeletal. From these groups most of studies have aimed to assess developmental genes, as they appear to be co-opted to participate in the regeneration of the lost tissues and organs. Notwithstanding, there is widespread ground to cover to clearly understand the molecular underpinnings of regeneration. Studies so far (and therefore this review) have been limited to exposing genes that are easily identifiable by database mapping, but very few have made efforts towards new gene discoveries. However, there are also numerous unknown transcripts among the top differentially expressed genes, which could be key molecules to the whole process. This displays the need of further characterized genomic data of diverse species. Certainly, the vast amount of echinoderm genomes and extensive transcriptome data exerts the possibility of identifying unknown echinoderm-specific orthologs and novel regulatory regions that could be crucial to prompt the regrowth of the lost tissue or organ.
Currently, there are numerous genomes and transcriptomes of echinoderm species with great regeneration potential that are waiting to be analyzed. As new genes are added to the growing list of “candidate” genes involved in echinoderm regeneration, new methods and molecular tools will need to be developed to determine gene function. This is probably the limiting factor, at present, to advance the molecular analyses of regeneration. The possibility of genetic studies, developing CRISPR-Cas methods and other techniques that are commonly used in other model systems will be a huge advance for echinoderm regeneration studies.
In summary, the great number of macromolecular studies currently available or in process will continue to provide new information on the molecular events associated with echinoderm regeneration. As new data becomes available, the importance of platforms such as echinobase where the echinoderm community can find reliable data and analyses, will continue to grow. This will provide the basis for comparative analyses establishing unique molecular characteristics that might be responsible for the amazing regenerative processes observed in echinoderms.
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New patterns of gene expression are enacted and regulated during tissue regeneration. Histone deacetylases (HDACs) regulate gene expression by removing acetylated lysine residues from histones and proteins that function directly or indirectly in transcriptional regulation. Previously we showed that romidepsin, an FDA-approved HDAC inhibitor, potently blocks axolotl embryo tail regeneration by altering initial transcriptional responses to injury. Here, we report on the concentration-dependent effect of romidepsin on transcription and regeneration outcome, introducing an experimental and conceptual framework for investigating small molecule mechanisms of action. A range of romidepsin concentrations (0–10 μM) were administered from 0 to 6 or 0 to 12 h post amputation (HPA) and distal tail tip tissue was collected for gene expression analysis. Above a threshold concentration, romidepsin potently inhibited regeneration. Sigmoidal and biphasic transcription response curve modeling identified genes with inflection points aligning to the threshold concentration defining regenerative failure verses success. Regeneration inhibitory concentrations of romidepsin increased and decreased the expression of key genes. Genes that associate with oxidative stress, negative regulation of cell signaling, negative regulation of cell cycle progression, and cellular differentiation were increased, while genes that are typically up-regulated during appendage regeneration were decreased, including genes expressed by fibroblast-like progenitor cells. Using single-nuclei RNA-Seq at 6 HPA, we found that key genes were altered by romidepin in the same direction across multiple cell types. Our results implicate HDAC activity as a transcriptional mechanism that operates across cell types to regulate the alternative expression of genes that associate with regenerative success versus failure outcomes.
Keywords: HDAC, axolotl (Ambystoma mexicanum), regeneration, romidepsin, transcription, single nuclei RNA-seq, CRISPR-Cas9
INTRODUCTION
Transcription differs within and between cell types and varies in response to extrinsic and intrinsic cues, such as when cells are challenged by pathogens or when cells respond to signaling molecules during development. Analyses of transcription can therefore reveal the identities and phenotypes of cells, and how genes function and interact to regulate biological processes. It is standard to perturb gene and protein functions and then use transcriptional analysis to identify key changes in molecular and cellular states that are informative for understanding biological mechanisms. For example, gene knock-out and knock-in technologies can be used to decrease or increase the expression of specific transcription factors to identify downstream target genes and the composition of gene regulatory networks (Schenone et al., 2013; Varshney et al., 2015). Alternatively, small molecules can be used to specifically alter the activities of regulatory proteins to interrogate mechanisms of transcriptional regulation (Yeh and Crews, 2003; Arrowsmith et al., 2012).
Amphibians like the laboratory axolotl (Ambystoma mexicanum) are capable of regenerating whole organs in aquatic environments that facilitate rapid screening of small molecules (Ponomareva et al., 2015). To advance regeneration research, we evaluate here an experimental approach to detail chemical effects on transcription and regeneration. Regeneration requires numerous changes in gene expression from the moment of injury to the time a tissue is completely repaired. Each gene thus provides a transcriptional biomarker that can be used to detail a chemical’s effect on tissue regeneration. A transcriptomic approach is potentially made more powerful by conceptualizing regeneration as a discrete trait, with definable regenerative failure vs regenerative success outcomes. We propose that for some chemicals there is a critical concentration; above and below this threshold, regeneration will either fail or succeed. Thus, by quantifying transcription at concentrations that span a chemical’s critical threshold concentration, it might be possible to identify quantitative changes in key genes that determine regeneration outcome, and through subsequent experimental, computational and bioinformatic approaches, associate these quantitative changes to biological processes and properties of cell populations. We evaluate this approach using romidepsin (Ueda et al., 1994; Yang et al., 2011), an FDA approved histone deacetylase inhibitor that potently inhibits axolotl embryo tail regeneration. Application of this approach to additional chemicals offers potential to develop rich information resources that can be used to characterize and model chemical effects and gene interactions on tissue regeneration, identify promising chemical tools for regenerative biology, and identify chemical and biological mechanisms of action.
MATERIALS AND METHODS
Animal Procedures
Non-feeding embryos used in this study were treated according to the same ethical standards that apply to feeding axolotls under University of Kentucky IACUC protocol 2017-2580. Embryos (RRID:AGSC_100E, AGSC_101E, AGSC_102E) were obtained from the Ambystoma Genetic Stock Center (RRID:SCR_006372) and all experiments were performed using axolotl rearing water (ARW: 1.75 g NaCl, 100 mg MgSO4, 50 mg CaCl2, and 25 mg KCl per liter, buffered with NaHCO3 to pH 7.3–7.5) in a room maintained at 17–18°C.
Romidepsin Dosing Experiments
Developmental stage 42 (Bordzilovskaya et al., 1989) axolotl embryos were manually hatched by removing the egg jelly and membrane, anesthetized in 0.02% benzocaine, and tail amputations were performed with a sterile razor blade to remove 2 mm (∼20% of the body length) of the distal tail tip. Axolotl embryos were then distributed into 12-well microtiter plates containing romidepsin or axolotl rearing water (ARW) with DMSO. Romidepsin (Selleckchem, Cat. No. S3020) was dissolved in DMSO and diluted to a stock concentration of 10 mM. The romidepsin stock solution was subsequently diluted to a range of concentrations (0, 0.05, 0.1, 0.5, 1.0, 5.0, and 10.0 μM) and 2 replicates of 3-6 embryos were treated for 6 or 12 h per concentration, and embryos were imaged at 6 days post-amputation (DPA) using an Olympus dissecting microscope with ×0.5 objective lens and DP400 camera. These initial concentration experiments were performed to identify the critical concentration, above and below which regeneration succeeds or fails. Distal tail shape was used to classify concentrations as inhibitory or having no effect on tail regeneration at 6 DPA (Voss et al., 2019).
Romidepsin Treatment and Transcription
Embryos were administered tail amputations and treated with the same range of concentrations of romidepsin (0, 0.05, 0.1, 0.5, 1.0, 5.0, and 10 μM) as described above, for 6 and 12 h post amputation (HPA). One mm of distal tail tip tissue was collected from each embryo within a replicate and pooled for RNA isolation using Trizol followed by Qiagen miniprep. Overall, 60 samples were processed. Four replicates (12 embryos each) were performed for each romidepsin concentration and treatment time; three replicates were performed for the control sample at the time of amputation. A total of 100 genes (Supplementary Table S1) were selected from previous studies of axolotl embryo tail regeneration (Ponomareva et al., 2015; Voss et al., 2019) to develop a Nanostring probeset for quantifying transcript number. Most of these genes (N = 72) were shown previously to be differentially expressed in response to romidepsin treatment (Voss et al., 2019). RNA samples were processed by the University of Kentucky Healthcare Genomics Core. Transcript data were normalized using nSolver software and mRNA count data from low, moderate, and highly expressed genes that presented low coefficients of variation for transcript number across treatments. The Nanostring probesets are presented in Supplementary Table S1, the normalized transcript count data in Supplementary Table S2, and Benjamini and Hochberg (1995) corrected p-values (considered significant if < 0.1) are presented in Supplementary Table S3.
Computational Modeling of Romidepsin Transcriptional Dose Responses
Transcript abundance estimates across romidepsin concentrations yielded response curves for all 100 genes at 6 and 12 HPA. Non-linear modeling Was performed to identify genes with sigmoidal or biphasic response Curves. The sigmoidal model
[image: image]
used four parameters: the minimum transcript number (a), the maximum transcript number (b), the concentration of romidepsin that yielded a transcript abundance halfway between concentrations that defined minimum and maximum transcription outputs (th), and a parameter controlling the slope (k). The biphasic model used the product (and the sum) of two sigmoidal functions. Two types of errors were considered in classifying genes into these categories: 1) the least square error and 2) the least square error divided by the range (maximum response–minimum response). Response curves with scaled errors less than 0.4 were classified as sigmoidal. Genes that did not meet the sigmoidal error criteria but presented response curves with scaled errors less than 0.4 were classified as biphasic. The modeling results are presented in Supplementary Table S5.
Genetic and Chemical Inhibition of Hyaluronic Synthase 2
The functional role of Has2 in axolotl embryo tail regeneration was evaluated by CRISPR-Cas9 gene editing and chemical inhibition using calcitriol. First, tw guide RNAs (TGG​CTA​CCA​ATT​CAT​CCA​GA; GCT​CGT​CCT​CTC​CAA​CAA​GT) were designed against Has2 protein-coding sequence and two target-specific Alt-R crRNAs and common Alt-R tracrRNA were synthesized by Integrated DNA Technologies (Amex_G.v6 genome assembly HAS2|AMEX60DD301040413.1). Alt-R–Cas9 Ribonucleoprotein complexes for both guide RNAs were prepared and injected into 1-cell stage axolotl embryos as described previously (Trofka et al., 2021). Thirty-two injected and 10 non-injected control embryos were reared to developmental stage 42 and tail tips were amputated as described above. Tail tips from 6 injected embryos were used to test for CRISPR-Cas9 gene editing by DNA isolation (Monarch Genomic DNA Isolation Kit), PCR (Forward Primer: 5-AAA​TAG​TCT​GGC​AGA​TTC​CAA​TTC-3; Reverse Primer: 5-CAT​TCA​TGA​ACA​GAC​TGA​AAG​GAG-3) and DNA sequencing (Eurofins). PCR was performed usin 34 cycles (95°C 45 s, 60°C 45 s, and 72°C 30 s) and an Applied Biosystems Veriti 96-well thermocycler. PCR products were prepared for sequencing using Exo-Cip (New England Biolabs). At 7 DPA, the amount of tail tip tissue regenerated was quantified from images obtained using the Olympus microscope and camera described above, using the polyline tool in the Olympus cellSens standard 1.5 imaging software program to outline the area of the tail between the amputation plane and distal tail tip. Second, tail tips of developmental stage 42 embryos were amputated, and embryos were treated with Has2 inhibitor calcitriol (Narvaez et al., 2020), the active form of vitamin D. Calcitriol was purchased from Selleckchem.com and diluted to 10 mM using DMSO. Four embryos (per each concentration tested) were treated using 0.0, 0.1, 0.25, 0.5, 0.75, and 1.0 μM and reared to 7 DPA for imaging of the amount of tissue regenerated. The amount of tissue regenerated was quantified as described above.
Whole Mount Version 3 Hybridization Chain Reaction Fluorescent In Situ Hybridization
The protocol outlined below is based off protocols provided by Molecular Instruments. Tissues were collected and fixed in 4% PFA overnight at 4°C. The following day, the tissues were washed three times for 5 min at room temperature with PBST (1X PBS with 0.1% Tween-20). The tissues were dehydrated in an increasing methanol series (25% MeOH/75% PBST, 50% MeOH/50% PBST, 75% MeOH/25% PBST) on ice for 5 min at each step and placed in 100% MeOH at −20°C overnight. At this point, the tissue could be left at −20°C indefinitely. Tissues were rehydrated in a decreasing methanol series (75% MeOH/25% PBST, 50% MeOH/50% PBST, 25% MeOH/75% PBST) on ice for 5 min at each step and washed in PBST for 5 min at room temperature. To remove pigments, samples were bleached in 3% H2O2 (made in 0.8% KOH) for an hour at room temperature. Samples were next washed in PBST three times for 5 min at room temperature. Tissues were washed in pre-warmed hybridization solution (Molecular Instruments, https://www.molecularinstruments.com) for 5 min at 37°C. This hybridization solution was replaced with fresh, pre-warmed hybridization, and samples were incubated at 37°C for 30 min. Probe solution was made by diluting 1 µM probe stock 1:200 in hybridization solution. Probe sequences are provided in Supplementary Table S4. The probe solution was then applied to the samples and incubated at 37°C overnight. The next day, the samples were washed four times for 15 min with pre-warmed probe wash (Molecular Instruments) at 37°C. Samples were next washed t in 5X SSCT (5X SSC with 0.% Tween-20) for 5 min at room temperature. Following these washes, samples were incubated in amplification buffer (Molecular Instruments) for 30 min at room temperature. As samples are incubating in amplification buffer, fluorescent hairpins (Molecular Instruments) were incubated at 95°C for 90 s, then left to return to room temperature for minimally 30 min. Hairpins were diluted 1:50 in amplification buffer, and this hairpin solution was applied to the samples and incubated at room temperature overnight. The next day, samples were washed twice with 5X SSCT at room temperature for 30 min each. For imaging with light sheet fluorescence microscopy, samples were mounted in 1.5% low melt agarose in a capillary tube. Agarose containing the samples were briefly washed in ×1 P for 10 min, then placed in Easy Index (Life Canvas Tech) overnight at 4°C. Samples were imaged at ×5 , and maximum intensity projections were used for display within the figures and quantification.
V3 HCR-FISH Image Analysis
For quantification of V3 HCR FISH fluorescence intensity, we used custom FIJI (Schindelin et al., 2012) macros to measure the raw integrated density in 1 µm wide boxes along the AP axis of injured and uninjured tails as described previously (Duerr et al., 2021). Briefly, the tails were rotated such that the most posterior tip pointed to the right. Next, the tail outline was segmented, and the tip of the injured or uninjured tail was marked with a point. A 1 µm wide box that extended to the dorsal and ventral fins was then created anterior to this point, and the raw integrated density was measured within this box and in boxes extending 500 µm from the posterior tip. The raw integrated density was normalized to the area within the boxes and plotted to observe differences in intensity between injured and uninjured tails.
Single Nuclei RNA-Seq
To map transcripts to axolotl cell types, single-nuclei RNA-Seq was performed. Embryos were administered 2 mm distal tail amputations and either treated in ARW (N = 100) or 10 μM romidepsin (N = 100). At 6 HPA, 1 mm of distal tail tip tissue was collected and pooled for nuclei isolation and ×10 single nuclei RNA-Seq. Nuclei isolation, library preparation, and next generation sequencing were performed by Singulomics. The resulting data were mapped to an axolotl transcript assembly as described previously (Rodgers et al., 2020), analyzed using Cell Ranger, and visualized using ×10 visualization software (Loupe version 5.0). Default graph-based clustering was used to identify distinct clusters of cells and enriched genes were used to manually identify and differentiate among cell types. The single nuclei RNA-Seq data were submitted to NCBI Gene Expression Omnibus for public release upon publication.
RESULTS
A Critical Romidepsin Dose Defines Regenerative Outcome
In previous experiments, we showed that 10 μM romidepsin, applied for 1-min post-amputation or longer, inhibits axolotl embryo tail regeneration at 6 DPA (Voss et al., 2019). We therefore treated embryos with lower concentrations of romidepsin to identify a critical concentration that reproducibly defined alternative regeneration success versus failure outcomes. Embryos that were treated continuously for 6 and 12 HPA with ≤0.05 μM romidepsin fully regenerated their tails while embryos treated with ≥0.5 μM romidepsin presented blunt-shaped tails consistent with a non-regenerative outcome (Figure 1). Thus, the critical concentration for regenerative success and failure outcomes was defined as ≥ 0.05 and ≤0.5 μM romidepsin. We note that if embryos are treated for only 1 min post amputation, the critical concentration defining alternative regeneration outcome is higher (≥0.5 and ≤1.0). Thus, the critical concentration for romidepsin and likely other chemicals, depends upon both concentration and dosage time.
[image: Figure 1]FIGURE 1 | Concentration dependent effect of romidepsin on tail regeneration. Embryos that were treated continuously for 6 and 12 HPA with ≤0.05 μm romidepsin fully regenerated their tails while embryos treated with ≥0.5 μm romidepsin presented blunt-shaped tails (a non-regenerative outcome).
Repeatability of the Effect of Romidepsin on Transcription
We next performed a transcriptional analysis of 100 genes across a range of romidepsin concentrations (0, 0.1, 0.05, 0.5, 1.0, 5.0, 10.0 μM). Seventy-two of the genes in this set (Supplementary Table S3) were previously shown by microarray analysis to be differentially expressed (i.e., significantly different when comparing romidepsin treated and untreated embryos) at either 6 or 12 HPA in response to 10 μM romidepsin (Voss et al., 2019). Of these 72, 53 were identified in this study as differentially expressed at either 6 or 12 HPA in response to 10 μM romidepsin. For the remaining19 genes, all but 5 yielded a significant p-value for one or more of the <10 μM romidepsin concentrations that were tested in this study. Overall, these results show that romidepsin provides a reproducible chemical tool for investigating transcription.
We next examined transcript abundances as a function of romidepsin concentration. We sought to identify transcript response curves that changed prior to and within the critical concentration of romidepsin that determined regenerative outcome. Concentration-response relationships typically follow a monotonic sigmoidal function although more complicated, biphasic functions are also possible (Calabrese, 2013). Thus, we performed non-linear modeling to identify genes with sigmoidal or biphasic response curves (Supplementary Table S5). Non-linear changes in transcript abundance were observed, with some genes presenting significantly lower transcript abundances at regeneration inhibitory versus permissive concentrations of romidepsin, and others showing the opposite pattern (Figure 2). Previously, the expression of Cited2 and Cbx4 was shown to be significantly up-regulated by 10 μM romidepsin and Has2 and Lep were shown to be significantly down-regulated (Voss et al., 2019). Lep and Has2 are expressed in fibroblast-like progenitor cells (Leigh et al., 2018; Rogers et al., 2020) and therefore might be required for regeneration while Cited2 is up-regulated under conditions of cellular stress and regenerative failure (Baddar et al., 2021). Here, by varying romidepsin concentration, we show that transcriptional output at these and other loci is concentration dependent. Cbx4 and Cited2 presented monotonically increasing transcriptional responses while Has2 and Lep presented monotonically decreasing responses. Overall, 90 of 100 genes were classified as biphasic or sigmoidal at either 6 or 12 HPA, and 38 transcription response curves had inflexion points between 0.05 and 0.5 μM romidepsin (Supplementary Table S5). Transcriptional output for the majority of genes targeted in this study was dose-dependently affected by romidepsin and presumably, quantitative changes in HDAC activity.
[image: Figure 2]FIGURE 2 | Concentration dependent effect of romidepsin on transcription. Examples of four genes that were classified as exhibiting sigmoidal transcript response curves. Has2 and Lep transcripts decreased within increasing romidepsin concentration. Cited2 and Cbx4 transcripts increased with increasing romidepsin concentration. The red dots correspond to romidepsin concentrations that were associated with regenerative (0.05 μM) and non-regenerative outcomes (0.5 μM).
Functional Analysis of Has2
Several of the genes that were identified as romidepsin-dose dependent have previously been identified as differentially expressed in axolotl tissue regeneration studies, but none of the genes have been tested functionally. To assess function, we focused on Has2, as hyaluronan synthesis is required for zebrafish fin (Ouyang et al., 2017) and Xenopus tail regeneration (Contreras et al., 2009). Has2 is expressed by blastema-like progenitor cells in the regenerating axolotl limb (Leigh et al., 2018; Rodgers et al., 2020) and we similarly observed an increase in Has2 expression along the amputation plane where the tail blastema forms during regeneration (Figure 3A). To determine if Has2 is also required for axolotl tail regeneration, we knocked down Has2 using genetic and pharmaceutical approaches. First, we performed CRISPR-Cas9 injections, injecting two gRNAs for Has2 coding sequence into 1-cell stage embryos. The resulting embryos were reared to developmental stage 42 and tail tips were amputated. During regeneration, all but two injected embryos (N = 32) presented pericardial edema, enlarged irregularly beating hearts, and little to no peripheral vasculature; similar phenotypes were described previously for Has2 knock-out mice (Camenisch et al., 2000). A sample of embryos (N = 6) presenting edema and vascular defects were confirmed to have Has2 genome edited alleles (Supplementary Figure S1). Interestingly, Has2 embryos regenerated tail tissue, but the overall amount was significantly less than observed for non-injected embryos (Figure 3B). To complement the genetic knock-down approach, a separate group of embryos were reared to developmental stage 42, tail tips were amputated, and embryos were administered different concentrations of calcitriol, an inhibitor of Has2 expression (Narvaez et al., 2020). Calcitriol, the active form of vitamin D, increases calcium uptake and we observed a milky white substance in the gill tips and epithelia of treated embryos. At 7 DPA, calcitriol treated embryos regenerated significantly less tissue than controls (Figure 3C). These results suggest a requirement for Has2 in axolotl tail regeneration, although additional studies are needed to determine if the approaches used to knock-down Has2 function affected regeneration directly or indirectly.
[image: Figure 3]FIGURE 3 | Functional analysis of Has2. (A) Has2 expression increased after tail amputation and was highest near the middle of the tail and at the amputation plane where the blastema subsequently forms. The red arrows indicate Has2 positive cells and the scale bar is 250 μm. (B) CRISPR-Cas9 and gRNAs targeting Has2 were injected into embryos. Injected and non-injected embryos were reared to developmental stage 42 and tails were amputated. Injected embryos presented enlarged hearts, edema, and little to know vasculature. At 7 DPA, on-injected embryos regenerated significantly more tail tissue than injected embryos. The yellow vertical lines indicate the plane of amputation. (C) Developmental stage 42 embryos were administered DMSO or hyaluronan synthase inhibitor calcitriol after tail amputation. Calcitriol-treated embryos presented white patches on their gills and tail fins. At 7 DPA, DMSO-treated embryos regenerated significantly more tail tissue than calcitriol-treated embryos. The yellow vertical lines indicate the plane of amputation.
Single-Nuclei Analysis of Distal Tail Cells at 6 HPA
To investigate properties of romidepsin-moderated genes at the cellular level, we performed RNA-Seq of single nuclei isolated from amputated axolotl tail tips at the time of amputation (0 HPA, N = 31,522), and at 6 HPA in 10 μM romidepsin-treated (Rom 6 HPA, N = 56,936) and untreated embryos (Cont 6 HPA, N = 44,735). Considering all data, graph-based clustering identified 29 clusters with >309 nuclei (cells) in each cluster (Figure 4). Using genes that were expressed more highly within individual clusters relative to all other clusters, and Panther gene expression tools (Huaiyu et al., 2019) to identify enriched gene ontologies, cell types were annotated to clusters (Supplementary Table S6). Cell types typical of embryonic tail tissues were identified, including epidermal, epithelial, muscle, fibroblast, notochord, spinal cord, endothelial, erythrocyte, and multiple neural cell types. However, the three largest clusters (1–3, N = 79,533 nuclei) did not present genes that were characteristic of any single differentiated cell type, and thus are likely comprised of multiple cell types. For example, genes identified as enriched in muscle (Rrad), erythrocytes (Visg1, Alas2), and fibroblasts (Has2, Lep) were enriched in cluster 2, while genes associated with the regulation of general biological processes, including transcriptional regulation (Cbx4, Hoxa1, Egr2, Cited2, Junb), were enriched in cluster 1. Samples included in this study differed widely in their relative contribution to clusters 1–3. Considering all cells from clusters 1–3, 93% of cluster 3 cells were sampled by the 0 HPA library, 73% of cluster 2 cells were sampled by the Con 6 HPA library, and 83% of cluster 1 cells were sampled by the Rom 6 HPA library (Figure 5). We note that several of the genes that were upregulated by romidepsin in the Nanostring experiment (and associated with a non-regenerative outcome) were significantly upregulated in cluster 1 and not cluster 2, including Cbx4, Cited2, Smad7, Spry1, and G0s2. In contrast, cluster 2 contained regeneration-upregulated genes (Lep, Has2) that were down regulated by romidepsin in the Nanostring experiment. These data suggest an injury-associated transition of 0 HPA cluster 3 cells into 6 HPA injury states defined by clusters 1 and 2, with romidepsin driving a higher proportion of cells into a non-regenerative injury state defined by cluster 1.
[image: Figure 4]FIGURE 4 | UMAP projection of 133,193 nuclei isolated from axolotl embryo tail tips and characterized by single nuclei RNA-Seq. Twenty-nine clusters were identified from an analysis of nuclei isolated from control 0 HPA, 6 HPA, and romidepsin 6 HPA embryos. Clusters were annotated to cell types when possible. Nuclei in the left half of the UMAP projection expressed repetitive sequence transcripts and chromatin-modifying factors more highly than nuclei in the right half.
[image: Figure 5]FIGURE 5 | Log2 expression of regeneration associated genes among control 0 HPA, control 6 HPA, and romidepsin 6 HPA samples for clusters 1–3. (A) At 0 HPA, the majority of cells were observed in cluster 3 (black). At 6 HPA, there were few cluster 3 cells and the proportion of cluster 1 (red) and cluster 2 (green) cells varied between the control and romidepsin-treated samples. Has2 and Lep were expressed more highly in Cont 6 HPA while Cbx4 and Cited2 were expressed more highly in Rom 6 HPA. (B) Number of cluster 1-3 cells expressing Has2, Lep, Cbx4, and Cited2 among samples.
Cells in Clusters 1–3 grouped with cells from other clusters in the right half of the UMAP projection, to the exclusion of cells in clusters of the left half (Figure 4). These two different groups presented alternative transcriptional states defined by the relative expression of repetitive sequence-containing transcripts. Specifically, cells in the left half of the UMAP projection tended to express transcripts with repetitive sequences more highly than cells in the right half. We reasoned that these different transcriptional states might reflect a difference in global transcriptional output, with repetitive sequences passively reporting nascent transcription from loci distributed throughout the genome. In support of this hypothesis, we verified that transcripts reporting high levels of transcription contained repetitive elements and these elements were found to be distributed throughout the genome. We further reasoned that a global difference in transcriptional regulation may trace to chromatin modifying genes and indeed discovered many epigenetic and transcription factors whose transcription mirrored the expression of repetitive sequences (Figure 6). The high and low transcriptional states were identified within 0 HPA, Cont 6 HPA, and Rom 6 HPA libraries and thus cannot be attributed exclusively to injury or romidepsin, and they do not associate with the expression of typical cell cycle marker genes. Moreover, these alternative transcription states are not explained by spatial location as broad and even expression was observed throughout the uninjured and 3 HPA tail for one of the discriminating epigenetic factors (Brd4: Supplementary Figure S2). Further work will be needed to determine if the high and low transcriptional states identified in this study are a general characteristic of transcription from large axolotl genes and/or the capture of nascent and steady state transcripts by snRNA-Seq.
[image: Figure 6]FIGURE 6 | Alternative transcriptional states identified by single nuclei RNA-Seq are associated with the differential expression of epigenetic and transcription factors. Twelve genes that are known to function in histone modification, chromatin remodeling, and transcriptional regulation were more highly expressed in nuclei in the left half of the UMAP projection.
We next examined properties of cellular-level gene expression for 29 genes that were identified from the Nanostring experiment as significantly differentially expressed (t-test p-value < 0.01) at 6 HPA in response to 10 μM romidepsin, which was the concentration evaluated in the snRNA-Seq experiment. (Supplementary Table S7). The correlation of fold change was high between the platforms (r = 0.88); in other words, if a gene was expressed more highly in romidepsin treated vs. control embryos in the Nanostring experiment, fold change was also higher in Rom 6 HPA vs Cont 6 HPA (Supplementary Figure S3). Thus, gene expression for these 29 genes was similar at 10 μM romidepsin whether assayed at the tissue or nuclear level. We note that almost all of these genes presented >1.5 fold changes at romidepsin concentrations lower than 10 μM in comparison to baseline (0 μM romidepsin), with genes showing both positive and inverse dose dependency of transcription (Supplementary Figure S4).
Several genes from the Nanostring experiment showed similar transcriptional responses to romidepsin. As described above, Lep and Has2 response curves were sigmodal with high and low expression associated with regenerative success and failure outcomes, respectively. A correlated pattern of gene expression, detected at the tissue level, could reflect correlated changes in gene expression across a few or many cell types. To examine these possibilities, we determined the proportion of expressing cells for each library and cell type combination, again focusing on the 29 validated romidepsin-responsive genes. For this analysis, we conservatively required that a gene be expressed in greater than 5% of cells within at least 1 cell type; this filter eliminated 7 of the 29 genes. We then classified genes using rank ordering to show how they were expressed at the cellular level among the three snRNA-Seq libraries (Figure 7). For example, the proportion of expressing cells for a given cell type could be highest in the Rom 6 HPA library, next highest in the Cont 6 HPA library, and lowest in the 0 HPA library. This classification was most frequently observed for genes that were previously shown to be up regulated (e.g., Cited2, Cbx4) by 10 μM romidepsin, which was inhibitory to regeneration. Strikingly, this gene classification, or the next closest gene classification where the proportion of Rom 6 HPA cells was also highest overall (Rom 6 HPA >0 HPA > Cont 6 HPA), was observed across the majority of cell types. Alternatively, Cont 6 HPA > ROM 6 HPA > 0 HPA and Cont 6 HPA > 0 HPA > Rom 6 HPA classifications were more frequently observed for regeneration associated genes that were down regulated by 10 μM romidepsin, and again, these classifications were observed across cell types. We note that when the highest proportion of expressing cells was observed for the 0 HPA library, the classification 0 HPA > Rom 6 HPA > Cont 6 HPA was more frequent for genes up-regulated by 10 μM romidepsin while the classification 0 HPA > Cont 6 HPA > Rom 6 HPA was more frequent among genes that were down-regulated by 10 μM romidepsin. The non-random patterns observed in Figure 7 strongly suggest that key regeneration genes were not exclusively expressed by distinct cell types. Instead, transcriptional regulation appeared to be integrated across cell types by HDAC activity.
[image: Figure 7]FIGURE 7 | The relative proportion of cells within snRNA-Seq libraries and clusters that expressed transcripts for romidepsin-modulated genes. For each of 22 romidepsin-modified genes (see text), the proportion of expressing cells was determined for each library (Day 0, Cont 6 HPA, and Rom 6 HPA) and cluster (1-29) combination. Then, genes were classified for each cluster according to the rank ordering of expressing cells among the libraries. In the figure, sienna/tan colors indicate classifications where the highest proportion of expressing cells were observed in Rom 6 HPA, blue colors indicate classifications where the highest proportion of expressing cells were observed in Cont 6 HPA, and green colors indicate classifications where the highest proportion of expressing cells were observed in Day 0.
DISCUSSION
In this study we evaluated a method for detailing transcriptional changes that associate with alternative regeneration outcomes. We showed that romidepsin, a class I histone deacetylase inhibitor, provides a robust chemical tool for reproducible and dose-dependent alteration of transcriptional responses and regenerative outcome. We observed significant changes in transcription for genes at concentrations that were both permissive and inhibitory for tail regeneration, thus allowing us to identify genes that are most likely to be regulated by histone acetylation dynamics at the outset of regeneration. This approach may also help prioritize candidates for functional studies if transcriptionally modified genes are more likely to affect a successful regeneration outcome. In support of this hypothesis, we used genetic and pharmaceutical approaches to knock down Has2 and generate data suggesting a requirement for Has2 in axolotl embryo tail regeneration. Additional genes that we discuss below are prime targets for future functional studies. Moreover, having established the efficacy of a chemical perturbation approach, we note key findings that validate the axolotl embryo model for epigenetic studies of tail regeneration. While our discussion focuses on the effect of romidepsin on histone acetylation, we note that changes in transcription could reflect indirect effects of romidepsin (Li et al., 2020). For example, non-histone proteins that are normally de-acetylated and inactive during regeneration could potentially be activated by romidepsin to regulate transcription and cellular level processes.
Our previous microarray study, using a single high concentration (10 μM) of romidepsin, identified genes that were significantly up and down regulated during axolotl tail regeneration (Voss et al., 2019). In this study, we modeled transcriptional change in response to different concentrations of romidepsin to generate transcription response curves. Sigmodal response curves are often observed in drug studies. Typically, monotonically increasing and decreasing responses are observed as a function of drug concentration, although more complicated biphasic responses are also observed (Calabrese 2013). We observed sigmoidal and biphasic responses which provide new insights about the mechanistic basis of romidepsin-mediated transcriptional regulation during tail regeneration. Romidepsin inhibits the activity of class I HDACs that function in the acetylation of lysine residues, including non-histone proteins. Hyperacetylation of promotor and enhancer associated histones could potentially open chromatin that is typically maintained during regeneration in a structurally compacted, repressed transcriptional state (Sterner and Berger, 2000) (Figure 8). This could potentially explain sigmoidal transcription responses for genes that were upregulated by high concentrations of romidepsin, for example Cited2, which is strongly downregulated after tail amputation under control conditions, implicating Cited2 as an HDAC-regulated locus (Voss et al., 2019). In a more recent experiment, we showed that Cited2 was more strongly upregulated when embryos were co-treated with romidepsin and cobalt chloride, a chemical that induces oxidative cellular stress in axolotl embryos (Baddar et al., 2021). As a transcriptional co-activator, Cited2 may interact with transcription factors to induce cellular stress pathways that are inhibitory to regeneration. Indeed, there is growing appreciation for the idea that cellular immune responses must be spatially and temporally regulated after injury to ensure a successful regeneration outcome (Godwin et al., 2017). The regulation of Cited2 transcription at the time of injury may affect cells that can plastically express stress or reparative phenotypes. Our results suggest that histone acetylation factors strongly in the regulation of Cited2, a hypothesis that can be tested by quantifying Cited2 histone acetylation in romidepsin treated and untreated embryos. In addition to Cited2 and other genes that are implicated in cell cycle arrest (G0s2) and negative regulation of cell signaling (Spry1, Smad7), HDACs may also function to repress the expression of morphogenic genes during regeneration (Wang et al., 2021).
[image: Figure 8]FIGURE 8 | Model proposed for HDAC-mediated transcriptional regulation during tail regeneration. For HDAC mediated gene repression, HDAC activity is associated with promotor/enhancer regions to compact chromatin and prevent accessibility of transcription promoting factors. For HDAC mediated gene activation, HDAC activity is associated with intergenic regions and gene bodies, which increases the pool of acetyl lysine residues for hyperacetylation of promotor/enhancer regions and the recruitment of transcription promoting factors.
Romidepsin mediated repression of transcription may depend upon a different acetylation-associated mechanism of gene regulation. Genes that are typically upregulated during normal embryo tail regeneration are down regulated by high concentrations of romidepsin, including Krt17, Has2 and Lep. Our results show that regeneration associated genes are expressed across multiple cell types, including fibroblast-like progenitor cells. For these genes, romidepsin may affect a redistribution of histone acetylation away from promoter/enhancer regions to gene bodies and intergenic regions, which in turn would redistribute epigenetic reader proteins that mediate enhancer promotor interactions and transcriptional elongation (Greer et al., 2015; Slaughter et al., 2021). Under this model, the concentration dependent effect of romidepsin on transcription would be expected to correlate with locus-specific changes in histone acetylation (Figure 8). Chip-Seq studies of histone acetylation would likely be informative using tail tissue from axolotl embryos as the genes identified at regeneration permissive and inhibitory romidepsin concentrations appear to be regulated by transcriptional mechanisms that transcend transcriptional states and cell types, at least in this regeneration model. It remains to be determined if embryo tail regeneration presents greater transcriptional plasticity than larval and adult tail regeneration. It would also be informative to use snRNA-Seq within the context of a romidepsin concentration response experiment to determine if HDAC activity can be titrated to alternatively regulate regeneration permissive vs inhibitory gene expression outcomes within and across cell types.
In summary, we dose-dependently titrated transcription and regeneration outcome using romidepsin and an axolotl tail regeneration model. Relatively high doses of romidepsin decreased the expression of regeneration associated genes and increased the expression of genes associated with regenerative failure. Using single-nuclei RNA-Seq, we showed that HDAC mediated gene regulation is a shared property of many different cell types. Our results suggest that HDAC activity plays a central and perhaps integrative role in the regulation of transcription across cell types during tissue regeneration.
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Supplementary Figure S1 | CRISPR-Cas9 editing of the Has2 locus. A. Two gRNAs (bold andunderlined) were designed to target Has2 protein coding sequence. B. PCR primers(bold and italic) flanking the gRNA target region were used to amplify DNA fragments generated for a non-injected control and 6 injected individuals. C. Electropherogram showing the DNA sequencing result for non-injected control (top) and injected embryo #4 (bottom).
Supplementary Figure S2 | HCR-FISH of uninjured and 3 HPA axolotl tail. Brd4 expression was broadly observed throughout the uninjured and 3 HPA tail.
Supplementary Figure S3 | Correlation of fold change for 29 romidepsin moderated genes at 6 HPA. Fold changes observed control 0 and 10 μM romidepsin treatments in the Nanostring experiment correlated positively with fold changes observed between the control and romidepsin 6 HPA treatments in the single nuclei RNA-Seq experiment.
Supplementary Figure S4 | Heatmap showing fold change estimates between control 0 and 0.01, 0.05, 0.5, 1.0, 5.0, and 10 μM romidepsin treatments at 6 HPA. Red colors indicate genes that were expressed more highly in romidepsin treated embryos and green colors indicates genes that were expressed more highly in control embryos. Transcriptional response classifications and inflection points for sigmoidal and biphasic models are shown for each gene.
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The size and shape of the tetrapod limb play central roles in their functionality and the overall physiology of the organism. In this minireview we will discuss observations on mutant animal models and humans, which show that the growth and final size of the limb is most impacted by factors that regulate either limb bud patterning or the elongation of the long bones. We will also apply the lessons that have been learned from embryos to how growth could be regulated in regenerating limb structures and outline the challenges that are unique to regenerating animals.
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INTRODUCTION
Although the underlying anatomy is shared, the scale and shape of limbs vary greatly among tetrapod species. The batwing is optimized for flying, horse legs are optimized for running, and snake legs have all but disappeared to allow for the serpentine movements of the body. Beyond the various impacts on locomotive abilities, limb sizing also plays key roles in activities such as eating, mating, and communication. Thus, the development of limbs that are the proportionally appropriate size for each species is essential for the functionality of these structures and the overall physiology of these animals. This review will focus on the molecular mechanisms that regulate limb growth, which will ultimately impact the overall size and functionality of the limb structures that form.
Limb formation in all tetrapod species begins with the development of a structure known as the limb bud. The limb bud is composed of an ectodermal signaling center that covers a cluster of mesodermal cells which will proliferate, pattern, and differentiate into the tissues that compose the basic blueprint of the tetrapod limb. Therefore, alterations that impact limb development, such as those involved in pattern formation and physiology in the limb bud cells, will greatly impact subsequent steps that also influence limb length. As the limb tissues continue to mature, the limb elongates through the growth of the long bones to the length that is uniquely appropriate to the body size in each species. The process by which the limb grows in relation to the rest of the organism’s body is called ontogenetic allometric growth, and alterations to this growth can greatly impact the size and functionality of the limbs.
Although the mechanisms regulating limb growth are not fully elucidated, studies on developing embryonic limbs in model organisms as well as genetic characterization of humans with limb length pathologies, indicate that factors that regulate limb bud development, cell and tissue physiology, and the activity of the growth plates in the limb long bones all play important roles (Figure 1). The impact that the alteration of these different factors can have on limb size varies depending on the stage of development and whether the animal is a determinant or indeterminately growing species (Figure 1). Determinant species cease growing once they reach adulthood, whereases indeterminant species continue to grow throughout their lifecycle. Some indeterminant tetrapods, such as Urodele amphibians, retain the ability to regenerate complete limbs through adulthood, and thus require specialized regulation of the regenerating structure. In this review we will discuss the various molecular factors that contribute to limb growth (Table 1). Because most of the studies that have identified these factors were performed in mammals and birds, the focus will be on determinant species. We will then draw parallels with what is known about the mechanisms that regulate sizing during limb regeneration in Urodeles.
[image: Figure 1]FIGURE 1 | Factors that impact limb growth. During limb bud development, changes in limb patterning genes can lead to differences in the overall size of the adult limb. As the immature limb elongates, size is controlled by paracrine factors and transcription factors that regulate growth of the growth plates. In adult limbs, the factors that influence size is dependent on the type of organismal growth type (determinant or indeterminant) and whether regeneration is occurring. Limb size on determinant growers will not be impacted by regulation during adulthood, but in indeterminant growers, limb size can be impacted by maturation factors that alter growth plate activity. During regeneration, both development and maturation factors can influence limb size.
TABLE 1 | Limb length phenotypes in human, mouse, and chicken.
[image: Table 1]APPENDAGE SIZE REGULATION DURING LIMB BUD DEVELOPMENT
Transcription Factors
The alteration of a number of transcription factors have been found to impact limb length in mammals through their roles in patterning and differentiation of the limb bud. For example, Paired Related Homeobox 1 (Prx1 or Prrx1) is a homeobox transcription factor known for its role in mesodermal cell proliferation and fate in the developing limb. In an elegant experiment, the limb specific transcriptional enhancer of mouse Prx1 was replaced by the orthologous enhancer from bat, Carollia perspicillata (Cretekos et al., 2008). This manipulation resulted in increased expression and an expansion of the expression domains of mouse Prx1, and an increase in the overall length of the mutant mouse limbs (Cretekos et al., 2008).
HOX genes, a group of highly conserved transcription factors that are essential for limb patterning also impact the length of the limb structures (Zakany and Duboule, 2007). Mouse knockouts of HoxD13, HoxA13, or HoxD12 result in both the truncation of the limb pattern and reduction of the overall limb size (Fromental-Ramain et al., 1996; Hérault et al., 1996; Cho et al., 2008). Increased and sustained expression of the HoxD locus occurs in the developing forelimb buds in bats. While these differences in expression do not result in noticeable differences in the growth and size of the fore and hind limb buds at the early stages, once differentiated, the skeletal elements in the autopod segment of bat forelimbs undergo a dramatic elongation, resulting in their proportionally larger size. Thus, loss of limb specific Hox genes appear to result in shortened limbs by negatively impacting pattern formation, while increased Hox expression positively correlates with limb size by increasing growth during the elongation stage of limb development.
Sox9 and paralogs Sox5 and Sox6 are members of the SRY-related HMG-box family of transcription factors and effect limb size through their regulation on chondrogenesis (Liu and Lefebvre, 2015). During embryonic limb development, Sox9 is considered the master chondrogenic factor, required for differentiation of mesenchymal precursor cells into chondrocytes (Lefebvre et al., 2001; Liu and Lefebvre, 2015). Sox9 then works in concert with Sox5 and Sox6 to drive differentiation and proliferation of chondrocytes (Lefebvre et al., 2001; Liu and Lefebvre, 2015). Activating mutations in Sox9 in mice results in a long limb phenotype (Long et al., 2020), while inhibiting mutations in the same gene results in short limb phenotypes (Akiyama et al., 2002, 2007). Furthermore, mouse knockouts of Sox5 and Sox6 in the limb bud mesenchyme results in chondrodysplasia with shortened limbs (Smits et al., 2001; Dy et al., 2008). These observations highlight the importance of this family of transcription factors on the regulation of growth during limb development.
Genes Involved With Limb Skeletal Maturation
Once the limb bud is patterned and the skeletal tissues have differentiated, the regulation of the long bone growth plates greatly contributes to the overall size of the adult limb. The genes that regulate limb growth at this stage are involved with paracrine factor signaling. One example of this is Indian hedgehog (Ihh) signaling, which positively regulates cell proliferation within the growth plates of the long bones. When Ihh signaling is inactivated, through null Ihh or mutations in Ihh transducers or effectors, the resulting mammalian limbs are severely shortened (Mo et al., 1997; St-Jacques et al., 1999; Long et al., 2001; Razzaque et al., 2005; Ruiz-Perez et al., 2007; Sohaskey et al., 2008; Joeng and Long, 2009; Caparrós-Martín et al., 2013; Yoshida et al., 2015; Zhang et al., 2015; Kim et al., 2018). In contrast, overexpressing Ihh in the developing chick limb through viral transfection resulted in increased limb length (Bren-Mattison et al., 2011). These effects on limb size are generally tied to altered Ihh signaling during the processes of chondrocyte proliferation and differentiation and osteoblast differentiation in the growth plates in the long bones (Minina et al., 2002).
Interestingly, FGF activity has a differential impact on cell division depending on the stage of limb development. Studies in mammals and amphibians have shown that FGF signaling is essential for proliferation in the limb bud mesenchyme, while during post-embryonic limb maturation, FGFs participate in a negative feedback loop with Ihh in the growth plates (Coffin et al., 1995; Mancilla et al., 1998; Minina et al., 2002; Purushothaman et al., 2019). Gain-of-function mutations in both human and mice FGFR3 result in achondroplasia characterized by a short limb phenotype (Iwata et al., 2000, 2001; Lee et al., 2017; Segev et al., 2000), while knockout of FGFR3 in mice produces a long limb phenotype (Eswarakumar and Schlessinger, 2007; Toydemir et al., 2006; Tseng et al., 2010; Wen et al., 2016) (Table 1). Furthermore, knockout of FGFR3 has been directly tied to increased Ihh and BMP signaling within the elongating skeletal tissue in mice (Wen et al., 2016).
BMPs also participate in a negative feedback loop with FGFs in the developing limb, and the inhibition of FGFs by BMPs is particularly important for the activation of Sox9 expression, which is essential for chondrogenesis of the developing skeletal tissue in avian and mammalian limb buds (Chimal-Monroy et al., 2003; Yoon et al., 2006; Norrie et al., 2014). The negative feedback between BMP and FGF signaling is also present in the growth pates of mammalian long bones (Olsen et al., 2000; Chen et al., 2012; Studer et al., 2012; Wei et al., 2016). Overexpression of BMP2 and BMP4 ligands increases skeletal element size during chick limb development (Duprez et al., 1996). Moreover, inhibiting BMP signaling, via mutations in the receptors or downstream genes, leads to a shortened limb phenotype in mouse models (Evers et al., 1996; Barna et al., 2000; Settle et al., 2003; Klüppel et al., 2005; Lallemand et al., 2005; Aizawa et al., 2012; Bhattacharyya et al., 2015; Zhang et al., 2020). BMP signaling is essential for chondrocyte proliferation and differentiation in mouse growth plates (Yoon et al., 2006). Additionally, when BMP signaling is not present, FGFR1 expression is elevated, which further represses the elongation of the long bones in both chicken and mouse models (Chimal-Monroy et al., 2003; Yoon et al., 2006; Norrie et al., 2014).
Both long and short limb phenotypes are additionally observed in mutations that affect TGFβ signaling. TGFβ’s regulate the construction and destruction of skeletal tissue by modulating the activity of osteoblasts and osteoclasts, respectively (Tang et al., 2009). Mutations in the human TGFβ1 gene causes Camurati-Engelmann disease, one characteristic of which is elongated limbs (Kinoshita et al., 2000; Janssens et al., 2003). Additionally, mutations in Fibrillin1 (FBN1), a TGFβ-binding partner, can lead to congenital syndromes (Marfan syndrome and Weill-Marchesani) in humans that result in either elongated or shortened limbs (Goff et al., 2011; Quarto et al., 2012). Fibrillin1 is an extracellular matrix glycoprotein necessary for microfibril associated signal transduction (Goff et al., 2011; Quarto et al., 2012). The human mutations largely reside in the TGFβ-binding domain, decreasing FBN1’s ability to sequester TGFβ ligands in the extracellular matrix, and increasing the bioavailability of TGFβ ligands (Goff et al., 2011; Quarto et al., 2012). It is unknown how the increased TGFβ activity observed in both Marfan syndrome and Weill-Marchesani syndromes lead to long and short limbs respectively, but the key difference might rely on the cell types that TGFβ signaling is hyperactivated in.
C-type natriuretic peptides, mostly known for their role in kidney function, also play a crucial role in limb sizing through chondrocyte regulation (Potter et al., 2009). Natriuretic peptide type C (NPC) activates the receptor (NPR-B or NPR2) to drive the synthesis of the second messenger, cGMP (Potter et al., 2009). In human patients, loss-of-function mutations in NPR2 result in shortened limbs, while gain-of-function mutations cause Acromesomelic Dysplasia, Maroteaux Type, characterized by elongated limbs (Bartels et al., 2004; Faivre et al., 2000; Hannema et al., 2013; Ianakiev et al., 2000; Jiao et al., 2007; Kant et al., 1998; Lane and Dickie, 1968; Miura et al., 2012, 2014). The limb length phenotypes due to these mutations appear to be caused by effects on chondrocyte proliferation and differentiation, supporting the hypothesis that the regulation of the long bone growth pates is critical in determining overall scaling of the limb (Lane and Dickie, 1968; Kant et al., 1998; Faivre et al., 2000; Ianakiev et al., 2000; Bartels et al., 2004; Jiao et al., 2007; Potter et al., 2009; Miura et al., 2012, 2014; Hannema et al., 2013).
Cell and Tissue Physiology Genes
Limb development and elongation requires that the cells are healthy enough to respond to the factors that regulate allometric growth. Thus, it is not surprising that gene mutations that negatively impact various aspects of cell physiology in the limb bud and immature limb will ultimately impact limb size. All the genes that fall under this category, including those that regulate lipid biosynthesis (Wanders et al., 1992; Clayton et al., 1994; Ofman et al., 1998; Thai et al., 2001; Rodemer et al., 2003; Nimmo et al., 2010; Itzkovitz et al., 2012), ion transport (Li et al., 1999; Kornak et al., 2001; Neutzsky-Wulff et al., 2008; Camacho et al., 2010; Weinstein et al., 2014), cell proliferation, and DNA damage repair (Vernersson Lindahl et al., 2013) have only been found to negatively impact limb size in mice and humans, suggesting that these factors may play permissive rather than instructive roles.
POST-EMBRYONIC SIZE REGULATION
Homeostasis
The maintenance of the appropriate limb size during tissue homeostasis depends on both the developmental stage of the animal, and whether it is a determinant or indeterminately growing species (Figure 1). In animals that have determinant growth, the lenth of limbs can be impacted up until the initiation of adulthood. In humans, limb elongation ends in late puberty, when the growth plates fuse and are no longer susceptible to the signals that promote their growth (reviewed in Shim, 2015). For example, altered nerve signaling in the limbs of pre-adult humans can result in a phenomenon known as macrodactyly, where one or more digits grows disproportionally larger than the other (Tsuge and Ikuta, 1973; Frykman and Wood, 1978; Razzaghi and Anastakis, 2005). In contrast, indeterminately growing species grow throughout their entire lives, and thus maintain active growth plates as adults (Riquelme-Guzmán et al., 2021). This indicates that growth plate activity must be continuously regulated in these limbs to maintain a size that is proportionally appropriate.
Regeneration
Regeneration of adult limbs presents additional challenges that are nonexistent during embryonic/larval development. The injured limb is much larger than it was during embryonic development, and this larger size must be re-established to regain full function. While humans cannot regenerate their limbs, researchers are actively working to understand the mechanisms by which other species, such as the mouse and the Mexican axolotl (Ambystoma mexicanum), are capable of regenerating with the hopes that the knowledge is transferable to humans. While mice regenerate digit tips, the axolotl are able to regenerate complete limb structures (McCusker et al., 2015; Dolan et al., 2018). Thus, the factors that regulate the growth of the regenerate can have a large impact on the overall size of the limb in the axolotl model. Axolotl are also an indeterminately growing species. This creates an interesting paradigm since the regenerating limb must grow to a size larger than it was at the time of amputation to accommodate the animal’s growing body length. How this growth is regulated is unknown, and studies on this aspect of regeneration in the axolotl are challenging because of the extended period it takes for a regenerated limb to reach its “completed” size.
Blastema Development
Limb regeneration begins with the formation of a transient organ known as the limb blastema, which shares many molecular and functional similarities with the embryonic limb bud. Thus, it is reasonable to postulate that the modulation of factors that influence growth at this early stage in limb regeneration are conserved between limb development and regeneration. Because of the ease of loss of function approaches in the regenerating system, most of the manipulations that have led to sizing defects are a result of inhibition of signaling pathways that are essential during the early steps of blastema development. For example, pharmaceutical inhibition of FGF, BMP, or TGFβ signaling in the blastema all result in smaller limbs by impacting patterning, tissue differentiation, or the overall physiology in the blastema (Lévesque et al., 2007; Purushothaman et al., 2019; Vincent et al., 2020). Recently, it was observed that the repeated removal of the axolotl limb bud resulted in the formation of permanently miniaturized limbs (Bryant et al., 2017). Interestingly, these miniaturized limbs have a decreased abundance of limb nerves, which play a central role in the activation of key paracrine signals, such as FGFS and BMPs, during blastemal development (Makanae et al., 2014; Satoh et al., 2016; Bryant et al., 2017). Thus, the formation of the miniaturized size following limb amputation is likely related, in part, to diminished activation of these essential pathways.
To date, the only known signal that has been shown to positively influence the length of the regenerating limb is Retinoic Acid (RA). RA signaling is essential for pattern formation in both the embryonic and regenerating limb. Treatment of the regenerating limb with exogenous RA results in the elongation of the skeletal elements, and at high levels, causes the duplication of proximal/distal limb elements (Maden, 1983; Niazi et al., 1985). These phenotypes could be linked to the effect of RA on multiple transcription factors including HOXs that are essential in limb pattern formation (Gardiner and Bryant, 1996).
We have recently focused on the regulation of sizing of the axolotl limb regenerate during the maturation stages (Wells et al., 2021). Following the blastema stage of development, the regenerated limb is patterned and differentiated, yet is proportionally small. The regenerating limb then undergoes a phase of rapid growth until it reaches the size that is proportionally appropriate to the body size and is indistinguishable in length to the unamputated limb. Once the appropriate size is reached, the regenerated limb slows its rate of growth to match that of the rest of the animal (Wells et al., 2021). How the growth of the regenerating limb is regulated is only beginning to be elucidated, and our lab has recently discovered that signaling from the limb nerves play a key role in this process (Wells et al., 2021). Although the molecular mechanisms by which nerves control growth in the regenerate remain unknown, we speculate based on the above-described observations from developing limbs that they may impact the activity of the long bone growth plates. Additionally, one fascinating outstanding question is how the growth of the limb regenerate slows once the proportionally appropriate size has been reached.
SUMMARY
Tetrapods exhibit beautiful diversity in the proportionality, shape, and functionality of their limbs. Despite this, the underlying mechanisms that regulate limb growth, whether it is occurring in developing or regenerating limbs, appears to be well conserved. Mutant analyses indicate that factors that impact either limb bud patterning or the elongation of the long bones play the most important roles in limb size within an individual tetrapod species. So far, the limited data in regenerating limbs appears to follow the same rules, and thus studies in developing limbs can provide clues to better understanding post-embryonic limb growth. However, multiple aspects of regenerating limbs, such as how growth can be differentially regulated in a regenerating and non-injured limb on the same animal, and what the role of the nerves is in this regulation will likely only be resolved in regenerating species.
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The modern thesis regarding the “structural plastic” properties of the brain, as reactions to injuries, to tissue damage, and to degenerative cell apoptosis, can hardly be seen as expendable in clinical neurology and its allied disciplines (including internal medicine, psychiatry, neurosurgery, radiology, etc.). It extends for instance to wider research areas of clinical physiology and neuropsychology which almost one hundred years ago had been described as a critically important area for the brain sciences and psychology alike. Yet the mounting evidence concerning the range of structural neuroplastic phenomena beyond the significant early 3 years of childhood has shown that there is a progressive building up and refining of neural circuits in adaptation to the surrounding environment. This review essay explores the history behind multiple biological phenomena that were studied and became theoretically connected with the thesis of brain regeneration from Santiago Ramón y Cajal’s pioneering work since the 1890s to the beginning of the American “Decade of the Brain” in the 1990s. It particularly analyzes the neuroanatomical perspectives on the adaptive capacities of the Central Nervous System (CNS) as well as model-like phenomena in the Peripheral Nervous System (PNS), which were seen as displaying major central regenerative processes. Structural plastic phenomena have assumed large implications for the burgeoning field of regenerative or restorative medicine, while they also pose significant epistemological challenges for related experimental and theoretical research endeavors. Hereafter, early historical research precursors are examined, which investigated brain regeneration phenomena in non-vertebrates at the beginning of the 20th century, such as in light microscopic studies and later in electron microscopic findings that substantiated the presence of structural neuroplastic phenomena in higher cortical substrates. Furthermore, Experimental physiological research in hippocampal in vivo models of regeneration further confirmed and corroborated clinical physiological views, according to which “structural plasticity” could be interpreted as a positive regenerative CNS response to brain damage and degeneration. Yet the underlying neuroanatomical mechanisms remained to be established and the respective pathway effects were only conveyed through the discovery of neural stem cells in in adult mammalian brains in the early 1990s. Experimental results have since emphasized the genuine existence of adult neurogenesis phenomena in the CNS. The focus in this essay will be laid here on questions of the structure and function of scientific concepts, the development of research schools among biomedical investigators, as well as the impact of new data and phenomena through innovative methodologies and laboratory instruments in the neuroscientific endeavors of the 20th century.
Keywords: brain research, Ludwik Fleck, history of neuroscience, regeneration, 20th cent. history of medicine
INTRODUCTION
From a medical history and history of science perspective alike, the development of the research concept of “brain regeneration” (or “brain plasticity”) is of great and persisting interest. It allows us to study questions of scientific methodology, social dimensions of neuromorphological investigations, as well as the medical history connections with recent problems in the clinical neurosciences and in the context of bench-side regeneration research (see also Stahnisch, 2003). For the purposes of this review essay, of course, only several limited (albeit instructive) historical vignettes can be provided since the problem area is so diffuse that many monographic scholarly books have already been published on the topic ranging from historical (Doidge, 2015) and sociological (Jacobson, 1993) over to anthropological perspectives (Rees, 2016). Out of the more than ten thousand journal articles and hundreds of textbooks published on the topic of brain (CNS) regeneration phenomena, a focus had to be laid here on the century of research endeavors, beginning with Santiago Ramón y Cajal’s (1852–1934) pioneering work on neural de- and regeneration (Cajal, 1894; 1907) and ending with the discovery of stem cells in the CNS at the start of the American “Decade of the Brain” in the 1990s (Jones and Mendell, 1999). To tackle the important problem of de- and regeneration in the modern neurosciences, this historically and philosophically oriented essay is organized in three parts. First, I intend to sketch the development of the modern notion of brain regeneration and structural plasticity in broad strokes from the experimental biological approaches of the 19th century, particularly those analyzing neuromorphological concepts of interpreting degenerative and injury phenomena through clinically relevant perspectives. This includes, for example, the Frankfurt experimental physiologist Albrecht Bethe (1872–1954) (Bethe, 1903), who clinically observed and experimented with survivors of industry accidents in the 1920s and early 1930s. In several of these patients, such as in a young man who had lost his left arm while handling a production machine, Bethe realized how difficult it was to reach complete functionality through the nerves innervating the remaining Musculus biceps brachii and Musculus triceps brachii. Often, the tendency showed regenerative innervation of the antagonist instead of the agonist muscle (Bethe and Fischer, 1931).
However, when specifically asking and training the patients to think voluntarily about moving the stump of their arm, Bethe reported that with such psychosomatic interaction full functionality could be achieved over month-long rehabilitative training. This included the handling of artificial arm prostheses fixed to the remaining morphology of the arms—something that he interpreted as neuroplastic processes and functional healing (Stahnisch, 2016) (Figure 1).
[image: Figure 1]FIGURE 1 | A. Bethe and E. Fischer (1931), Die Anpassungsfaehigkeit (Plastizitaet) des Nervensystems. Einfuehrung und experimentelles Material, 1112. Sketch © Public Domain.
Second, on the level of the functional implications for the CNS, I want to apply here an analytical framework developed by Polish-Israeli historian and philosopher of science Ludwik Fleck (1896–1961) in his Genesis and Development of a Scientific Fact (originally published as Fleck, 1935). This will allow for including some of the social conditions which experimental and clinical researchers faced, which influenced the divergent interpretations of de- and regeneration phenomena in the human brain, ranging from the traditional dogmas of the structural rigidity of the CNS to the recognition of neuroplasticity and neurogenesis. This review essay further seeks to examine the practical implications of theory dynamics regarding new and contingent model organisms of regeneration phenomena that furthered morphological research advances along innovative scientific trajectories in modern biomedicine. Fleck’s concepts and theoretical insights can help to investigate traditionalist views among groups of brain researchers and neuroscientists in addressing new phenomena emerging in a social context of uncertainty. Resulting group-based “thought styles” strongly influenced and shaped the acceptance of new ideas regarding “structural” and “regenerative” plasticity in the adult human brain.
Third, I will argue that the history of “brain regeneration phenomena” over the period analyzed here displays two important assumptions by Fleck about the nature of “thought communities” (brain scientists who advocated for or against the existence of structural neuroplasticity) as a superseding processes, yet also in a concerning manner tied to the “harmony of illusions” (the internal agreement with one preferred working hypothesis—here in neuroscientific thought communities) (Fleck, 1979, p. 38f.). Such harmonies of illusions existed between and across specific disciplinary-bound thought styles about the nature, extent, and applicability of brain regeneration phenomena for many decades, involving scientific communities from endocrinology and stretching over to neuroanatomy (Breidbach, 1997, pp. 96-99). Analyzing the historical vignettes in this review essay and teasing out the epistemological and communicative stumbling blocks and challenges can nevertheless help alleviating some of the existing difficulties in neuroscientific research trajectories regarding brain regeneration phenomena. It may also emphasize the need to develop new and much needed investigative styles of neurophysiological research.
The thesis of regeneration in the brain (or: “neural plasticity” and “structural plasticity”)—to which I will be referring to here synonymously to reduce the complexity of the topic at hand–and its relation to injury, tissue damage, and degenerative cell death can hardly be belittled regarding its scope in modern clinical and basic neurology (Dinsmore, 1991, pp. 101-112). It stretches conceptually from neuromorphology to areas of physiology and psychology, as Harvard-based clinical neuroscientist Peter R. Huttenlocher (1931–2013) described in his widely received textbook on Neural Plasticity (Huttenlocher, 2002):
“Neural plasticity–the brain’s ability to change in response to normal developmental processes, experience, and injury—is a critically important phenomenon for both neuroscience and psychology. Increasing evidence about the extent of plasticity—long past the supposedly critical first 3 years–has recently emerged.” (Huttenlocher, 2002, p. 194).
DEVELOPMENTAL BIOLOGICAL APPROACHES SINCE THE 19TH CENTURY
The subject area of brain regeneration phenomena is a highly complex one, including processes of myelin sheath reconstruction, axonal sprouting, nerve cell apoptosis, and synaptic regeneration of neuron connections (Nagappan et al., 2020). Strictly speaking, we aspire to reach at a knowledge of regeneration which can be charted, so that insights into the historical uses, conceptualizations, and awareness of the diverse processes of de- and regeneration in their respective times (MacCord and Maienschein, 2021, p. 2), rather than focusing only on a post-1990s reframing and new understanding of stem cell and genetic interpretations of neuroregeneration alone (Wang et al., 2018). Furthermore, the complexity in related physiological processes along with the wide variety of the necessary experimental research methodologies lies at the exploratory center of this historical essay (Maienschein, 2009). Out of the large complexity of phenomena linked to the notion of brain or neural plasticity I will primarily concentrate on the neuroanatomical (or neuromorphological) tradition regarding the central nervous system in mammalian and non-mammalian vertebrates (Chapouton et al., 2007). The development of the modern concept of “neural regeneration,” when widely conceived, can be traced back to the early integration of brain science and neuroanatomical research traditions since the mid-nineteenth century (Gilbert, 1992, pp. 117-145), for which the emergence of the comparative anatomical school of Carl Gegenbauer (1826–1903) in Heidelberg can be seen as a good example, since it integrated comparative with embryological approaches. This particularly regarded Gegenbauer’s emphasis on the importance of embryological developments for both phylogenetic reconstructions and restorative neuromorphological processes in the injured brain (Laubichler, 2003). Yet the research trajectories remained often separate from one another since observations about regenerative processes (such as the swelling of nerve buds, axonal sprouting, and myelin sheath repair) became likened and compared to different stages in the embryological development of the brain. These included particular cellular and subcellular details of neural migration, cell elongation, and dendritic arborization, rather than leading to investigations of “brain regeneration” or “structural plasticity” directly. It is therefore interesting to see how in a wider biological context of experimental regeneration research, such as Wilhelm Roux’s (1888) research program that physiologically investigated the regenerative abilities of individual parts of the body that were integral to the functioning of the whole organism in response to injury, Roux noted:
“Regeneration is the re-establishment of amputated limbs and other thoroughly developed parts of the body that have been lost, i. e. it is a restitution process. […] Regeneration is brought about mechanically, after Roux [he referred to himself in third person singular], because the cells of the fully developed body entail somatic germ plasma […]. And the particular kind of defect brings about the necessary supplementation from this omnipotent [biological] stock.” (Roux, 1888, p. 18f.).
The early experimental paradigms of the time that were primarily based on surgical methods of amputating individual body parts and ligating principal and thus controlling morphological structures had already led to knowledge about the biological dispositions for regeneration found in the so-called “lower animals,” such as worms, sea urchins, crustaceae, mollusks, or cephalopods (Nakajima et al., 2018). These approaches included experimental observations such as the incomplete foot regeneration in Hydra or the full regeneration of pincers in river crabs as the Baltic German zoologist Nicolaus Kleinenberg (1842–1897) (Kleinenberg, 1872) and the German embryologist Curt Alfred Herbst (1866–1946) (Herbst, 1900) had observed. Moreover, a series of monographs appearing at the beginning of the 20th century drew attention to the burgeoning research area of biological de- and regeneration, primarily in the PNS, but also regarding degenerative pathological processes in the CNS—including the contributions by the American evolutionary biologist, and Nobel prize laureate of 1933, Thomas Hunt Morgan (1866–1945) (Morgan, 1901), German zoologist Eugen Korschelt (1858–1946) (Korschelt, 1907), and Austrian biologist Hans Leo Przibram (1874–1944) (Przibram, 1909).
Yet when their experimental laboratory approaches are examined, they were consistently rather heuristic, schematic, and not very precise, since the contemporary paradigms included such crude approaches as the decapitation of full animal heads or viewing the eyes of test animals as protracted and thus easily accessible brain parts that offered points of surgical entry for extirpation and ablation experiments. Thomas Hunt Morgan, for example, witnessed (in 1901) that Planaria, which had been experimentally decapitated directly behind their eyes, would regenerate a second head and yet did not anatomically rebuild the postencephalic regions (Jahn, 2000, pp. 444-485).
Working experimentally at the intersection of the optic chiasm like Hunt Morgan’s experimental models, Spanish neurohistologist Jorge Francisco Tello Muñoz (1883–1959) realized 10 years later that nervous sprouting did happen in optic nerves which had been surgically cut in pigeons as research models (Figure 2). He concluded that such occurrences 3 days following the experimental severance needed to be interpreted as primarily degenerative in nature when such drastic artificial injuries occurred (“La influencia del neurotropismo en la regeneración de los centros nerviosos;” Tello, 1911). Similarly, in his own interpretations of the significance of nervous sprouting, Tello’s mentor at the Laboratorio de Investigaciones Biológicas in Madrid, the later Nobel prize winner and founding figure of neuroscience Cajal remarked about the brain’s regeneration properties:
[image: Figure 2]FIGURE 2 | J. F. Tello (1911): “La influencia del neurotropismo en la regeneración de los centros nerviosos,” 125. Photograph © Public Domain.
“Pathologists consider it an unimpeachable dogma that there is no restoration of the central paths [the CNS], and therefore that there is no restoration of the normal physiology of the interrupted conductors [the nerve fibers] in the spinal cord. A vast series of anatomico-pathological experiments in animals, and an enormous number of clinical cases that have been methodologically followed by autopsy, serve as a foundation for this doctrine, which is universally accepted to-day.” (Cajal, 1991, p. 509).
This perspective put forward by Cajal was however not solely a judgement grounded in a review of the existing literature at the time but was likewise based on active laboratory research pursued on regeneration as is seen in his book Regeneración de los nervios (Cajal, 1907). There, he identified “aberrant sprouts” in the motor cortex of a two-day-old dog which had been experimentally ablated in the frontoparietal cortex, following the test animal’s being euthanized and pathologically dissected after 24 h. Also, comparative lesions in the motor cortex of a cat could give rise to “hypertrophic arctiform collaterals” which Cajal likened to aberrant growth phenomena as a result of the foregoing artificial cortical destruction (Figure 3).
Cajal’s last surviving pupil Dr. Carlo Léoz Ortín (1879–1990) had frequently expressed that even Cajal could be enormously paternalistic and dogmatic about his views on neuronal regeneration (Bergua-Aznar, 1988)—despite his meandering course taken as to what the biological regeneration phenomena could generally mean (Finger and Stein, 1982, pp. ix-xi). In following Cajal, a multitude of prominent neuropathologists and neurologists endorsed the traditional dogma according to which the CNS displayed an unchanging neural set-up which proved to be incapable of building new nerve cells for the restoration from brain or nerve damage. Yet some contemporary neurologists and morphologists continued to endorse the view that axonal growth properties existed that gave rise to local sprouting mechanisms that could compensate for some of the neurological injuries experienced (e.g., Nageotte, 1906; Marinesco, 1910; Spatz, 1930).
As an intermediary resumé, we could state at this point that the tenants of biological regeneration research at the end of the 19th to the beginning years of the 20th century were characterized by the assumption that inherited dispositions for axonal growth and structural nerve repair existed in the research organisms that they used as experimental starting points for their laboratory investigations (Stahnisch, 2019). However, the environment was already seen as a landscape full of influencing biological and social factors which could be further understood through contemporary—though obviously rather makeshift and experimental—procedures that involved surgical extirpations and ablations, ligatures, and transplantations—all being pursued with the aim for better understanding and mastering biological regeneration phenomena with future medical applications for human patients in mind (cf. Pauly, 1987).
Regarding analytic perspectives on the human brain at the turn of the century, Cajal’s studies of the intimate neural structure of the hippocampal formation from the 1890s onward can be seen as standing out from those of other contemporary neuroanatomists or neuropathologists (e.g., Cajal, 1892). In his experimental series, he in fact concluded that the cortical anatomical organization of the human hippocampal formation could be understood in terms of an embryological developmental “involution” of this part of the temporal lobe which would relate and liken neural regenerative processes to those of neural growth and from there to those of normal neuromorphological formation (Shepherd, 1991, pp. 243-271). His own experimental investigations with the help of refined Golgi stains and his own adjustments and advancements of them into the precise de- and regenerative phenomena displayed in the hippocampus in cats, dogs, and in mice only appeared later during the interwar period of the early 20th century (Hagner, 1999, p. 180f.).
Similar experimental systems were also applied outside of the context of the leading brain science center of the Laboratorio de Investigaciones Biológicas in Spain (Mateos-Aparicio and Rodríguez-Moreno, 2019), for example in the neurohistological research of Max Bielschowsky (1869–1940) in Germany. In what was first known as the Biological Station of Oskar Vogt (1870–1959) and Cécile Vogt-Mugnier (1865–1962) and later became the world’s largest brain research center in the 1930—as the Kaiser Wilhelm Institute for Brain Research in Berlin (Stahnisch, 2020, pp. 16–21)—neuropathologist Bielschowsky was able to further identify axonal sprouting processes in human brain gliomata’s (as cancerous growths composed of cells originating from neuroglial tissue) marginal zones when applying the reduced silver staining technique that he had developed at the beginning of the 20th century. Much like Cajal, however, he initially took an ambivalent stance in thinking that the phenomena he had observed were likely “functionally meaningless” (Bielschowsky, 1909, p. 149).
NEUROHISTOLOGICAL STAINING APPROACHES AROUND THE MID-20TH CENTURY
In the wake of such pioneering neurohistological studies of brain regeneration of the first half of the 20th century, quite a flurry of new staining and microscopical methods as well as experimental embryological investigations emerged to help with the study of neural sprouting and plastic processes. On these, émigré German-American developmental biologist Viktor Hamburger (1900–2001) later remarked:
“We were in awe regarding the elegance and the high skill level in the experimental practice of this master of the art [German embryologist Hans Spemann, 1869–1941]. Yet at the same time, we had not been conscious of the existing imbalance between the enormous complexity of developmental processes and the constraints of the few technical approaches, which were available at that time, including the extirpation, the transplantation, and the explantation (as an in vitro-culture).“ Viktor Hamburger (1990), vii [transl. & emphasis F.W.S.].
Due to the limitations of the scope of this article, I can only mention a few of the new “technical approaches” used to discern the “enormous complexity of developmental processes,” including Rita Levi-Montalcini’s (1909–2012) work on the physiology of nerve growth factors beginning in the 1950s (Cohen and Levi-Montalcini, 1956). She collaborated with Viktor Hamburger studying the phenomenon of venomous growth at Washington University in St. Louis and with Stanley Cohen (1942–2013) at Vanderbilt University, finding that nerve tissue from chicken embryos cultured with snake venom led to a dense halo of nerve axons outgrowth. Without this nerve growth factor, not as many nerve axons developed and those that did indeed grow were much smaller in size (Figure 4).
[image: Figure 3]FIGURE 3 | S. R y Cajal (1928): “Estudios sobre la degeneración y regeneración del sistema nervioso,” 57. Ink drawing © Public Domain.
During the following decade, a breakthrough also emerged from functional neurophysiological work with the discovery of long-term potentiation (LTP). Terje Lømo (b. 1935) had worked for his doctorate in Per Andersen’s (1930–2020) laboratory in Norway where he researched the physiological results of stimulating the accessible perforant path to the hippocampus’s dentate gyrus in anaesthetized rabbits. This allowed for the serendipitous observation that repeated stimulation intervals led to growing and lasting transmission rates within perforant path-granule cell synapses (Bliss and Lømo, 1973). Together with Tim Bliss (b. 1940), they then sat out to research the long-term field potential changes as a physiological candidate for memory mechanisms in 1968, something which became the basis for the plasticity mechanism of LTP (Craver, 2007). This also included the realization of pathway specificity, electrophysiological saturation, as well as a rise in the coupling of the synaptic potentials in relation to the histological level of different discharging nerve cells, such as the population of the granule cells (Lømo, 2003).
These physiological findings—though different in biological kind—were nevertheless partly grounded in the earlier assumption of Canadian neuropsychologist Donald Hebb (1904–1985) in Montreal who had hypothesized that structural plasticity of the Cajal kind could likewise be seen as a general anatomical mechanism and substrate for human psychological learning processes (cf. Bradley et al., 1985, p. 21; Benton, 2000). This hypothesis was further validated by the ground-breaking electronmicroscopical laboratory work that played a substantial role in furthering a modern understanding of minute neural structures, such as synapses, of the British scientist Sanford L. Palay (1918–2002) (Palay, 1958) and British anatomist George Gray (1924–1999) (Gray, 1959). Electronmicroscopic research regarding nervous regeneration had previously encountered several obstacles, such as the low optic resolutions that often could not fully identify synaptic contacts or relate them to individual neural cell types (Rasmussen, 1997, pp. 164–170). Yet neurohistologists Palay and Gray were able to structurally establish the existence of axonal outgrowth phenomena together with the functionality of newly built synapses as processes of nervous regeneration in rat and mouse cortices. They further joined an illustrious international group of researchers invited by biophysicist Francis O. Schmitt (1903–1995) at the Massachusetts Institute of Technology in the United States. Out of this Neuroscience Research Program evolved an innovative network and research platform of laboratory and theoretical scientists, as well as clinicians, who were eager to arrive at interdisciplinary insights regarding chemical, physical, and morphological investigations of the brain by also including functional knowledge from new behavioral, psychological, and neuropsychiatric outcomes (Maxson-Jones, 2020). Their findings were subsequently corroborated through the well-known physiological memory and learning experiments with the sea slug and gastropod mollusk Aplysia in Eric Kandel’s (b. 1929) laboratory at Columbia University’s medical school in New York City. These experiments proposed an intricate connection between behavioral adaptations and changes with biological substrates of memory, such as linking the experimental electrical stimulation of single motor neurons to the habituation and dishabituation effects in the functioning of gill and siphon withdrawal reflexes (cf. Kandel and Spencer, 1968).
However, new progress in bringing such structural and functional advances in neural plasticity and regeneration research ever closer together came to be rather stalled for one and a half decade due to the lack of new biological staining techniques (MacCord and Maienschein, 2021) which could have allowed for the visualization and identification of the full arborization of de- and regenerating neurons. It took in fact until the 1970s, when with horseradish peroxidase (HRP) neuroanatomical tracing techniques made new advances possible, such as the identification of fresh ascending axons that traversed and entered the distal stumps in spinal cord injuries (Suzuki et al., 2002, p. 121), of regenerating facial motor neurons, and of rebuilt retinal ganglion cell layers following ischemic damage (Young, 2009, p. 12722). The availability and wider use of HRP exerted a great influence on neuroanatomy when tracing specific pathways in the context of neuroregenerative research (Kristensson and Olsson, 1971). During the mid-1980s, further methodological changes arrived, and the new immunohistochemical staining for glial fibrillary acidic protein (GFAP), as well as radioimmunoassays such as in Pasco Rakić’s work (Rakić, 1985), became further available for neuromorphological advances in brain regeneration investigations.
Moreover, the microscopic detection of the contribution of individual neural cell types to the establishment of synaptic contacts had to await innovative optical technologies which could be integrated with derivatives of the Italian neuroanatomist Camillo Golgi’s (1843–1926) silver staining method (Nitsch, 1988, p. 17), such as in later entorhinal cortex lesion models of axonal de- and regeneration processes in rats and mice that visualized respective structural processes alternatingly with Golgi staining and immunofluorescence methods (Deller et al., 1996), e.g., osmicated sections for ultrastructural studies with electron microscopic images that could show the fine details of sprouting and synaptic contact formation (Figure 5).
[image: Figure 4]FIGURE 4 | Cohen, S. and levi-Montalcini, R. (1956). “A nerve growth-stimulating factor isolated from snake venom,” 572. © Public Domain.
THE SOCIAL CONDITIONS OF EXPERIMENTAL AND CLINICAL RESEARCHERS
In addition to the technological advances as well as practical transformations in the research methodologies for brain regeneration, the Figure 5 transformations in the social conditions and the emergence of different cultural contexts of neuromorphological research advances into brain regeneration phenomena need to be considered and historically examined. They have established important research grounds for early regenerative concepts and programs in experimental neuroanatomy, neuropathology, and clinical neurology at the beginning of the 20th century. Such brain research developments can certainly not be regarded as isolated from broader societal developments. This can also be gleaned from the discourses on social de- and regeneration, neurasthenia, nerve-weakness, and the experiences of the brain-injured before and after WWI (Stahnisch, 2009a). Moreover, when adopting an earlier epistemological position by Ludwik Fleck for the historiographical analysis of the development of scientific facts and biomedical knowledge, Austrian sociologist Karin Knorr-Cetina has dubbed such peculiar amalgamations between the scientific and cultural spheres a “condensation of society in the experiment” (Knorr-Cetina, 1988, p. 85).
[image: Figure 5]FIGURE 5 | Osmicated HCN1 immunoreactive sections for ultrastructural studies of entorhinal cortex lesion model. © Personal image provided by prof. Robert Nitsch, Inst. for Anatomy, charité Berlin, Germany, 2005.
The period between the 1890s aand 1990s is particularly suitable for such a historical research endeavor because earlier discourses on the “mental and physical degeneration” of modern man (cf. Morel, 1857/1858) became ever more prominent under the new societal conditions at the end of the 19th century, during WWI, the interwar period, as well as throughout and after WWII. “Degenerative views” in neurological and psychiatric theory respectively underpinned widespread cultural beliefs about what German historian Joachim Radkau termed The Age of Nervousness when researching and analyzing German history between the political ascent of Otto von Bismarck (1815–1898) and the end of the National Socialist Period (Radkau, 1998, pp. 9–15). Awareness of such cultural tropes can provide a cultural appreciation for the practical and social working contexts of laboratory brain scientists as their physician and anthropologist peers began to move the wider cultural meanings of de- and regeneration into a semantic field of rehabilitation medicine (Zeiter, 1954).
The pediatric neurologist Michael E. Selzer from Philadelphia has examined the semantic domain of morphological degeneration and regeneration phenomena in the nervous system in its historical development towards the medical subspecialty of neurorehabilitation (Selzer et al., 2014, pp. xix–xx). Similar to Radkau’s analysis of the Central European medical research context (Radkau, 1998, pp. 81–129), Selzer has drawn scholarly attention to the significant group of brain-injured veterans from WWI and WWII, which necessitated the creation of a new community of physical therapists for war veterans’ retraining and resocialization into the existing, productive workforce in North America. It crystalized in the societal fusion of the early American College of Radiology and Physiotherapy (founded in 1923) and the American Congress of Physical Therapy (inaugurated in 1925) in 1945, when the American Congress of Physical Medicine and Rehabilitation was created at the end of WWII (Zeiter, 1954, pp. 683–688). This new medical specialty underscored the need for physical treatment approaches, which comprised occupational and physical therapy, electrostimulation, diathermy, massage therapy, as well as thermo- and cryotherapy (Selzer et al., 2014, p. xx). It also afforded a specific role for neurorehabilitation to address the social and psychological adjustments to physical and mental forms of degeneration and disability, which involved further treatment responses to autonomic instability, decubitus ulcers, pain syndromes, urinary tract infections, along with medical problems that chronically ill patients constantly faced. The emergence of the new medical subspecialty of neurorehabilitation progressively offered answers to broader contemporary health and social problems too (Weiss, 1990).
For the historical argument of this essay, the above overview serves to illustrate a free-floating culture of ideas, practical experiences, and organizational skills which pertained in the field of neuroregeneration research from its beginnings to the modern situation regarding neural repair and rehabilitation:
“Neurorehabilitation services are complex multifaceted, multiprofessional systems. Without systematic structuring of the treatment processes involved, a high degree of variance in provision of the service across staff members, patients, and time is likely. […] The continuous critical evaluation and updating of clinical pathways will improve the provided care further. It is suggested that clinical pathways for neurorehabilitation services should not be prescriptive but should respect the need for comprehensive assessment of individual needs and a customized rehabilitation program designed under the supervision of a consultant, while, at the same time, provide standards for documentation, communication, and therapeutic interventions.” (Selzer et al., 2014, pp. 57–76)
As described by Selzer, in these “multifaceted and multiprofessional systems,” the extraordinary increase of staining and microscopic methodologies for the purposes of neuromorphological neuroregeneration research is included. Such evaluation and adjustment also extended to the investigation of in vitro tissue cultures when de- and regenerative specimens and histological nerve lesion preparations were prepared in particular time courses (see Harrison, 1907). This anatomico-mechanistic tradition, over one century, also shifted more and more to specific clinical problems, such as the structural and functional impact of specific neurorehabilitation processes or therapeutic neuropharmacological approaches and treatment review assessment (Morgan, 2017).
From the late 1950s, neuromorphologists examined, with even greater interest, the physiological course of degeneration and regeneration phenomena following major brain damage by applying their revised and augmented microscopic staining tools. Dutch-American anatomist Walle Nauta (1916–1994) at the Massachusetts Institute of Technology and the Swiss chemist Paul A. Gygax (d. 1969?) at the University of Zurich (Nauta and Gygax, 1954) created a significantly innovative histological silver stain after having observed in substances which had been imbued with silver that it could render visible specific anatomical alterations ensued from harmed nerve axons and arborizations (Switzer, 1991, pp. 91–92). One may also realize, regarding their contemporary research context, that societal concerns regarding nervous degeneration, cultural metaphors of “exhaustion” and “consumption,” as well as shifts in the research context from war injuries to socio-rehabilitation research had become profoundly inscribed in the socio-technical experiments of neurohistological regeneration research (Stahnisch, 2009b, pp. 29–32).
This extraordinary research trend can also be found in the neuroscientific programs supported by the intramural and extramural funding programs of the National Institutes of Health, which took over the important and globally leading funding role for biomedical research from the Rockefeller Foundation after the WWII (Hollingsworth, 2004). The scientific administrators at the National Institute for Neurology and Blindness and at the National Institute of Neurological Disorders and Stroke specifically hoped for clinically relevant translational research successes–especially for the benefit of patients with spinal cord injuries (Farreras et al., 2004, pp. 19–32) aligned with funding from the Paralyzed Veterans of America organization since 1946 (Fonseca et al., 1996). This development became visible in the fact that since the 1950s, the National Cancer Institute and the National Institute of Child Health, for instance, supported the aforementioned experimental development-oriented research by Rita Levi-Montalcini regarding the mechanisms of nerve growth factor(s) in which she had researched venomous growth and was able to establish that nerve tissue surgically excised from chicken embryos and exposed to snake venom led to processes of nerve axons (Cohen and Levi-Montalcini, 1956).
Additional important research funded by the National Institutes of Health were for example the immunoflourescence marking and staining techniques, including those in the fundamental work by cell biologist Elizabeth H. LeDuc at the National Institute of General Medical Sciences from the 1950s to the 1970s (LeDuc and Bernhard, 1961). Later, these became widely included in combined light and electron microscopic study models of axonal de- and regeneration, such as was seen in the perforant path entorhinal cortex lesion model used by neuroanatomist Robert Nitsch’s research group at the Charité Medical School in Berlin during the 1990s (Nitsch and Frotscher, 1992).
From the historical course of research activities outlined and described in this essay so far, one could arrive at the expectation that experimental neuromorphological research advances regarding brain regeneration phenomena would have progressed steadily, in an orderly fashion, and solved the challenging questions in anatomical and cell biological laboratories one by one, without running into impasses, experiencing scientific road blocks, or being subject to any scholarly debates about the course of action. Yet while the nature of research programs in regeneration research and medicine is well known to Science, Technology and Society as well as History and Philosophy of Science scholarship (Jacobson, 1993; Craver, 2005), two main research questions emerge from here:
First, the social and cultural environments of medical regeneration research are fairly unaddressed and figure as a desideratum in interdisciplinary scholarship.
The above-mentioned (Table 1), extended social contexts are often referenced in the related scholarly literature but not fully explored regarding their impact on neuroregeneration research.
TABLE 1 | The social environments of medical regeneration research still appear as a desideratum in interdisciplinary scholarship (Table 1).
[image: Table 1]Moreover, following from these exemplary “external” contexts of regeneration research, a second main research question emerges about the epistemological exchange relationship and reciprocity of medical theory dynamics. The genesis of new social and ethical questions needs to be much further addressed too, as will be pursued in a methodologically illustrative way in the following part of this essay.
“BRAIN REGENERATION PHENOMENA” AS SEEN THROUGH SEVERAL OF LUDWIK FLECK’S ASSUMPTIONS ABOUT THE NATURE OF “THOUGHT COLLECTIVES”
Ludwik Fleck had intriguingly analyzed intellectual and organizational influences in his book Genesis and Development of a Scientific Fact (translated into English by American sociologist of science Frederick Bradley and the Polish-American medical philosopher Thaddeus J. Trenn, 1937-2013, in 1979). Most legendary among them are Fleck’s previous analyses of epistemological questions, theory changes, and “Gestalt switches” (an immediate perception change, including changes in scientific perspective) from what he called research-based pre-ideas to novel scientific “facts” in oncology, immunology, hematology, biomedical diagnostics, and so forth (Loewy, 1990, pp. 215–228).
Based on such traditional lines of history and philosophy of science analyses, I want to examine the first phase of neurode- and neuroregeneration research between the 1890s and early 1960s through the perspective developed by Fleck’s well-known model of a succession of “thought collectives” (brain scientists who advocated for or against the existence of structural neuroplasticity) employing his definition:
“A truly isolated investigator is impossible […]. An isolated investigator without bias and tradition, without forces of mental society acting upon him, and without the effect of the evolution of that society, would be blind and thoughtless. Thinking is a collective activity […]. Its product is a certain picture, which is visible only to anybody who takes part in this social activity, or a thought which is also clear to the members of the collective only. What we do think and how we do see depends on the thought-collective to which we belong” (Fleck, 1979).”
The research period from the 1890s to the early 1960s in brain regeneration investigations can historically be regarded as one characterized by the succession of the “brain rigidity dogma” through to the acceptance of a “plastic regeneration thought style” (cf. Kandel et al., 1991). During Cajal’s time at the turn of the century–when several indications of regenerative processes existed in related brain science scholarship, and when even Cajal had been vacillating considerably on this point in different publications regarding the restorative or aberrant processes of degeneration and regeneration in central nervous system neurons (Stahnisch and Nitsch, 2002)—the research direction which sought to reduce physiological assumptions to morphological entities had faced serious epistemological problems. For example, it remained very difficult to establish a satisfactory correlation between varying cell types in the brain, such as neurons, oligodendrocytes, and astrocytes, as well as the present individual functional systems, at a time when Cajal and other brain scientists failed to establish robust functional and physiological interpretations of the observable de- and regenerative structural changes in the histological architecture of the central nervous system (Cajal, 1894, p. 87):
“Some, which doubtless are centripetal and therefore in continuity with uninjured cortical neurons of other cerebral lobules or of the optic thalamus (ascending sensory fibers). But since all are undergoing traumatic degeneration, it is impossible to differentiate physiological or topographical categories of conductor.” (Cajal, 1991, pp. 649–650).
Cajal’s interpretation, however, represented new lines in the thought style of the brain sciences that ensued in the scientific community, viz. the theoretical merger of several existing approaches that had their scientific roots in clinical neurology, behavioral psychology, and developmental psychology (e.g., Gage et al., 1982; Cotman and Nieto-Sampedro, 1985). A review of this very active period in the history of neuroregenerative research in the central nervous system is so intriguing and stimulating precisely because the assumption that structurally and functionally adequate processes of regeneration genuinely existed in the brain had had “no good press” for over 60 years.
Yet in what was to follow through Geoffrey Raisman’s (1939–2017) experimental investigations at University College London on the Septum (Raisman, 1969) and Carl W. Cotman’s work at the University of California at Irvine on the Hippocampus (Cotman and Nadler, 1978), the interest in brain regenerative research was about to surge in fully unknown ways. Prominent neurohistologist Raisman could for instance show in his electron microscopy research in the laboratory, using rats as his experimental models, that collateral forms of axonal sprouting occurred after incomplete surgical denervation of the septal nuclei. His rationale for experimentally lesioning the septofimbrial system was based on its neural input from two diverse tracts, namely through the hippocampal formation and hypothalamus that structurally merge in the forebrain bundle. When looking at the structural conditions in the brain, almost half of the nerve axons happen to stem from the contralateral hemisphere–something which offered taking a double-lesion approach (Raisman, 1969, p. 1973). As a result of his anatomical investigations of the septofimbrial system, Raisman reached the now more widely observed and accepted conclusion that “the anatomical structure of the brain was by no means rigid” (Raisman, 1978, p. 104). With this assessment, he was Raisman was however one of the early and more modern neuroscientists, who provided neuroanatomical proof of the occurrence of “neuroplasticity.” It was grounded in his early work using a morphological lesioning model, while investigating neural repair as a structural regeneration process that followed reconstruction of the axonal projections in the septofimbrial system.
During the early 1980s, further significant neurogenesis could be shown in the vocal regulator nucleus in the canary central nervous system (Fuchs and Fluegge, 2014, p. 6). This also allowed for forming a functional interpretation between bird behaviors, their aptitude regarding song learning, as well as the development of neurogenesis (Álvarez-Buylla et al., 1988, pp. 8722–8724). The resulting observations that songbirds, including zebra finches and canaries, showed morphologically increased vocal regulator nuclei in their central nervous system suggested that the neuron counts in the tested adult songbirds correlated with the respective times of the year “as a critical period” (Nottebohm and Arnold, 1976, pp. 211–213). These research initiatives around the groups of investigators led by Argentinian-American neuroethologist Fernando Nottebohm (b. 1940) at Rockefeller University in New York City and Mexican-American developmental neurobiologist Arturo Álvarez-Buylla (b. 1958) at the University of California at San Francisco’s Brain Tumor Center could show that the neural cell count in songbirds’ vocal regulator nuclei rose during spring, when male canaries and finches commence singing to instigate courtship and incubation behaviors. Newly generated neurons could be found in these songbirds’ hyperstriatum ventrale, pars caudalis brain region (Nottebohm, 1989, pp. 74–79). Investigations of the neurons in the hyperstriatum ventrale, pars caudalis resulted in the realization that steroid hormones, especially the gonadal hormone testosterone, significantly influenced the processes of neurogenesis and neuroplasticity as an expression of the neuroendocrine function of the brain (Arnold and Gorski, 1984, pp. 413–442), leading to an increased interest at the beginning of the 1990s in the topic of brain regeneration (Fuchs and Fluegge, 2014, p. 3).
This change in thought styles from the widely held belief since the 19th century about a fixed location of brain functions in the hard-wired morphology of the brain to the acceptance of plastic and adaptive structural processes is also well reflected in the most central textbook in the field, viz. neuroscientist Eric Kandel’s and American neurobiologist James H. Schwartz’s (1932–2006) Principles of Neural Science. In the first edition of 1981 (Kandel and Schwartz, 1981, p. 143), it proclaimed that “neurons with processes confined to the central nervous system may undergo chromatolysis after axotomy, but they then degenerate or remain in a state of severe atrophy. This is presumably because they cannot restore appropriate synaptic connections.” This assumption had, however, changed in the course of later editions, beginning with the third edition of 1991 in which the brain’s overall capacities for neuroplastic processes became subsequently highlighted as well: “Through the use of tissue slice techniques, cell and molecular biological approaches can be applied to virtually any part of the mammalian brain. Information obtained from recordings made in brain slices has provided important insights into such problems as synaptic plasticity, the mechanisms of epilepsy, and the actions of drugs on the brain” (Kandel et al., 1991, p. 788).
The new windfall in medical research funding—during the third phase of neurode—and regeneration research from the 1990s to the 2020s—provided a sound foundation for a stark increase in the research activities of brain science through the important decade from 1990 to 2000 under US President George H. W. Bush (1924–2018). Popularly known as the American “Decade of the Brain” (Albright et al., 2000), the time around the turn to the new millennium saw a renewed and remarkable rise in interests in many neuroscience activities (Lenn, 1992, p. 512f.). This extended further into American and international scientific collaborations in brain research. At the University of Calgary in Canada, for example, Dr. Brent A. Reynolds—who subsequently moved to the United States, where he now works at the University of Florida in Gainesville, Florida—and Dr. Sam Weiss effectively discovered the existence of neural stem cells in the brain of adult mammals in 1992—a feat which became synonymous with pivotal discoveries in brain science for the rest of the decade (Reynolds and Weiss, 1992). The resulting article provided a pivotal example of the important experimental and histological work being done in the neuromorphological research area regarding brain regeneration phenomena and eventually it led to the recognition of scientific excellence through the bestowment of a national Canadian Gairdner Award in 2008 (Lampard et al., 2021, p. 154). Through Weiss’ and his research group’s first discovery of neural stem cells in the adult human brain, they helped solve the major problem in the history of neuroanatomy regarding the existence and mechanism of structural plasticity in the human brain (Martino et al., 2011).
When synthesizing what further happened in the field of neuroregeneration since the 1990s, it has emerged from the existing literature that the capacity of the adult human brain to restore function from damages, such as stroke, tumors, and neurodegenerative diseases, was limited (Frey, 2001). Existing capacity for repair of neural connections, either through surviving neurons or through neurogenesis, appears not very extended in brain regions bereft of stem cells (Gould, 2007, pp. 481–483). Heterogeneity in neural stem cell occurrence and proliferation in various brain regions was also highlighted through pathological dissection material from patients, who had died from neuropsychiatric conditions such as schizophrenia, depression, and bipolar affective disorder. Reduced neurogenesis was not found in areas such as the dentate gyrus, and neural stem cell growth did not change under antidepressant drug treatment—yet significantly decreased neurogenesis could be seen in groups of schizophrenic patients (Reif et al., 2006). On the level of experimental therapy approaches (Xie et al., 2020), recent facial nerve studies need to be mentioned that have used glial cell-derived neurotrophic factor (GNDF) to stimulate the differentiation of dopaminergic neurons in facial nerve growth (Barras et al., 2009). Additional research groups have investigated the impact of the reduction of oxidative stress immediately after nerve injury, finding that it brought on increased axonal regeneration in instances of facial nerve repair (Wang et al., 2009). More studies were developed on such new understandings of neural stem cells (Zakrewski et al., 2019), attempting to provide clinical therapies for neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. Induced pluripotent stem cell-conditioned media from skin punch biopsies have for example been applied for the treatment of Alzheimer’s disease (Awe et al., 2013). While this approach is still deemed in its experimental stages, brain tissue from aborted human fetuses has been used in Huntington’s disease, albeit with mixed successes. The results have emphasized a future need for therapy approaches with pure neural stem cells (Wright and Barker, 2007). However, there still remain major hurdles for the use of stem cell applications based on the neural transplantation paradigm. Yet the stem cell-based regenerative strategies regarding the brain hold a high potential for the functional reconstruction following lesions. To further this research, clinical studies are crucial and new randomized controlled trials are needed, while the retainment of patients in such studies has proven to be socially and practically challenging (Carpenter, 2017). Multiple clinical trials, using induced pluripotent stem cells as well as human embryonic stem cells for the treatment of neurodegenerative conditions, have recently been ongoing. Yet stem cell therapies in neuroregenerative medicine remain limited through regulatory frameworks, the heterogeneity of the conditions, and the comparability of the existing studies (Henriques et al., 2019, p. 10). As a parallel observation, neurological investigations have also highlighted new and potentially neuroprotective and neurotrophic mechanisms by which neural stem cells could be beneficial for the host CNS and manipulable for future therapeutic applications (Einstein and Ben-Hur, 2008, p. 455).
When we envision the neuromorphological research progress that had been made over the preceding decades regarding brain regeneration phenomena in concluding this essay, attention should be drawn to a recent article by German neurobiologist Eberhard Fuchs at Georg August University in Goettingen and Gabriele Fluegge of the Leibniz Institute for Primate Research in Goettingen, which they published in a special issue of the journal Neural Plasticity on “Environmental Control of Adult Neurogenesis: From Hippocampal Homeostasis to Behavior” (Fuchs and Fluegge, 2014), emphasizing:
“Within the last 4 decades, our view of the mature vertebrate brain has changed significantly. Today it is generally accepted that the adult brain is far from being fixed. A number of factors such as stress, adrenal and gonadal hormones, neurotransmitters, growth factors, certain drugs, environmental stimulation, learning, and aging change neural structures and functions. The processes that these factors may induce are morphological alterations in brain areas, changes in neuron morphology, network alterations including changes in neural connectivity, the generation of new neurons (neurogenesis), and neurobiochemical changes. Here we review several aspects of neuroplasticity and discuss the functional implications of the neuroplastic capacities of the adult and differentiated brain with reference to the history of their discovery.” (Fuchs and Fluegge, 2014, p. 1).
It is necessary to bring these research observations regarding steroids, adrenaline, neurotransmitters, nerve growth factors, testosterone and progesterone, ritalin, and vitamin B alimentaries, etc. into focus as well, since Fuchs and Fluegge have emphasized the enormous complexity of “adult neuroplasticity” by likewise pointing out how loose the interactions between endocrinologists, neurophysiologists, geneticists, pharmacologists, ecologists, geriatricians, and neuroanatomists actually are (Mehler, 2008). One major epistemological difficulty to harness and enhance regenerative phenomena for the project of restorative medicine is that almost all the contributing disciplinary specialists converse about “regeneration” through their respective, disciplinary “thought styles,” yet mean very different entities by it. Previously Fleck had understood a “thought collective” mostly as determined by its genuine “thought style” driven by an intrinsic “harmony of illusions” (the internal agreement with one preferred working hypothesis—here in neuroscientific thought communities) among the researchers involved:
“After all, conceptions are not logical systems, no matter how much they aspire to that status. They are stylized units which either develop or atrophy just as they are or merge with their proofs into others. Analogously to social structures, every age has its own dominant conceptions as well as remnants of past ones and rudiments of those of the future. It is one of the most important tasks in comparative epistemology to find out how conceptions and hazy ideas pass from one thought style to another, how they emerge as spontaneously generated pre-ideas, and how they are preserved as enduring, rigid structures [Gebilde] owing to a kind of harmony of illusions. It is only by such a comparison and investigation of the relevant interrelations that we can begin to understand our own era.” (Fleck, 1979, p. 28).
The same could be said about the objects that “neuroregeneration” or “neuroplasticity” really were, especially when one apprehends the shift from a nineteenth-century thought style about the fixed location of brain functions in the hard-wired morphology of the central nervous system to the acceptance of plastic and adaptive structural processes since the 1960s and 1990s respectively latter half of the 20th century. However, turning Fleck’s assessment here on its head for the sake of the epistemological argument, one could say that the “harmony of illusions” (Ibid., p. 28) between specific disciplinary-bound thought styles really became an “illusion of regeneration harmonies” vis-à-vis the existing thought communities from the disciplines of endocrinology to neuroanatomy. In the future, such gaps certainly need to be epistemologically addressed. It is imperative that an integration of the research localities into a functional whole can be reached from a history and philosophy of science perspective, so that new investigative styles of neurophysiological research are becoming possible.
DISCUSSION
This essay has looked at three areas of “brain regeneration phenomena,” taking primarily morphological research advances into account to highlight some positive as well as negative practical implications of theory dynamics in modern biomedicine. Thereby, the example of “brain regeneration phenomena” since the latter decades of the 19th century displays at least two of Ludwik Fleck’s epistemological structures of theory change—namely the unidimensional “succession of thought styles” and the complex “harmony of illusions.” The period from the 1890s to the early 1960s witnessed the eventual supersession of the “brain rigidity dogma” through the acceptance of a new “plastic regeneration” in the brain thought style (Kandel et al., 1991). In a recent journal article entitled “Ludwik Fleck where are you now that we need you? Covid-19 and the Genesis of Epidemiological Facts,” French historian of science Ilana Loewy has emphasized that “Fleck wished to stimulate the development of the ‘sociology of scientific styles’—a discipline that promotes the understanding of how science works, not as an abstract ideal but as a concrete, situated social practice” (Loewy, 2020, p. 8). In following this vein of analysis, Fleck does hold an epistemological “surprise for us,” viz. that more uncertainty had arisen through brain regeneration knowledge from the 1960s to the late 1990s, including work on gene expression, stem cells, LTP-variants, functional mutability, neural connectome complexity, etc., (Frey, 2001), which have led to a deceitful philosophical certainty under the “illusion of regenerative harmony.”
Ludwik Fleck’s concepts and theoretical insights have thus been applied in this essay to the investigation of traditionalist views among groups of neuroscientists that addressed new brain regeneration phenomena in a social context of indetermination and uncertainty. The focus has hereby been laid on questions of the structure and function of scientific concepts of neuroregeneration and neural plasticity, the development of specific “thought communities” of investigators, as well as the impact of new phenomena established through innovative methodologies and laboratory instruments in twentieth-century neuroscientific research endeavors. The resulting “thought communities” of neuroscientists strongly influenced and shaped the acceptance of new concepts about neural plasticity and brain regeneration in the adult human brain.
SUMMARY AND CONCLUSION
This essay has sought to emphasize the fundamental changes in mostly discipline-bound (as well as certain interdisciplinary) neuromorphological thought styles and epistemologies in modern brain regeneration research. Many neuroanatomists at the beginning of the 20th century had shifted their research focus to the cellular properties of neural de- and regeneration phenomena, a development which laid the basis for a new tradition in the history of neuroplasticity, beginning with neurohistologist Cajal in Spain (DeFelipe and Jones, 1992). These new frontiers in contemporary brain sciences were stimulated by the continuous introduction of newer staining technologies for neurohistology, giving rise to a better understanding of the morphological properties involved in mammalian and human neuroadaptive processes (Bethe, 1895). The gold-derivative staining method applied by Italian neurohistologist Camillo Golgi and the methylene blue dye of German microbiologist Paul Ehrlich (1854–1915) can be named in this respect. Both stains were later used by Bethe (Bethe, 1930) in Frankfurt and also Bielschowsky in Berlin, Germany, within their early research on “neural plasticity” until the 1930s and 1940s.
Such staining techniques also gave rise to continued methodological discussions in contemporary nervous degeneration and regeneration research programs (Pannese, 1996). Modern historians and philosophers of science have since come to use the concept of “emergent functions” to explain such functional hierarchies in more intricate terms (Craver, 2007), while discipline-bound “thought collectives” still exist in recent neuroscientific regeneration research based on protein bioengineering, stem cells, and gene editing (Young, 2009). With Fleck’s insights into the progress and failures of biomedical research, it appears opportune to state that in as much as these thought collectives may trigger normal advances in neuroscience, they apparently also hinder interdisciplinary progress through the provision of an “illusion of regenerative harmony” to a non-negligible degree.
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Regenerative processes depend on the interpretation of signals to coordinate cell behaviors. The role of ubiquitin-mediated signaling is known to be important in many cellular and biological contexts, but its role in regeneration is not well understood. To investigate how ubiquitylation impacts tissue regeneration in vivo, we are studying planarians that are capable of regenerating after nearly any injury using a population of stem cells. Here we used RNAi to screen RING/U-box E3 ubiquitin ligases that are highly expressed in planarian stem cells and stem cell progeny. RNAi screening identified nine genes with functions in regeneration, including the spliceosomal factor prpf19 and histone modifier rnf2; based on their known roles in developmental processes, we further investigated these two genes. We found that prpf19 was required for animal survival but not for stem cell maintenance, suggesting a role in promoting cell differentiation. Because RNF2 is the catalytic subunit of the Polycomb Repressive Complex 1 (PRC1), we also examined other putative members of this complex (CBX and PHC). We observed a striking phenotype of regional tissue misspecification in cbx and phc RNAi planarians. To identify genes regulated by PRC1, we performed RNA-seq after knocking down rnf2 or phc. Although these proteins are predicted to function in the same complex, we found that the set of genes differentially expressed in rnf2 versus phc RNAi were largely non-overlapping. Using in situ hybridization, we showed that rnf2 regulates gene expression levels within a tissue type, whereas phc is necessary for the spatial restriction of gene expression, findings consistent with their respective in vivo phenotypes. This work not only uncovered roles for RING/U-box E3 ligases in stem cell regulation and regeneration, but also identified differential gene targets for two putative PRC1 factors required for maintaining cell-type-specific gene expression in planarians.
Keywords: planarian, stem cells, regeneration, E3 ubiquitin ligases, PRC1, Prpf19, RNF2
INTRODUCTION
A deep understanding of the networks and signaling pathways that direct the maintenance and differentiation of adult stem cells is essential for regenerative therapies. The freshwater planarian, Schmidtea mediterranea, is an important model for studying the molecular mechanisms that underpin stem cell-based regeneration (Elliott and Sánchez Alvarado, 2013; Ivankovic et al., 2019). These worms maintain a large population of adult stem cells, a subset of which have been demonstrated to be pluripotent (Baguñà et al., 1989; Wagner et al., 2011). This population of stem cells continuously renews planarian tissues during homeostasis and is also mobilized in response to injury to regenerate tissues (Saló and Baguñà, 1985; Abnave et al., 2017). As such, they offer an amenable model to study stem cell biology in a whole-organism in vivo context.
Extensive work has been performed to understand the molecular basis of planarian regeneration (Reddien, 2018), yet most studies have primarily examined transcriptional changes (Labbé et al., 2012; Onal et al., 2012; van Wolfswinkel et al., 2014; Fincher et al., 2018; Plass et al., 2018). Comparatively, fewer studies have focused on proteomic regulation in planarian stem cells (Fernandez-Taboada et al., 2011; Boser et al., 2013) or the post-translational regulation of proteins vital for stem cell function (Strand et al., 2018). One essential post-translation regulator of proteins is the addition of the small, highly conserved polypeptide ubiquitin, which modifies protein function in myriad cellular contexts, including transcription, cell cycle regulation, translational fidelity, protein turnover, and degradation (Ciechanover et al., 1984; Nakayama and Nakayama, 2005; Endoh et al., 2012; Higgins et al., 2015).
Ubiquitin-dependent signaling events have emerged as essential regulators of stem cell functions, including self-renewal and differentiation (Werner et al., 2017). The transfer of free ubiquitin onto a target substrate typically occurs through a tripartite enzymatic cascade that terminates with the E3 ubiquitin ligases. The E3 ligases can be grouped into two major classes: the HECT (Homologous to the E6-AP Carboxyl Terminus) and the more prevalent RING (Really Interesting New Gene) class. Of the approximately 617 genes encoding putative E3 ligases identified in the human genome, 309 were predicted to contain a RING finger (RNF) or the related U-box domain; a further 270 E3 genes function in complexes associated with RINGs (Li et al., 2008). The RNFs are defined by a zinc-finger domain with an evolutionarily conserved arrangement of cysteine and histidine residues that coordinate two zinc ions and bind an E2-ubiquitin conjugate (Lorick et al., 1999). The U-box domain forms a similar structure to the RING domain and can bind conjugated E2 but does not coordinate zinc (Aravind and Koonin, 2000). Substrate recognition and binding are achieved by additional domains within the RNF protein or association with other proteins as part of a multi-protein complex. Previous work on E3 ligase function in planarians has implicated a subset of HECT E3 and Cullin-RING complex member ligases as essential regulators of regeneration and stem cells (Henderson et al., 2015; Strand et al., 2018).
Here we performed functional analysis on a subgroup of RING and U-box domain-containing genes expressed in the planarian stem cells or progeny. We found several to be essential for homeostatic maintenance, regeneration, and tissue patterning, including spliceosomal factor prpf19 and epigenetic factors rnf2 and bre1, known to ubiquitylate histones H2A and H2B, respectively. prpf19 was required for worm survival but not for stem cell maintenance, suggesting a role in promoting cell differentiation. In addition, the Polycomb Repressive Complex 1 (PRC1) gene rnf2 was required for global monoubiquitylation of histone H2A (H2Aub1) and promoting proper regeneration. In contrast, when we disrupted putative PRC1 genes phc and cbx, we did not detect a global reduction in H2Aub1 levels but did observe specific defects in the organization of tissue near the base of the planarian pharynx. Taken together, analysis of RING/U-box E3 ligases identified multiple regulators of stem cell biology and regeneration and led to the discovery of differential phenotypes and transcriptional targets for putative PRC1 factors.
MATERIALS AND METHODS
Planarian Care
A clonal line of asexual S. mediterranea (CIW4) was used in all experiments and kept in 1X Montjuïc salts (1.6 mM NaCl, 1.0 mM CaCl2, 1.0 mM MgSO4, 0.1 mM MgCl2, 0.1 mM KCl, 1.2 mM NaHCO3, pH 7.0) (Cebrià and Newmark, 2005) in food-grade plastic containers at 20°C (Merryman et al., 2018). Animals selected for experiments were 3–6 mm in length and starved for 1 week before experimentation.
Gene Identification and Cloning
To find RING and U-box domain-containing genes in S. mediterranea, we filtered the Dresden transcriptome (Brandl et al., 2016; Rozanski et al., 2019) using InterPro Domain IDs (Blum et al., 2021), IPR001841 (Zinc finger, RING-type), and IPR003613 (U box domain). This list was filtered to include only the longest gene contig for each hit and was used as query sequences for a BLAST search to a curated list of human RING and U-box genes (Li et al., 2008) at an expected value cut-off of 1 × 10−3. We additionally filtered the Dresden transcriptome for contigs annotated with IPR013083 (Zinc finger, RING/FYVE/PHD-type). This list was filtered to remove duplicate entries, and a BLAST search was performed against our list of human RING and U-box genes as the IPR013083 family contains non-RING and U-box genes, only genes that had predicted homology to a human gene at an expected cut-off of 1 × 10−3 were appended to our initial list (Supplementary Table S1). The sequences of interest were obtained from either an EST library (Zayas et al., 2005) or cloned using gene-specific primers into pPR-T4P using ligation-independent cloning (Liu et al., 2013; Adler and Sánchez Alvarado, 2018). EST clone accession numbers and the primer sequences used are listed in Supplementary Tables S2-S3.
RNA Interference
During the initial screening, animals were fed double-stranded RNA (dsRNA) mixed with a ≈3:1 mixture of liver-water paste twice per week for eight feeds and were amputated pre-pharyngeally on day 28 of treatment to observe regeneration. In vitro transcribed and dsRNA expressed in bacteria were used to perform RNAi during the initial screening of RING and U-box genes; all subsequent RNAi knockdowns were performed using dsRNA expressed in bacteria. In vitro dsRNA was synthesized as previously described (Rouhana et al., 2013); the entire reaction mixture was separated into eight aliquots, mixed with liver paste, and stored until feeding. Bacterially-expressed dsRNA was prepared by growing E. coli strain HT115 transformed with the pPR-T4P plasmid (Liu et al., 2013; Adler and Sánchez Alvarado, 2018) containing the gene of interest and inducing dsRNA expression using IPTG. Bacteria pellets were purified using centrifugation and mixed with liver paste for administration to animals (Gurley et al., 2008).
In Situ Hybridization
Antisense probes for in situ hybridization were synthesized as previously described (Pearson et al., 2009) from DNA templates amplified from pBS II SK(+) (Stratagene) or pPR-T4P (Liu et al., 2013; Adler and Sánchez Alvarado, 2018) plasmid vectors incorporating either digoxigenin- or FITC-labeled UTPs. Animals for whole-mount in situ hybridization (WISH) were processed and hybridized as outlined previously (King and Newmark, 2013). Briefly, samples were sacrificed in 5% n-acetyl cysteine in 1X PBS, fixed in 4% formaldehyde in PBS with 0.3% Triton X-100 (PBS-Tx), and bleached in a formamide/hydrogen peroxide bleaching solution (5% deionized formamide, 1.2% H2O2, in 0.5X SSC). Samples were pre-hybridized for 2 hours and then hybridized with probe overnight at 56°C. Next, samples were incubated with an appropriate antibody, depending on the probe label and subsequent development strategy. For chromogenic development, samples were incubated with an anti-digoxigenin-AP antibody (Roche, 1:2000) and developed with NBT/BCIP in AP buffer. Fluorescent in situ development was performed using Fast Blue (Lauter et al., 2011) or Tyramide Signal Amplification (TSA) after incubation with anti-digoxigenin-AP or anti-FITC-POD (Roche, 1:300) antibodies, respectively, following previously described protocols (King and Newmark, 2013; Brown and Pearson, 2015). For irradiation experiments to eliminate dividing cells, worms were exposed to 60 Gy of X-ray irradiation in a Precision CellRad Irradiation System and processed for WISH 7 days post-irradiation.
Anti-phosphohistone H3 Immunohistochemistry
Animals were incubated in ice-cold 2% hydrochloric acid for 5 min and fixed for 2 h in Carnoy’s solution (60% ethanol, 30% chloroform, 10% glacial acetic acid), at 4°C. Samples were washed in methanol for 1 h at 4 °C and bleached overnight in 6% H2O2 diluted in methanol at room temperature. Animals were washed out of methanol and into PBS-Tx and blocked in 1% bovine serum albumin (BSA) diluted in PBS-Tx for 4 h at room temperature. Samples were incubated with anti-phosphohistone H3 (Ser 10) (Cell Signaling #3377, 1:1,000) diluted in 1% BSA/PBS-Tx overnight at 4°C. Washes were performed using PBS-Tx (6 × 1 h), and Samples were washed extensively in PBS-Tx (6 × 1 h) and incubated with anti-rabbit-HRP (Cell Signaling #7074, 1:1,000) diluted in 1% BSA/PBS-Tx. Signal was developed using TSA as previously described (King and Newmark, 2013).
Terminal Deoxynucleotidyl Transferase-Mediated Deoxyuridine Triphosphate Nick End-Labeling
The Terminal Deoxynucleotidyl Transferase-mediated deoxyuridine triphosphate Nick End-labeling (TUNEL) assay was performed to quantify apoptotic cells. Animals were incubated in 5% n-acetyl cysteine in PBS for 5 min and fixed in 4% formaldehyde diluted in PBS-Tx for 15 min. Samples were then permeabilized in 1% SDS diluted in PBS and bleached overnight in 6% H2O2 in PBS-Tx. As previously described, samples were then rinsed and stained using the ApopTag Kit (Millipore-Sigma) (Pellettieri et al., 2010).
Protein Extraction and Western Blotting
RNAi planarians were homogenized in TRIzol (ThermoFisher). The organic phase was recovered following the manufacturer-provided TRIzol protocol with a modified solubilization buffer (4M Urea, 0.5% SDS) to isolate proteins for western blot. An added sonication step of 10 one-second pulses was performed to increase protein recovery (Simoes et al., 2013; Duncan et al., 2015). Samples were loaded onto AnyKD TGX gels (BioRad), transferred using the semidry method to a 0.45 μm PVDF membrane, and blocked in 5% nonfat milk/TBS-Tw (Tris-buffered saline with 0.1% Tween-20). Antibodies to monoubiquityl-Histone H2A (Cell Signaling #8240), monoubiquityl-Histone H2B (Cell Signaling #5546), and anti-Ubiquitin (Cell Signaling #3933) were diluted in 5% bovine serum albumin in TBS-Tw at 1:2,000, 1:1,000 and 1:1,000 respectively and incubated overnight at 4°C. Washes were performed with TBS-Tw and anti-rabbit-HRP (Cell Signaling #7074) was diluted in 5% nonfat milk/TBS-Tw at 1:2,500 and incubated for 1 h at room temperature. Signal was developed using BioRad Clarity Western ECL Substrate (BioRad #1705061). Loading was normalized to total protein for monoubiquityl-Histone H2A and Ubiquitin blots using AnyKD TGC Stain-Free gels (BioRad). Loading for monoubiquityl-Histone H2B blots was normalized to mouse anti-β-tubulin (1:1,000 dilution, DSHB #E7) with anti-mouse-HRP secondary (1:1,000 dilution, Cell Signaling #7076).
RNA Sequencing
Worms from three independent control and experimental RNAi groups per time point were homogenized in TRIzol, and RNA was extracted and purified following manufacturer protocol. RNA was treated with the Turbo DNA-free kit and column purified using the Qiagen RNeasy MinElute Cleanup kit. Samples were sequenced on an Illumina HiSeq 4000 to a read depth of at least 15 million 150 bp paired-end reads. The sequenced reads were submitted to the NCBI BioProject PRJNA768725. Reads were pseudoaligned to the Dresden (dd_Smed_v6) transcriptome using kallisto (Bray et al., 2016), and differential gene expression analysis was performed using the R Bioconductor package (Huber et al., 2015) and DESeq2 (Love et al., 2014) with an FDR cut-off value of ≤0.1 applied. To perform Gene Ontology (GO) analysis, differentially expressed transcripts from the day 28 rnf2(RNAi) data set were compared to the human proteome using BLASTX (cut-off e-value < 1e−3). Human UniProt IDs were used as input for annotation and overrepresentation analysis (http://geneontology.org/) using Fisher’s Exact test with an FDR multiple comparisons correction cut-off of ≤0.05 applied.
Reverse Transcription Quantitative PCR
Total RNA was extracted and purified from whole worms as described above. cDNA was synthesized using the iScript Reverse Transcription Supermix for RT-qPCR Kit (BioRad #1708840). Reverse transcription quantitative PCR (RT-qPCR) was performed on a Bio-Rad CFX384 Touch Real-Time PCR Detection System using iTaq Universal SYBR Green Supermix (BioRad #1725120) with two-step cycling protocol with an annealing/extension temperature of 60.0°C. Three biological and three technical replicates were performed for each experiment. The relative amount of each target was normalized to β-tubulin (accession # DN305397), and normalized relative expression changes were calculated using the ΔΔCq method (Livak and Schmittgen, 2001). Significance was determined at a p-value < 0.05 using Student’s t-test with Holm-Sidak correction for multiple comparisons.
RESULTS
Identification of RING and U-Box E3 Ubiquitin Ligase Genes in S. mediterranea
The RING and U-Box protein domains have been identified as having a pivotal role in mediating the ubiquitylation of a target substrate (Lorick et al., 1999; David et al., 2011). To identify genes in S. mediterranea that are predicted to encode a RING/U-box domain, we filtered a reference planarian transcriptome (Brandl et al., 2016) using InterPro domain annotations and generated a list of 393 transcripts. Next, we used the predicted RING and U-box domain-containing gene transcripts to perform BLAST analysis against a curated list of human E3 ubiquitin ligases (Li et al., 2008). We found 376 planarian genes that were predicted to have homology with a human RING/U-box gene (Supplementary Table S1) and 17 planarian transcripts that, while having predicted RING or U-box domains, did not have predicted significant homology to a human RING/U-box gene. Finally, we classified these putative planarian RINGs into major subfamilies based on their homology to human genes and found representative factors for most (15/17) subfamilies (Supplementary Table S1).
A Functional Screen Reveals Genes With Roles in Planarian Stem Cell Regulation and Regeneration
To identify RING/U-box genes that regulate planarian stem cell function in tissue maintenance and regeneration, we assessed the function of 93 genes from our list (≈25%). To better identify factors that regulate regeneration, we included 72 genes predicted to be expressed in stem cells and stem cell progeny (Supplementary Table S2) based on data from a sorted-cell transcriptome (Labbé et al., 2012). RNAi treatments were performed over 4 weeks while the worms were monitored for defects in homeostasis. After 28 days, planarians were amputated to assess the effect of RNAi treatment on regeneration (Figure 1A). We found that RNAi of nine genes produced phenotypes related to stem cell function in homeostasis during regeneration (Table 1). Phenotypes observed during homeostasis included head regression, epidermal lesions, ventral curling, and lysis (Figure 1B); other genes displayed abnormalities and delays during regeneration when disrupted (Figure 1C). During homeostasis, head regression was observed after RNAi-mediated targeting of prpf19, march5, traf-2A/B, not4, rnf8-like, and bre1; lesions were observed after disruption of march5, ran, and bre-1; and ventral curling was observed after disruption of prpf19 and not4. The genes prpf19, march5, and ran were essential for worm survival, and depletion of these transcripts caused worm lysis. Knockdown of rnf8-like, bre1, rnf2, and ring1 caused defective regeneration, typically manifested as a delayed appearance of visible eyespots compared to control(RNAi) treatments. The genes that demonstrated phenotypes (Table 1) were then examined by WISH. All had broad expression patterns but showed discrete expression in major differentiated tissue types like the cephalic ganglia or the intestine (Figure 2A). We chose to analyze further the prpf19 phenotype as it was predicted to be expressed in stem cells and its phenotype of ventral curling suggested a role in regulating stem cells, and the bre1 and rnf2 phenotypes based on their known roles as epigenetic regulators during developmental processes.
[image: Figure 1]FIGURE 1 | RNAi screen of RING/U-Box E3 ubiquitin ligases identifies regulators of stem cells and regeneration. (A) Feeding and amputation schedule of RNAi screen. Worms were fed twice per week for a total of eight feeds and amputated pre-pharyngeally on day 28. (B) Knockdown of the indicated genes resulted in phenotypes, including ventral curling (N = 33/121 and 7/37 for prpf19 and not4, respectively) and lesions (white arrow, N = 11/43, 18/33, and 14/53 for ran, march5, and bre1, respectively). Animals are shown after the conclusion of the RNAi feedings and before amputation. (C) Knockdown of the indicated genes that demonstrated phenotypes of delayed or absent regeneration after amputation, as shown by the smaller than normal or absent blastemas (white arrow) and missing or faint eyespots (white arrowhead) when compared to control(RNAi) worm at the same regeneration time point (N = 37/58, 19/29, 31/36, and 21/30 trunk fragments for rnf2, ring1, traf-2A/B, and rnf8-like, respectively). Scale bars = 200 μm.
TABLE 1 | RING/U-box E3 ubiquitin ligases showing phenotypes following RNAi.
[image: Table 1][image: Figure 2]FIGURE 2 | (A) WISH expression patterns for genes showing phenotypes in the RNAi screen. All the genes examined were expressed throughout the parenchyma; a subset of genes displayed enriched expression near the cephalic ganglia or the intestine. (B) WISH analysis of prpf19 and rnf2 in untreated controls and irradiated worms. Arrows show expression in regions enriched in stem cells in untreated worms that are undetectable in irradiated worms. Scale bars = 200 μm.
Spliceosomal Factor prpf19 Is Required for Worm Survival and Stem Cell Function
The U-box gene prpf19 had enriched expression in planarian stem cells, and our initial screen revealed that its expression was required for worm survival. Other aspects of the RNAi phenotype, including head regression and ventral curling, are typically associated with the loss of stem cells or their function. These phenotypes are consistent with an earlier report for prpf19 as being up-regulated during and necessary for head regeneration in planarians (Roberts-Galbraith et al., 2016). In other organisms, prpf19 encodes a core component of the NineTeen Complex (NTC), with a well-described role in regulating mRNA splicing. Consistent with a role in an essential cellular process, we found broad expression of this gene using WISH (Figure 2A).
Consistent with our analysis of a published sorted-cell transcriptome (Labbé et al., 2012), we found that at least a subset of this expression is in the stem cells or stem cell progeny by performing WISH on worms 7 days after irradiation treatment (Figure 2B). We confirmed this observation using double fluorescent in situ hybridization (FISH) to observe co-expression of prpf19 with stem cell markers piwi-1 and h2b, and stem cell progeny markers prog-1 and agat-1 (Supplementary Figure S1A-B). As prpf19 has been shown to function as an E3 ubiquitin ligase (Song et al., 2010), we assayed the effect of prpf19 RNAi on ubiquitylated proteins in whole-worm protein extracts by western blotting using a pan-ubiquitin antibody. We did not detect changes in ubiquitylation levels compared to controls, suggesting that prpf19 disruption does not appreciably affect global ubiquitylation or has only a minor effect that is not resolvable on a total ubiquitin blot (Supplementary Figure S1C).
To investigate if the prpf19(RNAi) phenotypes observed resulted from stem cell depletion, we performed WISH to stem cell marker genes tgs-1, piwi-1, and h2b on prpf19(RNAi) and control worms. Surprisingly, all marker genes analyzed showed robust expression, even in worms where the phenotype had significantly progressed (Figure 3A). Furthermore, because prpf19 was found to be expressed in additional cell types besides stem cells (Figure 2), we examined the effect of prpf19 inhibition on epidermal differentiation by performing WISH with markers for early and late epidermal progeny, prog-1 and agat-1, respectively (Eisenhoffer et al., 2008; van Wolfswinkel et al., 2014). Consistent with the epidermal lesions observed during the progression of the prpf19 phenotype, staining for epidermal lineage markers was reduced in prpf19(RNAi) worms (Figure 3A). In addition, we analyzed relative mRNA levels after prpf19 RNAi using RT-qPCR for marker genes in the epidermal lineage. We measured the expression of zfp-1, which marks epidermal stem cells, progenitor markers prog-1 and agat-1, and the mature epidermal cell marker gene vim-1 (van Wolfswinkel et al., 2014; Tu et al., 2015). We found that levels of epidermal marker genes were reduced after prpf19 RNAi (Supplementary Figure S1D). Importantly, we did not observe a reduction in the relative expression level of epidermal stem cell marker, zfp-1, suggesting prpf19 inhibition is not causing an appreciable loss of this subset of stem cells. These results indicate that prpf19 function is not required for the maintenance and survival of planarian stem cells but may affect their differentiation into epidermal progenitors or the maintenance of post-mitotic progenitor populations.
[image: Figure 3]FIGURE 3 | Inhibition of prpf19 disrupts stem cell function but is not required for stem cell maintenance. (A) WISH to stem cell markers tgs-1 (N = 10–11), piwi-1 (N = 7–9) and h2b (N = 4), and early and late epidermal progeny markers prog-1 (N = 7–9) and agat-1 (N = 8–9), respectively, in control(RNAi) (upper panels) and prpf19(RNAi) animals at 14 (middle panels) and 18 (bottom panels) days after first RNAi feeding. (B) Representative image of animals fixed 18 days after first RNAi feeding for control(RNAi) (left, N = 24) or prpf19(RNAi) (right, N = 17) and immunostained for mitotic marker phospho-histone H3 (C) Quantification of phospho-histone H3+ cells per mm2 of worms fixed at 11, 14, and 18 days after first RNAi feed (N = 17—24 per time point). (D) Representative image of animals fixed 18 days after first RNAi feeding for control(RNAi) (left, N = 13) or prpf19(RNAi) (right, N = 16) and processed for TUNEL staining. (E) Quantification of TUNEL+ cells per mm2 of worms fixed at 11, 14, and 18 days after first RNAi feed (N = 13—16 per time point). All data are represented as mean ± SD. *p-value < 0.05, **p-value < 0.001, ***p-value < 0.0001, Student’s t-test with Holm-Sidak correction for multiple comparisons. Scale bars = 200 μm.
Inhibition of prpf19 Causes Defects in Stem Cell Proliferation and an Increase in Cell Death
Despite being dispensable for stem cell maintenance, the strong expression of prpf19 in stem cells and robust phenotypes that resulted from prpf19 inhibition suggested a role for prpf19 in regulating stem cell dynamics. To examine the effect of prpf19 RNAi on cell proliferation, we stained control(RNAi) and prpf19(RNAi) worms with anti-phospho-histone H3 (pH3) to mark mitotic cells across several time points days prior to and after the onset of the morphological phenotype. Initially, the animals showed a small but significant increase in pH3+ cells (day 11). However, we found that at the later time points (day 18), when the external phenotype is beginning to manifest, there was a significant decrease in the number of pH3+ cells in prpf19(RNAi) worms (Figures 3B,C). Furthermore, this decrease in the number of mitotic cells was not correlated with a reduction in the expression of stem cell marker genes (Figure 3A), suggesting that prpf19(RNAi) treatment may block or alter the rate of stem cell differentiation.
To better understand the severe phenotypes observed in prpf19(RNAi) worms, including epidermal lesioning and worm lysis, we assayed the worms for dying cells using TUNEL. Not surprisingly, we found an increase in TUNEL+ cells in prpf19(RNAi) worms compared to control worms at the time point before observing phenotypes, and a marked increase was observed as the prpf19(RNAi) phenotype progressed (Figures 3D,E). This result is congruous with reports of prpf19 having anti-apoptotic effects in human cell lines (Lu and Legerski, 2007). Together with the observed loss of epidermal progenitor markers (Figure 3A; Supplementary Figure S1D), the data suggests that the phenotype observed after prpf19 depletion is not caused by a loss of stem cells. Instead, the observed loss of epidermal integrity may result from abnormal stem cell function, either through impaired differentiation and homeostatic replacement of differentiated tissues or impaired proliferation. In addition, prpf19 may also have a role as an anti-apoptotic factor in differentiated tissues, resulting in increased apoptosis in prpf19(RNAi) worms.
NTC Components and Targets Are Necessary for Tissue Renewal and Regeneration
NTC is a large protein complex with various cellular roles but has its best-described role in regulating pre-mRNA splicing. Named after its founding member, prpf19, the complex is conserved between humans and yeast. NTC functions as an E3 ligase through its PRPF19 subunit to stabilize the association of snRNP spliceosome components (Figure 4A). To examine if the effects of prpf19 RNAi were being mediated through disruption of a conserved spliceosomal complex, we knocked down three homologs of core NTC component members, cdc5l, plrg1, and spf27 (Supplementary Table S3). We found that these genes were also necessary for worm survival and regeneration (Figures 4B,C). cdc5l and plrg1 are essential for NTC function in yeast and also presented very severe phenotypes in S. mediterranea, with RNAi animals phenocopying the head regression, ventral curling, and lysis that we observed after prpf19 RNAi. spf27(RNAi) worms displayed a milder phenotype than other NTC genes examined and showed delayed or absent regeneration in 28/37 head fragments and 33/37 trunk fragments; an additional three trunk fragments showed a more severe ventral curling and lysis phenotype. Also, we postulated that if the prpf19 RNAi phenotype resulted from its ubiquityl ligase activity within the NTC complex, inhibiting prpf3 or prpf8 should result in a similar phenotype. Indeed, we found that prpf3(RNAi) and prpf8(RNAi) worms exhibited severe phenotypes like prpf19 RNAi animals, including head regression, ventral curling, epidermal lesions, and lysis (Figure 4D). WISH analysis of NTC genes prpf3 and prpf8 demonstrated broad parenchymal expression patterns like prpf19, with prpf8 showing a noticeable stem cell expression pattern (Supplementary Figure S2). The similar phenotypes and expression patterns observed for other NTC components and factors downstream to prpf19 suggested that the prpf19(RNAi) phenotype is mediated through its role in NTC, and that the NTC and spliceosome function is critical for stem cell regulation during homeostasis and regeneration.
[image: Figure 4]FIGURE 4 | prpf19-associated factors and downstream targets recapitulate prpf19(RNAi) phenotypes. (A) Prpf19 acts as an E3 ligase in NTC, interacting with core complex members PLRG1, CDC5l, and SPF27 to modify U4/U6 snRNP subunit PRPF3 with nonproteolytic K63-linked ubiquitin chains. This ubiquityl mark stabilizes the interaction of PRPF3 with U5 snRNP subunit PRPF8 to allow the stable formation of the U4/U6.U5 tri-snRNP and the catalytic activity of the spliceosome. (B) Knockdown of indicated NTC core components cdc5l and plrg1 displaying head regression (N = 19/41 and 24/44 respectively) and lysis (N = 39/41 and 20/44, respectively). (C) Knockdown of NTC core component spf27 caused a reduced and delayed regenerative response in amputated worms. At 6 days post-amputation, spf27(RNAi) worms have smaller blastemas compared to control(RNAi) worms at the same time point. At day 11 post-amputation, the regenerative response in control(RNAi) worms is largely concluded with large blastemas and visible reformed eyespots present in trunk fragments. In comparison, spf27(RNAi) worms have smaller blastemas (N = 28/37 for head fragments), and tail fragments have not regenerated normal eyespots (N = 33/37). (D) Inhibition of Prpf19 target prpf3 and ubiquityl-Prpf3 binding factor prpf8 demonstrate phenotypes like prpf19(RNAi) and includes head regression (N = 19/32 and 7/32, respectively), lesions (N = 5/32 and 19/32, respectively), ventral curling (5/32 and 15/32, respectively) and lysis (N = 32/32 and 32/32, respectively). Scale bars = 200 μm.
Histone-Modifying Ubiquitin Ligases Are Essential for Regeneration and Homeostasis
Ubiquitylation of histone H2B is associated with transcriptional activation and, in mammals, is mediated by the E3 ligase complex RNF20/40 (Bre1 in yeast) (Henry et al., 2003; Hwang et al., 2003). We found that planarians have a single homolog for this complex named Smed-bre1 (referred to as bre1 hereon). RNAi knockdown of bre1 caused the worms to exhibit head regression and lesions prior to day 28 of treatment in 33/53 worms assayed (Figure 1B). Furthermore, most bre1(RNAi) worms failed to regenerate when amputated, and many lysed with 31/53 head fragments and 21/53 trunk fragments lysing by the end of the observation period (day 14 post-amputation). To investigate if bre1(RNAi) affected global levels of monoubiquityl-histone H2B (H2Bu1), we performed a protein blot using an H2Bub1-specific antibody. We found reduced levels of H2Bu1 in whole worm homogenates as soon as 14 days after beginning RNAi treatment (Figure 5).
[image: Figure 5]FIGURE 5 | Western blot analysis shows a reduction in H2Bub1 levels following disruption of bre1 function at days 14, 21, and 28 of RNAi treatment.
In contrast to histone H2B ubiquitylation, monoubiquitylation of histone H2A is associated with transcriptional repression. It occurs in various cellular contexts, including developmental processes, stem cell regulation, and the DNA damage response. Histone H2A is targeted for ubiquitylation by RING1 and RNF2, which act as RING E3 ligases within PRC1. PRC1 is active during development to monoubiquitylate histone H2A (Wang et al., 2004) and stably silence genes (Bunker and Kingston, 1994) (Figure 6A). We identified two candidate homologs of RING1 and RNF2 and found that depletion of each caused delayed or absent regeneration compared to controls (Figure 1C). These phenotypes were most evident in the trunk fragments where 37/58 rnf2(RNAi) and 19/29 ring1(RNAi) worms exhibited a delayed regeneration phenotype (measured by the appearance of dark eyespots) compared to 7/54 and 2/30 control(RNAi) worms assayed at the same regeneration time point (7 days post-amputation). Of the 37/58 rnf2(RNAi) trunks and 19/29 ring1(RNAi) trunks with regeneration defects, 13/37 and 4/19 failed to form regeneration blastemas, respectively, whereas all control(RNAi) worms formed normal-sized blastemas (Figure 1C). No obvious phenotypes were observed during homeostasis, even during long-term RNAi treatment (>16 feeds over 8 weeks). To assess if the ubiquityl ligase activity of rnf2 towards histone H2A was conserved in planarians, we examined bulk levels of H2Aub1 by protein blot analysis using an H2Aub1 specific antibody and observed markedly reduced levels of H2Aub1 after rnf2 inhibition (Figure 6B). In contrast, we found that ring1 RNAi did not appreciably affect global H2Aub1 levels (Supplementary Figure S3A), consistent with rnf2 being the primary E3 ligase responsible for H2A ubiquitylation (de Napoles et al., 2004; Wang et al., 2004).
[image: Figure 6]FIGURE 6 | RNAi-mediated inhibition of canonical PRC1 function disrupts pharyngeal patterning and histone ubiquitylation. (A) Composition and function of PRC1. PRC1 functions to ubiquitylate histone H2A and compact chromatin to repress gene expression. (B) Western blot analysis showed a reduction in H2Aub1 levels following rnf2 inhibition across three biological replicates and two experimental time points. (C) RNAi of PRC1 genes phc and cbx causes phenotypes of a dorsal lesion anterior to the pharynx (N = 40/95 and N = 14/32 for phc and cbx, respectively) and mislocalization of the pharynx on the dorsal surface of the worm (observed eight times in six phc RNAi experiments). (D) WISH to NB.22.1E marks the marginal adhesive gland cells, mouth opening, and a population of cells at the base of the pharynx and for laminin, which marks the pharynx in control(RNAi) animals (upper panels) and phc(RNAi) animals at days 21 (middle panels, N = 7–9) and 28 (bottom panels, N = 10–11) after the first RNAi treatment. Scale bars = 200 μm.
Disruption of Canonical PRC1 Subunit phc Affects the Patterning of the Planarian Pharyngeal Body Region
In vertebrates, the composition of PRC1 is variable (Gao et al., 2012); the complex is defined by which of the six mammalian paralogs of PGCF is present. PCGF2 and PCGF4 define the mammalian canonical PRC1 complex (cPRC1), which also includes one each of several chromobox (CBX) and Polyhomeotic (PHC) paralogs (Figure 6A). We identified planarian homologs for these PRC1 genes and found a single homolog each for cbx and phc and two for pcgf (Supplementary Table S3). To investigate if the phenotypes for rnf2(RNAi) and ring1(RNAi) were mediated through their function in cPRC1, we used RNAi to deplete cbx, phc, pcgf2, and pcgf3.
In contrast to the impaired regeneration but normal homeostasis observed after rnf2 or ring1 knockdown, RNAi for phc or cbx exhibited a complex homeostasis phenotype that included the abnormal appearance of a dorsal lesion anterior to the pharynx (Figure 6C). In some cases, we observed the pharynx protruding from the lesioned region and extending ectopically from the dorsal surface of the worm. As the phenotypes progressed, these RNAi worms began to exhibit defects along the body axis, showing crimped tails unable to affix to the dish and epidermal lesions. We also assayed the effect of inhibition of the canonical PRC1 genes on H2Aub1 levels. We found that inhibition of phc or cbx did not impact bulk H2Aub1 levels (Supplementary Figure S3A), suggesting that planarian cPRC1 is not responsible for bulk H2Aub1 deposition, consistent with findings in vertebrates (Fursova et al., 2019). Both phc and cbx had similar mRNA expression patterns, suggesting they have the potential to function in the same complex (Supplementary Figure S3B). This expression pattern overlapped with the diffuse parenchymal expression pattern for rnf2 and ring1 (Figure 2A) but had more robust expression near the planarian brain and intestinal branches, the latter of which are areas known to be enriched in stem cells.
Although similar, the penetrance of the phc(RNAi) phenotype was more robust than for cbx(RNAi), and we chose to examine the phc(RNAi) phenotype further using known markers of tissue patterning. The appearance of a dorsal lesion and mislocalization of the pharynx to the dorsal surface in phc(RNAi) animals suggests that PRC1 may be involved in maintaining pharynx tissues or regulating genes that provide axial positioning cues to stem cell progeny during homeostatic tissue turnover. To test these hypotheses, we first examined dorsal-ventral patterning factor bmp-4 (Gavino and Reddien, 2011) and anterior-posterior factor ndl-3 (Rink et al., 2009) expression after disrupting phc. We did not observe a noticeable change in the expression pattern of these genes relative to the controls (Supplementary Figure S3C). We then further examined genes that mark specific tissues related to the pharynx, including the pharynx marker laminin (Adler et al., 2014) and the gene NB.22.1E (Tu et al., 2015), which labels marginal adhesive gland cells, the ventral mouth opening, and a population of cells near the base of the pharynx. Following phc inhibition, we observed that laminin expression was reduced to a single condensed spot of expression near the location of the dorsal lesion and a few scattered cells near the midline (Figure 6D). Likewise, we observed the specific disappearance of the NB.22.1E+ population of cells near the anterior end of the pharynx following phc(RNAi). In contrast, expression along the body margin and ventral mouth opening was unaffected (Figure 6D). These data establish a role for PRC1 factors in maintaining specific tissue identity in a non-embryological context.
RNA-Seq Analysis after rnf2 and phc RNAi Inhibition Reveals Candidate Transcriptional Targets of PRC1
To investigate which genes are differentially expressed after PRC1 disruption and to understand the transcriptional basis for the rnf2 and phc RNAi phenotypes, we performed RNA-seq. We chose time points based on the phenotypic progression, quantitative PCR analysis to confirm a robust reduction in target RNAi transcript levels (not shown), and, for rnf2(RNAi), protein blot analysis to ensure the RNAi treatment was reducing levels of H2Aub1. Based on these parameters, we extracted RNA after 11 days of phc RNAi treatment and 14 and 28 days after rnf2 RNAi (Supplementary Figure S4A). We identified 264 unique differentially expressed genes (126 down-regulated and 138 up-regulated) combined between the two time points sampled after rnf2(RNAi) (Figures 7A,B, Supplementary Figure S4B). Not surprisingly, an extended rnf2 RNAi treatment led to an increase in the number of differentially expressed genes: 247 genes were differentially expressed after 28 days compared to 29 after 14 days of treatment (Figure 7A). Also, there was substantial overlap between the rnf2(RNAi) data sets, with 12 of 29 genes in the day 14 data set represented in the day 28 data set (Supplementary Figure S4C). After 11 days of phc(RNAi), 49 genes were differentially expressed: 20 were down-regulated and 29 up-regulated (Figures 7A,C). Consistent with a repressive role in transcriptional regulation, more genes were significantly up-regulated when either phc or rnf2 was inhibited. Importantly, rnf2 and phc were each significantly down-regulated when targeted for RNAi.
[image: Figure 7]FIGURE 7 | Loss of PRC1 function causes changes to gene expression levels and spatial patterning. (A) Summary of the total number of differentially expressed genes detected following RNAi knockdowns. (B) Volcano plot of differentially expressed genes after 28 days of rnf2 RNAi treatment. (C) Volcano plot of differentially expressed genes after 28 days of phc RNAi. (D) WISH analysis of select genes that were differentially expressed by following rnf2 RNAi (N = 6–12 animals per group). (E) WISH analysis of selected genes indicated to be differentially expressed after phc RNAi knockdown (N = 6–10 animals per group). The length of time each probe was developed was equal between target RNAi and control RNAi samples. Arrows indicate up- or down-regulated expression measured by RNA-seq. Red arrows highlight regions with changed expression after RNAi in the worm’s brain (D) and mouth (E) regions. White arrows indicate regions of ectopic gene expression after RNAi treatment. Scale bars = 200 μm.
Surprisingly, despite being predicted to function in a complex together, only a single differentially expressed gene was found in common between the phc(RNAi) and rnf2(RNAi) data sets. Intriguingly, this gene was cbx, which encodes a chromatin-binding element within PRC1 and was the most significantly up-regulated gene after phc knockdown. This overall lack of overlap between the data sets suggests that phc and rnf2 regulate different processes and pathways in vivo, and this difference explains the disparate phenotypes observed after RNAi treatment.
To gain insight into the RNA-seq expression data, we performed Gene Ontology (GO) analysis on the differentially expressed gene set from the day 28 rnf2(RNAi) gene set. The down-regulated genes were significantly enriched for GO biological process terms related to metabolic and catabolic processes (Supplementary Figure S4D). Conversely, among GO terms enriched in up-regulated genes were cellular stress, especially low oxygen conditions, including “response to hypoxia” (GO:0001666), “cellular response to decreased oxygen levels” (GO:0036294), “ATF6-mediated unfolded protein response” (GO:0036500), “regulation of transcription from RNA polymerase II promoter in response to stress” (GO:0043618), “chaperone cofactor-dependent protein refolding” (GO:0051085), “protein folding in endoplasmic reticulum” (GO:0034975), and “protein refolding” (GO:0042026) (Supplementary Figure S4E). These GO annotations suggest that rnf2 activity represses cellular responses to stress during normal homeostatic conditions and that epigenetic mechanisms facilitate the switch between homeostasis and cellular stress responses.
To investigate the spatial expression changes of differentially expressed genes from our RNA-seq data sets, we selected a subset to examine using WISH after phc or rnf2 RNAi (Supplementary Table S3). For rnf2(RNAi), we selected 33 differentially expressed genes that were predicted to be involved in the extracellular matrix, stress response factors, cell signaling, and chromatin regulation or transcription and assayed their expression after rnf2 depletion. In general, rnf2(RNAi) caused a subtle effect on tissue-specific gene expression levels. However, in some instances, a robust change in expression occurred in rnf2(RNAi) worms, as seen clearly for Smed-colec10 and Smed-colec11; expression of these genes is nearly undetectable in control worms as compared to rnf2(RNAi) worms (Figure 7D). Taken together, the GO and in situ analyses indicate that rnf2 functions in broad cellular processes and that it maintains gene expression in differentiated tissues at appropriate levels.
In contrast to the mild effect on tissue-specific gene expression observed in rnf2(RNAi) animals, assaying mRNA expression of putative PHC target genes revealed striking changes in expression levels and spatial patterning in phc(RNAi) worms. We examined 11 genes using in situ hybridization, including genes involved in cell adhesion, cell signaling, transcription, and chromatin regulation. For 7 of these 11 genes, strong ectopic expression was observed after phc RNAi in the region of the worm where the dorsal lesion forms (Figure 7E). Genes ectopically expressed in this region included the cell adhesion factor icam5, the Cut homeobox transcription factor onecut1, and roar, which encodes an orphan nuclear receptor. We also found several chromatin regulators that were misexpressed in the region near the pharynx, including cbx, pc-like, smc4, and kat6a. Additionally, we found that the extracellular matrix protein egflam, which is normally expressed in the nervous system and pharynx tip, was significantly down-regulated throughout the worm. These data both validate our RNA-seq data and point to tissue-specific transcriptional changes that correlate strongly with tissue-specific functional changes. The ectopic expression of specific factors and disruption of NB.22.1E and laminin expression at the site of tissue defects in phc(RNAi) worms indicates that phc function is required to maintain the proper specification and integrity of tissues in this body region.
DISCUSSION
To address the role of ubiquitin signaling in stem cell regulation and regeneration in an in vivo, whole organism context, we performed a functional screen of the RING/U-box class of E3 ubiquitin ligases that are expressed in stem cells and progeny in S. mediterranea. The screen identified nine genes that demonstrated phenotypes related to stem cell function or regeneration, building on previous studies from our lab on the HECT (Henderson et al., 2015) and Cullin-RING (Strand et al., 2018) classes of E3 ligases. In addition, other studies have also uncovered roles for RING/U-box E3s in planarian regeneration, including TNF Receptor Associated Factor (TRAF)-like genes and prpf19 (Roberts-Galbraith et al., 2016; Ziman et al., 2020).
Consistent with previous reports (Swapna et al., 2018; Ziman et al., 2020), we found that the TRAF-like family genes are expanded in planarians (Supplementary Table S1). While the evolutionary significance of this expansion remains unresolved, numerous expression and functional studies (discussed in detail in Ziman et al., 2020) in S. mediterranea and Dugesia japonica have uncovered roles for TRAF-like genes in regulating the immune response (Arnold et al., 2016; Pang et al., 2016), regeneration (Rouhana et al., 2010), and homeostasis (Ziman et al., 2020). Our finding that traf-2A/B is necessary for tissue homeostasis and cell survival (Table 1) agrees with Ziman et al. (2020). Further work will be necessary to resolve the mechanistic basis for how TRAF-signaling regulates homeostasis and stress and infection responses in planarians.
prpf19 is the founding member of the large protein complex NTC. First characterized in yeast, the best-described role for NTC is in the spliceosome, where the E3 ligase function of Prpf19 is essential for forming snRNP conformations (Song et al., 2010). We found that depletion of prpf19 caused a strong homeostasis phenotype that included head regression, lesioning, ventral curling, and lysis, all of which are morphological effects often caused by stem cell depletion (Figure 1B). We depleted other NTC member genes in this study and observed similar phenotypes to prpf19(RNAi), suggesting that the prpf19(RNAi) phenotype is mediated through its role in NTC. Additional biochemical evidence will be necessary to demonstrate that these factors are working together formally and mediate splicing in planarian cells. In addition, we found that the stem cell population was maintained in prpf19(RNAi) worms, suggesting an alternative mechanism of dysregulation. This result is consistent with a previous study that observed a similar phenotype upon depletion of prpf19, which showed an effect on head regeneration without disrupting the stem cells (Roberts-Galbraith et al., 2016). We investigated the dynamics of the epidermal progenitor populations after prpf19 inhibition and found the patterning of epidermal progenitor cells to be disrupted (Figure 3A). However, further analysis of other progenitor lineages will be necessary to determine if prpf19 has a general role in promoting differentiation or if this function is restricted to specific lineages, such as the epidermal cells. Future studies should examine the role of prpf19 in splicing by sequencing RNAs, including pre-mRNAs, to test if there are transcripts that are especially sensitive to disruption of mRNA splicing and if mis-spliced transcripts are related to the differentiation of stem cells.
Post-transcriptional RNA processing is emerging as a major regulator of planarian stem cells and differentiation. The PIWI homolog smedwi-2 was identified as nonessential for stem cell maintenance but necessary for proper differentiation (Reddien et al., 2005), and smedwi-3 was shown to regulate stem cell mRNAs through two distinct activities (Kim et al., 2019). A screen of planarian ribonucleoprotein granule component homolog genes demonstrated that most were expressed in planarian stem cells and that depletion of several genes, including mRNA turnover factors, exoribonucleases, and DEAD-box RNA helicases, inhibited regeneration without affecting proliferation or stem cell maintenance (Rouhana et al., 2010). Similarly, the CCR4-NOT complex regulates the post-translational degradation of mRNAs and has been shown to have a critical role in planarian stem cell biology (Solana et al., 2013). The phenotype of CCR4-NOT complex member gene Smed-not1 was reported to have a similar phenotype to prpf19, in which the animals maintained proliferative stem cells despite presenting a phenotype that suggests loss of tissue renewal (Solana et al., 2013). This study found that an additional CCR4-NOT subunit, not4, is critical for worm homeostasis and causes head regression and ventral curling upon inhibition (Figure 1B). This phenotype is consistent with that of not1(RNAi); however, in the future, it will be necessary to examine the stem cell population using marker genes in not4(RNAi) worms to resolve if the phenotype is mediated through a similar mechanism. Regulation of mRNAs in planarian stem cells by several pathways, including piRNAs, deadenylation, or splicing, is crucial for homeostasis and regeneration while being dispensable for stem cell maintenance. These studies implicate post-transcriptional regulation of mRNAs in planarian stem cells as a critical process for regulating differentiation.
Epigenetic regulation of gene expression is essential during development and throughout organismal life. Our RNAi screen uncovered planarian homologs of histone-targeting RING E3 ubiquitin ligases that affected worm homeostasis and regeneration and confirmed that inhibition of bre1 and rnf2 reduced levels of monoubiquityl-histone H2B and H2A, respectively. This work demonstrates that activating and repressive signals provided through histone modifiers are essential for the proper specification of stem cells and maintaining cellular identity during both homeostasis and regeneration. PRC1 is a major repressive complex that works during development to ubiquitylate histone H2A, compact chromatin, and silence target gene expression (Shao et al., 1999; Francis et al., 2004; Wang et al., 2004; Pengelly et al., 2015; Tamburri et al., 2019; Blackledge et al., 2020). PRC1 function was first discovered and was best characterized as a repressor of the HOX genes during development (Lewis, 1978). The core PRC1 complex is defined by a RING and PCGF protein that forms canonical (cPRC1) or variant PRC1 (vPRC1) depending on the presence of additional factors (Conway and Bracken, 2017). The RING subunit acts as an E3 ligase that targets histone H2A, and in vertebrates is either RING1 or RNF2 (Cao et al., 2005). In contrast to Drosophila, we found that planarians have two homologs of RING1 and RNF2. While these are likely to be lineage-specific paralogs instead of direct homologs of each vertebrate gene, we find that, as in vertebrates, the S. mediterranea rnf2 paralog acts as the major ligase and is responsible for the bulk of histone H2A ubiquitylation. We did not observe a noticeable difference in global H2Aub1 levels after Smed-ring1 inhibition (Supplementary Figure S3A). However, as both genes demonstrated similar regeneration-specific phenotypes, they may share common targets or pathways.
In contrast to rnf2(RNAi), when we perturbed other cPRC1 core elements phc and cbx, we did not see a reduction in bulk H2Aub1 levels by western blotting (Supplementary Figure S3A). Work in mammalian cell lines has determined that vPRC1 activity is responsible for most H2A ubiquitylation with a minimal contribution from cPRC1 complexes (Blackledge et al., 2014; Fursova et al., 2019). Invertebrates were not thought to contain vPRC1, but more recent phylogenic analysis that included a greater variety of invertebrate model organisms indicates that vPRC1 likely evolved as early as cnidarians (Gahan et al., 2020). Our protein blot results show a minimal contribution of cPRC1 genes cbx and phc to overall H2Aub1 levels in vivo, and the presence of two S. mediterranea pcgf genes support the potential existence of vPRC1 in S. mediterranea. Further work will be needed to elucidate the biochemical composition of PRC1, including any variant complexes that might exist, to show the direct interaction of these factors in a functional E3 ligase complex.
To gain insight into which genes are regulated by rnf2 and phc, we performed RNA-seq following RNAi. Consistent with predicted roles in transcriptional repression, inhibiting the function of either gene led to more up-regulated than down-regulated differentially expressed genes. The only gene shared between the data sets was cbx, which was significantly up-regulated in both rnf2 and phc RNAi worms. This finding suggests a possible model in which PRC1 complexes autoregulate their expression in planarians, such that the disruption of one PRC1 component causes a compensatory response involving other chromatin factors. Additionally, our GO analysis found that rnf2 regulates genes related to the cellular stress response. When we examined the expression of differentially regulated genes from our RNA-seq data set using WISH, we observed that gene expression changes in rnf2(RNAi) animals occurred mainly within the endogenous expression pattern. These data support a role for RNF2 and potentially H2A ubiquitylation, in tuning transcription levels within a particular cell type, especially for pathways that are adaptive and responsive to stressful stimuli.
In contrast to rnf2(RNAi), we saw dramatic shifts in the spatial expression of specific genes after phc(RNAi), including several genes that showed ectopic expression near the base of the pharynx where lesions formed in phc(RNAi) planarians. We observed both up- and down-regulation of genes that encode extracellular matrix and intercellular adhesion molecules such as intercellular adhesion molecule 5 and pikachurin, respectively, suggesting that their dysregulation is likely linked to the formation of the dorsal lesion seen. Interestingly, RNA-seq did not detect differential expression of foxA, which is required to specify pharyngeal tissues, nor did we find any overlap with our data set and factors that are upregulated after the amputation of the pharynx (Adler et al., 2014). The anatomical location of misexpressed genes after phc RNAi correlates strongly with the location of pharynx progenitors, but our RNA-seq data set did not recover differential expression of known pharynx genes. It is possible that the pharynx specification gene response is temporally shifted in phc(RNAi) animals, which could be tested by increasing the number of time points. In addition, assaying the direct localization of PHC in the genome could uncover loci that are regulated by PHC.
The ectopically expressed genes also included regulators of cellular specification, including nuclear receptors, transcription factors, and chromatin modifiers. One gene we identified as being misexpressed after phc depletion was that encoding the nuclear factor onecut1, a CUT and homeobox domain-containing transcription factor that promotes hepatocyte proliferation, remodels chromatin accessibility, and promotes tumor growth in colorectal cancers (Jiang et al., 2019; van der Raadt et al., 2019; Peng et al., 2020). Based on its role in regulating transcription and tissue identity in other animal models, we suspect it may be contributing to the change in patterning near the pharynx. Future investigation will elucidate if onecut1 misexpression drives regional tissue misspecification and if inhibition of onecut1 suppresses the phc(RNAi) phenotype.
PRC1 regulates gene expression through the post-translational ubiquitylation of histone H2A and by compacting chromatin. A deeper understanding of the functional role of this complex in regulating regeneration will require uncovering its specific biochemical composition and genomic elements it targets. In the future, assays like ChIP-seq (Lee et al., 2006) or CUT&RUN (Skene and Henikoff, 2017) could be used to identify the localization of H2Aub1 in the planarian genome and inform how genes are regulated epigenetically to promote a robust regenerative response during injury and tissue re-specification and remodeling.
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Imaging Arm Regeneration: Label-Free Multiphoton Microscopy to Dissect the Process in Octopus vulgaris
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Cephalopod mollusks are endowed with an impressive range of features that have captured the attention of scientists from different fields, the imaginations of artists, and the interests of the public. The ability to spontaneously regrow lost or damaged structures quickly and functionally is among one of the most notable peculiarities that cephalopods possess. Microscopical imaging techniques represent useful tools for investigating the regenerative processes in several species, from invertebrates to mammals. However, these techniques have had limited use in cephalopods mainly due to the paucity of specific and commercially available markers. In addition, the commonly used immunohistochemical staining methods provide data that are specific to the antigens studied. New microscopical methods were recently applied to vertebrates to investigate regenerative events. Among them, multiphoton microscopy appears promising. For instance, it does not depend on species-related epitopes, taking advantage of the specific characteristics of tissues and allowing for its use in a species-independent way. Here, we illustrate the results obtained by applying this label-free imaging technique to the injured arm of Octopus vulgaris, a complex structure often subject to injury in the wild. This approach allowed for the characterization of the entire tissue arm architecture (muscular layers, nerve component, connective tissues, etc.) and elements usually hardly detectable (such as vessels, hemocytes, and chromatophores). More importantly, it also provided morpho-chemical information which helped decipher the regenerative phases after damage, from healing to complete arm regrowth, thereby appearing promising for regenerative studies in cephalopods and other non-model species.
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INTRODUCTION
Arm and tentacles in cephalopod mollusks are structures lacking fluid-filled cavities and hard skeletal support. These animals utilize their appendages for environmental exploration, prey manipulation, mating, and communication (for a review, see, for example, Villanueva et al., 2017). O. vulgaris arms have been subject to particularly detailed investigation because their peculiar architecture empowers possessing animals with high degrees of freedom in movement, including fine manipulation abilities and muscular softening–stiffening control. The architecture of O. vulgaris arms, in turn, has inspired the construction of robotic models (Cianchetti et al., 2011) for medical applications (e.g., minimally invasive surgical systems; Cianchetti et al., 2014) and underwater exploration and sampling (Calisti et al., 2015). Such an extensive use of appendages makes these structures susceptible to a high risk of damage.
It has been estimated that, in Octopus digueti, around 26% of the population presents an arm injury (Voight, 1992), an incidence reaching 51% in O. vulgaris (Florini et al., 2011). A similar frequency was recently also confirmed by Voss and Mehta (2021), who reported a 59.8% of incidence of injury in one or more arms in museum specimens of various octopus species (i.e., O. bimaculatus, O. bimaculoides, and O. rubescens).
Moreover, the capacity to quickly heal and regenerate these structures, even after severe injury or complete loss, is a peculiar feature of octopuses that has been under investigation since scientists first reported it in 1856 (Steenstrup, 1856).
The majority of studies examining the regenerative capacities of appendages in cephalopods are, however, mostly descriptive and focused on macroscopical events; only in recent years has attention to the cellular and biological machinery of regeneration begun to escalate (Fossati et al., 2013; Fossati et al., 2015; Zullo et al., 2017). One of the main issues hindering an in-depth examination of regenerative processes remains the limited number of markers that are commercially available and specifically designed for these organisms (Wollesen et al., 2009; Imperadore et al., 2018; Zullo et al., 2020), thereby reducing the potential for direct imaging.
Recently, new microscopical methods have been applied to vertebrate models and may help resolve the issue of marker paucity in cephalopods and other non-model invertebrates. Vibrational spectroscopy, the collective term used to describe the analytical techniques of infrared and Raman spectroscopy, appears to be extremely helpful in this sense. Vibrational spectroscopy is a label-free technique for probing vibrational energy levels associated with chemical bonds in a non-destructive and non-invasive manner, allowing the collection of comprehensive information about sample composition. In turn, coherent anti-Stokes Raman scattering (CARS) microscopy is a non-linear variant of Raman spectroscopy that provides intensity information about single-molecular vibration modes at sub-micrometer resolution. In combination with endogenous two-photon excited fluorescence (TPEF) and second harmonic generation (SHG), CARS generates large datasets about the tissue under examination and allows for the acquisition of morpho-chemical information comparable to standard histopathology; for instance, it has been proven suitable both for ex vivo and in vivo samples (Evans et al., 2005; Bocklitz et al., 2020). One of the potentially most useful applications of this technique is in the evaluation of mammalian disease states, including the production of high-resolution imaging of myelin sheets in physiological and pathological conditions (Huff and Cheng, 2007), and the identification of vessel tissue components to monitor the onset and progression of arterial diseases, such as atherosclerosis or aneurysms (Wang et al., 2008; Sehm et al., 2020). This approach has proved to be exceptionally versatile; it has been applied to the study of axon regeneration after spinal cord or peripheral nerve lesions in mammals (Morisaki et al., 2013), amphibians (Uckermann et al., 2019) and even invertebrates (Imperadore et al., 2018), facilitating comparison among animal species because it does not rely on species-related epitopes.
Recently, we applied CARS microscopy in combination with TPEF and SHG on cephalopods for the first time, using the regenerating pallial nerve of O. vulgaris as case study. We highlighted structures, tissues, and cells implicated in regeneration and degeneration by evaluating the status of axons and cells involved in debris removal as well as the connective tissues driving neural fibers. Such evidence would, otherwise, have proven hardly detectable with classical staining methods; at the very least, they would have required several techniques in order to be revealed (Imperadore et al., 2018).
In the current study, we applied multiphoton microscopy to the octopus’ arm, a structure with a high level of structural complexity. The arm is composed of nervous, muscular, endothelial, vascular, and other tissues that, after severe damage or complete loss, regenerate, resuming full functionality and complexity of the uninjured arm. By comparing multiphoton microscopy images with classical histological staining and immunohistochemistry (IHC), we highlighted phases and key events during stump healing and regeneration and detected tissues and cells involved.
MATERIALS AND METHODS
Ethical Statement
Cephalopods are included in the Directive 2010/63/EU and, thus, regulated for their use in scientific research (Fiorito et al., 2014; Fiorito et al., 2015). Experiments included in this study were carried out in 2018 on tissue samples originating from wild animals. This study has been granted an ethical clearance for “label-free multiphoton microscopy for the investigation of the process of arm regeneration in Octopus vulgaris” by the institutional AWB (OBA: case 4/2021/ec AWB-SZN -28 June 2021).
Animals, Surgery, and Sample Collection
This study was carried out on recently deceased Octopus vulgaris (N = 6; four males, two females, body weight: 194–402 g) collected from fishermen (Bay of Naples, Mediterranean Sea, Italy) during spring (seawater temperature range: 15–20°C). The animals were selected for the presence of one or more damaged arms in the phase of healing or regeneration (following stages reviewed in the study by Imperadore and Fiorito (2018)).
In the cases of octopuses still showing signs of life, the animals were euthanized (3.5% MgCl2 in seawater, > 30 min), and death confirmed by transection of the dorsal aorta (Fiorito et al., 2015).
Quality of tissues was assessed through classical histological methods and was found suitable for immunohistochemistry and multiphoton microscopy imaging.
Damaged and corresponding contralateral uninjured arms (control) were harvested (∼3 cm in length) for a total number of 23 samples. For the control, the arm tip (i.e., the most distal part) and a piece of arm at around 50% of its length (proximal) were also collected.
The dissected samples were immediately processed, following the study by Imperadore et al. (2017). In brief, the tissues were fixed in 4% PFA in seawater (3 h), followed by PBS (pH 7.4) washes, and immersion in sucrose 30% (in PBS) until sinking. The samples were then embedded in freezing and blocking medium (OCT; Leica Biosystems) and stored at −80°C until use. Cryostat (Leica CM3050 S) sections (either 30 or 150 µm) were mounted on SuperFrost Plus glass slides.
Two additional control arm tips were harvested, fixed, and stored in PBS to image the whole mount sample.
Multiphoton Microscopy
The cryostat sections were air-dried for 30 min, rehydrated in PBS, and covered with a glass coverslip. Imaging was performed with an optical microscope Axio Examiner Z.1 coupled to a laser scanning module LSM 7 (Carl Zeiss AG, Jena, Germany) equipped with non-descanned detectors. An erbium fiber laser (Femto Fiber pro NIR from Toptica Photonics AG, Munich, Germany) provides excitation for TPEF and SHG by emitting at 781 nm with a pulse length of 1.2 ps and a maximum nominal power of 100 mW. The TPEF signal was acquired in the spectral range 500–550 nm, while the SHG signal was retrieved using a band-pass filter centered at 390 nm. CARS excitation needed a second laser source (i.e., the Femto Fiber pro TNIR from Toptica Photonics AG) which is tunable in the range 850–1,100 nm and has a pulse length of 0.8 ps. In all CARS experiments, the wavelength was set to 1,005 nm (emitted power 1.5 mW) in order to resonantly excite the symmetric stretching vibration of methylene groups at 2,850 cm−1. CARS, TPEF, and SHG were simultaneously excited and acquired with a W Plan-Apochromat 20x/1.0 (Carl Zeiss AG) (for a schematic diagram of the system used for multiphoton microscopy, see Supplementary Figure S1).
For multimodal imaging of thicker slices (150 µm thickness) and whole arm tips, a Leica SP8 CARS microscope with SRS upgrade (special part request, Leica Microsystems GmbH, Mannheim, Germany) was used. A picoEmerald S Optical Parametric Oscillator (APE Angewandte Physik und Elektronik GmbH, Berlin, Germany) provides a Stokes beam at 1,031 nm and a tunable pump beam in the range of 720–970 nm. The two pulse trains (pulse duration 1–2 ps) were spatially and temporally overlapped. The images were acquired using a ×25 water objective (HCX IRAPO L ×25/NA 0.95/water, Leica Microsystems, Mannheim, Germany), and signals in the forward direction were collected using an air condenser (NA 0.4, Leica Microsystems, Mannheim, Germany). Forward CARS (2850cm−1, CH2-stretch vibration) was spectrally filtered by a short-pass filter SP750, a beam splitter BS560, and a band-pass filter BP670/125. SHG was detected in parallel and spectrally filtered by a short-pass filter SP750, a beam splitter BS560, and a band-pass filter BP465/170. Signals in the epi-direction were spectrally separated in SHG in the range from 400 to 510 nm and TPEF from 515 to 640 nm. All z-stacks were recorded with a voxel size of 0.2 µm × 0.2 µm × 3.0 µm. Z-stacks range from 100 to 130 µm in height.
The resulting multimodal RGB images are represented as follows: red channel = CARS, green channel = TPEF, and blue channel = SHG.
The images were processed with LAS X (Leica Microsystems, Mannheim, Germany) and Zen Blue Edition (Carl Zeiss, AG, Jena, Germany) software.
Light Microscopy
Following multiphoton imaging, the coverslip was carefully removed in PBS and slides used for immunohistochemistry or stained with hematoxylin and eosin (H&E). The H&E staining protocol consisted of a 2-min bath in Meyer hematoxylin followed by a 5-min step in tap water and 20 s in eosin.
IHC was performed as previously described (Imperadore et al., 2017). In brief, after blocking in normal goat serum (5% NGS, in PBT: PBS Tween 0.1%) for 1 h in RT, the sections were incubated overnight with primary antibody (i.e., anti–acetylated tubulin, SIGMA T6793, dilution 1:1,000; anti–phospho-Histone H3, Sigma H9908, dilution 1:600) in PBT and NGS 1% at 4°C. Following washes in PBT, the sections were incubated with secondary antibodies [1:250, Alexa Fluor goat anti-mouse IgG (H + L) 488 and Alexa Fluor goat anti-rat IgG (H + L) 594] for 1 h at room temperature. DAPI (14.3 μmol L−1 in PBT) was used after IHC or on unstained sections to counterstain nuclei.
The sections following IHC protocol were mounted in PBS and imaged again for multiphoton microscopy; H&E sections were, instead, dehydrated in an ethanol series, cleared in xylene, coverslipped using DePex, and imaged using either Axio Examiner Z.1 (Carl Zeiss AG) equipped with the camera AxioCam or Axio Scope A1 (Carl Zeiss AG) equipped with the camera Canon DS126231. The images were processed with Zen Blue Edition (Carl Zeiss, AG, Jena, Germany) software.
RESULTS
Octopus appendages have sophisticated architecture. The major structures of focus in this study are as follows: 1) the skin, covering the arm (as well as the entire animal’s body; Packard, 1988); 2) the intrinsic musculature, comprising a three-muscular bundle (oblique, longitudinal, and transverse) (for a review, see Kier, 1988) arranged around a 3) central nerve cord, running longitudinally along the entire arm and connecting centrally to the sub-esophageal mass (in the brain) (Graziadei, 1971).
CARS, TPEF, and SHG during multimodal multiphoton imaging on rehydrated cryosections and arm tip whole mounts revealed the architecture of the intact octopus’ appendage, highlighting the entire tissue composition. Injured and healing arms were also imaged, allowing for the identification of main phases of regeneration, including at the levels of cells and tissues.
Control Uninjured Arm
The skin. Octopus skin contains various organs and elements (i.e., chromatophores, iridophores, leucophores, and papillae) that can be finely controlled to change the animal’s skin tone and texture, thereby providing the animals with extraordinary camouflaging and interspecific communication (Borrelli et al., 2006; How et al., 2017; for a review, see Packard and Hochberg, 1977). Chromatophores, in particular, are sacculus organs responsible for color change, owing to the presence of diverse pigment granules controlled by muscle bundles that are radially organized to open and close the sacculus (Messenger, 2001).
In the skin covering the arm (Figure 1A), chromatophores were easily identified as bright green spots (TPEF) distributed over the entire arm structure, which, in turn, appears in red (CARS) in multichannel images (Figures 1B,C, whole mount sample).
[image: Figure 1]FIGURE 1 | Arm skin structure and reflective elements. An isolated ex vivo arm tip imaged before fixation (A) with visible chromatophores. The same sample was imaged in whole mount through multiphoton microscopy. (B) Entire arm structure is shown in CARS (red), while chromatophores appear in TPEF (green spots in B,C). (D,E) Imaging of thin sections (30 μm, sagittal plane) highlighted the presence of microvilli (mv) covering the epidermis (ep); mucous cells (asterisks) are found distributed in the epidermis. Reflective elements (arrows) are identified as round granules in the dermal layer close to chromatophores (arrowheads). (F) Bright-field (BF) imaging of the same section counterstained with DAPI showed chromatophores (arrowhead) and reflective elements (arrow) underneath the epidermal layer, where mucous cells (asterisk) are identified based on morpholgy and position. Scale bars: 150 µm in (B,C), 50 µm in (D,E), and 20 µm in (F). Abbreviations: ch, chromatophores; ep, epidermis; mv, microvilli; ref, reflective elements.
Higher-magnification imaging of sagittal thin sections of the arm allowed for identification of other distinctive elements of the skin and surrounding tissues. The epidermis appeared covered in microvilli, characterized by an intense CARS signal; mucous cells were identified as negative imprints in the epidermal layer (Figures 1D–F, asterisks); and close to chromatophores (Figures 1D–F, arrowheads), reflective elements appeared as round granules just underneath the epidermis (CARS, Figures 1D–F, arrows). Bright-field imaging (i.e., transmitted white light) of the same section highlighted the nuclear components of the epidermis (DAPI counterstain in blue in Figure 1F), confirming the identity of mucous cells by morphology and nuclear position.
The muscular tissue. A schematic drawing of the arm morphology in the transverse plane is included in Figure 2A to facilitate structural identification (Supplementary Figure S2A). The three muscle groups belonging to the intrinsic musculature of the arm were visualized in CARS (Figure 2B). In particular, the i) tightly packed transverse muscle bundles running perpendicular to the arm long axis, which elongate through structures called trabeculae, were visible among the ii) longitudinal muscles and the iii) three bundles of oblique muscles (see Supplementary Figure S2 for more details). Connective tissue sheaths, highlighted in SHG, appear to envelop the different muscle layers of the intrinsic musculature (Figure 2B).
[image: Figure 2]FIGURE 2 | Uninjured arm. Schematic drawings of octopus arm morphology in transverse (A) and sagittal (G,L) planes. (B) Multiphoton microscopy image of an arm transverse section showing the three muscle bundles belonging to the intrinsic musculature of the arm (CARS) and the connective tissue sheaths enveloping them (SHG). The axial nerve cord (comprising two axonal tracts on the dorsal side and brachial ganglia on the ventral side) and the four intramuscular nerve cords are clearly identified (CARS and TPEF). (C) Above the axonal tracts, the brachial artery is visible (CARS) surrounded by connective tissue (SHG). (D) Outer cellular layer of a brachial ganglion appears comprising small and big neurons emitted in CARS and TPEF. DAPI counterstaining (white dotted rectangle) highlights neuron nuclei and supporting cells surrounding them. The arrowhead points a blood vessel around the nerve cord. (E) Ganglion of the suckers comprising a central neuropil and surrounding neurons. (F) Neuron nuclei are counterstained in DAPI for further confirmation. (H,I) Imaging of the axial nerve cord in the thick sagittal section (150 µm). (H) Fibers from the brachial ganglia descend from the neuropil (arrows), passing through the (I) cellular layer. (M) Most distal part of the arm tip (delimited by a dotted line) presents numerous blood vessels (arrowheads). (N) Single plane from arm tip whole-mount imaging (in TPEF). Dotted line delimits the most distal part of the arm tip. Scale bars: 500 µm in (B), 100 µm in (C,E,F,H,I), 50 µm in (D), and 200 µm in (M,N). Abbreviations: at, axonal tract; ba, brachial artery; bg, brachial ganglion; ch, chromatophores; cl, cellular layer; gs, sucker ganglion; inc, intramuscular nerve cord; mu, muscles; ref, reflective elements; s, sucker; sk, skin.
CARS imaging also enabled identification of the intrinsic musculature of the sucker (data not shown) and the acetabulo-brachial muscles (Supplementary Figure S2), which connect the intrinsic muscles of the arm and the intrinsic muscles of the suckers.
The neural structures. The neural control for these sets of muscles is provided by six main nerve centers per arm, that is, a central axial nerve cord connected to four intramuscular nerve cords and to sucker ganglia. The axial nerve cord comprises two axonal tracts (dorsal) and several brachial ganglia (ventral), facing and innervating suckers (Figures 2A,B; Supplementary Figure S2). Running longitudinally to the axonal tracts, the main blood vessel supplying hemolymph to the arm (brachial artery) is shown by CARS and is surrounded by connective tissue (SHG) (Figures 2B,C; Supplementary Figure S2B).
Each brachial ganglion comprises an inner neuropil and an outer cellular layer (Figures 2B,D; Supplementary Figures S2B–D). The cellular layer contains many small and some big neurons, with nuclei ranging from less than 5–20 µm (Young 1963). These cells emit both in CARS and TPEF, with the latter mainly highlighting their cytoplasm, giving a strong signal of granular structures contained in the cells (Figure 2D; Supplementary Figure S2C) that could be partly due to lipofuscin. DAPI counterstaining confirmed these results and highlighted the presence of supporting cells around the neurons, which were not detected with multiphoton microscopy alone (see the dotted white rectangle in Figure 2D). Axons in the intricate neuropil of the brachial ganglia are also highlighted in CARS and TPEF (Figure 2B; Supplementary Figures S2B,C). DAPI counterstaining and acetylated tubulin immunoreactivity confirmed these results (Supplementary Figure S2D).
Some of the nerves departing from the brachial ganglia are linked to the four intramuscular nerve cords (CARS; Figure 2B; Supplementary Figure S2B), and to the ganglion of the sucker (CARS and TPEF; Figures 2E,F). This ganglion comprises a central neuropil and neurons surrounding it (TPEF and DAPI) (Figures 2E,F).
Imaging of the arm tip allowed visualization of the abovementioned anatomical structures (a schematic drawing in the sagittal section is reported to facilitate structure identification, Figures 2G,L).
Compared to more aboral arm portions, in the tip, we observed a greater area occupied by the axial nerve cord, reducing the space for muscles; brachial ganglia get closer to each other (Figures 2H,I,N) as suckers get smaller and closer. Fibers from the brachial ganglia descend from the neuropil (CARS, Figure 2H, arrow), passing through the cellular layer (TPEF, Figure 2I).
Tissues and structures at the most distal part of the tip (delimited by a dotted line in Figures 2M,N) appear less organized and differentiated compared to all the other neighboring areas (Supplementary Figure S3). The tip appears characterized by a thick layer of connective tissue (SHG) (Figure 2M), which appears in between the epidermis and the muscular layer covering the nerve cord. CARS also highlighted the presence of numerous blood vessels in this zone (Figure 2M, arrowhead).
Healing Arm
The wounded skin. The regenerative process of a damaged arm in O. vulgaris is always initiated by wound healing, with the dermis wound edges closing around the lesion. This process generally requires between 0 and 5 days, depending on several factors, such as temperature, animal age and sexual maturity, and health status (for a review, see Imperadore and Fiorito, 2018). To facilitate readers, the main phases of the healing process are sketched in Figures 3A–D.
[image: Figure 3]FIGURE 3 | Phases of the arm healing process. Schematic drawings of an arm in the sagittal section (A–D) Describing healing phases imaged with multiphoton microscopy. (A) Wounded dermis forms a rim contracting around the wound. The connective tissue (SHG) narrows around the muscular tissues of the stump contributing to wound closure. A clot of agglutinated blood cells deposits over it (green dotted line) originating from blood vessels in the stump (arrowheads). (A′) Hemocytes released in the stump. DAPI counterstaining shows the peculiar u-shaped nucleus of the hemocytes, which occupies most of the cytoplasm. (B) Clot covers the whole exposed tissue in between the wound epithelium. A boundary line (white dotted line) of the connective tissue (SHG) separates the clot from the underlying and well-differentiated tissues of the stump. (B′) Clot appears as a dense and fine network of interdigitated cells, (C) Regenerating epithelium and highly vascularized (arrowheads) covers the clot. Damaged muscles and axonal tracts degenerate (C′) (asterisks). (C′′) Hemocytes are released from the blood stream. They change their appearance from circulating round-shaped cells with a small cytoplasm and u-shaped nuclei (dotted line with arrowhead) into amebocyte-like cells with a large and granular cytoplasm, intensely emitted in CARS and TPEF (dotted line with asterisks). DAPI counterstaining shows the nuclei of these cells. (D) Hemocytes are released from the vessels around the nerve cord (arrowheads) into the connective tissue around it (asterisk), then, invade all muscle layers below the wounded epithelium (arrow). Scale bars: 500 µm in (A), 50 µm in (A′), 20 µm enlargement in (A′), 200 µm in (B–D), and 20 µm in (B′,C′,C′′). Abbreviations: at, axonal tract; bg, brachial ganglion; cl, cellular layer; gs, sucker ganglion; s, sucker; we, wound epithelium.
The wounded dermis contracts and forms a rim that starts covering the wound to form a first protective layer for the exposed tissues (Figure 3A). The connective tissue within it appears involved in the process, narrowing around the muscular tissues of the stump (SHG, Figure 3A) and contributing to wound closure.
The central portion of the damaged arm (i.e., the internal muscles and axial nerve cord) remains exposed until a clot of agglutinated blood corpuscles start depositing over it (green dotted line in Figure 3A). Blood vessels, which are observed in great number in the arm stump (Figure 3A, arrowheads), represent the origin of these cells (Figures 3A′, see also inset in Figure 3A′).
The clot then increases in size, covering the whole exposed tissue in between the wound epithelium (Figure 3B) and forming a dense and fine network of interdigitated cells called primary blastema (Lange, 1920). The cells in this blastema appear full of dense granules highlighted in CARS and TPEF (Figure 3B′). A boundary line of connective tissue separates this blastema from the underlying and well-differentiated tissues (SHG, Figure 3B). The primary blastema finally never casts off, but rather is retained and eventually completely covered by the regenerating epithelium, the latter appearing highly vascularized (Figure 3C, arrowheads).
The muscular and neural tissues. At this stage, the damaged muscles and nerve tissues (i.e., the axonal tracts) show evident signs of degeneration (i.e., swelling and fragmentation). Degenerating tissues, highlighted in CARS and TPEF (Figure 3C′, asterisks) are not observed in control tissues.
The hemocytes. The muscular layers in the healed stump are invaded by many cells (Figure 3C), identified as hemocytes, which change their appearance once released from blood vessels. They indeed transform from circulating, round-shaped cells with a small cytoplasm and u-shaped nuclei (Figure 3C′′, dotted line with arrowhead) into amebocyte-like cells with a large and granular cytoplasm, intensely emitting in CARS and TPEF (Figure 3C′′, dotted line with asterisk). DAPI counterstaining confirmed the cellular nature of these structures (Figure 3C′′). Hemocytes released from the vessels around the nerve cord (Figure 3D, arrowheads) are first released into the connective tissue around it (Figure 3D, asterisk) and then invade all muscle layers below the wounded epithelium (Figure 3D, arrow).
Regenerating Arm
The wounded skin. From the healed skin, a little knob appears, regenerating an arm from the dorsal side of the stump. The resulting arm is initially much thinner than the original stump (Figure 4A). The wound epithelium, narrowing around the original site of the lesion, is still visible and characterized by thick connective tissue (SHG, Figures 4A,C).
[image: Figure 4]FIGURE 4 | Arm regeneration. (A) Little knob regenerates from the dorsal side of the stump. The wound epithelium narrows around the original site of the lesion, characterized by thick connective tissue. White dotted line marks the original site of the lesion dividing the stump from the regenerating tip. (B) Degeneration is evident in the axonal tracts of the nerve cord, where fibers appear swollen and break into lumps (CARS and TPEF). (C) Regenerating fibers appear among degenerating lumps in the axonal tract (highlighted in CARS) and can be followed providing innervation in the newly forming tip (arrows); thin processes can be seen descending perpendicularly to these fibers (arrowhead). Suckers develop at the base of the regenerating arm (white bar). (D) Degeneration can be followed along the axonal tracts: it involves a great number of fibers proximal to the lesion; few degenerating fibers can be detected moving distally (see enlargement). (E,F) Large number of cells, whose cytoplasm is rich in granules emitting in CARS and TPEF, are imaged accumulating close to blood vessel walls. DAPI counterstaining highlighted cell nuclei. (G) Cells rich in granules emitted in CARS and TPEF invade muscle layers in the stump. Scale bars: 500 µm in (A,D), 100 µm in (B,G), 250 µm in (C), and 50 µm in (E,F). Abbreviations: at, axonal tract; bg, brachial ganglion; mu, muscles; s, sucker; we, wound epithelium.
The muscular and neural tissues. Degeneration in this phase involves greater areas in the muscular tissues and the nerve cord of the stump (Figure 4A). Degeneration is particularly evident in the axonal tracts of the nerve cord, close to the original site of the lesion, where fibers appear swollen and broken into lumps (CARS and TPEF, Figure 4B). Degeneration can be followed along the axonal tract, with the number of fibers involved decreasing when farther from the site of the lesion. Distal to this site, fewer degenerative events are found using multiphoton imaging (Figure 4D).
Among the degenerating lumps in the axonal tract, regenerating fibers also appear (highlighted by strong CARS signal, Figure 4B) and can be followed providing innervation in the newly forming arm tip (Figure 4C, arrows). The regenerating tip is mostly occupied by the newly forming nerve cord (Figure 4C, arrows), and thin processes can be seen descending from it toward the ventral site, where new suckers will later form (Figure 4C, arrowhead). Suckers start to develop in the forming arm, close to the stump (Figure 4C).
The hemocytes. The tissues in the stump are invaded by cells whose cytoplasm is rich in small granules, strongly emitting in CARS and TPEF (Figures 4E–G). They mainly invade muscles around the nerve cord and the axonal tracts of the latter (see also Supplementary Figure S4A, arrowheads), but are never observed in the neuropil of the brachial ganglia. These cells also reach muscles in the regenerating arm tip, very close to the site of the lesion (Supplementary Figure S4A), but are not found distant to this site or in any other tissue of this new structure.
These cells appear to be released by blood vessels close to the injury site (Supplementary Video S1).
Areas invaded by these structures are also characterized by numerous proliferating cells (Supplementary Figure S4B).
DISCUSSION
Multiphoton imaging has been successfully applied to several species to investigate a number of biological processes (Zipfel et al., 2003) including healing and regeneration.
Multimodal images (CARS, TPEF, and SHG) of O. vulgaris uninjured and damaged arms allowed for the identification of the cellular and structural elements characterizing the parts and contributing to appendage regeneration, helping in dissecting this complex phenomenon in the absence of specific markers available for the taxon. In particular, chromatophores—skin element key for body patterning—and muscular bundles—contributing to motor patterns of the arm and the main neural components—were detected (Figures 1, 2; Supplementary Figure S2).
Wound healing is a phenomenon with widespread occurrence among both vertebrates (e.g., Ambystoma mexicanum and Danio rerio) and invertebrates (e.g., Caenorhabditis elegans and Drosophila melanogaster), also occurring in mammals. This involves the activation of the immune response and the remodeling of the extracellular matrix (Arenas Gómez et al., 2020), with regenerative species sharing impressive similarities in the process.
In octopus, healing is marked by dermis contraction, which eventually covers the clot of agglutinated corpuscles depositing over the exposed tissue to form the blastema. Hemocytes invade the stump, changing their appearances from circulating, round-shaped cells to amebocyte-like cells (Figure 3). These latter cells resemble vertebrate macrophages (Aurora and Olson, 2014; Uckermann et al., 2019), thus suggesting their involvement in debris removal.
After complete healing, a little tip regenerates from the octopus arm stump with new fibers innervating it. Cells rich in small granules (CARS and TPEF), likely hemocytes, are found to invade muscles and nerve tissues which are also characterized by intense proliferation (Figure 4; Supplementary Figure S4).
Here, we imaged structures and cells involved in arm regeneration in the octopus, bypassing the need for staining or markers, enabling the collection of voluminous data in a short period of time. Additionally, scanned samples are suitable for further processing, for instance IHC and staining, allowing for amplified saving of time and resources and reducing the number of samples and experimental animals needed, thereby contributing to better compliance with the 3R Principle (Fiorito et al., 2014; https://nc3rs.org.uk/the-3rs).
This approach could be extended to other lines of cephalopod research and to different non-mammalian animal species, enabling data collection without having to focus on one or a few proteins, as is usually the case with IHC approaches.
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In the years after Ross Harrison published his pivotal paper on nerve fiber regeneration in 1907, researchers following his line of research presented tissue culture techniques as an extremely sensitive, difficult, and almost occult methodology. When Philip R. White published a manual on tissue culturing in 1954, he declared that he wanted to disenchant this formerly mystified field of study. With a similar aim Rhoda Erdmann had published a comparable manual more than 30 years before in 1922. Her intention was to offer a book that would make the method “a common property of those who want to do biological research in the future.” When science was about to move from little science to big science, Erdmann tried to democratize tissue culture knowledge. Rhoda Erdmann was in many aspects an extraordinary scholar deviating from the norm. She was one of the few women in the field, working as a low-level assistant at the Robert Koch Institute in Berlin before she took the opportunity to work as a research fellow with Ross Harrison in Yale. She was imprisoned during the First World War on the accusation of being a German spy. After she could return to Germany in 1919, she established a laboratory for experimental cell research in Berlin. In 1929 she was one of the first women to be appointed a professor in Germany. The paper focuses Erdmann’s attempts at distributing practical tissue culturing knowledge. Based on her and other scholars’ research work on nutrient media for cell cultures, and the attempts to optimize these basic tools for different species, this contribution examines the hypothesis that this work constituted an academic niche for underprivileged scientists. The paper analyzes whether Erdmann, due to her extraordinary characteristics, had to use certain niches in the academic world (topics, places, techniques, communities) to pursue her research, and whether her attempts at democratizing her techniques can also be read as an attempt to move out of the niche to gain academic recognition.
Keywords: Rhoda Erdmann, tissue culture, regeneration, history, 20th century, academic niche, women in science
INTRODUCTION
Regeneration research of the late 19th century concentrated on regeneration and transplantation of limbs and organs in various species (Morgan, 1901; Korschelt, 1907). Since the 1880s the investigation of isolated, embryonic parts had its place in the methodological arsenal (Oppenheimer, 1971, 1978). Not only full organs but also single cells—such as blood cells, spermatozoa, or egg cells—were isolated and observed in vitro. In addition to spectacular results that drew public attention, such as Alexis Carrel’s cultivation of a chick embryo heart, kept viable and beating for several weeks (Turney, 1995; Landecker, 2007, 68–106), experimentation also began to develop culturing techniques, appropriate culturing media, and the constituents of media, which facilitated growth and development. The underlying idea was that it was possible to keep cells not only alive in culture media but to offer them an environment that allowed the study of growth and development as if they were still in their united cell structure under in vivo conditions. It was in 1907 that Ross Harrison published his influential paper on developing frog nerve fibers, which finally linked regeneration and cellular research. His experiment has ever since been reported as the initiating point in tissue culture research (Maienschein, 1983, 2011). A new academic field—“the cultivation of tissue”—was born, which the Danish biologist Albert Fischer 20 years later described as: “the method which deals with permanent strains of various tissues” (Fischer, 1925, 23).
Nutritive media were a crucial but often hidden element of this research. At first, balanced salt solutions (the famous Ringer solution from 1882) and natural media were used to raise single and/or connected cells. This period was followed by attempts at developing synthetic media (since ca. 1910) which resulted after 1945 in chemically defined, industrially produced media. Today, culture media play a key role in various approaches to the study of cell function, proliferation, and regeneration (Xu et al., 2020).
This paper will focus on the interwar years of tissue culture research as a branch of regeneration studies. In this period, experimental biology—especially research concentrating on regeneration and associated topics—was still an emerging field. In particular, the number of studies focusing on transplantation (connecting extirpated tissue to living tissue) and explantation (surrounding extirpated tissue with non-living substances) increased between 1910 and 1930, as illustrated by a growing number of research publications (Carrel, 1912; Carrel and Burrows, 1912; Erdmann, 1921, 1926), and handbooks (Erdmann, 1922; Strangeways and Thomas, 1924; Fischer, 1925). Looking back in 1940, Eugen Korschelt noted that explantation was a “just established and quite modern working field”, but that its expansion demanded its own section (together with regeneration and transplantation) in his review of the previous 50 years of biological research (Korschelt, 1940, 19f.). Tissue culture’s original domain was the study of growth, development, and cell differentiation. With this starting point, the technique had links to regeneration and explantation research, and effects on various other linked fields such as immunology, cancer studies, and (with limited success) surgery, or reproductive biology and medicine. Nevertheless, retrospectively, “only a small “sect” of researchers embraced early tissue culture as a methodology to investigate the pathogenesis of disease” (Vertrees et al., 2009, 150). One member of this little group was the German Rhoda Erdmann, who was to become one of the first female professors in Germany.
The roles of Ross Harrison and particularly Alexis Carrel in regeneration research and tissue culture have received considerable attention (Bang and Frederick, 1977; Witkowski, 1979; Maienschein, 1983; Turney, 1995; Ambrose, 2019). Brief overviews exist regarding the development of nurturing media (Morton, 1970; Gruber and Jayme, 1994; Vertrees et al., 2009; Yao and Asayama, 2017). For detailed accounts that contextualize the history of tissue culture in the 20th century, far beyond the 1940s, one can turn to Landecker’s book (Landecker, 2007), or, for developments in Great Britain, Wilson’s study (Wilson, 2011). Harrison and Carrel truly became science celebrities during their active years. Rhoda Erdmann’s biography has also been discussed in some detail, though this took until the 1980s, starting with a thoroughly researched doctoral thesis (S. Koch, 1985). Meanwhile her legacy has been saved by historians from sinking into oblivion (Hoppe, 1989, 2012; Schneck, 2000; Jasch, 2017; Vogt, 2018). That said, her life per se is an exciting story that deserves to be told: imprisoned in the United States during the First World War at the beginning of her academic life, she made an academic career in turbulent times, against resistance, to be accused and imprisoned in Germany after the National Socialists came to power.
In my account, I shall focus on Rhoda Erdmann’s role in the development of tissue culture research as a biological discipline. I shall take the hypothesis that this emerging field offered an academic niche that allowed a woman to pursue academic life at a time when most of her colleagues were male. For that purpose, I shall offer a conceptual framework for the idea of tissue culturing as a niche within regeneration research, and explain how far that niche offered opportunities and risks for a woman like Rhoda Erdmann at the beginning of her career. After an overview of her life and work, as well as her self-constitution, I will then argue that her effort to establish tissue culture techniques as a general biological practice, and an academic discipline in Germany, can be seen as an attempt at leaving the niche by democratizing knowledge—a goal she was only partially able to achieve.
TISSUE CULTURING AS A NICHE OF REGENERATION RESEARCH
There are several works on the evolution of knowledge, science as an evolutionary system, or evolutionary epistemology. The basic idea behind these “Darwinian” approaches to describing the development of knowledge is that analogies could be built between the biological evolution of species and the history of scientific concepts. For an overview of the debates about evolutionary epistemology and further literature, one can see the recently published special issue of the Journal for General Philosophy of Science (Gontier and Bradie, 2021). Donald T. Campbell (1974) coined the term “evolutionary epistemology” in an essay about Popper’s theories of conceptual change, arguing that scientific knowledge and its change were the results of variation, trial and error, transmission, selection, and adaptation (Campbell, 1974; Fangerau, 2013). Within this framework, science is not to be understood as a biological sphere. Rather, the ideas of selection, borrowing, and inheriting are transferred from the study of biological species to knowledge and its carriers, and used as if knowledge evolved by the production, selection, borrowing, and inheriting of ideas through scientists and other humans constituting the organizational structure of science, which David Hull has called the demic structure of science (Grantham and Todd, 2000; Hull, 1988).
In a similar analogy the idea of the ecological niche can be applied to science and its organization without equalizing science with an ecological system. In its traditional sense, the term “ecological niche” describes a space with specific ecological site characteristics allowing a species to survive. It is a functional term that does not describe only a habitat but makes the niche a characteristic of a species. The concept has been debated and disputed since its formulation in about 1910. Externalist positions, perceiving environment “as a non-modifiable entity causing evolutionary change in organisms”, stood against constructivist views pointing out that organisms themselves modified their environment, thus creating their own niches (Pocheville, 2015, 558f.). The constructivist idea, especially, has gained momentum, and may serve as a model for the development of knowledge in a scientific context. In any sense, the idea of competition is an important element in the niche concept: niches offer a refugium for species that could not survive the struggle for life under other circumstances, if the dominant species is unable to populate the niche as well. If species compete for the same food, an adaptation of one species to a biotope that the other species cannot access (due to size, climatic maladaptation or other factors) the biotope offers a niche for the otherwise potentially extinct species to survive (Pocheville, 2015). The idea of the “niche” has been translated to academia in evolutionary concepts of the development of science. Here, an “academic niche is an identifiable, circumscribed area of scholarly inquiry that can provide a good match with the individual’s qualifications, interests, and career aspirations”. Thus, besides size, it has “topical, human, methodological and even geographical properties” (Eden, 2008, 734f.).
To some extent, at least in the first half of the 20th century, the field of tissue culture research may be seen as a scientific niche within regeneration research (Engel, 1994, 299). I will illustrate this view by highlighting its topical and methodological niche-features as well as highlighting human and (to a limited extent) geographical aspects that validate the description of this research as a niche.
Regeneration research became a major field of biological research at the end of the 19th century. Previous fascination for limb regeneration in lizards was reformulated into a model for experimental biology, framed by Roux as “developmental mechanics”. Regeneration research seemed to be an ideal field, one that could prove that biology could be understood, at its best, by controlling the influence of specific external factors on growth and development. Or in narrower terms: experimental biologists, following the concept of “developmental mechanics”, perceived the study of regeneration as a model of the fundamental process of the development of living species (Maienschein, 1991; Sunderland, 2010).
Since the 1890s Wilhelm Roux, Leo Loeb, Gustav Born, Ross Harrison, and others, had performed experiments on the explantation and transplantation of cells and tissue to study the survival, development, and regeneration of tissue when removed from its original environment (Oppenheimer, 1971; Witkowski, 1983). The hanging drop method applied by Harrison in his influential experiment had been invented by Robert Koch and was, by that time, a standard method of bacteriology (Landecker, 2007, 39). The concept of “culture”, again, was also well established in bacteriology during the 1880s to describe the multiplication of bacteria in a suitable environment. Robert Koch, for example, used the term “Kultur” in 1876, in a paper describing one of his culturing techniques (R. Koch, 1876). The innovation of Harrison’s and Carrel’s work after 1907 was that they offered ways to observe development over a longer period in vivo. As Landecker put it, Harrison’s technique was “able to change the temporal and spatial parameters of observing developing” tissue (Landecker, 2007, 41). Carrell and his assistant, Montrose Burrows, who both coined the term “tissue culture”, transformed the approach with their subsequent research into “a generally applicable tool of experimental biology” (Landecker, 2007, 53).
The “growth or maintenance of explanted tissue or organs” (Gruber and Jayme, 1994, 456) demanded above all a nutritive medium, including a “supporting apparatus or framework” and “growth promoting substances” (Fischer, 1925, 34). These characteristics, together with technical equipment allowing for the continuous replacement of nutritious elements, and the observation of propagating cells, were the unspectacular but essential prerequisites for spectacular results. At first, tissue culturing was above all a technique, a means to an end. But very soon it became a research field in its own right.
Harrison’s method of a hanging drop, in a concavity in the center of a glass slide, was the first standard for observing growth. This method was complemented with hour glasses for larger cultures, Petri dishes, or ring-like object slides, to create chambers for the growing tissue. In 1923 Carrel developed his notorious flask, which allowed a constant flow of fresh nutritional media (Figure 1).
[image: Figure 1]FIGURE 1 | Carrel flasks as displayed in (Bis̀ceglie and Juhász-Schäffer 1928, 34).
As a medium, clotted blood plasma was first used, because it offered both nutritive elements and a matrix. However, studies very soon experimented with gelatin, hair, cotton threads, or spider webs, as possible frameworks (Fischer, 1925, 27, 44). The materials were tested in various fluids intended to offer nutritive factors. From microbiological research, agar and serum were adopted. Tissue juice originating with the respective cells was also used. The question was no longer about which medium was best for growth and development, but which constituents were the decisive elements. Reducing nutritive media to their core and synthesizing artificial media became the scientific goals. In 1910, Margaret Reed Lewis and her husband Warren Lewis published an article describing the growth of embryonic tissue in artificial media, agar, and bouillon, stating that Margaret Reed had already succeeded with similar experiments in 1908, while working in Berlin at the Institute for Infectious Diseases under Max Hartmann (Rhoda Erdmann was working in the same laboratory at that time) (Lewis and Lewis, 1911b). Not much later, they wanted to take “the next step … to cultivate such tissues in media all the constituents of which” were known (Lewis and Lewis, 1911a, 277). This was the starting point for a series of studies on the role of amino acids, trace elements, and further constituents of nutrient media as the basis of tissue culture. However, it took until the 1950s to prepare standardized media on an industrial level (Gruber and Jayme, 1994), which allowed many more scientists “to work easily with cultured cells” (Yao and Asayama, 2017, 113).
When the German biologist Rhoda Erdmann began her tissue culture research in 1913, she entered a newly emerging field. Ross Harrison (through his formative experiment), Alexis Carrel (through his experimental works on tissue culture after 1910), his co-worker Montrose Burrows, and few others, dominated research in the field, but the number of scientists explicitly engaging in tissue culture techniques as a means and an end was comparably small. Research into tissue culturing did not yet promise immediate success and reputation. Rather, it was perceived as time-consuming and difficult (Gruber and Jayme, 1994, 452; Witkowski, 1979). As Jan Witkowski has shown, Carrel’s “flair for publicity” may have contributed to its image (Witkowski, 1979, 290). Carrel’s announcement that he had succeeded in producing immortal cell lines, and his reports of chicken heart cells still beating in tissue culture, aroused public interest and debates about the limits of science (Turney, 1995; Landecker, 2007). Carrel’s institute, the Rockefeller Institute for Medical Research, fostered prompt publications, which were sometimes perceived by other scientists as reporting unripe results (Corner, 1964, 158). All these factors may have contributed, in the 1920s, to the image of “tissue culturing” as a very promising but “undoubtedly tedious and difficult” (Recent Developments in Tissue Culture, 1924, 72) field of research. Additionally, the lack of immediate medical applications for this research resulted in the (self-)portrait of tissue culturing as a mainly experimental field, which demanded further institutionalization and extension to allow future clinicians to benefit from its findings (Heim, 1928, 80). As The Lancet put it, tissue culture “should be a commonplace in every pathological or biological institute, rather than a field of endeavour for the more adventurous pioneers” (Recent Developments in Tissue Culture, 1924, 72).
Given this background, the subsection of research focusing on culture media, and the practical need for explantation studies, were even more on the margins of biology than tissue culture research itself. Immortal cell lines, as Carrel and others framed it, promised public attention (Landecker, 2007, 68-106). Nutritive media and their components played an important role but belonged to the backstage of regeneration and rejuvenation research.
In the early 1920s, centers of tissue culture research, where media and their role could be studied, were still highly limited. The Rockefeller Institute for Medical Research (Carell, Montrose Burrows), the Carnegie Institute of Washington (Margaret Reed and Warren H. Lewis), the former Laboratory of Harrison and Lewis at Johns Hopkins (Bang and Frederick, 1977), and Yale (Harrison) belong to the United States American pillars. In England Thomas Strangeways established tissue culture research at the Cambridge Research Hospital, founded by him more than a decade before (Wilson, 2005, 2011). In Italy, Guiseppe Levi became one of the most prominent protagonists (Bentivoglio, Vercelli, and Filogamo 2006). However, as the names indicate, research was connected to scientists rather than to places or dedicated laboratories—a situation that persisted well into the second half of the 20th century, and which lead to the foundation of the American Society for Cell Biology as a place for scientific exchange (Brauckmann, 2006). Moreover, some research leading in the direction of tissue culturing, especially before the First World War, took place at de-centralized research institutions such as the Zoological Station in Naples or the Marine Laboratories at Woods Hole. These had been places of international networking and international exchange, which offered as extra-university, sometimes private institutions, special opportunities for researchers who were underrepresented or underprivileged in academia at that time. Examples are the abovementioned Margaret Reed-Lewis (who conducted studies at Woods Hole) and her mentee, Mary Jane Hogue, who benefitted in her research (which included tissue culturing) from stays in both Naples and Woods Hole (Zottoli and Seyfarth, 2015, 143-147, 152f.).
Not only tissue culturing but also zoology as a whole seem to have been characterized, at the beginning of the 20th century, by features that made it easier for women to work in these fields rather than in other sciences. In a review of more than 500 female biographies, Margaret Rossiter (Rossiter, 1974) showed that zoology and botany were the most popular sciences among female United States scientists before 1920 (18.3 and 18.1% working in these disciplines). She mentioned sexual discrimination as one of the potential barriers that women faced when entering science. In the United States, the existence of women’s colleges such as Bryn Mawr, or funding opportunities such as the Naples Table Association for Promoting Scientific Research by Women, which funded research trips to the Zoological Station in Naples (Sloan, 1978), may have contributed to reducing discrimination, at least in the minds of male scientists teaching there. Thomas H. Morgan or Jacques Loeb, for example, worked at Bryn Mawr at the beginning of the 1890s, and kept on promoting female scientists later in their careers (Sunderland, 2010, 334).
One German scientist who entered the niche of “tissue culture” in the United States in 1913 via research on Protozoa was the biologist Rhoda Erdmann, who received a Theresa Seessel Research Fellowship at Yale in 1913 (S. Koch, 1985, 16).
RHODA ERDMANN
Rhoda Erdmann was born in 1870 in Hersfeld, Hessia (on Erdmann’s spectacular biography, see Caffier, 1936; Hoppe, 1989, 2012; Jasch, 2017; Koch, 1985; Schneck, 2000; Wasserman, 2016; Niedobitek, Niedobitek, and Sauerteig 2017, 67–127, 186-209; Vogt, 2018). After her school education, she worked for nine years as a teacher—at that time almost the only academic option for women in Germany (Albisetti, 1989). In 1903 she began to study sciences in Berlin, later studying in Zurich, Marburg, and Munich. In 1908 she was promoted to Dr. phil. by the biologist Richard Hertwig in Munich. Richard B. Goldschmidt had been her supervisor. For her dissertation she had performed cytological studies on sea urchin eggs. In 1906 and 1908, she was able to carry out research at the Zoological Station of Naples, at that time one of the hot spots of biological research. From 1908 until 1912, she worked in the position of an unskilled assistant at the Institute for Infectious Diseases (later Robert-Koch-Institute) in Berlin, where Max Hartmann — also a doctoral student of Richard Hertwig — held a professorship. Her first application to habilitate was rejected by the Prussian Ministry of Culture (Schneck, 2000, 174).
In 1913 she received the abovementioned scholarship, which allowed her to work with Ross Harrison in Yale. Harrison introduced her to the newly established tissue culture techniques. With a scholarship from the Naples Table Association for Promoting Laboratory Research by Women, she was able to go on a short research trip to the Zoological Station in Naples in July/August 1913, from which she returned to the United States (Scientific Notes and News, 1913, 748). On her way back home to Germany in 1914, the First World War broke out and she returned to the United States. Harrison organized a lecturer position for her. The New York Sun published a short very sympathetic report about her being the first “woman to break through the barriers and be elected to such a position” at Yale (Figure 2).
[image: Figure 2]FIGURE 2 | Article about Erdmann’s appointment and work at Yale. The Sun (New York [N.Y.]), 11 June 1916, page 6 (https://chroniclingamerica.loc.gov/lccn/sn83030272/1916-06-11/ed-1/seq-26/ accessed 27.11.2021).
Additionally, she became an associate at the Rockefeller Institute in Princeton in 1916. In the meantime, she tried to return to Germany, hoping for a habilitation and her own department for cell research at the Kaiser-Wilhelm-Institute of Biology. However, her habilitation application to the Ministry of Culture was refused again and her own department did not materialize either (Schneck, 2000, 175).
When the United States joined the First World War in 1917, her prospects clouded. She and her fellow scientist and former supervisor, Richard Goldschmidt, who had also been trapped in Yale when the War started, faced anti-German resentment. They were accused of being German spies and Erdmann was suspected of preparing biological warfare. She was working on immunization by infecting chicken with cyanophilia and the authorities accused her of having imported the pathogen against the law. She was forced to kill her chicken but seems to have kept a jar of cyanophilia, which was discovered (Wasserman, 2016, 15). As a result, she and Goldschmidt were arrested. Media reported the arrest, one with “the gendered headline ‘Fear Woman Scientist’” (Wasserman, 2016, 17).
Goldschmidt was sent to a prison camp for Germans at Oglethorpe. Because this place lacked barracks for women, Erdmann was kept in a house in Manhattan, in one room together with six other Germans under extremely poor conditions (Wasserman, 2016, 32-33). When the War ended she immediately returned to Germany — suffering from a skin infection as “my last souvenir of the prison”, as she wrote to Harrison from aboard the ship (Wasserman 2016, 34). The experience of being ripped from her research, her honor and her freedom cast a long-lasting shadow over her life.
Back in Germany she tried hard to find a job. According to her memoirs, she wrote 59 unsuccessful applications (Erdmann, 1929, 52). Even Goldschmidt, as one of the directors of the Kaiser Wilhelm Institute of Biology, could not ensure a position for her. Finally, the pathologist Johannes Orth created a workplace for her at his Institute for Cancer Research at the Charité in Berlin, which she used to establish a Department for Cell Research at the Institute. New laws finally allowed her to habilitate in 1920. Her inauguration speech was programmatically dedicated to the “importance of tissue culturing for biological research” (S. Koch, 1985, 32-36; Schneck, 2000, 176; Erdmann, 1920). In summer 1924, she was appointed professor as one of the first female scientists in Germany. In 1925, she contributed to the establishment of tissue culturing as an academic discipline by founding the “Archiv für experimentelle Zellforschung — besonders Gewebezüchtung (Explantation)” (Archive for experimental cell research — especially tissue culturing (explantation)). In subsequent years, she tried to establish her department as an institute with its own budget. However, she had to wait until 1930, when her efforts ultimately bore fruit and the department was transformed into a University Institute for Experimental Cell Research (Jasch, 2017; S. Koch, 1985).
Here a real success story could end; but Erdmann had to face the next setback for herself and her discipline when the National Socialists came to power in 1933. She was imprisoned again in 1933, on the accusation of being probably Jewish or socialist, and again, when these allegations proved wrong, on the accusation of having supported Jewish scientists. She was dismissed from the university and reinstalled again. In 1934 she was retired and her Institute was closed (Schneck, 2000; Jasch, 2017). She died on August 23rd, 1935 in Berlin.
DEMOCRATIZING METHODS AS A MEANS
Erdmann belonged to the first generation of German women who could pursue an academic career. In a way, she served as a role model when she contributed a chapter about her scientific career to a book on “Leading Women of Europe” (Erdmann, 1929). Written in 1926. She explains in detail how difficult it was for women in general, and for her specifically, to compete against male scientists within the existing system. She compares science to a syncytium, in which many cells did the same work to the effect that a minimal advantage could lead to a scientific discovery being attributed to one scientist, although many others had had the same idea. Against this background, women were in her view often eclipsed by men. Women were assigned routine duties such as counting cells, teaching, or supervising students, which prevented them from doing their own research. If women prevailed under these circumstances, they had to face passive resistance from their male colleagues, which she compared to a “herd-reaction” in the sense that men only supported men as their kind. Thus, female scientists ended in isolation without the chance of networking and exchanging ideas. Altogether, the ability of female scientists to execute research was, according to her report, systematically restricted. As a consequence, women had to fight for research spaces, which, and this she considers remarkable, were first given in zoology and botany (Erdmann, 1929, 35–40). She ends her autobiographical report with the statement that women could not use their productive powers because scientific posts produced by men were only given to men and, if a woman wanted to have a “right to exist”, she needed to establish a new discipline of her own (Erdmann, 1929, 54), as she had done.
Although she does not use the word “niche”, her whole report can be read as an account of the difficulties of finding an academic niche and expanding it into a major research field. She might have considered the practice of applying tissue culture techniques and doing research on media as a niche with a dead end, if it was reduced to preparing media. A first small step out of this limited niche into the light of science might have been, for her, a small publication on “A New Culture Medium for Protozoa” (Erdmann, 1914). It was not her first publication but the first explicitly addressing media as a research topic. She had started her scientific works with studies on protozoology and immune biology. Here she became acquainted with the methods of preparing culture media which she could use after 1914 for her works on culturing tissue. She successfully connected culturing tissue and immunology when she was able to show that the pathogen of avian influenza could be attenuated with the help of cell culture transfers. Her research after 1920 encompassed, among other works, the culturing of “immortal” lines from embryonal mesenchymal guinea pig cells, improving the culture of epithelial cells, and work with blood cells in culture. Last but not least her links with the cancer clinic made her focus on culturing cancer cells, and investigating their growth and behavior before and after transplantation (S. Koch, 1985, 50-83; Caffier, 1936).
Her “ergography” (meaning her works’ thematic profile over time) reflects her development, and the fact that she managed to move from the niche of culturing techniques and media to the larger field of tissue culture research, and its associated problems. Her biography shows that she had to carve out her academic standing for herself by hard work. In harsh words she complained in her autobiographical sketch about sexism, male networks, and competition (Erdmann, 1929). To help women actively to create networks, she co-founded the Verband Deutscher Hochschuldozentinnen (Association of German Female Professors) in 1925 (Lohschelder, 1994, 191).
It is true that she found a way into science in Berlin and at Yale by inhabiting the niche of media preparation and culturing. But when she strove to move to more prominent research fields, her struggles and competition inside and outside the niche must have made her bitter and sometimes difficult for her peers. In an episode about her trying to get an automobile in the United States to allow her to work in the laboratory on Sundays, for example, Simon Flexner wearily stated: “I know all about Dr. Erdmann’s troubles. I fear that she demands more than we can give her.”1
Simultaneously, she had to cope with an implicit and explicit anti-feminist environment, nurtured even by her friends (see also an episode with one of her assistants described in Satzinger, 2004, 118–121). Harrison, for example, stated that she had “certain unfortunate external traits of character which at times antagonize people,” and Goldschmidt remembered that she had impressed the Americans as an “aggressive spinster type” (Wasserman, 2016, 16). Theobald Smith bemoaned her “streak of intense personal ambition” (S. Koch, 1985, 99). Even her obituarist, her pupil Paul Caffier noted her sometimes difficult character that made her “grim enemies”. That said, Caffier did not shy away from gender stereotypes, stating that Erdmann made these enemies because of her “masculine nature inclined to fight and dispute”. Simultaneously, he noted “she was personally sensitive, a trait that probably stemmed from her womanhood, and not without a healthy ambition … ” (Caffier, 1936, 136).
Pushed back, she did not shy away from conflict. She was self-confident and saw herself as one of the leading scientists in her field. When the Kaiser-Wilhelm-Institute of Biology invited the Danish biologist Albert Fischer (Astrup, 1957) in 1926 to create a guest department for tissue culture, she wrote a ferocious letter asking for an explanation. She explained that everyone knew that she was the one who had introduced tissue culture techniques to Germany and the surrounding states, that she had learned more than Fischer from more important teachers, and had been an associate at the Rockefeller Institute, whereas Fischer had never been more than an assistant. She ended with the statement that she had more enemies than she knew: “People just always try to push a productive woman against the wall. It will be like that forever and will remain like that forever. But I did not assume that a body like the Kaiser Wilhelm Society would stand out so little from what the average person does”.2
Additionally, from the beginning of her career she was fighting for resources. Resources were as essential for successful experiments with tissue culturing as for any other field. Lewis Rubin, in his analysis of Leo Loeb’s (often disputed) role in the development of tissue culture, noted that it was a lack of resources in the end that made Loeb shy away from further studies after 1903. He was urged to move to transplantation experiments, which he considered easier to conduct and, when he returned to tissue culture in 1911, Harrison and Carrel had taken over the field in credit and reputation (Rubin and Lewis, 1977, 44–45; see also Witkowski, 1983). At the same time Rhoda Erdmann, like other colleagues, was convinced that tissue culture should be considered as one of the basic methods of biology. On the one hand the method, according to her views, produced evidence for biological knowledge; on the other hand, it saved in the end animal material otherwise needed for biological experimentation (Erdmann, 1920, 1329). She had experienced (like Leo Loeb) that a lack of resources hindered the proliferation of her specialty. In her autobiography and on other occasions, she complained about the lack of resources and support. Especially at the beginning of her scientific career, she had experienced financial problems. When she lost a law case against the publisher Teubner (she had promised a handbook on biology for schools which she did not finish appropriately), she could not pay back the advance payment credited to her.3 She was constantly forced to collect funding for her research and, even in later years, she used her limited personal funds to equip her laboratory (S. Koch 1985, 32ff., 38; Niedobitek, Niedobitek, and Sauerteig 2017, 127).
To improve her academic standing and the standing of her research focus, she thought to wrest the tissue culture technology from the hands of prominent experts by the publication of a guidebook on the detailed steps of its practice. She wanted to make the technique freely available for a wider audience. Her practice book was not the first on tissue culturing and not the last, but it was the first to offer explicit exercises. In 1914, Eugenio Centanni had already published a monograph in Italian (Centanni, 1914). Erdmann’s book of 1922 was followed by one from Thomas Strangeways in 1924 in English (Strangeways and Thomas, 1924, not quoting her), another by Albert Fischer in 1925 — originally his Copenhagen dissertation and translated into German by Fritz Demuth (Fischer and Demuth, 1927) — and one by Vincenzo Bis̀ceglie and Alexander Juhász-Schäffer in 1928 (Bis̀ceglie and Juhász-Schäffer, 1928). However, Erdmann’s book paved the way for her next endeavor, the establishment of the “Archiv für experimentelle Zellforschung—besonders Gewebezüchtung”, with the help of which she wanted to create a “center” for the “so far scattered works” on experimental cell research in order to strengthen this “young, but strong branch on the tree of developmental mechanics” (Erdmann, 1925, Preface). To Simon Flexner, who was “by no means convinced that a special journal is called for at the moment for that subject”4 she wrote that with the journal she intended to make American works available in Europe and that she wanted to offer a place for works from all over Europe concentrating on tissue culture.5
A modern model matrix may be applied to illustrate her strategy, on the basis of her struggles and her self-understanding (Figure 3). The business analyst Gartner developed a matrix to illustrate positions and expectations of vendors. The matrix called “Magic Quadrant” has two axes. The first displays a vendor’s “ability to execute”, summarizing “factors such as the vendor’s financial viability, market responsiveness, product development, sales channels and customer base.” The second, called “completeness of vision”, “reflects the vendor’s innovation, whether the vendor drives or follows the market, and if the vendor’s view of how the market will develop matches Gartner’s perspective” (Lehman, 2008). Vendors are positioned in one of four quadrants — named “leaders”, with a high ability to execute and a vision for the future, “challengers”, who have the ability to execute but lack vision, “visionaries”, who are innovative and have a future vision of their field, but lack resources, and “niche players”, who may do well in one segment but lack ability to execute and vision to outperform others.
[image: Figure 3]FIGURE 3 | Magic Quadrant Tissue Culture, state around 1920.
Applying this admittedly anachronistic and simplistic model to Erdmann can illustrate her strategy. She started her career in the United States as a niche player, with a low ability to execute due to the lack of academic freedom and institutional capacities. This does not mean that the niche is of a lesser quality than the leading field. The niche rather does not offer the same academic visibility and the associated reputation attributed to the assumed leaders of a field and their challengers (on the attribution and staging of recognition and reputation in science see the overview Hansson, Halling, and Fangerau, 2019). Coming back to Germany with new methods and technologies at hand, she was a visionary lacking the ability to execute. The lack of funding and the lack of an institute to direct and teach her own work made her desperate, but she was able to find a way to become, ultimately, a leader in the field. One of her methods, besides competing, was democratizing the methods of tissue culturing.
Tissue culture was perceived and presented, especially by Alexis Carell, as a mystic science located somewhere between witchcraft, alchemy, and cooking, which could only be performed by highly qualified experts having at their disposal enough resources and equipment (Witkowski, 1979). Rhoda Erdmann intended to change this when she published her practice book on tissue culture. She called it a “first attempt to spread the methodology to wider circles”. Students should learn the methods, to be able to use them “at free will” for later works. The methodology should become a “common good” for future biologists (Erdmann, 1922, Preface).
In the light of her role in the scientific community this attempt at establishing the field on a broader, common basis had a personal aspect for Erdmann, besides the propagation of a scientific discipline: knowledge and skills, not institutional backing or the number of laboratory assistants, should be the decisive factor in becoming a leader in the field. The foundation of her journal served the same purpose. She hoped to create a forum for in her view so far underrepresented works. She considered herself a democrat and linked it to her understanding of the organization of science. To Harrison, she wrote that she declined traditional structures like academies, because this contradicted her democratic thinking (S. Koch, 1985, 112). It seems consequential that she hoped to be able to catch up with the leaders in the field, although she had comparably lesser resources, by democratizing knowledge.
CONCLUSION
A niche is usually perceived as a recess in a room. It can also mean a small section of a market or a space suiting “the character, capabilities, status, etc., of a person or thing”.6 This idea of the niche might help to explain why Rhoda Erdmann could become one of the first female professors at a time when it was hard for women to cope with the scientific system. Simultaneously, the analogy helps to explain why and how she tried to leave the sub-niche of culture media research to become a leader in the field of tissue culture research, more broadly conceived with its links to immunology, cancer research, and regeneration. Tissue culture media research was an academic niche from different points of view. In the 1910s and 1920s it was seen as a small section of regeneration research, structurally it was not yet institutionalized with its own academic departments or specialized journals, and in terms of spaces the research was conducted in various laboratories with basic facilities. Facing the topical narrowness and the few people involved, its umbrella, tissue culture research itself, had been an academic niche for many years before it could become an institutionalized discipline. Additionally, its status as a not-yet institutionalized research field with rather few centers beyond the major pillars, made it a possible niche for researchers who were about to start a career or who felt underprivileged in well-established fields of research after the First World War.
Rhoda Erdmann after her first years in Berlin found in the United States, in Harrison’s laboratory, the perfect fit between her microbiological working methods of raising (cell) cultures and a new thematic direction promising new insights into processes of regeneration, reproduction, and growth. Simultaneously, she found in Harrison a supporter who tried to help her academically and in private throughout her life. During her first imprisonment in the United States, Harrison tried to help her as much as he could and, when she was terrorized by the Nazi regime, Harrison travelled to Berlin to fight for her release (Niedobitek, Niedobitek, and Sauerteig, 2017, 198–209; Schneck, 2000, 178–180).
Populating a niche can be comfortable when it means that it comes along with less competition. But from the perspective of a scientist like Rhoda Erdmann, staying in the niche was unsatisfying. Science of the 20th century is to some extent, as Whitley has shown, a reputational system (Whitley, 1984). Recognition and self-constitution belong to the driving forces in scientific networks selecting and attributing attention and resources to ideas, experimental systems, and people (Fangerau, 2013). One of the most visible attributes of granted recognition is the association of a scientist with an institution representing his or her research field. Erdmann was striving for such a department when she returned to Germany, struggling to leave her small niche. When she noticed that she was not satisfied with the special niche of culturing media, she scaled up her interests and skills. Provided with the facilities of a cancer research institute, she created a new niche at the intersection of biology and medicine, which she called “experimental cell research with a special focus on tissue culture”. To compensate for her lack of resources, she tried to reduce the basic need for research funds by democratizing knowledge.
Rhoda Erdmann was never alone in her niche, but leaving it meant growing competition. She had her own (not independent) unit, but the first guest department of the Kaiser-Wilhelm Institute of Biology was granted to her competitor, Albert Fischer. Nevertheless, she succeeded in becoming highly visible in her field by founding an international journal, which was supported by all the stars of tissue culture. In terms of innovation theory she can be seen as an “early adopter” (Rogers, 1962) of tissue culturing, which made her a visible scholar from the second half of the 1920s until the late 1930s.
Did her legacy last? In his obituary Paul Caffier noted that he did not know which of her experimental works would be remembered in future, but he considered it beyond doubt that she was the person who retransferred the field of tissue culture research from the United States back to Germany, where it had been—according to his views—originally established by Curt Herbst and Wilhelm Roux (Caffier, 1936, 134f.). This Germano-centric statement might be read as being addressed to the National Socialist government ruling the country by that time. Michael Engel argued in 1994 that new research fields like tissue culturing offered possibilities for young and innovative researchers to find a niche, and that laboratories like Rhoda Erdmann’s offered the chance to try something new. At the same time this new research irritated the establishment. He sees the persecution of Erdmann, the closing of her department after her death and the cessation of her journal in 1944 as a reaction of the establishment, which found “ideological support” in the new NS government when it tried to get rid of unwanted scientists (Engel, 1994, 298–300).
After Erdmann’s death she and her role were indeed in danger of being eclipsed from history although the Swiss histologist Otto Bucher for example dedicated some lines and a photo to her in his historical overview of tissue culture published in the Ciba-Zeitschrift in 1940 (Bucher, 1940, 2530-2534). When the American Philipp R. White published a cell culture manual in 1954, he ignored Erdmann in his historical sketch of the discipline and—as if mirroring her—introduced the manual by stating that he wanted to “strip from the study of this subject its former atmosphere of mystery and complication”, in order to make it a common good (quoted from Witkowski, 1979, 280–281).
However, that is not the end of the story. Retrospectively, Erdmann was so successful in her science that at first a biographical memoir for Warren Lewis remembered her crucial role in establishing cell culturing. It stated that Erdmann had prepared the agar on which Margaret Reed grew the first in vitro mammalian cell culture (Corner, 1967, 332–333). She was subsequently mentioned in historical works on tissue culture before the first biographies remembering her appeared in German. Finally, she was honored by the naming of a park after her in Berlin in 2012, a street in Munich in 2015, and a building of the Humboldt University Berlin in 2016. On all these occasions, not only her role as a female professor was stressed but also her role as an academic pioneer, who tried to transform tissue culture from an elitist endeavor to an academic discipline. 70 years after her death, her vision of applying cell culturing for solving biological and medical problems linked to regeneration, development, and growth has become common knowledge, and she is seen as a former leader in an academic field which she helped to carve out from a niche.
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Unlike some of our invertebrate and vertebrate cousins with the capacity to regenerate limbs after traumatic loss, humans do not have the ability to regrow arms or legs lost to injury or disease. For the millions of people worldwide who have lost a limb after birth, the primary route to regaining function and minimizing future complications is via rehabilitation, prosthetic devices, assistive aids, health system robustness, and social safety net structures. The majority of limbs lost are lower limbs (legs), with diabetes and vascular disorders being significant causal contributors. Upper limbs (arms) are lost primarily because of trauma; digits and hands are the most common levels of loss. Even if much of the arm remains intact, upper limb amputation significantly impacts function, largely due to the loss of the hand. Human hands are marvels of evolution and permit a dexterity that enables a wide variety of function not readily replaced by devices. It is not surprising, therefore, for some individuals, dissatisfaction with available prosthetic options coupled with remarkable advances in hand surgery techniques is resulting in patients undertaking the rigors of a hand transplantation. While not “regeneration” in the sense of the enviable ability with which Axolotls can replace a lost limb, hand transplants do require significant regeneration of tissues and nerves. Regaining sophisticated hand functions also depends on “reconnecting” the donated hand with the areas of the human brain responsible for the sensory and motor processing required for complex actions. Human hand transplants are not without controversy and raise interesting challenges regarding the human regenerative capacity and the status of transplants for enabling function. More investigation is needed to address medical and ethical questions prior to expansion of hand transplants to a wider patient population.
Keywords: regeneration, transplantation, microsurgery, functional, hand, prosthesis and implants, rehabilitation, delivery of care
INTRODUCTION
As much of the biological research and medical community continues to associate limb regeneration with invertebrates or a few selected vertebrate examples, the limits of regenerative capacity in adult humans, particularly for limbs, retain its influence on research and care. A recent Lancet Commission report provides an overview of the challenges to mainstreaming regenerative medicine (Cossu et al., 2018). In this perspective, we evaluate the extent to which human hand transplantation serves as a major exemplar reflecting the human capacity for limb “regeneration” across biological scales, from cells and organ systems to restore everyday function. The scope of the perspective is focused on transplantation and function. We do not discuss the ramifications of congenital loss of limb in humans, nor do we attempt to provide a systematic review of the medical and surgical management of hand replantation or transplantation; several recent reviews that do so are available (Foroohar et al., 2011; Errico et al., 2012). Rather, we offer our perspective that the attachment of a cadaver donor hand to an individual who has lost a hand can reveal the capacities of adult human limb regeneration (up to 8 weeks of age, human embryos can regenerate a limb), including tissue regeneration and functional recovery, enabled by appropriate postsurgical rehabilitation programs. We are not asserting that attaching a donor hand to an amputee’s forearm is the same as growing a new hand. However, the very premise of integration of a donor hand within an individual’s physical form manifests the ability of skin, muscles, tendons, blood vessels and nerves to undergo substantial regeneration, repair and remodeling.
To be ultimately successful from the patients’ perspective, hand transplants must achieve remarkable feats of functional recovery. The specialized function of the human hand with respect to dexterity, grasp, and completion of complex actions, requires coordination across brain regions ranging from primary motor and sensory cortices to integrative regions such as the premotor/parietal areas (Corbetta and Fitzpatrick, 2011; Frey et al., 2011). The restoration of hand function (such as reaching, grasping or pinching) after severe trauma requires rehabilitation strategies focusing not only on primary motor and sensory cortices, but also on recruiting cortical brain areas related to motor planning and action (Pomeroy et al., 2011; Frey, 2015). Much of what we know about rehabilitation of upper limb action has been learned from patients and animal models with brain lesions and peripheral nerve injuries. Effective translation of the body of knowledge focused on central lesions and peripheral nerve trauma into optimal therapy protocols for individuals with hand transplants will require substantially more research. Current efforts in this area are hampered by limited case study reports available from what is considered an experimental therapy.
Following the loss of a hand, skills that would have reached a high level of proficiency and automaticity in adults need to be relearned and often accomplished with various strategies, including use of a prosthetic device. There is a robust literature on the impact of peripheral damage as manifested in the functional organization of primary motor and sensory cortex and brain areas related to complex actions, but mechanistic understanding remains incomplete (Makin et al., 2015; Makin and Flor, 2020). Because relatively few human hand transplants are performed each year, less is known regarding the cortical changes accompanying hand loss followed (sometimes years later) by hand transplantation (for case study see Madden et al., 2019). For example, with peripheral nerve regeneration proceeding at a rate of 1 mm/day after nerve transection (Fu and Gordon, 1997), the sensory input from the donor hand to the brain will be degraded in comparison with that from an intact hand during recovery from transplantation surgery. Yet case studies indicate that some aspects of hand function return quicker than would be anticipated (Neugroschl et al., 2005; Frey, 2021). There are other instances where the brain has the capacity to functionally adapt and relearn from the availability of even impoverished stimuli, such as the ability of individuals with cochlear implants to recognize and interpret vocal speech (Peterson et al., 2010).
THE RAMIFICATIONS OF HAND LOSS
The loss of a hand through injury and amputation can impact both avocation and vocational activities. Temporary loss of hand use (for example when bandaged) quickly causes even the simplest and most routine of everyday tasks to become frustratingly clumsy and inefficient. Hands also play central roles in our social and cultural lives and the symbolism of hands as central to our humanity can be found in works of art, music and literature (Wilson, 1998). Aristotle’s observation that the human hand is the “tool of tools” pays homage to its functionality. Recent studies have demonstrated that our fingertips can detect differences in surfaces altered at the molecular level (Nolin et al., 2021). Reaching out to grasp a coffee cup, manipulating the button of a shirt, or pinching a minute quantity of salt while cooking are difficult tasks to replicate with present day robotic systems. Moreover, our hands are tightly coupled to our sense of self and the expressions of our personal identity. The uniqueness of our fingerprints, the individuality of our signatures, even our choice of clothing reflects the abilities of our hands. Individuals who have lost a hand to amputation are bothered by the compromises they make—for example wearing “pull on” clothes to dress independently (Frey, 2021). Our hands physically connect us with the world and with family and friends. When meeting complete strangers, it is not uncommon in many cultures that first greetings involve some actions of our hands.
Hand transplantation is not without controversy, particularly because of the need for life-shortening immunosuppression for a non-life-sparing intervention (see further discussion below). However, the loss of a hand from trauma or amputation is life-altering, with some patients experiencing deep dissatisfaction with prosthetic devices. In such cases, the desire for transplantation can be worth the risk and the effort (Frey, 2021). Recovery of hand function is dependent on the reparative regeneration of skin, tendons, muscle, vasculature, and peripheral nerves, and demonstrates that adult humans have significant regenerative capacity at the tissue level. While skeletal muscle, bone and nerve regeneration is necessary, it alone is not sufficient for skilled use of a donor hand.
It is also necessary that cognitive control accurately direct the actions of the donor hand in a fashion like that of the native hand, highlighting the essential role of cortical regeneration. Early concerns regarding the limited capacity for functional recovery due to reorganization of cortical sensory and motor areas were informed by studies with mature primate brains following injuries or amputations (for review see Gunduz et al., 2020 and Andoh et al., 2020 and references within). Studies in both humans and animals have found that areas of the brain dedicated to the neural representation of the hand respond to sensory stimulation of the face after upper limb loss (Ramachandran and Rogers-Ramachandran, 2000). Additionally, recent work indicates that there is a capacity, post amputation, for the brain to retain neural representations of missing limbs (Kikkert et al., 2016), Functional imaging studies of hand transplant patients support our current understanding that there is indeed “regeneration” of neural representations for action in the sensory and motor control areas in the central nervous system (Valyear et al., 2019), even when transplantation occurs many years after the loss of a hand.
HAND LOSS IN THE CONTEXT OF LIMB LOSS AND PROSTHETIC LIMB USE
For acquired upper limb loss, trauma is the primary etiology, with digit loss the most common amputation level. Atroshi and Rosberg, (2001) While sources such as the National Limb Loss Resources Center [National Limb Loss Resource Center® - Amputee Coalition (amputee-coalition.org)] and National Trauma Databank [ntdb rds user manual all years.ashx (facs.org)] report limb loss statistics, the incidence and prevalence of upper limb loss is not as well characterized as lower limb loss. Best estimates placed the prevalence in the United States in 2005 close to half a million people, with approximately 90% categorized as minor or digital only (Ziegler-Graham et al., 2008) and millions more worldwide. A more recent estimation by the National Trauma Databank using 2009–2012 data places the prevalence at 46 per 100,000 NTDB trauma admissions (Inkellis et al., 2018). The global burden disease data tool (GBD Results Tool | GHDx (healthdata.org) provides global incidence, prevalence and years lived with disability (YLD) data. From 1990 to 2019, for unilateral upper limb amputation, global incidence has increased from 38 to 67 thousand, prevalence from 1.16 to 2.1 million, and YLD from 75 to 115 thousand. However, the numbers, startling as they are, cannot adequately capture the impact on quality of life for an individual experiencing limb loss.
An internationally accepted framework with the potential to enrich our knowledge of the functional consequences of limb loss is the World Health Organization International Classification of Functioning, Disability and Health (WHO ICF) (https://www.who.int/standards/classifications/international-classification-of-functioning-disability-and-health). Some studies in the orthotics and prosthetic device literature have tried to use this framework in the clinical setting to systematically monitor function and barriers to use (Burger 2011), but this approach has not yet found widespread application. However, the WHO ICF remains one of the frameworks to bring together all stakeholders in the multidisciplinary field of limb loss for clinical and policy impact. Using the WHO ICF, upper limb loss entails a change in anatomic and physiologic function (impairment) that has daily activity (activity) and work, recreation, personal and driving related implications (participation). As in many cases of debilitating injuries the contextual factors including the environment and inter- and intra-personal factors contribute to the variable nature of individual-level outcomes.
The journey of a person with upper limb loss back to community participation is long, requiring a robust system of care that enables risk factor modification, timely rehabilitation, and prosthetic device provision (Pasquina et al., 2015). Upper limb prosthetic device options exist to meet a range of functional needs ranging from heavy physical labor to fine motor skills. In general, mechanical devices are more suited to the former and newer electronic/hybrid devices better suited to the latter (Carey et al., 2015). Several technological advances have been developed over the last half century to improve prosthesis function, including targeted muscle reinnervation (Kuiken et al., 2009) and osseointegration (Diaz Balzani et al., 2020). Nevertheless, the rate of abandonment of devices is reported to range from 9 (Yamamoto et al., 2019) to 20% (Biddiss and Chau, 2007), with anecdotal evidence placing this number closer to 50% or more. This begs the question, would publication of higher rates of device abandonment serve as ammunition for denial of prosthetic devices even for appropriate prosthetic device candidates, or would it promote development of better devices and treatment alternatives such as transplantation? Another perspective to consider is the actual definition of abandonment itself, especially across disciplines. Some amputees may use their devices infrequently, for specific situations only, or may stop using the prosthesis during a period of illness, only to resume use once they are better. Hence, time-bound and situation-specific criteria need to be built into the definition of prosthetic device abandonment by limb care professionals in discussion with device users. Health equity must also be considered: Comprehensive systems such as the Veteran’s Administration Amputation System of Care enable different access than non-Veterans Administration beneficiaries and hence, the impact of abandonment is likely felt differently across different patient populations in different systems.
Factors cited for abandonment relate to limb loss (level and etiology), sociodemographics (gender), the prosthetic device (comfort, perceived utility) and system of care (time to fitting, patient enablement for component selection) (Biddiss and Chau, 2007). Given that cosmesis and utility are recurring themes (Ritchie et al., 2011; Yamamoto et al., 2019) for abandonment, a natural question is whether upper limb transplantation offers alternatives for successfully addressing limb loss related impairments, activity limitations and participation restriction.
WHY ARE HAND TRANSPLANTATIONS SO RARE?
The technical considerations of hand transplantation can appear daunting, but their success is rooted in the collective experience of limb replantation. The era of modern microsurgery in the United States was heralded by successful replantation of a young boy’s arm by a team of 12 surgeons in a two-stage procedure in 1962 (Malt and McKhann, 1964). Since those early days, advances in the field of microsurgery have enabled ever more sophisticated reconstructive options, through the iterative development of refined microsurgical equipment. Development of improved vascular clamps, microsurgical forceps and intra-operative microscopes facilitated more precise technical work, in parallel with refinements in nerve repair (Tamai, 2009). The growing interest in microsurgery as a field was accompanied by the first reported hand transplant in 1964 in Ecuador1 (Fernandez et al., 2019). This early attempt was complicated by acute rejection resulting in amputation within 3 weeks. Subsequent improvement in immune modulation techniques led to the second and third hand transplants performed in 1998 and 1999, with long term graft survival (Foroohar, et al., 2011). Further advances in immunosuppression combined with enhanced microsurgical technique and osseous fusion techniques have enabled the establishment of multiple hand transplant centers throughout the world (Lee, 2017). However, as discussed below, ethical concerns about relative risk versus benefit prevent its widespread application to all upper extremity amputees.
Solid organ transplant is well accepted as a satisfactory technique to prolong life with clinically acceptable risks (Linden, 2009); thus, it is tempting to assume that the ethical concerns of using allograft tissue would have been put to rest. Yet, hand transplants (and now face transplants) are unique among composite tissue allografts in that they do not prolong life, but instead improve function. In fact, receipt of a hand transplant and use of the prescribed immunosuppression regimen may actually shorten the recipient’s life secondary to development of chronic medical conditions such as cytomegalovirus infection, diabetes (Ravindra et al., 2008) or cardiovascular disease (Boratyńska et al., 2014). In recognition of the need for guidance to weigh the health risks of immune suppression with the potential benefit of the transplanted hand, several decision analysis studies have been performed (Chung et al., 2010; Alolabi et al., 2015). In these models, there exists an increasing recognition that the ultimate function of the hand (and not just survival) will influence the decision analysis, particularly for unilateral hand amputees (McClelland et al., 2016). In comparing risks and benefits, the years of life lost or medical comorbidities gained because of immune suppression are weighed against the relative increase in function compared to the base case of prosthesis use. Refinement of immune modulation techniques may in the future tip the decision tree further to hand transplantation, but this will likely be countered in some part by advances in prosthetic limb function.
Dozens of papers concerning the ethics of hand transplantation have been published over the past two decades, mostly focusing on non-maleficence (importance of doing no harm) as well as patient autonomy (recognizing the need for thorough informed consent (Cooney et al., 2018). Extrapolation to the adult population is in question, it is interesting to note that a pediatric Monte-Carlo simulation found that while compared with prosthetic limbs, bilateral hand transplants offered slightly more quality adjusted life years, while unilateral hand transplants were inferior (Snyder et al., 2019). Notably, this did not account for overall cost, just the utility of the intervention, but a key determinant of the risk benefit ratio was the willingness of the patient and family to accept a potentially shortened life span due to the deleterious effects of the required immune suppression.
TECHNICAL CONSIDERATIONS
Although sharing some technical overlaps, hand transplants differ in many ways from the reattachment, or replant, of an individual’s own hand following trauma. Although it might seem counterintuitive, transplants present ideal conditions for tissue harvest of the non-traumatized allograft, compared to a potential extensive zone of injury in replanted hands. For transplantation, the surgeon harvests the donor hand at a level that matches the intended recipient’s deficit. Harvest through forearm musculature may prove difficult to reconstruct extrinsic flexor and extensor tendon function, therefore optimal reconstruction may involve harvest through the distal third of the forearm (where only tendons are found) or through the elbow, prior to the majority of the motor branches to the forearm musculature. Once the hand is transferred to the recipient, teams of surgeons work to stabilize the bony anatomy with plates and screws, followed by sewing of the extrinsic forearm tendons, and establishment of blood flow with microsurgical repair of the major blood vessels to the forearm and hand. Finally, the radial, ulnar and median nerves are repaired by coapting the cut nerve ends with microsurgery. In the near term, survival of the transplant is dependent on patency of the vascular anastomoses, with particular care given to monitoring for intravascular thrombosis. Optimal function in the medium term is dependent on union of the donor and recipient forearm bones, healing of the tendon transfers with minimal adhesions and ultimate neural regeneration to provide a sensate, functional hand.
MEDICAL CONSIDERATIONS
In fact, while the techniques to perform hand transplants have been refined through more than five decades of replant experience, long term survival depends in large part on prevention of allograft rejection. However, functional success depends on successful union of bone and tendon between donor and recipient parts and neural regeneration from the recipient into the allograft. In fact, the critical importance of neural regeneration is underscored by the fact that early ethical concerns of hand transplant revolved around the unknown functional result of such a procedure, particularly with regards to success of peripheral nerve regeneration.
Host nerves are coapted to the allograft nerves during the transplant procedure and must grow along the length of the donor nerve scaffold and reinnervate end organs (skin or muscle). Transcriptional and translational changes in the proximal and distal nerve stumps lead to a host of alterations in the molecular environment to help this regeneration across the nerve gap at a typical rate of 1 mm/day (Fu and Gordon, 1997). Interestingly, immune suppression appears to potentiate the regenerative capability of peripheral nerves, with particular benefit seen in the local and systemic administration of tacrolimus (Zuo et al., 2020). Clinical reports have noted increased rates of nerve regeneration, up to 2–3 mm per day in hand transplant patients on immune suppressive regimens and may account for the evidence of early functional recovery Jones et al., 2000).
Hand transplants differ from solid organ transplants as they are composite tissue, consisting of muscle, skin, tendon, nerve and bone. Each of these components pose a unique risk profile for immunogenicity (Murray, 1971), with rejection of the skin component often serving as the first sign of graft compromise due to its highly immunogenic nature (Schneeberger et al., 2013) 2 attributed to the presence of resident T-cells (Leonard et al., 2020). Ease of monitoring of skin leads to high rates of success in treatment of acute rejection, despite a prevalence of more than 80% in vascularized composite allografts. Typical immunosuppressive regimens begin with induction therapy (antithymocyte globulin) designed to deplete hosts T-cells, followed by maintenance therapy consisting of steroids and tacrolimus (Kueckelhaus et al., 2016).
REHABILITATION AND SYSTEM COMPONENTS
The success of this highly multidisciplinary field depends upon a well-coordinated robust system of care (Amirlak et al.). It is not surprising that hand transplant programs are centered in academic medical centers such as Leeds Teaching Hospitals NHS Trust (Burdon et al., 2020), Brigham and Women’s Hospital (BWH) (Bueno et al., 2014) and University of Kentucky (Amirlak et al., 2007). The multidisciplinary team should include surgeons, transplant specialists, coordinators, mental health professional and rehabilitation professionals including therapists (Ravindra and Gorantla, 2011). The role of Physical Medicine and Rehabilitation (PM&R) is not explicitly defined in current literature but needs to be strongly considered. Post-operative hand therapy is critical to successful restoration of extrinsic hand function while protecting tendon transfers. Numerous published protocols exist to direct hand therapists in the care of flexor (Starr et al., 2013) and extensor tendon repairs (Collocott et al., 2018) alongside dedicated hand transplant rehabilitation protocols (Bueno et al., 2014). With 120 or so hand transplants documented by the International Registry on Hand and composite tissue transplantation (Petruzzo et al., 2010), rehabilitation programs have been described across the globe, including India (Iyer et al., 2017), United States (Bueno et al., 2014), Australia, Poland and the United Kingdom (United Kingdom).
The Brigham and Women’s Hospital (BWH) protocol has four sequential phases: 1)Pre-operative to establish functional baseline and expectations; 2) Initial post-operative focusing on healing; 3) Intermediate (weeks 2–8) focusing on range of motion and strengthening; and 4) Late focusing on increasing activity and participation (Bueno et al., 2014). The United Kingdom program (Burdon et al., 2020) uses pre-habilitation as part of preoperative planning including exercises and motor imagery. Subsequent stages are early (0–6 weeks), intermediate (6–12 weeks) and late (12 weeks+), with goals of each stage similar to the corresponding latter BWH phases. Functional outcome assessment categories described include objective motor and sensory functional tests, subjective provider and patient feedback, and treatment costs (Ninkovic et al., 2011). The reported immediate clinical and functional outcomes of hand transplantation are encouraging, long-term outcomes data is only available for small samples (Kaufman and Breidenbach, 2011). Long-term clinical, activity and participation outcomes data for larger cohorts is in the process of being collected and published.
Additional considerations include requirements for Institutional Review Board (IRB) as well as institutional financial and regulatory support to move forward with the procedure. The importance of donor selection and receipt appropriateness cannot be overstated (Ravindra and Gorantla., 2011). To summarize, a detailed pre and postsurgical and community-based rehabilitation protocol is strongly recommended. Hence, in addition to clinical expertise, robust processes and organizational alignment are needed to support clinical, functional, and fiscal viability of this program. From a generalizability perspective, the value of a registry in collating process and outcomes data to facilitate global evidence-based guidelines development for this pioneering field cannot be overstated.
FUTURE DIRECTIONS
In the near term, hand transplants will likely remain a relatively rare surgical procedure. The complexity of the surgical technique, while non-trivial, is ultimately manageable and within the technical capabilities of an experienced hand and microsurgical team given the shared experience with replantation. Similarly, immune suppression regimens have been developed, with reasonable success at minimizing rejection despite the challenges posed by transplantation of skin. Robust rehabilitation protocols at select centers further support the translation of this technical endeavor into a functional limb that can improve quality of life. However, neither technical prowess nor immune suppression are the rate limiting steps in adoption of this technology. Rather, it is the ethical underpinnings of the endeavor.
As discussed above, seamless use of the hand influences quality of life for individuals, but unlike other organ transplants, there is no evidence that hand transplants prolong lifespan, and may even shorten it. This paradox strikes at the heart of the physician’s imperative “To do no harm”. Almost all surgical indications are a balance of risks with benefits, with patient inclusion in surgical decision-making being vital, and hand transplants are no exception. The current decision process in hand transplantation is complicated by paucity of clinical data on both short- and long-term outcomes. Slow adoption by the surgical community has additionally led to a small number of hand transplants worldwide, making it difficult to accurately understand patient selection for optimal outcomes. This Catch 22 of limited evidence-limited outcomes data has continued to limit access and evidence. More information is needed about long term outcomes and utility of hand transplants, particularly when compared with upper extremity prosthesis use.
Similarly, the risk-benefit ratio can be tipped by advances in immunomodulation. As new discoveries and innovative techniques change the post-transplantation risk of lifelong immune-suppression, patients and surgeons may be more willing to proceed with non-conventional transplants. This in turn could lead to higher clinical volume and better powered studies on best-standard rehabilitation protocols and long-term outcomes.
The decision is further confounded by stunning advancements in prosthesis technology and rehabilitation techniques over the past two decades. Surgical advances such as targeted muscle reinnervation and osseointegration will continue to enhance prosthetic function, with much lower risk to patients than hand transplantation, while standardized rehabilitation protocols continue to help individuals establish focused goals and track progress over their lifetime. Still, until sensory input from these devices is addressed, patients will lack the ability to use the prosthetic device without direct visualization. However, this gap is closing as well, with new research efforts demonstrating effective sensory feedback integration into prosthetic devices (Ortiz-Catalan et al., 2020)3.
Going forward, we expect that future research endeavors will continue along parallel tracks in a number of areas. Continued observation of the cohort of current transplant recipients will provide insight for improved long term medical management. Additionally, ongoing work in cortical mapping and reorganization following limb loss, transplantation and prosthetic adoption will be key to understanding the potential for seamless incorporation of these technologies. Hopefully, current work on limb regeneration may someday render these techniques redundant, but until then, much can be learned about how to optimize return of function in patients suffering limb loss.
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The vertebrate nervous system exhibits dramatic variability in regenerative capacity across species and neuronal populations. For example, while the mammalian central nervous system (CNS) is limited in its regenerative capacity, the CNS of many other vertebrates readily regenerates after injury, as does the peripheral nervous system (PNS) of mammals. Comparing molecular responses across species and tissues can therefore provide valuable insights into both conserved and distinct mechanisms of successful regeneration. One gene that is emerging as a conserved pro-regenerative factor across vertebrates is activating transcription factor 3 (ATF3), which has long been associated with tissue trauma. A growing number of studies indicate that ATF3 may actively promote neuronal axon regrowth and regeneration in species ranging from lampreys to mammals. Here, we review data on the structural and functional conservation of ATF3 protein across species. Comparing RNA expression data across species that exhibit different abilities to regenerate their nervous system following traumatic nerve injury reveals that ATF3 is consistently induced in neurons within the first few days after injury. Genetic deletion or knockdown of ATF3 expression has been shown in mouse and zebrafish, respectively, to reduce axon regeneration, while inducing ATF3 promotes axon sprouting, regrowth, or regeneration. Thus, we propose that ATF3 may be an evolutionarily conserved regulator of neuronal regeneration. Identifying downstream effectors of ATF3 will be a critical next step in understanding the molecular basis of vertebrate CNS regeneration.
Keywords: regeneration, spinal cord injury, zebrafish, lamprey, dorsal root ganglia (DRG) neurons
INTRODUCTION
While traumatic injury to the mammalian central nervous system (CNS) leads to permanent loss of sensory and motor function, many invertebrate and non-mammalian vertebrate species exhibit a remarkable ability to regenerate nervous system structures and recover functionality. In vertebrates ranging from lampreys and bony fishes to salamanders and reptiles, damage to the nervous system initially triggers loss of function, which is subsequently followed by spontaneous regeneration of severed axons across the lesion site, sprouting of new axon collaterals, and synapse regeneration, ultimately leading to functional recovery of behaviors (Tanaka and Ferretti, 2009; Diaz Quiroz and Echeverri, 2013; Bloom, 2014; Rasmussen and Sagasti, 2016; Morgan, 2017). Even in mammals where spontaneous regeneration of the CNS is notoriously poor, the peripheral nervous system (PNS) undergoes robust regeneration after traumatic injury (Scheib and Hoke, 2013; Cattin and Lloyd, 2016; Gordon, 2020) and selective populations of CNS neurons may have the capacity to activate pro-regernative molecular responses (Matson et al., 2021). Remarkably, when peripheral nerves are used to bridge spinal cord lesions in mammals, this results in a more conducive environment in which CNS axons in the spinal cord can now regenerate (David and Aguayo, 1981; Fawcett, 2018). Thus, neural regeneration is widespread throughout the animal kingdom, suggesting that there must be some conserved molecular mechanisms.
The large number of regenerative animal models, combined with the high degree of conservation across vertebrate genomes, has prompted a search for common molecular pathways that promote successful neural regeneration across species. Indeed, next generation sequencing revealed a set of “regeneration-associated genes” (RAGs) that are intrinsically expressed within neurons and associated with successful regeneration of mammalian PNS axons, as well as CNS axons in many highly regenerative species (Ma and Willis, 2015; Fawcett and Verhaagen, 2018). Amongst the RAGs are several conserved transcription factors that activate or de-activate large sets of genes, placing them as hub proteins in a transcriptional regulatory network induced by injury (Chandran et al., 2016). These include activating transcription factor 3 (ATF3) and AP-1 (Fos/Jun), as well as Sox11, KLF7, and STAT3 (Moore and Goldberg, 2011; Blackmore et al., 2012; Fagoe et al., 2014; Chandran et al., 2016; Mehta et al., 2016; Fawcett and Verhaagen, 2018; Herman et al., 2018). Given their positions as hubs within the injury-induced gene networks, these transcription factors have potential for being master regulators of neural regeneration, and possibly therapeutic targets.
One transcription factor that is emerging as a highly conserved and thus a potentially critical pro-regenerative component for neuronal regeneration is ATF3. ATF3 is a member of the basic leucine zipper (bZip) family of transcription factors (Figure 1). ATF3 diverged relatively late in evolutionary history, having likely evolved from a gene duplication of FOS that occurred before the cnidarian-bilaterian divergence (Figure 1) (Jindrich and Degnan, 2016). In rodents and human cell lines, ATF3 is rapidly induced in response to traumatic injury or cellular stress in a number of tissues including liver, heart, kidney and nervous system, implicating ATF3 induction as part of a general stress response (Liang et al., 1996; Hai et al., 1999). After traumatic injury to the nervous system, ATF3 induction has been observed within the neurons of many diverse vertebrates, including lamprey, zebrafish, and rodents, indicating that this is a highly conserved response (Tsujino et al., 2000; Hui et al., 2014; Chandran et al., 2016; Wang et al., 2017; Herman et al., 2018). Induction of ATF3 and its downstream targets may therefore represent a common molecular pathway that promotes successful neural regeneration across species. In addition, in the non-mammalian CNS and the mammalian PNS, which have robust regenerative potential, ATF3 is amongst the most highly induced RAGs after traumatic injury, making it of particular interest as a potential target (Stam et al., 2007; Hui et al., 2014; Herman et al., 2018; Ewan et al., 2021). The goal of this review is therefore to synthesize the current evidence for ATF3 as a conserved pro-regenerative factor, to explore our current understanding of how it might be working with other RAGs to activate gene transcription, leading to axonal regrowth, and to discuss its potential value as a therapeutic strategy for promoting CNS regeneration after traumatic spinal cord injury (SCI).
[image: Figure 1]FIGURE 1 | Evolution of bZip transcription factors. Proposed evolutionary timeline of ATF3 and other bZip family members depicts the independent origins of different ATF proteins. The FOS-ATF3 subfamily is highlighted. Adapted from Jindrich and Degnan, 2016, and used with permission as stated under Creative Commons Attribution 4.0 International License https://creativecommons.org/licenses/by/4.0/.
ATF3 Protein is Conserved Across Vertebrates
ATF3 is a 21 kDa protein that contains four distinct regions, including the activation, repression, basic and leucine-zipper domains (Figure 2A). The bZip region of the protein forms the DNA binding domain that is common to ATF/CREB family members (Liang et al., 1996; Jindrich and Degnan, 2016). ATF3 can only bind to DNA as a dimer, and it can homodimerize with itself or heterodimerize with other members of the bZip family of transcription factors, including JUN, FOS, and ATF4 (Rodriguez-Martinez et al., 2017). As a homodimer, ATF3 acts as a transcriptional repressor, but as a heterodimer, ATF3 can act either as an activator or repressor (Hai et al., 1999; Danzi et al., 2018). The specific downstream DNA targets of ATF3 thus vary depending on its dimerization partner (Hai and Curran, 1991; Rodriguez-Martinez et al., 2017), and therefore ATF3 has the potential to impact many downstream pathways.
[image: Figure 2]FIGURE 2 | ATF3 is highly conserved from lampreys to humans. (A) Domain structure of ATF3. (B) Multiple sequence alignment of ATF3 protein. The alignment shows high conservation across model vertebrate species, particularly in the DNA binding basic/leucine zipper (bZip) region (amino acids 85–181). See Table 1 for NCBI Accession Numbers. (C) Maximum likelihood molecular phylogeny of several ATF family members, including the lamprey orthologs. Bootstrap values are indicated at nodes. ATF3 subfamily is highlighted in red. Generated in R (version 4.0.2) using the “ape” package.
The primary amino acid sequence of ATF3 shows a high degree of conservation, when compared across vertebrate species such as human (Homo sapiens), mouse (Mus musculus), rat (Ratticus norvalus), African clawed frog (Xenopus laevis), and zebrafish (Danio rerio) (Figure 2B). To extend this comparison, we also included the ATF3 sequence from sea lamprey (Petromyzon marinus), which is amongst the oldest living vertebrate species that evolved from a common chordate ancestor over 550 million years ago (Smith et al., 2013; Herman et al., 2018). Across the vertebrate ATF3 orthologs, the activation, repression, basic, and leucine-zipper domains can all be distinguished, although activation and repression domains are less homologous compared to the highly conserved bZip regions (Figure 2B). When compared to human ATF3, other ATF3 orthologs range from 51% identity (67% similarity) in lamprey to 95% identity (98–99% similarity) in rodents (Table 1). The bZip region of ATF3 (a.a. 85–181) is 62% identical and 83% similar between lamprey and human ATF3, as expected since this sequence is conserved across all bZip family proteins (Jindrich and Degnan, 2016). Phylogenetic analysis including other ATF family members confirms that the annotated sequence in the lamprey genome is indeed an ATF3 ortholog (Figure 2C). Thus, ATF3 is highly conserved amongst vertebrate species, suggesting that it may share similar functions in the nervous system.
TABLE 1 | Comparisons of vertebrate ATF3 orthologs to human ATF3. Protein-protein BLAST results comparing the ATF3 sequence in each species to human ATF3. NCBI Accession numbers are indicated. ATF3 is highly conserved across vertebrates.
[image: Table 1]ATF3 is Induced in the Nervous Systems of Highly Regenerative Species Following Traumatic Injury
Growing evidence suggests that early induction of ATF3 may be a critical part of the pro-regenerative response after traumatic injury, specifically within nervous system tissues and neuronal cell types that regrow or regenerate their axons. Genome-wide transcriptome and microarray studies have reported that ATF3 is amongst the transcription factors that are most highly induced around the injury site in zebrafish spinal cord after a crush injury (Hui et al., 2014) and in lamprey nervous system after spinal cord transection (Herman et al., 2018). In both species, ATF3 changes from almost undetectable levels to highly-expressed within the first day post-injury and remains high throughout the regeneration period, which includes functional recovery of swimming behaviors (Hui et al., 2014; Herman et al., 2018). In lamprey, ATF3 is strikingly the most highly-induced gene amongst the identified RAGs in both the spinal cord and the brain after SCI (Figure 3A). In contrast, ATF3 induction does not readily occur around the injury site in mouse or rat spinal cord after contusion or compression (Chamankhah et al., 2013; Wu et al., 2013; Sasagawa et al., 2016). Using the data reported in these published studies, we performed a cross-species comparison of the gene expression changes that occurred after SCI in rat (Chamankhah et al., 2013), mouse (Wu et al., 2013), zebrafish (Hui et al., 2014), and lamprey (Herman et al., 2018) at 3 days post-injury, a time point that was reported in all four species. For context, adult zebrafish exhibit a strong proliferative response in the spinal cord by 3 days post-injury, followed by axon regeneration starting around 2 weeks post-injury and behavioral recovery around 4–6 weeks post-injury (Becker and Becker, 2008; Hui et al., 2014; Cigliola et al., 2020). Lampreys follow the same progression, but over a time course of 2–3 months, with proliferation beginning around 1 week post-injury, axon regeneration occurring after 4 weeks post-injury, and behavioral recovery returning by 8–10 weeks post-injury (Rovainen, 1976; Selzer, 1978; Cohen et al., 1986; Oliphint et al., 2010). Rats and mice have somewhat different cellular responses to injury and may regain some reflexes within 7–10 days, but never recover control of voluntary movement (Steward et al., 1999). Although the time course of injury responses and regeneration does differ between zebrafish, lamprey, mouse and rat, having an early post-injury time point in common provides at least a starting point for cross-species comparisons. At 3 days post-injury in mouse and rat, there were 436 differentially-expressed (DE) genes in common between these two non-regenerative spinal cords (Figure 3B). As shown by other studies, amongst the shared DE genes were those associated with inflammation and integrin signalling (Supplementary Table S1). However, ATF3 was not induced in mouse and rat spinal cord at 3 days post-injury (Supplementary Table S1). In comparison, in the highly regenerative zebrafish and lamprey spinal cords, there were 35 DE genes in common at 3 days post-injury (Figure 3B; Supplementary Table S1). Of those, ATF3 was the most highly induced DE gene in both species, suggesting a positive role in spinal cord tissue regeneration, potentially across multiple cell types (Figure 3C). In zebrafish, both microarray and qPCR data showed that ATF3 mRNA expression within the spinal cord increases dramatically within the first few days to weeks post-injury and then gradually declines during the regenerative and functional recovery period (Figure 3D) (Hui et al., 2014; Wang et al., 2017). In the lamprey, unbiased genome-wide transcriptome analysis and qPCR also showed a rapid induction of ATF3 expression in both spinal cord and brain that declined during the regeneration period (Figures 3A,E), implicating a potential role for this gene in supporting pro-regenerative responses both locally within the damaged spinal cord and at supraspinal locations (Herman et al., 2018). Moreover, ATF3 is also rapidly induced after optic nerve crush in zebrafish and is amongst a set of transcription factors with enriched open chromatin binding sites, indicating that active transcription was occurring (Dhara et al., 2019). The rapid and robust induction of ATF3 that follows the recovery period in these systems suggests that ATF3 may activate a new transcriptional program or different functional state of the nervous system, as has been suggested in other contexts ranging from cellular homeostasis and cancer to immune responses (Hai et al., 2010; Ku and Cheng, 2020).
[image: Figure 3]FIGURE 3 | ATF3 mRNA is highly induced after spinal cord injury in zebrafish and lampreys. (A) RNA-Seq data shows ATF3 as the most robustly and highly induced RAG in lamprey spinal cord and brain after SCI. (B) Venn diagram showing the number of differentially-expressed (DE) genes at 3 days post-injury (dpi) in non-regenerative species (Mouse and Rat) versus regenerative species (Zebrafish and Lamprey). Mouse and rat share in common 436 DE genes at 3 dpi, while zebrafish and lamprey share 35 DE genes (grey). (C) Heatmap showing log2 fold change in expression for the 35 DE genes shared between lamprey and zebrafish at 3 dpi. ATF3 was the most highly induced gene in both species (arrow). Red and blue labels indicate genes that were upregulated or downregulated, respectively, in both species. (D) ATF3 is highly upregulated after spinal cord injury in zebrafish. Hours (h) and days (d) post-injury are indicated. (E) ATF3 is also induced in the lamprey CNS after spinal cord injury. Days (d) and weeks (w) post-injury are indicated. (Panel D reprinted from Wang et al., 2017 Biochemical and Biophysical Research Communications 488:522–527, with permission from Elsevier. Panels (A) and (E) reprinted from Herman et al., 2018 Scientific Reports 8:742, and used with permission as stated under Creative Commons Attribution 4.0 International License https://creativecommons.org/licenses/by/4.0/.)
There are also a number of other injury conditions where ATF3 is upregulated in the mammalian PNS and CNS. ATF3 is induced in rodents following injury to peripheral nerves, which are also capable of regeneration. This has now been demonstrated in rat sciatic nerve neurons (Seijffers et al., 2006) and cranio-facial nerve (Gey et al., 2016), as well as cultured dorsal root ganglion (DRG) neurons (Seijffers et al., 2007; Chandran et al., 2016). ATF3 mRNA expression is induced within hours following peripheral nerve injury in rodents and gradually decreases over time (Tsujino et al., 2000; Gey et al., 2016). Interestingly, both CNS lesions and peripheral nerve injury induce an upregulation of ATF3 within DRG neurons (Huang et al., 2006; Stam et al., 2007; Ewan et al., 2021). However, while peripheral nerve injury correlates with an enhanced growth state of DRG neurons (Seijffers et al., 2006; Seijffers et al., 2007; Chandran et al., 2016; Ewan et al., 2021), SCI does not translate into an enhanced growth state of the majority of ascending sensory neurons, perhaps due to the unique downregulation of fatty acid metabolism genes or other distinct transcriptional pathways occurring in the CNS (Stam et al., 2007; Ewan et al., 2021). However, there may some rare neuronal populations in mice that induce expression of ATF3 after SCI (Matson et al., 2021). Moreover, in some axotomized DRG sensory neurons, ATF3 mRNA expression remains atypically elevated several months post-injury (Tsujino et al., 2000; Rau et al., 2016), which is associated with increased sensitization that may contribute to pain (Rau et al., 2016). Several studies have also reported a robust induction of ATF3 and several other RAGs (e.g., c-Jun) in corticospinal neurons after traumatic brain injury in rodents (Mason et al., 2003; Greer et al., 2011; Forstner et al., 2018), but not after a distal injury in the cervical spinal cord (Mason et al., 2003). In one case, subsequent collateral axon sprouting was observed, suggesting that ATF3 induction was also associated with a regenerative response in the brain (Greer et al., 2011). Collectively, these studies reveal that robust, and perhaps temporally-controlled, induction of ATF3 is strongly associated with neuronal regrowth and regeneration in a number of vertebrate species and nervous tissues, but that injury location and other RAGs are likely important factors that determine the robustness of subsequent neural regeneration, perhaps due to the different cellular environments and molecular responses in the CNS versus PNS.
EVIDENCE FOR ATF3 AS A NEURONAL PRO-REGENERATIVE FACTOR IN NEURONS
The induction of ATF3 in response to injury of nervous tissues with high regenerative potential is suggestive of a pro-regenerative role. Within the regenerating nervous system, ATF3 expression is primarily localized to neuronal populations, as opposed to glial cells (Gey et al., 2016; Wang et al., 2017; Kole et al., 2020). This is a particularly striking finding, given that ATF3 can be induced in many different tissues and cell types including rodent liver, heart, and macrophages, to name a few (reviewed in) (Hai et al., 1999). Following the injury-induced expression of ATF3 mRNA in zebrafish spinal cord (Figures 3B–D), ATF3 protein levels are also highly upregulated, starting within the first 4 h post-injury and then gradually declining to resting levels around 11 days post-injury (Figure 4A) (Wang et al., 2017). Co-labeling with Islet-1 indicates that the induction of ATF3 protein expression within zebrafish spinal cord occurs in large motor neurons surrounding the injury site, as well as smaller unidentified cells and elongated axonal profiles (Figure 4A) (Wang et al., 2017). In lamprey spinal cord, the post-injury induction and subsequent decline of ATF3 protein expression is also observed in large motor neurons and axonal profiles surrounding the lesion site, though over a longer time period (Figure 4B). To fully understand the extent of ATF3 protein induction, a more detailed examination different cell types is needed, including the descending neurons in the brain which are axotomized by SCI. Similarly, in the mammalian PNS, ATF3 protein induction occurred in neurons of the mouse facial nucleus within the first week after facial nerve injury, peaking at 3 days post-injury (Gey et al., 2016), and in DRG neurons within the first few weeks after sciatic nerve injury (Seijffers et al., 2007). ATF3 protein expression has also been observed in mouse retinal ganglion cells that survive after an optic nerve crush (Kole et al., 2020). Thus, like the mRNA, ATF3 protein appears to be highly upregulated within neurons after injury, again consistent with a positive role for this RAG in neuronal regeneration.
[image: Figure 4]FIGURE 4 | Post-injury ATF3 protein expression in zebrafish and lamprey spinal cord occurs within motor neurons. (A) Compared to the sham control, ATF3 protein is upregulated within 4 h after spinal cord injury and steadily declines over the next 11 days. Co-localization with Islet-1 indicates expression in neurons. Asterisks indicate the central canal. Scale bar = 100 μm. (B) Similarly, ATF3 is induced in motor neurons within the lamprey spinal cord by 3 weeks post-injury and declines over time. Asterisks indicate the central canal. Arrowheads mark several motor neurons. Scale bar = 150 μm (50 μm in inset). [Panel (A) reprinted from Wang et al., 2017 Biochemical and Biophysical Research Communications 488:522–527, with permission from Elsevier].
The current evidence available suggests that post-injury ATF3 induction in neurons promotes greater axonal regrowth, regeneration or sprouting. For example, ATF3 knockdown in the adult zebrafish spinal cord using a translation-blocking morpholino decreased axon regrowth across the injury site at 6 weeks post-injury (Wang et al., 2017). Similarly, ATF3 knockout mice also exhibited decreased facial nerve regeneration compared to wild type mice at 23 and 31 days post-injury (Gey et al., 2016). Conversely, ATF3 overexpression enhanced both peripheral axon regeneration in the mouse sciatic nerve after crush injury (Figure 5A) (Seijffers et al., 2007; Fagoe et al., 2015), as well as regeneration of retinal ganglion cell axons in mouse optic nerve (Kole et al., 2020), but did not improve axon regeneration within the CNS after a spinal dorsal column injury (Seijffers et al., 2007). Enhanced regeneration of DRG axons only occurred when the neurons were cultured on a permissive substrate such as laminin, but not on a non-permissive substrate such as myelin, indicating that ATF3 contributes to the intrinsic growth program of PNS neurons (Seijffers et al., 2007). In zebrafish, ATF3 knockdown in the injured spinal cord not only reduced axon regrowth and regeneration but negatively impacted swimming movements, indicating functional effects of this manipulation (Figure 5B) (Wang et al., 2017). Thus, the limited data available suggest that ATF3 induction promotes axon robust regeneration in highly regenerative models or experimental conditions. However, it remains unclear how ATF3 impacts other aspects of neural regeneration, such as neuronal survival or synapse regeneration, though a recent study in mouse did report that ATF3 overexpression has a neuroprotective effect on a subtype of retinal ganglion cells after optic nerve crush (Kole et al., 2020). Additional studies will be needed in order to fully understand how ATF3 influences regenerative processes beyond its established roles in axon regrowth and regeneration.
[image: Figure 5]FIGURE 5 | Manipulation of ATF3 influences neuronal regeneration and behavioral recovery. (A) Compared to the littermate control, axon regrowth in the sciatic nerve of ATF3 transgenic mice is more extensive after nerve pinch. (B) Conversely, ATF3 knockdown with a morpholino (MO) reduced swimming recovery in zebrafish after spinal transection. Weeks post-injury are indicated. [Panel (A) reprinted from Seijffers et al., 2007 Journal of Neuroscience 27:7,911–7,920, and used with permission. Copyright 2007 Journal of Neuroscience. Panel B reprinted from Wang et al., 2017 Biochemical and Biophysical Research Communications 488:522–527, with permission from Elsevier].
MECHANISMS FOR ATF3-DRIVEN REGENERATION
To determine the conditions that are necessary for ATF3 to exhibit a pro-regenerative effect in neurons, it is critical to identify ATF3 dimerization partners and the corresponding gene targets. As mentioned earlier, ATF3 can homodimerize with itself and heterodimerize with many other transcription factors in the bZip family including cJUN, JUNB, and FOS, which then impacts its downstream effectors (Hai and Curran, 1991; Rodriguez-Martinez et al., 2017). ATF3, JUN, and Fos, as well as Myc, RelA, Stat3, Egr1, and Smad1, form a hub of transcription factors in a gene regulatory network that promotes DRG neuron regeneration in the mammalian PNS (Chandran et al., 2016). Although there are likely multiple molecular pathways driving axonal regeneration, which may differ between species and tissues, the over-representation bZip family members within the identified transcription factor hubs suggests an important role for ATF3 and its dimerization partners. Indeed, within the context of neural regeneration, dimerization of ATF3 with cJUN appears to promote greater neurite outgrowth. In both DRG and cortical neurons, co-expression of ATF3 and cJUN promotes significantly greater axon regeneration in vitro, compared to either transcription factor alone, suggesting that they work together to promote regeneration in a combinatorial manner (Chandran et al., 2016; Danzi et al., 2018). Further supporting this idea, enhanced regeneration of PNS and CNS axons was also observed after expression of a tethered dimer of Jun ∼ ATF3 (Danzi et al., 2018). Following peripheral nerve injury, a subset of ATF3 expressing neurons also co-express cJUN (Tsujino et al., 2000; Seijffers et al., 2007). However, the upregulation of cJUN appears to be independent of ATF3 overexpression since transgenic ATF3+ mice did not show an equivalent robust increase in global cJUN expression (Seijffers et al., 2007). Thus, ATF3 dimerization with cJUN seems to play an important role in promoting regeneration of some neuronal subtypes.
The cJun-ATF3 dimer activates gene transcription by binding to TRE (AP-1), CRE, and degenerated CRE motifs (Hai and Curran, 1991; Hsu et al., 1992; Rodriguez-Martinez et al., 2017; Danzi et al., 2018). A few studies have begun to explore the downstream effects of ATF3 in the context of neural regeneration. ATF3 seems to suppress pro-inflammatory cytokine response after SCI in zebrafish, since ATF3 knockdown resulted in an increase in TNF-α and IL-1β expression (Wang et al., 2017). This supports previous observations that ATF3 may reduce the acute inflammatory response, which might contribute to its pro-regenerative impact in the nervous system (Jadhav and Zhang, 2017; Forstner et al., 2018). After facial nerve injury in mouse, ATF3 appears to activate a transcriptional network of neuropeptide genes, including Galanin and Grp whose promoters were also identified as direct ATF3 binding targets (Gey et al., 2016). ATF3 may therefore promote regeneration by reducing acute inflammation and increasing neuropeptide signalling in the injured nervous system.
DISCUSSION AND FUTURE DIRECTIONS
The search for conserved molecular pathways that promote neuronal regeneration has led to the identification of ATF3 as a potentially critical component. This review highlights its consistent induction during nervous system regeneration across a wide array of vertebrate species, tissue types, and injury models. In addition, ATF3 consistently stands out for its very robust early and prolonged transcriptional induction and protein expression (Hui et al., 2014; Chandran et al., 2016; Wang et al., 2017; Herman et al., 2018), coupled with positive effects on neural regeneration and behavior (Seijffers et al., 2006; Seijffers et al., 2007; Gey et al., 2016). Going forward, it will be important to study how ATF3 affects other aspects of regeneration, including its impacts on neuronal survival, other types of neuronal plasticity (e.g., collateral sprouting), and synapse regeneration, in order to determine whether ATF3 acts as a pro-regenerative switch that turns on all of the above processes. In addition, it will be important to understand how ATF3-driven regenerative processes intersect with other known pro-regeneration pathways, including PTEN/mTOR and cAMP signalling, KLFs, and other regeneration-associated genes that enhance intrinsic growth in neurons (Yang and Yang, 2012; Siddiq and Hannila, 2015; Batty et al., 2017; Williams et al., 2020). It will also be important to explore the identify of rare neuronal populations in mammals that upregulate ATF3 and other RAGs after injury (Matson et al., 2021). It may also be beneficial to test the roles of ATF3 in other in vivo mammalian models with unusually high regenerative potential, such as the African spiny mouse (Seifert et al., 2012; Maden and Varholick, 2020) and reindeer antler (Nieto-Diaz et al., 2012), where entire tissues including nervous system must be regrown.
With this review, we provide a rationale for continuing to examine ATF3 induction and its positive roles in enhancing axonal regrowth as a potential strategy for improving neural regeneration in the vertebrate nervous system. However, since ATF3 is constitutively expressed in many non-neuronal cells and tissues and has many different roles in the body, as any potential therapeutic target, it will be important to carefully consider the normal functions of ATF3, the possible downstream effects of manipulating this transcription factor, and possible routes of administration, should this idea move forward in preclinical studies. It will also be critical to identify which of ATF3’s binding partners and potential targets are driving its pro-regenerative role in the nervous system. This may be particularly challenging as ATF3 and its co-activators and repressors are so promiscuous in their binding targets. However, the in vitro studies suggest that the pre-dimerized cJUN-ATF3 complex may be a viable tool for promoting neural regeneration that could be developed further for preclinical testing. Although the complexity of the bZip interactions highlights the need for a wholistic approach when considering therapeutic targets for SCI and other conditions where the nervous system is compromised, ATF3 has nonetheless emerged as a promising candidate.
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After amputation, axolotl salamanders can regenerate their limbs, but the degree to which limb regeneration recapitulates limb development remains unclear. One limitation in answering this question is our lack of knowledge about salamander limb development. Here, we address this question by studying expression patterns of genes important for limb patterning during axolotl salamander limb development and regeneration. We focus on the Wnt signaling pathway because it regulates multiple functions during tetrapod limb development, including limb bud initiation, outgrowth, patterning, and skeletal differentiation. We use fluorescence in situ hybridization to show the expression of Wnt ligands, Wnt receptors, and limb patterning genes in developing and regenerating limbs. Inhibition of Wnt ligand secretion permanently blocks limb bud outgrowth when treated early in limb development. Inhibiting Wnt signaling during limb outgrowth decreases the expression of critical signaling genes, including Fgf10, Fgf8, and Shh, leading to the reduced outgrowth of the limb. Patterns of gene expression are similar between developing and regenerating limbs. Inhibition of Wnt signaling during regeneration impacted patterning gene expression similarly. Overall, our findings suggest that limb development and regeneration utilize Wnt signaling similarly. It also provides new insights into the interaction of Wnt signaling with other signaling pathways during salamander limb development and regeneration.
Keywords: Wnt, limb regeneration, limb development, axolotl, Fgf
INTRODUCTION
Tetrapod limb development utilizes highly conserved signaling pathways to regulate morphogenesis. Our understanding of this process is ascribed mainly to studies performed in mice and chickens. These studies have shown that limbs arise from the lateral plate mesoderm through interactions of retinoic acid, Tbx5, and ß-catenin/Wnt signaling to activate and maintain Fgf10 expression and promote bud outgrowth (For Review (McQueen and Towers 2020; Royle et al., 2021)). Fgf10 induces Wnt3a expression in the specialized epithelial structure, the apical epithelial ridge (AER), in chicks and broad epithelial expression of Wnt3 in mice (Kengaku et al., 1998; Kawakami et al., 2001; Barrow et al., 2003; Witte et al., 2009). ß-catenin/Wnt signaling induced by Wnt3a maintains Fgf8 expression in the AER, which interacts with Wnt5a in the distal mesenchyme to promote distal outgrowth (Yamaguchi et al., 1999; Gao et al., 2018). It is clear that Wnt signaling is used multifunctionally during limb development and integrates with other signaling pathways.
It is unclear how similar limb development is to limb regeneration. Axolotls are an important animal for studying limb regeneration, but our incomplete understanding of axolotl limb development limits our ability to study limb regeneration. Studies have observed differences between axolotl limb development and other tetrapods, such as lacking an AER (Sturdee and Connock 1975; Tank et al., 1977; Purushothaman et al., 2019). Several researchers have shown that genes expressed in the mouse AER, including Fgf4, Fgf8, Fgf9, Fgf17, Wnt7a, and Fgf receptors Fgfr1-4, are expressed in the axolotl mesenchyme (Han et al., 2001; Christensen et al., 2002; Purushothaman et al., 2019). Bickelmann et al. showed that expression of limb patterning genes Hoxd13, Hoxa11, Gli3, and Etv4 differed from chicks and mice during late limb bud stages (Bickelmann et al., 2018). Lastly, axolotls develop their digits preaxially rather than the postaxial pattern of differentiation observed in amniotes (Shubin and Alberch 1986; Fröbisch and Shubin 2011; Purushothaman et al., 2019). These studies have begun to shed light on the morphological and molecular features of the developing salamander limb, but further characterization of gene expression is needed. Transcriptomic studies have shown that developmental genes are re-expressed during limb regeneration (Monaghan et al., 2009; Campbell et al., 2011; Monaghan et al., 2012; Knapp et al., 2013; Stewart et al., 2013; Voss et al., 2015; Bryant et al., 2017) and connective tissue cells in the regenerating limb become transcriptionally similar to limb bud cells (Gerber et al., 2018). However, the similarities and differences between limb development and limb regeneration have yet to be satisfactorily explained [(Tanaka 2016; Leigh and Currie 2022) for review].
We studied the Wnt signaling pathway to address this issue because it plays a multifunctional role during limb development. Wnt ligands bind ten different frizzled receptors (Fzd) and co-receptors in nearby cells, which activate several downstream signal transduction cascades including the canonical ß-catenin dependent pathway, noncanonical Planar Cell Polar pathway (PCP), and the Wnt/Ca+ pathway [(Komiya and Habas 2008; Wiese et al., 2018) for review]. We also chose to investigate Wnt signaling because it is necessary for appendage regeneration in zebrafish (Wehner et al., 2014), frogs (Yokoyama et al., 2007; Lin and Slack 2008), and salamanders (Kawakami et al., 2006; Ghosh et al., 2008). To determine if Wnt signaling plays similar roles in limb development and regeneration, we investigated the expression pattern of Wnt signaling genes in the developing and regenerating axolotl limbs. We also determined how pharmacological inhibition of Wnt signaling impacts the expression of limb patterning genes during development and regeneration.
MATERIALS AND METHODS
Animal Care and Surgical Protocol
Animals were either bred at Northeastern University or acquired from the Ambystoma Genetic Stock Center at the University of Kentucky. Animals were maintained as described in Farkas and Monaghan (2015). Embryo development stages were evaluated according to (Bordzilovskaya et al., 1989; Nye et al., 2003). Juvenile white (d/d) axolotls between 3 and 6 cm in total length were used for drug inhibitions. Images in Figures 6,7 were 8 cm in total length. Animals were anesthetized using 0.01% benzocaine, and amputations were performed through the humerus just proximal to the elbow. After amputation, the protruding bone was trimmed back to the stump.
Drug Treatments
C59 stock solution of 10 mM in DMSO was stored at −20°C until use. Treatments were performed by diluting C59 into animal rearing water, which was changed every other day for the duration of the treatment, with new drug added during each water change.
HCR-FISH Probe Design
To design hybridization chain reaction fluorescent in situ hybridization (HCR-FISH) probe sets, we developed a custom web app called probegenerator (https://probegenerator.herokuapp.com/; see https://github.com/davidfstein/probegenerator for code). Probe Generator utilizes Oligominer (Beliveau et al., 2018) to identify 25mer oligos in a provided FASTA formatted sequence that conforms to HCR hybridization conditions (Hybridization temp = 37°C, NaCl concentration = 1 M, formamide concentration = 30%). Probes are then paired with two base pair spacers according to version 3 HCR (Choi et al., 2018) and aligned to the version 60DD axolotl genome using Bowtie2 (Langmead and Salzberg 2012) to select against probes that hit multiple genomic regions. Next, probe pairs are designated as 5′ untranslated region (UTR), open reading frame, or 3′ UTR. Up to 36 probe pairs were selected for each gene of interest, first selecting probe pairs in the open reading frame, then 3′ UTR, and lastly 5′ UTR (Supplemental Table S1). Probe pools were ordered as 50 pmol/oligo lyophilized pellets from Integrated DNA Technologies or as individual oligos in plate format from Eurofins Genomics. Probe pools were resuspended in TE buffer to obtain a concentration of 1 µM or combined from plates to generate a 1 µM solution and stored at −20°C.
HCR-FISH in Whole Mounts
The following protocol was based upon protocols provided by Molecular Instruments. Tissues were collected and fixed in 4% paraformaldehyde overnight at 4°C followed by 3 × 5 minute washes in PBST (PBS +0.1% Tween). Tissues were dehydrated with 25% MeOH/75% PBST for 10 min, followed by 50% MeOH/50% PBST, 75% MeOH/25% PBST, 100% MeOH all on ice. Tissues were then transferred to fresh 100% MeOH and stored at −20°C overnight. The next day, the MeOH series was reversed on ice up to 100% PBST, followed by another 10 min PBST wash. Blastemas were then treated with 10 μg/ml Proteinase K (NEB) in PBST for 15 min at room temperature, followed by 4% paraformaldehyde for 20 min at room temperature. Tissues were then washed 3 × 5 minutes in PBST at room temperature. Hybridization buffer was then added at 37°C for 5 min followed by a 37°C incubation with fresh hybridization buffer for 30 min. Probes were diluted 1:200 in hybridization buffer, and samples were incubated overnight at 37°C in 1.5 ml tubes. Tissues were washed in prewarmed probe wash buffer 4 × 15 min at 37°C followed by 2 × 5 min 5XSSCT washes at room temperature. The buffer was replaced with amplification buffer and incubated for 30 min at room temperature and then replaced with a 1:50 dilution of snap-cooled hairpins and incubated in the dark overnight. Samples were then washed in 5xSSCT for 5 min, then 2 × 30 min, and then 5 min at room temperature. Tissues were then mounted in 1.5% low melting temperature agarose into capillaries with a diameter just larger than the tissue (Zeiss). Once set, mounted tissues were washed for 10 min in PBS followed by incubation in EasyIndex (LifeCanvas Technologies) overnight at 4°C.
Images were obtained on a Z.1 Light-sheet microscope with dual side illumination with a 20x plan neufluar Clr immersion objective. A single stack was selected from the image, and Denoising was performed in Zen Blue with default settings. Images were then rotated, cropped, and an inverted grey scaled lookup table was applied to each of the three image channels. Gaussian blur with a radius of 1 was performed, and brightness and contrast were adjusted using the auto function in Fiji with minor manual adjustments for image presentation. Scale bars were added at 50 µm and saved as RGB tiffs for generating the figures. Slice projections are found in Figure 1.
[image: Figure 1]FIGURE 1 | Expression of Wnt signaling genes in stage 46 developing axolotl limb buds. (A) Coronal view of Wnt3a ligand expression in a Stage 46 limb bud showing broad expression throughout the epithelium. Di is distal, A is anterior, Pr is proximal, and Po is posterior. The blue dotted line indicates the plane shown in the cross section. (A′) Cross-sectional view of the limb shown in (A). A is anterior, V is ventral, Po is posterior, Do is dorsal. Notice there is no difference in expression between the anterior, posterior, dorsal, or ventral axes (APDV). (B) The ligand Wnt5a expression in the limb bud. Expression is strong in the basal layer of the distal epithelium and distal mesenchyme. Blue stars indicate regions of non-specific signal or autofluorescence of tissue, which was most often muscle in the flank of the embryo. (B′) Cross-sectional area of Wnt5a limb. Red arrowheads indicate expression of Wnt5a in the epithelium around the entire circumference of the limb. The dotted lines in the cross-sectional view represents the outside of the epithelium. (C) The ligand Wnt5b expression was generally weak in the developing limb bud and mainly mesenchymal. (C′) Sparce Wnt5b expression in the mesenchyme and even less in the epithelium highlighted with red arrowheads. (D) The Wnt receptor Fzd8 expression in the limb bud. Broad mesenchymal expression was observed throughout the distal half of the limb bud. Red arrowheads indicate the few positive spots in the epithelium. (D′) Cross-sectional view of the limb in (D). Notice the expression of Fzd8 across the APDV axes. (E) Expression of the Wnt5a receptor, Ror2. Expression was observed across all axes throughout the entire limb bud mesenchyme with very little expression in the epithelium, highlighted with red arrowheads. (E′) Cross section of Ror2 expression showing the strong expression along the APDV axes. (F) Expression of the downstream target of Wnt5a, Prickle1, in the limb bud. Prickle1 mRNA dots were more concentrated distally and anteriorly. Some expression was also observed in the epithelium, highlighted with red arrowheads. (F′) Cross-section of limb in (F). (G) The alternative Wnt ligand, Rspo2, showed completely mesenchymal expression primarily in the posterior region of the limb bud. (G′) The cross-sectional view shows Rspo2 is expressed dorsally and posteriorly in the mesenchyme. (H) The Wnt target gene, Axin1, was lowly expressed throughout the limb bud in both the mesenchyme and epithelium. (H′) Cross-section of Axin1 limb showing low, but broad expression. (I) The Wnt inhibitior, Sfrp2, in the limb bud showing high expression, especially in the proximal portions of the limb. (I′) Cross-section of Sfrp2 expressing limb shows expression across the APDV axis, mainly in the mesenchyme. Scale bars in all panels are 50 µm.
Wholemount samples were virtually resliced using Arivis Imaging Platform Version 3.5 to show cross-sections of limb buds. First, two 180° views were fused and the cross-sectional area of the limb bud was chosen that showed the most abundant dorsoventral and anteroposterior gene expression pattern.
Animations were generated by first generating segmentation masks of whole mount HCR-FISH by manually segmenting the limb bud using segmentation editor in ImageJ as described in Duerr et al. (2020). Masks were combined in Napari and the Napari-animation plugin was used to generate videos (Sofroniew et al., 2021).
HCR-FISH in Tissue Sections
The following was based upon protocols provided by Molecular Instruments with some modifications in tissue collection. Fresh tissues were placed in 100% optimal cutting temperature media prechilled on ice and frozen on an aluminum block sitting in a bath of liquid nitrogen. Frozen samples were then stored at −80°C. Cryosections were taken at 10 μm, stored in the cryostat for the remainder of the tissue collection (approximately 15 min), and then fixed in 4% paraformaldehyde for 15 min at RT in lockmailer microcope slide jars. Slides were then washed 3 × 5 min in PBS and then placed in 70% EtOH at 4°C overnight to permeabilize the tissue sections. Slides were washed twice in PBS for 5 min each, followed by two 5 min washes in clearing solution (4% SDS, 200 mM Boric acid, pH 8.5), followed by two PBS washes for 5 min each. Sections were prehybridized at 37°C in hybridization buffer (Molecular Instruments) for 15 min. Probe pools (1 µM) were diluted 1:200 in 37°C hybridization buffer, and incubated on tissue sections overnight at 37°C under parafilm in a humidified chamber. Slides were then washed at 37°C in prewarmed probe wash buffer (Molecular Instruments) for 4 × 15 min. Fluorescently-labeled hairpins (Molecular Instruments) were heated to 95°C for 90 s and cooled at room temperature in the dark for 30 min before use. Amplification buffer (Molecular Instruments) was then applied on sections for 10 min at room temperature followed by a 1:50 dilution of hairpins in amplification buffer and incubated under parafilm overnight in a humidified chamber at room temperature in the dark. Sections were then washed 3 × 15 min in 5xSSCT at room temperature, stained with DAPI for 5 min, washed in PBS for 5 min, and then mounted in Prolong Gold under a 1.5# coverslip. Images were collected using a Zeiss LSM 880 confocal microscope using a 20x plan apo objective using the Airyscan fast mode. Tiles were overlaid in Zeiss Zen Software. HCR dots were identified using the RS-FISH (Bahry et al., 2021) Fiji plugin (Schindelin et al., 2012) and the same parameters were used for treated and untreated samples. Dots were overlaid on to the corresponding DAPI image for presentation purposes. Close-up images were adjusted for brightness and contrast and underwent a Gaussian Blur with a sigma of 0.5.
Statistical Analysis
Hierarchical clustering was performed using Morpheus with metrics 1 - Pearson correlation with average linkage (http://software.broadinstitute.org/morpheus). Graphs throughout the manuscript were generated using PlotsOfData (Postma and Goedhart 2019) and organized in Adobe Illustrator. Two-tailed Student’s t-test with unequal variance was performed when comparing two groups.
RESULTS
Wnt Signaling Gene Expression During Limb Development
Wnt signaling is integral to tetrapod limb development. To examine Wnt signaling gene expression during axolotl limb development, we performed whole-mount HCR-FISH on stage 46 developing axolotl limb buds (Figure 1). We found that Wnt3a was expressed throughout the epithelium with expression in the dorsoventral and anteroposterior axes. This expression pattern differs from AER expression in chicks (Kawakami et al., 2001; Kengaku et al., 1998), and no expression in mouse limb bud epithelium (Witte et al., 2009) (Figures 1A,A′). Wnt5a was highly expressed in the distal basal epithelium and mesenchyme (Figures 1B,B′), while Wnt5b was expressed mainly in the distal mesenchyme (Figures 1C,C′); both of these patterns are similar to expression patterns in developing mouse limbs (Martin et al., 2012; Yamaguchi et al., 1999). We observed broad Fzd8 expression in mesenchyme with lesser expression in the most proximal regions (Figures 1D,D′). Although Fzd8 is expressed in developing mouse limbs on embryonic day 11.5 (Summerhurst et al., 2008), chick limb buds do not express it (Nohno et al., 1999). The Wnt5a receptor, Ror2, which activates the PCP signaling pathway in the developing mouse limb (Gao et al., 2011), was strongly expressed throughout the limb bud mesenchyme similar to mice, but also lesser expression in the epithelium (Figures 1E,E′) (Matsuda et al., 2001). The downstream target of Wnt5a and Ror2, Prickle1, also showed similar expression to Wnt5a, although Prickle1 was not as strongly expressed in the epithelium (Figures 1F,F′). This expression pattern is similar to chick limb development (Cooper et al., 2008), while mice also express Prickle1 in the AER (Bekman and Henrique 2002). An alternative ß-catenin/Wnt ligand, Rspo2, was highly expressed posteriorly and dorsally (Figures 1G,G′), contrasting with AER expression in mice (Bell et al., 2008). Axin1, a protein that binds and is involved in degradation of ß-catenin, was very lowly but broadly expressed throughout the limb mesenchyme and epithelium (Figures 1H,H′). We investigated Axin1 rather than the highly-expressed Axin2 because Axin1 is up-regulated during limb regeneration (Voss et al., 2018). The secreted Wnt signaling inhibitor, Sfrp2, was highly expressed in the proximal mesenchyme with less expression in distal regions (Figures 1I,I′), which deviates from mice where Sfrp2 is expressed in the early condensing chondrocytes (Leimeister et al., 1998). Overall, ß-catenin/Wnt and PCP pathway ligands were expressed in the epithelium (Wnt3a and Wnt5a) and mesenchyme (Wnt5a, Wnt5b, and Rspo2), while Wnt receptors were more highly expressed in the mesenchyme (Fzd8 and Ror2). Although our analysis was not exhaustive, our results show strong expression of Wnt signaling genes during limb development and significant differences between developing axolotl limbs and amniotes. These differences were observed for Wnt3a, Fzd8, Prickle1, Rspo2, and Sfrp2. Our data suggest that both ß-catenin/Wnt and PCP signaling pathways are active in the mesenchyme of the developing limb bud.
Wnt Signaling is Necessary for Limb Development
We next determined if Wnt secretion is required at specific time points for limb development using the well-characterized Porcupine enzyme inhibitor, C59 (Proffitt et al., 2013; Ponomareva et al., 2015), which blocks all Wnt ligand secretion. To do this, we treated animals for three-day intervals, starting at stage 40 (Figure 2A). We found permanent inhibition of limb development in all five animals treated at stage 40 (Figure 2B), which did not occur if animals were treated starting at stage 41 or beyond. These results suggest that Wnt signaling is necessary for the early stages of limb bud outgrowth and that limbs can recover from short intervals of C59 treatment after stage 40.
[image: Figure 2]FIGURE 2 | C59 treatment of developing axolotl limbs. (A) Treatment scheme with 10 µM C59 for 3 days intervals. Animals were allowed to grow indefinitely after treatment. (B) Image of a C59-treated stage 40 animal 2 years after treatment. The zoomed-in panel shows a complete lack of a limb. (C) Graph showing inhibition of limb bud outgrowth after 7 days of 5 μM C59 treatment starting at stage 42. Two-tailed Student’s t-test ***p < 0.0001. n = 20 embryos per group. (D) An example of a permanent limb defect after 7 days of C59 treatment starting at stage 42. Left image shows a C59-treated limb 12 weeks after treatment compared to a control limb on the right. Po is posterior, D is distal, A is anterior, and Pr is proximal. Scale bars in are 500 µM.
To determine if Wnt inhibition impacts later stages of limb development, we treated stage 42 limbs for a longer interval of 7 days and tracked their growth trajectories. Limb bud size was significantly smaller after 7 days of treatment (Figure 2C), which led to permanent truncation at the mid/distal humerus in 18 of 22 limbs (Figure 2D). Two animals had no limb buds, and two limbs developed a spike that contained segments with joint-like structures. These results suggest that the absence of Wnt ligand secretion inhibits limb outgrowth, which could have been due to a loss of cell signaling in the zone of polarizing activity (ZPA), epithelium, or mesenchyme of the developing limb.
Wnt Signaling Regulates the Expression of Developmental Limb Patterning Genes
We performed whole-mount HCR-FISH to determine if Wnt inhibition changed developmental gene expression patterns. We first looked at gene expression of Wnt signaling genes after C59 treatment. Although limbs were much smaller after treatment, expression continued for many Wnt genes, including Wnt3a, Wnt5b, Fzd8, Ror2, Prickle1, Rspo2, and Sfrp2 (Figures 3A–I). In fact, drug treatment led to higher expression for the Wnt receptor Ror2 and the Wnt inhibitor Sfrp2 (Figures 3E,I). In contrast, Wnt5a and Axin1 were nearly absent while Rspo2 switched its expression from posterior to an anterior region (Figures 3B,G,H).
[image: Figure 3]FIGURE 3 | Coronal single z-plane images of whole mount HCR-FISH of Wnt signaling genes after 5 μM C59 treatment. Limbs were treated starting at stage 42 and collected on day 6 of treatment. (A) Wnt3a expression after C59 treatment. The pattern of expression is the same as untreated limbs (Figure 1A), but less pronounced. Red arrowheads show some staining in the mesenchyme although most staining is in the epithelium. The blue star indicates two non-specific dots. Po is posterior, D is distal, A is anterior, and Pr is proximal. (B) Wnt5a expression is essentially absent after C59 treatment. (C) Wnt5b is still lowly expressed in the same mesenchymal pattern as untreated limbs with minor staining in the epithelium (Figure 1C). (D) Fzd8 shows decreased staining after treatment, but the same pattern of expression in the mesenchyme with little in the epithelium. The blue star indicates a non-specific signal on the outside the of the limb. (E) Ror2 showed strong expression after C59 treatment with most expression in the mesenchyme and some in the epithelium, highlighted with red arrowheads. (F) Prickle1 lost most expression after C59 treatment, only retaining some expression in the mesenchyme, highlighted with red arrowheads. (G) Rspo2 switched from posterior expression to an anterior mesenchymal expression domain after C59 treatment. The blue star indicates autofluorescent muscle. (H) Axin1 expression was minimal in limb buds treated with C59. The few positive signals are highlighted with red arrowheads. (I) Sfrp2 continued strong expression after C59 treatment. Scale bars in all panels are 50 µm.
We next examined if Wnt inhibition impacted the Shh, Grem1, Fgf8 signaling loop known to be active in vertebrate limbs (Zúñiga et al., 1999). We observed that Fgf8 was expressed in the distal mesenchyme with more broad expression in the anterodorsal region. Shh had strong expression in the posterior mesenchyme, with the region trending towards the ventral region and a sharp boundary between the Shh and Fgf8 domains (Figures 4A–C). Grem1, the Bmp antagonist that relays Shh and Fgf signaling (Sun et al., 2000; Zúñiga et al., 1999), was expressed mainly between the Shh and Fgf8 domains with higher expression dorsally and some overlap with Shh and Fgf8 (Figures 4A–C; Supplementary Video S1). Our observation of overlap between Shh and Grem1 is also observed in Xenopus limb buds (Wang et al., 2015), but not chicks (Scherz et al., 2004). Wnt inhibition led to a significant decrease in all three transcripts with a shift of Fgf8 more posteriorly and a small anterior ectopic expression domain of Shh in the mesenchyme and epithelium (Figures 4D–F).
[image: Figure 4]FIGURE 4 | Expression of Shh/Fgf8/Grem1 in the developing limb. (A) Light-sheet microscopy of HCR-FISH for Grem1 (magenta), Shh (yellow), and Fgf8 (cyan) in the ventral region. (A′) Zoomed-in images of the region highlighted by the white box in (A). Notice the lack of overlap between the Shh-expressing cell highlighted with the yellow arrowhead and the Fgf8-expressing cell highlighted with the cyan arrowhead. (B) A coronal optical slice collected from the dorsal region of the limb bud. (B′) Images are close-ups of the boxed region in (B). Notice the overlap in expression between Grem1 and Fgf8. (C) Segmentation of Shh, Fgf8, Grem1 expression domains of the stage 46 limb bud shown in (A,B). Scale bar: 200 µm. (C′) A 90° rotation showing a distal/posterior view of the limb. Dorsal (Do), ventral (V), distal (Di), and proximal (Pr) regions of the limb are highlighted. (C”) A 90° rotation showing a distal/anterior view of the limb. Do, V, Di, and Pr are highlighted. (D) Single z-plane image of Shh expression in the stage 46 limb bud. (D′) The cross sectional view of the blue dotted line in D. Notice the posterior/ventral expression domain. (D”) Shh expression after C59 treatment. Red arrowheads show the decrease of Shh expression in the posterior domain. Orange arrowheads indicate a new anterior expression domain in the mesenchyme and epithelium. (E) Grem1 expression in an untreated limb bud showing mesenchymal posterior expression. (E′) Cross sectional view of the blue dotted line in (E), showing the posterior/dorsal expression domain of Grem1. (E”) Grem1 expression after C59 treatment showing a strong decline in gene expression in the posterior mesenchyme. (F) Fgf8 expression in the distal anterior mesenchyme of the limb bud. (F′) Cross section of the blue dotted line in (F) showing the anterior mesenchymal expression of Fgf8 with a slight skew towards the dorsal portion of the limb bud. (F”) Fgf8 expression after C59 treatment shows a decrease in the expression domain except in the most posterior distal portion of the limb. The blue star indicates autofluorescence of the flank muscle.
Considering that a lack of Wnt signaling inhibits AER formation in chicks and mice, we expected C59 to impact epithelial gene expression. Indeed, Wnt inhibition decreased the expression of most epithelial genes. Frem3, known to be expressed in the mouse limb bud epithelium (Chiotaki et al., 2007), switched expression from the mainly posterior limb epidermis to the anterior mesenchyme after C59 treatment (Figures 5A,A′). Mtrans, a transcript previously shown to have high expression in the regenerating limb wound epidermis (AMEX60DD102055433.1) (Campbell et al., 2011; Monaghan et al., 2012), was completely abrogated in the developing limb epithelium with C59 treatment (Figures 5B,B′). In addition, the C59 treatment decreased epithelial expression of Wnt3a (Figures 1A, 3A) and Wnt5a (Figures 1B, 3B), while Bmp2 and Bmp7 expression in the epithelium and mesenchyme were only mildly impacted (Figures 5C,D′).
[image: Figure 5]FIGURE 5 | Gene expression of limb patterning genes in stage 46 developing axolotl limb buds. (A) Expression of Frem3 in the distal epithelium. Some mesenchymal expression can be observed in the anterior/proximal mesenchyme highlighted with red arrowheads. (A′) Epithelial expression of Frem3 decreased and the anterior mesenchymal expression was significantly increased after C59 treatment shown by red arrowheads. (B) Epithelial expression of Mtrans with a scewing towards the posterior side of the limb. (B′) C59 treatment greatly decreased expression of Mtrans in the epithelium. (C) Bmp2 expression is expressed in the basal epithelium are indicated with orange arrowheads and mesenchymal expression is highlighted with red arrowheads. (C′) Bmp2 expression had the same expression domains after C59 treatment, highlighted by orange arrowheads (epithelium) and red arrowheads (mesenchyme). The blue star indicates autofluorescence. (D) Bmp7 expression in the epithelium indicated with orange arrowheads and mesenchymal expression in the distal and anterior mesenchyme indicated with red arrowheads. (D′) Bmp7 expression continued after C59 treatment with a decrease in the anterior mesenchyme. (E) Fgf10 expression throughout the mesenchyme and lower levels in the epithelium. (E′) Fgf10 expression was completely absent after C59 treatment. (F) Hand2 expression in the posterior limb mesenchyme. (F′) Hand2 expression decreased and expanded in anterior regions of the mesenchyme, highlighted by red arrowheads. (G) Gli3 expression mainly in the mesenchyme. (G′) Decreased Gli3 staining in the mesenchyme. Blue stars indicate non-specific staining. (H) Broad mesenchymal staining of Etv4 throughout the limb bud with a few positive spots in the epithelium, highlighted by red arrowheads. (H′) Decreased Etv4 expression after C59 treatment, but with the same expression pattern as (H). (I) Distal mesenchymal expression of Hoxa13. (I′) Lack of Hoxa13 expression after C59 treatment. The blue star indicates autofluorscent muscle. Scale bars in all panels are 50 µm.
Mesenchymal gene expression was also significantly impacted after Wnt inhibition. The primarily mesenchymal expression of Fgf10 was completely absent after C59 treatment (Figures 5E,E′). Hand2, a posteriorly expressed transcription factor necessary for Shh expression in mice (Galli et al., 2010), had its posterior mesenchymal expression pattern decreased and expanded throughout the anteroposterior mesenchyme (Figures 5F,F′). The mesenchymal expression of Gli3 (Figures 5G,G′), and mainly mesenchymal Etv4 (Figures 5H,H′) decreased expression, while the autopod identity gene, Hoxa13, was completely absent in C59-treated limbs (Figures 5I,I′). These results show that inhibition of Wnt signaling decreases the overall expression of patterning genes in both the epithelium and mesenchyme while causing several patterning genes to adjust their expression domains, especially along the anteroposterior axis.
Wnt Signaling is Necessary for Limb Regeneration
We next determined if Wnt signaling was necessary for limb regeneration and its possible mechanism of action. Treatment with 5 µM C59 from 3–12 dpa (n = 5) decreased the area of regenerated tissue, with the first significant difference detected at 8 dpa (p = 0.0092; Student’s t-test) and a lack of growth in C59-treated limbs after that point (Figure 6A). These data suggest that active Wnt ligand secretion is necessary for blastemal growth. Once animals were removed from C59 treatment at 12 dpa, regeneration growth recovered, and limbs fully regenerated to control levels by 1 month later (Figure 6B; p = 0.719; Student’s t-test). These results suggest that the pool of blastema cells necessary for limb regeneration are not lost due to Wnt inhibition, and the cells are still competent to recommence regeneration once Wnt ligands become available. A similar scenario occurs when axolotl limbs are denervated, recommencing regeneration once nerves reinnervate the limb.
[image: Figure 6]FIGURE 6 | Limb regeneration after Wnt inhibition. (A) Quantification of limb growth after C59 treatment starting at 3 dpa. Treated limbs were smaller than control limbs at 8 dpa (p = 0.0092; Student’s t-test) and 12 dpa (p = 0.0031; Student’s t-test). (B) Limb regeneration of untreated (DMSO) and treated (C59) limbs 1 month after removal from C59 (12 dpa).
Wnt Signaling Regulates the Expression of Limb Patterning Genes During Regeneration
Next, we investigated the expression of Wnt signaling genes during forelimb regeneration. We first mined a public transcriptomic dataset that characterized gene expression by Affymetrix microarray after upper arm amputation over the first 28 days post-amputation (dpa) with ten biological replicates at each time point (Voss et al., 2018). We selected 447 unique genes with the gene ontology term associated with Wnt signaling (GO term GO:0198738 “cell signaling by wnt”) that were also on the Affymetrix microarray (n = 274). Genes were chosen for analysis only if they changed at any time point (p < 0.05 using ANOVA statistical test = 186 genes) and had at least a two-fold change from uninjured limbs (n = 59; Supplementary Table S2). Hierarchical clustering of these genes showed dynamic expression patterns over time, including upregulation of Wnt signaling genes at blastema formation, approximately 4 dpa (Figure 7A). Based upon these results, Wnt signaling is likely active during limb regeneration.
[image: Figure 7]FIGURE 7 | Wnt ligand expression during limb regeneration. (A) Hierarchical clustering of 59 Wnt signaling genes during 28 days of limb regeneration. Days post amputation are presented on the x axis. Genes are presented on the y axis. Genes evaluated by HCR-FISH are highlighted with boxes. (B–D) HCR-FISH was performed on a coronal section of a forelimb blastema at the mid bud stage, 20 dpa. C59 treatment started on 18 dpa. The few non-specific dots located outside of the limb were removed for clarity. Scale bars (B–D′) are 250 µm. (B) Wnt3a expression in the mid blastema showing strong expression in the basal epidermis, highlighted by red arrowheads. Some mesenchymal expression is present in the mesenchyme (highlighted with magenta arrowheads in the merged image, (E). (B′) Wnt3a was minimally impacted from 48 h of C59 treatment. (C) Broad mesenchymal expression of Wnt5b. Few spots were observed in the epithelium. (C′) Decreased Wnt5b expression in C59 treated limb with same expression pattern as (C). (D) Wnt5a expression showing strong mesenchymal and basal epithelium expression higher near the distal blastema. Red arrowheads highlight expression in the basal epithelium. (D′) Wnt5a expression retained only in the most distal mesenchyme and basal epithelium after C59 treatment. (E,F) Close-up images were adjusted for brightness and contrast and Gaussian blurred with a radius of 1. Dotted lines indicate the epithelial boundary. Scale bars in (E,F) are 20 µm. (E) Close-up merged image of boxed area in (B–D) showing Wnt3a, Wnt5b, and Wnt5a expression. Magenta arrowheads highlight Wnt3a expression, cyan arrowheads highlight Wnt5b expression, and yellow arrowheads highlight Wnt5a expression in a DMSO-treated limb. (F) Close-up merged image of boxed area in (B′–D′) showing Wnt3a, Wnt5b, and Wnt5a in C59 treated limb. Blue star indicates an autofluorescent cell in the epithelium.
We next used multiplexed HCR-FISH in tissue sections to determine the expression patterns of Wnt ligands with and without C59 treatment. We studied the mid-stage blastema because it closely resembles the stage 46 developing limb. Overall, patterns were very similar to limb development with Wnt3a primarily expressed in the basal epidermis and still expressed after C59 treatment (Figures 7B,B′). Wnt5b was primarily expressed in the blastema mesenchyme and marginally declined with C59 treatment (Figures 7C,C′). In contrast, Wnt5a significantly decreased expression in the basal epidermis and blastema mesenchyme, mimicking the response observed in limb development (Figures 1B, 3B). Early blastema (6 dpa) and early/mid blastema (11 dpa) stages showed the same expression patterns except that Wnt5b was absent at the early blastema stage (Supplementary Figure S1).
Considering C59 treatment had a significant impact on blastema growth, we wondered if C59’s impact might be due to a lack in the expression of genes associated with distal outgrowth. To test this, we performed multiplexed HCR-FISH of mid-stage blastemas for the genes impacted during development with and without C59 treatment. Overall, gene expression patterns during regeneration were similar to developmental gene expression patterns (Figures 8A–L). A minor difference we observed was that Ror2 (Figure 8A), Prickle1 (Figure 8B), Fzd8 (Figure 8E), and Axin1 (Figure 8F) were more abundant in the blastema epithelium compared to development.
[image: Figure 8]FIGURE 8 | Gene expression of limb patterning genes in mid bud axolotl forelimb blastemas. (A–L′) HCR-FISH was performed on coronal sections of a forelimb blastema at the mid bud stage, 20 dpa. C59 treatment started on 18 dpa. The few non-specific dots located outside of the limb were removed for clarity. Scale bars (A–L′) are 250 µm. Scale bars in close-up merged images were 20 µm. (A) Ror2 expression in a DMSO-treated limb showing very strong expression throughout the mesenchyme and lesser expression in the epithelium. Pr is proximal, A is anterior, Di is distal, and Po is posterior. (A′) Generally decreased expression of Ror2 in a C59-treated limb. (B) Prickle1 expression in the blastema mesenchyme and basal epithelium, indicated by red arrowheads. Blue stars indicate autofluorescent basal lamina in the epidermis and the dermis. (B′) Expression of Prickle1 after C59 treatment showing similar, but less frequent signal. (C) Strong Gli3 expression in the mesenchyme of the blastema. (C′) Expression of Gli3 after C59 treatment showing similar, but less frequent signal. The merged image of (A–C) shows variable expression across cells for Ror2, Prickle1, and Gli3, highlighted by colored arrowheads. (D) Sfrp2 strongly expressed throughout the blastema mesenchyme. (D′) Sfrp2 expression similar in a C59-treated limb compared to the DMSO-treated limb. (E) Mesenchymal and basal epithelial expression of Fzd8. Red arrowheads highlight expression in the basal epithelium. Blue stars indicate autofluorescent Leydig cells in the epithelium. (E′) Similar expression in the C59-treated limb, but at lower levels. (F) Low expression of Axin1 throughout the blastema mesenchyme with very low expression in the epithelium. (F′) Similar Axin1 expression pattern in a C59-treated limb compared to control limbs, except at a lower level. (G) Rspo2 expression in the posterior mesenchyme of the blastema. (G′) Rspo2 broadly expressed in both the mesenchyme and epithelium of a C59-treated blastema. (H) Posterior mesenchymal expression of Hand2 in the limb blastema. Autofluorescent Leydig cells are highlighted with blue stars. (H′) Lack of expression for Hand2 in the C59-treated limb blastema. (I) Fgf10 mainly expressed in the mesenchyme. (I′) Fgf10 expression nearly absent in the C59-treated blastema. (J) Posterior expression of Shh in few, but highly expressing cells in the posterior blastema mesenchyme. The lack of stronger expression is likely due to the tissue section not beingincluding much of the posterior Shh domain. Strong Shh expression is observed in whole-mount staining in Supplementary Figure S2. (J′) Very little Shh expression was observed in C59-treated limbs, which was confirmed by whole-mount imaging. (K) Distal/anterior mesenchymal expression of Fgf8 in the regenerating blastema. Blue stars indicate autofluorescent Leydig cells and dermis. (K′) Fgf8 transcripts absent in the C59-treated limb. (L) Posterior mesenchymal expression of Grem1 in a broader domain than Shh. (L′) Very little Grem1 expression in the C59-treated limb.
The response to C59 was also very similar to developing limbs. Some genes had a minor qualitative decrease in expression, including Ror2 (Figures 8A,A′), Prickle1 (Figures 8B,B′), Gli3 (Figures 8C,C′), Sfrp2 (Figures 8D,D′), Fzd8 (Figures 8E,E′), and Axin1 (Figures 8F,F′), but were not substantially different from control limbs. The most striking difference between limb development and regeneration was that C59 induced broad expression of Rspo2 in both the mesenchyme and epithelium during regeneration (Figures 8G,G′) compared to a posterior to anterior switch in development (Figures 1G, 3G). Another difference was that Hand2 was nearly absent after C59 treatment in the blastema compared to decreased expression and expansion into the anterior limb bud during development (Figures 8H,H′). We observed that Hand2 (Figures 8H,H′), Fgf10 (Figures 8I,I′), Shh (Figures 8J,J′), Fgf8 (Figures 8K,K′), and Grem1 (Figures 8L,L′) were all nearly absent after 48 h of C59 treatment. This observation is supported by whole-mount imaging, showing that C59 treated mid-stage blastemas had a complete lack of Fgf10, Shh, and Fgf8 expression (Supplementary Figure S2). This observation further supports that Fgf/Shh crosstalk is important in driving distal outgrowth of the regenerating limb (Nacu et al., 2016) and that Fgf10 is associated with the growth stages of the blastema (Christensen et al., 2002; Nacu et al., 2016). Altogether, our data suggest that limb regeneration has highly similar gene expression patterns to limb development, and inhibiting Wnt signaling has a similar impact on patterning gene expression. Based upon the complete lack of gene expression after C59 treatment of Fgf10, and the Shh, Grem1, Fgf8 signaling loop, it is possible that these are direct downstream targets of Wnt signaling.
DISCUSSION
Salamanders have an uncommon ability to regenerate amputated limbs. Data suggests connective tissue cells near the limb amputation plane change their transcriptional profile to a state similar to cells in the developing limb bud (Gerber et al., 2018; Lin et al., 2021). It is unclear if this similarity at the cellular level also occurs at the level of tissue patterning. Therefore, it is necessary to comprehensively study the similarities and differences between limb development and regeneration. The current understanding is incomplete, partly due to the lack of studies of salamander limb development using molecular markers (Han et al., 2001; Christensen et al., 2002; Satoh et al., 2007; Ghosh et al., 2008; Monaghan and Maden 2012; Shimokawa et al., 2013; Bickelmann et al., 2018; Purushothaman et al., 2019). Here, we addressed this problem by studying the expression of genes involved in cell and patterning during limb development and regeneration, emphasizing Wnt signaling.
Overall, we observed inhibition of limb outgrowth after perturbing Wnt ligand secretion during both limb development and regeneration. Based upon the large body of research on tetrapod limb development, we can devise several likely scenarios to explain the phenotypes we observed in our study. Based upon previous work (Hill et al., 2006; Kawakami et al., 2001), inhibition of Wnt2b secretion may have directly impacted the expression of Fgf10 during limb development (Kawakami et al., 2001; Ng et al., 2002), which would then decrease Wnt3a expression (Kengaku et al., 1998; Kengaku et al., 1997), leading to decreased Fgf8 and Shh (Kengaku et al., 1998). In both limb development and regeneration, our data suggest a direct connection between Wnt and Fgf10, as we observed a complete loss of Fgf10 expression after C59 treatment (Figures 5E,E′, 8I,I′). Fgf8 and Shh both decreased expression and shifted posteriorly during development, and were nearly absent after C59 treatment (Figure 4), suggesting that Fgf8 and Shh may be direct or secondary consequences of Wnt’s regulation. Alternatively, C59 could also have inhibited Wnt3a secretion in the epithelium, decreasing Fgf8 and Shh (Kengaku et al., 1998). Regardless, loss of Fgf expression would, in turn, stop the Shh/Grem1/Fgf feedback loop, decreasing the Bmp inhibitor Grem1, which would then increase Bmp signaling precociously and prevent distal outgrowth in developing and regenerating limbs. In support of this observation in development, we observed continued expression of Bmp2 and Bmp7 after C59 treatment. Future experiments will determine if the epithelial expression of Wnt3a is driving loss of the Shh/Grem1/Fgf signaling loop and an increase in Bmp signaling. Lastly, inhibition of Wnt5a and Wnt5b secretion could decrease outgrowth and prevent distal limb differentiation (Yamaguchi et al., 1999; Gao et al., 2011; Gao et al., 2018). While it is clear that several scenarios could explain our results, we present new insights about the hierarchy of signaling during axolotl limb development, and we made progress in determining unique and conserved aspects of salamander limb outgrowth with other tetrapods.
We also observed mesenchymal gene expression for some genes typically expressed in the epithelium of other tetrapods. The most striking contrasts were the mesenchymal expression of Fgf8 (Han et al., 2001; Christensen et al., 2002; Wang and Beck 2014; Purushothaman et al., 2019; Schloissnig et al., 2021), and Rspo2 (Bell et al., 2008). Mesenchymal Fgf8 and Rspo2 correlate with the lack of a functional AER in the salamander limb. Still, it is unclear whether the lack of Fgf8 or Rspo2 expression in the epithelium causes the absence of an AER. Others have observed mesenchymal expression of Wnt7a in salamanders, which is expressed in the dorsal epithelium of amniotes (Shimokawa et al., 2013). Overall, it is likely that several genes typically expressed in the AER of the developing amniote limb have mesenchyme expression domains in axolotls. It is not yet determined the consequence of this shift on signaling centers in the developing limb. Furthermore, it will be interesting to see whether this pattern of mesenchymal gene expression is present in other salamanders such as newts.
A distinct phenotype we observed after C59 treatment during limb development was the absence of an autopod (Figure 2D). This phenotype could be partially explained by the complete lack of expression for the autopod-specific gene, Hoxa13, suggesting that the autopod is not specified in C59-treated limbs (Figures 5I,I′). In mice, ablation of Wnt5a leads to reduced cell proliferation and a lack of distal elements (Yamaguchi et al., 1999). Alternatively, epidermal Wnt3a expression in chicks (Kengaku et al., 1998), and Wnt3 in mice (Barrow et al., 2003; Soshnikova et al., 2003), are required for AER formation and maintenance leading to defects in the autopod. Together, these scenarios could decrease the expression of distal identity genes and truncate the developing limb. In addition to the lack of distal outgrowth, we observed a substantial shift in anteroposterior gene expression. In particular, Hand2, Rspo2, and Frem3 expression domains shifted anteriorly, in contrast to the loss of anterior Gli3 expression and posterior shift of Shh, Grem1, and Fgf8. Overall, these severe phenotypes suggest dysfunctional anterior-posterior patterning after Wnt inhibition.
To determine similarities of limb development with regeneration, we also studied Wnt gene expression during regeneration. Wnt signaling’s role in salamander limb regeneration was first demonstrated by adenovirus overexpression of the intracellular ß-catenin/Wnt pathway inhibitor, Axin1, which generated a spike rather than a patterned regenerate. This study also overexpressed the secreted inhibitor Dkk, blocking limb regeneration (Kawakami et al., 2006). In support of these findings, overexpression of Wnt5a by vaccinia virus, which inhibits ß-catenin/Wnt signaling, also blocked axolotl limb regeneration (Ghosh et al., 2008). The Wnt inhibitor IWR-1-endo, which increases ß-catenin destruction, also inhibited newt limb regeneration (Singh et al., 2012). Overactivation of Wnt signaling is also detrimental to axolotl limb regeneration, possibly through decreased innervation and defects in skeletal differentiation (Wischin et al., 2017). Together, these studies provide strong evidence the proper regulation of Wnt signaling is necessary for salamander limb regeneration. Our study builds upon these observations by showing the expression patterns of genes involved in ß-catenin/Wnt and PCP signaling and provides further evidence for the importance of Wnt signaling. Our data also suggest that Wnt signaling is upstream of Fgf10, and the Fgf8, Shh, Grem1 loop signaling. However, Shh antagonism can be rescued with ß-catenin/Wnt agonists in newts, suggesting that Shh is upstream of ß-catenin/Wnt (Singh et al., 2012). Further work is needed to elucidate whether ß-catenin/Wnt or PCP are the direct upstream regulators of the Fgf/Shh feedback loop or whether their decrease is due to an indirect effect on blastemal growth.
Recent data suggest that the ‘typical’ amniote postaxial mode of limb development is likely a derived condition, and the salamander preaxial mode is ancestral. This data raises the possibility that regenerative ability may depend upon the re-deployment of an ancestral mode of limb development that is retained in salamanders but lost in amniotes, emphasizing the importance of understanding salamander limb development at the gene expression level (Trofka et al., 2021). Here we aimed to meet this goal using a well-known pharmacological inhibitor of Wnt ligand secretion and gene expression analysis to determine the functions of Wnt signaling during axolotl limb development and regeneration. We show that inhibited Wnt signaling influences several downstream targets, leading to defects in limb bud outgrowth and a temporary inhibition of limb regeneration. Further work will be needed to determine the specific roles of each Wnt ligand and ß-catenin/Wnt versus PCP signal transduction pathway. In future research, it will be interesting to determine the spatiotemporal dynamics of ß-catenin versus PCP signaling in developing and regenerating limbs.
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Supplementary Figure 1 | HCR-FISH on coronal sections of forelimb blastemas. (A) Early (6 dpa) blastema showing expression of Wnt3a, Wnt5a, Axin1, Sfrp2, Prickle1, Ror2, and Fzd8. (B) Wnt ligands Wnt5a, Wnt5b, and Wnt5a in an 11 dpa blastema. Although expression was lower and autofluorescence was higher due to blood and the wound environment, patterns were similar to mid/late blastema stages shown in Figures 7, 8. Gaussian blur was performed with a radius of 2 on all images and brightness and contrast modified for presentation purposes.
Supplementary Figure 2 | (A) Light-sheet imaging of a mid-bud blastema for Fgf8 (yellow), Fgf10 (magenta), and Shh (cyan). (A′) An optical slice through the image shown in (A). (B) Light-sheet imaging of a limb treated with C59 for 8 days showing a lack of expression for Fgf8 (yellow), Fgf10 (magenta), and Shh (cyan). (B′) An optical slice through the image shown in (B).
Supplementary Table 1 | Probe sequences used for HCR-FISH. B1-B4 correspond to the HCR initiators used for signal amplification.
Supplementary Table 2 | Genes involved in Wnt signaling that significantly changed from baseline levels at least 2 fold.
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The Mexican axolotl (Ambystoma mexicanum) is one of the most important models in contemporary regeneration research and regenerative medicine. This is the result of the long history of the species as an experimental and laboratory bred animal. One of many research questions investigated in the axolotl is regeneration. The species’ astonishing ability to regenerate tissues and entire body parts already became apparent shortly after the first 34 living axolotls had been brought from Mexico to Europe in 1864. In the context of their unclear status as larvae or adults and the mysterious transformation of some animals into an adult form, the Paris zoologist Auguste Duméril cut off the gills of several individuals in an attempt to artificially induce the metamorphosis. This produced the first reports on the animals’ regenerative powers and led to sporadic but continuous investigations. But it remained just one of the many phenomena studied in axolotls. Only at the beginning of the 20th century, regeneration became a more prominent aspect in the experimental investigations of axolotls. In experimental embryology, regeneration in axolotls was used in three different ways: it was studied as a phenomenon in its own right: more importantly, it served as a macroscopic model for normal development and, together with other techniques like grafting, became a technical object in the experimental systems of embryologists. In my paper, I will look into how the axolotl became an experimental animal in regeneration research, the role of practices and infrastructures in this process and the ways in which regeneration in the axolotl oscillated between epistemic thing and technical object.
Keywords: history of biology, Mexican axolotl, regeneration, Julius Schaxel, Paul Wintrebert, experimental embryology, laboratory animals
INTRODUCTION
In a text on the history of regeneration research, Frederick Churchill has coined the term “Gipfelsammler’s myopia” in reference to “[t]his dread disease [which] commonly afflicts historians of science, philosophy, art and other areas of high culture. Its new name parodies an alpinist’s term that refers to a single-minded attention to dramatic mountain peaks accompanied by total neglect of the surrounding hills and valleys that lend definition and meaning to the territory.” (Churchill 1991: 115).
Though a truism in today’s history of science, the challenge still is how to avoid this myopia. In my paper, I will present a long durée history of a prominent animal in regeneration research, the Mexican axolotl (Ambystoma mexicanum), as a way into those surrounding hills and valleys. I will use the scientific life of the axolotl to explore the field of regeneration research from 1864, when the axolotl was first brought to Europe, until today.1 By taking this panoramatic view, I want to make visible the dynamics between experimental infrastructure, experimental practices and the occurrence of life in the life sciences—life in the sense of living animals. Instead of exclusively focusing on the peaks, i.e., renowned researchers, historically important theoretical debates or influential research programs, I will use the history of regeneration research in the axolotl to show how regeneration research in one particular species unfolded over time.
I will present the unexpected and rather reluctant beginnings of studying regeneration in the axolotl. By revisiting the different moments in which regeneration was investigated since the first axolotls came to Europe in 1864, I will demonstrate how regeneration was used in different conceptual and experimental settings, how the Mexican axolotl was molded into a model for these processes and how this shapes regeneration research in this species until today. Beyond the example of the axolotl, this history offers a window into the history of the experimental practices of regeneration research and the respective experimental organisms more generally. I will highlight the ways in which regeneration in the axolotl became part of an experimental system or—in a broader perspective—how regeneration research in the axolotl became part of the larger experimental culture of experimental embryology in the life sciences in the 19th, 20th and 21st century (Rheinberger 1997; 2017). I will use the examples of the French embryologist Paul Wintrebert (1867–1966) and the German embryologist Julius Schaxel (1887–1943) to detail the ways in which axolotls became part of the experimental systems of laboratory biology that were forming since the 1880s. With France and Germany, they also represent the two countries with the most intense use of axolotls in research before 1945.
The axolotl is a particularly instructive example in this respect. The first living animals that came to Europe in 1864 were the founder generation of a population of hundreds of thousands of axolotls exclusively bred in laboratories, zoos and private aquariums. At least until 1914, all axolotls in Europe were direct descendants of the Paris animals. This makes them different from many other animals used in experimental zoology, which were mostly caught in the wild. We will see this in the case of many local amphibians used in comparative studies together with the axolotl. Like many other experimental or model organisms, the axolotl only gradually acquired its role (Ankeny and Leonelli 2019). But in contrast to them, axolotls were bred in captivity and particularly in laboratories since the arrival of the first living individuals in Europe in 1864 (Reiß et al. 2015). The long history of the axolotl and its gradual transformation from an object of natural history into an organism of the laboratory helps us to understand the ways in which experimental systems began to form in the life sciences and how living animals became part of them.
Focusing on the case of regeneration more specifically, a particular experimental system can be understood in relation to the larger experimental culture of experimental embryology. The axolotl turns from the object of epistemic interest in natural history to a part of the experimental system centered on regeneration as an epistemic thing. In the larger experimental culture, we see how regeneration—together with other surgical techniques like grafting—then becomes a technical object used to investigate other phenomena—the practices of cut and paste. For the history of regeneration research, following the axolotl helps us to understand the ways in which regeneration became experimentalized.
The Unexpected Career of an Experimental Animal
In 1867, Auguste Duméril (1812–1870), a French herpetologist and professor at the “Muséum d’Histoire naturelle”, the natural history museum in Paris, published the first scientific papers on regeneration in the Mexican axolotl (Duméril 1867a; Duméril 1867b). He reported on a series of experiments he had made in 1866 at the “Ménagerie”, the museum’s zoological garden. Indeed, the paper was not so much on regeneration but on experiments Duméril had designed to study a different phenomenon. The axolotl’s mysterious transformation from an aquatic into a land-living form had fascinated him and the scientific world since 1865 (Duméril 1865a; Reiß et al., 2015).
In 1864, the first 34 living Mexican axolotls were brought from Mexico City to Paris as part of the global circulation of organisms in France’s imperial networks. The axolotls were initially not meant for science but for the zoo. But Duméril would use his six animals to investigate a question that he had inherited from his father: whether axolotls are adult animals or larvae. This question was discussed since Alexander von Humboldt (1869–1859) had sent the first preserved specimens to Georges Cuvier (1769–1832) in Paris at the beginning of the 19th century. Duméril’s first report on the axolotls, dated to 31 October 1864, was just one paragraph in a longer report on the “collection des reptiles” (Duméril 1865b). In this part of the “Ménagerie”, the zoo of the “Muséum”, reptiles, amphibians, fish and insects and other invertebrates were kept. Duméril was responsible for this marginal space that had difficulties competing for public and administrative attention and appreciation with the mammals and birds in the other parts. He offered a short description of the species with reference to its history in natural history and to Cuvier, whose judgment of the axolotls as larvae he confirmed. Six months later, things had already become more complicated. What once was a known fact had turned into “uncertainties regarding the true nature of these Batrachians” (Duméril 1865c: 765)2, as Duméril reported to the “Académie des sciences”. The axolotls had reproduced. This had overthrown Cuvier’s anatomical judgment that the axolotls were just larvae of another species of salamander. But larvae do not reproduce, only adult animals do.
The axolotls had changed due to the mobilization of the living animals in Mexico. Cuvier had worked with preserved females of unknown age and had drawn his conclusion based on his method of comparative anatomy. Duméril had received living animals, five males and one female. Keeping the axolotls alive and bringing them to reproduction was a considerable challenge in the middle of the 19th century. A year after their arrival, a report from the “Jardin d’acclimatation”, the other Paris zoo that had received the bulk of the axolotls from Mexico, stated with some pride that only one of the animals had died (Lavison 1865). In the same year, Duméril was able to report the successful reproduction to the “Académie”. One year later, he noted that the number of axolotls in the “collection” had increased to 800 individuals (Duméril 1866).
The difference in reproductive success can be explained by the knowledge, practical experience and the specialized facilities that Duméril had at his disposal at the “collection” (Reiß 2022). The “collection” was founded by Duméril’s father Constant Duméril (1774–1860) in 1838. He bought the animals and the equipment of the traveling animal show of Honoré Vallée (1807–unknown), whom he also hired as his assistant. The “collection” was located in the abandoned monkey house of the “Ménagerie” and together with Vallée, Constant Duméril and later his son Auguste developed the space into a sophisticated facility to keep reptiles, amphibians, fish and insects from all over the world. They were kept in cages, aquariums and basins that were heated with an advanced indirect heating system. They put a lot of effort in observing the animals and their reaction to the new environment, figuring out the proper way to feed them and adapting their treatment accordingly.
With the living axolotls, Duméril seemed to have finally solved the question. He observed their reproduction in their aquatic, larvae-like state and concluded that they must be the adult form. But the axolotls had another surprise in store. Several individuals of the offspring of the first six animals started to transform. They turned into lung-breathing terrestrial amphibians; they went from water onto land. Instead of comparative anatomy, Duméril used animal husbandry as his method. His success also depended on the ability of the axolotls to adapt to the environment provided by him. He would continue to use this approach in his attempt to answer the questions that resulted from the axolotls’ transformation. What was this transformation of an apparently adult animal into something different? And why did only some animals transform? Was it a kind of metamorphosis, was it an irregular development or was it even an evolutionary event? Speculations and hypotheses flourished 6 years after the publication of Darwin’s “On the Origin of Species” (Darwin 1859).
In Paris, the axolotls had undergone multiple transformations. They changed from larvae to adult animals, they transformed from an aquatic form into a terrestrial form and they turned from an object of epistemic interest in natural history into a productive colony of living animals. Their productivity exceeded both the collection of preserved animals in the natural history museum and the stock of living animals in the closely connected zoo. But they very much fitted the demands of embryological research, where large numbers of slightly differing embryonic stages were used to trace the development of anatomical structures. They also provided a number of phenomena like the selective metamorphosis that called for further investigation that would make use of the availability of living animals. In the context of this research, regeneration was at first only a side effect. But the proliferation of the axolotls together with the advent of experimental zoology would soon bring the phenomenon to greater prominence. This approach necessarily covers a variety of definitions of regeneration or even the lack of explicit ones. Rather, the availability of living animals in large quantities and the questions at hand led to a gradual formation of experimental research.
From Tentative Beginnings to an Experimental Culture
Duméril immediately thought about an empirical investigation. To better understand the cause of the transformation, he came up with two experimental approaches (Reiß 2022). Following his observations, he concluded:
“The atrophy of the branchial tufts and their gradual disappearance being the first signs of the metamorphosis which is going to take place, I have endeavored to provoke a change in the mode of respiration by obliging the animals to make use of their pulmonary organs. I made at first some fruitless experiments, consisting partly in gradually diminishing the quantity of water in which the axolotls were kept, so as to leave them, after a certain time, nothing but a layer of damp sand, and partly in arranging in their aquarium a broad shelter, which enabled them to live alternately immersed and out of the liquid. To obtain any result there was another experiment to be made. It was necessary to destroy the branchiae, in order to ascertain whether, when rendered compulsorily animals with a pulmonary respiration [sic], the axolotls would undergo the modifications which I have enumerated.” (Duméril 1867: 447).
The first experimental approach was to manipulate the living conditions of the animals to force them onto land. He would slowly lower the water level in an aquarium or offer a shore-like scenario. The second approach was complementary and aimed at the animals’ respiratory organs. Duméril performed a series of experiments where he would cut the external gills of the axolotls. Similar to the first approach, this had no effect on the animals. But Duméril could conclude that axolotls have enormous regenerative abilities, similar to other urodelous amphibians, but of a greater magnitude.
These first experiments on regeneration in axolotls were not done for studying regeneration. Rather, it was a well-known trait of amphibians and reptiles. Already Constant Duméril had dedicated a few pages on “la reproduction des membres” (Duméril and Bibron 1834: 206)—the reproduction of extremities—in the first volume of his comprehensive “Erpétologie générale, ou, Histoire naturelle complète des reptiles”.3 In this passage that is part of the chapter on the nutrition of reptiles, he cites the Roman polymath Pliny (AD 23/24–79) and the German anatomist Johann Friedrich Blumenbach (1787–1840) as the authorities on the topic, describes the phenomenon together with the literature, and finally reports his own experiences. These also include experiments in which he cut off body parts of several species of mostly amphibians. The results are stated but no further explanation is attempted. In the tradition of natural history, Duméril listed regeneration as a trait of the taxon that did not call for an explanation in the physiological sense.4
In the same way, his son Auguste understood regeneration in the axolotl as an effect that was either helpful in healing the animals after surgery or detrimental in cases in which he wanted to deprive the animals of their gills for a longer period—he had to keep cutting them. The opportunity to perform such experiments came with the availability of the axolotls and his success in breeding them.
Both experiments did not induce a transformation, but they set the direction for further research in the axolotl. Many of Duméril’s numerous articles on the axolotls in Paris were translated into other languages and the knowledge of the axolotls and of their regenerative abilities began to circulate. But also the animals themselves spread across Europe (Reiß 2020). Duméril was very successful in breeding them in the “collection”. Soon many naturalists and zoologists, but also zoos and aquarium enthusiasts had their own axolotls. They came either from Duméril directly or from the growing number of axolotl breeding colonies. The rising popularity of the aquarium was central in this process. Axolotls were the first non-native species for it. The spread of animals especially in anatomy and zoology institutes in the German-speaking world made them into one of the first non-domestic animals bred entirely in the laboratory (Reiß et al. 2015).
In their research, zoologists and anatomists used axolotls as a generic resource in descriptive embryology (“Entwicklungsgeschichte”) and comparative anatomy to supplement their material. In comparative studies, axolotls were either added as another amphibian species or they were used as the sole representative of the entire group. However, the use of experiments and thus the need for living animals was on the rise. The easy availability of the lab-bred axolotls made them into an obvious experimental object. Regeneration was one of many questions investigated in this context. But it took until the 20th century to have regeneration research in the axolotl really take off (Figure 1). Between 1867 and 1914, only 35 papers on regeneration in the axolotl were published—which makes it 0.7 papers per year. In contrast to that, from 1914 to 1933, 82 publications can be found, i.e., 4.3 papers per year.
[image: Figure 1]FIGURE 1 | Papers on regeneration in the axolotl from 1864 to 1933. For the data basis, see Reiß (2020).
Compare this with the general development of publications on the axolotl, where the most substantial increase in experimental studies can be found from 1900 onwards (Figure 2). It shows that the most productive period of regeneration research in the axolotl was in the interwar period. The centers of regeneration research in the axolotl were Poland with 11, France with 17 papers, Germany with 37 papers and Russia/Soviet Union with 31 papers (Figure 3).
[image: Figure 2]FIGURE 2 | Papers on experiments using the axolotl from 1864 to 1933. For data, see Reiß (2020).
[image: Figure 3]FIGURE 3 | Regeneration research on the axolotl by country from 1864 to 1933. Please note that I assigned the papers to the territorial status at the time of their publication. For data, see Reiß (2020).
By the 1910s, we see a shift from the comparative embryology of the 19th century centered around morphology and taxonomic relations, to experimental zoology and mechanisms. In this shift, the regenerative ability in the axolotl and other species became more and more important while their taxonomic status was marginalized. The structure of three textbooks on regeneration illustrates this shift. Jean Nicolas Demarquay (1874–1875), who had worked together with Auguste Duméril on other topics, published his “De la régénération des organes et des tissus” in 1874 (Demarquay 1874). He divides his treatment of regeneration up into a part on animals of “lower organization” and a part on animals of “higher organization”. The latter part is then structured according to organ, body part and tissues. In 1909 the Austrian zoologist Hans Przibram (1874–1944) published a literature review on regeneration as the second part of this seven volume series “Experimental-Zoologie” (Przibram 1909). Although one of the founders of the “Biologische Versuchsanstalt” in Vienna and an early proponent of a general biology, his book is still organized taxonomically. The third example is Dietrich Barfurth’s (1849–1927) contribution to Emil Abderhalden’s massive “Handbuch der biologischen Arbeitsmethoden” from 1923 (Barfurth 1923). Barfurth begins his text with an introduction to experimental methods. The structure of the main part of the text strictly follows regeneration as a phenomenon. Instead of taxonomic groups, he differentiates between regeneration in embryos and regeneration in adult animals. The latter category is then divided up into a part on types of regeneration, one on its specific characteristics and one on the role of internal and external influences. Here, the different animal species are only interesting as carriers of particularly prominent forms of certain aspects of the phenomenon regeneration as a whole.
The three books also show how the understanding of regeneration changed and how a different epistemology began to form. Auguste Duméril and also Demarquay stood in the tradition of natural history. Here regeneration was understood as a trait of particular species and its different instances were compiled by the natural historian as part of a natural history of a particular taxonomic group as in Constant Duméril’s “Erpétologie générale”. Demarquay already set the focus on the phenomenon and tracked its appearance through the animal kingdom. Regeneration was closely tied to the concept of generation. Generation combined what we today understand as reproduction, development, heredity and evolution (Müller-Wille and Rheinberger 2014). In Przibram and Barfurth, generation was in the process of differentiation and regeneration became closely attached to development.
This gives an idea of how research in a particular phenomenon in a particular species took shape from the middle of the 19th century until the 1930s. The general increase in publications and the growing importance of experimental and laboratory studies reflect the general developments in the life sciences. The axolotl had turned into an easily available research organism for all sorts of experimental studies, regeneration being just one.
The cases of the French and German experimental embryologists Paul Wintrebert and Julius Schaxel, respectively, further illustrate this development. The cases are from two of the countries with the strongest research output on the axolotl and on regeneration in the axolotl (Figure 3). They help to understand the ways in which axolotls became experimental animals in regeneration research and the wider methodological and theoretical contexts of regeneration research.
Regeneration Research in French Neo-Epigenetics and Neo-Lamarckism
The French embryologist Paul Wintrebert (1867–1966) began his research on axolotls at the beginning of the 20th century. After his degrees in medicine and natural sciences, he started to work at the laboratory of Frédéric Houssay (1860–1920) at the “École normale supérieure” (ENS) in Paris (Bounoure 1925; Fischer 1990). Houssay’s example shows the multiple research contexts and practices in which the axolotls were already embedded before their use as experimental animals. Before coming to the ENS, Houssay had been in Lyon, where he had already been working with axolotls. He used the animals to study embryogenesis together with Eugène Bataillon (1864–1953) (Houssay and Bataillon 1888a; Houssay and Bataillon 1888b). They used zygotes and early embryonic stages of axolotls to study cleavage and gastrulation, specifically the formation of the mesoderm and the chorda dorsalis.
Houssay discusses the advantages and problems of axolotls for embryological investigation in some detail (Houssay 1893: 3). For him, the major disadvantage was that—similar to other amphibians—already the yolk of the axolotl egg is pigmented. The resulting opacity of egg and embryo made observation and manipulation difficult.5 For Houssay, this was outweighed by the comparably large embryos and the high reproduction rate of the animals. With only two or three breeding couples, he was able to get enough embryos to have twelve embryos available twice every day. Though these embryos looked very similar, they showed small differences in their development upon closer inspection. This made it possible to construct an almost continuous series of developmental stages, from which microscopic preparations for the structures of interest could be made. Through the mass of embryos a much greater resolution of the processes of early development became possible.
Even though Houssay did not refer to it explicitly, this relates to a method initiated by German zoologist Carl Gottfried Semper (1832–1893) in 1878 to manipulate the reproduction of axolotls and to have fertilized eggs all year long (Semper 1878). Similar to Semper, who worked closely with aquarium fanciers in Germany (Reiß 2012: 323), Houssay relied on the knowledge and the practices of aquarium hobbyists—“les éleveurs d’Axolotl” (Houssay 1890a: 147)—to develop this method. Houssay’s use of the axolotl shows how the animal was turned into a laboratory tool even before experimental investigations began.
After his move to Paris in 1886, Houssay continued his embryological studies with axolotls (Houssay 1889; Houssay 1890a; Houssay 1890b; Houssay 1891; Houssay 1892; Houssay 1893; Houssay 1894). He now focused on the development of the vertebrate skull. The study of this problem in the axolotl had a history that predated the arrival of the living animals in 1864. The German anatomist Carl Gegenbaur had begun to study the development of the vertebrate skull using axolotl specimens already as a student of Albert Kölliker in Würzburg in 1849 (Friedereich and Gegenbaur 1849; Olsson and Hoßfeld 2003). In the course of his career as one of the most eminent morphologists of the 19th century, he developed his theory of head metamerism (Gegenbaur 1888; Mitgutsch 2003; Depew and Olsson 2008). His theory that the vertebrate skull consisted of a segmented and a non-segmented part was contested by the German zoologist and founder of the Naples Zoological Station, Anton Dohrn, who argued for a fully segmented skull (Di Gregorio 1995). Houssay followed Dohrn’s position that the entire vertebrate skull derived ontogenetically and phylogenetically from branchial arches (Houssay 1900).
Houssay’s laboratory at the ENS was the place in which Paul Wintrebert got to know axolotls as laboratory animals and where he learned to work with them. Between 1903 and 1928, he worked intensely with the animals. In his research he was particularly interested in regeneration and metamorphosis in amphibians. He worked with animals from Houssay, but also received some of his axolotls from Léon Vaillant (1834–1914), Duméril’s successor at the “Muséum” (Wintrebert 1907: 521).
Wintrebert studied the two phenomena experimentally in the axolotl and other amphibians. His regeneration experiments were a reaction to the results of the Breslau embryologists Alfred Schaper (1863–1905) (Schaper 1898) and Kurt Goldstein (1878–1965) (Goldstein 1904), as well as to the results of Richard Rubin (Rubin 1903), who did his dissertation with Barfurth in Rostock. All three claimed that their experiments on various amphibians showed that the influence of the nervous system on ontogenesis and regeneration was increasing with the age of the organism. Only during embryogenesis, both processes were independent of the nervous system and governed by an “immanente Energie” (Goldstein 1904: 105)—an energy or drive from within the organism.
It was Barfurth, who had promoted the amphibian egg and particularly the one of the axolotl as a new object for experimental embryology (Barfurth 1893). In the last decades of the 19th century, the marine stations along the European coasts were the centers of zoological research, particularly the Naples Zoological Station (Fantini 2000; De Bont 2015). The investigation of marine invertebrates did not only have a major influence on morphological, embryological and phylogenetic questions. The almost direct access to the living animals also brought about a shift to more and more experimental forms of research. For zoologists like Barfurth, who was at that time at Dorpat university, the financial and practical efforts necessary made regular visits and thus also experimental research impossible (Reiß 2012). Furthermore, the fact that the visits were only possible during the semester breaks posed additional difficulties. Switching from marine organisms to amphibians offered a solution to many of these problems. With the axolotl, there was even an organism already at home in the laboratory and readily available. Based on Semper’s method for regularly producing axolotl eggs, Barfurth developed a research program on regeneration in vertebrates, in which he mostly used amphibians as research organisms (Barfurth 1906; 1923).
In the research that Wintrebert reacted to, Rubin had used Rana fusca (today Pelobates fuscus) and axolotls, while Schaper and Goldstein worked with Rana esculenta (the Edible frog, today Pelophylax esculentus). Wintrebert did his experiments with Alytes obstetricans (the midwife toad), Rana temporaria (the common frog) and axolotls. The choice of organisms reflects the comparative tradition of embryology from which this research emerged, but also the pragmatic choice governed by availability and practicability.
For his experiments, Wintrebert made use of the axolotls that he had learned to produce in Houssay’s laboratory. The other amphibian species were most likely collected in the field. While the selection of animals still shows the comparative tradition of embryology, the experimental approach developed its own dynamics, particularly with the axolotls. Wintrebert began with multiple animals paying close attention to the anatomical details during surgery and carefully observing the regenerative processes. He would also vary the procedure slightly in different animals and thus create controls for his experiments (e.g., Wintrebert 1904b: 725).
From his results, he concluded that ontogenesis and regeneration are independent of the nervous system at any point in the life of the organism (Wintrebert 1903a; 1903b; 1904a; 1904b; 1904c; 1905a; 1905b; 1905c; 1906b; 1906c; 1906d). From there, he pursued investigations of metamorphosis as another developmental phenomenon. He first transferred his previous approach and investigated a potential influence of the nervous system on metamorphic processes (Wintrebert 1905d). He then extended his research on the phenomenon and investigated the influence of various environmental factors (Wintrebert 1906a; 1907; 1910a; 1910b) and tried to control it experimentally (Wintrebert 1908a; 1908b; 1908c; 1909).
This research took up the approaches first attempted by Duméril and later successfully applied by the German naturalist Marie von Chauvin (1848–1921) (Geißler and Reiß 2021). Similar to Chauvin and the much more explicit Paul Kammerer (1880–1926), who also followed up on her experiments, Wintrebert was an outspoken neo-epigeneticist and neo-Lamarckist (Fischer 1990; Persell 1999). In contrast to Schaper, Goldstein and Rubin, who referred to an inborn energy as an explanation, he highlighted the importance of the processuality of development and the crucial role of environmental factors in it. He saw ontogenesis and evolution connected as active responses of the orgasim to the environment. He would develop a biochemical Lamarckism to solve the problem of finalism that he saw as the problem at the heart of neo-Darwinism (Wintrebert 1962; 1963; Boesiger 1974: 30). His findings in the axolotl were taken up by Pierre Kropotkin in his writings on animals and their environment (Kropotkine 2015).
Regeneration Research in German Experimental Embryology and Theoretical Biology
Similar to Wintrebert, the German embryologist Julius Schaxel was critical of both mechanistic preformation theories and of neo-Darwinian evolutionary theory and saw regeneration as a way to empirically criticize the orthodox framework of biological theory. For him, ontogeny was the basis to understand the organism as the central unit of life and a new basis for biology as a science. Schaxel would not adopt a Lamarckian position. He would only criticize what he called the historical conception of life, i.e., that evolution and the historicity of organisms are the theoretical basis for all of biology (Schaxel 1919).
Schaxel’s case gives a different perspective on the way of the axolotl into regeneration research. While in Wintrebert’s case, there is still a direct connection to Duméril’s axolotls and Paris, Schaxel started his research on regeneration in axolotls in 1918. At this point, both experimental embryology and the use of axolotls as laboratory animals can already be considered as established. Therefore, Schaxel chose the axolotl rather consciously as an experimental animal.
Schaxel was the last student of the German evolutionary biologist Ernst Haeckel. Like other Haeckel students, e.g., Wilhelm Roux and Hans Driesch, Schaxel became critical of Haeckel’s phylogenetic approach and turned to other questions, methods and objects of study. This was not just due to the speculative nature and the popular appeal of Haeckel's phylogeny but also part of the broader development towards a new foundation for biology as a scientific discipline. For his embryological research, Schaxel would regularly travel to the Naples Zoological Station and to other marine stations at the European coasts to collect and work on material (Reiß et al. 2007). With the outbreak of the First World War, many of the marine stations became inaccessible for German zoologists and Germany's defeat did not promise a quick return to the situation that had existed before 1914. Schaxel had been appointed associate professor at Jena university in 1916. He spent the war time with mostly theoretical studies and was looking for a way to work experimentally again in Jena. The zoological institute was not an option. Ludwig Plate, Haeckel’s successor, was as much of an enemy of Schaxel as he was of experimental zoology. With the help of a circle of Haeckel’s friends, Schaxel managed to win a grant from the Carl Zeiss Stiftung, the foundation of the local manufacturer of optical instruments. On 1 January 1918, he was able to formally open the “Anstalt für experimentelle Biologie”, his own research institute. The terms “experimental” and “biology” indicate his demarcation from what was happening in the zoological institute and other places at Jena university. In contrast to the descriptive investigations of morphological and phylogenetic structures in animals, he saw himself as part of a new generation of researchers who used experimental approaches to study the laws and mechanisms of life.
For the research after his dissertation, Schaxel began to shift from a descriptive embryology that was also supported by Haeckel to a fully experimental approach. For his second book, he studied various developmental processes in marine invertebrates. The first two parts of this multi-volume publication followed the descriptive agenda (Schaxel 1912; 1913). The third part shows the shift to experimental research when Schaxel began to manipulate the eggs of starfishes and annelids (Schaxel 1914). Here, he also made his first experiments with regeneration.
Since the organisms he had been working with in the time before the war were not accessible anymore, Schaxel had to look for a new research organism. He decided to work with the Mexican axolotl (Schaxel 1921a: 15). Schaxel explained his choice with a number of advantages the axolotl had. First and foremost, it was the regenerative capabilities of the species that attracted his attention. But he also listed more practical considerations. Their pervasiveness made axolotls readily available. Their long history as laboratory animals—at that time, axolotls had already been in European aquariums and laboratories for more than 50 years—promised no additional work in introducing the animals into the laboratory and the easy establishment of a large husbandry. He could already rely on established methods for keeping them and working with them experimentally, like the ones by Semper, Houssay and Barfurth. He specifically pointed to the fact that he wanted to do histological and cytological investigation and axolotl tissue was already well known for being easy to grow in culture. Schaxel thus could rely on the co-adaptation of the animals and the laboratory environment, also known as “generative entrenchment” (Griesemer 1992: 52).
How well established axolotls already were is shown by the fact that Schaxel could open his new institute on 1 January 1918. Even though the First World War was still raging, he was immediately able to start with his research. He was interested in regeneration in general and as a phenomenon that was central to embryological research. For Schaxel, it was the attempt to reinvent himself as an experimental biologist, but also a point of entry into the theoretical foundations of embryology that he wanted to reform with his research. During the First World War, Schaxel had intensified his philosophical interests. He turned the conceptual discussions that had been part of his publications into a central aspect of his research program for some time. From 1914 to 1917, he led a controversy with the former embryologist and vitalistic philosopher Hans Driesch on the justification of the latter’s “Entelechie” and the “harmonisch-äquipotentielles System” as useful concepts for biological research (Reiß 2007). The extended fourth part of his second book was published independently as a monograph in 1915 (Schaxel 1915). It offered a synthesis of the results of the first three parts and included an extended reflection on the conceptual problems of biology. In 1919, he published an analysis of the conceptual foundations of the different strands that made up biology and the problems that arose from their various inconsistencies (Schaxel 1919). In his “Anstalt” experimental research and theoretical reflection should go hand-in-hand to develop a robust conceptual framework for biology that would guide further research (Reiß 2007).
For Schaxel, regeneration was a central phenomenon in all this. It played “a major or even the central role in all theoretical considerations of contemporary biology” (Schaxel 1921a: 1). The question whether regeneration was re-generation, “Wiedererzeugung” in Schaxel’s words, or an entirely new generation, “Neubildung”, for him was linked to the question whether the regenerated organ was “typical” or “atypical” (Schaxel 1921a: 77). The theoretical centrality of this question was based in the epistemic specificity of biology as a science. Even though the life sciences had successfully adopted a mechanistic research program in the 19th century, the phenomenon of life did not stop to question the appropriateness of the causal method. Namely, the time around 1900 saw a renaissance of non-mechanistic explanations, most famously the organic philosophy of Hans Driesch, and attempts to solve the dichotomy between mechanism and vitalism via a third way. Schaxel was one of the most active organizers of these discussions in the German speaking world and a proponent of organicism as a solution to the foundational crisis of biology. Regeneration was central in this respect as it allowed the repeated experimental investigation of the phenomenon of regulation that was seen as the basic function of the organism. It thus allowed for a theoretical and empirical investigation of the limitations of the causal method in biology—Entwicklungsmechanik or causal morphology in this case. As it was a general phenomenon present in all organisms, it was no problem for Schaxel to switch from marine invertebrates to a neotenic salamander as a research organism.
For his experiments, Schaxel would surgically remove organs and tissues (extirpation, amputation and excision), he would transplant them to different locations or he would keep them in artificial media as cultures (Schaxel 1921a: 17–18) (Figure 4). On a practical level, he was interested in the questions about the conditions for processes of regeneration after the loss of body parts and the causes that initiate, drive and end these processes (Schaxel 1921a: 16).
[image: Figure 4]FIGURE 4 | Illustration from Schaxel’s “Untersuchungen”. It shows the different ways in which he had used regeneration as a tool.
Schaxel published the first results of his research as a monograph and the first part of the “Untersuchungen zur Formbildung der Tiere”. Titled “Auffassungen und Erscheinungen der Regeneration”, this monograph was the first volume of the book series “Arbeiten auf dem Gebiet der experimentellen Biologie” edited by himself. Both the “Untersuchungen” and the “Arbeiten” did not see further publications. Schaxel would publish a number of related papers in various journals (Schaxel 1921b; 1922a; 1922b; 1922c; 1923)—including one on regeneration in insects (Schaxel and Adensamer 1923) until his political engagement caused a pause in his scientific research (Hopwood 1997; Reiß 2007). It was only in 1928, that he resumed to publish on his regeneration research, now together with a number of doctoral students (Schaxel 1928; Schaxel and Böhmel 1928; Schaxel and Haedeke 1928). He continued with his experiments after his escape from Germany to the Soviet Union (Schaxel 1934a, 1934b; Schaxel and Ivanova 1939; Schaxel 1940). He was one of the first individuals to be expelled from Jena university after the national socialist came to power in 1933 and left for a position at the Institute for Evolutionary Morphology and Palaeozoology at the Academy of Sciences of the Soviet Union. Here he would lead a laboratory for developmental mechanics (Reiß et al. 2008).
CONCLUSION
Particularly in the axolotl, regeneration had an ambiguous status between question and tool, between epistemic thing and technical object. Researchers asked whether regeneration was the repetition of ontogenetic development or an entirely different process. Embryologists used it as a tool to understand regulation by repeatedly studying developmental events and processes on the macro level.
Together with the techniques of transplantation and extirpation—the practices of cut and paste—it became a powerful tool in the experimental systems of developmental biology. Regeneration research in the axolotl continued in the second half of the 20th century (Thornton 1968; Stocum 1995; Nye et al. 2003). Similar to many other fields in biology it was deeply transformed by the new methods of molecular biology (Geraudie and Ferretti 1998). It was especially with Elly Tanaka’s introduction of genetically modified axolotls in the 2000s (Sobkow et al. 2006) and the sequencing of the entire axolotl genome in 2018 (Nowoshilow et al. 2018) that the axolotl as a laboratory animal was put into an entirely different research context. The search for the molecular mechanisms of regeneration shifted attention from very basic questions of vertebrate development to the promises of regenerative medicine (McCusker and Gardiner 2011).
In many ways, regeneration research in the axolotl shows core aspects of the historical development of the life sciences and of the sciences in general—the advent of the experiment, the increase of publications and the European and then global circulation. Without a great discovery or a heated controversy—without the peaks Churchill warned about—the case of the axolotl helps to take a panoramatic view over time and space on the development of regeneration research. It highlights the availability of animals and infrastructure, the circulation of practices and the emergence of experimental systems with regeneration as epistemic thing and technical object in the wider experimental culture of experimental embryology. But the history of the axolotl is also special. Its long history in natural history and then as a living animal in zoos and laboratories sheds light on the long durée interconnectedness of research questions in particular animals. The fact that axolotls came to Europe in the context of imperial animal trade makes their transition into laboratory and experimental animals—their “generative entrenchment”—particularly visible.
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FOOTNOTES
1All translations are mine, except where indicated.
2Constant Duméril published the work between 1834 and 1854 in nine volumes together with Gabriel Bibron (1805–1848). From volume seven onwards, Auguste Duméril is listed as the third co-author.
3In contrast, Blumenbach is giving a physiological explanation based on his developmental thinking in his “Specimen physiologiae comparatae inter animantia calidi et frigidi sanguinis” (Blumenbach 1787) that Constant Duméril cites.
4Even though there were already animals of the white color variety of the axolotl in Europe, it took until the beginning of the 20th century for them to become more widely available.
5In contrast, the species' history in nature is not a success story. Today, only a few hundred individuals remain in its natural habitat in the canals of Xochimilco in Mexico City. The species is classified as critically endangered by the IUCN (Voss et al. 2015).
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Regeneration requires cellular proliferation, differentiation, and other processes that are regulated by secreted cues originating from cells in the local environment. Recent studies suggest that signaling by extracellular vesicles (EVs), another mode of paracrine communication, may also play a significant role in coordinating cellular behaviors during regeneration. EVs are nanoparticles composed of a lipid bilayer enclosing proteins, nucleic acids, lipids, and other metabolites, and are secreted by most cell types. Upon EV uptake by target cells, EV cargo can influence diverse cellular behaviors during regeneration, including cell survival, immune responses, extracellular matrix remodeling, proliferation, migration, and differentiation. In this review, we briefly introduce the history of EV research and EV biogenesis. Then, we review current understanding of how EVs regulate cellular behaviors during regeneration derived from numerous studies of stem cell-derived EVs in mammalian injury models. Finally, we discuss the potential of other established and emerging research organisms to expand our mechanistic knowledge of basic EV biology, how injury modulates EV biogenesis, cellular sources of EVs in vivo, and the roles of EVs in organisms with greater regenerative capacity.
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1 INTRODUCTION
Human tissues and organs are vulnerable to damage and degeneration caused by physical trauma, disease, and aging. Regenerative medicine seeks to develop therapeutic approaches to repair this damage, including through identification of ways to promote cellular behaviors required for successful regeneration (proliferation, differentiation, etc.), and to inhibit physiological responses to injury that hinder regeneration (excessive cell death, inflammation, fibrosis, etc.) (Iismaa et al., 2018). A growing body of research in many animal models has revealed that injury initiates a temporally and spatially coordinated series of events and cell behaviors, including wound closure, modulation of gene expression, immune responses, extracellular matrix (ECM) remodeling, re-establishment of polarity, proliferation, cell migration, and differentiation, that together lead to restoration of tissue form and function (Poss, 2010; Wells and Watt, 2018).
At each stage in the process of regeneration, molecules secreted by cells in the vicinity of the injury modulate these processes, controlling the molecular and physiological changes required for individual cells to collectively repair damaged tissue. Research in established models (e.g., fruit flies, frogs, zebrafish, and mice), as well as emerging models with greater regenerative capacity (e.g., hydra, planarians, salamanders, and African spiny mice), has demonstrated pro-regenerative roles for evolutionarily conserved growth factors, mitogens, cytokines, hormones, and morphogens [reviewed in Lucchetta and Ohlstein, 2012; Gemberling et al., 2013; McCusker et al., 2015; Reddien, 2018). Ongoing work has also identified novel secreted regulators of pro-regenerative proliferation, ECM modulation, and other processes (Kumar et al., 2007; Mokalled et al., 2016; Sugiura et al., 2016). Intercellular communication is thus likely to be a universal requirement for regeneration, suggesting that modulating cell:cell signaling could be a viable way to control human cells’ response to damage and improve regeneration.
Cells also communicate through the secretion of extracellular vesicles (EVs) that transport bioactive cargo between source and target cells, thereby modifying their behaviors (van Niel et al., 2018). The term “EV” broadly describes several classes of membranous nanoparticles secreted by cells in most (if not all) organisms including animals and plants, and even unicellular eukaryotes and prokaryotes (Edgar, 2016; Gurung et al., 2021). EVs possess a lipid bilayer that surrounds a lumen filled with cargo that can include proteins, RNA (mRNA, micro-RNA, long non-coding RNA, etc.), DNA, lipids, sugars, and metabolites (Kalluri and LeBleu, 2020). In animals, EVs are classified by several criteria. These include the cellular compartment from which they originate—exosomes are derived from the endosomal pathway, while microvesicles (MVs) or ectosomes are derived from the plasma membrane (PM)—as well as size, molecular composition and cargo, and method of purification (detailed further in Section 3) (van Niel et al., 2018). EVs isolated from biological fluids or produced by individual cell types are heterogeneous with respect to all of these criteria, thus, the development of methods to purify and define EV subclasses with specific activities is an ongoing priority (Bordanaba-Florit et al., 2021). Despite this complexity, dysregulation of EV biogenesis and function has been linked to numerous human pathologies, and efforts are underway to develop EVs as disease biomarkers and to engineer these vesicles for delivery of therapeutic cargo (Lener et al., 2015; Kalluri and LeBleu, 2020; Soekmadji et al., 2020).
EVs also promote tissue repair and regeneration. Stimulated by the initial discovery that EVs derived from mesenchymal stem cells (MSCs) could promote recovery from acute kidney injury (Bruno et al., 2009), hundreds of studies have now demonstrated EVs’ ability to protect against the deleterious effects of injury (e.g., ischemia) and to promote repair by modulating the hallmark cell behaviors required for regeneration (Jing et al., 2018; Tsiapalis and O’Driscoll, 2020). Below, we first briefly review the history of EV research and provide a broad overview of EV biogenesis. Then, we review selected studies of EVs in mammals, focusing on those that have demonstrated modulation of essential cellular behaviors and steps during regeneration, with an emphasis on studies that have identified specific cargo or signaling pathways likely to be responsible for EVs’ effects. Then, we highlight investigations of EV biology in other established models (zebrafish and fruit flies) and review evidence that EVs are produced by emerging research organisms with greater regenerative capacity (hydra, planaria, axolotls, and African spiny mice). Finally, we address how emerging models could help to address current knowledge gaps in EV biology and accelerate efforts to capitalize on the pro-regenerative potential of EVs.
2 MAJOR MILESTONES IN EXTRACELLULAR VESICLE RESEARCH
Several early observations suggested that cells might secrete membranous particles with biological activity (Figure 1). In 1946, Chargaff and West reported that pellets derived by ultracentrifugation from blood plasma possessed procoagulant activity (Chargaff and West, 1946). In 1967, Peter Wolf noted that coagulant activity of platelet-containing plasma and serum increases with storage over hours and was reduced by ultracentrifugation. Building on these observations, he isolated and directly observed particles that he called “platelet dust” in plasma using electron microscopy (EM) (Wolf, 1967). Bonucci and Anderson observed similar vesicular particles in the cartilage matrix during bone calcification (Bonucci, 1967; Anderson, 1969). Then, in the first detailed morphological description of apoptosis using EM, Kerr, Wyllie, and Currie described the production of apoptotic bodies (ABs, a type of EV derived from the plasma membrane of dying cells; see Section 3) during the process of “controlled cell deletion” (Kerr et al., 1972). This work was followed by other descriptions of similar vesicles from bat thyroid cells (Nunez et al., 1974), rectal adenoma microvillus cells (De Broe et al., 1975), and in other tissues and biological fluids (reviewed in Yáñez-Mó et al., 2015). Then, in the early 1980’s, several groups demonstrated that, during red blood cell maturation, the iron-trafficking protein transferrin and its receptor were transported to the “multivesicular endosome” (now called the multivesicular body or MVB), followed by subsequent secretion in EVs; these EVs were formally termed “exosomes” by Johnstone and colleagues in 1987 (Figure 2) (Pan and Johnstone, 1983; Harding et al., 1984; Johnstone et al., 1987). For decades, scientists had observed “membrane shedding” from the cell surface in response to various stimuli. In 1991, Stein and Luzio presented evidence for selective sorting of membrane lipids and proteins into plasma membrane-derived EVs secreted by complement-stimulated neutrophils (Stein and Luzio, 1991). They proposed the term “ectocytosis” for the release of “right-side out” vesicles where sorting of membrane components occurs to distinguish this mode of secretion from exocytosis.
[image: Figure 1]FIGURE 1 | A brief timeline of EV research. Timeline of milestones in the investigation of EV biology and the roles of EVs in intercellular communication. Created with BioRender.com.
[image: Figure 2]FIGURE 2 | EVs from sheep reticulocytes. An early electron micrograph (123,000X) of EVs purified by Pan and Johnstone. Reprinted from Pan and Johnstone, “Fate of the Transferrin Receptor during Maturation of Sheep Reticulocytes In Vitro: Selective Externalization of the Receptor,” Cell, 33:967–977 (1983), with permission from Elsevier.
Early on, EVs were proposed to play roles in disposing cellular waste or resisting complement attack during immune responses, but clues as to their functional roles in intercellular signaling were not recognized until later (Figure 1). In one of the first of these pioneering studies, Stegmayr and Ronquist reported that EVs secreted by prostate gland epithelium (which they termed “prostasomes”) improved sperm motility (Stegmayr and Ronquist, 1982). In 1996, Raposo and colleagues showed that EVs containing major histocompatibility complex II molecules secreted by B lymphocytes could stimulate IL-2 secretion by T cells, formally demonstrating that EVs could transfer biologically active molecules from one cell to another, and potentially play a long-range signaling role (Raposo et al., 1996). Beginning in 2006, multiple groups showed that EVs transferred functional mRNA, protein, and miRNA to recipient cells (Baj-Krzyworzeka et al., 2006; Ratajczak et al., 2006; Aliotta et al., 2007; Valadi et al., 2007). Tumor cells could also transmit mutant/variant mRNAs, suggesting the potential diagnostic utility of tumor-derived microvesicles (Skog et al., 2008). In 2009, building on observations that MSCs could promote tissue repair through secretion of soluble paracrine factors, Bruno and colleagues provided the first direct evidence that EVs could modulate tissue repair (Bruno et al., 2009). In a model of acute kidney injury, MSC-derived microvesicles promoted proliferation and survival of tubular epithelial cells in vitro and accelerated functional kidney recovery in vivo (Bruno et al., 2009). Subsequently, the field of EV research witnessed an explosion of effort to unveil the many functions of EVs in regeneration and disease, including hundreds of studies of the control of cell survival, immune responses, proliferation, migration, and other cellular processes (reviewed in Braicu et al., 2015; Pashoutan Sarvar et al., 2016; Jing et al., 2018; van Niel et al., 2018; Kalluri and LeBleu, 2020). Accompanying these advances, new technologies were also developed [e.g., dynamic light scattering (DLS), nanoparticle tracking analysis (NTA), and others] to quantify and characterize EVs from cultured cells and biological fluids (Sokolova et al., 2011; Shao et al., 2018). In addition, a broad coalition of investigators established the International Society for Extracellular Vesicles (ISEV, www.isev.org) in 2011 to help standardize methods and terminology (Witwer et al., 2013; Théry et al., 2018; Nieuwland et al., 2020), and facilitate the exchange of discoveries and approaches.
3 EXTRACELLULAR VESICLE BIOGENESIS: TWO ROUTES WITH OVERLAPPING MECHANISMS
EVs are derived from either the endosomal transport system or the plasma membrane (PM) (Figure 3) (Scott et al., 2014; van Niel et al., 2018; Kalluri and LeBleu, 2020). As discussed above, EVs from the endosomal pathway are exosomes or small EVs, while EVs generated from “right side out” budding of the PM are microvesicles (MVs) or ectosomes. MV subclasses include apoptotic bodies (ABs) that are produced by cells undergoing programmed cell death and large oncosomes secreted by cancer cells. Exosomes have a diameter between 30 and 150 nm, while microvesicles (50–1,000 nm), apoptotic bodies (500–2,000 nm), and oncosomes (up to 10 μm) are larger (van Niel et al., 2018). EVs are also commonly defined by characteristic cargo proteins, including Syntenin-1, ALG2-interacting protein X (ALIX), Tumor Suppressor Gene 101 (TSG101), Flotillin-1, and CD63, a member of the Tetraspanin family of transmembrane proteins, although identification of markers that distinguish exosome and microvesicle subclasses is an active area of investigation (Théry et al., 2018; Jeppesen et al., 2019; Kugeratski et al., 2021).
[image: Figure 3]FIGURE 3 | Overview of EV biogenesis. Letters in blue circles indicate steps in EV biogenesis. Regulators of each step are listed below. Exosome biogenesis begins with an endocytic event (A) that results in the formation of an early endosome (EE) which then matures into a late endosome (LE) (B). During maturation, LEs receive cargo from several endocytic compartments such as the Golgi apparatus (C), and cargo-filled vesicles bud internally (intraluminal vesicles, ILVs), creating the multivesicular body (MVB) (D). MVBs are sorted to the lysosome for degradation (E), or they traffic towards the plasma membrane (PM) (F) where they fuse and release the ILVs, now called exosomes (G). Microvesicles (MVs) bud off directly from the PM (H). For simplicity, we depict MVB formation following late endosome maturation but the MVB can de-attach from vesicular regions of both the early and late endosomes and ILVs can be added at multiple points along the pathway. TGN, trans-Golgi network. Created with BioRender.com.
In the endosomal pathway, vesicles are initially derived from both clathrin-mediated and clathrin-independent endocytosis at the PM, often fusing with each other to form a tubular network of early endosomes (EEs) (Figure 3A). As vesicles mature into late endosomes (LEs), three processes occur: acidification of the vesicle lumen, recycling of some cargo back to the PM, and addition and loss of associated proteins involved in transport and other processes (e.g., Rab GTPases, see below) (Figure 3B). Membrane and cargo can also be delivered to EEs and LEs from the trans-Golgi network (TGN) (Figure 3C). During the maturation process, smaller vesicles invaginate into the EE and LE lumens, forming larger vesicles (multivesicular bodies or MVBs, also called multivesicular endosomes or MVEs) with smaller intraluminal vesicles (ILVs) inside (Figure 3D). At the LE, cargo molecules destined for degradation in the lysosome are segregated (based on ubiquitylation or ISGylation, see below) from those for secretion in exosomes. Subsequently, the LE/MVB can fuse with lysosomes for catabolism of its contents (Figure 3E), or be transported to the plasma membrane (Figure 3F). Upon fusion of the MVB with the PM, ILVs are released into the extracellular space as exosomes (Figure 3G). By contrast, MV formation is simpler: the PM buds outward, toward the extracellular space, followed by membrane scission to form MVs (Figure 3H). Regardless of cellular origin, the topology of both types of EVs is identical: extracellular domains of transmembrane proteins face the extracellular space, while vesicle lumens are equivalent to the cytoplasm and carry cytosolic cargo.
During exosome and MV production, conserved regulators of endocytosis, intracellular vesicle trafficking, and exocytosis play critical roles [reviewed in Scott et al., 2014; Elkin et al., 2016; Hessvik and Llorente 2018; Naslavsky and Caplan 2018; Palmulli and van Niel 2018; van Niel et al., 2018; Clancy et al., 2021; Gurung et al., 2021]. Here, we summarize widely studied regulators at each step of biogenesis. Exosome biogenesis begins at the PM, where clathrin and AP2 complex proteins coordinate vesicle endocytosis, in addition to clathrin-independent (e.g., caveolins and phosphatidyl inositols or PIPs) regulators (Figure 3A) (Scott et al., 2014). Following endocytosis, the Rab5 GTPase, an EE marker, promotes EE maturation to LEs by trafficking vacuolar (H+)-ATPases (V-ATPases) from the Golgi to endocytic vesicles and by recruiting the Rab7 GTPase, a LE marker that is required for trafficking to the lysosome (Figure 3B) (Naslavsky and Caplan, 2018). Next, ILV budding into the MVB is regulated by the ESCRT (endosomal sorting complexes required for transport) protein complexes (ESCRT-0, -I, and -III) and accessory proteins that recruit them (e.g., Syntenin and ALG-2-interacting protein X/ALIX) (Figure 3D) (Tamai et al., 2010; Baietti et al., 2012; Colombo et al., 2013). In addition, “ESCRT-independent” pathways for ILV formation likely exist, since ILVs still form in ESCRT-depleted cells (Stuffers et al., 2009). Transmembrane tetraspanin proteins (e.g., CD63), lysobisphosphatidic acid, and ceramide regulate cargo loading and membrane budding/scission in these pathways (Figure 3D) (Matsuo et al., 2004; Trajkovic et al., 2008; van Niel et al., 2011). Finally, MVBs are trafficked to the PM along microtubules by kinesins; MVB docking is coordinated by other Rab GTPases (e.g., Rab27a/b, Rab11, and Rab35) (Figure 3F), while MVB fusion with the PM is mainly regulated by vesicle-associated soluble N-ethylmaleimide-sensitive component attachment protein receptors (v-SNARES) and target membrane-associated t-SNARES (Figure 3G) (Saito et al., 1997; Savina et al., 2005; Fader et al., 2009; Hsu et al., 2010; Ostrowski et al., 2010; Ruiz-Martinez et al., 2016; Wei et al., 2017). At the PM, although many cells likely secrete exosomes constitutively, exosome secretion can be upregulated by stimuli such as cytoplasmic Ca2+ levels and extracellular cues (Savina et al., 2005; Savina et al., 2003; Fauré et al., 2006; Verweij et al., 2018). MV biogenesis occurs at the PM, rather than in the endosomal sorting pathway (Figure 3H) (Clancy et al., 2021). Nonetheless, some exosome biogenesis regulators (e.g., tumor susceptibility gene 101/TSG101, vacuolar protein sorting-associated protein 4/VPS4) also regulate biogenesis of MVs (Nabhan et al., 2012). Some authors suggest that unique regulators may also be involved, such as small GTPases thought to promote actomyosin contractility and membrane fission (e.g., RhoA/Rho-activated kinase/ROCK and ADP ribosylation factor 6/ARF6), and regulators of phospholipid and cholesterol distribution that may promote membrane curvature and cytoskeletal rearrangement (Del Conde et al., 2005; Lima et al., 2009; Muralidharan-Chari et al., 2009; Sedgwick et al., 2015), although debate exists (Ghossoub et al., 2014). Production of other PM-derived EVs such as large oncosomes and apoptotic bodies probably utilizes many of the same MV-related regulators of cytoskeleton and membrane lipid rearrangement, although similarities and differences in the biogenesis of different PM-derived EVs are not yet well understood (Atkin-Smith and Poon, 2017; Aoki et al., 2020; Clancy et al., 2021).
Two critical characteristics distinguish LEs destined to become exosomes: trafficking of the MVB to the PM rather than fusion with lysosomes, and loading of cargo into future exosomes as they bud into the MVB lumen as ILVs. How cells determine which MVBs to transport to the PM is not well understood, but recent studies have provided some clues. For example, cargo interactions with specific EV-associated molecules like ALIX and Tetraspanins (below) may steer MVBs towards secretion (Chairoungdua et al., 2010; Baietti et al., 2012; Hurwitz et al., 2016; Guix et al., 2017; Hurwitz et al., 2017). In addition, levels of specific lipids [e.g., high cholesterol (Möbius et al., 2002; Zimmerman et al., 2016) or low lysobisphosphatidic acid (White et al., 2006)] and reduced acidification of endosomes (van Weert et al., 1995; van Deurs et al., 1996; Liégeois et al., 2006) can reduce lysosomal targeting and shift MVB transport towards secretion, while post-transcriptional modification of MVB-localized proteins [e.g., ubiquitination (Buschow et al., 2005) and ISGylation (Villarroya-Beltri et al., 2016)] promote MVB degradation. For example, mutations in the E3 ubiquitin ligase Parkin or the ubiquitination site of the LE marker Rab7 (above) decreases MVB degradation and increases ILV formation, and exosome secretion (Song et al., 2016).
Cells also actively and selectively sort cargos (protein, mRNA, miRNA, ncRNA, lipids, etc.) into EVs, which are both enriched and depleted for specific molecules relative to their cells of origin (Valadi et al., 2007; Théry et al., 1999; Théry et al., 2001). Although regulation of selective cargo loading is not well understood, protein-protein, protein-lipid, RNA-protein, and even RNA-lipid interactions all play roles. Proteins can be targeted to EVs through interactions with tetraspanins (CD63, CD82, CD9, and CD81) (van Niel et al., 2011; Chairoungdua et al., 2010; Perez-Hernandez et al., 2013), chaperones (heat shock cognate 70 kDa protein/HSC70) (Géminard et al., 2004), ALIX (Baietti et al., 2012; Sun et al., 2019), and ADP ribosylation factor 6 (ARF6) (Muralidharan-Chari et al., 2009). Post-translational modifications like glycophosphatidylinositol (GPI) linkages (which promote membrane microdomain affinity) and farnesylation (which modulates protein-protein interactions) also promote EV targeting (Vidal et al., 1997; Rabesandratana et al., 1998; Luhtala et al., 2017). Numerous RNA binding proteins (RBPs) also regulate EV targeting of mRNA, miRNA, and other RNAs, including Argonaut 2 (AGO2), Y-Box 1 (YBX1), ALIX, and heterogenous nuclear nucleoproteins A2/B1 (HNRNPA2B1) (Villarroya-Beltri et al., 2013; Iavello et al., 2016; McKenzie et al., 2016; Shurtleff et al., 2016; Kossinova et al., 2017; Yanshina et al., 2018). In addition, specific RNA sequences (“EXOmotifs”) and secondary structures, post-translational RBP modification (e.g., sumoylation), and post-transcriptional RNA modification (e.g., 3′ uridylation) can mediate RNA-protein and possibly even RNA-lipid interactions to promote RNA targeting to EVs (Khvorova et al., 1999; Villarroya-Beltri et al., 2013; Koppers-Lalic et al., 2014; O’Brien et al., 2020). Cargo sorting primarily occurs during ILV formation for exosomes, and at the PM for MVs [reviewed in van Niel et al., 2018; Gurung et al., 2021]. However, regulation of vesicular trafficking elsewhere also influences cargo loading; for example, inhibition of transferrin receptor recycling back to the PM increases its abundance in exosomes (Vidal et al., 1997).
Once EVs are released from the cell surface, they are taken up by target cells, in which cargo must be trafficked properly to exert physiological effects. Binding to recipient cells is mediated by EV-bound integrins and other intercellular adhesion molecules (ICAMs) (Morelli et al., 2004), ECM components like fibronectin (Purushothaman et al., 2016), Tetraspanins (Rana et al., 2012), proteoglycans and glycoproteins (Bruno et al., 2009; Melo et al., 2015), and lipids (Toda et al., 2015; Matsumoto et al., 2017). Some EVs can influence target cells by directly binding PM receptors such as integrins or Toll-like receptors (Sobo-Vujanovic et al., 2014; Sung et al., 2015). However, for most cargos, cellular uptake is required and is mediated by most internalization mechanisms, including phagocytosis, macropinocytosis, direct fusion with the PM, and endocytosis mediated by clathrins, lipid rafts, and caveolins [reviewed in Gurung et al., 2021]. Once internalized, cargo can signal from the endosomal compartment (Shelke et al., 2019). More commonly, though, cargo enters the endocytic pathway, and then must escape degradation in lysosomes and enter the cytoplasm (for example, for miRNAs or mRNA to modulate gene expression). Although several mechanisms have been proposed (Gurung et al., 2021), the EV membrane may undergo a process of “back fusion” with the endosomal membrane, releasing contents into the cytosol (Joshi et al., 2020).
EV output, even from single cell types in culture, is highly heterogeneous. Although EV subtypes are likely to share common cargo, both exosomes and MVs can vary greatly in size, lipid composition, and levels and combinations of unique proteins, nucleic acids, and other metabolites (Colombo et al., 2013; Kowal et al., 2016; Willms et al., 2016; Kugeratski et al., 2021). EV heterogeneity arises, in part, from the multiple mechanisms that govern biogenesis and cargo loading, and because of the numerous intracellular locations at which these processes can be regulated. Additionally, most, if not all, known secretory pathway regulators have dual functions in EV biogenesis and intracellular trafficking, and few tools exist to target their functions or interactions at specific cellular locations or in subsets of intracellular vesicles. Cargo loading and MVB/ILV biogenesis can also be influenced by cellular state and environment (Segura et al., 2005; Carayon et al., 2011; Keller et al., 2020).
EV subtypes may have different functions, but the ability to purify, separate, and characterize them is still limited. For many years, ultracentrifugation (UC) has been a “gold standard” for total EV purification, but this method damages EVs (compromising their function), co-isolates contaminants (soluble proteins, lipoproteins, and endocytic vesicles), excludes smaller EVs, causes aggregation, and is time-consuming (Mol et al., 2017; Sidhom et al., 2020). Gentler polymer-based precipitation methods result in greater EV recovery, but can also co-purify contaminants (Zarovni et al., 2015; Rider et al., 2016; Weng et al., 2016; Brennan et al., 2020). Differential gradient centrifugation (DGC) can separate EVs from contaminants, but narrow density differences and the overlapping association of specific cargos with broad EV sizes limits DGC’s usefulness in characterizing heterogeneity (Kowal et al., 2016; Jeppesen et al., 2019). Combining methods like UC or precipitation with size exclusion chromatography also yields higher purity, despite sometimes lower yields of EVs within narrower size ranges (Sidhom et al., 2020). Immunoprecipitation-based approaches that target EV surface molecules like CD63 or phosphatidylserine are more selective (Nakai et al., 2016; Liangsupree et al., 2021), and transgenic affinity tagging enables purification of EV subtypes expressing specific proteins (Hung et al., 2018). Newer methods attempt to analyze EV preparations at the single-particle level, such as digital PCR, flow cytometry, and multiplexed immunolabeling, but their use remains limited due to expense and complexity (Hilton and White, 2021). Despite these advances, efforts to purify and define EV subclasses and the functional requirements for their biogenesis continue to be significant challenges, necessitating rigorous reporting to enable reproducibility and comparison (EV-TRACK Consortium et al., 2017; Veerman et al., 2021).
4 EXTRACELLULAR VESICLES PROMOTE CELLULAR BEHAVIORS REQUIRED FOR TISSUE REPAIR AND REGENERATION
In humans, many tissues undergo continuous cell replacement at high (e.g., blood, skin, intestine) or low (e.g., liver, lung, muscle) rates, in order to replace cells lost to normal physiological turnover or minor tissue damage (Iismaa et al., 2018). Organs and structures can be more severely damaged or lost after physical trauma, radiation, exposure to harmful chemicals or extreme temperatures, disease, and surgery. Unfortunately, though, humans possess limited ability to regenerate after these injuries, with only a few exceptions such as the liver and digit tips (Iismaa et al., 2018). This limited regenerative capacity is shared by widely studied human disease models, such as mouse, rat, and large mammals. By comparison, other animals (e.g., hydra, planaria, salamanders, zebrafish, and African spiny mouse) have greater regenerative capacity (Bely and Nyberg, 2010; Sánchez Alvarado, 2018). The regeneration observed throughout the animal kingdom suggests that it should be possible to modulate cellular and molecular mechanisms to improve tissue repair in mammalian models, and then to translate these approaches into regenerative therapies.
Comparative studies have identified a set of “hallmark” cellular behaviors that must be coordinated to achieve successful regeneration, including cell death and survival, immune responses, extracellular matrix (ECM) remodeling, proliferation, migration, and differentiation (Figure 4) (e.g., 139, 140, 141). Most of these behaviors are initiated by wound signaling, when cells initiate signaling programs and transcriptional changes in response to local damage (Niethammer, 2016; Srivastava, 2021). These behaviors sometimes occur over broad sequential time windows, relative to injury, that tend to overlap with each other depending on the behavior, the cell type, and the context. One goal of regeneration research is to identify ways to modulate these cell behaviors to improve regenerative abilities by inducing reprogramming of cells to proliferative states or alternate fates (Srivastava and DeWitt, 2016), targeting inhibitory genes (Aguirre et al., 2014; Sekine et al., 2018), and introducing stem cells that produce new tissue and/or pro-regenerative cues (Kimbrel and Lanza, 2020).
[image: Figure 4]FIGURE 4 | EV roles in mammalian repair and regeneration. EVs regulate “hallmark” cellular behaviors for successful regeneration: cell death and survival, immune responses, extracellular matrix remodeling, proliferation, migration, and differentiation. Schematics are stylized representations, and cells and structures are not drawn to relative scale. MV, microvesicle; EX, exosome; PM, plasma membrane. Created with BioRender.com.
Decades of basic research and translational efforts have focused on cell replacement therapy: the therapeutic introduction of MSCs (derived from a variety of tissues) or induced pluripotent stem cells (iPSCs, generated ex vivo) to counteract the effects of disease or tissue damage (Ullah et al., 2015; Kimbrel and Lanza, 2020). However, protective effects in multiple tissues (heart, blood vessels, and kidney) are often observed even in the absence of significant stem cell engraftment or survival, causing some investigators to explore whether paracrine factors could confer the bioactivity and benefits of the stem cells themselves (Lai et al., 2015; Gnecchi et al., 2016). These observations led to the investigation of EVs derived from a variety of stem cell types (MSCs, endothelial progenitor cells, cardiosphere-derived cells, lung spheroid cells, embryonic stem cells, and others) and the discovery that these vesicles protect against the consequences of injury (widespread cell death, fibrosis, etc.), or promote tissue repair (proliferation, migration, etc.) in in vivo and ex vivo models (Jing et al., 2018; Tsiapalis and O’Driscoll, 2020). In some cases, these studies have identified specific cellular behaviors affected by EVs and their cargos, and the cellular pathways that are modulated in recipient cells. Here, we review some of the most intriguing of these investigations, organized by the six major cellular behaviors we highlight above (Figure 4), focusing mainly on those in which likely mechanisms (e.g., specific cargos and molecular effects on recipient cells) have been identified.
4.1 Cell Death and Survival
One of the earliest consequences of acute tissue damage is increased cell death through apoptosis, necrosis, and other mechanisms (Pellettieri et al., 2010; Guerin et al., 2021). For example, mechanical damage to the spinal cord induces neuronal death, while after stroke or heart attack, cells die due to reduced blood supply and hypoxia (ischemia) (Konstantinidis et al., 2012; Şekerdağ et al., 2018; Shi et al., 2021). Although restoration of blood flow (reperfusion) is required to prevent further cell death and support regeneration, it initially exacerbates damage by causing elevated production of reactive oxygen species, oxidative stress, reduced nitric oxide levels, and inflammation (“ischemia-reperfusion injury”) (Wu et al., 2018). Elevated cell death also occurs in chronic organ disease, and can be catastrophic in acute organ failure due to the loss of functional tissue (Linkermann et al., 2014; Luedde et al., 2014; Sauler et al., 2019). Dying apoptotic cells can induce further cell death in nearby cells non-autonomously, extending tissue damage (Pérez-Garijo et al., 2013). Promoting survival of endogenous cells after acute injuries, or of therapeutically grafted stem cells, can improve tissue repair and is, therefore, one key goal of regenerative medicine (Abdelwahid et al., 2016; Hilton et al., 2017).
Bruno and colleagues reported one of the first examples of a pro-survival role for EVs after tissue damage in a model of acute kidney injury (AKI), after which MSC-derived EVs promoted survival of tubular epithelial cells in vitro, and accelerated functional kidney recovery in vivo (Bruno et al., 2009). Subsequently, several groups identified EV-transported miRNAs with anti-apoptotic activity in AKI. miR-486-5p (which targets the phosphatase and tensin homolog, PTEN) from endothelial colony-forming cell (ECFC) EVs reduces apoptosis after ischemia/reperfusion injury, and miR-21 (which targets numerous tumor suppressors including PTEN), possibly derived from skeletal muscle EVs, promotes renal tubular epithelial cell survival after sepsis-induced AKI (Viñas et al., 2016; Pan et al., 2019; Viñas et al., 2021). In another example, cardiosphere-derived EVs promote functional recovery in a mouse model of myocardial infarction (MI), and neonatal rat cardiomyocyte (CM) survival in vitro (Ibrahim et al., 2014). These effects are mediated by miR-146a, which downregulates interleukin-1 receptor-associated kinase (Irak1) and tumor necrosis factor receptor-associated factor 6 (Traf6), effectors of Toll-like receptor signaling (Ibrahim et al., 2014). In the CNS, systemic administration of MSC-derived EVs improves functional recovery and reduced apoptosis in a rat model of spinal cord injury, in part by elevating expression of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) and decreasing expression of the pro-apoptotic protein Bcl-2-associated X protein (Bax); future work will be required to identify the EV cargo responsible for this effect (Huang et al., 2017).
Additional reports of EVs that promote cell survival in both in vivo and in vitro injury models exist, although the precise mechanisms by which these EVs act are not as well understood (Wu et al., 2021). EVs also promote apoptosis, for example by transporting Caspase-1 and Gasdermin D from monocytes to pulmonary vascular endothelial cells in an in vitro model of acute lung injury (Mitra et al., 2018). By contrast, dying cells can also promote damage-induced proliferation, and apoptotic cells release EVs that probably play additional signaling roles (Chera et al., 2009; Brock et al., 2019; Kakarla et al., 2020). These complexities suggest that efforts to promote cell survival by controlling EV activity will need to be informed by a detailed understanding of their context-specific roles.
4.2 Immune Responses and Inflammation
Tissue damage stimulates the recruitment and activation of innate and adaptive immune cells with functions in host defense, debris clearance, and coordination of other cells’ roles in regeneration (Godwin et al., 2017a; Julier et al., 2017; Abnave and Ghigo, 2019). Neutrophils and macrophages are innate immune cells with prominent early roles during repair and regeneration (Wynn and Vannella, 2016; Wang, 2018). Immediately after injury, pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs, for example, heat shock proteins and histones released by damaged tissue) are sensed by tissue-resident macrophages, which then secrete chemoattractants and pro-inflammatory cytokines to recruit circulating neutrophils and monocytes (Julier et al., 2017). Next, neutrophils that infiltrate the tissue secrete cytokines to amplify the inflammatory response by recruiting and activating other immune cell types, as well as antimicrobial compounds, proteases, and reactive oxygen species (ROS) to kill invading pathogens (Wang, 2018). Then, macrophages fulfill early pro-inflammatory roles by clearing bacteria, necrotic cells, apoptotic neutrophils, and debris; later, macrophages adopt pro-regenerative roles by terminating inflammation, promoting proliferation and differentiation of MSCs, and stimulating ECM remodeling by fibroblasts and myofibroblasts (Abnave and Ghigo, 2019; Wynn and Vannella, 2016). Recent studies also implicate adaptive immune cells in regeneration. For example, regulatory T cells (Tregs) promote macrophage polarization towards pro-reparative states (the “M1-to-M2” transition), and specialized tissue-resident γδ T cells that reside in surface epithelia secrete pro-inflammatory chemokines and pro-repair growth factors (Julier et al., 2017; Abnave and Ghigo, 2019; Ramirez et al., 2015). Immunity-related phenotypes in mouse and human illustrate the importance of immune modulation during tissue repair. For example, protozoan infection inhibits muscle regeneration by decreasing Tregs and increasing pro-inflammatory macrophages (Jin et al., 2017), while in the liver, repeated acute injury and autoimmune diseases can cause persistent activation of macrophages, hepatic myofibroblasts and stellate cells, inhibiting repair and functional recovery (Pellicoro et al., 2014). Also, chronic injury and inflammation cause fibrosis and scarring in multiple organs (discussed further in Section 4.3) (Mack, 2018).
Immune cells produce EVs with both pro- and anti-regenerative activity (Wang et al., 2020). For example, Hervera and colleagues found that macrophage-derived EVs deliver NADPH oxidase 2 (NOX2) to damaged dorsal root ganglion neurons, promoting PTEN oxidation, activation of Akt signaling, neurite outgrowth, and recovery after sciatic nerve crush injury (Hervera et al., 2018). In the mouse intestine, macrophages secrete Wnt packaged in EVs to promote intestinal stem cell survival and recovery from radiation-induced injury (Saha et al., 2016). EVs from immune cells can also negatively impact regeneration. For example, Slater et al. (2017) found that neutrophil-derived EVs transport myeloperoxidase, a potent antimicrobial enzyme that also induces oxidative tissue damage; these EVs inhibit healing of the wounded colonic mucosa in mice by preventing intestinal epithelial cell spreading and proliferation. Recent in vitro studies suggest macrophage-derived EVs promote osteogenesis (Liu et al., 2020; Li et al., 2021a). However, in an interesting example of how disease can dysregulate EV activity, Zhang et al. (2021a) found that EVs secreted by bone marrow-derived rat macrophages from diabetic mice impair osteogenic differentiation of bone marrow stem cells and compromise femoral fracture healing, as compared to EVs from healthy animals. EVs from diabetic rats possess high levels of the Smad1-targeting miR-144-5p, negatively inhibiting pro-osteogenic bone morphogenetic protein (BMP) signaling (Zhang et al., 2021a).
EVs from stem cells possess immunoregulatory potential, and influence the functions of most immune cell types, demonstrating that immune cells are also EV recipients during regeneration (Xie et al., 2020). For example, Li et al. (2016) found that EVs derived from human umbilical cord MSCs (HU-MSCs) suppress inflammation in a rat burn injury model by lowering inflammatory cytokine levels (TNF-α and IL-1β), reducing the number of neutrophils and macrophages, and increasing the levels of anti-inflammatory IL-10. The authors attributed the mechanism to EV-derived miR-181c, which downregulates pro-inflammatory TLR4 signaling through the NF-κB/P65 pathway. In another study, HUC-MSC-derived EVs inhibit the injury-induced accumulation of natural killer (NK) cells, thereby protecting against renal injury in a rat model of ischemia-reperfusion injury (Zou et al., 2016).
These studies demonstrate that EV signaling is likely to occur bidirectionally between immune cells and other cell types in injured tissue and that signaling can either assist or impair regeneration. The timing and intensity of immune cell responses, and the diversity of cell states adopted by macrophages and other immune cell types, vary across tissues and in response to different types of injury (Wynn and Vannella, 2016; Godwin et al., 2017a; Julier et al., 2017). Thus, two important challenges are to refine our understanding of context-dependent mechanisms that may control EV biogenesis during immune responses and to continue identifying cargo with spatial, temporal, and cell-type specific roles in immunoregulation.
4.3 Extracellular Matrix Remodeling and Fibrosis
The extracellular matrix (ECM) is composed of collagen, fibronectin, elastin, proteoglycans, and other molecules that play structural roles in the organization of tissue architecture. ECM also serves as a substrate for cellular migration, and as a reservoir of signaling molecules that regulate activities of numerous cell types (Rozario and DeSimone, 2010; Godwin et al., 2014). During regeneration, after initial formation of a temporary fibrin-based clot, immune cells, fibroblasts, myofibroblasts, and other cell types degrade some ECM molecules (by secreting matrix metalloproteinases and other enzymes) and deposit new ECM, gradually remodeling the matrix in sequential steps as repair proceeds. Although specific combinations of cell types and matrix molecules during ECM remodeling vary by tissue [reviewed in Godwin et al., 2014; Xue and Jackson, 2015], ECM remodeling generally facilitates clearance of damaged tissue, proliferation and differentiation of progenitor cells, and migration and assembly of cells into new tissue. During regeneration of some mouse and human tissues (e.g., liver), ECM remodeling is often coordinated effectively (Cordero-Espinoza and Huch, 2018). More commonly, fibrosis and scarring (deposition of a fibrotic ECM matrix) are the default outcome after cutaneous wounds, spinal cord injury, ischemic heart and kidney damage, etc., especially with chronic inflammation (Leoni et al., 2015; Mack, 2018; Willis et al., 2018). Fibrosis occurs primarily due to the differentiation and persistence of myofibroblasts in granulation tissue (formed after initial clotting), which occurs in response to growth factors secreted by monocytes and other cells (Darby and Hewitson, 2007; Godwin et al., 2014; Julier et al., 2017). Myofibroblasts secrete a dense matrix of collagen (the fibrotic scar) that is not resolved, inhibiting regeneration and compromising normal organ function (Darby et al., 2016; Willis et al., 2018). Other ECM-secreting cells also inhibit regeneration; for example, nervous system glia (microglia and astrocytes) deposit excessive chondroitin sulfate proteoglycans, forming a glial scar that prevents spinal cord regeneration (Yang et al., 2020). By contrast, animals with greater regenerative capacity achieve scar-free healing and regeneration by restricting accumulation of pro-inflammatory immune cells and pro-fibrotic myofibroblasts, by promoting recruitment of pro-repair/anti-fibrotic macrophages, or by resolving fibrotic matrix over time (Lévesque et al., 2010; González-Rosa et al., 2011; Seifert et al., 2012; Godwin et al., 2013; Richardson et al., 2013; Godwin et al., 2017b; Simkin et al., 2017). In addition, the developing human fetus also heals wounds without scarring, possibly due to differences between adult and fetal fibroblast ECM deposition (Lorenz et al., 2003). Together, these observations suggest that therapeutic control of ECM remodeling might be possible to achieve scar-free adult tissue regeneration.
EVs attenuate differentiation and activity of ECM-producing cells, reducing fibrosis in injury models. For example, EVs derived from human adipocyte stem cells (hASC-EVs) promote ECM remodeling and scarless healing of dorsal skin incisions in mice by inhibiting myofibroblast differentiation and increasing the ratios of collagen III to collagen I and TGFβ-3 to TGFβ-1, similar to levels in fetal scarless wound healing (Wang et al., 2017). hASC-EVs also reduced hypertrophic scarring during wound healing in rabbit ears, by suppressing myofibroblast differentiation and collagen deposition (Zhu et al., 2020). In an example of EVs’ therapeutic potential, Dinh and colleagues showed that inhalation of lung spheroid cell-derived EVs inhibits collagen deposition and improves alveolar repair in mouse and rat models of pulmonary fibrosis, possibly by transporting miR-30a, an anti-fibrotic miRNA, to matrix-secreting cells (Berschneider et al., 2014; Dinh et al., 2020). In pig models of myocardial infarction (MI), delivery of EVs from cardiosphere-derived cells reduces collagen deposition, cardiac hypertrophy, and scarring, although the precise mechanism remains to be uncovered (Gallet et al., 2017). In the nervous system, EVs from anti-inflammatory M2 microglia inhibit astrocyte proliferation and glial scarring in a mouse stroke model, by transporting miR-124 to downregulate signal inducer and activator of transcription 3 (STAT3), a known promoter of astrogliosis and scarring (Herrmann et al., 2008; Li et al., 2021b).
EVs secreted by cells in injured organs are also likely to exacerbate fibrosis (Brigstock, 2021). For example, ischemia-reperfusion injury increases EV secretion by mouse kidney tubular epithelial cells; inhibiting EV biogenesis by knocking out Rab27a reduces EV secretion, fibronectin levels, and renal fibrosis in vivo (Zhou et al., 2021). Inhibition of miR-150-5p, which is enriched in EVs from cultured hypoxic tubular cells and targets suppressor of cytokine signaling 1 (SOCS1), reduces fibroblast activation, fibronectin expression, and fibrosis in vivo, demonstrating that hypoxic tubular cells secrete EVs that aggravate renal fibrosis (Zhou et al., 2021). In addition, EVs secreted by fibrotic kidneys or from hypoxic cultured tubular epithelial cells are enriched for TGF-β1 mRNA, which induces fibrosis in murine kidneys, and promotes fibroblast activation and collagen secretion (Borges et al., 2013). In a second example, hypoxic and angiotensin II-treated cardiomyocytes (CMs) secrete EVs enriched for miR-208a, which promote proliferation and differentiation of cultured fibroblasts into collagen-secreting myofibroblasts (Yang et al., 2018). Inhibition of miR-208a reduces MI-induced fibrosis, while injection of miR-208a-containing EVs into post-MI rat hearts increases fibrosis, most likely by targeting mRNA encoding Dual specificity tyrosine-phosphorylation-regulated kinase 2 (Dyrk2), an inhibitor of nuclear factor of activated T-cells (NFAT)-mediated myofibroblast differentiation (Yang et al., 2018). These data demonstrate that MI also induces production of pro-fibrotic EVs.
Recently, EVs called matrix-bound nanovesicles (MBVs) were identified in ECM bioscaffolds from decellularized tissue used as biomaterials to promote tissue repair after surgery (Huleihel et al., 2016). Subsequent work suggests that MBVs confer at least some of the pro-regenerative activities of bioscaffolds (inflammation modulation, cell survival, neurite extension, etc.) (Huleihel et al., 2016; Huleihel et al., 2017; van der Merwe et al., 2019) and that the lipid and nucleic acid profile of MBVs is unique compared to liquid-phase EVs (Hussey et al., 2020). Whether these MBVs serve as spatially restricted signals or as a “reservoir” of cues that can be released upon ECM remodeling, or whether they have other roles, are open questions (Lewin et al., 2020). To summarize, EVs appear to regulate ECM remodeling in both beneficial and detrimental ways during regeneration, and ECM also may reciprocally regulate the activity or localization of some EVs/MBVs. Delivery or inhibition of anti- or pro-fibrotic EVs, respectively, as well as modulation of interactions between ECM and EVs are all potentially viable ways to fine-tune ECM remodeling, minimize scarring, and improve regeneration.
4.4 Cellular Proliferation, De-differentiation, and Pluripotency
Cellular proliferation, the process by which a cell divides and produces two daughter cells, is essential for the regeneration of new tissue (Tanaka and Reddien, 2011). While the source and differentiation potential of cycling cells varies widely across organs, tissues, and animals, injury almost universally stimulates proliferation (Ricci and Srivastava, 2018). Proliferation of many types of stem and progenitor cells is required to produce progeny that rebuilds lost and damaged tissue. For example, fibroblast proliferation is required for ECM remodeling (Plikus et al., 2021); endothelial cell proliferation is required to revascularize regenerating tissue (Pecoraro et al., 2021); hepatocytes proliferate to rebuild liver mass (Chen et al., 2020); and multiple cell types proliferate after acute and chronic lung injury (Kotton and Morrisey, 2014). In mammals, injury increases proliferation through a variety of mechanisms, including by stimulating division of tissue-resident stem cell populations (Hsu and Fuchs, 2021); promoting cell cycle re-entry of quiescent stem cells (Fu et al., 2015); activating facultative stem cells that normally exist in a fully differentiated state (Leach and Morrisey, 2018); and expanding rare injury-responsive subpopulations (Wilson et al., 2008; Ayyaz et al., 2019). Because depletion of stem and progenitor cells would compromise regeneration, proliferation must also balance renewal of the pool of cycling cells and maintenance of their pluripotency with production of post-mitotic progeny (discussed in Section 4.6) (Feige et al., 2018; Gehart and Clevers, 2019). Identifying ways to induce or elevate proliferation in response to damage could help to promote repair in less injury-responsive tissues, and to control proliferation more precisely in specific injury contexts.
The first evidence that EVs promote cell proliferation came from in vitro immunology studies. Raposo and colleagues observed that T cells incubated with B-cell-derived EVs proliferated as a response to antigen presentation (Raposo et al., 1996). More recently, EVs have been shown to regulate proliferation of many cell types in various tissue damage models (Jing et al., 2018; Roefs et al., 2020; Tsiapalis and O’Driscoll, 2020). For example, Nojima et al. (2016) found that hepatocyte-derived EVs promote both hepatocyte proliferation and mouse liver regeneration in vivo after injury caused by both ischemia-reperfusion and partial hepatectomy (Nojima et al., 2016). This effect is mediated by the transfer of ceramide, neutral ceramidase, and sphingosine kinase 2, enabling hepatocytes to produce intracellular sphingosine-1-phosphate to stimulate proliferation (Nojima et al., 2016). In another example, amniotic fluid stem cell derived-EVs attenuate intestinal injury in a mouse model of necrotic enterocolitis by activating the Wnt signaling pathway, which increases proliferation in vivo leading to regeneration of intestinal epithelium (Li et al., 2020).
EVs also stimulate proliferation of cell types that normally do not respond to injury. For example, EVs derived from cardiac explant-derived progenitor cells carrying Periostin induce cell-cycle re-entry and proliferation by neonatal rat CMs both in vitro and in vivo, and by adult rat CMs after MI, through a focal adhesion kinase (FAK) and Yes-associated protein (YAP) signaling pathway (Balbi et al., 2021). EVs also influence the pluripotency and plasticity of proliferative cells. For instance, fibronectin associated with embryonic stem cell (ESC)-derived EVs engaged integrins and stimulated FAK activation in ESCs cultured in differentiation-promoting media; this maintains pluripotency in vitro and preserves the ability of EV-treated cells to generate chimeric mice (Hur et al., 2021). In another example, EVs from gingiva-derived MSCs promote recovery from peripheral nerve crush in mice by increasing Schwann cell dedifferentiation/activation, proliferation, and migration through c-JUN N-terminal kinase (JNK) signaling (Mao et al., 2019).
Several groups have extended studies of EVs’ roles in proliferation even further by engineering custom EVs with mitogenic activity. For example, Staufer and colleagues engineered fully synthetic EVs, identifying minimal protein and miRNA cargo required to promote proliferation of keratinocytes (Staufer et al., 2021). Wang and colleagues engineered MSCs to produce EVs tagged with a short peptide enabling their targeting to extracellular cardiac troponin I, which is released by necrotic and apoptotic cells during MI (Wang et al., 2018). When these EVs were loaded with the pro-proliferative H. sapiens hsa-miR-590-3p and introduced into a rat MI model, they promoted CM proliferation and improved heart function (Wang et al., 2018). Altogether, these studies demonstrate that EVs can promote proliferation, de-differentiation, and stemness during mammalian regeneration, and provide evidence that EVs could be engineered to perform similar therapeutic roles in human patients.
4.5 Cell Migration, Angiogenesis, and Neurite Growth
Individual cells migrate to facilitate multiple steps of regeneration. For example, fibroblasts migrate to remodel the ECM (Plikus et al., 2021), immune cells extravasate from the blood supply to promote inflammation and clear microbes (Julier et al., 2017), muscle satellite cells migrate to repair damaged muscle (Choi et al., 2020), and MSCs migrate to generate new cartilage, bone, fat, and other tissues (de Lucas et al., 2018). Cells also migrate collectively (Friedl and Gilmour, 2009): epithelial cells migrate in sheets underneath fibrin clots to re-epithelialize cutaneous injuries (Shaw and Martin, 2009), and endothelial cells migrate collectively during angiogenic sprouting and revascularization of new tissue (Pecoraro et al., 2021). Migration is stimulated by environmental cues (e.g., chemokines) as well as mechanical forces, and requires cytoskeletal rearrangements and modulation of cell:cell and cell:matrix interactions (Trepat et al., 2012; Shellard and Mayor, 2020). Often, migration occurs at multiple time points during regeneration and is required for subsequent cell behaviors and steps. For example, hypoxia in injured tissues stimulates angiogenesis; this provides nutrients and oxygen, and also enables migration of immune cells that regulate inflammation and stem cells that proliferate and differentiate into new tissue (Pugh and Ratcliffe, 2003; Julier et al., 2017; de Lucas et al., 2018). After peripheral nerve transection, hypoxia stimulates macrophages to promote the growth of new blood vessels; these serve as substrates for migrating Schwann cells that subsequently guide axons’ regrowth across the cut site back to their targets (Cattin et al., 2015). Because cell migration is vital for regeneration, researchers have sought ways to control and engineer cell movement to improve tissue repair (Shin et al., 2020; Shim et al., 2021).
EVs promote migratory cell behaviors during regeneration. Cooper et al. (2018) found that EVs from human adipose-derived stem cells transport the lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1, a miRNA sponge) to promote migration of human dermal fibroblasts in vitro, and ischemic skin wound healing in a rat model. In mice, acute lung injury upregulates biogenesis of EVs carrying miRNA-17 and miRNA-221, which increases macrophage migration and lung infiltration by promoting Integrin β1 recycling to the plasma membrane (Lee et al., 2017). Platelet-derived microparticles transfer the chemokine receptor CXCR4 to angiogenic early outgrowth cells (EOCs), promoting their cytoskeletal rearrangement and migration in vitro, and improving transplanted EOC adhesion and re-endothelialization in a mouse model of carotid artery injury (Mause et al., 2010). EVs from mechanically stimulated Schwann cells transfer miR-23b-3p to dorsal root ganglion neurons, targeting the repulsive axon guidance protein Neuropilin 1 to enhance neurite outgrowth in vitro and rat sciatic nerve regeneration in vivo (Xia et al., 2020). EVs can also inhibit cell migration. For example, EVs from bone MSCs inhibit migration of vascular pericytes in vitro via NF-κB p65 signaling, and reduce vascular permeability after spinal cord injury in rats, improving integrity of the brain-spinal cord barrier (Lu et al., 2019).
In addition to being an EV target, migrating cells also secrete EVs with adhesive, chemotactic, and other characteristics. For example, autocrine EV secretion by cancer cells promotes motility, adhesion, and directional migration (Sung et al., 2015), and fibrosarcoma cells deposit an “exosome trail” that functions in a paracrine manner as a migration “track” for follower cells (Sung et al., 2020). In addition, Ma and colleagues discovered a large EV called the “migrasome” that is released from retraction fibers at the rear of migrating fibroblasts, keratinocytes, and cancer cells (Ma et al., 2015a). Migrasomes guided cell migration in vivo during zebrafish organogenesis, and transfer mRNA and protein, although only a few active cargo molecules have been identified so far (Jiang et al., 2019; Zhu et al., 2021). Whether exosome trails and/or migrasomes might function in paracrine regulation of cell migration during tissue repair remains to be investigated.
4.6 Differentiation
Differentiation is essential for regeneration: as progeny of stem and progenitor cells assemble into tissues and organs, they also must specialize for individual physiological roles. For example, satellite cells differentiate into muscle fibers after damage (Collins et al., 2005); hematopoietic stem cells differentiate into mature blood cells after hemorrhage and sepsis (Kelly et al., 2021); and stem cell-derived transit-amplifying cells in the epidermis and intestinal crypt differentiate to replace damaged epithelia (Blanpain and Fuchs, 2014). Other cell types differentiate to fulfill more transient but required roles: fibroblasts differentiate into myofibroblasts in response to injury to close cutaneous wounds and remodel the ECM (Plikus et al., 2021), and monocytes differentiate into macrophages at the injury site to phagocytose pathogens and secrete chemokines (Wynn and Vannella, 2016). The lineage potential of proliferating cells varies by tissue; for example, muscle satellite cells will give rise only to muscle, while intestinal stem cells give rise to absorptive, secretory, endocrine, and immune cells. Even so, the stages of differentiation and molecular mechanisms guiding these steps are broadly similar. A cell’s initial decision to terminally differentiate (“fate specification”) is often linked to withdrawal from the cell cycle (Dalton, 2015; Soufi and Dalton, 2016; Zhao et al., 2020). Subsequently, chromatin modifications and changes in gene expression drive commitment and morphogenesis (Myster and Duronio, 2000; Ma et al., 2015b; Soufi and Dalton, 2016). Controlling differentiation could improve regeneration by increasing the production of missing tissue, or by reducing the presence of cells with inhibitory activities.
EVs influence differentiation in tissue repair models (Tsiapalis and O’Driscoll, 2020; Roefs et al., 2020). For example, osteoclast-derived EVs carrying miR-324 promote MSC differentiation into osteoclasts and mineralization by inhibiting ARHGAP1, a negative regulator of osteogenesis (Liang et al., 2021). When seeded into a decalcified bone matrix and grafted into a mouse calvarial defect model, miR-324 carried by EVs promotes bone regeneration (Liang et al., 2021). Articular chondrocyte EVs promote differentiation of HUC-MSCs into chondrogenic cells (possibly via activation of autophagy) and accelerate cartilage regeneration in rabbits with a knee joint cartilage defect (Ma et al., 2020). Dental pulp cell-derived EVs induce differentiation of human dental pulp stem cells (DPSCs) into odontoblasts in vitro and in vivo by activating p38 MAPK signaling and promote dental pulp-like regeneration in a mouse in vivo tooth root slice model (Huang et al., 2016). Similarly, EVs from Hertwig’s epithelial root sheath cells induce odontogenic differentiation of dental papilla cells (DPC) and promote formation of dental pulp-like tissue that is both vascularized and innervated, possibly by activating Wnt/β-catenin signaling (Zhang et al., 2020). EVs from adipose tissue promote adipose differentiation from human adipose-derived stem cells (HASCs), suggesting the potential to supply soft tissue replacements after reconstructive surgery (Dai et al., 2017). In vitro, EVs derived from fetal mouse neural stem cells (NSCs) promote NSC differentiation through miR-9 targeting of Hes1, suggesting EVs could be used in conjunction with stem cell transplantation to treat neurodegenerative disease (Yuan et al., 2021). EVs also inhibit differentiation, for example, by preventing differentiation of pro-fibrotic myofibroblasts during inflammation, as discussed in Section 4.3 (Wang et al., 2017; Zhu et al., 2020).
Aging and disease attenuate the ability of EVs to influence differentiation, further highlighting the importance of this EV role during repair. For example, EVs from aged rat MSCs do not promote osteogenic differentiation or fracture healing as effectively as EVs from young rats, due to their enrichment for miR-128-3p, which targets Smad5 to downregulate osteogenic BMP signaling (Xu et al., 2020). Xu et al. (2018) found that cigarette smoke extract induces upregulation of miR-21 in human bronchial epithelial cell EVs, which promote differentiation of bronchial fibroblasts into pro-fibrotic myofibroblasts. Inhibition of miR-21 reduces cigarette smoke-induced airway damage, fibrosis, and loss of pulmonary function in mice, hinting at a potential therapeutic strategy for human smokers with chronic obstructive pulmonary disease, in whom serum exosomal miR-21 is also elevated (Xu et al., 2018). In summary, EVs from multiple cell types can positively and negatively impact differentiation of stem and progenitor cells in mammalian regeneration models. These observations suggest that endogenously produced EVs may function similarly in vivo, and that EVs with differentiation-modulating activity could be utilized or engineered to promote tissue repair.
4.7 Summary
Several major conclusions can be drawn from the last 10–15 years of research. First, EVs modulate most, if not all, cell behaviors required for regeneration. Second, many EV cargo classes, but especially miRNAs and proteins, have been implicated in regeneration. Third, EV cargos control cell behaviors during regeneration at many levels by targeting signaling pathways, gene expression, oxidative stress, and diverse other molecular mechanisms in recipient cells. Fourth, disease and aging can dysregulate EV activities during regeneration. Fifth, the timing and selective targeting of EV cargo delivery are important, since the promotion or inhibition of some behaviors (e.g., apoptosis or proliferation) at the wrong time, or in the wrong cell types, would be detrimental. Sixth, the great number of studies demonstrating EVs’ pro-regenerative activity suggests that controlling EV production in vivo, or delivery of exogenously derived or engineered EVs, could be a therapeutically viable strategy for improving human regeneration.
5 EXTRACELLULAR VESICLE RESEARCH IN OTHER ESTABLISHED AND EMERGING MODEL ORGANISMS WITH VARYING REGENERATIVE CAPACITIES: PROGRESS AND PROSPECTS
Despite significant progress in understanding the roles of EVs, considerable knowledge gaps remain. For example, although EVs derived from cultured stem cells promote regeneration, whether stem cells or terminally differentiated cells modulate EV biogenesis in response to tissue damage in vivo remains poorly studied, since few studies of EVs derived from damaged tissues have been conducted (rare examples are mentioned in Section 4.3 and Section 4.6). Additionally, mouse and rat are widely utilized human disease models, but their regenerative capacity (like that of humans) is limited relative to other animals (Bely and Nyberg, 2010; Iismaa et al., 2018). This discrepancy between the activity of cell culture-derived EVs in gain-of-function experiments and the limited regenerative ability of widely used rodent models raises critical questions. Are the pro-regeneration activities of culture-derived EVs an artefact of culture conditions or physiologically irrelevant concentrations of transplanted EVs? Or do EVs regulate regeneration in some animals, but in ways that have not been evolutionarily conserved in traditional rodent models like M. musculus and R. norvegicus (Bely and Nyberg, 2010)?
Investigating EV roles in additional paradigms, such as digit tip regeneration (observed in Rhesus monkeys, young mice, and human children) and neonatal mouse heart regeneration, could help to address these questions (Porrello et al., 2011; Dolan et al., 2018; Del Campo et al., 2022). However, it may be necessary to extend studies to additional model organisms. For example, research in zebrafish (D. rerio) and the fruit fly D. melanogaster has contributed to our understanding of molecular mechanisms that control proliferation, differentiation, migration, apoptosis, and other cell behaviors that promote development, tissue renewal, and regeneration (Gilbert, 2017; Marques et al., 2019; Fox et al., 2020). In addition, organisms with greater regenerative capacity can be found across the Animal Kingdom (Figure 5A). Hydra, planarians, salamanders (axolotls and newts), lizards, African spiny mice, and other animals have become tractable research organisms because of the application of functional genomics (high throughput sequencing, RNA interference, genome editing, etc.) and other molecular methods (Sánchez Alvarado, 2018; Ivankovic et al., 2019; Joven et al., 2019; Jacyniak et al., 2017; Vogg et al., 2019; Maden and Varholick, 2020). These animals replace and reorganize cells in epithelial tissues, regenerate amputated fins and limbs, repair internal organs, and even regenerate whole bodies from tiny tissue fragments, completely restoring tissue morphology and function (Figure 5B). Investigations in these animals have begun to identify fundamental mechanisms and principles that define regenerative competence (e.g., the nature of early injury-induced signals, regeneration-specific gene expression and reprogramming, and cellular sources of new tissue) (Poss, 2010; Tanaka and Reddien, 2011; Niethammer, 2016; Zhao et al., 2016; Duncan and Sánchez Alvarado, 2019). Furthermore, comparative studies have begun to identify potential strategies for improving regenerative ability (e.g., targeting of inhibitory regulators and modulating inflammation) (Aguirre et al., 2014; Simkin et al., 2017). Although the number of publications focusing on EVs in regeneration has dramatically increased in recent years (Figure 6A), research organisms with greater regenerative capacity have received little attention (Figure 6B). In this last section, we highlight progress in understanding EV biology in two regeneration-competent models (zebrafish and Drosophila), and then discuss genomic and experimental evidence that EVs may regulate regeneration in other established and emerging research organisms. We conclude by suggesting the potential for these diverse models to accelerate EV research in several areas.
[image: Figure 5]FIGURE 5 | Animal models of regeneration. (A) Phylogenetic tree (cladogram) showing evolutionary relationships and degrees of regenerative capacity in animals. Evidence for regeneration within phyla is derived from previous reviews (Bely and Nyberg, 2010; Srivastava, 2021) and is indicated by color: whole body (green), structural (limb, organ, etc.) (blue), or no current evidence or tissue renewal only (black). Tree topology (branching) is based on multiple sources for Pre-bilaterians, Xenacoelomorphs, and Deuterostomes (Reich et al., 2015; Srivastava, 2021); Spiralians and Gnathifera (Marlétaz et al., 2019); Ecdysozoans (Giribet and Edgecombe, 2017); and Vertebrates (Bely and Nyberg, 2010). Cladogram branch length is schematized, and is not an estimate of relative time. Common names of representative animals in some phyla are listed in parentheses. Some clades have been omitted for simplicity. Examples of regeneration for clades in boxes are shown in the right panel. (B) Research animals that have greater regenerative abilities but have received less attention in EV research include hydra, acoel, planarian, fruit fly, sea cucumber, lamprey, zebrafish, tadpole/frog, newt, axolotl, lizard, and African spiny mouse. Non-exhaustive lists of some of the tissue(s) that these animals regenerate are indicated below each example image. Figure 5B created with BioRender.com.
[image: Figure 6]FIGURE 6 | Extracellular vesicle and exosome research publications in PubMed. Search terms indicated were used to query “all fields” in PubMed for publication numbers since 2000 using the “Results by Year” tool. Only a fraction of publications focuses on regeneration and non-mammalian models. (A) Number of publications on EV and exosome research (blue), limited by Boolean “and” search for the term “regeneration” (yellow). (B) Number of publications containing the terms and organisms indicated. Publications with “acoel,” “hydra,” “planarian,” “sea cucumber,” “axolotl,” “newt,” “lamprey,” “lizard,” and “spiny mouse” were added together for the Emerging Models category. Publications with “RNA exosome” in any field were excluded.
5.1 Zebrafish
Zebrafish regenerate multiple organs including fins, heart, retina, spinal cord, jaw, kidneys, pancreas, liver, and sensory hair cells (Gemberling et al., 2013; Marques et al., 2019). Depending on the tissue and type of damage, regeneration often occurs with either minimal scarring and/or eventual scar resolution (Becker et al., 1997; González-Rosa et al., 2011; Schnabel et al., 2011; Richardson et al., 2013). Upon injury, many cell types de-differentiate into lineage-restricted progenitor cells that re-enter the cell cycle, proliferate, and then differentiate to replace missing cell types (Jopling et al., 2010; Tu and Johnson, 2011; Stewart and Stankunas, 2012). After surgical amputation, fin regeneration occurs through formation of a blastema, a mass of tissue in which newly produced cells develop into new bone, muscle, blood vessels, and other tissues. After resection or cryoinjury to the heart ventricle, cardiomyocytes (CMs) de-differentiate and proliferate to replace damaged heart tissue [reviewed in Pronobis and Poss, 2020]. Similarly, after a variety of injuries to the retina, pluripotent adult retinal stem cells called Müller glia (MG) dedifferentiate into neuronal progenitor cells that give rise to different neuronal cell types that replace damaged cells [reviewed in Lahne et al., 2020]. The ability of zebrafish cells near damaged tissue to produce proliferative progenitors contrasts with injury responses in mouse and human, in which CMs and MG respond much less productively to injury.
Multiple studies using transgenic reporter lines to label EVs have demonstrated that zebrafish cells produce EVs, and that conserved proteins regulate their biogenesis. For example, EVs are produced by zebrafish cultured melanoma cells, apoptotic epithelial cells, and osteoblasts, and the yolk syncytial layer is a source of circulating EVs in the developing embryo whose secretion is Syntenin-dependent (Brock et al., 2019; Verweij et al., 2019; Didiano et al., 2020; Kobayashi-Sun et al., 2020; Mary et al., 2020). Several recent studies suggest that EVs may play a role during zebrafish regeneration. For example, using CD63-fluorophore transgenic reporters, Ohgo and colleagues demonstrated that EVs are present in blastemas of the regenerating caudal fin in vivo, and that these vesicles may be transferred between subcutaneous tissue and epidermis during regeneration (Ohgo et al., 2020). In another study, Scott et al. (2021) used cell-type-specific promoters to drive EV reporter expression, and showed that EVs are produced by both CMs and endothelial cells (EC-EVs). After myocardial cryoinjury, the number of EC-EVs decrease as a proportion of total EV number, and overall EV size is decreased, suggesting EV production may be modulated by injury in cell-specific ways (Scott et al., 2021). In an effort to determine whether EVs could functionally induce proliferation in the retina, Didiano et al. (2020) injected EVs from mammalian stem cells, iPSCs, and cancer cell lines into adult, undamaged retinas. EVs from C6 rat glioma cells increased proliferation of MG-derived cells to the greatest degree. The authors attributed the mechanism to the transcription factor Ascl1a, which is required for zebrafish retinal regeneration, because ascl1a expression increased after EV administration and ascl1a knockdown abolished EV-induced proliferation (Fausett et al., 2008; Didiano et al., 2020). Together, these studies suggest that 1) EVs are produced by a variety of zebrafish cells, including those in blastemas; 2) injury can alter EV production; and 3) EVs may upregulate transcriptional regulators required for reprogramming and regenerative proliferation. In the future, zebrafish is likely to contribute additional understanding of how EVs coordinate regeneration in vivo.
5.2 Drosophila melanogaster
Although adult fruit fly appendages and many organs are not capable of regeneration, some tissues do mount effective responses to damage and cell death. For example, resident stem cells in the adult midgut proliferate in response to cytotoxin-induced cell death, and germline stem cell daughters can de-differentiate to replace stem cells lost due to starvation or other stresses [reviewed in Fox et al., 2020]. Flies can also regenerate imaginal discs, epithelial pouches of cells in developing larvae that give rise to wings, eyes, and other structures in the adult (Hariharan and Serras, 2017; Ahmed-de-Prado and Baonza, 2018). In response to amputation, as well as more recent elegant genetic ablation approaches, imaginal discs regenerate through wound closure, proliferation, differentiation, and reprogramming of cellular identity (“transdetermination”) (Herrera and Morata, 2014; Hariharan and Serras, 2017).
Drosophila cells produce EVs, and conserved regulators likely function in their biogenesis. For example, cell lines derived from Drosophila tissues produce EVs carrying rRNA, mRNA, and numerous categories of small non-coding RNAs, as well as homologs of ALIX, TSG101, Rabs, Tetraspanins, and other EV-associated proteins (Koppen et al., 2011; Gross et al., 2012; Lefebvre et al., 2016). Functional EVs are also produced in vivo: male reproductive glands secrete EVs that inhibit female remating behavior, an activity that depends on both Alix and Rab11 (Corrigan et al., 2014). Although no studies directly link EVs to regeneration in Drosophila, several intriguing observations suggest EVs may be involved. Wingless (Wg), the Drosophila Wnt1 homolog, is upregulated in imaginal discs after amputation or genetic ablation, and is required for proliferation and growth (Gibson and Schubiger, 1999; McClure et al., 2008; Smith-Bolton et al., 2009; Katsuyama et al., 2015). Gross and colleagues found that Wg and its cargo receptor Evi/Wntless are secreted in EVs (labeled by transgenic expression of mammalian CD63) by imaginal disc cells during development, and identified the R-SNARE Ykt6 as a novel regulator of EV-mediated Wg secretion in an RNAi screen of EV-associated proteins (Gross et al., 2012). Similarly, Hedgehog (Hh) is another secreted morphogen that forms concentration gradients in imaginal discs and regulates cell fate changes during leg disc regeneration (Gibson and Schubiger, 1999; Beira and Paro, 2016). Gradilla et al. (2014) found that wing imaginal disc EVs transport Hh and its co-receptor Interference hedgehog (Ihog). They showed that Hh contained in EVs activates Hh-dependent transcription in cultured wing disc cells, and EV biogenesis regulators (e.g., Vps22, Vps24, sphingomyelinase, and Ykt6) are required for Hh secretion and full Hh gradient length in vivo (Gradilla et al., 2014). Together, these studies suggest that Drosophila EVs transport two morphogens on their surface that regulate growth and patterning of imaginal disc regeneration, and are capable of inducing signaling. However, whether EVs are required for intercellular communication during regeneration still remains unexplored. Powerful genetic tools and the speed with which Drosophila regenerates should lead to identification of additional mechanisms used by animals to control EV biogenesis and signaling during regeneration.
5.3 Emerging Regeneration Models
Studies in zebrafish and Drosophila demonstrate that mechanisms of EV biogenesis are broadly conserved, and that EVs are likely to function in tissue repair and regeneration, although their precise roles remain to be characterized. By contrast, few studies of EVs have been conducted in other animals with high regenerative capacity. In the future, studies in these organisms are likely to refine our understanding of how EVs function during regeneration for several reasons.
First, the same cell behaviors (survival, proliferation, etc.) modulated by EVs in mouse, fish, and flies also drive regeneration in these emerging models. In hydra and planarians, regeneration is driven by dedicated populations of pluripotent stem cells (Ivankovic et al., 2019; Vogg et al., 2019). In axolotls and newts, injury induces de-differentiation and proliferation of lineage-restricted progenitors, although species-specific differences exist (Joven et al., 2019). In spiny mice, proliferation and new tissue differentiation occur after a variety of injuries, but the cellular origins of new tissue remain to be fully elucidated (Maden and Varholick, 2020). Numerous studies have identified regeneration-associated cell behaviors in these organisms that underlie their greater regenerative capacity (Table 1). Many of these behaviors are not observed in poorly regenerating tissues in widely used rodent models (Poss, 2010; Zhao et al., 2016; Iismaa et al., 2018). For example, apoptotic cells secrete Wnt3 to drive regenerative proliferation in hydra, and spiny mice regulate ECM remodeling in specialized ways to achieve fibrosis- and scar-free regeneration after skin, kidney, heart, and spinal cord injury (Table 1). In such cases, interspecies differences in how EVs non-autonomously regulate apoptosis, mitogen transport, inflammation, and/or ECM remodeling could theoretically contribute to better regeneration.
TABLE 1 | Cellular behaviors underlying regenerative capacity in emerging models.
[image: Table 1]Second, bioinformatic searches of transcriptome data indicate that common EV markers and EV biogenesis regulators are conserved in these systems (Table 2 and Supplementary Table S1). For example, the genomes of representative species encode orthologs of TSG101, ALIX, Flotillin-1, Syntenin-1, and Rab-7a. In addition, homologs of the Tetraspanin CD63 are also present in the transcriptomes of each organism.
TABLE 2 | Similarity of EV markers and biogenesis regulators between human and emerging models.
[image: Table 2]Third, hydra, newts, frogs, and sea cucumbers produce EVs. In hydra, EV-like particles were first superficially described in an ultrastructural study of gold nanoparticle trafficking (Marchesano et al., 2013). More recently, Moros and colleagues used ultracentrifugation to collect particles with EV-like size and morphology from hydra culture medium (Moros et al., 2021). Mass spectrometry analysis of these EVs revealed common cargo/biogenesis (CD63, Alix, and Syntenin) and signaling (Notch, NOD2) protein homologs, while RNA sequencing identified thousands of coding and non-coding RNAs, including multiple Wnt signaling pathway components. EV treatment of hydra induced Wnt3 expression, modestly increased the rate of head regeneration, and delayed foot regeneration, suggesting hydra EVs possess biological activity that can modulate regeneration (Moros et al., 2021). In newts, myogenic precursor cells secrete EV-like particles in culture that carry protein as well as coding and non-coding RNA (Middleton et al., 2018). Conditioned media from these cells protect rat CMs from apoptosis caused by oxidative stress, likely through upregulation of PI3K/Akt signaling (Middleton et al., 2018). Treatment of the newt cells with an EV biogenesis inhibitor reduces EV output and attenuated the conditioned media’s protective effect (Middleton et al., 2018). In addition to being an interesting example of EV-mediated interspecies communication (Ju et al., 2013; Mu et al., 2014), these results suggest that EVs with pro-regenerative activity are produced by newts. Finally, although roles in regeneration have not been investigated, EVs have been purified from both the frog Xenopus laevis and the sea cucumber Stichopus japonicus, further supporting the idea that EV-mediated communication is conserved across many animal regeneration models (Danilchik and Tumarkin, 2017; Jo et al., 2021).
5.4 Knowledge Gaps That Model Organisms Could Help to Address
Altogether, these observations suggest the likelihood that EVs promote recovery from tissue injury in established and emerging models of regeneration. Exploiting the genetic tools in zebrafish and fruit fly, and the growing set of molecular and genomic tools and high regenerative capacity of emerging models, could accelerate progress towards addressing several fundamental questions.
5.4.1 How is Extracellular Vesicle Biogenesis Regulated?
As we have outlined above, the genomes of regeneration models encode many known markers and regulators of EV biogenesis. With a few exceptions (Syntenin in zebrafish, Alix and Ykt6 in flies), however, the molecular requirements for EV secretion are almost entirely unknown (Gross et al., 2012; Corrigan et al., 2014; Verweij et al., 2019). Methodical testing of known regulators will help to clarify which mechanisms are conserved across animal phyla. Most known biogenesis regulators possess additional functions in endocytosis, endosomal trafficking, exocytosis, cytokinesis, and other intracellular processes, but few (if any) molecules with dedicated roles in EV biogenesis have been identified (van Niel et al., 2018). Genetic screens and other strategies in additional models could therefore help to identify more specialized regulators with in vivo relevance, and to distinguish constitutive, tissue-specific, and regeneration-specific roles.
5.4.2 Does Injury Modulate Extracellular Vesicle Biogenesis?
The number, size, and/or composition of EVs can be affected by tissue damage. For example, plasma EV numbers increase and EV composition (based on cellular origin) is altered in human trauma patients (Kuravi et al., 2017). In mice, hepatic ischemia/reperfusion injury increases the number of circulating EVs that promote regenerative proliferation (Nojima et al., 2016). By contrast, spinal cord injury decreases circulating EVs overall, while increasing the CD81-positive subpopulation and altering miRNA content (Khan et al., 2021). Notwithstanding these studies, a comprehensive understanding of this phenomenon across tissues and organisms is lacking, and there is limited understanding of mechanisms by which EV output is controlled. Phosphorylation of EV biogenesis regulators is one possible mechanism: pyruvate kinase type M2 can promote EV release through phosphorylation of SNAP-23, while the phosphatase Shp2 inhibits EV release through dephosphorylation of Syntenin, but it is not clear whether these mechanisms are relevant during regeneration (Wei et al., 2017; Zhang et al., 2021b). Although continued development of methods to isolate EVs and monitor their local production in regions of tissue damage in vivo will be needed (Brock et al., 2019; Verweij et al., 2019), investigations in emerging models will expand our understanding of how injury is transduced into changes in EV output.
5.4.3 Which Cargos Promote Cell Behaviors Required for Successful Regeneration?
EVs in regeneration models are likely to carry some of the same cargos that promote repair in mouse, and they may transport secreted cues like Wnts and Hh proteins already known to modulate regeneration in Drosophila and other animals (Gross et al., 2012; Gradilla et al., 2014). Given that injury also causes upregulation of many cytoplasmic proteins, mRNAs, and non-coding RNAs in emerging models [e.g., González-Estévez et al., 2009; Rao et al., 2009; Holman et al., 2012; Monaghan et al., 2012; Wenemoser et al., 2012; Krishna et al., 2013; Sasidharan et al., 2013; Brant et al., 2015; Petersen et al., 2015; Hutchins et al., 2016; Ong et al., 2016; Yoon et al., 2020], it is tempting to speculate that some of these may function in currently unappreciated ways as EV cargo, and therefore that many more secreted modulators of regeneration remain to be identified. Efforts to identify novel regeneration-specialized cargo may require methodical EV characterization over regeneration time courses, and development of methods to selectively control EV cargo loading in newer research organisms. Work in emerging models could provide a more comprehensive view of cargo identity, loading, and delivery that might speed comparative studies and translational efforts.
5.4.4 What Are the Cellular Sources of Extracellular Vesicles During Regeneration?
Although many studies demonstrate that cultured mouse and human stem cells are a significant source of EVs, investigations of whether lineage-restricted progenitor cells or fully differentiated cells produce EVs are rare, possibly due to the greater difficulty of culturing post-mitotic cells, and limited tools for tracking and purifying EVs from specific cell types in vivo. Nonetheless, the fact that zebrafish CMs, Drosophila reproductive gland cells, and cultured newt muscle cells produce EVs (Corrigan et al., 2014; Scott et al., 2021) suggests that committed cell types could also produce EVs during regeneration. Intriguingly, apoptotic cells secrete Wnt3 to promote proliferation during Hydra regeneration (Chera et al., 2009), and dying zebrafish epithelial stem cells secrete Wnt8a on apoptotic bodies that promote proliferation of neighboring stem cells (Brock et al., 2019). Mammalian cells release apoptotic bodies (a class of MV) by blebbing at the PM, and may produce apoptotic exosome-like vesicles (“ApoExos”) derived from the endosomal pathway (Kakarla et al., 2020). Thus, two important challenges in emerging models will be to determine whether injury alters EV output by stem, progenitor, and/or committed cell types, and whether dying cells, far from being just a detrimental consequence of tissue damage, also provide pro-regenerative instructions through EV secretion.
5.4.5 Do Extracellular Vesicles Modulate Early Injury Responses?
Tissue injury induces changes in gene expression, cell states, inflammation, and other processes, often within a few minutes to a few hours. Many of these processes require extensive genomic reprogramming, and are thought to be initiated, in part, by growth factor receptor signaling and intracellular kinase cascades (Fraguas et al., 2011; Almuedo-Castillo et al., 2014; Owlarn et al., 2017; Duncan and Sánchez Alvarado, 2019; Srivastava, 2021). However, we lack a comprehensive mechanistic explanation for how regenerative programs are initiated. Although various damage-inducing stresses (e.g., irradiation, cisplatin treatment, hypoxia) can increase EV output within 24 h, only a few studies have focused on whether EV biogenesis can respond to external stimuli more rapidly (Lehmann et al., 2008; King et al., 2012; Xiao et al., 2014; Beer et al., 2015). In one study, treatment with inducers of endoplasmic reticulum stress promoted MVB formation and upregulated EV secretion within 3 h (Kanemoto et al., 2016). In another study, stimulation of the histamine H1 G-protein coupled receptor induced MVB-PM fusion and CD63-positive EV release within 60 s (Verweij et al., 2018). These observations suggest that EV biogenesis could theoretically respond to tissue damage quickly enough to influence the earliest cellular and molecular events during regeneration. Exploring this potential role for EVs is therefore another intriguing avenue for further investigation.
6 CONCLUSION
Over the past 15–20 years, we have witnessed an expansion of research into the roles of EVs in regeneration, which parallels the stunning growth of the field of EV biology more generally. Simultaneously, the field of regeneration has been transformed by the rapid development of animals with high regenerative capacity into tractable organisms amenable to genomic, molecular, and cellular investigation. Research at the intersection of these two frontiers promises new insights into how intercellular communication coordinates cellular behaviors during regeneration, and will accelerate progress towards regenerative medicine’s ultimate goal: improving human health.
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Extracellular signaling proteins serve as neuronal growth cone guidance molecules during development and are well positioned to be involved in neuronal regeneration and recovery from injury. Semaphorins and their receptors, the plexins, are a family of conserved proteins involved in development that, in the nervous system, are axonal guidance cues mediating axon pathfinding and synapse formation. The Caenorhabditis elegans genome encodes for three semaphorins and two plexin receptors: the transmembrane semaphorins, SMP-1 and SMP-2, signal through their receptor, PLX-1, while the secreted semaphorin, MAB-20, signals through PLX-2. Here, we evaluate the locomotion behavior of knockout animals missing each of the semaphorins and plexins and the neuronal morphology of plexin knockout animals; we described the cellular expression pattern of the promoters of all plexins in the nervous system of C. elegans; and we evaluated their effect on the regrowth and reconnection of motoneuron neurites and the recovery of locomotion behavior following precise laser microsurgery. Regrowth and reconnection were more prevalent in the absence of each plexin, while recovery of locomotion surpassed regeneration in all genotypes.
Keywords: neuroregeneration, C. elegans, semaphorins, plexins, locomotion, regeneration, laser microsurgery
INTRODUCTION
During neurodevelopment, growth factors and guidance cues regulate dendrite morphogenesis, axon growth cone initiation and navigation, axon elongation and target recognition, but their effects are less pronounced in the adult nervous system. Studying their role in the context of adult regeneration and recovery could provide insight into the molecular and cellular response to injury (Chen et al., 2011; Chisholm et al., 2016).
The semaphorins are a family of glycosylated proteins that were first characterized for their role in the development of the insect and avian nervous systems as axonal guidance cues but were later found in a variety of other tissues and organisms (Alto and Terman, 2017; Junqueira Alves et al., 2019). All semaphorins have a distinctive 500 residue long N-terminal domain, known as the Sema domain. This domain, which is a seven-blade beta-propeller, with each blade formed by four anti-parallel beta-strands (Gherardi et al., 2004), is exclusive to semaphorins and their receptors, the plexins, where it mediates semaphorin dimerization and receptor binding. Eight classes of semaphorins are phylogenetically conserved in nematodes, flies, chick, mammals, and viruses, with three classes of smaller proteins that are secreted and five classes that are membrane-bound by a transmembrane domain or a glycosylphosphatidylinositol (GPI) link (Alto and Terman, 2017; Junqueira Alves et al., 2019). Correspondingly, four classes of plexins are conserved in invertebrates and vertebrates (Tamagnone et al., 1999; Negishi et al., 2005). All plexins are transmembrane proteins with an extracellular Sema domain that mediates semaphorin binding and signaling, either by themselves or with a neuropilin co-receptor, in the case of the secreted class 3 semaphorins in vertebrates (Negishi et al., 2005; Pascoe et al., 2015).
In mammals, semaphorins and their receptors, neuropilins and plexins, were originally described as guidance cues for neuronal growth cones aiding axons to their targets by acting as chemorepellents (Kolodkin and Tessier-Lavigne, 2011). More recently, semaphorins have been implicated in multiple key roles of neural circuit assembly during neurodevelopment (Yoshida, 2012; Koropouli and Kolodkin, 2014). For example, the mammalian secreted semaphorin, SEMA3A, is involved in various neurodevelopmental processes in the mouse, including repelling dorsal root ganglion sensory axons, promoting basal dendrite elaboration in cortical pyramidal neurons, and pruning of hippocampal axons (Bagri et al., 2003; Yaron et al., 2005; Mlechkovich et al., 2014; Danelon et al., 2020). Another well studied secreted semaphorin, SEMA3F, and its receptor Neuropilin-2, are also involved in axon guidance, synaptic plasticity, and refinement, as well as in restraining the excess of dendritic spines on apical dendrites of cortical neurons and regulating inhibitory interneuron numbers in the hippocampus (Tran et al., 2009; Riccomagno et al., 2012; Riccomagno and Kolodkin, 2015; Assous et al., 2019; Eisenberg et al., 2021). As the mediators of semaphorin signaling, the plexins are involved in axon guidance, synapse and dendrite formation, axonal pruning and synaptic stability (Shen and Cowan, 2010; Limoni, 2021).
In accordance with their role in neurodevelopment, semaphorins could be involved in axonal regeneration after injury (Fard and Tamagnone, 2021). For example, SEMA3A expression levels increase after injury in the spinal cord and cerebral cortex (de Winter et al., 2002; Hashimoto et al., 2004) and regenerating axons avoid areas with high SEMA3A expression (Pasterkamp and Verhaagen, 2001). Accordingly, a SEMA3A-specific inhibitor improved axon regeneration and spontaneous hind leg movement after spinal cord transection (Kaneko et al., 2006). Plexin expression and function in response to injury varies depending on the type. Plexin A family members increase their expression after axonal injury in facial motoneurons and rubrospinal neurons contributing to the role of semaphorins in restricting regeneration (Spinelli et al., 2007). On the other hand, PlexinB2 is upregulated after spinal cord injury in glial cells proximal to the injury site and is required for wound healing and recovery (Zhou et al., 2020).
The Caenorhabditis elegans genome encodes for only three semaphorin and two plexin homologues. Of those, PLX-1 binds the two membrane-bound semaphorins (SMP-1 and SMP-2), while PLX-2 binds the only secreted semaphorin (MAB-20; Figure 1A; Ginzburg et al., 2002; Nakao et al., 2007). Both membrane-bound and secreted semaphorin-plexin systems are involved in development; semaphorins guide ventral enclosure (Ikegami et al., 2012), and regulate epidermal morphogenesis (Ginzburg et al., 2002; Ikegami et al., 2012) as well as vulva and tail-rays morphogenesis in the hermaphrodite and males, respectively (Dalpé et al., 2012). In the nervous system, membrane-bound semaphorin signaling (the plx-1/smp-1/smp-2 pathway) is necessary for synaptic tiling in two DA motoneurons in the tail (Mizumoto and Shen, 2013) and for guidance of the long axons of mechanosensory neurons (Ginzburg et al., 2002). Secreted semaphorin signaling (via the plx-2/mab-20 pathway) contributes to motoneuronal axon guidance; eliminating this pathway, when not embryonic lethal, causes defasciculation of the ventral nerve cord (VNC; 17% of surviving mab-20 knockout animals) and axon misguidance in DA and DB motoneuron classes (4% of surviving mab-20 knockout animals; (Roy et al., 2000).
[image: Figure 1]FIGURE 1 | C. elegans semaphorin system comprises only three ligands and two receptors and omitting any one component affects locomotion. (A) Semaphorin signaling system of C. elegans. The membrane bound semaphorins smp-1 and smp-2 signal through plx-1, while the secreted mab-20 signals through plx-2 (molecular diagrams adapted from Junqueira Alves et al., 2019). (B) Mutant strains with knocked out semaphorins or plexins are significantly different from wild type when crawling (locomoting on agar) or swimming (locomoting in liquid media). The largest difference was in smp-1 (ko) animals. Data points are mean absolute translocation speed or frequency to both directions of locomotion of analyzed trajectories; n. s p> 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; one-way ANOVA with Tukey’s multiple comparisons test post hoc; in parentheses are the number of analyzed trajectories from 20–25 animals for each genotype.
C. elegans is a well-established model for neuronal regeneration and many of its neurons are able to regenerate after precise laser microsurgery and in some cases reestablish functional connections (Yanik et al., 2004; Ghosh-Roy and Chisholm, 2010; Neumann et al., 2011; Harreguy et al., 2020; Harreguy et al., 2022). Here we take advantage of the small number of plexins in C. elegans and the capability to precisely disconnect single neurites in intact animals, to investigate the role of semaphorin signaling in neuroregeneration in vivo. We describe the neuronal expression of the plexin receptors and the effect of their absence on neuronal regeneration and recovery of locomotion behavior.
METHODS
Strains and transgenics
We maintained C. elegans strains under standard laboratory conditions on nematode growth medium agar (NGM: 0.25% Tryptone, 0.3% Sodium Chloride, 1 mM Calcium Chloride, 1 mM Magnesium Sulfate, 25 mM Potassium Phosphate (pH 6.0), 5 μg/ml Cholesterol, 1.7% Agar) plates with OP-50-1 Escherichia coli bacterial lawn at 15°C (Stiernagle, 2006), without antibiotics. All animals used in the experiments were hermaphrodites.
We acquired semaphorin and plexin mutants from Caenorhabditis Genetics Center (CGC) or the C. elegans National Bioresource Project of Japan (NBRP): ev778 (mab-20, null), tm729 (plx-2, null), ev715 (smp-1, null), ev709 (smp-2, null), tm10697 (plx-1, null), and evIs111 ([F25B3.3:GFP + dpy-20 (+)], pan-neural GFP expression). To allow imaging and microsurgery, we crossed males of NW1229 (evIs111), induced by 10-min exposure of L4 larvae to 10% ethanol (Lyons and Hecht, 1997), with null-mutant hermaphrodites to obtain knockout animals expressing GFP in the entire nervous system: TOL55 (ev715, evIs111, outcrossed x6), TOL57 (ev709, evIs111, outcrossed x6), TOL59 (tm10697, evIs111, outcrossed x1), and TOL62 (tm729, evIs111, outcrossed x1). All strains were verified by PCR upon arrival, after crosses, and at the end of the study. All generated strains and primer sequences for genotyping will be deposited with the CGC.
The reporter strain for plx-1p:EGFP (NW2339, 2,621 bp sequence immediately 5′ to the ATG start codon cloned into the multiple cloning site of pPD95_77; Dalpé et al., 2004) and plx-2p:GFP (NW1693, 4,529 bp sequence immediately 5′ to the ATG start codon cloned into the multiple cloning site of pPD95.75) were generous gifts from Dr Joseph Culotti (University of Toronto, Mt Sinai Hospital) and Dr Richard Ikegami (UC Berkeley), respectively. For unambiguous identification, we crossed each reporter strain with a NeuroPAL transgenic strain (OH15495; Yemini et al., 2021).
Locomotion analysis
We tracked locomotion behavior of multiple animals over an agar surface (1.7% in NGM buffer), without food, as well as in liquid (NGM buffer). We recorded videos with a static multi-worm tracker, composed of three major parts, from top to bottom: 1) a CMOS camera (acA4024-29um, Basler) mounted with a fixed focal length lens (C Series 5 MP 35 mm 2/3″, Edmund Optics), and an infrared cut-off filter (SCOTT-KG3 M25.5 × 0.5, Edmund Optics); 2) a specimen stage for plates or slides; 3) a collimated Infrared LED light source (M850L3 and COP1-B, Thorlabs).
One day before the experiment, we transferred animals of the fourth larval stage (L4) onto a new plate with healthy OP-50-1 bacterial lawn. Ten to fifteen minutes before tracking, animals were transferred onto a 30 mm agar plate with no food or a 150 µL drop of NGM buffer, placed on a microscope slide. During tracking, animals moved freely, and we recorded multiple 25 Hz 15-s videos using Pylon Viewer (Pylon Camera Software Suite, Basler). We analyzed the videos with Tierpsy worm-tracker (Javer et al., 2018) that can track multiple animals and extract up to 726 features for each tracked trajectory. We used the Tierpsy post-processing user interface to merge tracked sections (trajectories) if those were erroneously split by the automatic tracking, and we rejected any trajectory shorter than 3 s, as well as ambiguous cases of animal proximity. Recording and Tierpsy analysis were done by undergraduate researchers, blinded to the animals’ genotype and injury condition. We analyzed the HDF5 output file produced by Tierpsy with a MATLAB script (code available upon request) to collect the mean speed and frequency values for each trajectory and then plotted the data and estimated confidence intervals between each group and its control with a freely available software for Estimation Statistics (https://www.estimationstats.com; Ho et al., 2019); that focuses on the magnitude of the effect (the effect size) and its precision. We also present statistical significance calculated with a two-sided permutation t-test to compare sham vs. injured groups, or one-way ANOVA with Tukey’s multiple comparisons test post hoc to compare genotypes (GraphPad Prism v9.2), included as p values in the text and as asterisks that denote levels of significance. We routinely use this tracking system to evaluate and compare wild type, injured, and uncoordinated mutant strains. We tracked all the knockout, transgenic, and wild type strains without injury to assess their baseline locomotion parameters. Further, we tracked locomotion to assess recovery 6, 12, and 24 h after microsurgery. For comparison, we also quantified locomotion parameters of sham-surgery groups for each genotype and time point. We treated the sham-surgery groups through the same protocol (including cooling and immobilization, see below), except for the exposure to the laser beam.
Expression and neuronal morphology analysis
To reduce autofluorescence and straighten the animals we incubated fourth stage larvae (L4) in M9 buffer for 90 m and washed in the same buffer three times, incubated in 1 mM Levamisole (a paralytic nicotinic agonist, Sigma Aldrich) for 15 m, and fixed overnight at 4°C in 10% formalin solution, neutral buffered (SIGMA), then washed and mounted with Fluoromount-G (EMS), and allowed the slides to dry for at least 24 h before imaging. We used a laser scanning confocal microscope (Leica SP8; microscope: DM6000CS; objectives: Leica ×40/NA1.30 HC PL APO oil or Leica 63x/NA1.40 HC PL APO oil, with lateral resolutions of 223 nm and 207 nm respectively; laser lines: 405 nm, 561 nm, and 488 nm). We collected multiple optical slices (thickness optimized by the confocal software, ranging 0.343–0.345 µm for the ×63 objective, and 0.410–0.422 µm for the ×40 objective). To analyze morphology and cellular expression we constructed the maximum intensity projections for at least 10 animals of each strain and, in some cases, processed images to reduce background noise via the Leica Application Suite (LASX) software.
For unambiguous identification of VNC motoneuronal expression, we crossed each transcriptional reporter strain with a NeuroPAL transgenic strain and imaged the F1 progeny that express both transgenes. The NeuroPAL strains express an invariant color map across individuals, where every neuron is uniquely identified by its color and position (Yemini et al., 2021). We identified 29 motoneurons in three animals and rejected three motoneurons that expressed GFP but their location and NeuroPAL colors were ambiguous.
Laser microsurgery
For laser microsurgery and associated microscopy, we mounted C. elegans hermaphrodites at L4 stage by placing them in a drop of ice cold, liquid 36% Pluronic F-127 with 1 mM levamisole solution and pressed them between two #1 coverslips (Melentijevic et al., 2017). We brought the coverslips to room temperature, to solidify the Pluronic F-127 gel and immobilize the animals. We used a Yb-fiber laser (100 pulses at 10 kHz repetition rate) to cut a single neurite with submicron precision and no discernable collateral damage (Harreguy et al., 2020; Harreguy et al., 2022). We took images immediately before and after the lesion to visually verify the microsurgery. In some cases, multiple laser exposures were necessary to disconnect a neurite. We disconnected the ventral-dorsal commissures (White et al., 1976) of all motoneurons that we were able to identify by their relative position (at least six per animal), at about 45 μm away from the VNC. We assessed neuronal regeneration 24 h (following most regeneration studies in C. elegans, since Yanik et al., 2004) after microsurgery on the same microscope and imaging system in at least six neurons per animal in at least 15 animals for each condition. We considered neurites regrown when a new branch was observed extending from the proximal segment of the injury site (Harreguy et al., 2020; Harreguy et al., 2022). When the branch extended to the distal segment or the target of the pre-injury neurite, we considered it regrown and reconnected. We used Fisher Exact on 2 × 3 contingency table to compare the fraction of observed neurites that regrew or reconnected. We used ImageJ (FIJI v.1.52) and LASX (Leica) for image processing and visualization, and Prism (GraphPad v.9.2.0) for statistical analysis and plotting.
RESULTS
C. elegans animals that do not express functional semaphorins or plexins exhibited altered locomotion patterns
We analyzed the contribution to locomotor behavior of each of C. elegans three semaphorins and two plexins (Figure 1A) by comparing the speed and frequency of locomotion of knockout (ko) mutant strains to that of wild type animals. During crawling on agar (Figure 1B), all strains translocated significantly slower compared to 204 ± 54 μm/s of wild type (speed and p values were: plx-1 123 ± 37, p < 0.0001; smp-1 83 ± 33, p < 0.0001; smp-2 123 ± 35, p < 0.0001; plx-2 168 ± 41, p = 0.0011; mab-20 186 ± 51, p = 0.0016); and the undulation frequency of all strains was reduced compared to 0.43 ± 0.08 Hz of wild type (frequency and p values were: plx-1 0.29 ± 0.07, p = 0.0497; smp-1 0.19 ± 0.09, p < 0.0001; smp-2 0.25 ± 0.06, p < 0.0001; plx-2 0.36 ± 0.09; mab-20 0.36 ± 0.08). Relative to crawling, swimming speed and frequency were less affected by the absence of plexins or semaphorins (Figure 1B), only plx-1(ko) and plx-2(ko) animals translocated slower than 243 ± 88 μm/s of wild type (speed and p values were: plx-1,196 ± 63, p = 0.003; smp-1,209 ± 94; smp-2 234 ± 63; plx-2 172 ± 38, p < 0.0001; mab-20 277 ± 52); only smp-1(ko) animals undulated at higher frequency compared to 1.34 ± 0.27 Hz of wild type (frequency and p values were: plx-1 1.53 ± 0.55; smp-1 1.62 ± 0.44, p = 0.0014; smp-2 1.17 ± 0.29; plx-2 1.14 ± 0.22; mab-20 1.23 ± 0.22). The largest reduction of crawling speed and frequency was in smp-1(ko) animals that were also the only genotype to exhibit a change (increase) in undulation frequency during swimming.
We focused further analysis on the plexins (plx-1 and plx-2), because as the only receptors, segregating membrane-bound and secreted pathways, they provide a comprehensive and specific manipulation of these pathways, as well as the identity of the cellular targets (Fujii et al., 2002).
Gross neuronal morphology was unaffected by the absence of PLX-1 and PLX-2
We used confocal microscopy to image at least five intact four instar (L4) larvae of each plexin-knockout and wild type strain, expressing pan neuronal green fluorescent protein (GFP), with emphasis on neuron-rich areas around head, tail, the ventral nerve cord, pharynx, and vulva, and particularly at the commissures of motoneurons (Figure 2). We did not observe any morphological differences between mutant and wild type animals in any of these regions.
[image: Figure 2]FIGURE 2 | Neuronal morphology of plexin knockout strains is comparable to wild type. The nervous systems are visible via pan-neuronal GFP in neuron-rich areas (VNC, head, and tail ganglia) of wild type (WT) and knockout mutant animals [plx-1 (ko) and plx-2 (ko)], as well as the entire animals (top), to look for gross neuromorphological differences. We did not observe differences between wild type and mutant strains. N > 5 animals for each strain. Scale bar = 20 µm (whole animals), 5 µm (VNC), and 10 µm (bottom panels).
Motoneuronal expression of PLX-1 and PLX-2
We imaged transcriptional reporters for plx-1p and plx-2p in order to identify their neuronal expression in the ventral nerve cord (VNC). GFP under the plx-1p promoter (Figures 3A,B) was mostly expressed in non-neuronal tissue including the pharyngeal muscle, the body-wall muscle in the head and along the body, and vulva muscle. We did not find expression in the nervous system of plx-1p:GFP, although a translational reporter was reported to express in the axon of a motoneuron at the base of the tail, namely DA9, of the embryo and L1 larva (Mizumoto and Shen, 2013). GFP under the plx-2p promoter was expressed by neurons in the head and tail (Figure 3C), as well as in motoneuron in the VNC (Figure 3D). Most expressing motoneurons were AS and DA classes (14 and 9, respectively, from three animals), six motoneurons of other classes, namely DB (3), VA (2), and VB (1) also expressed GFP. Both AS and DA extend commissures that were the targets for microsurgery, from the VNC to the dorsal nerve cord on the opposite side of the animal.
[image: Figure 3]FIGURE 3 | PLX-1 is expressed in non-neuronal tissue, while PLX-2 is expressed in excitatory motoneurons. (A,B) Green fluorescent protein (GFP) driven by plx-1p promoter expressed in non-neuronal tissue such as the pharynx, body-wall muscle. (C) GFP driven by plx-2p promoter expressed mostly in AS and DA motoneurons and in a few DB, VA, and VB motoneurons. (D1) Examples of DA2-4, AS2-6, and VA6-7 that were identified with co-expressed NeuroPAL (D2). Scale bars are 20 µm (AC) and 10 µm (BD).
Neurites of plexin knockout mutants regenerate more than wild type after laser microsurgery
We disconnected 156 commissural neurites of motoneurons of wild type and plexin knockout mutant animals with laser microsurgery (Harreguy et al., 2020; Harreguy et al., 2022). These lateral processes extend to connect the ventral and dorsal nerve cords and when multiple processes are disconnected, locomotion is impaired (Yanik et al., 2004). When we examine the same neurite after 24 h, some regrew by sprouting a growth cone from the proximal segment and some of those reconnected to the distal segment or the dorsal nerve cord (Figure 4A). In the wild type, 38 of 73 neurites regrew (0.52 ± 0.11) and only five of those (0.07 ± 0.058) reconnected (Figure 4B). The plexin knockout mutants exhibited significantly more regrowth (p = 0.049), 33 of 47 (0.7 ± 0.13) for plx-1(ko) and 26 of 36 (0.72 ± 0.15) for plx-2(ko). Reconnection happened significantly more (p < 0.0001) in the plexin knockout strains: in plx-1(ko), 13 of the regrown neurites (0.28 ± 0.13) and in plx-2(ko), 20 of the regrown neurites reconnected (0.56 ± 0.16).
[image: Figure 4]FIGURE 4 | Neuronal regrowth and reconnection increased in the absence of plexins 24 h after laser microsurgery, while locomotion speed fully recovers in all genotypes. (A) We scored all commissural neurites 24 h after microsurgery (yellow arrowhead for site of lesion, examples are 24 h after lesion) and scored them as exhibiting either no-regeneration (WT), regrowth (plx-2(ko), note growth cone), or reconnection (plx-2(ko)); schematically demonstrated in green diagrams, see methods. (B) About half of wild type neurites regrew 24 h post-injury and only 7% reconnected. Both plexin knockout mutant strains exhibited more regrowth (top) and plx-2 exhibited more reconnection (bottom, note that reconnection implies regrowth). Bars are fraction of observed neurites; *p < 0.05, ****p < 0.0001; Fisher Exact on 2 × 3 contingency table. (C) Injured animals of all groups moved significantly slower than sham operated 6 h post-injury, only wild type recovered at 12 h, and all genotypes recovered when compared to sham operated after 24 h. Data points are mean absolute translocation speed to both directions of locomotion; n. s P> 0.05, *p < 0.05 ***p < 0.001,****p < 0.0001; two-sided permutation t-test; in parentheses are the number of analyzed trajectories from 7–20 animals.
Six hours after microsurgery, wild type and mutant animals moved slower than sham-treated animals of the same genotype (sham vs. injured: WT 79 ± 39 vs. 41 ± 20 μm/s, p = 0.004; plx-1(ko) 72 ± 18 vs. 31 ± 25 μm/s, p < 0.0001; plx-2(ko) 70 ± 22 vs. 35 ± 21 μm/s, p = 0.0001; Figure 4C, top). Twelve hours after microsurgery, the mean locomotion speed of wild type animals has recovered to levels comparable to sham-treated, while mutant animals moved slower than their sham-treated controls (sham vs. injured: WT 79 ± 28 vs. 63 ± 36 μm/s; plx-1(ko) 84 ± 22 vs. 58 ± 26 μm/s, p = 0178; plx-2(ko) 106 ± 25 vs. 51 ± 26 μm/s, p = 0.0001; Figure 4C, middle). Subsequently, 24 h after microsurgery, mean locomotion speed has recovered to levels comparable to sham-treated animals for all groups (sham vs. injured: WT 115 ± 45 vs. 145 ± 49 μm/s; plx-1(ko) 111 ± 44 vs. 146 ± 51 μm/s; plx-2(ko) 120 ± 35 vs. 121 ± 20 μm/s; Figure 4C, bottom).
DISCUSSION
Here we have demonstrated that the two plexins that mediate semaphorin signaling in C. elegans restrict neuronal regrowth and reconnection after injury. In their absence, injured neurons of plexin knockout mutants exhibit higher levels of regrowth and reconnection.
By the nature of their ligands, the two plexins mediate different spatial signals. Paracrine interaction, such as those mediated by PLX-1 typically act at short-ranged by cell-to-cell interactions and conform subcellular resolution spatial information (Dalpé et al., 2004, 2005; Gurrapu and Tamagnone, 2016). Because both ligand and receptor are transmembrane proteins, the flow of information could be bidirectional, such as in the case of reverse-signaling through semaphorins, in which plexins function as ligands (Yu et al., 2010; Battistini and Tamagnone, 2016; Suzuki et al., 2022). On the other hand, juxtacrine interactions, such as those mediated by PLX-2 are more disperse over tissue where the ligand typically diffuses to set meaningful concentration gradients (Chen et al., 2007).
We demonstrated that neither the plexins nor the three semaphorins are necessary for gross neuromorphogenesis. However, at low penetrance their omission causes defasciculating and axon misguidance (Roy et al., 2000). In the nervous system, PLX-1 is only expressed by a single motoneuron in the embryo and first stage larva, namely DA9, where it is involved in synaptic tiling during development by restricting the synaptic regions (Mizumoto and Shen, 2013). Because, to the most part, PLX-1 is expressed in muscle and other non-neuronal tissue (Fujii et al., 2002), we hypothesize that its restrictive effect on regeneration is achieved by interaction with the semaphorin SMP-1 presented by the motoneurons (Liu et al., 2005). The neurons could respond indirectly to the surrounding tissue via another signaling pathway, such as the ephrin pathway (as described for efn-4 in relation to plx-2/mab-20; Nakao et al., 2007), or SMP-1 could mediate a direct cellular response via reverse-signaling from plexins to semaphorins (Yu et al., 2010; Battistini and Tamagnone, 2016; Suzuki et al., 2022). The other membrane-bound semaphorin, SMP-2, might not be involved in motoneuronal regeneration because it is not expressed by VNC motoneurons, but in body wall muscle and some sensory neurons in the head (Ginzburg et al., 2002). PLX-2 is expressed by four classes of motoneurons, and the most parsimonious hypothesis is that MAB-20 signals via PLX-2 to prevent aberrant neuronal regeneration; MAB-20 secretion from muscle cells generate a gradient that suppresses overgrowth of neurites in health and injury. A similar system was described for regenerating axons of murine spinal cord and brain, where expression of the receptor complex mediating SEMA3A function increases after injury, while SEMA3A secretion at the site of injury declines to undetectable levels during the period of axon regrowth, but persists to be secreted by cells adjacent to the injury site, creating an exclusion zone which regrowing axons do not penetrate (Pasterkamp et al., 2001; Pasterkamp and Verhaagen, 2001; de Winter et al., 2002). Notably, the absence of MAB-20 and PLX-2 had different effects on swimming speed, reminiscent of the different epidermal development phenotypes described for mab-20(ko) and plx-2(ko) (Nakao et al., 2007).
The phenotypes we describe for uninjured plexin and semaphorin knockout mutant animals are changes in speed and frequency of locomotion on agar surface and in liquid. To the most part, these effects are small in magnitude and include both increases and decreases compared to wild type animals. The largest effects were on the translocation speed of smp-1(ko) during swimming and even worse during crawling. Because the semaphorin signaling pathways are involved in several aspects of embryonic development and its components are expressed in neuronal and non-neuronal tissue in the embryo, the phenotypes are likely the product of an accumulation of effects on structure and function of different tissue, such as muscle, cuticle, or the nervous system. Furthermore, the semaphorin pathways could regulate expression of downstream genes (Alto and Terman, 2017) that in turn affect locomotion behavior. Parsimoniously, because these effects are not the focus of this study, we removed the effect of these locomotion phenotypes by comparing animals after laser microsurgery to sham-operated animals of the same genotype. Moreover, the laser microsurgery experiments included only plexin knockout mutants and smp-1(ko) animals were not included in that comparison.
Locomotion behavior was impaired 6 h post-injury and recovered back to pre-injury parameters 24 h post-injury in wild type animals and both plexin knockout mutant animals. Because less than half of the neurites in the wild type animals regrew and only 0.07 reconnected, we hypothesize that the recovery is due to reorganization of the locomotion circuit to produce a meaningful motor pattern that is indistinguishable from that of an uninjured animal (Haspel et al., 2021). Similarly, the recovery of plexin knockout mutants that exhibit much higher levels of regrowth and reconnection can be due to reorganization. Full recovery of locomotion with only partial recovery of neurites and synapses has been described in other systems (Oliphint et al., 2010), but the underlying circuit mechanism is unknown.
The conserved but concise semaphorin-plexin system and readily available genetic and transgenic tools in C. elegans, together with accurate injury and quick neuroregeneration and recovery of behavior provide an attractive experimental model. The secreted and membrane-bound semaphorin signaling pathways both restrict regeneration but in distinct processes that likely include spatial specificity and recurrent signals. Further studies, including of the effect on regeneration of each and combinations of the semaphorins and their localization, before and right after injury, as well as the spatiotemporal dynamics of related secondary messengers such as calcium and cAMP, will address proximate hypotheses about the involvement of semaphorin signaling in neural recovery from injury.
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This paper examines the epistemological history of physiological tissue regeneration theories from Antiquity to the present time focusing on early clinical observations, microscopic investigations of the 19th C. and molecular aspects of the regeneration of peripheral nerves. We aim to show underlying theoretical implications at stake over centuries, with an extreme diversity of local contexts, while slowly emerging ideas were progressively built in the framework of cell theory and that of molecular biology. The overall epistemological lesson is that this long history is far from finished and requires novel experiments and perspectives, as well as the careful inspection of its rich past, as a true scientific tradition, in order to better understand what is nervous regeneration and how we can use it in medicine.
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1 INTRODUCTION
Regeneration is a biological concept with a long history to which new biotechnologies add a new medical dimension. However, this concept still lacks a general theoretical framework to bring nearer what is known about it in zoology (organ regeneration), medicine (tissue regeneration) and biology, together with its new molecular perspectives. Nevertheless, two present trends conciliate these perspectives. On the one hand, the molecular study of the regenerative capacities of animals (Franco et al., 2013) considers an evolutionary perspective, with the progressive loss of these capacities in higher animals (Bely and Nyberg, 2009). On the other, the study of the molecular mechanisms hindering or favoring these capacities aims at medically improving human tissue repair and regeneration. The convergence of these two types of molecular studies aims to achieve human tissue regeneration comparable to that encountered in non-mammal vertebrates.
Therefore, the molecular level of analysis of biological mechanisms of animal regeneration is of high interest for regenerative medicine (Carlson, 2007). However, the historical making of the concept of regeneration rather involved microscopic observations. At the present time, this is still essentially described phenomenologically as an ensemble of complex cellular mechanisms including cell dedifferentiation, cell proliferation, cell migration, redifferentiation and transdifferentiation, with cellular interactions among a large number of cell types and subtypes, including stem cells. As a matter of fact, a modern concept of regeneration should take all these cellular and molecular mechanisms into account, as well as their relations at multi-level scales.
The concept of tissue regeneration can be divided into “physiological regeneration” or the replacement of normal tissues such as nails, “hypertrophy” like the growth of liver tissue, “reparative regeneration” after the lesion of a tissue or an organ and the regeneration process of asexual reproduction. In this paper, we will present some historical and epistemological perspectives concerning the concept of reparative physiological regeneration in general and then focus on the model of peripheral nerve regeneration after section in vertebrates.
This regeneration implies cellular mechanisms leading to the development of a new functional tissue comparable to the initial tissue in the space, close to an inch, between the two cut ends of the nerve. This kind of regeneration is not considered epimorphic, since no blastem occurs, but it is said morphoallelic since it involves a massive tissue reorganization different from the formation of a scar. Such reorganization engages pre-existing cells which undergo profound modifications and dedifferentiation, before a stage of cell proliferation. Historically, in order to define such regeneration, the starting questions were 1) in which manners regeneration differs from scar formation, 2) whether a new tissue substance develops with a similar aspect and the same initial function as that of the injured tissue, 3) which anatomic elements are part of the regenerative process and which physiological mechanisms are involved.
It may come as a surprise to observe that some of these issues already arose during Antiquity, and that only very progressively clear answers were given (Table 1). The historical paths of the reparative regeneration concept show that both observations and reasonings followed winding roads, depending on the types of tissues (soft tissues or bone), and on the level of enquiry (tissue level, cell level, molecular level). For all these reasons, an epistemological and transhistorical reflection is necessary if we want to start bridging these issues together in a way which is not yet fully achieved at the present time, in particular concerning the connections between the cellular and molecular mechanisms of regeneration. For example, the study of some molecular signaling pathways involving specific receptors in particular cell types may still require the discovery of the cellular interactions at stake and of the cell subtypes responsible for the release of the signaling secreted molecule.
TABLE 1 | Chronology of some ideas and concepts relative to the regeneration of tissues included in the article.
[image: Table 1]2 TISSUE REGENERATION OBSERVED WITH THE NAKED EYE
As soon as it became possible to describe the cellular mechanisms of tissue regeneration, around 1850, with modern microscopes, in the theoretical framework of cell theory, did a clear and rapid evolution occur in the history of the tissue regeneration concept. Quite rapidly, new models based on precise observations of cell interactions were built with mechanical and chemical explanations, as in bone formation or nerve tissue repair. In the preceding centuries, surgeons and also physicians closely inspected with the naked eye, or with rudimentary microscopes, the new tissues appearing after a lesion. But, as we shall see and explain, their conclusion was often that in both cases the new tissue did not derive from a real regeneration process, but from the formation of a scar.
2.1 The concept of regeneration in ancient medicine
Regeneration was first a philosophical concept which theology perpetuated as the moral and physical rebirth of an individual. In the medicine of Ancient Greece, the concept of flesh regeneration was closely associated with theories on generation (reproduction). In the Hippocratic school, as well as in the case of Aristotle until Galen, the regeneration concept did not evolve much. It was conceived of as depending on the faculties of the sperm of men formed and contained within the veins of the testis, but also potentially in all the veins of the body. For this reason, any vein was supposed to show a regenerative faculty which was justified by the fact that new veins could appear under some conditions, as in the case of varicose veins. Conversely, such view explained why all other tissues, including arteries, could apparently not regenerate. However, physicians and surgeons were nevertheless very well aware of the processes of tissue repair and remedies to be employed for scar formation.
2.2 French surgeon, Ambroise Paré, progresses in surgery and the idea of the regenerative process of bone formation after lesion
In his treatise entitled Recherches sur les métastases (1821), French surgeon, Pierre Marie Joseph Charmeil (1782–1830), included the results of his “New experiments on the regeneration of bone”, where he studied regeneration from an experimental anatomopathological perspective in the pigeon, an animal model previously used in the 18th century (Charmeil, 1821; Figure 1). Charmeil was opposed to many past conceptions on regeneration, including those from the turn of the 19th century. However, Charmeil held in high esteem the surgeon Ambroise Paré (1510–1590), for his original views on the regeneration of tissues. His particularly detailed reading of Paré enabled him to detect some insights of Paré concerning regeneration. These include numerous pieces of advice of Paré concerning soft remedies to be employed to favor the formation of the new flesh invading the broken bone and slowly developing into a hard and white substance, without mentioning—at this stage—that this may be real bony substance (Malgaigne, 1840, book 16th, chapter 34). For the classical medical tradition, this new substance is that of a callus, a hardening tissue seen in the scar, for example closing the hole after trepanation, as already described by Hippocrates. Paré seems ready to admit with other surgeons and physicians that the callus is a scar, although the new substance appears as “more solid and compact than natural bone” (Malgaigne, 1840, book eighth, chapter 22). If we extend Charmeil’s reading of Paré to Paré’s Book 8 (chapter 41), we see the French surgeon comparing the formation of the callus with the drying sap from the cut end of a shoot of vine as the hardening of a “mucilaginous mucus” (humeur spéciale, glaireuse, mucilagineuse, Malgaigne, 1840). And when Paré gives his remedies for the formation of the callus, he describes it as a “hard substance […] made of what abounds from what nourishes the broken bone, which holds and agglutinates the bone together, and with time hardens so much that it becomes more solid and harder than the remaining non broken part of the bone” (Malgaigne, 1840, book 13th, chapter 3)1.
[image: Figure 1]FIGURE 1 | Bone regeneration in man and in the pigeon. (A) A case of bone regeneration in man (tibia). Adapted from plates 1 and 2, Charmeil, 1821. (B) Experiment by Charmeil of the destruction of the periosteum and endosteum in a portion of a bone from the pigeon wing. The destruction of the periosteum and endosteum induced necrosis followed by regeneration (Fig. 1). (Fig. 2 to Fig. 6), different stages of regeneration. Adapted from Charmeil, 1821.
We thus see Paré more and more conscious that the formation of the callus is a process depending on the quality of the humours involved, the youth and the health of the patient, so that his concept of bone repair seems to get closer—in Paré’s mind—to a concept of a vital, regenerative and active mechanism which is in accord with our modern view. Indeed, Paré now uses the expression “the generation of the callus”. In this quite imperceptible shift in Paré’s writings, he comes to describe the vitalistic mechanism of the appearance of the callus from a “flesh which Nature produced upon, which being newly generated has the softness of the freshly clotted cheese […] [and] with time hardens, and forms similarly to the small grains of pomegranate, in which the serous pus is reddish, shiny, even, glutinous, not fetid, and then white” (Malgaigne, 1840, book 16th, chapter 34)2. In Book 13th (chapter 29), Paré gives further details on his conception of the “matters of the callus” as the “matters proper nourishing bones as well as flesh”. Thus Paré seems to get near to a regeneration concept, when he considers the callus formed from the substance of the “bone medulla and form the proper substance of bone” which makes the callus by “muddy and dirty sudation” (Malgaigne, 1840, book 13th, chapter 29)3. Therefore we have in Paré many of the elements of a first elaborate conception of bone regeneration with the formation of a new bony substance, made from bone matters, harder and as white as bone, which differs greatly from the past classical conceptions on scar formation.
2.3 Theories of bone regeneration in the 19th century
After Paré, discourses on bone regeneration will necessarily deal with the question of the nature of the newly formed substance and its origin, in accord with the doubts of Paré on the nature of the callus. However, the idea of bone regeneration progresses throughout the 19th century. We find it already defended at the very beginning of this century by leading French physician, Xavier Bichat (1771–1802). Charmeil is indebted to Bichat for his conception of the bone callus with dynamic and adaptive properties: “[The callus is] all the greater when the two bone ends are farther away, because the fleshy buds must travel through a greater space to meet and are therefore more expanded, and consequently have absorbed greater nutritive substance” (Bichat, 1801, p. 83). According to Bichat and his tissue classification, the formation of the callus would come from “compact and cellulous tissues, and from all parts of the divided surface in general” (Charmeil, 1821, p. 368)4. But Bichat’s conception is modern for his time, compared to the views of physicians in the following decades. Charmeil is indeed very critical of the following theories of bone regeneration where the callus is considered only as a product of the “medullary membrane” of the bone (endosteum) or from the periosteum, against the wider view of Bichat where soft tissues also are involved (Charmeil, 1821, p. 361).
In his own experimental work on bone regeneration, Charmeil demonstrated that the callus can develop in the broken pigeon’s wing although the medullary membrane and the periosteum were surgically removed (Figure 1). Charmeil concluded that all kinds of tissues are involved in bone regeneration with the “formation of buds on all divided surfaces, which is nothing but the expansion of the nutritive parenchyma connecting with the gelatine to transform successively into the cartilaginous state and then bone, a kind of development resulting from the vascular system, formative principle of any organic creation” (Charmeil, 1821, p. 369, p. 369)5. Charmeil’s theory illustrates the posterity of Bichat’s conceptions throughout the 19th century, on regeneration in particular, in which Charmeil adopts Bichat’s general conceptions of tissues and progressively foresees possible mechanisms implying the involvement and interactions of different types of tissues, getting closer to a modern conception of tissue regeneration.
2.4 Regeneration theories of soft parts before the 20th century
The issue of bone regeneration generated numerous polemics throughout the 19th century. However, a general model progressively emerged and was then rebuilt upon the new polemics concerning the cellular events at stake. The question of the regeneration of soft parts took more tortuous paths and led to a somehow inverted story compared to that of bone regeneration.
Indeed, during Antiquity, the Hippocratic school and Galen did not accept the principle of bone regeneration in healing bone fractures (Hippocrates, Aphorisms, Section 6, aphorism 19th), besides their knowledge on scarring processes. But the faculty of regenerating new parts of the body was acceptable for flesh (not muscle) and fat, as with warts and lipomas. Such a view on the regeneration of soft parts of the body survived until the 18th century and regeneration was accepted as vital property in the Montpellier (France) vitalistic medical school of Paul-Joseph Barthez (1734–1806).
During the 19th century, dissenting voices emerged, among them, those advocating for the ideas of French physician, François Quesnay (1,694–1774). Quesnay considered bone regeneration possible from a callus, but he considered that the supposed regenerative property of soft tissues only was a scarring process and a simple union of the cut parts (Quesnay, 1764, chapter 17, De la régénération des chairs, p. 255). Thus Quesnay adopted a position contrary to that of Antiquity.
Quesnay was also in opposition to Ambroise Paré and the Montpellier medical school of his time. He changed Paré’s analogy of the vine shoot with that of cut grasses the ends of which dry with no sap. This was justified by the fact that soft tissues, as nails, hair and warts do not regenerate from their cut ends, but from deeper parts. Quesnay thought that the dried tissues “extremely thin and weak” only formed a scar. He concluded that the idea of a real reproduction (regeneration) of flesh (soft tissues) was therefore untenable. Consequently, he excluded the idea of the regeneration of “sensitive vessels”, tendons and nerves. In his general perspective, any new substance formed after the lesion of a bone, skin, fat, membranous parts or brain differed from the original one, on the basis of some rudimentary microscopic observations (Quesnay, 1764, p. 261)6. From an epistemological standpoint, no precise norm of substance semi-similarity could be defined precisely in the regeneration theories and such a semi-sameness of the new tissues could as well justify that they simply formed a scar rather than a regenerated tissue. It was more or less a question of standpoint before precise microscopic investigations.
Thus, the question whether a scar included a newly generated substance and implied regeneration, as with skin or veins, with a return to normal physiological functions, remained for long7. This was the state of the regeneration issue, when Henri Kühnholtz, (1794–1877), a French physician from the Montpellier medical school, published his Mémoire in the Bulletin de l'Académie Royale de Médecine in 1856, where he defended the ideas of Barthez and his concept of the “regenerative power” (pouvoir régénérateur) of soft tissues, considered as a vitalistic force (Kühnholtz, 1841).
Kühnholtz based his theory on the widely accepted bone regeneration concept extended to soft tissues. He also defended the idea of Charmeil according to which all kinds of tissues participate in bone regeneration, with the consequence that soft tissues involved in the process shared the vital regenerative faculty.
The metaphors of tissue regeneration evolved similarly. While Quesnay refused that of the mason filling gaps of new constructions with mortar, Kühnholtz used the metaphor of the tailor, since the tailor does not only sew torn pieces of clothes, but he can also bring new pieces of tissue, not quite similar, but close enough, and fulfilling a similar function. This is how Kühnholtz saw the regeneration of soft tissues, where a new tissue replaces the original one, with the same general aspect, but not entirely identical, and explaining a return to normal physiological function, along with the perspective which developed throughout the 19th century in various contexts.
3 THEORIES OF PERIPHERAL NERVE REGENERATION
The theory of the regeneration of soft tissues of Kühnholtz was based on a synthesis of clinical and experimental observations made on various kinds of tissues, including the nervous tissue. In the midst of 19th century, the long history of nerve surgery after lesion recorded numerous cases of scarred nerves with a successful return to normal function mainly from the end of the 18th century onwards (Holmes, 1951; Ochs, 1977)8. It was possible to think that such a return to function was due to the filling of the empty space between the two cut ends of the nerve by a new nervous substance. Progressively, as the techniques of nerve sutures improved, more and more physicians acknowledged nerve regeneration after several successful and spectacular cases.
This situation fostered surgeons and anatomists to perform experimental animal studies of nerve regeneration in the 18th century. To the extent that nerve regeneration seemed to appear perfect in the particular case of the limb regeneration of the salamander to Berlin anatomist, Karl Rudolphi (1771–1832), although he personally believed it impossible in warm blooded animals (Rudolphi, 1825, p. 87–88). However, many investigators, performing experimental studies on Vertebrates, including pigeons, kittens and puppies, as well as in humans, accepted a limited nervous regenerative property, after meticulous visual inspection of the newly formed nervous substance. Some scientists, as Felice Fontana (1730–1805), also used basic microscopes for this purpose.
3.1 The studies of nerve regeneration before Augustus Waller
As early as 1776, Scottish anatomist, William Cumberland Cruikshank (1746–1800), performed the experimental unilateral section of the vagus nerve in a dog and he observed a regenerated nervous substance in post-morten examination (Figure 2). His study was not accepted for publication by The Royal Society (London) until 1795, when it was finally edited together with new and similar results by British surgeon, John Haighton (1755–1823) (Ochs, 1977, p. 261; Holmes, 1951, p. 46–49; Cruikshank, 1795; Haighton, 1795). It was clear for Cruikshank that the regenerated substance was nervous in nature, but not to Felice Fontana who observed the anatomical piece during his visit to Hunter in London. However, Fontana reproduced the experiment and performed microscopic observations on fresh regenerated tissues, and demonstrated their nervous nature by the observation of specific nervous characters of the fibres which appeared with characteristic bands with his microscope (Clarke and Bearn, 1972; Ochs, 1977, p. 264)9, although he previously felt that the union of the cut ends of a nerve was rather a scarring process10.
[image: Figure 2]FIGURE 2 | The preparation of a nerve suture followed by regeneration in a dog by Cruikshank at the Hunter’s museum. Adapted from Ochs, 1977. Illustrated from a posterior view, the preparation shows the aorta, the trachea, the right vagus nerve and the left vagus nerve both reunited after section by regeneration.
However, the regeneration process during these initial animal experiments was incomplete and with no return to the normal function of the nerve. Return to function was inferred by the survival of the animal; if the animal did not die until long after section, the sectioned vagus nerve was believed to function again normally, as it was thought that this nerve was essential to life. From an epistemological point of view, these issues imply two distinct perspectives. On the one hand, microscopic studies, before those of Waller, were performed to demonstrate the nervous nature of the new tissue between the two cut ends of the nerve without any functional norm of regeneration (Cruikshank, Fontana, Haighton). On the other hand, clinical evidence in humans demonstrated the precise timeline of physiological return to function using nerve sutures, but without the possibility to firmly establish the nervous nature of the regenerated tissue, except in rare cases after autopsy (Kühnholtz, 1841, p. 29–33; Holmes, 1951, p. 52–53, 56).
Not until 1840, was it possible to establish the strict correlation of the microscopic events of the regeneration of nerve fibres observed histologically with the slow return to function of the nerves cut in kittens and frogs, by Carl Otto Steinrück (1817-?) (Ochs, 1977, p. 266–267; Steinrück, 1838), sometimes after more than a year in order to get full regeneration.
Between the observations of Fontana and those of Waller, much progress was made in the histological techniques, notably using new dyes, and detailed microscopic observations were possible. The classical chronology of such studies includes those of Swiss physician, Jean-Louis Prévost (1790–1850), in 1826, showing new nerve fibres elongating from the central part of the cut nerve towards the medial part of the section (Prévost, 1826; 1827; Müller, 1835), or those of French physiologist, Pierre Flourens (1794–1867) (Flourens, 1828; 1835). Theodor Schwann (1810–1882) also made similar observations while an assistant to Johannes Müller, on sectioned sciatic nerves of the frog after 3 months of regeneration, showing the new regenerated substance contained fibrils, not quite similar to the original ones (Müller, 1838, p. 421). In fact, for Kühnholtz, this semi-similitude was an element of his theory of tissue regeneration which we now refer to as “reparative regeneration” different from the simple growth of hair and nails. Müller accepted the value of Schwann’s observations and considered them new, because he felt previous investigators, such as Fontana, Prévost, Michaelis, Meyer or Tiedemann, could not have observed new fibres since the animals were sacrificed for observations well before regeneration was believed to have occurred11. Consequently, Müller suggested his assistant Schwann had first demonstrated in 1830 the reproduction (regeneration) of a new nerve substance formed by fibrils crossing the medial part of the cut nerve. Müller was probably wrong in granting priority to his school12.
3.2 The importance of studying nerve degeneration before the regenerative process from Arnemann to Augustus Waller
The studies on nerve regeneration of Augustus Waller (1856–1922) opened a new era with his microscopic skills in part acquired with French microscopist, Alfred Donné (1801–1878) and later with German physiologist, Julius Budge (1811–1884). Waller made systematic cytological observations of degenerating and regenerating nerve fibres in the transparent tongue of the living frog, in the framework of cell theory and later of the neurone theory.
Among other histologists from the second half of the 19th century working on these issues, French anatomist, Louis Ranvier (1835–1922), rightly noticed, as we will see from several examples, that any new theory of nerve regeneration necessarily relied on the initial interpretations of degenerating nerve fibres observed in a cut nerve13.
For this reason, in the study of nerve regeneration, it became central to study the intimate mechanisms taking part in the medial stump of the cut nerve and the peripheral end, when it was widely acknowledged that the degeneration of nerve fibres and their loss were phenomena enabling regeneration.
In the letter he sent to the French Académie des sciences in Paris on November 23rd of 1851, Waller wrote that the issue of nerve regeneration had virtually made no progress since the work of Felice Fontana until his own (Waller, 1852a, p. 3). While proving Ranvier’s judgment was right, he ascribed that situation to the fact that the degeneration of the distal stump of the cut nerve had never been correctly observed, when he personally saw this mechanism as the key to the understanding of the process of regeneration (Waller, 1852a, p. 4)14.
However, Waller was not fair15. When submitting his paper to the Royal Society (Waller, 1850), William Sharpey (1802–1880) reviewed the paper and required Waller to quote German authors, Hermann Nasse (1807–1892), Augustus Fridericus Günther (1806–1871) and Matthias Johann Albrecht Schön (1800–1870), who had previously described the degenerative distal nerve stump (Sykes, 2004, p. 35). If Waller finally did so, he did not clearly mention their observations compared to his own and for a while they fell into oblivion.
In order to understand the new theories of nerve regeneration in the 19th century, it is necessary to define the various contexts of study of the degenerating processes before Waller. One of the first enquiries was made by surgeon and professor of medicine in Göttingen, Justus Arnemann (1763–1806), well-known for his nerve sutures. Arnemann fought the ideas of Cruikshank and Haighton and he did not accept the concept of a regenerative nerve substance (Holmes, 1951, p. 46, 50, 52; Arnemann, 1786; Arnemann, 1787)16. However, he described the degenerating distal end of a cut nerve with the idea of proving that regeneration was not possible, including the regeneration from that end of the section.
The famous histological studies of Nasse (1839), Günther and Schön (1840), before those of Waller, proving the degeneration of the distal stump, were primarily aimed at the understanding of the kinetics and the anatomical determinism of the loss of, and return to, function of the cut nerve in an anatomo-pathological perspective (see for example Jaccoud, 1864, p. 166). The works of authors after Waller quoted these studies when they realized their interest which was eclipsed by the success of Waller’s studies.
Following Waller’s studies on degeneration, Ranvier added many microscopic details which he mentioned in his Leçons sur l’histologie du système nerveux (Hernandez Fustes et al., 2019), including the “progressive alterations of the nerve tubes” of the distal stump of a nerve cut in a frog or a rabbit, with “myelin segmentation”, “fatty granules” merging into numerous droplets more abundant in the medial part of the section, but which were partly in agreement with Nasse (1839, p. 409–413). For Ranvier and his contemporary investigators, the “Schwann substance” (myelin) of nerve fibres disintegrated into ever smaller fragments which aggregated into ovoid droplets, a description completing Waller’s initial ones.
Concerning this process, Waller considered likely the possibility that eventually all nerve fibres degenerated on both sides of the section. Thus it became generally acknowledged that Nasse, Günther, Schön and C.O. Steinbrück (1838) recognised the formation of new axis-cylinders on both sides of the section without distinction (see for example Ziegler, 1895, p. 257). At this stage, many other cellular theories of nerve regeneration occurred in various contexts of study and various theoretical frameworks, sometimes following cellular models of bone regeneration with the involvement of different tissues, including the “cellular tissue” and blood cells.
3.3 The theory of regeneration of peripheral nerves of Augustus Waller
In his studies, Waller progressively modified the cellular theory of nerve regeneration of Nasse, Günther, Schön and Steinbrück, on an essential point: newly formed fibres only came from the central stump considered alive because of the trophic action of the nerve centres. Such trophic influence was later interpreted as the functional connection of nerve fibres with the body of nerve cells, when, in his experiments on the dorsal and anterior roots of the spinal cord, Waller showed that the trophic action was in fact due to the “ganglionic cells” of dorsal root ganglia or to the “motor nerve cells” of the anterior horns of the spinal cord.
The new fibres from the central stump were interpreted by Waller as the generation of novel embryonic nerve fibres. Ranvier interpreted Waller’s conception by the fact that Waller agreed with Nasse, Günther, Schön, and Steinbrück, about the total disappearance of degenerating nerve fibres near the section. New fibres were then necessarily seen as novel entities. But the idea of the total disappearance of the fibres in the central stump is wrong, since altered nerve fibres do stay alive in this part. But, for these authors, the new fibres originated elsewhere from the edges of the nerve centre, as in embryonic development (Figure 3).
[image: Figure 3]FIGURE 3 | Microscopic observations from a regenerated nerve of a dog. The central end of the median nerve was sutured to the peripheral end of the ulnar nerve, and long pieces were then removed from the peripheral stump of the median and the central stump of the ulnar, to prevent the possibility of union. Newly formed fibers were observed (57, 58), as well as an embryonic fiber (59). Adapted from Howell & Huber, 1892.
Actually, Waller’s conceptions on nerve regeneration were developed prior to his idea that the trophic action on nerve fibres was due to ganglionic cells. In his early studies on the alterations of cut nerve ends in the tongue of the frog17, Waller already made observations indicating 1) a protective role of the nerve centres in the nervous disorganisation, 2) alterations in the cut nerve fibres, but also 3) an arrest of these phenomena after the union of the two cut nerve stumps. The first point can be found in the paper of 1850 with the observation that the alterations of the fibres are progressively less frequent following the nerve tract towards the brain18. Curiously, the third point, present in the oral presentation in its abstracted version (Waller, 1851, p. 925), does not appear anymore in the full published paper. Perhaps the hypothesis of the oral presentation was rejected by the reviewer. It concerned a quite unequivocal interruption and return of a possible role of the centre in the nutrition of nerve fibres by means of the nerve impulse, which Waller justified by the fact than when the cut nerve ends are united, the nervous disorganisation stops and the nerve fibres return to their normal state.
Thus, in 1849, when Waller writes his communication, he already admits a trophic role of the nerve centres. In 1850, this view and his observations enabled him to write, as we mentioned above, in his letter to the Académie des sciences in Paris, that the issue of degeneration had not progressed since Fontana, justifying this statement by the discovery that since nerve fibres degenerate completely, new ones necessarily appeared de novo19.
There are several reasons why Waller referred to embryonic development in explaining regeneration. In his microscopic studies, Waller paid attention to the state of the structures he was studying in human embryos, as in the case of the papillae of the tongue (Waller, 1849a; Waller, 1849b). He had a good knowledge of embryonic tissues and he was able to compare the thin and pale new fibres to those observed in embryos. Waller observed precisely the greyish aspect of the new fibres, their intimate contact, the lack of double contours (myelin) (Waller, 1852b, p. 393–394)20. For Waller, regeneration was the start of a new phase of development after the complete removal of old fibres21. In his description, Waller goes as far as to use the expression of the “embryonic fibres” of the regenerative process, noticing that their observation preferentially requires the use of young animals in which regeneration is faster, as Waller checked with electrical stimulations in vivo (Waller, 1852b, p. 394).
Waller describes regeneration as an embryonic process with the appearance of nuclei (Schwann nuclei, i.e., Schwann cells) and the double contours of nerve fibres (myelin) deriving, in his opinion, from the neurilemma. In a later work focussing on the medial part of the cut nerve, Waller considered the central stump as normal, and the distal stump as highly disorganised. He noticed how the medial part of the nerve progressively becomes a proper medium for regeneration. He noted that while old nerve fibres disappear, capillaries invade the medial part which becomes less opaque (because the debris of the nerve fibres are removed by white blood cells), whereas the distal stump is very dark, lacking capillaries, with numerous non resorbed granulations (Waller, 1852c, p. 676). Waller concludes with the important fact that the speed of absorption and elimination of the granulations of the old tissue in the living central stump is a necessary condition for embryonic development when new fibres chase old used products (Waller, 1852c, p. 676).
We can now give a further interpretation of Waller’s use of an embryonic developmental model of regeneration. It is possible to link the trophic role of which Waller credits the nerve centres, and then the ganglionic cell, during regeneration, to the role played by the nerve cell during embryonic development, according to the law of unilateral growth, as expressed—for example—by Albert von Kölliker (1817–1905) (Kölliker, 1852)22. Therefore, this conception of embryonic development accords with the concept of regeneration of Waller and his law of degeneration. It is such a concordance which enabled him to write: “Therefore, it is demonstrated that when a nerve is cut […], its new fibres […] develop from the centre to the periphery and not from the periphery to the centre. I think it would be superfluous to examine the issue whether these fibres of the adult or those of the young animal develop in the same manner as in the embryo, since it is impossible to admit that Nature operates differentially in both cases” (1852c, p. 676–677)23.
We conclude that the theory of regeneration of Waller has been an early and important source of reflections already in his early studies on nervous degeneration and the trophic role of nerve centres and nerve cell. On this basis, Waller developed an original theory of nerve regeneration from the central stump of the cut nerve on the model of the embryonic development taking place in a milieu where old debris of the degeneration were cleared out, in accord with the previous conception of a nerve substance originating from a former one, and in opposition to the idea that the union of the cut ends of a nerve is a simple scarring which explains the return of function in humans24.
3.4 The new theory of nerve regeneration of Schiff, Philippeaux-Vulpian and Remak
After Waller issued his first publications, other scientists followed in his path, also following his advice to search for the mechanisms of regeneration by carefully examining the degeneration process of the distal end of the cut nerve. Among those, one of the earliest was German physician, Moriz Schiff (1823–1896) in 1854, followed by French physiologist, Jean-Marie Philippeaux (1809–1892), and his pupil Alfred Vulpian (1826–1887), in 185825.
Schiff, then director of an ornithology department in an institute of natural history26, was interested in the hypoglossal nerve of the tongue of the frog (Schiff, 1853), an issue much debated in the physiological lessons of Vulpian. This study already included a case of nerve suture, but in the following year (1854), Schiff pursued this line of research when he reproduced the experiments and observations of Waller on nerve degeneration. He was able to present his findings at the Académie des sciences in Paris thanks to French ornithologist, and nephew of French Emperor Napoleon Bonaparte, Charles-Lucien Bonaparte (1803–1857) (Schiff, 1854). The general tone of the communication by Schiff is quite aggressive and shows great confidence, when he ridicules Waller’s fascination for his concept of embryonic fibres: “[…] in some cases where M. Waller revealed the return of the functions [of the cut nerve] by galvanism, he indeed saw true regenerated fibres, but he did not pay attention to them, too much preoccupied as he was by his putative embryonic fibres” (Schiff, 1854, p. 451, p. 451)27.
Schiff allowed himself this criticism of Waller’s observations and theory because in his mind clinical observations of a return to function of an injured nerve in humans sometimes occurred before the supposed regeneration of new fibres invading the distal stump from the central stump (Schiff, 1854, p. 449)28. In fact, anatomist and historian of science, specialist of nerve sutures, William Holmes, gave at least three reasons to understand the facts reported by Schiff with no opposition to the regeneration theory of Waller in its general lines (Holmes, 1951, p. 59): 1) the growth of new fibres may be very early and fast in fully mastered animal experiments (specially in young animals); 2) the delay of appearance of the fibres is overestimated by the difficult observation of thin new fibres without dyes; 3) the return of function of the injured nerve may also be due to a reinnervation from adjacent innervated structures and not to regeneration.
From his apparently strong standpoint, Schiff was led to reinterpret the observations of Waller in a totally new direction. Schiff concentrated his observations on the distal end of the nerve where he noticed persisting membranes (Schwann sheaths) around granulations, which he interpreted as the persistence of old fibres with their primitive axis-cylinder. Schiff criticized Waller’s interpretation of thin and pale new embryonic fibres, and decided that the state of the old fibres he saw represented an ultimate degenerated state of old and still lasting fibres.
Philippeaux and Vulpian reproduced these observations, with the same error, since the axis-cylinders were in fact absent. Furthermore, they extended Schiff’s interpretation and theory. They imagined that the apparently persisting old fibres of the distal stump were central in the regeneration process and return to function of the nerve, when these fibres presented a double contour (myelin) again. Philippeaux and Vulpian referred to this supposed regenerative process as peripheral autogenous regeneration (Philippeaux & Vulpian, 1859a; 1859b; Ochs, 1977, p. 271), since it did not require any trophic action of the central stump. The success of this theory was such that Louis Ranvier noted in his lessons that Waller himself changed his mind and agreed with Vulpian whom he knew personally (Ranvier, 1878b, p. 74).
Ranvier points out the fact that this theory gained further credit when Robert Remak (1815–1865) supported it in order to explain an incidental observation in a regenerated nerve of a rabbit from an anatomical preparation made for him by one of his former pupil, the son of German physician Friedrich Jacob Behrend (1803–1889). Remak made the then peculiar observation of new fibres inserted into old tubes (Schwan cell tubes lacking the degenerated fibre) containing characteristic granules (Remak, 1862). It is interesting to note that Waller had never observed this, since he writes: “In all my work on that issue, I never saw any new fibre inside an old tube” (Waller, 1852a, p. 4). Remak was led to interpret the origin of the new fibre he saw and, in his mind, it could not originate ex nihilo or from the central stump, as suggested by Waller. Therefore, Remak joined the advocates of the theory of Schiff, Philippeaux and Vulpian. Since then, with this observation of Remak, it had become almost impossible not to acknowledge that these new axis-cylinders could only derive from the residues of the old degraded axis-cylinders contained in the old tubes of the distal end of the nerve. On some occasions, Remak also observed several fibres in the same tube, and he imagined that the old fibres could undergo a hypertrophy and consequently a longitudinal division with the formation of two or more fibres.
Thus, the theory of regeneration of Waller gradually gave way to this peripheralist autogenic theory of nervous regeneration. But after all, at that time, the regenerative property of nervous tissue, supposedly common to all soft tissues, could not be excluded from the distal end of the lesioned nerve, especially in young animals, as Schiff commented as a possible explanation of Vulpian’s experiments, and in accord with spontaneous nerve ends union quickly after section, for example in the nerve grafting animal experiments of Flourens and later Paul Bert.
3.5 The theory of regeneration of Louis Ranvier
The observations of nerve degeneration and regeneration by Louis Ranvier (1835–1922) and his theoretical considerations are often forgotten or overlooked. But they are of prime importance as Spanish histologist, Santiago Ramón y Cajal, acknowledged (Barbara, 2007), especially in his book on degeneration and regeneration published in 1913 (Ramón y Cajal, 1914; De Felipe & Jones, 1991, part II). Cajal valued Ranvier’s work and ideas because they provided a very careful examination of the degeneration of lesioned nerves, chronological and semi-quantitative, and also because they paved the way to the modern concept of the “Schwann cell”, an intuition of Ranvier recognised by Cajal as a mark of genius29 (Barbara and Foley, 2022, forthcoming).
In his book, when Ramón y Cajal reviews the general and modern aspects of degeneration and regeneration of nerves, he mentions Waller, Ranvier, Vanlair, Nothafft, Stroebe, Ziegler, in that order, and often omitting Waller about the issues which he had not addressed. Sometimes he refers to the old “theory of Waller and Ranvier” attacked by the “polygenists”, Schiff, Philippeaux, Vulpian, Remak, because the theory of autogenic nerve fibres states that they can grow from different locations, either the nerve cell or the periphery. And Cajal finally points out the role of the memoirs of Belgian physician and anatomist, Constant François Vanlair (1839–1914) (Vanlair, 1882a; Vanlair, 1882b; Vanlair, 1885; Vanlair, 1893a; Vanlair, 1893b), establishing what Cajal refers to as the “modern theory of Ranvier and Vanlair”. Ranvier has indeed been an ardent defender of the theory of Waller at times when it was under strong attacks and almost fully demolished. Thus Ranvier belongs to the group of ancient histologists, but we can also credit him, as Cajal did, for establishing the first modern theory of degeneration and regeneration of nerves.
The systematic observations of Ranvier clearly refuted without any need for further discussion the interpretation by Schiff, Philippeaux-Vulpian and Remak. In his lessons on the nervous system, Ranvier addresses Remak this strong criticism: “[…] Had [Remak] made a single transversal section of the distal [peripheral] stump, from the fourth to the 10th day after section, he would have recognised that the peripheral axis-cylinders are not preserved” (Ranvier, 1878b, p. 45). Ranvier also mentions that he was able to convince Vulpian of his error; and Vulpian published the reasons why he was mistaken, while once again Ranvier could not agree with Vulpian, on the faulty interpretation of his error (Ranvier, 1878a, p. 274–275). The point is that Vulpian wrongly considered the staining of the inner part of the empty tubes of the Schwann sheath as an evidence of the persistence of some elements of the degenerated fibres.
It is impossible to present here all the novel aspects Ranvier brought on the study of degeneration and regeneration related to other publications of his time. Cajal’s review is of great help, among other studies by contemporaries, to evaluate the reception of Ranvier’s discovery and the inception of his novel views. Among other things, Ranvier studied in great detail the morphological alterations of the medial and the distal stumps and described myelin alterations, fragmentation and disorganisation into debris and fatty elongated (ovoid) droplets, among altered pale and granulous fibres. When describing the hypertrophy and multiplication of the Schwann nuclei, Ranvier considered that these phenomena were due to the arrest of an inhibitory trophic action of the nerve fibres which was their common cause30. These phenomena had previously been described, but Ranvier demonstrated that, prior to the multiplication, a single Schwan nucleus correlated with a single internode segment of the sheath of Schwann of a given fibre31. This functional organisation was lost during the multiplication phase and it recovered after regeneration with a distinct internode length taken as an indication of the regenerative process. Ranvier described how the nerve fibres fully disappear in the medial and distal stumps, leaving “cords” made up of granulous protoplasm (cytoplasm of the Schwann cells), while the debris of the altered myelin appear absorbed and cleared out by white blood cells [lymphocytes of Ranvier32] and blood circulation.
Concerning this last point, it is remarkable to note that Ranvier performed a physiological experiment demonstrating this possible mechanism, as a former physiological assistant of Claude Bernard, and an early advocate of experimental histology, based on Magendie33, Bernard and also German histologists (Duchesneau, 2019)34, at the frontiers between physiology and histology (Barbara, 2012, p. 91–108, 2016, 2017). In the line of similar experiments by German physician Friedrich Daniel von Recklinghausen (1833–1910), Ranvier prepared a solution of myelin extracted from the spinal cord of a Guinea pig which he injected into the peritoneal cavity of another animal. When he collected a sample of the liquid from that cavity with a serynge, after few hours, he showed that the “lymphatic cells” contained typical myelin droplets proving their faculty to absorb and clear out myelin in the external milieu (Ranvier, 1878a, p. 300).
In the distal stump only, Ranvier further observed that after multiplication the Schwann nuclei decrease in number while the sheaths of Schwann become thinner and flatten, forming a cavity where new fibres will grow from sproutings coming from the central stump. In this stump, degeneration stops quite rapidly and the nervous fibres are not much altered, becoming thinner and undergoing also a kind of hypertrophy with sometimes the formation of large globular masses, that Cajal later interpreted as large clubs due to the degeneration of lost fibres which did not make their way to the distal stump.
Ramón y Cajal was very aware that almost all observations by Ranvier were relevant to myelinated fibres stained with osmic acid, and in rare cases with carmine. So, most of Ranvier’s studies on the behaviour of new nerve fibres were made after myelinisation. Therefore, as Cajal notes, Ranvier overestimated the delay of reinnervation of the distal stump (almost a month), and Cajal could later see them as early as on the 10th day after section. Nevertheless, Cajal never concealed his admiration for Ranvier who took the greatest advantage of the techniques which he used and further developed35. Ranvier observed a correlation between a Schwann cell and an internode segment and the loss and return of this correlation after degeneration and regeneration, respectively. Moreover, Ranvier argued that regenerating fibres are truly new since the length of their interannular segment differs from that of the old fibres. With these new concepts, Ranvier established cytological norms useful in the follow up of the processes of degeneration and regeneration, which norms were based on the morphological changes of Schwann cells (Barbara, 2007).
Using osmic acid, Ranvier also managed to describe peculiar spiral structures of nerve endings not reaching their target, some fibres of a bundle entering old tubes while others did not, and some fibres from two separate bundles crossing and passing from a bundle to another. But what struck Cajal most was Ranvier’s view of the Schwann nuclei and the Schwann sheath as a cellular unit, when Cajal writes: “Ranvier had an intuition of genius when he put forward the notion of the interannular segment as a vast cellular unit within which are contained the nucleus, myelin, and axon. The modern histologists have confirmed this doctrine in all its essentials” (Barbara and Foley, 2022; Barbara & Boullerne, 2020; De Felipe & Jones, 1991, part II, p. 44).
Finally, Cajal pays tribute to Ranvier for his strategy of “anatomical deduction”, for example when Ranvier hypothesized, as Vanlair and Cajal himself did later, that the new fibres possess an intrinsic property of growth and a property to find their path both randomly and following the “path of least resistance”. Although Cajal rejected this idea, and favored chemical and other mechanical explanations, he chose to attach Ranvier’s explanatory strategy to the chronology and history of alternative theories of chemotactism, neurotropism by Forsmann in 1898 and others, all of them summarized by Martin Heidenhain (1864–1949, Hedeinhain , 1911).
We conclude that Ranvier revolutionised the theory of degeneration and regeneration of nerve following Waller by establishing the foundations of the modern view which further developed at the turn of the 20th C. around the conception of the Schwann cell. One of the many reasons why Ranvier succeeded was that he studied degeneration simultaneously with Waller and had a background on bone and epithelia. He was thus prepared to study the functional implications of several cell types and their mutual interactions, as he was when looking for cells able to clear out myelin fragments among “lymphatic cells, “conjunctive cells”, or “endothelial cells” either normal or modified by inflammation. Ranvier was able to combine his meticulous techniques and precise observations, with the general cellular perspectives of Rudolph Virchow. Ranvier also developed these perspectives in his “general anatomy” which he applied with success to his anatomopathological and histophysiological cellular study of the degeneration and the regeneration of injured nerves.
4 THE THEORY OF REGENERATION OF RAMÓN Y CAJAL AND CONTEMPORARY MOLECULAR PERSPECTIVES
The doctrine of Ranvier is a midpoint between that of Waller and the great synthesis of Ramón y Cajal (1914). In the same way, we may say that the work of Cajal represents, itself, a midpoint between classical histological investigations and the new paths of the modern molecular characterisations of degenerative and regenerative processes.
4.1 Comparison of ancient and modern doctrines on nervous regeneration
When drawing parallels between the doctrines of Waller, Ranvier, Cajal and the recent theory of nerve regeneration, it is necessary to consider three aspects: 1) particular histological observations, 2) general cellular mechanisms (such as sprouting), 3) the cellular and molecular characterisation of cell interactions at stake in degeneration and regeneration. Consequently, any epistemological analysis comprehending the views of Cajal together with modern conceptions can be beneficial on specific and general issues, in order to show filiations but also, in some cases, to reveal the incommensurability of the views from these close, but distinct, paradigms. In the order of the chronology of degenerative and regenerative processes, such issues may be: 1) the alterations of myelin and more generally all the modifications of Schwann cells, 2) the growth and guidance of axons to the periphery, 3) the myelination of new fibres. However, only the first issue will be addressed in this paper.
4.2 Ranvier and Cajal on the early degeneration of Schwann cells and their modifications
From the studies of Ranvier to molecular approaches, through Cajal’s studies and views, we can mention two opposite and intertwined trends. The first is that of collecting extremely precise “details” as Ranvier did, and Cajal and contemporaries even more so. But this whole host of cellular phenomena, apparently independent, were often observed in isolation, often without any glimpse of the causalities between them which gives the wrong impression of fragmented biological mechanisms.
The second trend of molecular biology leads to the discovery of the intracellular signaling pathways engaged in Schwann cells and axons of the central stump. But these studies mainly focus on the early mechanisms of the sprouting of injured axons or on those leading to modified Schwann cells, in a perspective often restricted to one cell type or two, leaving aside the complexity of the environmental milieu, the plasticity of the extracellular matrix, and the diversity of cell types and different functional states of these subtypes, thus forgetting what was praised by the first trend with its own—now out-of-date—techniques. Moreover, this second trend leaves aside not only these aspects considered with a slow dynamic, but also the cell dynamics and the heterogeneity of their behaviours. This is a lack which the first trend obviously highlights but which has also been pointed out only by rare recent studies. For example, one such study demonstrated this type of complexity in modern perspective and with up-to-date techniques, with new specific findings (Rompolas et al., 2012). With this in mind, it appears that the reciprocal evaluation of both trends, with their specific issues, is useful to establish novel forms of concepts relative to nerve degeneration and regeneration and new theoretical aspects.
Evidently, one must start with the critical evaluation of the regeneration concept at the turn of the century by modern views. We find that the fractioning of mechanisms into independent events is clear in Ranvier’s studies when he describes the alterations of myelin, their fragmentation and clearance, quite independently from the multiplication of the Schwann nuclei. In 1913, Cajal also presents these same events quite independently (De Felipe & Jones, 1991, part II, p. 83–84). But he gives the hypothesis of Marinesco, and later his own results, concerning the involvement of Schwann cells in an early phagocytic activity eliminating myelin debris (De Felipe & Jones, 1991, part II, p. 75), whereas Ranvier only observed phagocytic white blood cells. This idea of phagocytic Schwann cells was in the line of Ranvier’s idea of hypertrophied cells of Schwann (nuclei and sheath observed also separately) but with the new idea of an increased assimilating faculty (De Felipe & Jones, 1991, part II, p. 80).
Quite interestingly, Cajal was in this perspective on the way to uniting other events concerning Schwann cells when he interpreted alterations of the Schwann cells as a rejuvenescence, defined as the return to a previous stage (De Felipe & Jones, 1991, part II, p. 80), which Cajal correlated with phagocytic activity and the formation of long chains or “protoplasmic bands”. Therefore, what Cajal is building, between the lines of his descriptions, is the beginning of a unified vision of the modifications of Schwann cells, which required the building of the Schwann cell concept at the turn of 20th century (Barbara & Boullerne, 2020). But the idea of rejuvenescence of Cajal was in accord with the ancient idea that inflammation produces cells to return to a sort of embryonic state36 which Waller, among others, had also defended. For Cajal, the Schwann cell is first injured, then it undergoes rejuvenescence, cell proliferation and a final differentiation, during the formation of the bands of Büngner and the appearance of myelin in Schwann cells. Such cellular perspectives of Cajal were later developed further by his followers, Fernando de Castro on autonomic ganglia after the work of John Newport Langley (de Castro, 2016: Ros-Bernal & de Castro, 2019), Giuseppe Levi (Figure 4) (Grignolio & de Sio, 2009) and Jorge Francisco Tello Muñoz (Martínez-Tello, 2020), before the work of Rita Levi-Montalacini and others (Figure 5).
[image: Figure 4]FIGURE 4 | Reinervation of a sympathetic ganglion after a vagus-sympathetic crossed anastomosis. Regenerated preganglionic fibers invade the ganglion. Adapted from de Castro, 1937; reproduced in de Castro, 2016.
[image: Figure 5]FIGURE 5 | Graft of a piece of the sciatic nerve of a rabbit in the retinal area of the optic nerve. Portion of the sciatic nerve (A); degenerated part of the optic nerve (B); connective tissue of the optic nerve (C); strangulation of the optic nerve produced by the graft (D); new fibers (a); collaterals going backwards (b); connective tissue invading the degenerated optic nerve. (B). Same experiment. Sproutings in the optic nerve (A); portion of the sciatic nerve (B); scar (C); nerve sprouts crossing the scar (D); connective tissue of the optic nerve (a): new neurilemma covering the graft (b); new fiber reaching the graft (c). Adapted from Tello, 1911; reproduced in Martínez-Tello, 2020.
Nowadays, molecular analyses have added new dimensions to the unification of Schwann cell alterations, demonstrating for example that they represent a unique reprogramming process. In 2012, an important article addressed this issue in this way: “To what extent are natural transitions in the state of differentiated [Schwann] cells […] governed by specific transcription factors ?” (Arthur-Farraj et al., 2012). This question is in fact asking whether the phenotypic changes of Schwann cells were due or not to a single biological reprogramming mechanism. In the preceding years, French developmental biologist, Nicole Le Douarain and her group, were able to reprogram Schwann cells experimentally into myofibroblasts or glial-melanocytic precursors (Dupin et al., 2003; Real et al., 2005). And the conclusion of the paper by Arthur-Farraj et al. further showed that Schwann cells of the distal stump of a cut nerve in vivo expressed the transcription factor c-jun which was necessary to induce an array of phenotypic changes. These included the expression of trophic factors and adhesion molecules, the phagocytosis of myelin and degenerated axons, the formation of the bands of Büngner, with the consequence of reprogramming myelinating and non-myelinating Schwann cells by transdifferentiation37 into the states of repair cells and regenerative cells (in the Büngner bands and myelinating cells). This type of discovery clearly established dedifferentiation into states close to glial cell precursors [Arthur-Farraj et al., 2012, (p. 643)], redifferentiation and transdifferentiation programs, implying distinctive sub-classes of Schwann cells, with new functional implications in the modern conception of nerve degeneration and regeneration.
4.3 Perspectives for the current nervous regeneration model
The example of the changes of Schwann cells during degeneration and regeneration demonstrates how the molecular studies of the signaling pathways substantiate ancient views, such as that of “rejuvenescence” which was already considered an active phenomenon. Other examples concerning the degeneration and the regenerative mechanisms of axons or the changes of extracellular matrix and path finding mechanisms may be analysed in the same way with the same epistemological conclusions.
Nevertheless, additional work is needed to reconcile the studies of the turn of the 20th century with modern issues on regeneration in order to explain the diversity of cellular behaviours in the light of basic and general molecular mechanisms which also have a complexity and diversity of their own with redundancy and vicariance38. For example, what molecular events occur in an axon transformed in a large club because it did not reach its target?
Finally, an issue is now raised regarding the common cellular and molecular mechanisms of the reparative regeneration in different tissues (Iismaa et al., 2018). The studies on peripheral nerves presented in the present paper may shed some light on a common regeneration concept. In the same way, a modern common conception may raise new issues on particular reparative regenerations. Such a common concept can be seen as a tool to provide an open perspective bridging together several biological mechanisms involved in regeneration, particularly the occurrence of a short-lived inflammatory reaction inducing cell differentiation reprogramming, transdifferentiation, capillary permeabilization, invasion by blood cells, the formation of a plastic and heterogeneous extracellular matrix, cell proliferations, the involvement of stem cells and progenitors, phenomena of polyploidy, cell migrations up-regulated by the matrix, with retrocontrols of secreted matrix products by migrating cells and cell differentiations and repair.
But there is no doubt that what attracts most of the attention of investigators now concerns the understanding, in the framework of a common modern concept of regeneration, of the blockade phases, as in the central nervous system (Otero, 2018, especially addressing Cajal’s disbelief in the regeneration in the central nervous system), in order to find ways to counter them and induce regeneration in the brain or perfect regeneration as in the case of myocardium, with the ultimate goal of prolonging life.
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FOOTNOTES
1“ [une] substance dure, […] qui se fait de ce qui abonde de l’aliment de l’os rompu, laquelle le tient et l’aglutine, et avec le temps s’endurcit si fort, que l’endroit de telle glutination se trouve plus ferme et plus dur que l’autre partie non rompue. Car comme la colle sert au bois pour le joindre, semblablement le callus sert aux os rompus pour les joindre et agglutiner ensemble”. All translations by the author, (Malgaigne, 1840, book 13th, chapter 3).
2“ [une] chair que la nature aura produite dessus : laquelle étant nouvellement engendrée est molle comme fromage nouvellement coagulé, […] [et] avec le temps elle s’endurcit, et se forme en manière de petits grains de grenade, en laquelle on voit la sanie rougeâtre, polie, égalé, glutineuse, non fétide, et puis blanche”, (Malgaigne, 1840, book16th, chapter 34).
3“ […] d’icelle médulle, et de la propre substance de l’os se fait une résudation crasse et terrestre, dont s’engendre et fait le callus…” (Malgaigne, 1840, book 13th, chapter 29).
4“ […] tissus compacte et celluleux, ainsi qu’à toutes les parties de la surface divisée en général” (Charmeil, 1821, p. 368).
5“ […] ce développement de bourgeons qui se fait sur toutes les parties divisées, qui n'est, proprement dit, que l'extension du parenchyme nutritif, se mettant en rapport avec la gélatine pour passer successivement à l'état cartilagineux, puis osseux, développement fait lui-même du système vasculaire, principe formateur de toute création organique” (Charmeil, 1821, p. 369).
6“[…] quand cette nouvelle substance vient à se raffermir, elle semble changer de nature, elle devient blanche, uniforme, plus ou moins solide, selon les parties qu’elle répare, & elle paroît en quelque sorte informe, si nous la comparons avec la substance des parties qui l’ont fournie”, (Quesnay, 1764, p. 261).
7See for example the polemics in Le Mémorial diplomatique (January 4th 1873, p. 827-828) concerning the publication of the book by J. N. Demarquay, (1874). De la régénération des organes et des tissus en physiologie et en chirurgie. Paris: Baillière, 1874. The review of the book mentions the striking divergence of ideas lasting for centuries on animal regeneration (p. 827).
8Recently, the hypothesis emerged that the history of nerve repair perhaps started during Antiquity. A recently discovered Ottoman surgical manuscript of the 16th century quotes an unknown text of Hippocrates describing the ligature of an injured nerve in a man with a hair (Belen et al., 2009).
9Ochs (1977) quotes an experimental study by Clarke and Bearn revealing such bands on axons using an old 18th century microscope of the type used by Fontana to observe nerve fibers in the distal stump of an injured nerve (Clarke and Bearn, 1972).
10Fontana had made the observation of the scar of a reunited injured nerve filled with “cellular tissue” (Fontana, 1784, p. 180: description of nerve fibers, p. 201–203: note on nerve degeneration).
11Müller’s concern was also due to the use of nitric acid, which he felt unreliable to dissolve surrounding tissues in order to better observe nerve fibers (Müller, 1838, p. 417).
12Other investigators accepted as true some observations of fibrils before 1830. See also Clarke and Bearn (1972).
13“Les auteurs qui ont traité de la régénération des nerfs ont subordonné leur manière de voir sur ce sujet à l'opinion qu’ils s’étaient faite de la dégénération, ce qui montre bien, comme je viens de le dire, que c’est la théorie qui les conduisait, même dans l'observation des phénomènes” (Ranvier, 1878b, p. 42-43).
14“[…] All the debates concerning the reproduction and the regeneration of nerves only focussed on the reproduction of tubes in the scar. All investigators were influenced by what occurs in other tissues, since they only examined the tubes in the scar, with no examination of the peripheral ends. However, the answer to all questions dealing with the reproduction of the nervous substance lies in that part”. Tous les débats qui ont eu lieu par rapport à la reproduction et à la régénération des nerfs, sont seulement sur la reproduction des tuyaux dans la cicatrice. Tous les observateurs, influencés probablement par ce qui se passe dans les autres tissus, se sont bornés à les examiner dans ce lieu, laissant de côté l’examen des bouts périphériques. C’est cependant dans cette partie qu’est la difficulté, c’est là qu’il faut chercher la solution de toutes les questions de reproduction de la substance nerveuse», (Waller, 1852a, p. 4)
15Waller wasn’t entirely fair either when he had an argument with his French master in microscopy, Alfred Donné, whom he accused of neglecting his role when Donné reported his observations of blood circulation in the tongue of the frog prepared in the way of Waller (Donné, A. (1844). Cours de microscopie. Paris: Baillière, p. 108). See also Sykes (2004), p. 27-29.
16When visiting London in 1887, Arnemann was opposed to the publication of the study of Cruikshank and he later told Haighton that his anatomical preparation did not show any new nervous substance (Holmes, 1951, p. 46, 50, 52; Arnemann, 1786; Arnemann, 1787).
17A. Waller chose the model of the tongue of a living frog which was stretched with needles on the microscope stage to study microscopic events. Waller thought the model would allow him to study muscle contraction and nerve degeneration (Waller, 1849a).
18Waller (185), p. 426) writes: “as we ascend towards the brain the disorganization appears to decrease”.
19This letter is the memoir published by Waller in French in Bonn (Germany) (Waller, 1852a). Waller writes: “the results of my experiments showed that the old fibres of a divided nerve never recover their initial function and that the reproduction (regeneration) of the nerve does not only occur in the scar, but reaches the terminals”.
20Waller (1852b), p. 393-394 writes that the new fibres appear as old tubes deprived of their double contours (myelin). But he can get a more accurate description with the use of acetic acid dissolving surrounding tissues showing the nervous mass is rather composed of fibers identical to embryonic ones, pale, with a fine granulated structure and an external membrane with no double contours.
21Waller (1852b), p. 393 writes: “For the functions [of the cut nerve] to be restored in the distal stump, it is necessary that all old nerve fibers are removed and that completely new ones coming from the central stump emerge in that part as well as all the way to the periphery”.
22According to this law, nerve fibres elongate from the nerve cells of the nerve centres to the periphery (Kölliker, 1852). For the law of unilateral growth see p. 22 (Section 2.1. Theorie der Zellenbildung) and for general ideas on the nervous tissue, see p. 68-70 (Section 3. Nervengewebe).
23Original quotation by Waller: “Il est donc démontré qu’un nerf […] étant coupé, ses nouvelles fibres […] se développent du centre à la circonférence, et non de la circonférence au centre. Je crois qu’il serait superflu d’examiner la question [de savoir] si les fibres de l’adulte ou du jeune animal se développent de la même manière que sur l’embryon, car il est impossible d’admettre que la nature procède autrement dans un cas que [sic] (comme) dans l’autre” (1852c, p. 676-677).
24See the clinic observations of Sir James Paget (1814-1899) from the 1850s on (Paget, 1863, p. 282; Ochs, 1977, p. 270). Paget uses the expressions of “immediate union” and the “primary adhesion” of nerves.
25In his lessons, Ranvier extends this list to additional authors quoted in this order: Bruch, Lent, Hjelt, Eulenburg et Landois, Schiff, Philippeaux & Vulpian, Neumann, Erb, Hertz, Laveran, Cossy & Dejérine, Engelmann (Ranvier, 1878a, p. 273). For additional information on Jean-Marie Philippeaux, see Bange and Bange (2010).
26The Naturmuseum Senckenberg in Frankfurt (Feinsode, 2011).
27Schiff writes originally: “[…] dans quelques cas, où le galvanisme a révélé à M. Waller le retour des fonctions [du nerf coupé], il a vu, en effet, de véritables fibres régénérées; mais il n’y a pas porté son attention comme il était trop préoccupé de ses prétendues fibres embryonnaires” (Schiff, 1854, p. 451).
28Schiff quotes the observations by Sir James Paget (Schiff, 1854, p. 449).
29It took Ramón y Cajal several years before he admitted Ranvier’s ideas on the Schwann cell and its role in the production of myelin (Barbara & Boullerne, 2020; De Felipe & Jones, 1991, part II, p. 44).
30These morphological elements were not yet considered to be large cellular entities since they occurred as nuclei only covered by a thin layer of protoplasm according to Ranvier.
31An internode segment occured bewteen two nodes, two concepts developed by Ranvier (Barbara, 2005).
32Ranvier’s “cellules lymphatiques”.
33For example, Magendie’s observations of red blood cells which he recommended not to do in water.
34The cell physiology of Brücke, Schultze and Kölliker as studied by François Duchesneau. See for example, Duchesneau (2019).
35Cajal wrote: “It is only to the talent of such men as Waller and Ranvier that has been able to supply the methodological deficiencies which have led astray many modern histologists of no mean capacity” (De Felipe & Jones, 1991, p. 16).
36According to J.N. Demarquay, “a law prevails in all the pathological physiology of inflammation […] This law states that inflammation results in the return of adult cells to an embryonic state ; without this transformation, (cell) proliferation cannot occur” ; “une loi domine toute la physiologie pathologique de l'inflammation[…] Cette loi est la suivante: L’inflammation fait repasser la cellule adulte à l'état embryonnaire ; sans cette modification, aucune prolifération ne peut se produire» (Demarquay, 1874), p. 74.
37Transdifferentiation is a dedifferentiation and redifferentiation of a cell to a differentiated state which differs from the initial one.
38When a signaling pathway is induced in different cellular subtypes with sometimes different outcomes.
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The advent of marine stations in the last quarter of the 19th Century has given biologists the possibility of observing and experimenting upon myriad marine organisms. Among them, cephalopod mollusks have attracted great attention from the onset, thanks to their remarkable adaptability to captivity and a great number of biologically unique features including a sophisticate behavioral repertoire, remarkable body patterning capacities under direct neural control and the complexity of nervous system rivalling vertebrates. Surprisingly, the capacity to regenerate tissues and complex structures, such as appendages, albeit been known for centuries, has been understudied over the decades. Here, we will first review the limited in number, but fundamental studies on the subject published between 1920 and 1970 and discuss what they added to our knowledge of regeneration as a biological phenomenon. We will also speculate on how these relate to their epistemic and disciplinary context, setting the base for the study of regeneration in the taxon. We will then frame the peripherality of cephalopods in regeneration studies in relation with their experimental accessibility, and in comparison, with established models, either simpler (such as planarians), or more promising in terms of translation (urodeles). Last, we will explore the potential and growing relevance of cephalopods as prospective models of regeneration today, in the light of the novel opportunities provided by technological and methodological advances, to reconsider old problems and explore new ones. The recent development of cutting-edge technologies made available for cephalopods, like genome editing, is allowing for a number of important findings and opening the way toward new promising avenues. The contribution offered by cephalopods will increase our knowledge on regenerative mechanisms through cross-species comparison and will lead to a better understanding of the complex cellular and molecular machinery involved, shedding a light on the common pathways but also on the novel strategies different taxa evolved to promote regeneration of tissues and organs. Through the dialogue between biological/experimental and historical/contextual perspectives, this article will stimulate a discussion around the changing relations between availability of animal models and their specificity, technical and methodological developments and scientific trends in contemporary biology and medicine.
Keywords: history of science, invertebrates, octopus, regeneration, cellular and molecular pathways, arm, hectocotylus, pallial nerve
INTRODUCTION
The history of the observations of regeneration in cephalopods is centuries-long. The iconographic record suggests that the encounter with octopuses (especially) with damaged arms at different stages of regrowth was not exceptional (see for example Figure 4 in Nakajima et al., 2018). Nevertheless, the first published observations about cephalopod arms regeneration date back to the mid-XIX Century (Vérany, 1851; Vérany and Vogt, 1852; Steenstrup, 1856a), and, even then, only in connection with a specific natural-historical problem: the distinction between sexes.
The first experimental study on cephalopod regeneration (Lange, 1920) only appeared about 60 years later, when marine stations made the wealth of marine life-forms accessible to zoologists and comparative physiologists.
In the following century, both regeneration and cephalopods became objects of intense experimental work. Yet, despite repeated confirmation of cephalopod regenerative capacities, their employment in this field remained scant (for a review see Imperadore and Fiorito, 2018). Indeed, one does not need all the fingers of both hands to count them all. Moreover, they are either one-off studies within a larger comparative framework, or the results of occasional observations, or, finally, largely unsuccessful attempts at starting a sustained research endeavour (until the very present, at least). In this connection, it is perhaps worth mentioning that the four most complete and in-depth studies of regeneration in cephalopods in the XX Century are doctoral dissertations (Lange, 1920; Féral, 1977; Imperadore, 2017; Baldascino, 2019).
This article addresses this very question: how is it that, despite the growing popularity and availability of cephalopods in the laboratory and the intriguing examples of regeneration they offer, they have remained so irreducibly peripheral to this field of research?
We will approach the problem through an analysis of the earlier works, their contextualisation within the experimental cultures within which they were born, and their specific framing in the changing epistemic focuses on regeneration as a phenomenon, a research field, and a biomedical problem.
EARLY EXPERIMENTAL STUDIES
The hectocotylus—A natural-historical prologue
In 1856, the Danish naturalist Johannes Japetus Smith Steenstrup, published, in the Memoires of the Royal Academy of Sciences and Letters of Denmark, a detailed study of an “essential deviation from the symmetrical structure” in the octopods Argonauta argo and Tremoctopus violaceus (Steenstrup, 1856a). The identified structure went by the arcane name of “Hectocotylus” (hundred-fold tube) and, since its first description by Stefano Delle Chiaje (who had christened it Trichocephalus acetabularis, “hair-sized head with suckers”, Delle Chiaje, 1825: p. 225ff), it had undergone several changes of identity. Delle Chiaje (1825) and Cuvier (1829) described it as a parasitic worm, endowed with great liveliness and motility, as well as a staggering resemblance to an octopod arm. To the zoologist Rudolf Kölliker and his colleague, the comparative anatomist Carl von Siebold, the hectocotylus was instead the (never observed before) male form of three octopus species (Argonauta, Tremoctopus and Eledone rugosa), on account of its complex internal structure (Kölliker, 1846; Kölliker, 1849);. In advancing this hypothesis, they both relied on personal examinations on Tremoctopus specimens and on some earlier observations by the French zoologist Jeannette Villepreux-Power on argonauts (Villepreux-Powers, 1837). Although Siebold was confident enough to include this explanation in his influential manual of comparative anatomy (Siebold, 1848: p. 363ff), his optimism was to prove hasty: soon after, the Würzburg anatomist Heinrich Müller, and the Italian amateur naturalist Jean-Baptiste Vérany, through a series of well-aimed (and lucky) observations, put the matter to rest. Vérany had indeed engaged in a census of the marine species of the Mediterranean coast since the early 1830s. Between 1847 and 1851, he condensed the results in the first part of his Mollusques Méditerraneens, devoted to cephalopods (Vérany, 1851). The last entry of this census was on the Hectocotylus (p. 126), and contained an abridged history of the controversy, followed by his suggested solution: the Hectocotylus octopodis, proposed by Cuvier, was nothing else than the deciduous, regenerating sexual arm of the octopus, while this was not the case for Argonauta and Tremoctopus (Figure 1). However, in 1851, a short note by Müller announced the identification of male Argonauta, described as much smaller in size than female specimens, and the recognition of Hectocotylus argonautae as part of the animal (Müller, 1851). Thus, the nature of the hectocotylus as detachable sexual arm was confirmed for argonauts and, by inference, for T. violaceus, the male of which was still unknown.
[image: Figure 1]FIGURE 1 | Hectocotyli of cephalopods. 1-5. Octopus vulgaris; 6-11. Argonauta argo; 12-14. Tremoctopus violaceus (Vérany, 1851, table 41. Out of copyright).
The following year, Vérany and the Swiss zoologist Carl Vogt, published a lengthy account of the anatomy and behaviour of the hectocotylus (Vérany and Vogt, 1852), based on the observation of living animals and of the fresh specimens obtained from anglers in Nice and Genoa. Most of these studies were on O. carenae Vérany, 1839 (accepted name Ocythoe tuberculata Rafinesque, 1814), which lent itself especially well to in vivo anatomical examination due to the transparency of its tissues, allowing observation of the structure of the hectocotylus as part of the living animal (Vérany and Vogt, 1852: p. 176). Through regular visits to the fish markets the two were also able to secure a few specimens of argonauts and T. violaceus, for comparison, but could not find any males and thus relied on personal communication by Müller on the argonaut, and analogical reasoning for the other species. In 1853, also Müller completed his study, which found place in Kölliker and Siebold’s Zeitschrift für Wissenschaftliche Zoologie (Müller, 1853).
The three scholars finally put order in the puzzling series of observations and interpretations of the previous decades providing a thorough description of the main features of the organ, including the constancy and species-specificity of its position, the greater ease with which it could be removed from its basis, as opposed to the other arms (Vérany and Vogt, 1852: p. 155) and the persisting liveliness of the separated hectocotyli. These last two characteristics found an explanation (at least in the case of the argonauts) in the special challenges posed by copulation in species with such a remarkable sexual dimorphism. Both works also proposed speculations about the regeneration potential of the hectocotyli, by implication from the “well known fact” (Vérany, 1851) that it was difficult to find any living octopod without at least one regenerating arm.
These conclusions had immediate diffusion among naturalists, through translations (Henfrey and Huxley, 1853) and textbook summaries (Owen, 1855: p. 630-632).
Steenstrup’s 1856 contribution (Steenstrup, 1856a; Steenstrup, 1856b; Steenstrup, 1857) added an argument for the taxonomic relevance of this “essential deviation from the symmetrical structure” (Steenstrup, 1857: p. 79), due to its species- and sex-specific location, and its (now undeniable) role in the reproduction of the animal.
As to the phenomenon of regeneration, Steenstrup emphasised its specificity to octopoda, which “possess this power in the highest degree”. “All the Decapoda”, on the contrary, “[appeared] to be incapable of replacing accidental injuries of the arms, or the loss of parts of them, by a new growth” (Steenstrup, 1857: p. 107). This was to prove a long-standing myth in the field of cephalopod regeneration studies, despite the numerous testimonies to the contrary (for a review see Imperadore and Fiorito, 2018).
In the natural-historical debate sketched here, regeneration of cephalopod appendages emerges as a peripheral, but important element in the characterisation of taxa, structures and modes of life, in close relation with sexual dimorphism, as well as sexual and “defensive” autotomy (on the categorisation of autotomy, cf. Stasek, 1967). Steenstrup, like Vérany, Vogt and Müller, put on the scientific record the fact of arm regeneration in cephalopods, which before was a matter of common experience.
He also added a remark, as an agenda for future investigators:
“I must content myself with having pointed out generally all the formations and agreements here described, and leaving it to those who possess richer materials, and especially to naturalists living on the sea-coasts, particularly that of the Mediterranean, who are fortunate enough to observe these animals daily in a state of nature, to carry out the comparison in all its details” (Steenstrup, 1857: p. 106).
Such a plea came from an authority in natural history, with three museums at his disposal (Steenstrup, 1857, note *: p. 83). Similarly, Vérany’s research critically depended on his institutional position, with all the connections it entailed, and the informal knowledge they contributed. Finally, the meaning of Müller’s decisive input (the observation of sex-specific traits in the argonaut male) had emerged against the backdrop of a close interaction between the locally-connected Vérany and the German colleagues.
The octopus in a box—Marine stations, regeneration and cephalopods
Only 3 years after Steenstrup’s plea, the first European marine station was founded, at Concarneau (in 1859), on the Atlantic coast of France (Caullery, 1950). By 1900, there were more than sixty stations throughout the world (Dayrat, 2016), arguably an ideal infrastructure for pursuing Steenstrup’s programme. By the end of the XIX century, however, Steenstrup’s comparative-morphological approach had been superseded by a decidedly experimental one, with marine stations such as those of Naples (Italy) and Woods Hole (United States) playing a central role in the shift (Allen, 1975). On the one hand, regeneration became ever more firmly entrenched in a developmental framework, which entailed a focus on general “molecular” mechanisms (in animals, plants, and even crystals. Cf. Morgan, 1901) and a preference for simpler models, like the sea urchin embryo or the starfish, in addition to the traditional ones (e.g. salamanders and hydras; cf. Churchill, 1991). On the other hand, seashore laboratories contributed to the growing popularity of cephalopods mostly as physiological models, thanks to a level of organisation comparable to that of vertebrates (especially the closed circulatory system, unique among invertebrates, the complex nervous system, etc. Cf. Steiner, 1898), their tolerance to surgery and the remarkable viability of the explanted organs (Grimpe, 1928). In 1909, Bauer announced that “inkfish, and especially octopodes [were] about to rival frogs and rabbits” as physiological models (Bauer, 1909: p. 150). Just 2 years before, in his review of regeneration in the animal kingdom, Hans Przibram had remarked that knowledge of regeneration in cephalopods was limited to observational evidence, mentioning only Riggenbach’s, 1901 work on autotomy in O. defilippii (accepted name Macrotritopus defilippi Vérany, 1851) (Riggenbach, 1901) as the only experience with a bearing on the problem, under controlled conditions (Przibram, 1909: p. 130). It would indeed take the best part of a decade for a young scholar, by the name of Mathilde Margarethe Lange to devise the first systematic investigation of cephalopod regeneration in “standardised” conditions.
Lange was especially qualified for the task. Since 1910, she had read Zoology at Leipzig, Freiburg i. B, and Jena, attending the courses of the teuthologists Carl Chun (her first doctoral advisor), and Georg Grimpe. At Zurich, where she moved in 1917, she was supervised by Karl Hescheler, and attended the lectures of Adolf Naef, the authority in cephalopod systematics.
Lange experimented on live O. vulgaris, Eledone moschata and Sepia officinalis, at the Naples Zoological Station (in 1914), and the Musée Océanographique of Monaco (in 1915), providing macro- and microscopical description of all the stages of the process (cicatrisation, de- and regeneration), drawing comparisons between regeneration and embryonic development in cephalopods, and with the current results in invertebrates and vertebrates.
Cytological investigation yielded challenging results, especially as regarded the crucial mechanism of blastema formation. Since the 1880s, several competing theories of blastema formation had been proposed (Liversage, 1991). The prevailing one, named “epimorphosis” by Morgan (1901), had it derive from the dedifferentiation of neurones and muscle cells. These de-differentiated cells constituted the initial mass of the blastema, divided mitotically and re-differentiated returning to their original identity. What Lange observed in the octopus was instead a “double blastema”, as she named it. The “primary blastema” appeared to derive from the leucocytes carried by the blood vessels to the site of injury, where they phagocytised the cellular debris and formed the protective scar by agglutination (as cephalopod blood does not contain fibrin). After the regenerating skin had covered the site, the leucocytes appeared to transform, perhaps directly, into fibrocytes, the units of connective tissue. Lange’s “secondary blastema” (what we would today regard as the proper one) only began to appear after two or more days, displacing the primary without mixing with it.
Hescheler, Lange’s supervisor, was especially critical of her hypothesis of a direct transformation of one cellular type into another, as he made clear in his assessment of the dissertation1. The US zoologist, however, was unshaken by this opposition and concluded that the dermal connective constituted an exception to the accepted view that like tissues derive from like precursors.
As the differentiation process was concerned, Lange remarked how it was directly dependent on the contact with the regrowing tip of central axons, thus confirming the regulative role of nerves in regeneration, another hotly debated topic at the time (cf. Reiß, 2022).
By the time her dissertation appeared on the Journal of Experimental Zoology, Lange had moved back for good to the United States, where she made a career as Professor of Biology at Wheaton College (a women’s college in Massachusetts. McCoy, 2016, 139ff). She returned to Naples only once (November 1927-May 1928, at the American Women’s Table), to pursue further research on cephalopods, but no information is available either at the Zoological Station Archive, nor at Wheaton College about the activities she conducted during this visit2.
Surely, her first, ground-breaking stint had left open fronts. She had not followed the regeneration of suckers, passingly mentioned that of the eye lens, and only just raised the possibility of a different regeneration mechanism for the tip of the arm, where she had observed a permanent reservoir of undifferentiated embryonic cells. Finally, she had not really pursued a comparison between octopods and decapods, despite the general title of her dissertation (referring to the “arms of cephalopods”). Cuttlefish, Lange admitted, had proven too difficult to keep long enough. Nevertheless, she reported two intriguing cases of “compensatory regulation”, shown to her by Adolf Naef at Naples.
By the time Lange visited Naples for the first time, the Swiss zoologist Adolf Naef (1883-1949) was already well-known in the Station’s community, where he had been working since 1910 on a monograph on cephalopods for the series Fauna und Flora des Golfes von Neapel.
To Naef, the comparative study of the anatomy and embryology of a whole class afforded the possibility of an epistemological and methodological reassessment of morphological science, against two extremes: Haeckel’s phylogenetic morphology, with its emphasis on the recapitulation of developmental stages, and the excessive centrality of the phenotype and proximal causes preached by developmental mechanics (cf. Breidbach, 2003; Rieppel et al., 2013).
The debate between these two opposite positions had developed around the proper method for identifying homologies among organisms, and the very use of homology as a criterion in classification (cf. Laubichler, 2000). Since the early 1900s, the phenomenon of regeneration had taken centre stage in this debate. In a 1902 experiment, Hans Spemann and Hilde Mangold had extirpated the eye lens of a salamander embryo, and watched it regenerate completely, but from a different layer of tissue than its original precursor. This result disproved Haeckel’s theory of the Gastraea, a gastrula-like common progenitor of all animal forms (cf. Hoßfeld and Olsson, 2005). To Spemann, it also had wider consequences. If, as he argued in a later theoretical paper (Spemann, 1915), the regenerated lens had to be considered homologous to the extirpated one, then the very concept of homology had to be revised, and risked to lose most of its meaning. The problem was not only of explanatory frameworks, but also of methodology and approach: once accepted that ectopic regeneration was not an aberration, but true regeneration, then the proper way of elucidating the links between phylogeny and development was the study of the local conditions and mechanical processes that determined the phenomenon. This represented a complete reversal of Haeckel’s view on the relations between phylogeny and ontogeny, in which the latter became the basis for explaining the former. In methodological terms, this entailed the superiority of the experimental analysis of the mechanisms of development, over the systematic comparison of developmental stages.
Naef took an intermediate stand. On the one hand, he acknowledged the importance of Entwicklungsmechanik to morphology, and the criticism of Haeckel’s dogmatism. On the other hand, he found Spemann’s devaluation of homology too rush a conclusion to be drawn from a single experiment. To Naef, only a critical combination of all three approaches (comparative anatomy, plus descriptive and experimental embryology) could conclusively tell if regenerates of the kind observed by Spemann and Mangold were actually aberrations, or true homologies. The class Cephalopoda was of the right size for such an endeavour: large enough to allow empirical definition of homologies, but also small enough to be worked out by a single researcher, on the basis of a well-defined epistemic strategy. Comparative study of cephalopods held promise of yielding general concept of “type” and “typical stages” of development, based on the comparison between adult forms, to which he devoted the first volume of his work (Naef, 1972 [1921-1923]), and of developmental series of the greatest possible number of species (object of the second volume. Naef, 2000 [1928]: p. 342). Naef (1972) [1921-1923] Naef framed the phenomenon of regeneration as one element of a complex epistemological edifice, with the purpose of assessing the proper hierarchy of the different perspectives on morphology. To him, a science of form could only be founded on a comparative outlook, and the generalisation of results from single experiments, was misleading (Naef, 2000 [1928]: p. 342). Far from having consigned the problem of homology to the dustbin of history, experimental embryologists had to accept that an appropriate grasp on developmental mechanisms rested on a proper assessment of the relation between local, mechanical forces and typical, inherited developmental mechanisms (Naef, 2000 [1928]: p. 343). The brief experimental coda, attached to his great systematic effort, was meant to show just how this could be done.
In the succinct section two of the second volume (On Disturbed and Abnormal Morphogenesis and Its Relation to Normal Development), Naef built the case for cephalopods as a unifying model for morphology, by providing some hints on their proper use in the laboratory. The section opened with regeneration of the outer organs, followed by two parts on abnormal development (naturally occurring and experimentally induced). Naef noted the ubiquity of regeneration within the class (including, most clearly, arms and tentacles of decapods), the relative ease of obtaining it experimentally (Naef, 2000 [1928]: p. 343), and the possibility of contrasting several species-specific patterns of regeneration. He mentioned autotomy in O. defilippii (M. defilippi), as well as the interesting case of the loss of one dorsal arm in the argonaut, in which the remaining arm takes over the function of generation and repair of the shell. As Steenstrup had done before, Naef also warned of the possible misleading effect of arm regeneration on the identification of freshly caught specimens (p. 344).
If Naef’s coverage of regeneration in octopods was an orderly summary of the state of knowledge, the part on decapods offered new, first-hand observations, which he thought had potential for opening a few fronts of research. He noted that, apart from arms and tentacles, also small parts of the fin, arm membranes, eyelids and mantle regenerated easily, and that the phenomenon was easily controllable in the laboratory. Abnormal regenerates (heteromorphoses) were also often encountered in decapods, and in this connection Naef provided a lengthy description of the two extraordinary specimens mentioned by Lange in 1920. Probably because of the special position of the injuries, very close to the base of the arm, and to the buccal lappets, both specimens presented some mechanism of compensation (the “compensatory regulation” mentioned by Lange): the injured arms had not regrown, but in their stead, the corresponding buccal lappets had grown, slightly changed their position, fused with the injured stumps and started to develop suckers. The result was an intermediate condition between prehensile and buccal arms, confirmed by histological examination of their muscular connections. To Naef, the value of these exceptional instances was epistemic, in the first place. Sound knowledge of “the animal studied or developmental stage in all its details and […] multiple relationships with other members of the greater framework of order” (Naef, 2000 [1928]: p. 343), of the kind his monumental work had provided, allowed to determine whether these were cases of atavistic regeneration, or the expression of a “normally existing tendency” (p. 346). A firm experimental science of the mechanisms of adaptation, therefore, was critically dependent on the distinction between typical and atypical phenomena, which could only be rooted in comparison.
Naef intended to publish a more detailed study on the two cuttlefish specimens, but this promise, to the best of our knowledge, remained unfulfilled. He was never to see the Naples Station again, after his last 10-month visit in 1926 to complete the volume, and never to return to cephalopods (cf. Boletzky, 1999; Rieppel et al., 2013).
In their diversity, Lange and Naef’s takes on cephalopods as models for regeneration studies nicely complement each other. The former broke the ground for an experimental study and mechanistic interpretation of appendage regeneration in a so-far neglected animal class. The latter tried to reconcile two apparently opposing epistemic stands, by fashioning cephalopods as research models allowing the convergence of the comparative-anatomical and experimental-physiological approaches to morphology. Yet, both conspicuously failed to make any impact on contemporary regeneration research.
Lange’s dissertation was published in 1920, in the Journal of Experimental Zoology, which counted among its editors the US authorities on regeneration: Ross G. Harrison, Jacques Loeb, and Thomas H. Morgan. None of them seemed to take notice, however, for their way of framing regeneration was different. Although all of them researched on a variety of organisms, they did so mostly on account of the experimental advantages these offered towards a general physico-chemical, or at least mechanistic interpretation, rather than in a traditional comparative spirit. As Loeb put it in 1924, “We are already in possession of a number of enigmatic though often interesting observations on regeneration”, relic of a “stage of blind empiricism”, which made it difficult to discern whether one was getting lost in “a jungle of futile experiments”. What was needed, instead, were models amenable to precise quantitative work (Loeb, 1924: vi-vii), or well-chosen examples of generalizable mechanisms (Cf. Maienschein, 1991; Maienschein, 2010, on Harrison; Sunderland, 2010 on Morgan). The comparative approach loosely informing Lange’s study, and the interesting peculiarities she highlighted, were not what the US-American masters of the field cherished most. Nor did their European counterparts, reared in the same experimental-embryological tradition (cf. Barfurth, 1923; Przibram, 1926).
The fate of Naef’s synthesis is more nuanced. His Fauna und Flora monograph was saluted upon appearance as “the Bible of Theutologists” (Boletzky, 1999), and his epistemological stance was taken seriously and developed by a number of German-speaking scholars (from Adolf Portmann to Willi Henning), eventually constituting one pillar of the cladistics approach in the 1950s (Williams and Ebach, 2008). Yet, his ecumenical program for comparative and experimental embryology, centred on cephalopod regeneration, went completely unnoticed, as it fell in-between different audiences. On the side of systematics, the rise of the Evolutionary Synthesis, between the 1930s and the 1950s (Huxley, 1942), marked a disciplinary shift, consolidating around a nexus between the genetic, palaeontological and populational approaches, at the expense of the developmental. Despite occasional attempts of “translation” and introduction to Anglophone audiences (e.g. Zangerl, 1948), systematic morphology was actively side lined by the leaders of the Synthesis as a rear-guard approach (cf. Williams and Ebach, 2008: p. 62-63): Naef’s works were only translated into English from the 1970s (Naef, 1972 [1921-1923]).
As for the morphological disciplines of comparative anatomy and developmental mechanics, Naef’s call to collaboration, and his idea of cephalopod regeneration as a common field, also fell on sterile ground, because of the diverging paths of regeneration research, on the one side, and the perception of cephalopods as models, on the other side. On both shores of the Atlantic, regeneration was more than ever entrenched in an embryological framework, encompassing explanatory paradigms, methodology and the whole organisation of experimental systems, including animal models. Already before Mangold and Spemann’s spectacular demonstration of the “organiser effect” (Churchill, 1991: p. 116), and even more so after it (and Spemann’s 1935 Nobel Prize), the experimental object of choice for regeneration research were amphibians, especially urodeles. Apart from their very long association with regeneration since Spallanzani, salamanders and other germane species represented the perfect point of encounter between many different takes on regeneration. They afforded observation of normal and disturbed development at three different stages (embryo, larva, adult), and comparison among different species, which were not overly difficult to rear in captivity. Finally, and crucially, it was on such models that the practices of homo- and heteroplastic transplantation had been developed and perfected (what Reiß, 2022 calls “the practices of the cut and paste”). Cephalopods, on the contrary, raised many difficulties of management and interpretation. They were much harder to breed in captivity; their developmental stages were not as uniform and well understood as those of amphibians (Young and Harman, 1988), their taxonomy was constantly under revision, and even their age was extremely difficult to assess. Finally, such extreme experimental procedures were not possible, either because the animals were not resistant enough (this is the case for cuttlefish), or because those that were, like the octopus, presented peculiar problems: their arms could reach any part of the body, and boycott the recovery process (Boycott et al., 1965). A basic approach like Lange’s, or even the more refined one, only sketched by Naef, could not compete at the same level with Spemann’s experimental system. Moreover, the times of intense discussion of the evolutionary origin of the regeneration capacity (c.f. Goss, 1992) were long gone. Proximal causes and environmental influences were the name of the new game, and wide comparison across classes was a luxury that, perhaps, only a few, well equipped marine stations (like those of Naples or Woods Hole) could offer. Even there, knowledge of the material and methods for long term, comparative studies of regeneration were limited to a narrow circle of connoisseurs.
This is not to say that cephalopods had not consolidated their position as laboratory animals, on the contrary. A curious work, published in 1928 by Georg Grimpe, testifies to the growing demand of cephalopods as physiological and zoological models. A chapter of Emil Abderhalden’s encyclopaedic “Handbook of biological work-methods” (Handbuch der biologischen Arbeitsmethoden 1911-1939. Cf. Grote, 2018; De Sio et al., 2020, suppl. mat.) bore the title Pflege, Behandlung und Zucht der Cephalopoden für Zoologische und Physiologische Zwecke (“Care, Treatment and Rearing of Cephalopods for Zoological and Physiological Purposes”). What is revealing of this highly technical precis on methods and techniques is its focus on the demands of inland research aquaria—a sign of the growing fame of these “marine Guinea-pigs”, as he called them (Grimpe, 1928). Pupil and successor of Chun, Grimpe was a frequent guest of the Naples station and of many others, and could rely on the wisdom of the greatest teuthologists of the time. In fact, a great share of the technical information conveyed by Grimpe came from personal experience, or personal communication, but the overall picture he painted was one of great progress, especially in prolonging the survival of both captive octopods and decapods. Significantly, the concluding section (Grimpe, 1928: pp. 388-402), was devoted to the rearing of animals from the egg, a feat that had been tried with varying success since the 1880s (c.f. Joubin, 1888; Gravely, 1908; Drew, 1911) and to which Naef (1928) had attached a great importance as a means for turning cephalopods into the connecting link between systematic and experimental approaches. Although the rearing techniques for cephalopods (especially octopods) were nowhere near the level of development necessary for competing with amphibians or echinoderms in embryological studies, Grimpe’s summary conveyed the hope that, with a wider, planned effort, the difficulties could be overcome. In this voluminous chapter (mostly focussed on the common Mediterranean species), however, regeneration appears only marginally, and mostly in connection with the care of the animals. Lange’s procedures are duly described, and there is mention of regeneration of the eye lens, as well as of autotomy in O. defilippii (M. defilippi), but no treatment of regeneration experiments is provided, comparable to the much-better developed descriptions of physiological and psychological experimental systems. Moreover, Grimpe fell victim to the same misinterpretation of decapod regeneration as Lange. Although he gratefully listed Naef among his confidential sources, Grimpe (1928) bluntly stated that “no reliable proof of a natural regeneration has yet been adduced”, and, therefore “that Sepia, and even the more so the other decapods, are not suitable for experiments of this kind”.
The public Grimpe addressed had mostly other uses for cephalopods in its mind. Throughout the first half of the XX Century (Ponte et al., 2013) the greatest use of such animal models was in the field of neurophysiology, especially by means of chemical and electrical stimulation. Indeed, Grimpe reproduced almost the same list of experimental advantages as that proposed almost 20 years before by Bauer (see above). From the late 1920s, a new, productive front of investigation was opened, on the physiology, pharmacology and biochemistry of hormones and neurotransmitters (Bacq and Mazza, 1935; Erspamer and Boretti, 1951; Axelrod and Saavedra, 1977). Moreover, two pioneering experiences, by the Dutch animal psychologists Johannes A. Bierens de Haan and Frederik J. J. Buytendijk (academically “born” a physiologist) inaugurated the experimental study of octopus behaviour and of its neural underpinnings, a field that was to witness a great expansion after World War II (Bierens de Haan, 1926; Buytendijk, 1933).
The 1930s
The Cajalian octopus
What, then, happened to regeneration research on cephalopods? Not much: in the roughly two decades following Lange’s publication, only three experimental works touching upon the issue appeared, with very little echo in the wider field (Sereni and Young, 1932; May, 1933; Callan, 1940). Out of the three, only May (1933) openly declared a link to Lange. Raoul Michel May had gained a PhD in Zoology at Harvard in 1924 with Samuel Detwiler, before moving to Paris, at the Laboratoire d’Évolution des Êtres Organisés (Ramón y Cajal et al., 1991). That same year, or in 1925, May spent some time in Santiago Ramon y Cajal’s laboratory in Madrid. As a consequence, he undertook the translation of Degeneración y Regeneración de los Nervios and Degeneración y Regeneración de los Centros Nerviosos (Ramón y Cajal, 1913; Ramón y Cajal, 1914), and started engaging experimentally with Cajal’s neurotropic hypothesis in which the Spaniard postulated the release of a chemical signal, emitted by the correlated sensory organ or the degenerating distal nerve stump, in order to account for the capacity of the regenerating peripheral axons of finding its regular path despite occasional detours. May (1925) first chose the catfish barbels as a test ground for the hypothesis, but the results obtained went in the opposite direction: it was the presence of the nerve that triggered the regeneration of the sensory organ. Between 1932 and 1933, he visited the Zoological Station of Salammbô (in the Regence de Tunis, a French protectorate at the time), where he seized the chance to try similar experiments on the suckers of O. vulgaris (May, 1933), which Lange had not followed in detail. Working on 11 specimens, May observed regeneration of the suckers after about 1 month and a half from the amputation of the arm. Histological inspection provided conclusive (and beautifully illustrated) anatomical evidence that the new suckers regenerate “absolument vierges d’innervation” in the epithelium and in the muscle. “We can count the cephalopod suckers”, he concluded, “among the organs that, functioning as guide and centre of attraction in the neurogenesis of their axon terminals (which do not seem to have a pre-established growth path), lend support to Cajal’s neurotropic theory” (May, 1933: p. 14, our translation). The octopus, it seems, was a fully Cajalian animal, much more so than the catfish, at any rate. The limited purchase of this study, and its publication in a rather obscure journal (the Annales of the Salammbô Station) conjured in keeping it unrecognized. Despite May’s effort, the neurotropic hypothesis had to wait about a decade for its final vindication: at the time, it was openly discarded by the authorities in the field (cf. Sereni and Young, 1932; Young, 1942; Weiss, 1944; Brauckmann, 2004).
Among the works taking a clear stance against neurotropism in axon regeneration, one (Sereni and Young, 1932) is of special interest here, as it was a study of cephalopod de- and regeneration. It stemmed from a collaboration, started in 1928, between Enrico Sereni, then head of the Physiological Laboratory of the Naples Zoological Station, and the British zoologist John Zachary Young. The latter had come to Naples in September 1928, to study the anatomy of the sympathetic nerves of fish. The encounter with Sereni changed his life: he chose to remain for a full year (instead of the 3 months originally planned), returned for eight more months between 1930 and 1931, and devoted the rest of his career to cephalopods.
Since 1925, Sereni had started a systematic study of the physiology of nerves, glands and chromatophores of cephalopods, and had succeeded in transferring to these molluscs some of the techniques developed on vertebrates (Sereni, 1929a; De Leo, 2008). His collaboration with Young, on the physiology and histology of the mantle connective (now pallial nerve), the stellate ganglion and the stellar nerves (see Figure 2 for details), was aimed at gaining a more precise functional topology of the nervous system of cephalopods. They did it by following regeneration after section or crushing of the nerves. The two published short communications on degeneration of the mantle connective already in 1929 (Sereni, 1929b; Young, 1929), and kept working on it until Sereni’s untimely death (De Leo, 2008). The task of completing the manuscript fell on Young only, who had unrestricted access to the histological material, as well as to Sereni’s notes (Sereni and Young, 1932).
[image: Figure 2]FIGURE 2 | (A) Schematic drawing of Octopus vulgaris morphology. General anatomy is shown in (A) while (B) shows main structures of the nervous system with the brain (CNS) located in the head of the octopus, two pallial nerves arising (in red) from its posterior part and eight nerve cords (in red) from the anterior part innervating the arms. (C) highlights main structures in the arm (transverse section) and (D) highlights neural components of the pallial nerve and stellate ganglion, together with main connections. Particularly, pallial nerves are a paired neural structure composed of fibers covered in connective tissue, whose cell soma are mainly located in the subesophageal mass of the brain. Some of these fibers make synapsis (D) in the stellate ganglion for the control of the breathing muscles, while other axons travel directly to the skin to innervate chromatophores in the mantle (Young, 1971; Budelmann and Young, 1985). While complete transection of both nerves leads to animal death due to paralysis of respiratory muscles (Fredericq, 1878), the lesion of just one of them is easily managed by the animals, even though camouflage and breathing are impaired on the ipsilateral side of the injury (Fredericq, 1878; Sereni, 1929b; Imperadore et al., 2017). AC Amacrine cells, ANC axial nerve cord, BA brachial artery, BG brachial ganglion, Ch chromatophores, CBT cerebro-brachial tracts, CL cellular layer, CNS central nervous system, Cp centripetal cell, GS ganglion of sucker, INC. intramuscular nerve cords, LR lateral roots, Mn motoneurons, Mu muscular tissue, Nb neurobiotin, Np neuropil, OL optic lobe, PN pallial nerve, S sucker, SEM supra-esophageal mass, SF sensory fibers, Sk skin, SN stellar nerve, StG stellate ganglion, SUB sub-esophageal mass, v blood vessels, VR ventral roots. Adapted by permission from Springer Nature: Springer -Verlag GmbH Germany, Invertebrate Neuroscience: Neural pathways in the pallial nerve and arm nerve cord revealed by neurobiotin backfilling in the cephalopod mollusk Octopus vulgaris, Imperadore et al., Copyright © 2019.
The material bases of the study were unprecedented: more than 200 specimens of different species, including decapods (Sereni and Young, 1932). Young framed it as a continuation of the work of Cajal and his pupils (Sereni and Young, 1932), of special importance because of the reliance of anti-neuronist theories on invertebrate models. Young reiterated that cephalopod neurons did not show any neurofibrillary continuity across the synapse: they were perfectly comparable to those of vertebrates, as of structure, responses to injury, and rate of axonal regrowth. As mentioned above, Young’s cephalopods were not as completely Cajalian as those of May: Young, in fact underscored the unorderly paths followed by regenerating axons, without any evidence of orderly directions and argued that re-growing axons probably followed the lines of least resistance (Figure 3). The physiological part of the work was scantier. At the time, Young had neither the interest nor the expertise for going into the minute detail, and mostly confirmed older results: the comparability of the mechanism in cephalopods and vertebrates, the decisive role of temperature and the central nervous control of chromatophores. One page, at the very end, reported, for the first time in any cephalopod, six cases of complete functional regeneration of the mantle connective. In four of them (all O. vulgaris, who survived between 110 and 140 days following surgery), the process of functional restitution could even be followed in vivo (Sereni and Young, 1932: pp. 204-205).
[image: Figure 3]FIGURE 3 | Diagrammatic drawings of pallial nerve. (A) Intact nerve. CNS, central nervous system; m. c., pallial nerve (mantel connective, in the old terminology); i n., intercalary neuron; st. g., stellate ganglion; m. n., motor neuron; mus., mantel muscles; n. mus., nerves to mantle; st. n., stellar nerve; n. cr., nerves to chromatophores; s. n., sensory neuron. (B) Sectioned nerve in the process of regenerating. m. c. centre, central stump; m. c. per., peripheral stump. Other lettering as in A. (Sereni and Young, 1932. Figure 1, p. 176, and 21, p. 195, respectively. © Stazione Zoologica Anton Dohrn. Reproduced by permission).
There was no follow-up to this report for about 40 years (Sanders and Young, 1974). Sereni’s passing was arguably a decisive factor in the interruption of regeneration research on cephalopods at Naples, as suggested by the last published work on the subject, a short note by H. G. Callan in the Pubblicazioni della Stazione Zoologica di Napoli (Callan, 1940). The experiment was based on Sereni’s own notes, made available to the author by Young. The simple procedure (extirpation of the gonads and observation of its effects on the regeneration of a lesioned hectocotylus) was the replication of one performed by the Italian physiologist in 1929 (Sereni, 1929a). The conclusions (absence of hormonal influence on hectocotylus regeneration) were at variance with the original ones, but, Callan reported, in line with Sereni’s later opinions as expressed in his notebooks.
After the war, Callan became a distinguished geneticist and cytologist at Edinburgh and St. Andrews. He remained a frequent visitor and protector of the Naples Station, but never resumed research on either cephalopods or regeneration. Young’s story is perhaps better known (at least in the field of the Neurosciences. Cf. Boycott, 1998) but is worth a short summary, as he was partly responsible for the long oblivion of cephalopod regeneration. His collaboration with Sereni famously led him to the re-discovery, in the early 1930s, of the squid giant axon (Young, 1985), which grew into the cornerstone of the biophysics of nervous transmission after World War II (Maxson, 2021). During the war, he was involved in what has been described as an example of translational neuroscience ante litteram (Lichtman and Sanes, 2006): the assessment of the regeneration rate of vertebrate neurons, in the attempt at improving surgical intervention on damaged peripheral nerves (cf. Young, 1942). His return to Naples in 1945, fresh Professor of Anatomy at the University College London, coincided with his return to cephalopods. His interests, though, had shifted from the peripheral to the central nervous system, and the physiological bases of learning and memory. In the following three decades, he catalysed a research effort on almost any aspect of cephalopod anatomy, modes of life and behaviour (mostly focussed on, but by no means limited to, O. vulgaris). Given the breadth of his interests, his previous history, the number of collaborators and fellow travellers that he attracted to Naples and, not least, the enormous number of cephalopods sacrificed, the complete disregard for regeneration comes to the eye. A look at his magnum opus, The Anatomy of the Nervous System of Octopus vulgaris (Young, 1971), a book 20 years in the making, illustrates the point. In what is still the most detailed analysis of the functional anatomy of a single species, no mention of regeneration is to be found in the main text. Even the chapter on the arm, by the expert Pasquale Graziadei, fails to cite the work of either May or (more surprisingly) Lange. The only, cursory, recurrences of the term are in the captions illustrating histological sections of the central nervous system, where re-growing axons appear following brain lobes removal (Young, 1971).
If, on the one hand, Young’s discovery of the squid axon, and subsequent research program on octopus memory were crucial in shaping the perception of cephalopods internationally (as models of nerve and of brain. Young, 1964; Maxson, 2021), on the other hand, the field of regeneration studies was undergoing a massive reorientation in a clinical direction. As Bernice Grafstein has argued, the period between the late 1940s and the 1980s witnessed major shifts in terms of institutional organisation and research priorities, also thanks to the involvement of charities, as well as of patients and veterans’ organisations. It is in this period that other incipient models, like the lamprey, providing a better proxy to the regeneration mechanisms of the spinal cord, gained the upper hand (Grafstein, 2000). A further layer of complexity and promise was added to regeneration as a scientific problem and, once again, cephalopods could not easily fit the framework.
The 1970s
Young only returned to the problem of octopus regeneration upon his retirement from academic life, in 1974, once again with an intriguing but solitary stint. He and Geoff Sanders (Sanders and Young, 1974) returned to the dynamics of pallial nerve regeneration on O. vulgaris, in a preliminary attempt at exploring the underlying physiological mechanisms. The landscape of regeneration research had changed dramatically in the four decades since Young’s last contribution to the field: new evidence (c.f. Gaze, 1970) had revealed the full complexity of neural development and regeneration, and the undeniable role of chemical signalling and an increasing number of growth factors in it. This evidence derived from studies on a variety of models: chick and frog embryos, in vitro cultures and fish. To Sanders and Young, the pallial nerve-system in octopods, once developed, could outclass all existing experimental systems: it allowed observation in vivo until completion of the regenerative process and each single animal afforded comparison of the operated vs. intact side of the mantle. Crucially, the pallial system combined a relative simplicity of access and intervention on the nerve, with a very refined “tool” for the quantitative assessment of regeneration: the rate of recovery of texture and colour-patterning in the skin. The variety and highly stereotyped character of both colour- and skin-patterns of octopus (cf. Borrelli et al., 2006) offered reliable external marks of the progress of regeneration.
Sanders and Young compared photographs of ca. 30 specimens after acclimatisation, and then at different stages of recovery after crushing, resection, or complete transection of the pallial nerve. Their conclusions were as intriguing as they were tentative, and raised baffling questions. In particular, five specimens showed “practically complete” recovery of chromatophore control, i.e., a “fully normal” pattern of response, as shown by comparison between the operated and un-operated side, and between pre-operation and post-recovery photographs (cf. Sanders and Young, 1974). How to account for such precise functional restitution in terms of the physiology of regeneration, however, remained mysterious. How could the colour- and skin-pattern changes be so faithfully restored? Having excluded the unlikely extremes of random re-innervation, and a total rewiring of the nervous system, Sanders and Young were left with the hypothesis that the regenerating axons reconnected “with their original end-organs” (p. 10), a mechanism about which, by their own admission, they remained “totally ignorant”. A personal communication by Andrew Packard was reported at the end of the article, pointing at some “degree of functional control of patterning within the skin”. This hypothesis helped at least to reduce the complexity of the phenomenon: instead of a one-to-one relation between nerve fibres and chromatophores, it posited that innervation may occur through a single axon reconnecting with all the chromatophores involved in a patterning component. Just how, exactly, the regenerating axon was supposed to find its way (either by guidance from the muscle fibres, or by reconnection to their “own labelled tubes”), was a matter for further research, exploiting the favourable experimental conditions offered by the system.
Neither Young, nor anyone of his entourage did follow up on this effort. In a number of studies published in the 1990s, Packard resumed experimentation on de- and regeneration of the pallial nerve, in the framework of his whole-animal investigations on the central control of chromatophores. There again, although regeneration as a phenomenon resurfaced in intriguing ways (see, e.g. Packard, 1991; 1995), regeneration as a problem, to be mechanistically accounted for, did not.
Decapod regeneration
The most systematic study of regeneration of the 1970s was, again, the almost single-handed work of a PhD student, the French Jean Pierre Féral, at the biological station of Roscoff. It stemmed from a comparative research programme started by Féral’s supervisor, Pierre-Marie Lenicque, at the Laboratoire de Biologie des Invertébrés of the Museum National d’Histoire Naturelle. A student of John Runnström, since the mid-1950s, Lenicque focussed on the induction and inhibition of development (c.f. Lenicque, 1959). Towards the end of the 1960s, he had turned his attention to the metabolism of biological amines, and their role in regeneration in a variety of marine invertebrates (c.f. Lenicque and Féral, 1977). Féral’s doctoral research (Féral, 1977) was intended to further this line of research on an invertebrate model, the cuttlefish, presenting a greater degree of complexity and allowing for the exploration of the distinctive roles played by the nervous and circulatory systems in regeneration. The high development of these systems in cephalopods (the only invertebrates endowed with a closed blood circulation) made them a good proxy for vertebrates in whole-animal studies, with the added advantage of a greater accessibility of their central nervous system.
The experiments were performed between 1975 and 1977 at Roscoff, where he could rely on the guidance of Katharina Mangold, co-leader of the teuthology research group of the Laboratoire Arago at Banyuls-sur-Mer (Allcock et al., 2015). The first step was to confirm the regeneration capacity of cuttlefish, so much debated in the previous hundred years: from a survey of the area around Roscoff, Féral found ca. 2%–3% of adults, and around 15% of juvenile cuttlefish with regenerating appendages. He also established experimentally that cuttlefish could regenerate their fin, but only if cut transversally, while a longitudinal section caused the death of the animals (Féral, 1977). Building upon the pioneering work of a bunch of German, French, Spanish and US-American researchers since the mid-1960s (c.f. Sykes et al., 2014; Hanlon, 1990), Féral also set up a system for rearing the animals in captivity for a complete life-cycle, including reproduction. Only very few specimens raised in captivity, however, were actually used for the experiments. Following Lange’s example, Féral provided a fine description of the structure and development of the cuttlefish arm, and a thorough macroscopic account of the different phases of regeneration (from cicatrisation to functional restoration) under controlled environmental conditions (temperature, food, age. Cf. Imperadore and Fiorito, 2018). The ensuing picture, in the main, overlapped almost perfectly with Lange’s results. At a cytological level, Féral confirmed the role of amoebocytes in cleaning the site of lesion from the remains of the degenerating tissues. He also minutely described their participation in the formation of both scar and blastema (to which they appeared to be the greatest contributors), but did not even mention Lange’s double blastema hypothesis. The structural analysis of the regenerating and control arms revealed a sudden peak in general collagen production from the third day, and then again at the end of the second week, indicative of a participation of the whole organism to the phases of cicatrisation and of blastema-growth. Finally, Féral provided a general account of the combined role of the epithelium, the nervous and the blood system in regulating de- and regeneration, in a picture comparable with the one provided by urodeles. The conclusions drawn from this part of the work were mostly tentative (c.f. also Féral, 1979), leaving a number of open questions. Whereas myoblasts and neuroblasts seemed (topographically) to recover their original nature, the amoebocytes, after de-differentiation (Lange’s primary blastema) appeared to re-differentiate into connective tissue cells and later, supposedly, into chromatophores and iridophores. Just how this whole process was regulated, and what parts were played by “messengers” such as neurotransmitters, or by direct cellular interactions, remained unclear. Moreover, questions persisted regarding the exact way in which the nervous system influenced the process (whether by the direct action of neurotransmitters secreted by the axonal tract of the arm, or indirectly, by neurosecretion), as well as concerning the relation of amoebocytes and fibroblasts (whether the former developed into the latter, or both derived from a common precursor). All these open questions were incorporated, in 1978, in the research project Féral proposed for a post of Attaché de recherche (research associate) at the CNRS. Despite his dissertation having obtained highest honour by the university, the CNRS commission showed a distinct distrust for cuttlefish as a model for regeneration (Féral, personal communication) pushing Féral toward a distinguished career in a different field (evolutionary molecular biology and ecology) within the CNRS. Cuttlefish, on the other hand, underwent a 15 years-long eclipse as an experimental model for regeneration (Hielscher et al., 1996; Rohrbach and Schmidtberg, 2006), once again made more conspicuous by a parallel wave of popularity of cephalopods worldwide.
Since the late 1970s, two major initiatives had shaped the landscape of cephalopod research in different directions: the National Resource Center for Cephalopods, created in 1975 by Roger Hanlon (then at the University of Texas), and the Cephalopod International Advisory Council (CIAC), born of the initiative of a small community of cephalopod researchers in 1983 (Hochberg and Hatfield, 2002). Hanlon and collaborators sought to exploit the growing popularity of squid giant axons in biomedical research, in order to promote a wider range of cephalopod models in the field (e.g., Hanlon, 1990). The CIAC, instead, coalesced around interests in the systematics, ecology, behaviour, embryology, parasitology, physiology, and culture of cephalopods, and sought a programmatic connection with the fisheries sector. Once again, regeneration research fell somewhat in-between the focuses of these two initiatives, not absent, but nowhere near the core.
CEPHALOPOD REGENERATION TODAY
The experimental study of regeneration in cephalopods was only revived from the end of the XX century, starting from where it had been left in the 1970s. Despite the general awareness of the width of cephalopods’ regeneration capacities (muscles, cornea, fins, peripheral nerves, CNS, etc), the arms and pallial nerve have remained the targets of choice in regeneration studies, with a major focus on two species, S. officinalis and O. vulgaris, out of nearly 800 (for review see Table 1 in Imperadore and Fiorito, 2018). The restricted choice of organisms to study depends on the abundant availability of experimental data for the above-mentioned species and on the so far limited number of observations and experimental capability possible on other species (consider for instance the case of S. pharaonis in Tressler et al., 2014). The core of such investigations, so far, is unsurprisingly concerned with reassessing the previous results and trying to answer the many questions left open, with the aid of novel techniques and within renewed research frameworks. The progress made in designing, adapting and developing cutting edge methodologies and approaches for this taxon in recent times, allowed for the elucidation of the first cellular and molecular pathways involved, even though these discoveries are still in their infancy.
The behavioural changes accompanying induced autotomy in the wild and lab (Crook et al., 2011; Bush, 2012; Alupay et al., 2014), as well as surgical amputation, have been considered more systematically. Except in the case of major ablations (80%–90% of one arm in cuttlefish, Tressler et al., 2014), no signs of behavioural modifications were observed in deeply anesthetized subjects (Fossati et al., 2013; Shaw et al., 2016). Regardless of the setting used to induce arm loss, complete and functional regeneration was always observed, independent of amputation level, with the regrowing arm being able to reach the same length of its contralateral structure (Tressler et al., 2014).
A systematic evaluation of the frequency of arm injury in natural conditions has also been attempted, yielding figures between 26% and 70% (Voight, 1992; Florini et al., 2011; Voss and Mehta, 2021) depending on species and geographical areas.
The crucial issue of comparability between surgically induced lesions (by means of different sharp tools, producing clean transections, under anaesthesia and in sterile conditions) and naturally occurring traumata (resulting in irregular injuries in presence of other possible undefinable intervening factors) has been left unattended throughout the last century. This is understandable, since defining a reproducible lesion method, allowing for comparison within and among studies, under controlled conditions (water temperature, feeding regime, tank enrichment, etc) was a major issue. The different settings, however, may influence events, pathways, and mechanisms underlying healing and regeneration. How the problem of ecological validity can be profitably overcome, is suggested by a recent work on O. vulgaris (Imperadore et al., 2022). The study took advantage of the high incidence of damaged wild-caught animals for this species, reported to occur at a rate of around 51% in the Gulf of Naples (Florini et al., 2011) and apparently linked to sublethal predation, autophagy, mating and aggressive behaviours (see Imperadore and Fiorito, 2018) for testing label-free multiphoton microscopy in the investigation of regeneration in cephalopods (see below). Nevertheless, analysis of the imaged samples highlighted the involvement of similar stages, processes, tissues and cellular events, as described by Lange (1920) and Féral (1978), Féral (1979), and shows how lab and field studies of regeneration can be profitably combined to the advantage of research and ethical treatment of animals.
Arm and pallial nerve i. from lesion to recovery
Recently, cephalopod arm wound healing was subjected to closer investigation (Shaw et al., 2016): wound closure was followed for the first 24 h after amputation in O. vulgaris, using classical histological staining, immunohistochemistry (IHC), high-resolution ultrasound imaging and electron microscopy. Despite the diverse experimental settings (water temperature, animals’ age, species, sex, surgical method, site of lesion) the newer studies (Tressler et al., 2014; Shaw et al., 2016; Imperadore et al., 2022) confirm the earlier macro- and microscopic accounts, and especially the key role of amoebocytes/hemocytes (Polglase et al., 1983; Imperadore, et al., 2022). Shaw et al. (2016) also suggested i. a role for muscles cells in plug development, ii. the involvement of apoptotic skin, muscle and nerve cells (assessed through the use of TUNEL Assay, for the identification of fragmented DNA) and iii. the hypothetical formation of a belt-like structure below the wound apparently functioning as an actin cable involved in a purse-string contraction.
The pallial nerve model has also been resumed after a 40 years-long eclipse (Imperadore et al., 2017; Imperadore et al., 2018; Imperadore et al., 2019a), with a wider scope. In connection with the recent, rising concern for cephalopod welfare, the more recent studies have expanded their focus to the behavioural responses to injury, as an index of the severity of the procedure. Soon after lesion and at recovery from anesthesia, a few animals exhibit intense grooming behaviour around the denervated mantle area, an action tending to last for a few hours after surgery; no other signs of pain or distress were ever observed (Imperadore, et al., 2017; Imperadore, et al., 2019a). In addition, evaluation of the animal welfare, assessed through the measurement of their predatory performance in terms of readiness to attack and type of attack (e.g., Amodio et al., 2014; following Borrelli, 2007), highlighted no significant differences between the lesioned and control groups or among individuals of the lesioned groups before and after surgery (Imperadore et al., 2019a).
Another element neglected by previous studies is breathing resumption, a conspicuous and easily measurable index of regeneration (Imperadore et al., 2019a). Finally, the great difference in the time of recovery, as well as in the number of successfully regenerating individuals, between the old and new experiments catches the eye, although it is difficult to account for on the basis of the published accounts.
In the first account (Sereni and Young, 1932) 65 days were needed to identify earliest signs of chromatic functional recovery and muscle contraction (both incomplete), highlighted through electrical stimulation of the skin and of the stellate ganglion post mortem, with functional regeneration only observed during summer. In the experiment by Sanders and Young (1974), some animals never or only partially recovered the chromatic function; those described as ‘fully regenerated’, required a minimum time of 50–59 days in summer (23°C) after crush and 60–69 days in autumn (18°C) after nerve cut. Additionally, authors highlighted a mismatch between nerve regeneration and functional recovery.
The most recent work on the subject (Imperadore et al., 2019a), however, reports a remarkable 100% structural and functional regeneration, both during spring and autumn (water temperature between 18°C and 22°C). Particularly, while the timing for skin pattern recovery varied (fastest complete recovery at 45 days), the time required to observe regained control over papillae raising and breathing muscles contraction was set at around 1 month after lesion (30–37 days following surgery), independently of the temperature in all specimens. Possible causes of such a stunning difference may be the type of lesion performed, its localization on the nerve, or the different anaesthetics employed.
A detailed microscopical analysis of the events occurring after axotomy of the pallial nerve, confirmed the occurrence of Wallerian degeneration, where intense axon swelling, fragmentation and death is observed as a consequence of the separation from the soma (Imperadore et al., 2017, 2018). A few days after the trauma, fibres of the central stump start regenerating toward the scar tissue to penetrate it, while it requires much longer (around 2 weeks) to observe the same effect in the opposite stump (regenerating sensory neurones, Imperadore et al., 2017). Despite the disorganised appearance of the regenerating fibres, the two stumps direct regenerating fibres toward their end targets, eventually crossing the lesion site (Imperadore et al., 2017).
As regards the process of correct orientation of the regenerating fibres, the observations of (Imperadore et al., 2017; Imperadore et al., 2018; Imperadore et al., 2019a) lend support to Fèral’s hypothesis of the leading role of connective tissue, against Sanders and Young’s (1974) proposal of the “orientated strand of muscle” beneath the nerve as the means used by the fibres.
Finally, backfilling experiments on the regrowing nerve up to 5 months after lesion, are in agreement with Young and Sanders’ hypothesis of functional recovery though end-target reinnervation, with some fibres reconnecting to motoneurons in the stellate ganglion, and other crossing it to reach chromatophores at the periphery. However, although physiological and functional regeneration is achieved, the pallial nerve never restores its original structure, showing fibers aberration, swelling and branching even several months post lesion (Imperadore et al., 2019a). Unlike arm injury, pallial nerve regeneration remains a laboratory model, as no published account on the injury frequency in the wild for this structure is available.
Arm and pallial nerve ii. Cellular and molecular pathways
Also Fèral’s open questions about the role of neurotransmitters in nerve regeneration have been resumed with the aid of more advanced techniques, with an indirect approach. Fossati et al. (2013); Fossati et al. (2015) measured the metabolism of acetylcholinesterase (AChE), the enzyme responsible for the breakdown of acetylcholine (ACh) in the regenerating arm of O. vulgaris. AChE activity, inversely correlated to ACh abundance, was found to drop during wound healing (3–17 days after damage) and reversed the trend only at the onset of regeneration (ca 18 days post lesion). In this instance, the active enzyme is restricted to the sole axial nerve cord. Return to activity basal level corresponds to complete morphological restoration, exactly like in Triturus (Singer et al., 1960).
A non-classical and non-cholinergic function was also suggested for AChE during arm morphogenesis in embryo development and in adult regeneration, again in O. vulgaris (Fossati et al., 2015). The enzyme was found to be expressed in non-neural regions, i.e., in the blastemal differentiating mesenchymal cells of the newly developing limb and in the blastemal structure that forms just after wound healing in the adult damaged arm, mainly composed of undifferentiated cells. These phases are characterized by intense cell proliferation. Mitotic cells appear diffuse in the whole early arm rudiment, later restricting to the most distal part of the tip as differentiation progresses (Nödl et al., 2015). Cell proliferation during adult arm regeneration appears to follow a similar pattern (Fossati et al., 2013), although Lange’s (1920) speculation on the “permanent reservoir of undifferentiated embryonic cells” at the tip of the adult arm (see above) remains to date unsubstantiated.
The characterization of HOX and Wnt genes in the regulation of development and regeneration (established for several metazoans: Ruddle et al., 1994; Petersen and Reddien, 2009; Holstein, 2012), is still at an incipient phase in cephalopods, as is that of the molecular fingerprint guiding and controlling arm growth and regeneration. The few available data are intriguing and encourage a specific attempt to pursue this research further.
Indeed, the expression patterns identified for HOX genes during embryo development in Euprymna scolopes, design a precise temporal and spatial distribution in some structures, suggesting a correlation between the localized gene expression and cephalopod morphological innovations (for instance, the funnel tube, the buccal crown or the light organs; Lee et al., 2003). Wnt proteins (Wnt1, Wnt2, Wnt5 and Wnt7), together with other molecules responsible for the regulation of proximodistal, anteroposterior, and dorsoventral axes, were instead proven active during limb development in cuttlefish embryos (S. officinalis and S. bandensis) and showed molecular regionalization, consistently with what observed in arthropods and vertebrates’ limb development (Tarazona et al., 2019).
Baldascino (2019) has explored the expression profile of about 30 genes in uninjured and regenerating octopus arms. Results reveal differential expression in the proximal arm areas, as compared to the tip. Moreover, some genes appeared up- and/or downregulated during different phases of arm regeneration (e.g., Wnt proteins, Hox-B7, Antennapedia; Baldascino, 2019).
In recent years, epigenetic regulation of gene expression during regenerative phenomena has become of great interest (for a review see Katsuyama and Paro, 2011), fuelled by the hope of finding ways to induce structural recovery in poor regenerators, such as humans (Barrero and Izpisua Belmonte, 2011). The questions of how these regulatory pathways work, and how they evolved, are still begging an answer, and investigation of cephalopods’ epigenome, among other regeneration competent organisms, may help filling some of these lacunas in a comparative perspective.
Evolutionarily conserved elements involved in DNA and histone methylation/acetylation were identified and found active in different tissues of O. bimaculoides, E. berryi and Doryteuthis pealeii (Macchi et al., 2022). Moreover, transcriptional analysis of control and regenerating structures in O. vulgaris highlighted dynamic gene expression profiles for some epigenetic regulators (Imperadore, 2017; Baldascino, 2019). In particular, the limb of adult individuals showed differential expression along its length, as for the case of the polycomb group (PcG) proteins of the PRC1 and PCR2 complexes, usually involved in the methylation of Histone H2 and H3, generally marking gene repression. These were found to be upregulated in the uninjured arm tip compared to medial and proximal arm areas, data also corroborated by gene expression analysis in another octopus species, E. moscata (Baldascino, 2019). A few genes of the same complexes, e.g., EZH2 and SUZ12 were also found upregulated during arm regeneration, particularly during blastema formation (Baldascino, 2019). It is worth noting that both, the adult arm tip and the regenerating blastema, are characterized by cells actively proliferating. As it happens for other species, PcG repressive marks may serve to induce or promote proliferation and allow for arm continuous growth and stump regeneration (Barrero and Izpisua Belmonte, 2011), although this remains speculation.
Although the summarised data appear to robustly support the commonality of developmental and regenerative pathways in cephalopods and other metazoans, we have to consider that a biased approach has been utilized so far. Unsurprisingly, research on cephalopods has until now replicated the pattern established on model organisms, relying on the available information from other species, and adapting the technology developed on them. Recently (Ritschard et al., 2019; Schmidbaur et al., 2022), class- and species-specific orphan genes have been identified and tentatively linked to the evolution of cephalopod morphological novelties. It is at least plausible that such novel, still uncharacterized genes could also be involved in regenerative processes, although this again remains conjectural. Alternatively, it is also possible that known conserved molecules have pleiotropic functions (Sánchez Alvarado, 2004) as was observed for Hox genes in E. scolopes (Lee et al., 2003) where these well-known conserved genes are expressed in novel structures, specific to the class Cephalopoda.
What future for cephalopod research?
Interest in deciphering and characterizing the regeneration toolkit of competent organisms has recently been boosted by the emergence of the relatively new interdisciplinary field of tissue engineering and regenerative medicine (Polykandriotis et al., 2010; Berthiaume et al., 2011; Mehta and Singh, 2019). Crucial features, such as accessible genomic and molecular resources and tools, amenability to genetic manipulation, fast generation time and ease of maintenance in laboratory conditions, mainly restricted regenerative studies to a few well-established animal models (Mokalled and Poss, 2018; Mehta and Singh, 2019), leaving a variety of species unexplored. In some cases, these epistemic advantages prevailed over the most crucial aspect of high regenerative capacity, allowing poor regenerators, such as Drosophila melanogaster, Caenorhabditis elegans and Mus musculus, to take the lead in translational studies.
The accelerating methodological and technological spillover, together with the release of publicly available Omic datasets, and, not least, the cost-optimization of cutting-edge technologies, revamped the interest for still largely overlooked, proficient regenerators, determining the possibility to elucidate common pathways as well as novel genes involved in the process (Sánchez Alvarado, 2004; Smith et al., 2011; Franco et al., 2013; Brockes and Gates, 2014; Casco-Robles et al., 2018). The release of the first cephalopod genome (O. bimaculoides, Albertin et al., 2015) set the ground for a new era: in less than a decade, the genome and transcriptomes of more than ten species have been published, together with chromatin profiling and mass-spectrometry datasets, for some. The enormous flow of new data highlighted some unique features of this class: extensive RNA editing, gene duplication, gene family expansion (e.g., GPCRs, Protocadherins, C2H2 ZNFs), large scale genome reorganization and emergence of novel genes. All these elements have been tentatively correlated with the organismal novelties identified in cuttlefish, squid and octopus (e.g., Liscovitch-Brauer et al., 2017; Ritschard et al., 2019; Schmidbaur et al., 2022).
The interest raised by these findings inspired deeper examination of cephalopod nervous system, the largest, most complex, and most cell-dense among invertebrates (Young, 1963; Grimaldi et al., 2007). A brain atlas (Deryckere et al., 2020; Deryckere et al., 2021), massive single-cell and single-nuclei datasets (Styfhals et al., 2022) were produced for O. vulgaris paralarval stages, allowing for novel insights into the characterization of molecular signatures of brain cells at early stage of development for the first time in a mollusc. A measure of the effort required, however, is given by the consideration that only for 9% of the 200,000 brain cells estimated in an octopus brain at hatching (compared to the 200 million in the adult), a single-cell expression profile could be obtained.
The possibility of altering gene expression in vivo, through loss and gain-of-function experiments, is a new standard in the study of regeneration. A range of genetic tools have been developed upon, and are currently employed in model organisms: RNA interference, transgenesis, chemical- and UV-induced mutagenesis, and, not least, CRISPR-CAS9 technology (Mehta and Singh, 2019), which, since its development in the 2010s, has held promise of connecting basic life science with biomedical and biotechnological applications. Cephalopod models have long been kept at the margin of this tumultuous development, due to the absence of these genetic tools. Very recently, however, Crawford et al. (2020) successfully applied CRISPR-CAS9 to squid embryos (D. pealeii) obtaining completely disrupted skin pigmentation: the first ever gene knockout in cephalopods.
Imaging regeneration has also proved advantageous, in several species, to investigate regeneration. Despite limited access to commercial markers or techniques for real time imaging, some tools have recently been developed: label-free multiphoton microscopy (Imperadore et al., 2018; Imperadore et al., 2022), 18F-FDG PET (Zullo et al., 2018), optimized CUBIC clearing protocol (Deryckere et al., 2020) and neural tracing (Imperadore et al., 2019a; Imperadore et al., 2019b).
CONCLUSION
Here we overviewed a long journey of research around experimental systems—i.e., cephalopod arm and pallial nerve—and research questions together with intriguing, but always tentative, answers (Lange: “double blastema” and “reservoir of undifferentiated cells”; Féral: the role neurotransmitters in regeneration; May: chemical signalling in development and regeneration; Sanders and Young: the chromatophore control and its fate during regeneration). A final, recurring theme is peripherality, both as a limit (too little, too late), as well as a possibility.
Almost all of the older works we have considered, in fact, contain more or less direct suggestions of the specific contribution cephalopods could provide to regeneration research. Steenstrup - and, less directly, Féral - underscored the possibility of combining museum collections, sampling in the field and laboratory findings. Lange and Féral emphasized the intermediate position of the organisms: between the simpler invertebrates and the vertebrates. Naef vainly promoted cephalopod regeneration as a point of encounter between the opposed epistemic approaches of comparative anatomy and experimental embryology. Sanders and Young highlighted the experimental advantage of following neural regeneration in live subjects, as well as of having experiment and control combined in the same specimen.
Many of these suggestions have been taken seriously by present scholars in cephalopod regeneration. However, it is fair to say, the progress so far has consisted more in reformulating old questions and hypotheses in more contemporary terms, than in solving the issues (e.g., blastemal cell composition, cell positional memory, stem cell involvement, cell reprogramming, positional identity, dependence from the nervous system). A breakthrough in any of these research directions would arguably require a more intense and participated research effort, and a significant investment in time, expectations, and money. In this connection, the trivial historical question “why were cephalopods so peripheral?“, and the less trivial experimental one “what is needed to make them central?” conflate, and enlighten each other to some extent. Throughout the historical section of this paper, the concept of framework has resurfaced, mostly in considering the divergence between “frameworks of regeneration” and “frameworks of experimentation on cephalopods”. Here, “framework” must be read as the German “Gestalt”: the familiar perceptual complex that makes elements of a complex picture either stand out, or remain hidden. As we have seen, at different points in history a divergence has been stressed, between the framework of regeneration research (which includes not only how regeneration is approached, but also what it is considered to be), and the perception of cephalopods as experimental animals. Throughout the first half of the XX Century, regeneration was mostly framed in an experimental-embryological scheme, being considered as a proxy of developmental mechanisms. In the second half, this framework was supplemented, rather than replaced, by a translational one. This, on the one hand, enhanced the visibility of previously disregarded “models”, such as the lamprey (Maxson and Morgan—submitted). On the other, with its emphasis on harnessing the cellular-molecular mechanisms of regeneration, it has promoted other organisms such as Drosophila and mouse, not very proficient at regenerating, but closely involved in the development of critical technologies. In the meantime, cephalopods continued to grow in reputation as experimental models, just not of regeneration. Positioning as “marine Guinea pigs” within the framework of comparative physiology and biochemistry (Grimpe, 1928), the animals were later laboriously consolidated as experimental tools to explore neurone and axon, if not of the brain altogether. The intensive research activity undertaken in the past century allowed for the identification of many cephalopods’ special features, amongst which the complex behavioural and learning capabilities and the intricate and sophisticated nervous system, and the capacity to modulate behavioural responses elicited by stimuli considered potentially painful, stand out (Nixon and Young, 2003; Crook, 2021; Ponte et al., 2021; Ponte et al., 2022). The above-mentioned features supported the inclusion of cephalopods, as the sole invertebrate class, in the Directive 2010/63/EU (Andrews et al., 2013; Smith et al., 2013; Fiorito et al., 2015; Ponte et al., 2019; De Sio et al., 2020) regulating the use of animals in scientific research. Despite the original worries of creating disparities between regulated procedures applied to higher-vertebrates and cephalopods (Nosengo, 2011), this actually promoted a revived scientific attention for cephalopods, thus boosting current research effort (Albertin and Simakov, 2020). This brings us to the present situation, which encourages moderate hopes. Approaches and technologies developed for classic model organisms are spreading to other systems. Furthermore, the increased attention towards animal welfare and sentience of species to study (including cephalopods) is promoting a levelling-up of the ways to approach the study with non-model organisms, beyond legal obligations.
The technological advancement we are facing can open the way to a fresh start, and to the possibility of answering new, as well as old and long deferred questions. Regeneration is of course one of them. The emerging possibility of determining cephalopod gene function is exceptionally encouraging, especially considering the great number of genes with de novo origin not finding any similarity in other species (Ritschard et al., 2019; Schmidbaur et al., 2022).
This new horizon stimulates and requires choices, however, and strategies of persuasion. The second part of this review has shown that regeneration in cephalopods follows common steps with limb and peripheral nerve regeneration in vertebrates (e.g., Whited and Tabin, 2009; Simon and Tanaka, 2013), and that conserved pathways are most likely involved. On the other hand, it also strongly suggests that cephalopods could provide a suitable research object of genetic and epigenetic innovation mechanisms, adding another layer to the exploration of cellular and molecular machinery, i.e., the developmental—and more important—evolutionary and systems neuroscience perspectives.
No simple choice is available here, but a series of elements seem to be coming together into a coherent picture: model-organism-based biomedicine seems on the verge of becoming recent history, while the powerful instruments that were created in that context may prove decisive in overcoming its strictures, again towards wide comparative approaches.
It is at junctions like this, that daring choices by individual researchers are perhaps needed. On the other hand, no single researcher, and very few research groups, can afford spearheading a revolution that seems more plausible than probable.
Our ultimate goal is promoting further the investigation of cephalopods as organisms endowed with remarkable features, including what we can picture through the examination of their regenerative capacities. The phenomena occurring in these animals are plausibly leading to fascinating surprises, dubiously achievable with “classic model organisms” currently utilized in regeneration. Apart from the expectations linked to a gradual - but considerable - growth of new and cutting-edge experimental tools, which will offer new opportunities and challenges, we are fully convinced that cephalopods present unique and exciting opportunities, and the time might have finally come to take advantage of them.
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FOOTNOTES
1Hescheler, Karl, Gutachten zur Dissertation „Beiträge zur Kenntnis der Regeneration und des feinenren Baues der Arme bei den Cephalopoden”, 18.11.1919, Staatsarchiv Kanton Zürich, Signatur U 110.6.1505.
2The Guest Researchers Database of the Station only records her presence in that period, with no mention of the subject. As for the Wheaton College Archives, they indeed keep all of Lange’s yearly reports, both as professor and as Dean. However, they are all limited to the didactical side of her activity, which speaks volumes about the consideration in which research was held in institutions of higher education for women at the time. In fact, Lange’s report for 1928 is entirely missing, and, according to McCoy (2016), she tried to finance her sabbatical by offering her services to the ONI again, since the College could not support non-teaching staff. Her offer did not elicit any reaction from the Office, so she arguably funded her research trip out of her own pocket (McCoy, 2016, p. 141).
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Employing history of science methods, including analyses of the scientific literature, archival documents, and interviews with scientists, this paper presents a history of lampreys in neurobiology from the 1830s to the present. We emphasize the lamprey’s roles in helping to elucidate spinal cord regeneration mechanisms. Two attributes have long perpetuated studies of lampreys in neurobiology. First, they possess large neurons, including multiple classes of stereotypically located, ‘identified’ giant neurons in the brain, which project their large axons into the spinal cord. These giant neurons and their axonal fibers have facilitated electrophysiological recordings and imaging across biological scales, ranging from molecular to circuit-level analyses of nervous system structures and functions and including their roles in behavioral output. Second, lampreys have long been considered amongst the most basal extant vertebrates on the planet, so they have facilitated comparative studies pointing to conserved and derived characteristics of vertebrate nervous systems. These features attracted neurologists and zoologists to studies of lampreys between the 1830s and 1930s. But, the same two attributes also facilitated the rise of the lamprey in neural regeneration research after 1959, when biologists first wrote about the spontaneous, robust regeneration of some identified CNS axons in larvae after spinal cord injuries, coupled with recovery of normal swimming. Not only did large neurons promote fresh insights in the field, enabling studies incorporating multiple scales with existing and new technologies. But investigators also were able to attach a broad scope of relevance to their studies, interpreting them as suggesting conserved features of successful, and sometimes even unsuccessful, CNS regeneration. Lamprey research demonstrated that functional recovery takes place without the reformation of the original neuronal connections, for instance, by way of imperfect axonal regrowth and compensatory plasticity. Moreover, research performed in the lamprey model revealed that factors intrinsic to neurons are integral in promoting or hindering regeneration. As this work has helped illuminate why basal vertebrates accomplish CNS regeneration so well, whereas mammals do it so poorly, this history presents a case study in how biological and medical value have been, and could continue to be, gleaned from a non-traditional model organism for which molecular tools have been developed only relatively recently.
Keywords: lampreys, Petromyzon marinus, regenerative medicine, neuroscience, aquatic biology, model organisms, reticulospinal neurons
1 INTRODUCTION
Since the 19th century, the lamprey (Figure 1A), a jawless fish, has been used as a laboratory organism for studies of the anatomy, physiology, and evolution of vertebrate nervous systems. Since 1959, this animal also has been employed for research into the underpinnings of central nervous system (CNS) regeneration, particularly in the spinal cord. Although not as commonly studied as more genetically tractable “model” organisms, such as zebrafish or mouse (Ankeny and Leonelli, 2021), the lamprey offers unique advantages that have perpetuated its investigation in neurobiology. In this paper, we present a history of lampreys in neurobiology from the 1830s to the present, emphasizing their evolving roles in helping to elucidate spinal cord regeneration mechanisms. Employing analyses of the scientific literature, archival documents, and interviews with scientists, our goal is not a systematic scientific review, but rather to document and explain changes and continuities over time. We end by considering some implications for biology and regenerative medicine today.
[image: Figure 1]FIGURE 1 | Lampreys and the giant reticulospinal (RS) neurons. (A) A print by natural historian Jonathan Couch (1789–1870), showing three lamprey species: (top) sea lamprey (Petromyzon marinus); (middle) lampern (European river lamprey, Lampetra fluviatilis); (bottom) silver lamprey (Ichthyomyzon unicuspis). These three species have predominated in neuroscience and regeneration research since the 19th century. Adapted from Couch, 1869, CCXLVII. (B) The brain of a larval sea lamprey stained with toluidine blue, highlighting some of the giant RS neurons in the midbrain and hindbrain (arrows). Photo credit: J. Morgan laboratory.
Two attributes have long perpetuated studies of lampreys in neurobiology. First, they possess several types of large neurons in the CNS, including multiple classes of stereotypically located, ‘identified’ neurons in the midbrain and hindbrain (Figure 1B), which project their giant axons into the spinal cord (Figure 2). These giant reticulospinal (RS) neurons especially, but also the animal’s large neurons generally, have facilitated fresh insights via studies across biological scales, ranging from molecular to circuit-level analyses of neuronal structure and function employing existing and new technologies. Second, lampreys have long been understood as some of the most basal extant vertebrates on the planet—their lineage diverged from jawed vertebrates around 500 million years ago (Smith et al., 2013)—and consequently they have facilitated comparative studies pointing to conserved and derived characteristics of vertebrate nervous systems (Pombal et al., 2009; Sugahara et al., 2017; Suryanarayana et al., 2022).
[image: Figure 2]FIGURE 2 | Lamprey spinal cord. (A) Sigmund Freud’s 1877 drawings of the lamprey spinal cord in cross-section. (Left) A drawing of half of the spinal cord, showing several giant reticulospinal (RS) axons in the ventral spinal cord and the central canal. (Right) A drawing showing the position of the spinal cord within the spinal canal. Adapted from Freud, 1877. © Freud Museum London and supplied courtesy of Freud Museum London. (B) Image of a lamprey spinal cord in cross-section, stained with toluidine blue. Note the similarities between the image and Freud’s early drawings. Photo credit: Emily B. Brady, J. Morgan laboratory. Ventral side is up in panels (A,B).
In the first two sections below (the 1830s–1880s and 1860s–1930s), we show how these features initially attracted neurologists and zoologists to studies of lampreys. For example, we show how large fibers in the lamprey CNS enabled investigation of whether neurons even existed, and how lampreys figured into early debates about classification and vertebrate evolution. Then, in the following three sections, we document how the same attributes facilitated the rise of lampreys in spinal cord regeneration research after 1959, when biologists first wrote about the spontaneous, robust regeneration of some of the identified RS axons in larvae after injuries, coupled with recovery of swimming behaviors. Examined with prevailing and new laboratory technologies, not only did these large neurons enable fresh insights into how axon regrowth (1960s), compensatory plasticity (1970s–1980s), and intrinsic molecular factors (1990s–present) contribute to functional recovery, but investigators also could attach a broad scope of relevance to their studies, interpreting them as suggesting conserved features of successful (and sometimes even unsuccessful) CNS regeneration.
Indeed, mammals such as humans possess only limited capacities for CNS regeneration. In large part because research in “lampreyology” helped illuminate how and why basal vertebrates accomplish CNS regeneration so well, whereas mammals do it so poorly, from 1959 onward, studies of lampreys quickly took root in medical as well as biological institutions. The lamprey’s story in CNS regeneration research is thus a history of biology and medicine. It shows how both biological and medical value have been, and could continue to be, gleaned from a non-traditional “model” organism, one for which molecular genetics tools have emerged only relatively recently. Figure 3 summarizes major developments and selected publications in the use of lampreys for neurobiology in the five historical eras we describe, focused on spinal cord regeneration.
[image: Figure 3]FIGURE 3 | Timeline showing major eras and selected associated publications in lamprey neuroscience and regeneration research focused on spinal cord regeneration. Selected publications associated with each era are bolded. Since history does not lend itself to neat categorization, at some points major publications are listed and discussed in one time period but appeared in another (earlier) period, influencing later developments. Examples of such publications appear in italics.
2 LARGE NERVE FIBERS AND THE NEURON DOCTRINE, 1830S–1880S
There are nearly 40 species of lampreys living in temperate regions across the globe.1 Of these, the species used most often in neuroscience research are the sea lamprey (Petromyzon marinus), European river lamprey (Lampetra fluviatilis), and silver lamprey (Ichthyomyzon unicuspis) (Figure 1A), with their relative use likely reflecting a combination of their availability for collection and the research locations of neuroscientists. Lampreys have an atypically long lifecycle compared to other fishes. After early embryonic development, which follows a similar progression as in other fishes, lampreys remain as slow-growing larvae (called “ammocoetes”) for 5–7 years before transforming into adults (Piavis, 1961; Tahara, 1988). Only half of known lamprey species are parasitic. As juvenile adults, these fish become parasitic and blood-feeding, and from that point on they rely on circular sets of sharp teeth for survival (Silva et al., 2013). After another 1–2 years, lampreys spawn and die, completing the life cycle.
The lamprey has long been relevant to human affairs, both as a food source and an ecological nuisance. Since at least the Middle Ages, humans have relied on lampreys as sources of food (Hoffman, 1996). King Henry I, who famously loved dining on these creatures, ignored the advice of his doctor not to indulge in the period leading up to his death, perhaps contributing to his demise (Hollister, 2001). Queen Elizabeth II was served lamprey pies, a British delicacy, at her Golden Jubilee and other anniversaries, a tradition that is expected to continue with King Charles III.2 Lampreys also are renowned, or perhaps reviled, as parasites. Sea lampreys feed aggressively on trout, salmon, and other large game fish, causing serious impacts on fishing in the U.S. Great Lakes: Only one of seven fish attacked by a lamprey will survive.3 For much of the last century, considerable public funding thus was allocated to the eradication of the sea lamprey, for instance towards research into the animal’s lifecycle.
Additionally, lampreys are studied in many fields of life science. The sea lamprey, Petromyzon marinus, was named by the systematist Carl Linnaeus in 1758. 19th-century zoologists pondered where lampreys belonged in relationships between organisms reflecting debates over species classification and evolutionary theories (Bowler, 1996; Blackman, 2007). Today, many species of lampreys are variously used in biological studies on topics as wide-ranging as evolutionary-developmental (evo-devo) biology (Green and Bronner, 2014; York and McCauley, 2020), adaptive immunity (Boehm et al., 2018; Das et al., 2021), endocrinology (Sower and Hausken, 2017), and ecology (Cuhel and Aguilar, 2013). Moreover, it was in the hands of a young Sigmund Freud, a newly minted doctor, that lampreys made one of their earliest splashes in cellular neurobiology. In the 1870s and 1880s, Freud carried out a series of studies in neurology, or the study of (especially vertebrate) neuroanatomy for medical purposes, that proved foundational to his famed development of psychoanalysis in the 20th century (Guenther, 2012, 2015). Yet, the property that drew Freud to lampreys was not their capacity for CNS regeneration. Rather, Freud was attracted to analyses of their large neurons, which proved accessible with the reigning methods of dissection, fixation, staining, and light microscopy (Shepherd, 2016).
It had been known since at least the 1830s work of the Berlin anatomist, Johannes Müller, that the lamprey CNS contains prominent neurons (Müller, 1840). One example was the dorsal cells in the spinal cord, today understood as perhaps homologous with Rohon-Beard cells in jawed fishes (Johnels, 1958; Rovainen, 1967b). Also known in the 19th century were what we now call “identifiable” neurons—where neuronal cell bodies (somata) and axonal fibers remain in stereotypical locations across generations—although identifiable axons today are thought to be more common in invertebrates, the classic example being the squid giant axon (Young, 1936). In the lamprey, for example, we now understand the ‘Müller neurons’ to be the giant reticulospinal (RS) neurons in the midbrain and hindbrain, which measure up to several 100s of μm in diameter (Figure 1B). The “Müller fibers” are the giant RS axons which emanate from “Müller neurons”; they are 20–60 μm in diameter and traverse the ventromedial tract of the spinal cord (Figure 2) (Rovainen, 1967a). Müller well may have been the first to write about these specific fibers, yet later several additional classes of large, identified neurons would be discovered in the lamprey CNS (Rovainen, 1967a; 1967b). Moreover, in Müller’s time, it was still an open and debated question whether nervous systems generally consist of bounded nerve cells, with membranes and somata connected to axons, or of continuous, interconnected syncytia. The former argument came to be known as the Neuron Doctrine, supported famously by the Spaniard Santiago Ramón y Cajal (Jones, 1994, 1999; Shepherd, 2016). Relatedly, and especially after the publication of Charles Darwin’s On the Origin of Species in 1859 (Darwin, 2009), anatomists wondered when in time nerve cells had evolved, if they existed, and how neural architecture differs and compares in vertebrates and invertebrates (Anctil, 2015).
Like most dons of 19th-century German anatomy, Müller taught a large cadre of students (Otis, 2007), and it was in this context that his lamprey research was passed down to succeeding generations. Having graduated with his medical doctorate from the University of Vienna in 1877, Freud soon found himself seeking research experience under Ernst von Brücke, Müller’s former student (Shepherd, 2016). Freud had grown interested in neurophysiology through visits to the zoological station in Trieste, founded in 1875 in part to supply experimental organisms to the universities in Vienna and Graz (Zavodnik, 1995; Gandolfi, 2010). Freud went to work with Brücke to study an enigmatic fibrous structure in the lamprey spinal canal, discovered in 1860 by the anatomist Ernst Reissner (Reissner, 1860). By 1877, neither the developmental origins nor the functions of “Reissner’s fiber” had been elucidated, and Brücke wanted Freud to clarify these points. It was by way of this work that Freud also came to draw several conclusions supporting the Neuron Doctrine, an outcome that perpetuated research on the lamprey CNS.
The historian-neuroscientist Gordon M. G. Shepherd has argued that, while tracing the large fibers of the dorsal cells found in the peripheral nervous system (PNS) to their cell bodies in the dorsal root of the lamprey spinal cord, Freud was under the impression that one of these somata gave rise to Reissner’s fiber (Shepherd, 2016). Thus, Freud hypothesized that the latter was in fact an axon. Today, there is no broad agreement on the function of Reissner’s fiber (Cantaut-Belarif et al., 2018; Driever, 2018; Aboitiz and Montiel, 2021): It is generally understood to be a conserved, proteinaceous structure synthesized during development by the subcommissural organ, located in the dorsocaudal diencephalon just below the posterior commissure. It is therefore not an axon, as Freud thought; one hypothesis is that the fiber is involved “in the origin of fundamental innovations of the chordate body plan, especially the elongation of the neural tube and maintenance of the body axis” (Aboitiz and Montiel, 2021). Yet, history is full of such productive 'mistakes': points where interpretations later deemed incorrect have nonetheless led to other work that has stood the test of time (Kaiser and Creager, 2012).
In his two papers examining the sea lamprey (Petromyzon marinus) and the European brook lamprey (Petromyzon planeri, now renamed Lampetra planeri), Freud traced the large sensory fibers now understood to belong to the dorsal cells from their origins in the PNS into the dorsal root of the spinal cord (Freud, 1877, 1878).4 His 1877 drawing of half of the spinal cord, in turn, shows several giant reticulospinal (RS) axons in the ventral spinal cord and the central canal (Figure 2A). Based on this histological work, Freud concluded that the dorsal (“posterior”) and ventral (“anterior”) roots of the cord are responsible for sensory inputs and motor outputs, respectively. He also emphasized that these roots are composed of discrete nerve cells, consisting of soma and fiber conjoined, and believed that the lamprey’s dorsal cells represented an evolutionarily transitional form from invertebrates to higher vertebrates (Shepherd, 2016). In 1882, Freud continued this line of work in the freshwater crayfish, enriching his conclusions about neurons (Freud, 1882). That vertebrate spinal cords are composed, structurally, of dorsal and ventral roots with different functions remains a tenet of neuroanatomy. Of course, the notion that nervous systems are largely cellular and comprised of discrete neurons also has persisted, even as the Neuron Doctrine itself has undergone historical revisions (Guillery, 2005, 2007; Shepherd, 2016; Maxson, 2021).
3 ZOOLOGY AND THE LAMPREY NERVOUS SYSTEM, 1860S–1930S
Neurology hardly represented the only avenue by which 19th-century biologists investigated lampreys, however. Zoologists also turned to studies of these animals, attempting to situate them within contemporary species classifications and emerging evolutionary theories of life. By the 1930s, when Darwin’s notion of evolution by natural selection had grown broadly accepted, lampreys emerged as organisms well-suited for comparative studies, including those attempting to elucidate conserved and derived features of vertebrate nervous systems.
Across the 19th century, for example, zoologists pondered where lampreys belonged in relationships between organisms reflecting heated debates over classification systems and evolutionary theories (Bowler, 1996; Secord, 2000; Blackman, 2007). Jonathan Couch, a respected doctor-turned-zoologist, published several books systematically documenting the fishes of the British islands, including lampreys (Figure 1A) (Couch, 1868, 1869). Couch likely subscribed to some combination of Linnaean and other classification systems prominent at the time (Naylor, 2005), and in 1868 he noted of lampreys that they occupied “the vanishing point of fishes in their transition towards the class of worms” (Couch, 1868). By later in the century, broad acceptance of Darwin’s theory of evolution was coupled to general agreement that the characteristics of lampreys were likely to be conserved rather than degenerate (Bowler, 1996; Blackman, 2007). In turn, prominent zoologists, such as Thomas Henry Huxley, encouraged studies of lampreys alongside other creatures, such as sharks, that seemed to offer insights into the evolution of vital processes (Blackman, 2007).
Collecting and studying wild organisms, such as sharks and lampreys, also allowed zoologists to escape the doldrums of dry indoor laboratories (Ericson, 2020; Luk, 2020). Zoologists frequently accompanied Royal Navy ships to collect specimens for study (Rozwadowski, 2008). A related development promoting comparative zoology was the “station movement,” or the 19th-century appearance of hundreds of coastal laboratories for the study of oceanography, fisheries development, and biology (Muka, 2014; de Bont, 2015; Matlin et al., 2020; Maxson, 2021). Across the century, many European zoologists flocked to shorelines for the diverse flora and fauna they could encounter there (Jack, 1945). One such biologist was Anton Dohrn, an ardent follower of Darwin who went on to establish the Stazione Zoologica in Naples, Italy in 1872 (Dohrn, 1872; Groeben, 2020). Other such stations followed, such as that at Trieste, the Laboratory of the Marine Biological Association of the United Kingdom in Plymouth, England (f. 1884), and the Marine Biological Laboratory (MBL) in Woods Hole, Massachusetts (f. 1888) (Maienschein, 1985; Monroy and Groeben, 1985; Erlingsson, 2009), promoting the study of marine creatures and often aspects of their neurophysiology.
It was in this context that John Zachary Young, the author of the quote from which the subtitle of this article is taken, turned to studies of lampreys. Young completed his education at Oxford in 1928, where he read zoology, neurophysiology, and some comparative anatomy (Young, 1996). In 1929, Young began a fellowship at the Stazione under the Italian physiologist Enrico Sereni, commencing investigations of the autonomic nervous systems of fishes and degeneration and regeneration in octopus’ pallial nerves (Sereni and Young, 1932; De Leo, 2008; Imperadore and Fiorito, 2018; De Sio and Imperadore, 2023). Young soon also grew interested in the lateral line nerves of fishes, understood today to be sensory systems involved in vibration and motion detection. Additionally, he was curious about the pineal and pituitary glands, about which little was known for most vertebrates. Suspecting involvement of the pineal gland in photoreception, Young began examining lampreys from the lakes around Oxford and Worcester in the 1930s, publishing two papers in 1935 that helped solidify lampreys as well-suited for comparative studies probing conserved features of nervous systems (Young, 1935a; 1935b). Before Young, George Howard Parker, a Harvard zoologist, had studied lamprey photoreception, utilizing animals sent from New York to Massachusetts (Parker, 1905, Parker, 1909). Parker had suggested that the tails of larval lampreys (ammocoetes), and perhaps of all fishes, were light sensitive, “since so primitive a fish as ammocoetes exhibited this peculiarity” (Parker, 1909). Parker soon concluded that such sensitivity did not extend to all fishes, although he did suggest that further studies would be informative. Two and a half decades later, Young found that the pineal gland in ammocoetes played a “leading part in controlling the colour of the animal” in response to light, maybe even “in regulating other and still more significant functions of the pituitary” (Young, 1935b). “Even at this early stage of its (evolutionary) history,” Young suggested, “the pineal complex is connected not so much with somatic as with visceral functions” (Young, 1935b).
Young’s findings also agreed with the dense work that had been emanating from neurologists in Europe and the United States since at least the 1890s (Shepherd, 2016), establishing that the lamprey CNS was indeed a highly illustrative transitional form. For instance, as the University of West Virginia neurologist, John Black Johnston, published in his “attempt to define the primitive functional divisions of the central nervous system” in Petromyzon in 1902, the lamprey brain comprised all three divisions also observed in later-evolved vertebrates, the forebrain, midbrain, and hindbrain, alongside what was called the “tween brain” the diencephalon now considered part of the forebrain (Johnston, 1902; other references reviewed in, Pombal et al., 2009).
These early studies also led to the conclusion that lampreys and hagfish lacked several higher order brain structures seemingly acquired after the cyclostomes (jawless vertebrates) split with the gnathostomes (jawed vertebrates). However, more recent molecular and physiological work has revealed that lampreys and hagfish do possess these structures (e.g., medial ganglionic eminence, rhombic lip) (Sugahara et al., 2017; Sugahara et al., 2022), and that the lamprey forebrain in fact displays functional connections and neuronal subtypes observed in the larger mammalian neocortex (Grillner and Roberson, 2016; Grillner, 2021a; Suryanarayana et al., 2022). An updated prosomeric model of the lamprey brain suggests further commonalities of forebrain development and architecture with the gnathostomes (Pombal and Puelles, 1999; Pombal et al., 2009). Thus, the current view is that lampreys and hagfish possess a “blueprint” of the vertebrate brain, already present in the ancestral vertebrate (Sugahara et al., 2017; Grillner, 2021a). The leading model of vertebrate evolution still supports cyclostome monophyly, or the argument that lampreys and hagfish form a clade on the same branch (Miyashita et al., 2019; Kuratani, 2021), and any revision to the current model awaits additional molecular insights or updates from the fossil record.
Even by the 1930s, however, the lamprey was collecting an increasing number of roles as an experimental organism in neurobiology. It displayed large neurons in the brain, which were possible to view with existing microscopy techniques. It also had features that, even at the time, were believed to illuminate transitions in CNS evolution: “so many of our own (mammalian) mechanisms,” J.Z. Young later exclaimed, “in a less elaborate condition” (Hardisty and Potter, 1971.) For these reasons, the lamprey held “a very special claim on the interest of zoologists,” with Young initially hoping that elucidating its complete cellular wiring and developmental stages might clarify “the whole life systems of the animals in relation to their environment” (Hardisty and Potter, 1971). Of course, this dream never transpired, at least not in Young’s lifetime. This was in part because the cellular anatomy was simply too hard to work out before the spread of electron microscopy in the 1950s (Rasmussen, 1997). Also, it was only by way of modern molecular techniques that some definitions and comparisons of brain structures, regional borders, and neuronal subtypes between lampreys and other vertebrates became possible. After Young’s ascendancy to the Chair of Anatomy at University College, London (UCL) in 1945, his own work turned largely to higher vertebrates and cephalopods (De Sio, 2011, 2018).
4 AXON REGROWTH AND SPINAL CORD REGENERATION IN LAMPREYS, 1960S
After World War II (WWII), studies of lamprey neurobiology hit yet another turning point: in 1959, lamprey research entered and began proliferating in studies of spinal cord regeneration. Examined with prevailing and new laboratory technologies, as we show in this and the following sections, not only did giant lamprey RS neurons enable fresh insights into how axon regrowth (1960s), compensatory plasticity (1970s–1980s), and intrinsic molecular factors (1990s–present) contribute to the recovery of function, understood as the recovery of normal swimming. But investigators could also attach a broad scope of relevance to their studies, interpreting them as suggesting conserved features of successful regeneration. Because this work showed promise in illuminating how and why basal vertebrates accomplish CNS regeneration so well, whereas mammals fare so poorly, it also began taking root in medical as well as biological research.
As K. Marón, a biologist at the Department of Experimental Zoology at the Polish Academy of Sciences in Kraków, noted in 1959: “Up to now,” the neurobiological community had not seen “any works in literature treating of the regeneration capacity of the central nervous system in cyclostomes (lampreys and hagfishes)” (Marón, 1959). “The evolutionary significance” of these organisms made this gap problematic, so Marón set out to record tissue healing following spinal cord injury in the ammocoetes of Lampetra fluviatilis (European river lamprey) using light microscopy (Marón, 1959). He documented the formation of a bridge of ependymal cells (of glial origin) in the transection site after around 5 days (Marón, 1959). He also reported that “after 20 days both severed ends of the cord are … joined by numerous nerve fibres,” such as what appeared to be the giant Müller fibers (Marón, 1959). This study provided a general descriptive framework for neural regeneration in the CNS of a basal vertebrate.
Soon thereafter, Emerson Hibbard, a neurobiologist at the US National Institute of Neurological Disorders and Stroke (NINDS), built on Marón’s work. Hibbard employed no cutting-edge technologies. Rather, light microscopy and common tissue fixation methods gained new power when applied to the large, identified neurons of Petromyzon marinus, enabling unprecedented precision in correlating the regrowth of axons with tissue repair and behavioral recovery. “Ordinarily the spinal cord appeared to be essentially normal by 20 days after being severed,” Hibbard observed (Hibbard, 1963). The “giant axons had traversed” the injury site (Hibbard, 1963). The “ability of the animal to perform coordinated sinuous movements of the trunk and tail posterior to the wound when out of water was taken as the criterion for functional recovery” from the injury, with normal swimming returning after around 20 days (Hibbard, 1963). Hibbard understood this spontaneous recovery to be at least partly caused by the regrowth of the giant fibers, and he pointed to the relative speed with which functional recovery occurred in lampreys (Hibbard, 1963). Moreover, Hibbard’s work clearly was motivated by a combination of the convenience of working with large neurons and the hope that, through comparison and contrast, features of lamprey spinal cord regeneration could shed new light on why mammals fared so poorly in this regard. “The difficulty in obtaining good functional neural regeneration within the spinal cords of higher vertebrates, and especially of man, has caused many investigators to focus their attention … in lower forms, particularly in fish and amphibians,” he wrote in the opening lines of his paper in 1963 (Hibbard, 1963).
By the early 1960s, nearly two centuries of research had made it clear that spontaneous and robust neural regeneration occurs readily in the CNS across the animal kingdom, except in mammals. 18th-century naturalists had studied tail regeneration in lizards, a process involving the CNS (Spallanzani, 1768; Dinsmore, 1991; Tsonis and Fox, 2009). 19th-century biologists had examined the robust structural and functional regeneration that takes place in the CNS of invertebrates and the mammalian PNS (Stahnisch, 2003, 2016, 2022). Investigators so far in the 20th century had focused on optic nerve regeneration in frogs and toads, amphibian tail and spinal cord regeneration, chemical factors inducing nerve growth in chick embryos, spinal cord regeneration in goldfish, and nervous system regeneration in crustaceans and cephalopods (Sperry, 1943, 1945; Cohen and Levi-Montalcini, 1956; Bernstein, 1964; Clemente, 1964; Hoy et al., 1967; Larner et al., 1995; Meyer, 1998; Allen, 2004; Imperadore and Fiorito, 2018; De Sio and Imperadore, 2023). Santiago Ramón y Cajal also had examined what he called the “plastic” capacities of the mammalian CNS from the 1890s through the 1930s, concluding that while some sprouting of damaged axons was possible, this regrowth had uncertain functional relevance (Ramón y Cajal, 1928; Stahnisch and Nitsch, 2002; Stahnisch, 2003). We also now know that many non-mammalian vertebrates, such as teleosts and amphibians, undergo robust axon regeneration and functional recovery, often on even faster time frames than lampreys (Tanaka and Ferretti, 2009; Morgan and Shifman, 2014; Morgan, 2017; Hanslik et al., 2019; Cigliola et al., 2020; Alper and Dorsky, 2022).
Nevertheless, “the difficulty in obtaining good functional neural regeneration within the spinal cords of higher vertebrates, and especially of man” meant biologists were seeking new organisms and methods with which to study this process and fresh insights into its underlying mechanisms (Hibbard, 1963). Of the conserved properties of CNS regeneration, Hibbard offered at least two further insights that would guide later research. First, he showed that CNS regeneration in the lamprey was far from structurally perfect. Some RS axons grew back across the injury site, but “aberrant fibers” were also “found wandering off in various directions from the wound” (Hibbard, 1963). This is clearly demonstrated in Figure 4, a modern image that shows where regenerating axons in the transected lamprey spinal cord can be observed projecting in atypical pathways relative to the uninjured control spinal cord. Functional regeneration thus appeared possible in the lamprey CNS, even if by way of imperfect structural regeneration. Second, Hibbard pointed to the significance of the extracellular milieu, the environment outside neurons, in either promoting or hindering CNS regeneration. “The vascular supply to the spinal cord of the lamprey indicates a complete absence of capillaries within the cord but a rich plexus of capillaries overlaying it in the meninges,” Hibbard wrote (Hibbard, 1963). The flattened shape of the spinal cord (Figure 2B) also “permits all cellular elements … to obtain necessary oxygen and metabolites by diffusion or active transport” (Hibbard, 1963). Thus, “the (lamprey) system precludes extensive destruction and atrophy of both neurons and supporting elements,” minimizing scarring (Hibbard, 1963). Hibbard, like neurobiologists today, interpreted these features as pro-regenerative, in contrast to in the mammalian CNS, where “disturbance of the vascular bed, the resultant atrophy of cells, and the necessity for removal of breakdown products” leads to scarring that hinders self-repair (Hibbard, 1963).
[image: Figure 4]FIGURE 4 | Axon regeneration in the lamprey spinal cord. (Left) Confocal projection of an uninjured, control lamprey spinal cord where the RS axons were anterogradely labeled with Alexa488-dextran. The descending RS axons typically exhibit straight, non-branching projection patterns. (Right) Confocal projection of a transected (Trans) spinal cord at 11 weeks post-injury (wpi). Anterograde labeling shows that the regenerating axons exhibit vastly different projection patterns. While some regenerating axons traverse the transection site (arrowhead) and cross into the distal spinal cord (below the transection site), other axons fail to regenerate, branch, or turn rostrally, demonstrating the imperfectness of structural regeneration. Despite this, the functional recovery of swimming behaviors is remarkably robust in these animals. Rostral is to the top. Adapted from Haspel et al., 2021 and used with permission by Wiley.
Both imperfect structural regeneration and the role of the extracellular milieu in spinal cord regeneration were attracting attention in other contexts. For instance, Jerald Bernstein at the National Institute of Neurological Diseases and Blindness (NINDB) wrote in 1964 that in larval goldfish, “normal swimming returned” following spinal cord injury, despite the failure of many fibers to regenerate (Bernstein, 1964). Soon, similar findings were observed in zebrafish, axolotls, and newts (Bernstein and Gelderd, 1970, 1973). Additionally, Carmine D. Clemente, William F. Windle, and William W. Chambers at the University of Pennsylvania School of Medicine had been arguing that a drug, Pyromen, could block the activity of astrocytes and the formation of glial scars in adult cats and dogs, apparently allowing for modest axonal sprouting in the CNS (Windle and Chambers, 1950; Windle et al., 1952; Clemente and Windle, 1954; Clemente, 1964). By the mid-1960s, therefore, new optimism about probing and promoting functional CNS regeneration in humans was blossoming, spurred by yet further technological developments rapidly infiltrating neurobiology, such as electron microscopy (Palade and Palay, 1954; Palay, 1956; Gray, 1959) and novel techniques for staining the injured mammalian cortex (Nauta and Gygax, 1954; Stahnisch, 2003). This also was true despite centuries of research having garnered pessimism, and many mechanistic details remaining unclear, including of the properties of successful CNS regeneration at the levels of the neuron and below and of what hinders and promotes this process in mammals (Stahnisch, 2022).
“It is now entirely reasonable to abandon the view that central nervous regeneration cannot be accomplished in man,” Lloyd Guth and William Windle, neurologists at NINDS and New York University, declared at a conference in 1970 (Guth and Windle, 1970). Furthermore, as the “regeneration of axons, including Mauthner fibers, in the severed spinal cord of the chordate larval lamprey” occurred so readily, “one key to unlock the secrets of the enigma [of CNS regeneration] may lie here” (Guth and Windle, 1970).
5 COMPENSATORY PLASTICITY IN SPINAL CORD REGENERATION IN LAMPREYS, 1970S–1980S
In the 1970s and 1980s, lamprey research continued to gain traction within the field of CNS regeneration, still focusing on the neurons of the spinal cord after traumatic injury. This time employing new technologies, researchers again expanded their scales of analysis, accumulating insights especially into an attribute related to imperfect structural regeneration: “compensatory plasticity,” or the rewiring of neural networks to achieve functional recovery.
In 1964, a young neurophysiologist, Carl Rovainen (Figure 5), began studying the lamprey while working on his Ph.D. at Harvard Medical School. During a stint one summer at the nearby MBL in Woods Hole, Steven Kuffler, who would go on to establish the Harvard Department of Neurobiology in 1966, suggested that Rovainen work on the lamprey (McMahan, 1990). Kuffler and John Nicholls, also at Harvard, were studying the leech, and they had “sought a vertebrate counterpart to the leech preparation of neurons and glia” (McMahan, 1990). The pair had “made the first unpublished intracellular recordings from large Müller neurons in the lamprey brain,” Rovainen remembered later, “but because they could not record also from glial cells, they asked me, as a graduate student in need of a project, whether I would like to continue the recordings from the large nerve cells” (McMahan, 1990).
[image: Figure 5]FIGURE 5 | Dr. Carl Rovainen. Dr. Carl Rovainen giving a lecture, Department of Cell Biology and Physiology, Washington University School of Medicine, circa 1983. Used with permission by Becker Medical Library, Washington University School of Medicine.
Rovainen agreed, becoming the first to characterize the functions of the identified giant RS neurons in the lamprey brain. Alan Hodgkin and Andrew Huxley had been the first to record neuronal voltages internally, employing squid giant axons (Hodgkin and Huxley, 1939, 1945). Similar invertebrate studies had followed (i.e., Hodgkin and Keynes, 1953), including employing pre- and postsynaptic electrodes in the squid giant synapse (Bullock and Hagiwara, 1955, 1957). By the 1960s, intraneuronal recordings also had been carried out in dog and goat Purkinje fibers, cat motor neurons, and Mauthner neurons in various fishes (Draper and Weidmann, 1951; Brock et al., 1952; Tasaki et al., 1954; Furshpan and Furukawa, 1962; Furukawa et al., 1963; Furukawa and Furshpan, 1963; Auerbach and Bennett, 1969). Yet, the sizes of the lamprey’s RS neurons, some of them several times larger than even catfish and hatchetfish Mauthner neurons, made the lamprey an attractive animal for which to develop intracellular methods. In 1967, using serial sectioning and a variety of intracellular and extracellular stimulations and recordings, Rovainen identified the functions and synaptic connections of many of the large, identified neurons in sea lamprey, as well as of the dorsal cells and large interneurons (Rovainen, 1967a; 1967b). He even documented the associations of some cells with specific movements, such as tail flexions, body rotations or contractions, and fin movements. In 1967, Rovainen took up a faculty position in the Department of Physiology and Biophysics at Washington University in St. Louis, where he remained until retirement in 2001.5 While his watershed papers on the functions of the identified neurons had not addressed regeneration, in the 1970s Rovainen also took up studies of this phenomenon.
It is around this turning point, in the early 1970s, that the number of total lamprey publications began to increase dramatically, bolstered in part by the entry of Carl Rovainen and others into the study of lamprey neuroscience. In addition, a 1971 book, The Biology of Lampreys—in which J.Z. Young reflected on how lampreys had been, and could be, employed as experimental organisms—perpetuated studies by assessing and consolidating the knowledge to that date (Hardisty and Potter, 1971). The total number of journal articles, book chapters, and review papers published each year employing lampreys has increased steadily from the 1970s to the present day (Figure 6A). Those in the “neurosciences” category designated by ISI Web of Science also increased from the 1970s until the mid-1990s, stabilizing in the early 2000s at a time when neuroscience journal articles, book chapters, and review papers employing genetic model organisms, such as zebrafish and Caenorhabditis elegans, were rapidly increasing (Figure 6B). This growth can be attributed in large measure to influential researchers such as Rovainen. Another such scholar is Professor Sten Grillner, the Director of the Nobel Institute for Neurophysiology since 1987 (Grillner, 2021b). The collective works from Grillner and his colleagues have helped to clarify how neural networks are organized in the lamprey, how they control locomotor and sensory behaviors, and, more broadly, how the vertebrate CNS evolved (McClellan and Grillner, 1983; McClellan, 1984; Pombal and Puelles, 1999; Grillner, 2006, 2021a; Grillner and Wallén, 2006; Grillner and Robertson, 2016). Michael Selzer, Avis Cohen, and their colleagues have had similar impacts on the use of lampreys for studying neural networks controlling locomotor functions and mechanisms of CNS regeneration, as will be discussed later (Cohen, 2019; Selzer, 2019).
[image: Figure 6]FIGURE 6 | The lamprey as an experimental organism in neuroscience. (A) The total number of journal articles, book chapters, and review articles in ISI Web of Science using lampreys as a model organism, and the number in neuroscience, 1970-2022. The total number has increased steadily since the 1970s. However, while neuroscience publications comprised approximately half of the total lamprey journal articles, book chapters, and review articles in the mid-1990s (peaking at around 48% in 1992), that proportion has declined in recent decades (see Supplementary Material S1). (B) The numbers of neuroscience journal articles, book chapters, and review articles in ISI Web of Science for lamprey, Caenorhabditis elegans, Aplysia, and zebrafish, 1967-2022. A decline of lamprey neuroscience publications in the late 1990s coincided with a sharp rise for zebrafish and Caenorhabditis elegans. These trends are similar across the four organisms shown for neuroscience publications normalized to all neuroscience journal articles, book chapters, and review articles, 1967-2022 (see Supplementary Material S1). Methods for generating the graphs in Panels (A,B) can be found in Supplementary Material S1.
Reflecting this community growth, in 1976 Rovainen published a paper that built on Marón and Hibbard’s conclusions from the previous decade and stimulated a wave of research on compensatory plasticity induced by spinal injury (Rovainen, 1976). Employing thousands of serial sections, Rovainen showed that despite recovery of normal swimming, Müller neurons in the sea lamprey were only somewhat competent at regeneration. Additionally, while some of the descending RS axons typically regenerated, others, such as the Mauthner neurons, did not. Of his findings, Rovainen remarked: “the substantial behavioral recovery after spinal regeneration despite obvious morphological abnormalities is surprising both in lampreys and in other lower vertebrates” (Rovainen, 1976). “The most important mechanism for functional recovery,” he continued, “may (thus) be morphological and physiological alterations which amplify the actions of the fewer descending axons” (Rovainen, 1976): that is, the re-arrangement of neuronal networks.
Several groups soon extended these results, suggesting that functional recovery indeed took place at least partly through the rewiring of neural circuits, rather than just the reformation of the original neuronal connections. For instance, Michael Selzer, who was then on faculty at the University of Pennsylvania School of Medicine, determined that RS neurons and other spinal neurons in the larval sea lamprey could re-establish electrophysiological activity across the lesion site, as measured by intracellular recordings (Selzer, 1978). Yet, new axonal sprouting and synapse formation also helped bring about recovery. Selzer’s group, and Malcolm Wood and Melvin Cohen in the Yale Department of Biology, confirmed these conclusions, employing intracellular injections of horseradish peroxidase into regenerating axons to visualize the new axon sprouts and newly formed synapses (Wood and Cohen, 1981; Yin and Selzer, 1983). These studies revealed a substantial amount of aberrant axonal sprouting and projection patterns, as well as incomplete axonal regrowth in the regenerating lamprey spinal cord (Figure 4), despite robust recovery of swimming behaviors.
Then, during the 1980s, researchers continued to investigate compensatory plasticity in lampreys. In 1980, during her transition from the Karolinska Institute (where she worked with Grillner) to Biological Sciences at Cornell University, Avis Cohen helped develop a method to induce the rhythmic activity of the motor neurons underlying swimming in the dissected larval sea lamprey spinal cord, using a bath application of D-glutamate or L-DOPA (Cohen and Wallén, 1980). Ventral root activity could then be studied in vitro. Cohen, Selzer, and Scott Mackler later employed this “fictive swimming” methodology to show that a lamprey’s regenerated CNS axons incorporated into the central pattern generator (CPG) networks for swimming, giving rise to motor neuron activity with a high degree of phase-locking across the lesion site (Cohen et al., 1986). The axonal connections, in other words, gave rise to normal electrical patterns despite aberrant sprouting and their new synaptic connections. This was a watershed contribution to the field because it demonstrated, in a vertebrate, that regenerating descending spinal axons played an important role in coordinating entire neural networks for locomotion during functional recovery from spinal injury. In 1987, Mackler and Selzer confirmed that despite the aberrant regrowth patterns, regenerating RS axons nonetheless exhibited some selectivity in choosing postsynaptic partners, finding their ways to the same subtypes of spinal motor neurons or interneurons as in the uninjured spinal cord (Mackler and Selzer, 1987).
As the 1980s progressed, the lamprey thus had been solidified in biological and medical institutions, from marine laboratories and biology departments to medical schools, as an organism for which presumably conserved features of CNS regeneration, including compensatory plasticity, could be studied at multiple scales. “Plastic” phenomena certainly held general interest: Several groups had been examining the re-wiring of invertebrate neural networks for learning, for instance, as the funding and institutional infrastructures for neuroscience grew rapidly in the decades following WWII (for the infrastrucrues: Schmitt et al., 1975; De Sio, 2018; Maxson Jones, 2020; Prkachin, 2021; for studies of invertebrate learning: Kandel and Tauc, 1964, 1965; Alkon, 1973, 1983; Kandel, 1976). Yet, in no other vertebrate besides the lamprey could electrical activity and behavioral changes be correlated with axon regeneration and the rearrangement of neural networks with such precision, an assertion that holds to the present day. Studies of compensatory plasticity also had the potential to reframe the end goals of therapies for CNS injuries and diseases: if the phenomenon took place in mammals, as it seemed to do in research with rodents (Barker and Eayrs, 1967; Miller and Lund, 1975; Barlow and Gaze, 1977; Lund, 1978; Kiernan, 1979, 157; Stahnisch, 2022), then therapies could focus on promoting new functional states, rather than on restoring all the original neuronal connections.
6 INTRINSIC FACTORS IN SPINAL CORD REGENERATION, 1990S–PRESENT
As the 1990s dawned, lampreys certainly held a unique position in neurobiology, not only in studies of CNS regeneration but also in research on compensatory plasticity more generally. However, despite the considerable public and private funding allocated towards “regenerative medicine” since at least the 1970s (Maienschein, 2011), frustration was mounting in scientific and clinical communities regarding a lack of translation of research findings into medical therapies. On the one hand, as a lengthy review by John Kiernan in the Department of Anatomy at the University of Western Ontario made clear in 1979, much previous research on mammalian CNS regeneration had turned out to be plagued by serious limitations. For example, Pyromen, the drug that in the 1950s had appeared to promote CNS regeneration in adult cats and dogs, had proven short-lived in its promising results (Kiernan, 1979). Moreover, it appeared that many of even the most careful spinal cord transections in rats were incomplete, leaving some spinal tissues intact and thus providing 'bridges' across which sprouting uninjured axons could grow, muddying the relevance of those studies for developing future medical therapies targeting CNS regeneration (Feringa et al., 1976; Kiernan, 1979). While in 1979 Kiernan had soundly rejected the hypothesis that functional regeneration in the mammalian CNS was impossible, he also argued that the most promising path forward for clinical research was to determine “why, under ordinary conditions, this regenerative process is unsuccessful” (Kiernan, 1979).
Responding to the “misleading claims” that had resulted from prior CNS regeneration studies and citing “wasteful duplication of scientific efforts” as well as “disappointing the paraplegic community,” a 1980 editorial in Experimental Neurology even had laid out several “Criteria for Evaluating Spinal Cord Regeneration Experiments” (Guth et al., 1980). Adopted by the National Institute of Neurological and Communicative Disorders and Stroke, these criteria had insisted that any new publications claiming the production of CNS regeneration under experimental conditions verify both loss of function by way of specific structural injury (such as spinal cord transection) and gain of function (such as behavioral recovery) by way of specific structural regrowth. To this day, the lamprey stands out as one of the only vertebrate models for which all these criteria can be upheld.
As the molecular era dawned, the lamprey was once again poised to offer new insights in this space. As in previous decades, this was thanks to the multiple scales of analysis made possible by the lamprey’s giant reticulospinal neurons and the broad scope of relevance conferred by the animal’s early evolutionary position. Indeed, the 1990s and 2000s shepherded in the first molecular insights into regeneration. The Human Genome Project, which began in 1990 and concluded in 2004, provided financial support for genome sequencing in the human and several model organisms, including for two animals already popular in neuroscience research: the laboratory mouse, Mus musculus, and the nematode, Caenorhabditis elegans (Ankeny, 2001; Maxson Jones et al., 2018). In this context, and even in the absence of a sequenced genome, molecular analyses of the lamprey’s large, identified neurons—that is, of features intrinsic to these neurons—helped to show conserved features of those CNS neurons that tended to regenerate their axons and those that did not (Figure 7A).
[image: Figure 7]FIGURE 7 | Lamprey giant reticulospinal (RS) neurons have different regeneration capacities. (A) Diagram of the lamprey midbrain and hindbrain showing the 30 giant RS neurons. RS neurons are further designated as mesencephalic (M), isthmic (I), bulbar (B), and Mauthner (Mth) cells. Upon spinal transection, all the giant RS neurons are axotomized, after which a reproducible subset regenerates their axons with high probability (“good regenerators”) while the remaining undergo delayed apoptosis (“poor regenerators”). While most giant RS neurons reside in the midbrain and hindbrain, M1 and M2 are located in the caudal diencephalon (Pombal and Puelles, 1999); moreover, I3 and I4 reside outside of the isthmic region in rhombomeres 2 and 3 of the hindbrain (Murakami et al., 2004). (B) Image of a toluidine blue stained uninjured, control lamprey brain showing all 30 giant RS neurons, which are darkly Nissl stained, indicating healthy cells. (C) After 11 weeks post-transection (Trans), the “poor regenerators” (red arrows) swell and lose their Nissl staining due to injury-induced cell death, while the “good regenerators” (black arrows) remain healthy. Scale bars = 500 mm. Adapted from Fogerson et al., 2016, and used with permission by Elsevier.
The first demonstrations took place in the Selzer laboratory in the late 1990s, when the regeneration of RS axons was shown to be highly correlated with changes in the expression of neurofilament-180 (NF-180) (Pijak et al., 1996; Jacobs et al., 1997). After injury due to spinal cord transection, all the giant RS neurons initially downregulated NF-180 expression. However, over time, the “good” regenerators (specifically, those with a high probability of regenerating, amounting to approximately half of the pre-injury population) recovered NF-180 expression along a time course resembling anatomical regrowth across the lesion site and functional recovery. In 2008, it also was shown that the “poor” regenerators (the other half of the pre-injury population) undergo delayed cell death, suggesting that protection from apoptosis may promote regeneration (Figures 7B, C) (Shifman et al., 2008). Finally, following publication of the lamprey genome (Smith et al., 2013), Selzer’s group used anti-sense morpholinos to reduce NF-180 expression, demonstrating a functional role for neurofilaments in axon regeneration (Zhang et al., 2015). Such correlation of molecular changes within individual CNS neurons that are “good” and “poor” regenerators, not to mention with axon regeneration and behavioral recovery along a regular time course, remains extremely difficult to accomplish in other experimental animals. In addition, this work lent early credence to the idea that intrinsic factors expressed within neurons could drive or inhibit regeneration, in addition to the extracellular factors, such as glial scarring, that had received so much study since the 1950s, especially in mammals (Guth and Windle, 1970).
In the 1990s and early 2000s, the notion of the significance of intrinsic neuronal factors held little traction outside the lamprey, but it is now widely accepted that intrinsic and extrinsic factors interact closely to regulate regeneration (Ferguson and Son, 2011; Morgan and Shifman, 2014; Morgan, 2017). The classic example in mammals is the differential growth of central and peripheral axons in dorsal root ganglia (Moore et al., 2009; Lerch et al., 2014; Mahar and Cavalli, 2018). Moreover, in lampreys, direct comparisons of neurons with low and high regenerative probabilities have continued to illuminate intrinsic molecular factors that hinder regeneration by causing neurodegeneration, such as the post-injury aggregation of synuclein, a synaptic vesicle-associated protein whose aberrant aggregation is also linked to Parkinson’s and other neurodegenerative diseases (Busch and Morgan, 2012; Fogerson et al., 2016). Studies in the lamprey spinal cord also have provided insights into conserved regulatory pathways that promote axon regeneration in the CNS, such as by way of the second messenger cyclic AMP (cAMP) (Jin et al., 2009; Lau et al., 2013; Pale et al., 2013). Enhancement of axon regeneration by cAMP was first demonstrated in mice, in the laboratory of Marie Filbin in the Department of Biological Sciences of Hunter College at the City University of New York (Qiu et al., 2002; Hannila and Filbin, 2008). This finding has since been corroborated in other vertebrates, such as in the optic nerves of rodents and goldfish, and in invertebrates such as C. elegans (Li et al., 2003; Rodger et al., 2005; Ghosh-Roy et al., 2010).
The lamprey model also has helped to corroborate and extend other molecular pathways that influence vertebrate CNS regeneration, including by way of axon guidance molecules, Wnt signaling, ion channels, neurotransmitter systems, and extracellular matrix components (Shifman and Selzer, 2007; McClellan et al., 2008; Shifman et al., 2009; Herman et al., 2018; Romaus-Sanjurjo et al., 2018; Hu et al., 2021). These molecular studies have been conducted primarily on larval sea lampreys in the laboratories of Michael Selzer, Antón Barreiro-Iglesias and María Rodicio (Universidad de Santiago de Compostela, Spain), Jennifer Morgan (The University of Texas at Austin, now the Marine Biological Laboratory in Woods Hole), and their collaborators. Indeed, whole tissue transcriptome analyses have revealed that many of the growth-promoting pathways occurring during mammalian PNS regeneration also are upregulated in the lamprey CNS after spinal cord injuries, including a canonical set of transcription factors identified as “regeneration-associated genes” like Jun, ATF3, Sox11, and several SMADs (Chandran et al., 2016; Herman et al., 2018; Katz et al., 2022). An unbiased transcriptome analysis also has revealed that gene expression changes occur throughout the time course of functional recovery both in the spinal cord and in the brain, highlighting the dynamic nature of molecular changes during regeneration and the importance of pro-regenerative responses in supraspinal locations (Herman et al., 2018).
Moreover, while these lines of study have highlighted conserved molecular factors that promote or inhibit CNS regeneration, still further research has emphasized physiological mechanisms promoting regeneration in the lamprey spinal cord, building on and refining research begun in earlier decades. In the 1990s and 2000s, Andrew McClellan’s work correlated cellular regrowth with behavioral recovery in new ways. Working with Grillner and independently, in the 1980s McClellan had studied the mechanisms of “fictive swimming” in the in vitro lamprey spinal cord (McClellan and Grillner, 1983; McClellan, 1984). Then, at the Department of Physiology and Biophysics at the University of Iowa and later at the Interdisciplinary Neurosciences Program at the University of Missouri, McClellan and his team used kinematic analyses, electromyography recordings, and retrograde neuronal labeling methods to refine the time course of descending axon regeneration and correlate that with the behavioral recovery of swimming. Amongst the key findings from this work were that regeneration of both descending and ascending axons was robust, but incomplete and variable, over the time course of recovery (McClellan, 1990, 1994; Davis and McClellan, 1993, 1994; Armstrong et al., 2003); that axons continued to regenerate long distances even after behavioral recovery was complete (Davis and McClellan, 1994; Rouse and McClellan, 1997) and that a conditioning lesion also enhances axon regeneration in the lamprey, as occurs in mammals (Zhang et al., 2004). Together, these studies contributed to the idea that the robustness of swimming recovery in the lamprey following spinal cord injury is accompanied by imperfect structural regeneration of axons, setting the stage for understanding synaptic mechanisms that may contribute to this apparent paradox.
Since 2009, David Parker’s work at the University of Cambridge also has built on earlier physiological research, namely, those studies of compensatory plasticity first pioneered in the 1970s. This work has helped to contextualize the molecular studies of intrinsic factors that have unfolded over the last two decades. Using primarily intracellular recordings, Parker’s group has elegantly shown that spinal cord injury changes the intrinsic excitability and synaptic properties of many intraspinal neurons both above and below a lesion site, including in motor neurons, multiple classes of interneurons, and sensory neurons (Cooke and Parker, 2009; Hoffman and Parker, 2011; Becker and Parker, 2019). They also have shown that modulation by 5-HT and other neurotransmitters assists in functional recovery of the spinal central pattern generators (Svensson et al., 2013; Becker and Parker, 2014, 2019). Moreover, Parker’s group recently has corroborated the 1980s finding that regenerated RS synapses can produce postsynaptic responses of normal or enhanced amplitude (Mackler and Selzer, 1987; Parker, 2022). Surprisingly, these robust synaptic responses can occur even though regenerated RS synapses are sparse and have smaller synaptic vesicle clusters than normal, as determined in the Morgan laboratory by electron microscopic analysis, though they seem to retain the proper presynaptic organization (Oliphint et al., 2010). Collectively, these anatomical, physiological, and molecular findings suggest that the regenerated spinal cord is a “new cord”: one with a distributed and varied range of compensatory changes that together re-establish a functional spinal locomotor network, as Parker conveyed in the title of an article in 2017 (Parker, 2017).
Effective therapies for traumatic CNS injuries or diseases, in other words, may require the promotion of certain network- or systems-level properties reflecting entirely new connections. These new connections may include specific patterns of excitation and inhibition within neuronal networks. Additionally, any therapies must consider intricate interactions between intrinsic factors such as gene expression, and extracellular factors, such as the contributions of glial cells.
7 CONCLUSION: THE HISTORY AND FUTURE OF CNS REGENERATION RESEARCH IN LAMPREYS
In this article, we have examined the history of one experimental organism, the lamprey, in neurobiology since the 1830s. More specifically, we have argued that large nerve cells in the lamprey’s CNS, in conjunction with the animal’s basal evolutionary position, facilitated studies in spinal cord regeneration research after 1959. Examined with prevailing and new laboratory technologies, the lamprey’s RS neurons enabled fresh insights into conserved attributes of how axon regrowth, compensatory plasticity, and intrinsic molecular factors contribute to functional recovery. But investigators also have long been able to attach a broad scope of relevance to this work, interpreting them as suggesting conserved features of successful, and sometimes even unsuccessful, CNS regeneration. Because lamprey CNS regeneration has offered insights into why basal vertebrates accomplish this feat so well, whereas mammals fare so poorly, such work has persisted in biological and medical institutions, despite only ever encompassing a small proportion of studies in the field overall.
Yet, we believe that examination of historical research also can suggest paths forward, for instance by demonstrating fuller expressions of possible experimental and theoretical approaches than might be exhibited in current research, or by revealing blind spots in present-day intellectual and experimental trajectories. This history has shown how both biological and medical value have been gleaned from a single, non-traditional model organism for which molecular genetics tools only have been developed relatively recently. Despite a decreasing number of lamprey studies in the neurosciences over the last two decades (Figures 6A, B), it also suggests ways in which lampreys could continue to contribute productively to the field.
Since the 1980s, for example, much of the experimental animal research on CNS regeneration has focused on genetically standardized “model” organisms, especially rodents. The defining attributes of these organisms enable biologists to control and evaluate the effects of genetic manipulations and infer the relevance to humans by way of molecular sequence conservation (Strasser, 2008, 2009; Ankeny and Leonelli, 2011, 2021). The power and value of these methods are undeniable. Yet, despite billions spent on regenerative medicine research, the global burdens of CNS injuries and degenerative diseases remain immense (Badhiwala et al., 2019; Hale et al., 2019) and the treatment options limited, although significant improvements have been made (i.e., Young, 2014; Angeli et al., 2018; Courtine and Sofroniew, 2019; Kathe et al., 2022). Developing new ways of moving from specific experiments to general, and perhaps medically relevant, conclusions could be very valuable, and perhaps even exemplified by non-traditional model species such as the lamprey (i.e., Green et al., 2018; Maxson Jones, 2020). Indeed, history of biology tells us that diverse avenues towards producing biological and medical knowledge can co-exist. The conjunction of experimental tractability, by way of large neurons, and evolutionary position that has long perpetuated studies of lampreys can continue to offer biological and clinical insights.
For instance: What intrinsic factors are most important for driving neural regeneration in the CNS? Are there master regulators, like transcription factors, which if upregulated will control whole growth programs? The lamprey can be used to study the cell biology of these processes at the level of individual neurons, enabling side-by-side analyses of those that do and do not regenerate. In addition, this organism provides a platform for identifying conserved molecular pathways that promote regeneration in the vertebrate CNS. Also, how do regenerative processes coordinate across scales (MacCord and Maienschein, 2019, 2021, 2022)? With the new genome and transcriptome resources now available for the lamprey (Smith et al., 2013, 2018; Herman et al., 2018; Timoshevskaya et al., 2023), it is possible to study spinal cord regeneration from the molecular and cellular levels to synaptic mechanisms, circuit physiology, and behavior with more precision than ever before. A recent neuromechanical model of spinal injured lampreys revealed that sensory feedback amplification can enhance functional recovery, opening novel avenues to explore in situ while also expanding the lamprey toolkit to include new computational modeling resources (Hamlet et al., 2023). Few experimental organisms offer this possibility, although zebrafish and C. elegans models are being developed and deployed more integratively in this space, providing additional opportunities for comparative approaches (Haspel et al., 2021). There are some limitations with the lamprey spinal cord injury model, namely, the lack of standard transgenic approaches for late larval animals due to their advanced age (5–7 years old) and long lifecycle. However, CRISPR-mediated gene editing is now possible in embryos and early larvae (<1 month old) (Square et al., 2015, 2020; Suzuki et al., 2021). Other types of molecular manipulations using morpholinos and pharmacological approaches are also feasible (Zhang et al., 2015; Fogerson et al., 2016; Romaus-Sanjurjo et al., 2018; Rodemer et al., 2020).
Finally, an over-arching conclusion is that a full understanding of CNS regeneration, which spans from the subcellular to the behavioral levels and is prevalent across taxa, requires analyses at the systems level: of features only apparent when the CNS is examined as a coordinated whole composed of interacting parts, including across species to glean evolutionary trends (MacCord and Maienschein, 2019, 2021, 2022). “Our current knowledge should allow us to improve the lives of patients suffering from spinal cord injury,” neurobiologist Andy Fong and his co-authors wrote in 2009, but “consumed with individual pieces of the puzzle,” such as genetic components in relative isolation, “we have failed as a community to grasp the magnitude of the sum of our findings” (Fong et al., 2009; see also, Parker, 2017). Because lampreys can broaden the scope and scale of spinal cord regeneration research, they are poised to provide further novel insights into biology and therapies.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
KMJ and JRM contributed to the conception and design of the study and collected the data. KMJ and JRM made the Figures, and both authors contributed to the writing and editing of the manuscript and approved this submission.
FUNDING
The research and writing of this manuscript were supported by the James S. McDonnell Foundation (“Transforming Discovery: Historians, Philosophers, and Life Scientists Exploring Regeneration,” JSMF Grant No. 220020480.01, PIs Jane Maienschein and Kate MacCord) (to KMJ and JRM) and the Marine Biological Laboratory Eugene Bell Center Endowment and the Rowe Endowment for Regenerative Biology (to JRM).
ACKNOWLEDGMENTS
Steven Zottoli pointed KJM to several historical references related to intracellular recordings. Earlier versions of this work also were presented (by KJM) at several seminars, conferences, and workshops: the History of Science, Technology, and Medicine Lecture at Washington University in St. Louis, MO, United States (2021), the annual meetings of the International Society for the History, Philosophy, and Social Studies of Biology (2021) and the History of Science Society (2021), two History of Biology Summer Seminars (2019 and 2022) held at the Marine Biological Laboratory (MBL) in Woods Hole, MA, United States and supported by Arizona State University, and a workshop (“Is There a Cross-Scale Theory of Regeneration and Failure for Complex Adaptive Systems?“) held at the Santa Fe Institute in Santa Fe, NM, United States and supported by the James S McDonnell Foundation. Finally, the authors would like to acknowledge and thank the individuals who provided first-person interviews during the preparation of this article: Avis Cohen, Michael Selzer, and Sten Grillner. Rather than quoting directly, we have used these interviews to help corroborate evidence gathered from other sources.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1113961/full#supplementary-material
FOOTNOTES
1“Lamprey,” 2022, New World Encyclopedia, https://www.newworldencyclopedia.org/p/index.php?title=Lamprey&oldid=1083390. Accessed 11 April 2023.
2Chillag, Ian, “A Parasite Pie Fit For A Queen’s Diamond Jubilee,” 2012, NPR, https://www.npr.org/sections/waitwait/2012/06/03/154196783/a-parasite-fit-for-a-queen. Accessed 11 April 2023.
3“Sea Lamprey: A Great Lakes Invader,” Great Lakes Fisheries Commission, http://www.glfc.org/sea-lamprey.php. Accessed 11 April 2023.
4A typed version of Freud’s 1877 manuscript in German (Freud, 1877) was provided from a scan of the original by Lori Straus Communications (https://loristrauscommunications.com/). A rough translation of the manuscript was then generated by Google translate to confirm the main points noted above, which were corroborated by Shepherd in his analyses of Freud’s 1877, 1878, 1882, and subsequent papers (Shepherd, 2016).
5Purdy, Michael C., “Obituary: Carl Rovainen, professor emeritus, 73,” 2013, The Source, https://source.wustl.edu/2013/03/obituary-carl-rovainen-professor-emeritus-73/. Accessed 27 April 2023.
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A. filformis  Regenerating arm Differentiation stages: blastema-ike formation, 50% Microarray Bums et al. (2011)
differentiation, and 95% differentiation
Regenerating arm 7dpa Microarray Bums et al. (2012)
explants
Regenerating arm 1.and 3 dpa llumina RNA-seq and Proteomic  Purushothaman et al.
analyses (2015)
O. victoriae  Regenerating arm Pooled weekly for 4 weeks and monthly during 12-months post 454 pyrosequencing RNA-seq  Bums et al. (2013)
amputation
0. DAPT-treated 14 dpa lumina RNA-seq Mashanov et al. (2020)

brevispina  regenerating arms

In this study tissue was compared to normal mesentery.
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FGF

BMP

TGFB

Natriuretic Peptide
NFKB

WNT

Parathyroid Hormone

Thyroid Hormone
Transcriptional Modfiers

Homeobox

Hippo Pathway (YAP/TAZ)
SOX

RUNX1/2

MEF
HF

IRF

Chromatin Remodeling
Chromatid Structure

Extracellular Matrix

Collagen

Signaling
Sulfation
Proteoglycans
MMP

Cell Physiology

Cholesterol Synthesis
Lipid Formation
Bioelectricity

Ca+ Signaling/Transport

Cell Cycle
DNA Damage Repair

Mutations
effect on pathway

Inhibitory
Activating
Inhibitory
Activating
Inhibitory

Activating

Inhibitory
Activating

Activating
Inhibitory
Activating
Inhibitory
Activating
Inhibitory

Activating
Inhibitory
Inhibitory

Activating
Inhibitory
Activating
Activating
Inhibitory
Activating
Inhibitory
Activating
Inhibitory
Inhibitory
Inhibitory
Activating
Inhibitory

Inhibitory

Inhibitory
Inhibitory
Activating
Inhibitory

Inhibitory
Inhibitory
Inhibitory
Activating
Inhibitory
Inhibitory
Inhibitory

Molecules

IHH; JAWS; SMO; EVC; EVC2; WDR11; GLI2; FOXCH
IHH
GLI3; GAST; HANDZ; ICK; DYRK2; COD/DSH
VPS25; FGFR3
FGFR3
FGF8; SP8/mBtd; ERSP1/ERSP2
Noggin; Cerebus-like
BMP2; BMP4
BMPR1; GDF5; ARSB; MSX1; MSX2; CDC42; PLZF; CHST11
TGFB1; SKI
FBN1

NPR2

NPPC; NPR2

Chuk/IKK1

RGS10; RIP4; RANK/TNFRSF11 A

SFRP1; SFRP2; WNT4

WNTS5a; LRP6; CTNNB1; PORCN: ROR2; ROR Receptors; Prickle;
RSPO2/RSPO3; RYK; WLS

PTHrP; PTH1R (receptor)

PTH; PTHP Receptor; G(s)-alpha

PAX8; Trip11/GMAP210; TR-alpha; TR-beta

PRRX1

HoxA13; HoxD12; HoxD13; EVX2
MST1; MST2

Sox9

Sox5; Sox6; Sox9; Kindiin-2
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CBFA; CBFB; SHOX2
MEF2c

HIF1A

IRF6

SATB2; JMJD3/KDMEB
DeltaEF1/ZEB1

NIPBL; SMC1a; HDACS; RAD21; SMC3; PDS5B/APRIN

COMP; Aggrecan; Col27a; JAWS; Colta; PPIB; DDR2; CSF1; Miad;
TANGOT; Creb3L2/BBf2H7; Sec23a; Col2a

Talpid (3); Ift88; Ift172

PAPSS2; BPNT2; SMUF1; CHSY1; CSGALNACTA

SLC35D1; VCAN; HSPG2; Has2; FLNB; XYLT1; GUSMPS; GUS
MT3-MMP; MT1-MMP; CDC42

Cyp26b1; SC5D; NSDHL
DAPAT/DHAPAT/GNPAT

TCIRGT; Cie?

TRPVA

GP130; IFITM5/BRIL; TNNT3; Ano6/TMEM16F
SFN

Trp63/TP63

Limb length
phenotype

Short Limb
Long Limb
Short Limb
Short Limb
Long Limb
Short Limb
Short Limb
Long Limb
Short Limb
Long Limb
Short Limb
Long Limb
Long Limb
Short Limb
Short Limb
Short Limb
Short Limb
Short Limb

Short Limb
Short Limb
Short Limb

Long Limb
Short Limb
Short Limb
Long Limb
Short Limb
Short Limb
Short Limb
Short Limb
Short Limb
Short Limb
Short Limb
Short Limb
Short Limb

Short Limb

Short Limb
Short Limb
Short Limb
Short Limb

Short Limb
Short Limb
Short Limb
Short Limb
Short Limb
Short Limb
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References

[-11]
(12
[131-{20]
[211-25)
26, [27)
[28-[30)
[31-{33]
[34)
[351-142)
[43]-{45)
[46)
(47
[48)-(50]
[51}-[56]
157)
(581-61)
(62}, [63)
[64]-[79)

(80}-(83]
(84191
(92]-{99)

[100]
[101)-{103]
[104]
(108]
106]-{110]
11, (112
[113]-{115]
[116]
[117)
[118)-{120]
n21), (122
[123]
[124)-{134]

[4), (135}-{163]
[164]-{166]

[167)-{172)
[173}-{185)

(40}, 186, [187)

[188}-[192]
[193)-(199]
(200}-{202]
(203), [204)
[205)-[215)
[216)
[217)

Note: While many of these mutations lead io multicle phenolypes, only the limb length phenotype i described in this table. Refarances are in Supplementary File S1.
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Percentage of 22 axons filled with Lucifer yellow that had at least one sprout that:

Projects rostrally Projects caudally Projects caudally Reverses direction Abuts or enters the Projects across the
past the vagal lobes* past the wound site** first ventral root midline
68.2% 81.8% 36.4% 59.1% 31.8% 31.8%

*This brain level marks the rostral edge of the wound site.
**This calculation is based on our estimation that the wound is about T mm in length.
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Fish n Postoperative interval (days) Responsiveness (%) Latency (ms) ETA (°) Straight line (cm) Velocity (cm/s)

SML-crush 4 198-213 125+49 441 £13.7 58.3 4+ 37.2 24+12 46.1 4+ 9.5
Control* 8 329-421 70.8+17.2 18.4 £2.7 101.7 £ 20.5 35+06 63.7 + 1561

*These fish were the same sham-operated control fish used in Zottoli and Freemer (2003) but at longer postoperative intervals.
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Fish category n Postoperative interval (days) Responsiveness (%) Latency (ms) ETA (°) Straight-line (cm)

Ablation-crush 4 291-437 18.3 £ 19.9 40+1.6 36.7 £ 7.3 1.8+0.5
SML-crush 4 198-213 126+£49 441 £13.7 58.3 & 37.2 24+12
Controls* 8 329-421 70.8 £17.2 184 +£2.7 101.7 £ 20.5 35+0.6

Velocity (cm/s)

201+85
46.1+ 9.5
63.7 £ 156.1

*These fish were the same sham-operated control fish used in Zottoli and Freemer (2003) but at longer postoperative intervals.
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Gene Name

Smed-bre1
Smed-march5
Smed-not4
Smed-prpf19
Smed-ran
Smed-ring1
Smed-mf2
Smed-mf8-ike
Smed-traf-2A/B
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Date

Antiquity

Authors

Hippocratic school (Greece) and Galen (physician, Roma)

Ideas & concepts

No acceptance of the principle of bone regeneration in healing bone fractures.
The faculty of regenerating new parts of the body is acceptable for flesh (not
muscle) and fat

XVth C.

Ambroise Paré (surgeon, France)

Ideas on the formation of the “callus” of bones conceived of as a matter more
solid and compact than the natural bone. Analogy with the drying sap from the
cut end of a shoot of vine as the hardening of a mucilaginous mucus. The
matters of the callus are considered as the “matters proper nourishing bones as
well as flesh”

XVIIith
cC

Frangois Quesnay (surgeon, France)

Acceptance of the idea of bone regeneration from a callus. The regenerative
property of soft tissues is considered as a simple scarring process with the union
of the cut parts

Xavier Bichat (physician, France)

‘The callus of bones possesses dynamic and adaptive properties

Paul-Joseph Barthez (physician) and the Montpellir vitalistic medical school
(France)

Regeneration of all tissues is accepted as a general vital property

Karl Rudolphi (anatomist, Germany)

Nerve regeneration scems perfect in the particular case of the limb regeneration
of the Salamander

William Cumberland Cruikshank (Surgeon, Scotland)

Observation of a regenerated nervous substance in post-morten examination in
the experimental unilateral section of the vagus nerve in dog

Felice Fontana (physicist and physiologist, Italy)

Demonstration of the nervous nature of the regenerated nervous substance in
post-morten examination in the experimental unilateral section of the vagus
nerve in dog, by the observation of specific nervous characters of the fibres with
the microscope

XIXth C.

Henri Kithnholtz (physician, Montpellier, France)

Development of the ideas of Barthez on the “regenerative power” of soft tissues
considered as a vitalistic force

Different surgeons in various European countries

Numerous cases of scarred nerves with a successful return to normal function

Carl Otto Steinriick (anatomist, Germany)

‘Theodor Schwann (anatomist, Germany)

Nasse, Giinther, Schon and C.O. Steinbriick (anatomists, Germany)

Augustus Waller (anatomist, England)

Correlation of the regeneration of nerve fibres observed histologically with the
slow return to function of the cut nerves in kittens and frogs

Observation of new regenerated nerve substance containing fibrils not quite
similar to the original ones in sectioned sciatic nerves of the frog after 3 months
of regeneration

Recognition of the formation of new axis-cylinders on both sides of the
sectioned nerves

Waller develops an original theory of nerve regeneration from the central stump
of the cut nerve on the model of the embryonic development. Waller referred to
“embryonic fibres” of the regenerative process. Waller stresses the importance
of the elimination of the old tissue in the living central stump as a necessary
condition for regeneration

Moriz Schiff (anatomist, Germany), Jean-Marie Philippeaux & Alfred Vulpian
(neurologists, France)

Attack of the Wallerian model of regeneration. Belief in the persisting of old
fibres in the distal stump and in their important role in the regeneration process
and return to function of the nerve. Philippeaux and Vulpian referred to this
supposed regenerative process as a peripheral autogenous regeneration

Louis Ranvier (anatomist, France)

Dismissal of the model of Schiff, Philippeaux & Vulpian. Adoption of the
Wallerian model. Morphological study of the alterations of the medial and the
distal stumps of the cut nerve and of myelin alterations. Description of how the
nerve fibers fully disappear in the medial and distal stumps. Description of the
disorganisation of Ranvier nodes et their reappearance after regeneration

XXth C.

Ramén y Cajal (anatomist, Spain)

John Newport Langley (England), Fernando de Castro (Spain), Giuseppe Levi
(Italy), Jorge Francisco Tello Mufioz (Spain), Rita Levi-Montalcini (Italy)

Complete study of nerve degeneration and regeneration published in 1914

Studies of the cellular mechanisms of regeneration in ganglia and cell cultures
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Human EV marker/Regulator® Hydra Planarians Axolotl Spiny Mouse
(Hydra vulgaris) (Schmidtea mediterranea)  (Ambystoma mexicanum) (Acomys cahirinus)
Identity (%) E value Identity (%) Evalue Identity (%) E value Identity (%) E value

TSG101 39 1.39 x 102 38 1,63 x 10°%° 84 0 94 0

Alix a7 228 x107'%° 38 1.94 x 1071% 7% 0 95 0
Flotilin-1 61 4.44 x 1071%° 61 898 x 1071 82 0 97 0
Syntenin-1 52 1.24 x 10797 51 3.29 x 107 84 0 90 0
Rab-7a 85 162 x 107127 76 335x 107" 99 355 x 107'% 100 9.32 x 1071%
CD63 36 4.49 x 1072 25° 327 x107° 79 1.16 x 1071 76 194 x 107109

“See Supplementary Table S1 for the transcript/protein ID of the top ortholog in each species.
“The top planarian CDB3 homolog it three human Tetraspanin-6 isoforms, followed by human CD63 in the reciprocal BLASTX query, suggesting high similarty, but a lack of one-to-one

orthology in planarians.

Method's: Human TSG101 (NCBI NP_006283.1), Alix (NCBI NP_037506.2), Flotilin-1 (NCBI NP_005794.1), Syntenin-1 (NCBI NP_005616.2), Rab-7a (NCB! NP_004628.4), and CD63
(NCBI NP_001254627.1) proteins were used to query emerging mode! transcriptomes for orthologs using TBLASTN, or BLASTP (Axolotl). Presence of conserved protein domains in
target sequences was verified using NCBI Conserved Domain Search, then Human RefSeq Protein was reciprocally queried with each top hit using BLASTX/BLASTP. All organisms' top
ortholog hit the corresponding human protein except for the top planarian CD63 hit. Amino acid identity and E values for these top orthologs are shown.

Databases: Hydra 2.0 Genome Project Portal (https://research.nhgri.nin.gov/hydra/)— Juliano Trinity (JT) assembly (Juliano et al., 2014); PlanMine (https://planmine.mpicbc.mpg.de)—
Dresden do_Smed_v6 assembly (Brandl et al., 2016); Axolot! Transcriptomics Database (https://portals. broadinstitute.org/axolotiomics/)— TransDecoder predicted protein sequences
(Bryant et al., 2017) queried in Geneious Prime 2021.2.2; Spiny Mouse Sequence Server 2.0.0rc8 (spinymouse.erc.monash.edu/sequenceserver)— tr2aacds_v2 annotated protein

assembly (Mamrot et al.,, 2017).
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Hydra
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Planarians
Apoptosis/Survival
Immunity/
Inflammation
Prolferation

Migration

Differentiation

Axolotls and Newts
Cell death

Immunity/
Inflammation
ECM/Fibrosis
Prolferation

De-differentiation
Differentiation

Transdifferentiation

Spiny Mice
Immunity/
Inflammation

ECM/Fibrosis

Prolferation
Differentiation

Additional examples
Acoels: Prolferation

Annelids: Migration
Sea cucumber:
De-differentiation
Lampreys:
Migration

Xenopus

tadpole: Apoptosis
Lizard: Prolferation

Evidence of Regeneration-specific
Control/Modulation

Apoptotic cells at amputation site secrete pro-proliferative Wnt3a

ECM remodeling required for head regeneration

Meaintenance of dedicated stem celss that prolferate in response to injury
Stem cell migration towards injury

Re-establishment of axial polarity (Wt signaling) controls head/foot identity
during new tissue differentiation

Differential control of neuronal survival in pre-existing and regenerating tissue
Disruption of innate immune signaling compromises regeneration

Maintenance of dedicated pluripotent stem cells (neoblasts) that proliferate in
response to injury

Stem cell migration towards amputation site; remodeling/collective migration
of pre-existing intestinal tissue in regenerating fragments

Re-establishment of axial polarity cue expression controls patterning and
differentiation of regenerating tissue

Programmed cell death induces de-differentiation of myofibers to proliferative
progenitors
Macrophages are reqired for regeneration

Scar-free skin, limb, and organ regeneration

Pro-proliferative MARCKS-ike protein secreted in axolotl(but not mammals)
to drive blastema formation; Schwann cell-expressed newt Anterior Gradient
protein promotes proliferation in the limb blastema

Injury-induced cell cycle re-entry of newt skeletal muscle myotubes and
cardiomyocytes

Meaintenance of positional identity and re-establishment of axial polarity
controls patterning and differentiation during limb regeneration

Newt pigmented epitheiial cells transdifferentiate to regenerate lens

Pro-regenerative M2 macrophages reqired for ear pinna regeneration;
spatial restriction/reduction of pro-inflammatory macrophages during ear and
skin regeneration

Fibrosis resolves in dorsal skin wounds and injured adult kidney; decreased
collagen deposition during skin and spinal cord regeneration; upstream
fibrosis-associated Wit expression diferent between A. cahirinus and M.
musculus

Elevated proliferation associated with skin and ear pinnae regeneration
Repeated muscle differentiation after chronic injury

Meaintenance of dedicated piuripotent stem cells (neoblasts) that proiferate in
response to injury

Stem cell migration towards amputation site

Mesenterial muscle de-differentiation during digestive tract regeneration

Axon regrowth, synapse regeneration, and full functional recovery after spinal
cord transection

Apoptoss s reqired for regeneration

Prolferation of multiple cel types occurs during tail regeneration; homologs of
proliferation-associated miRNAS upregulated during tai regeneration
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Gene symbol Fold regulation p-value

Cdnh2 1.6565 0.007231
Col6at 1.7234 0.00339
Itgb4 1.7888 0.016005
Spocki 2.7921 0.000974
Adamtsb —1.7863 0.010698
Emilin1 —2.3793 0.002628
Itgb1 —2.8438 0.047069
Mmp12 —5.5691 0.02004
Tgfbi —3.0377 0.00831

Analysis of gene expression in Panx1~/~ myoblasts compared to WT myoblasts.
Genes significantly up-regulated in Panx1~/~ myoblasts: Cadh2 — N-cadherin;
Col6a1l — Collagen, Type VI, Alpha-1, ltgb4 — Integrin Beta 4; Spockl —
Sparc/Osteonectin (encodes testican-1 protein). Genes, expression of which signif-
icantly down-regulated in Panx1~/~ myoblasts compared to WT myoblasts:
Adamts5 — a disintegrin and metalloproteinase with thrombospondin motifs,
Emilin1 — Elastin Microfibril Interfacer-1, Itgb1 — Integrin, Beta-1, MMP12 — Matrix
Metallopeptidase 12, Tgfbl — Transforming Growth Factor, Beta-Induced.
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