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Reissner’s fiber (RF) is a secreted filament that floats in the neural canal of chordates. Since its discovery in 1860, there has been no agreement on its primary function, and its strong conservation across chordate species has remained a mystery for comparative neuroanatomists. Several findings, including the chemical composition and the phylogenetic history of RF, clinical observations associating RF with the development of the neural canal, and more recent studies suggesting that RF is needed to develop a straight vertebral column, may shed light on the functions of this structure across chordates. In this article, we will briefly review the evidence mentioned above to suggest a role of RF in the origin of fundamental innovations of the chordate body plan, especially the elongation of the neural tube and maintenance of the body axis. We will also mention the relevance of RF for medical conditions like hydrocephalus, scoliosis of the vertebral spine and possibly regeneration of the spinal cord.

Keywords: Reissner’s fiber, chordates, vertebrates, notochord, neural tube, swimming behavior, cerebrospinal fluid


INTRODUCTION

The phylum Chordata, including lancelets (cephalochordates -Amphioxus), sea squirts (urochordates), and vertebrates, is partly characterized by the presence of a segmented musculature flanking a fibrous notochord that defines a semi-rigid anteroposterior axis, and a muscular post-anal tail used for swimming. Another typical feature of chordates is that the central nervous system is shaped as a hollow neural tube that runs from head to tail, filled with cerebrospinal fluid (CSF) that circulates along the neural canal (NCa) (Figure 1; Wicht and Lacalli, 2005; Aboitiz and Montiel, 2007; Glover and Fritzsch, 2009; Striedter and Northcutt, 2020). The anatomical and behavioral innovations acquired by this group provided the blueprint from which vertebrates emerged and colonized the earth. Nonetheless, the evolutionary origin of chordates themselves remains as one of the great unsolved questions of evolutionary biology (Satoh, 2008; Holland et al., 2015). In this context, the notochord is considered by many a cardinal feature of chordates, being involved in the development of some of the principal characters of this phylum, especially the tailbud and the neural tube (Henrique et al., 2015; Sasai et al., 2021).
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FIGURE 1. Diagram of the basic elements of the chordate body plan, featuring a tadpole-like animal with a fibrous notochord (N) and a hollow neural tube (NT) in the dorsal side (cavitation is shown in dark green), a muscular tail (MU) for swimming, and gill slits (GS, a character shared with other deuterostomes). A, anus; H, heart; M, mouth.


In this article, we propose the additional participation of Reissner’s fiber (RF), another highly conserved but much less conspicuous feature of chordates, which probably collaborated with the notochord in the origin of this animal group. RF is a structure secreted to the NCa that arises in early development of most chordates. Despite its phylogenetic preservation and early embryonic origins, the functions of RF have been a matter of discussion for more than a century. Many authors have suggested a role of this fiber in the chemical regulation of the CSF and in the maintenance of the NCa, which together with its phylogenetic conservatism may hint to a participation in the early evolution of the chordate neural tube. Furthermore, recent studies indicate a role of this structure as a proprioceptive organ, providing the necessary muscle tonicity to support a straight body axis in the embryo. In our view, this and other evidence can provide insights on the role of RF in the evolution of chordate’s tail-powered swimming behavior, perhaps the key behavioral characteristic of this phylum. Here we will provide an overview of RF, its comparative structure and its diverse functions, and we will address comparative, clinical, and some recent experimental findings to suggest that this structure was associated with the definition of the body axis and swimming behavior in the early chordates.



CHARACTERIZATION OF REISSNER’S FIBER (RF)

As said, RF is an insoluble proteinaceous filament that floats in the CSF inside the chordate NCa. It is secreted by specialized ependymal cells in the mesencephalic-diencephalic (M-D) junction and extends toward the caudal end of the neural tube, where it decomposes and its material enters the meningeal CSF and the bloodstream (Rodríguez et al., 1992, 1998). Since it was first described by Reissner (1860) in the lamprey, it has remained an enigmatic component of the chordate neural tube, to which many functions have been ascribed.


Composition and Comparative Structure

Reissner’s fiber is present in the NCa of most chordates, including cephalochordates, urochordates, and vertebrates excepting postnatal humans and a few other mammals. It consists of an agglomerate of elastic filaments, mainly composed of the glycoprotein SCO-spondin that contains high amounts of sialic acid, which enhances its adhesive properties (Olsson and Wingstrand, 1954; Olsson, 1972; Holmberg and Olsson, 1984; Rodríguez et al., 1992; Olsson et al., 1994; Gobron et al., 1999). SCO-spondin is a large extracellular matrix molecule containing a multidomain arrangement that includes von Willebrand factor D domains, SCO-spondin repeats, thrombospondin (TSR) domains, and LDL receptor repeats, all components associated with cell adhesion and axonal guidance (Gobron et al., 1999; Meiniel and Meiniel, 2007). There is strong molecular homology of the SCO-spondin gene across species, suggesting that this gene is ancestral to all chordates (Gobron et al., 1999, 2000; Meiniel et al., 2008). Nonetheless, SCO-spondin has lengthened significantly in vertebrates by the addition of repeated TSR domains, which is probably related to its increasingly complex role in promoting axonal growth and neuronal cell differentiation, among other functions (Meiniel et al., 2008). In fact, this protein’s multidomain structure was probably created by domain-shuffling of different gene domains, possibly before the origin of chordates (Kawashima et al., 2009).

Some findings point to the existence of genes orthologous to SCO-spondin in echinoderms and hemichordates (both representing the sister group of chordates according to some authors; Figure 2) and possibly in all bilaterian animals, suggesting that RF-like material (but not a polymerized RF) was secreted by radial glia-like cells in the common ancestor of Bilateria (Gobron et al., 1999; Meiniel et al., 2008; Mashanov et al., 2009; Helm et al., 2017). Arendt et al. (2015) proposed that RF material derives from the secretion of mucociliary cells of ancestral metazoans (exemplified by present-day placozoans) that move food particles into the extracellular digestive cavity (Arendt et al., 2015).
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FIGURE 2. Phylogeny of deuterostomes, indicating the points of origin of the characters discussed in this article. Most phylogenetic analyses place Deuterostomia as a monophyletic group (as depicted here), with Chordata and ambulacria as sister groups. However, some recent findings using large scale genetic databases claim that there is no evidence for Deuterostomia as a monophyletic group (Kapli et al., 2021). Hence the interrogation mark shown at this node. The main conclusions of this article are consistent with both views.




Sites of Production

In late vertebrate development, RF is secreted by the subcommissural organ (SCO), a dorsal circumventricular organ located below the posterior commissure in the dorsal neural tube (the roof plate) at the M-D junction (dorsal prosomer P1; Nieuwenhuys, 1988; Meiniel et al., 1996; Grondona et al., 2012; Puelles, 2018; Muñoz et al., 2019; Diaz and Puelles, 2020; Figure 3). The SCO has a complex histological structure containing specialized, elongated ependymal cells with a basal process contacting the perivascular space that receives synaptic connections and an apical process that reaches the central canal and secretes RF, among other components (Rodríguez et al., 1992). SCO secretion includes RF and other components like the thyroid hormone transporter transthyretrin, basic fibroblast growth factor and other glycoproteins, some of which are soluble and reach the bloodstream via the ependymal cell’s basal end, or the CSF via the cell’s apical extreme. RF formation in the SCO’s apical surface involves the “packaging” of the secreted proteins by disulfide bonds to form an insoluble thread that grows along the NCa (Rodríguez et al., 1992; Vio et al., 2008; Kiecker, 2018). However, SCO is not the only site of RF production during embryogenesis. In the early embryos of several vertebrates from fish to mammals, RF material is first secreted by the (ventral) floor plate cells, together with similar proteins like F-spondin. Later, RF material becomes secreted by a specialized flexural organ (FO) of the ventral M-D cephalic flexure (prosomers P1 and/or P2) and assembled into RF. Only in later stages, the SCO starts contributing to RF, together with the FO until the latter ceases its function, and only the SCO produces RF in the adult (Oksche, 1969; Lichtenfeld et al., 1999; Meiniel et al., 2008).
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FIGURE 3. Reissner’s fiber (RF, green) in different chordates and during development. (A) In the neural tube of cephalochordates RF is secreted by the infundibular organ of the floor plate (FP) (IO) and floats in the CSF-filled neural or central canal (NCa). (B–D) Reissner’s fiber in teleost fish [(B), early embryonic; (C), middle stage; (D), advanced]. Note that in teleosts, the flexural organ (FO, possibly homologous to the IO in cephalochordates) is replaced by the subcommissural organ (SCO) in the roof plate (RP) as the secreting organ of RF. Note also the CSF-contacting neurons (CSF-cn) with an axon (inferior process) and a dendrite or cilium that enters the CSF and contacts RF.


This developmental sequence seems to match the phylogenetic history of RF production. In cephalochordates, RF is secreted by the infundibular organ (IO), located in the diencephalic floor plate (Olsson and Wingstrand, 1954; Olsson, 1972; Olsson et al., 1994; Wicht and Lacalli, 2005; Figure 3). Based on possessing highly similar secretory mechanisms and topographic position (both are located in the site corresponding to the cephalic flexure, likely in prosomer P1/P2), the embryonic FO has been considered to be homologous to the cephalochordate IO (Olsson and Wingstrand, 1954; Oksche, 1969; Olsson, 1972; Rodríguez et al., 1992; Olsson et al., 1994; Wicht and Lacalli, 2005). That is, both structures may derive from a structure present in the last common ancestor of vertebrates and cephalochordates.

Notably, larval urochordates also produce a RF-like structure that in some species is secreted by a specialized fibrinogen cell (FC) in the tail neural cord, which has been compared to the cephalochordate IO by virtue of secreting the same material (Holmberg and Olsson, 1984). Phylogenetic analyses indicate that urochordates are the sister group of vertebrates, while cephalochordates represent this phylum’s earliest branch (Bourlat et al., 2006). If this view is correct, the Amphioxus’ IO may be closer to the ancestral RF secreting organ than the urochordate FC, the latter being a derived structure associated with the sessile lifestyle of urochordates as adults.

All three organs (IO, FC, and SCO) are located at the M-D junction in the different species (as said, prosomer P1), either in the floor plate (IO, FC) or in the roof plate (SCO). In recent years, several genes have been found to control SCO development and RF production (as well as the development of other organs too), including Pax6, SOX3, L1-CAM, and apoptosis-related genes (Estivill-Torrús et al., 2001; Ramos et al., 2004; Carmona-Calero et al., 2009; Lee et al., 2012; Matsumoto et al., 2020; Yang et al., 2021). It is possible that the expression of genes involved in IO (or FO) differentiation in the floor plate of the M-D junction became co-opted in the roof plate during the origin of vertebrates, for reasons yet unknown. If this is correct, these structures, IO/FO on the one hand and SCO on the other, might qualify as serial homologs of each other (serial homology is a term used for repeated body structures like limbs or hairs; Montiel and Aboitiz, 2018). In other words, in the origin of vertebrates the ancestral developmental program involved in ventral RF secretion became activated in a different region, in the dorsal aspect of the M-D junction. As mentioned, the reasons for this transition remain as another mystery.



HYPOTHESES ABOUT RF’S FUNCTIONS

Despite all the accumulated knowledge about RF, there is no clarity about its primary, fundamental function, or adaptive significance (Rodríguez et al., 1992; Meiniel et al., 2008; Bearce and Grimes, 2021). In association with ciliary beating from ependymal cells, RF has been related to the circulation and ionic homeostasis of the CSF, where its high sialic acid contents enable it to bind CSF substances and transport them along the neural canal as the fiber grows. Mainly, RF may be involved in the transport and regulation of CSF monoamines, especially adrenaline, which regulates SCO secretion. Likewise, the SCO has been proposed to participate in osmoregulation, sodium excretion, diuresis, and water intake, although these findings remain controversial (Rodríguez et al., 1992; Muñoz et al., 2019).


Early Embryogenesis: Maintenance of the Neural Canal

Hydrocephalus is a clinical condition where CSF accumulates in the cerebral ventricles due to neural tube defects that impair CSF circulation. Dysfunction of the SCO-RF complex has been associated with hydrocephalus in several species, including humans. Immunological damage to the SCO or absence of RF result in the collapse of the cerebral aqueduct (the NCa at the M-D junction) which blocks CSF flow, consequently increasing intraventricular pressure in the cerebral hemispheres (Overholser et al., 1954; Vio et al., 2000; Pérez-Fígares et al., 2001). The postnatal hydrocephalus hyh mouse develops absence of the NCa in the spinal cord and stenosis of the anterior mesencephalic aqueduct, as well as an impaired SCO and absence of RF (Irigoin et al., 1990). In this mutant, it was found that the ependyma’s embryonic denudation starts in the ventral side and progresses dorsally during development, before the onset of postnatal hydrocephalus. The loss of floor plate cells and the lack of RF in this mutant may produce a distortion of the ependyma that collapses due to pressure produced by the brain parenchyma (Jiménez et al., 2001; Wagner et al., 2003).



Roles in Later Neuronal Development and Function

The SCO-RF complex not only has a role in early development but also interacts with the nervous system in diverse ways. During vertebrate development, the SCO and its secreted proteins have been associated with axonal guidance in the neural tube midline, a character shared by the roof and floor plates in the embryonic neural tube (Meiniel et al., 1996; Gobron et al., 2000; Grondona et al., 2012). RF has been also related to regeneration of the caudal neural tube in lower vertebrates (Meiniel et al., 1996; Alibardi, 2021), and soluble RF material secreted by the SCO has been proposed to contribute to adult neurogenesis in mammals (Guerra et al., 2015). In addition, the SCO is a highly innervated organ, receiving different inputs carrying monoamines, acetylcholine, neuropeptides, and GABA. Some findings suggest that serotonin and other monoamines may modulate SCO secretory activity, perhaps driven by signals generated from the neural tube itself (Rodríguez et al., 1992; Richter et al., 2004; El Hiba et al., 2020).



CSF-Contacting Neurons

Perhaps of more relevance to this article, the NCa walls contain abundant CSF-contacting neurons (CSF-cn) all along its length (Rodríguez et al., 1992; Bearce and Grimes, 2021). CSF-cn project dendrite-like extensions into the NCa and extend a large cilium and several stereocilia that contact RF. Although some of these neurons are apparently GABAergic, they are also positive for several other neurotransmitters, including monoamines, somatostatin (SST), and Urotensin II-related peptide (URP). URP neurons are innervated by SST+ axons, while SST+ neurons receive serotoninergic innervation (Rodríguez et al., 1992; Bearce and Grimes, 2021). These neurons extend axons to the lateroventral spinal cord and other regions and have been proposed to provide a feedback mechanism where CSF-cn may control the SCO activity (Rodríguez et al., 1992). CSF-cn, therefore, are in a position to sense a variety of chemical and mechanical stimuli from the CSF and RF, including bending of the RF and body axis and stimulating the dorsal musculature to correct these deviations (Böhm et al., 2016; Jalalvand et al., 2016). The latter suggests a role in locomotion and body position of CSF-cn and RF (Gobron et al., 1999, 2000), an issue that will be discussed below.



Development of a Straight Body Axis

Additionally, several studies suggest that RF alterations are involved in the pathogenesis of scoliosis. In this clinical condition, the vertebral spine curves sideways instead of maintaining a straight axis, affecting posture and worsening with age. Early in the last century, Nicholls (1913) and Kolmer (1921) proposed that RF could work as an axial proprioceptive organ, providing somatosensory control over the body and contributing to maintaining the body axis in the larval stage. Other studies performed last century had shown that SCO or RF disruption produced a distortion of the body axis in larval amphibians and fish (see Rodríguez et al., 1992). Additional evidence indicated that disruption of ependymal ciliary movements impairs CSF flow and produce curvature of the spine in zebrafish, suggesting a relation between ciliary movement and RF function (Brand et al., 1996; Kramer-Zucker et al., 2005; Bearce and Grimes, 2021). More recent studies performed in the zebrafish supported this possibility, demonstrating that RF is critical for maintaining a straight body axis and vertebral spine morphogenesis, as the absence of RF during development leads to scoliosis in the adult (Driever, 2018; Ringers and Jurisch-Yaksi, 2020). In a first study, Cantaut-Belarif et al. (2018) eliminated RF in mutants lacking SCO-spondin. On the first day after hatching, mutant larvae had a normally straight body axis (perhaps maintained by the nascent notochord), but after 30 h, larvae displayed a trunk’s distorted curvature. As mentioned, a similar phenotype has been observed in animals with ciliary movement defects in the ependymal cells lining the neural canal, which impairs CSF circulation (Bearce and Grimes, 2021). However, ciliogenesis and CSF circulation are normal in SCO-spondin mutants. On the other hand, in mutants with ciliary defects, RF does not form. Cantaut-Belarif et al. (2018) concluded that ciliary movement is needed to form RF and that RF, but not ciliary movement, is needed to maintain the body axis straight through larval development. In a subsequent study, hypomorphic SCO-spondin mutant larvae (expressing lower protein levels and forming a defective RF) produced a curved tail and scoliosis in the adult (Troutwine et al., 2020).

Another study demonstrated that RF stimulates mechanosensory cilia of CSF-cn in the spinal canal. When the axis is straight, RF floats in the neural canal, but when it curves comes into contact with mechanosensory neurons in the neural tube’s inner wall that activate axial musculature, restoring the body’s stiffness axis (Orts-Del’Immagine et al., 2020). Two further articles have shed additional insight into RF- CSF-cn mechanosensory transduction (Cantaut-Belarif et al., 2020; Lu et al., 2020). These studies showed that URP requires an intact RF to be expressed and is downregulated in SCO-spondin mutants, which results in impaired signaling to trunk muscles. Furthermore, treating mutants with epinephrine increased URP expression and rescued the phenotype, suggesting that this neurotransmitter mediates RF-CSF-cn signaling, perhaps via calcium transients in the spinal neurons. Furthermore, providing URP to the CSF resulted in a restoration of the larval and adult mutants’ phenotype. Finally, SCO-spondin mutants also develop increased scoliosis-associated neuroinflammatory responses. Suppressing inflammation results in restoration of the wild-type phenotype (Rose et al., 2020). In discussing these findings, Ringers and Jurisch-Yaksi (2020) hypothesized that RF protects the spinal cord from inflammation and impairs normal maintenance of a straight body axis by inhibiting mechanosensory reflexes that maintain a stiff body posture.



DISCUSSION: ROLE OF RF IN EARLY CHORDATE EVOLUTION

As we have discussed above, despite much research being performed on RF there is no clarity yet about its primary role in neural development or in chordate evolution. Since RF and the SCO are required to prevent the collapse of the cerebral aqueduct of vertebrates, and a polymerized RF exists only in chordates, some authors have asked whether these components (more precisely, RF and the cephalochordate IO) might have contributed to the formation of the neural tube in chordate origins (Meiniel et al., 2008). However, a hollow nervous system may not be a chordate-specific character. The nerve cord of hemichordates (Figures 2, 4) displays a localized cavitation that for many authors foreshadows the chordate neural tube (Kaul and Stach, 2010), although there are other opinions (Satoh, 2008). In any case, the origin of neurulation remains an unsolved problem. An early proposal prescribed that neurulation resulted from the invagination of two longitudinal ciliary bands present in the hypothetical ancestral dipleurula larva (Garstang, 1894; Holland, 2011). While being an appealing hypothesis, there is no evidence in its support yet. It is also possible that the secretion of non-polymerized SCO-spondin proteins in the apical neuroectoderm contributed to the early invagination of the nerve cord in early deuterostomes or chordates (Meiniel et al., 2008), although again more evidence in this line is still needed.
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FIGURE 4. Above, the neural tube of a chordate (embryonic fish) showing the subcommissural organ (SCO) and the flexural organ (FO), sites of origin of RF. These organs are located in the mesencephalic-diencephalic boundary, which is included in the embryonic region bound by the zona limitans intrathalamica (ZLI) anteriorly and the midbrain-hindbrain boundary (MHB) posteriorly. This region is strongly Otx-positive in early development and for this reason has been considered homologous to the location of the collar region (C) of the hemichordate body (below), displaying the same morphogenetic boundaries (ZLI and MHB homologs) and containing a hollow collar nerve cord (CNC) (Pani et al., 2012; Lowe et al., 2015). Beside the CNC, hemichordates display dorsal and ventral nerve cords (DNC, VNC) in the body trunk (T) and a diffuse neural network (NNT, hatched areas) covering the body (Holland et al., 2015). A, anus; GS, gill slits; M, mouth; P, proboscis.


Of note, the hemichordate neural tube is located in the collar region of the head, a region strongly positive for the genes Otx and Pax6, whose counterpart in chordates includes the M-D junction, according to gene expression mapping studies (Figure 4; Williams and Holland, 1996; Gobron et al., 1999; Holland and Short, 2008; Pani et al., 2012; Lowe et al., 2015). One possibility is that in chordate origins, the assembly of RF was associated with the development of an extended NCa running not only in anterior regions but also in caudal Otx-negative regions of the ancestral nerve cord; that is, into the body trunk and the post-anal tail. Embryonic elongation of the neural tube is a fundamental process shaping the chordate body plan (Lacalli, 2000). Yet, in lower vertebrates including ray finned fish and the lamprey, neural tube cavitation does not seem to occur at once but there is first a solid medullary cord (the neural keel) that cavitates at different levels along its length, becoming a continuous neural canal only later in development (Handrigan, 2003). Recalling the role of RF in preventing hydrocephalus, this structure may have participated in the production and maintenance of a continuous NCa along the longitudinal body axis in these species. In addition, it is of interest to recall that the posterior spinal cord innervating the chordate tail is produced by secondary neurulation, i.e., the formation of a secondary neural tube derived from tail bud mesenchyme, that later coalesces with the main neural tube (Handrigan, 2003; Beaster-Jones et al., 2008; Henrique et al., 2015). In cephalochordates, urochordates and vertebrates the tail’s NCa contains a RF (Obermüller-Wilén and Olsson, 1974), and a RF is also present in the regenerating tail of lepidosaurians and other vertebrates (Meiniel et al., 1996; Alibardi, 2021). Therefore, it would be highly interesting to investigate whether RF contributed to the elongation and maintenance of the secondary neural canal in the tailbud of early chordates.

Beside its possible role in early chordate embryogenesis, RF may have been also crucial for the development of chordate swimming behavior, which eventually turned out to be the key for the success of vertebrates. In view of the recent evidence indicating a role of RF in the development of a straight axis, we tentatively suggest that in early chordates, the presence of a mechanically passive notochord might not have been sufficient to maintain the rigidness of the anteroposterior axis as the embryo grew in size. Stimulation of the notochord’s contractile elements and of the dorsal musculature was required to maintain a straight body, which was provided by the RF/CSF-cn proprioceptive circuit. In other words, RF in contact with CSF-cn (expressing URP or other neurotransmitters), may have provided a body position sensor that maintained the necessary tightness of the notochord and dorsal musculature in the growing larva, maximizing elastic energy during swimming strokes. Summarizing, elongation of the NCa into the trunk and tail regions, containing inside RF in contact with CSF-cn, may have been a key acquisition of early chordates that enabled not only the maintenance of a straight axis but may have also contributed to the neural control required for efficient swimming.

Notably, recent studies have shed light on another highly conserved event in early chordate development: a slight ventral bending of the embryonic tail during early development to fit the embryonic membranes’ curvature. While this had been considered to result from external forces imposed to the growing embryo, it was found that actomyosin accumulates in the ventral side of the notochord, a condition that is required for proper bending of the tail (Lu et al., 2020). Whether RF and the CSF-cn participate in this process is also a matter for further research.



FINAL COMMENTS

This article has reviewed some old and recent findings regarding RF function from an evolutionary perspective. We hypothesize that the assembly of RF as a growing filament in the rudimentary NCa of chordate ancestors contributed to the extension of the neural tube into the tail region in concomitance with the differentiation of the notochord. This innovation also provided proprioceptive control to the body trunk and tail, facilitating the maintenance of a straight axis and the development of a contractile swimming tail. RF was first discovered some 160 years ago, and its function and strict conservatism across all chordates have remained an evolutionary mystery. The recent findings may provide some critical insight into its primary function during early chordate development and its maintenance in the phylum. Further research aimed at unveiling a possible participation of RF or its unpolymerized components in the process of neurulation, as well as in the role of this structure in the development of the body axis and swimming behavior may shed some further light into the origins of this intriguing neural tube component. Finally, understanding the role of RF in neural development may contribute to the treatment of spinal cord disorders, including hydrocephalus and scoliosis. In addition, considering a possible participation of RF in the lengthening of the neural canal and tail regeneration in lower vertebrates, further research could be directed to unveil the therapeutic involvement of this structure in spinal cord regeneration after injury or degenerative disease.
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