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Editorial on the Research Topic

Emerging frontiers in developmental biology in Latin America

These past couple of years have been a trying experience for us all; and we are dealing still
with the aftermath of the pandemic and the lingering sequelae. That has caused numerous
academic activities to be postponed, and the Latin American Society of Developmental
Biology, as well as the Mexican Society of Developmental Biology meetings were not
immune. Nevertheless, we have gone ahead and organized this Research Topic, and have
had an enthusiastic response, in many ways a testament to the vigor and resilience in these
difficult times of our members and research groups, and the excitement that permeates
developmental biology in Latin America. Eleven papers constitute this Research Topic,
ranging from single molecules to whole organisms, exploiting classical developmental
biology models such as flies (Drosophila melanogaster), bees (Apis mellifera), and axolotls
(Ambystoma mexicanus), to recent additions like echinoderms (Holothuria glaberrima),
four-eyed fish (Anableps anableps), and organoids, enriching the developmental biology
models’ cornucopia, in what will hopefully be a first installment for envisioned future
submissions and discoveries. We have no qualms that you, our readers, will find them
interesting and motivating.

Most of the papers of the Research Topic deal with aspects of the developing nervous
system. The central nervous system (CNS) has always generated great interest, an interest
that is both historical and current (Pellet et al., 2022), going through topics such as
embryonic development (Elshazzly et al., 2022), aging (Wolkow et al., 2010), and its
regenerative capacity after injury (Buga et al., 2011).

Bolatto et al. examine Patched-related (Ptr) null mutant embryos in Drosophila. As a
neuroectodermal gene, Ptr encodes for a protein with a Patched (Ptc)-like organization and
domain structure, which is a canonical receptor of the Hedgehog (Hh) signaling pathway,
and demonstrate that Ptr is required for proper CNS development. CRISPR/Cas editing
has been widely employed in recent years for the understanding of CNS function (Cota-
Coronado et al., 2019; Sandoval et al., 2020). Barragán-Álvarez et al., focusing on emerging
methods, such as GESTALT and LINNAEUS, review recent advances in the application of
the CRISPR/Cas system for the study of glial cell-associated neurological disorders and their
potential applications in regenerative medicine.

CNS cells communicate mainly through specialized contact sites called synapses that
use neurotransmitters to modulate neuronal activity (Andreae and Burrone, 2014) and
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circuit development (Andreae and Burrone, 2018). Among these
neurotransmitters, Salceda reviews the functions of glycine and
its receptors, present from early CNS development to adulthood,
focusing on glycinergic activity in the balance of excitatory
and inhibitory signals during development, cell proliferation,
and specification.

With the neurosciences, neurogenesis is a very attractive topic.
It occurs during both embryonic and postnatal development
(reviewed in Bartkowska et al., 2022), where Notch signaling plays
an important role (reviewed in Engler et al., 2018). Arzate et al.
document the involvement of the delta-like 1 (Dll1) gene as a
transmembrane ligand that activates the Notch receptor in the
developing brain. By analyzing Dll1 haploinsufficiency in adult
mice, they found brain abnormalities derived from reductions
in neurogenesis, that may cause slight brain disfunction and
mild behavioral alterations. In addition to genetics, studies of
epigenetic mechanisms regulating neural plasticity have increased
recently (Ortuño-Sahagún et al., 2019). Bataglia et al. describe how
dietary changes influence CNS functioning by presenting tissue-
specific signatures of RNA methyltransferases expression in adult
honeybee workers.

Sensory stimulation can modulate CNS function, one of which
is the visual system (Kovács-Öller et al., 2022). The four-eyed fish
Anableps anableps possesses duplicate corneas and pupils, as well as
specialized retinal regions associated with aerial or aquatic vision
(Perez et al., 2017). Salgado et al. analyze the expression profile
of several opsin genes in dorsal and ventral retinas. Asymmetry
is established after birth and different light conditions can shift
opsin expression, potentially contributing to changes in spectral
sensitivity in this four eyed fish.

In addition to neurons, glial cells are fundamental for CNS
proper functioning (Nampoothiri et al., 2022), as well as in
neural pathologies (Mata-Martínez et al., 2022). Miranda-Negrón
and García-Arrarás review how radial glia and radial glia-
like cells participate in neurogenesis and regeneration during
homeostasis and in response to injury, using the echinoderm
Holothuria glaberrima.

Finally, Palma’s review focuses on understanding the onset
of schizophrenia from a neuro-angiogenic perspective. She
emphasizes the role of the cerebral vasculature, during angiogenesis
and during the establishment and functioning of the neurovascular
niche, in relation to the onset of schizophrenia, considered a
chronic mental disorder. It offers a perspective on distinctive
angiogenic and neurogenic signaling pathways that might be
involved in schizophrenia.

Moving outside the CNS, other areas of developmental
biology are covered in this Research Topic: body patterning, limb
regeneration, and in vitro organoid models. Through a detailed
review, Mundaca-Escobar et al. discuss how Wnt signaling could
regulate segmentation to establish a repetitive pattern, suggesting
that this pathway plays an organizing role in the formation
of body segments, regulating the expression of segmentation

genes in most arthropods. Carbonell-M et al. show how reactive
oxygen species generated after amputation are necessary for limb
regeneration in the axolotl, showing that ROS/H2O2 are necessary
for correct morphogenesis and size of skeletal structures, as well as
proper integration between regenerated structures and remaining
tissues. Finally, technical advances lead to the development of
specialized in vitro culture techniques and organoid formation.
The recombinant limb assay, developed by Zwilling (1964), is
reviewed by García-García et al., proposing that the formation of
skeletal elements induced through this system, when occurring
from precursor cells, may resemble in vivomorphogenic properties
of skeletal cells.

Overall, this Research Topic constitutes a sample of the areas
of developmental biology cultivated in the region, and may serve as
a kernel to detonate future collaborations and interactions, and to
foster the rekindling of developmental biology studies throughout
the region and elsewhere, especially at this trying post-pandemic
times. It may also, hopefully, play its part in exciting andmotivating
a new generation of developmental biology students and scientists.
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Organ formation initiates once cells become committed to one of the three
embryonic germ layers. In the early stages of embryogenesis, different gene
transcription networks regulate cell fate after each germ layer is established,
thereby directing the formation of complex tissues and functional organs. These
events can be modeled in vitro by creating organoids from induced pluripotent,
embryonic, or adult stem cells to study organ formation. Under these conditions, the
induced cells are guided down the developmental pathways as in embryonic
development, resulting in an organ of a smaller size that possesses the essential
functions of the organ of interest. Although organoids are widely studied, the
formation of skeletal elements in an organoid model has not yet been possible.
Therefore, we suggest that the formation of skeletal elements using the recombinant
limb (RL) assay system can serve as an in vivo organoid model. RLs are formed from
undissociated or dissociated-reaggregated undifferentiated mesodermal cells
introduced into an ectodermal cover obtained from an early limb bud. Next, this
filled ectoderm is grafted into the back of a donor chick embryo. Under these
conditions, the cells can receive the nascent embryonic signals and develop
complex skeletal elements. We propose that the formation of skeletal elements
induced through the RL system may occur from stem cells or other types of
progenitors, thus enabling the study of morphogenetic properties in vivo from
these cells for the first time.

Keywords: organoid, cell differentiation, patterning, recombinant limbs, limb development, limb organoid

INTRODUCTION

During embryonic development, many developmental pathways orchestrate the formation of
organs in time and space. In the early stages of embryogenesis, the cell differentiation potential
restricts as the pluripotent embryonic cells give rise to three germ layers: ectoderm, mesoderm,
and endoderm (Chan et al., 2017; Kumar et al., 2021). Lineage-specific gene regulatory
programs within each germ layer activate and coordinate the steps needed for that group of
cells to develop into the cell fates required to form tissues and, finally, functional organs.
Concomitant with organogenesis is the appearance of stem cells involved in the homeostasis,
repair, and regeneration of adult tissues in vivo (Slack, 2008). Stem cells are undifferentiated
cells with the ability to reproduce themselves (i.e., self-renew to maintain their cell population)
and also to give rise to a range of distinct, specialized cells (i.e., differentiate into multiple cell
types as needed) (Slack, 2008; Huang et al., 2021; Shu et al., 2021). Stem and progenitor cell
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research has led to breakthrough developments in
regenerative medicine, including stem cell-based therapies
for various diseases (e.g., leukemia, aplastic anemia,
osteopetrosis) (Río et al., 2018; Almohsen and Al-Mudallal,
2020; Capo et al., 2020). Likewise, this knowledge has created
new research fields, such as the generation of organoids. These
three-dimensional (3D) structures can be derived from
induced pluripotent stem cells (iPSCs), embryonic stem
cells (ESCs), or adult stem cells (ASCs). These cells self-
organize following the developmental pathways of
embryonic development, giving rise to an organ of a
smaller size capable of performing its essential functions
(Rossi et al., 2018).

Therefore, understanding developmental pathways during
embryonic development enables extrapolating those into
protocols to induce stem or progenitor cells toward forming
an organoid. For many years, the disaggregate-reaggregates of
organs or cultures from organ rudiments were used to
understand cell differentiation and organogenesis involving
soluble factors, cell-cell, and cell-extracellular matrix (ECM)
interactions. However, these culture models originated from
embryonic or fetal cells from the proper organ in formation or
already established (Taketo and Koide, 1981; Escalante-
Alcalde and Merchant-Larios, 1992; Saxén and Thesleff,
2007). In recent years, various protocols have been
developed to direct stem or progenitor cells to develop into
intestine, brain, liver, kidney organoids, among others
(Lancaster et al., 2013; McCracken et al., 2014; Dye et al.,
2015; Huch et al., 2015; Zhou et al., 2021). However, how to
properly create complex structures formed by different cell
types from distinct embryonic germ layers (e.g., limbs) has not
been determined.

To study cell interactions between mesenchymal cells and the
ectodermal cover of developing limb buds, E. Zwilling designed
the recombinant limb (RL) assay system (Zwilling, 1964). The
RL technique assembles the dissociated-reaggregated or
undissociated mesoderm of a limb into an embryonic
ectoderm cover and then grafting it into the back of a donor
embryo. Notably, the embryonic signals provided by the
ectoderm induce gene expression in a spatiotemporal manner
driving the 3D organization of a limb-like structure by
recapitulating the developmental programs that occur during
limb development. Although this model has been mainly used to
understand chicken limb development, different approaches
have also been reported, including interspecies grafting
(Fernandez-Teran et al., 1999), the use of different
combinations of mutant and wild-type mesoderm or
ectoderm (Kuhlman and Niswander, 1997), or limb
mesodermal cells modified by electroporation (Marín-Llera
et al., 2021). From these, it is evident that the RL
experimental model is adaptable to diverse scenarios. This
experimental system has enormous potential to explore the
ability of different sources of stem or progenitor cells to
generate a limb-like structure.

In this perspective, we discuss the potential of the RL system to
generate limbs by recapitulating limb development initiated by
embryonic ectodermal signals. We propose that the formation of

RLs from iPSCs, ESCs, ASCs, and other progenitor cells can result
in a robust in vivo organoid model.

MODELING ORGANOIDS TO
UNDERSTAND ORGAN FORMATION

Organs originate during embryonic development from different
tissues to form a specialized unit that performs a particular
function (Montell, 2008). An organoid is a small, 3D mass
that arises by the self-organization and differentiation of stem
or progenitor cells generating the substructures and functions
characteristic of the organ of interest. Organoids are generated
in vitro by inducing the differentiation of stem or progenitor cells
as it occurs in vivo during embryonic development. Organoid
models provide a greater understanding of the cellular and
molecular basis of organ development, such as cell
differentiation, tissue patterning, developmental timing,
regulatory gene expression, and size control.

The potential use of organoid generation lies in exploring
tissue repair and disease mechanisms, drug testing, tissue
homeostasis, regenerative medicine, and developmental biology
at the organ level in a scaled model.

While Hans Clever originally coined the concept of “organoid”
(Sato et al., 2009), Yoshiki Sasai and his group were the first to
demonstrate that, after the induction of developmental programs,
mouse and human ESCs generate 3D complexes composed of
organized substructures. They first constructed 3D forebrain
models followed by other neural organoids (Eiraku et al.,
2008, 2011; Osakada et al., 2009; Kamiya et al., 2011).

Intestinal villi-like structures and crypts were the first
organoids generated by inducing individual ASCs (Lgr5+) to
organize in 3D suspension, giving rise to distinct cell types such as
enterocytes, goblet cells, Paneth cells, and endocrine cells (Sato
et al., 2009). Since then, various organoids generated from ASCs
have been reported, including the liver and kidney (Lancaster
et al., 2013; McCracken et al., 2014; Dye et al., 2015; Huch et al.,
2015).

The methodologies used to generate an organoid vary
according to which cell is best suited to initiate the process.
Sequential induction steps recapitulate development to create an
organoid that exhibits the desired and required characteristics.
Usually, the generation of an organoid in vitro consists of
isolating a homogeneous cell population capable of further
differentiation (e.g., ASCs, ESCs, iPSCs, other progenitor cells).
Next, a matrix rich in proteins, growth factors, and other culture
components promotes the proliferation, adherence, and
differentiation of cells seeded in a defined substrate (reviewed
by Corrò et al., 2020). Themost used matrix is Matrigel, a mixture
of complex ECM basement membrane components. This gel-like
substance is obtained from mouse tumors expressing laminin,
nidogen, collagen IV, and heparan sulfate proteoglycans
(Kleinman and Martin, 2005). Matrigel components allow
embedded cells to execute cellular functions relevant to tissue
formation (Rossi et al., 2018). Under these conditions,
morphogens and growth factors regulate cells to acquire a
proper cellular fate, guiding them to self-organize. During
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organoid formation, cells need determined physiological
conditions to commit to specific-tissue cell types and develop
into a 3D organized structure according to specific developmental
programs (Ehrmann and Robert, 1956; Murry and Keller, 2008;
Sasai, 2013). Other forms of generating organ constructs have
been elaborated using bioengineering, organs-on-a-chip, and in
situ approaches, including gene editing, interspecies chimeras,
and cellular reprogramming (reviewed in Xia and Izpisua
Belmonte, 2019).

Although organoids are an invaluable strategy for modeling
early tissue organization characteristics in vivo, they have some
limitations. Organoids do not fully mimic the physiological organ
as they lack some tissue components, vascularization, and
immune cells, limiting organ maturation and resulting in
incomplete function (de Souza, 2018). Organoids are built
lacking vascularization, an essential feature of all tissues to
supply nutrients and allow for adequate perfusion. It may
result in atypical physiology of the organoid compared to the
organ to be modeled. Advances in different strategies to
vascularize organoids are reviewed by Strobel et al., 2022.
Furthermore, using different sources to establish organoid
cultures, the heterogeneity of progenitors and differentiated
cells may affect organoid formation that not necessarily
corresponds to the in vivo counterparts.

The in vivo environment is complex, with multiple cell-cell
and cell-matrix interactions giving rise to diverse signaling
networks that dynamically change according to organ
homeostasis. It is expected that attempting to model this
complexity in vitro will be challenging.

ADVANCES IN LIMB ORGANOID
GENERATION

One challenge in generating an organoid is the complexity of the
organ of interest. The more complex the organ, the more
difficult is the generation of the organoid. Organoid
formation involves driving cell populations to spatially
organize into a functional structure through exposure to
morphogens and specific differentiation signals. Thus, a
challenge for the generation of a limb organoid is to mimic
tissue organization and function. Limb formation is a powerful
model for investigating cell differentiation during development
because it involves the establishment of a 3D pattern that directs
the morphogenesis, shaping, and positioning of each tissue
(McQueen and Towers, 2020; Royle et al., 2021). Limb buds
emerge at specific positions along the flank of the embryo
(Hamburger and Hamilton, 1992; Feneck and Logan, 2020).
The limb bud is formed by undifferentiated mesenchymal cells
derived from the lateral plate mesoderm (LPM) with an
ectodermal epithelium covering these mesenchymal cells.
Tissues differentiate into the limb bud in response to signals
from different signaling centers that control the proximodistal
[(PD), shoulder to fingers], anteroposterior [(AP), thumb to
finger], and dorsoventral [(DV), from the back of the hand to
palm] axes. The apical ectodermal ridge (AER) is the thickened
epithelium located at the most distal limb ectoderm and

controls the PD axis. Cells from the AER express Fgf8, which
along with Wnt3a, maintains the mesodermal cells underneath
the AER in an undifferentiated, proliferative state (Ohuchi et al.,
1997; ten Berge et al., 2008). As the limb bud grows, the
undifferentiated cells underneath the AER begin to
differentiate toward the chondrogenic and tenogenic lineages
when they stop receiving signals from the AER (Dollé et al.,
1989; Roselló-Díez et al., 2014; Marín-Llera et al., 2019; Marin-
Llera et al., 2021). The zone of polarizing activity (ZPA) controls
limb bud AP polarity and is located at the posterior margin of
the limb bud. When the ZPA is grafted to the anterior zone of a
limb bud, it induces mirror-image digit duplications. This
signaling center is characterized by Sonic hedgehog (Shh)
expression (Riddle et al., 1993; Fujii et al., 2021; Gamart
et al., 2021). Finally, the ventral and dorsal limb bud
ectoderms specify DV polarity. Engrailed 1 (En-1), a
transcription factor that specifies the ventral ectoderm, and
Wnt7a, which specifies the dorsal ectoderm by inducing Lmx1
gene activation, give rise to the DV phenotype of a limb (Loomis
et al., 1996; Soshnikova et al., 2003; Haro et al., 2014). These
three signaling centers are essential for patterning limbs,
committing mesodermal cells to different lineages, and
coordinating them within the limb to give rise to the
appendicular skeletal system.

One methodology for evaluating the differentiation of limb
bud progenitor cells is high-density primary limb mesenchymal
culture, also known as a micromass (MM) culture (Ahrens et al.,
1977). In MM cultures, the limb mesenchymal cells recapitulate
the developmental process observed in limb development to give
rise to cartilage cells during the formation of skeletal elements.
Limb bud mesenchymal cells condense and aggregate to form 3D
cartilage nodules. In long-term MM cultures, the cartilage
nodules provide matrix calcification accompanied by increased
alkaline phosphatase activity (Arzate et al., 1996; Mello and Tuan,
1999). Although MM cultures help study the basic mechanisms
underlying the differentiation of limb bud cells and their
regulation, this method has a limited ability to recapitulate the
assembly of progenitors into organized tissues that span the
entire limb.

Another model used to understand limb formation is the ex
vivo limb bud culture system (Fell and Robison, 1929). At a
particular stage in limb bud development, the bud contains all the
elements required to develop autonomously. In this system, the
embryonic limb is sectioned and placed in culture media to
continue forming skeletal structures with the proper 3D
organization of a mature limb, preserving all the cell-cell and
cell-ECM interactions that control cell differentiation and
morphogenesis (Hall, 1981; Smith et al., 2013). This
methodology facilitates the study of the molecular mechanisms
regulating chondrocyte differentiation (Schnabel et al., 2006;
Lorda-Diez et al., 2010), toxicology testing, and aberrant
embryonic limb development (Yan and Hales, 2019, 2021).
Although ex vivo limb bud cultures provide a tool to
understand skeletal and limb development, the initial
commitment processes required to enter particular
differentiation states remain hard to study. On the other hand,
mesenchymal stromal cells (MSCs), a multipotent population

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8631403

García-García et al. Recombinant Limbs and Organoids

910

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


obtained from various fetal and adult tissues, differentiate into
osteogenic, chondrogenic, and tenogenic lineages mainly for
regenerative medicine applications (Toh et al., 2017; Xia et al.,
2018; Jiang et al., 2020). MSCs’ potential to differentiate into limb
lineages has been investigated mainly using 2D cultures systems.

Obtaining limb-bud-like mesenchymal (LBM) cells from
iPSCs or ESCs to create limb organoids is essential to
recapitulate early commitment events during embryonic
development. Cell differentiation of stem or progenitor cells
into LBM cells can be driven by specification signals from the
middle primitive streak (midPS) and the LPM. Providing induced
LBM cells with the inductive signals necessary to trigger step-by-
step their commitment and differentiation into a specific cell
lineage ought to result in the formation of a limb organoid. One
approach to inducing an LPM state relies on the transient
transfection of miRNAs. In mouse ESCs, transient co-
transfection of mmu-miR-126a-3p, mmu-miR-335-5p, and
mmu-miR-672-5p promotes differentiation toward LPM
lineages, thereby increasing the number of LPM-like cells
(Tuysuz et al., 2021). Furthermore, miR-199a-3p, miR-214-3p,
and miR-483-3p are enriched in mesodermal cells differentiated
from human ESCs. However, their roles in specifying the
mesoderm into different tissue subtypes have not yet been
fully characterized (Ishikawa et al., 2017). Loh et al. (2016)
established a developmental roadmap to direct the
commitment of cell lineages to particular fates. The
reprogramming of human adult somatic cells into human-
induced pluripotent stem cells (hiPSCs) by promoting the
expression of four transcription factors, including Oct4/Sox2/
c-Myc/KLF4 or Oct4/Sox2/NANOG/LIN28, has also been
reported (Takahashi and Yamanaka, 2006; Takahashi et al.,
2007; Yu et al., 2007). Loh et al. (2016) demonstrated how to
generate limb precursor cells after treating stem cells with factors
that progressively regulate the formation of mesodermal lineages.
They treated hiPSCs with activin, BMP4, CHIR99021, and FGF2
to induce a mid-primitive streak-like (midPS-like) state (Loh
KM., 2016). Then, the administration of an ALK5 inhibitor,
BMP4, and a Wnt antagonist directs the midPS-like cells
down an LPM-like path (Loh et al., 2016). Thereafter,
progenitor cells can differentiate into specific cell lineages.
Differentiating hiPSCs into LBM cells requires a different
combination of chemicals that modulate WNT, BMP, TGF-β,
and hedgehog (HH) signaling added to the cells in the
appropriate times resulting in PRRX1+ (cell-specific marker)
LBM cells (Yamada et al., 2021). In addition to the Yamaka
factors, another study used Prdm16, Zbtb16, and Lin28, generally
expressed in the embryonic limb bud, to reprogram mouse non-
limb fibroblast into LBM progenitors (Atsuta et al., 2021). In
other experimental approaches, hiPSCs seeded into high-density
MM cultures treated for 21 days with BMP-2 recapitulate the
osteochondrogenic transcriptional network and differentiate to
the chondrogenic lineage, including articular cartilage, transient
cartilage, and fibrocartilage (Guzzo et al., 2013).

One of the most recent attempts to create a limb organoid
was reported by Mori et al. (2019). A polarized limb-like
structure was generated from aggregates of mouse
embryonic stem cells (mESCs) cultured in a scaffold of

Matrigel and treated with BMP4 and retinoic acid. While
the expression of Tbx4, Tbx5, Hand2, Irx3, Meis1, and
Meis2, genes involved with the induction, organization, and
establishment of limb buds were found, these 3D cultures
failed to generate a structure similar to the AER and,
therefore, neither recapitulated the differentiation process
nor the morphogenetic patterning observed during limb
development.

These approaches highlight the importance of understanding
the embryonic signals involved in limb development to guide the
differentiation of undifferentiated cells into limb-like structures,
demonstrating that the sequential activation of developmental
programs is necessary for inducing differentiation into specific
lineages. Undoubtedly, these works have increased our
knowledge of limb organogenesis by generating limb
organoids. However, these protocols still fail to recapitulate the
morphogenetic processes required to form complex skeletal
structures.

RECOMBINANT LIMB ASSAY AS A TOOL
FOR LIMB-ORGANOID GENERATION

Edgar Zwilling (Zwilling E., 1964) developed the recombinant
limb (RL) assay system to understand the interactions between
limb bud ectoderm and mesenchymal cells. This technique,
usually used in avian species, consists of assembling whole or
dissociated-reaggregated mesodermal cells into an ectodermal
cover obtained from an early limb bud to then graft into the
dorsal part of a donor chick embryo (for a detailed protocol, see
Marín-Llera et al., 2022, Ros et al., 2000). Patterning signals from
the embryonic ectoderm induce cell differentiation of
mesodermal cells in a spatial-temporal manner to form a
limb-like structure following the developmental programs as
occurs during limb development. This phenomenon proves
that mesodermal limb cells lose their positional identity within
the limb bud once they are dissociated. However, they remain
competent to ectodermal signals in the RL system, re-specifying
its positional values, differentiating, and generating recognizable
limb structures (Zwilling E., 1964). Morphogenetic processes of
the RL are enhanced by adding an intact ZPAmesoderm at one of
the ectodermal edges (MacCabe et al., 1973; Crosby and Fallon,
1975; Frederick and Fallon, 1982). In this way, the RL system
provides the spatial-temporal signals mimicking the embryonic
limb bud allowing mesodermal cells to differentiate and pattern.
RL system provides the PD signals (Fgf8 and Fgf4) and DV signals
(En-1 andWnt7a) of the ectoderm, promoting Fgf10, Lmx-1, and
Shh expression in mesodermal cells (Kuhlman & Niswander,
1997; Elisa Piedra et al., 2000). The expression of patterning genes
promotes positional information within RL mesodermal cells
such as Msx1, Msx2, Hoxd11, Hoxd12, and Hoxd13 (Ros et al.,
1994; Cooper et al., 2011; Rosello-Diez et al., 2011). Twenty-
4 hours after grafting RL, cells start the differentiation programs
by committing to chondrogenic lineages by expressing Sox9, and
muscle progenitors migrate inward RL from the somites
expressing MyoD and Pax3 (Cooper et al., 2011). Interestingly,
in the RL assay, the patterning of these progenitors resembles
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normal development when grafted in the somite area with high
levels of retinoic acid (Fernandez-Teran et al., 1999; Cooper et al.,
2011). Thus, the RL system recapitulates the differentiation,
morphogenesis, and patterning programs observed in normal
limb development.

One of the advantages of the RL system is the variety of
combinations between its elements. It is well known that the
molecular signals among vertebrate limb development are
conserved throughout tetrapod evolution. Research groups
have adapted Zwilling’s technique to prove that cells from
different species, including the turtle (Fallon & Simandl, 1984)
and mouse (Kuhlman & Niswander, 1997), can interpret the
signals emitted from an ectodermal jacket that is not their own.
Moreover, mesenchymal cells from the anterior or posterior
limbs can be placed inside the anterior or posterior ectoderm
(Crosby and Fallon, 1975; Frederick and Fallon, 1982). Some
points to consider about this technique are the graft efficiency
that may vary between mesodermal sources and the high number
of chicken embryos needed to generate the RL (mesoderm
donors, ectoderm donors, and host embryos). Also, fine
manipulations are needed in each step to guarantee the
technique’s success. Furthermore, understanding the formation
of tendons and vasculature in RLs is not yet fully elucidated.

Based on these characteristics the RL model is a well-suited to
evaluate the biology of stem and progenitor cells isolated directly
from an organism (e.g., LBM cells). The RL system’s versatility
permits the creation of multiple combinations of cells from
different sources, developmental stages, or positions along the
limb, whole (undissociated), or reaggregated cells, even until
modified LBM cells overexpress distinct molecules, as shown
by Marín-Llera et al., 2021.

Data from our laboratory has demonstrated that mouse limb
mesodermal cells are competent to receive chicken ectodermal
signals and form skeletal elements after 6 days. Skeletal elements
are organized similarly as it occurs during limb development
(Figures 1A–C). On the other hand, in the 5-day mouse-chicken

RL, mouse mesodermal cells are condensed in the center, and no
skeletal elements are observed (Figures 1D–F). This suggests that
the specification of mouse mesodermal cells in this system is
delayed relative to the chicken-chicken RL. The successful
generation of a chimeric RL using mouse mesoderm
demonstrates the possibility of combining cells from different
mammalian species, thereby creating opportunities to study
morphogenesis, patterning cell-cell interactions, cell migration,
and cell differentiation at the cellular and molecular levels on
these cells. Notably, the source of the mesodermal component of

FIGURE 1 | Chimeric mouse-chicken recombinant limbs. (A–C) Six-day recombinant limbs. Limb bud mesodermal cells from 10.5 dpc mouse embryos were
assembled in chicken ectoderms. (D–F) Five-day recombinant limbs. Limb bud mesodermal cells from 10.5 dpc mouse embryos were ensembled in chicken
ectoderms. Chicken ectoderms and host embryos were obtained from the 22 HH stage. Data represent two independent experiments. Scale bar 100 µm.

FIGURE 2 | Human MSC-derived RL from different sources. Alcian blue
staining of 24 h recombinant limbs performed with human MSCs assembled
in chicken ectoderms. MSCs were obtained from (A) bone marrow, (B)
Wharton’s jelly, (C) umbilical cord blood, and (D) placenta. Chicken
ectoderms and host embryos were obtained from the 22 HH stage. Scale bar
100 µm.
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the RL is not limited to limb cell sources. Our unpublished work
demonstrated that RL could be obtained from previously
expanded cells with mesodermal differentiation capacity as
adult MSCs. MSCs from bone marrow (BM), Wharton’s jelly
(WJ), umbilical cord blood (UCB), and placenta (P) placed under
the embryonic ectodermal signals successfully formed RL after
24 h after grafting (Figure 2). Interestingly, MSCs are committed
and spatially organized differently under these conditions
depending on their origin (data not shown). These data
suggest that it might be possible to generate RL from other
ASCs and PSCs or stem or progenitor cells (e.g., ESCs, iPSCs)
induced through in vitro differentiation protocols. The RL system
permits us to evaluate cells’ behavior in response to embryonic
patterning signals and, even more relevant, to study their capacity
to interpret morphogenetic signals that could lead them to form
the pattern of limb bud skeletal elements in vivo.

The RL system exposes cells simultaneously to signaling
centers, thereby physiologically mimicking the limb
microenvironment and allowing undifferentiated cells to
develop into distinct limb cell types simultaneously by
synthesizing both the ECM and tissue-specific proteins. In
addition to individual cell differentiation, groups of cells
organize into a complex structure with a 3D pattern. These
are essential characteristics required for a system to be
considered an organoid. In this sense, the RL assay represents
a powerful in vivo system for generating limb organoids.

CONCLUSION

Cell differentiation and morphogenesis are fine-tuned processes
that lead to the formation of specialized cell types, organized
tissues, and functioning organs directing cell fate from
embryonic development to an independent living organism.
Understanding the early cell differentiation steps is essential to
model these complex processes in an experimental setting. The
RL system is a powerful experimental model for studying
patterning, morphogenesis, cell-cell interactions, cell
migration, commitment, and cell differentiation at the
cellular and molecular levels. Currently, the use of the RL
model is restricted to limb developmental biology. However,
this infrequently used technique represents an in vivo organoid
system. It conserves the expression of the ectodermal limb bud
signaling centers that mediate the morphogenesis and
commitment of undifferentiated cells along distinct

developmental paths. This model also faithfully maintains the
appropriate gene expression patterns with spatial-temporal
accuracy. The RL model establishes the proper 3D
polarization of limb-like structures and recapitulates the
differentiation programs observed during development,
resulting in correctly positioned skeletal elements.
Furthermore, we consider that the RL assay system permits
countless applications across numerous biological questions
without being restricted to limb developmental biology and
the use of LBM cells.
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The organizing role of Wnt
signaling pathway during
arthropod posterior growth

Marco Mundaca-Escobar, Rodrigo E. Cepeda and
Andres F. Sarrazin*

CoDe-Lab, Instituto de Química, Pontificia Universidad Católica de Valparaíso, Valparaíso, Chile

Wnt signaling pathways are recognized for having major roles in tissue

patterning and cell proliferation. In the last years, remarkable progress has

been made in elucidating the molecular and cellular mechanisms that underlie

sequential segmentation and axial elongation in various arthropods, and the

canonical Wnt pathway has emerged as an essential factor in these processes.

Here we review, with a comparative perspective, the current evidence

concerning the participation of this pathway during posterior growth, its

degree of conservation among the different subphyla within Arthropoda and

its relationship with the rest of the gene regulatory network involved.

Furthermore, we discuss how this signaling pathway could regulate

segmentation to establish this repetitive pattern and, at the same time,

probably modulate different cellular processes precisely coupled to axial

elongation. Based on the information collected, we suggest that this

pathway plays an organizing role in the formation of the body segments

through the regulation of the dynamic expression of segmentation genes,

via controlling the caudal gene, at the posterior region of the embryo/larva,

that is necessary for the correct sequential formation of body segments in most

arthropods and possibly in their common segmented ancestor. On the other

hand, there is insufficient evidence to link this pathway to axial elongation by

controlling its main cellular processes, such as convergent extension and cell

proliferation. However, conclusions are premature until more studies

incorporating diverse arthropods are carried out.

KEYWORDS

signaling pathway, segment addition zone, body segmentation, axial elongation, wnt
signaling

Introduction

Panarthropods are a superphylum integrated by organisms with bilateral symmetry

and a segmented body, divided into Tardigrada, Onychophora, and Arthropoda. The

latter has been the most studied so far and is, in turn, grouped into Chelicerata (e.g.,

spiders and scorpions), Myriapoda (e.g., centipedes and millipedes), and Pancrustacea

(e.g., crustaceans and insects) (Giribet and Edgecombe, 2019). The embryonic

development of panarthropods is based on the organization of a segmented body
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plan, which is a shared feature in their evolutionary history

(Hannibal and Patel, 2013; Chipman and Edgecombe, 2019).

This developmental modality is based on the formation of similar

repetitive units called segments along the anteroposterior axis

(Clark et al., 2019). The establishment of this segmented

patterning has been considered a significant contribution to

promoting the great diversity of shapes and sizes found within

panarthropods and their high adaptive success in practically all

the environments on our planet (Peel et al., 2005; Auman and

Chipman, 2017).

The segmented body plan of panarthropods is orchestrated

by a wide variety of cellular mechanisms and genetic regulators,

which can vary depending on the organism in question.

A widely conserved signaling pathway during embryonic

development is the Wnt pathway, which coordinates crucial

cellular processes such as proliferation, cell polarity, and the

determination of cell fate (Williams and Nagy, 2017; Steinhart

and Angers, 2018). Three main different Wnt signaling pathways

have been described: The canonical pathway, which is dependent

on β-catenin cytoplasm accumulation and subsequent nuclear

translocation to the coactivation of specific gene transcription,

and the noncanonical Wnt/planar cell polarity (Wnt/PCP) and

Wnt/Ca2+ pathways, which mediate cytoskeleton dynamics and

cell movements through directional information or intracellular

Ca2+ release, respectively (Croce and McClay, 2008; Angers and

Moon, 2009). Although canonical and noncanonical pathways

have different signaling mechanisms, both participate in

regulating different cellular processes and genetic patterning,

allowing successful embryonic development.

The first studies of the Wnt pathway in panarthropods were

carried out on the vinegar flyDrosophila melanogaster (Nüsslein-

Volhard andWieschaus, 1980; Baker, 1987; Rijsewijk et al., 1987;

Martinez et al., 1988), initiating a wide line of research that linked

this pathway to embryonic development, revealing its

relationship with various developmental processes. Over the

years, more research has been conducted on flies and several

vertebrates, including diverse developmental processes and

diseases (Jenny and Basler, 2014; Bejsovec, 2018; Wiese et al.,

2018), but neglecting the high number of existing arthropods and

their different modes of embryogenesis (Murat et al., 2010).

In the last years, exciting advances have been made regarding

the molecular and cellular mechanisms involved during

sequential segmentation and axial elongation in a variety of

arthropods, and the Wnt pathway has emerged as an essential

factor in these processes. Some reviews have covered this topic

while not focusing specifically on the role of this signaling

pathway (Martin and Kimelman, 2009; Williams and Nagy,

2017; Clark et al., 2019). Thus, in a comparative approach, it

remains to discuss how and when the Wnt pathway participates

in establishing the segmented pattern and regulating processes

such as cell proliferation or convergent extension during the

posterior body growth in panarthropods. In this review, we will

start with a description of the repertoire and expression pattern

of Wnt ligands in a vast number of panarthropods, including

representatives of all the phyla, addressing their possible roles

during germband extension. Then, we will discuss how this

signaling pathway could regulate segmentation to establish

this repetitive pattern and, at the same time, probably

modulate different cellular processes precisely coupled to axial

elongation.

The repertoire of Wnt ligands present
in panarthropods

The Wnt pathway is a complex signaling pathway present in

all metazoans–including placozoans and sponges–that comprises

several receptors and intracellular components, as well as an

established repertoire of thirteen ligand subfamilies (Holstein,

2012). In vertebrates, it has been determined that Wnt1, Wnt2,

Wnt3, Wnt8, and Wnt10 ligands are activators of the canonical

pathway, and that Wnt4, Wnt5, Wnt6, Wnt7, Wnt9, and

Wnt11 ligands are activators attributed to the noncanonical

pathways (Gajos-Michniewicz and Czyz, 2020), while

Wnt16 ligand has been shown to be an activator of both,

canonical and noncanonical pathways (Gori et al., 2015).

WntA ligand, of an indeterminate group, has not been found

in vertebrates (Prud’homme et al., 2002), although it is present in

urochordates and cephalochordates (Somorjai et al., 2018), as

well as in panarthropods (Janssen et al., 2010; Hogvall et al.,

2014).

The analysis of the full repertoire of Wnt ligands in

panarthropods published so far (Figure 1) showed that a

common characteristic is the loss of the Wnt3 ligand,

implying that their common ancestor most probably

presented ligands from only twelve subfamilies (Hayden and

Arthur, 2014; Hogvall et al., 2014; Janssen and Posnien, 2014). A

significant loss also occurred in insects, where the absence of

Wnt2 and Wnt4 ligands in all the representatives is observed.

Interestingly, an ortholog of wnt16 is present in the apid and

absent in the other eight insects included in the analysis (Dearden

et al., 2006; Bolognesi et al., 2008a; Murat et al., 2010; Shigenobu

et al., 2010; Yin et al., 2015; Ding et al., 2019; Holzem et al., 2019;

Panfilio et al., 2019; Vosburg et al., 2020). More losses are found

in other lineages. However, they were not general to the clade, as

they are mixed with other species that retained at least ten Wnt

ligands from the ancestral twelve subfamilies (Figure 1). While

these losses may depict specific eliminations in particular species

within Arthropoda, we cannot exclude that missing ligands could

represent low expression transcripts rather than losses at the

genomic level when the database used is a transcriptome instead

of the whole sequenced genome, as in the cases of Cupiennius

salei, Calanus finmarchicus and Thamnocephalus platyurus,

among others.

Our updated repertoire also showed that only Wnt4,

Wnt5 and Wnt16 ligands were retained in all crustacean
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FIGURE 1
Updated repertoire and phylogenetic relationship of Wnt ligands among panarthropods. Insects are shown in purple rectangles (Dearden et al.,
2006; Bolognesi et al., 2008a; Murat et al., 2010; Shigenobu et al., 2010; Yin et al., 2015; Ding et al., 2019; Holzem et al., 2019; Panfilio et al., 2019;
Vosburg et al., 2020), crustaceans in pale blue (Janssen et al., 2010; Constantinou et al., 2016; Jaramillo et al., 2016; Kao et al., 2016; Du et al., 2018),
myriapods in green (Janssen et al., 2010; Hayden and Arthur, 2014; Janssen and Posnien, 2014), chelicerates in yellow (Janssen et al., 2010;
Pace et al., 2014; Posnien et al., 2014; Harper et al., 2021; Janssen et al., 2021; Janssen and Eriksson, 2022), onychophoran in brown (Hogvall et al.,
2014) and tardigrades in red (Chavarria et al., 2021). An asterisk in the name indicates more organisms having the same repertoire. *B. mori also
includes Bicyclus anynana, Amyelois transitella, Calycopis cecrops, Danaus plexippus, Heliconius melpomene, Operophtera brumata and
Papilio xuthus. *P. tepidariorum includes Pholcus phalangioides and *P. amentata includesMarpissamuscosa and Stegodyphus dumicola. Filled
and no-filled boxes represent the presence and the absence of the ligand, respectively. Dotted boxes represent the presence/absence of the
ligand in doubt (genome not fully sequenced) and white/black numbers inside the boxes represent ligand numbers. The Wnt ligand family is
indicated at the top aswell as the total (To) number of ligand families. The source of the sequences (Ss) is showed asGenome (G), Transcriptome
(T) or Proteome (P). Phylogenetic positions based on Koenemann et al., 2010, Misof et al., 2014, Giribet and Edgecombe, 2019, Lozano-
Fernandez et al., 2019 and Ballesteros et al., 2022.
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lineages–represented here by six species that belong to three of

the six extant classes (Zhang, 2011) –, with a low degree of

conservation of the Wnt2, Wnt8, and Wnt11 ligands

(Constantinou et al., 2016; Jaramillo et al., 2016; Kao et al.,

2016; Du et al., 2018).

Regarding chelicerates, they present a low loss of ligands.

They also exhibit a high degree of duplications in almost all Wnt

ligand subfamilies, which coincides with the whole genome

duplication (WGD) that has been proposed to have taken

place in the common ancestor of spiders and scorpions

(Arachnopulmonata) (Schwager et al., 2017; Panfilio et al.,

2019; Harper et al., 2021). Furthermore, an extreme case is

found in the horseshoe crab Limulus polyphemus, that exhibit

up to six copies of Wnt5 andWnt7 ligands, most probably due to

several rounds of WGD that have been recently documented for

this order - Xiphosura - of chelicerates (Nossa et al., 2014; Nong

et al., 2021). This leaves out harvestmen, sea spiders, ticks, and

mites, represented in our compilation by Phalangium opilio,

Phoxichilidium femoratum, Ixodes scapularis, and Tetranychus

urticae, respectively, which show no duplications (Figure 1).

Interestingly, T. urticae and the decapod crustacean

Macrobrachium olfersi both lacks one of the most conserved

ligands, Wnt1—only Wnt5 is fully present among

panarthropods–and only retained one canonical ligand, Wnt8,

and Wnt10, respectively. Thus, despite multiple Wnt ligand

losses, there is always a canonical/noncanonical set of ligands

in all reported species; however this repertoire is more variable

for some ligands than for others. This diversity and variability

within arthropods have been explained before by non-conserved

specific functional redundancies among Wnt ligands in this and

other phyla that are evident after single ligand loss-of-function

experiments where no strong defects are found in or related to

the site of expression (e.g., Gleason et al., 2006; Bolognesi et al.,

2008a; Grigoryan et al., 2008).

Additionally, there are multiple lines of evidence of Wnt

ligands signaling by canonical and noncanonical pathways. For

example, Drosophila wnt9 (Dwnt4) activates cell motility during

ovarian morphogenesis through the noncanonical pathway and

salivary gland development through the canonical pathway

(Cohen et al., 2002; Harris et al., 2007). In another example,

human isolated chondrocytes differentiation was triggered

in vitro by wnt3a that simultaneously activated both Wnt/β-
catenin and Wnt/Ca2+ signaling pathways (Nalesso et al., 2011).

All this makes the interchangeability between different ligands or

their combinatorial activity to regulate the same pathways or

trigger similar functions even more feasible.

On the other hand, wnt genes duplication found almost

exclusively in chelicerates has allowed this group to reach up

to 14–16 ligands, keeping paralogs of the same Wnt ligand

subfamily despite having several other ligands. Some authors

have attributed this to an ancestral division of the function

between both paralogs and acquisition of a new function by

one of them (Gitelman, 2009; Cho et al., 2010). It has also been

suggested that larger sets of ligands could be an indication of

morphological and functional diversification (Schwager et al.,

2017). However, since numerous Wnt ligand subfamilies were

found in simpler and basally branching metazoans, for example

twelve in the sea anemone Nematostella vectensis, ten in the

demosponge Halisarca dujardini and even 21 in the calcisponge

Sycon ciliatum, there is no obvious relationship between higher

number of ligands and morphological complexity (Kusserow

et al., 2005; Borisenko et al., 2016).

The expression domains of Wnt
ligands

To fully understand the wide and varied range ofWnt ligands

present in the different panarthropods studied so far, it is

necessary to analyze their expression patterns in a

comparative manner throughout development. In this review

we will focus on the period comprising the processes of axial

elongation and segmentation, collectively known as posterior

growth.

Published expression patterns of the complete repertoire of

Wnt ligands are relatively scarce in panarthropods. However, we

found such data for three representative insect

species–unfortunately not including hemimetabolous

insects–one branchiopod crustacean, two myriapods–a

centipede and a millipede,—four chelicerates–including only

arachnids: three spiders and one harvestman–and one

representative for onychophorans and one for tardigrades

(Figures 2,3).

The spatiotemporal analysis of wnt genes expression in the

beetle Tribolium castaneum showed that several ligands overlap

in the posterior zone, segments/parasegments, and head lobes,

suggesting functional redundancy (Bolognesi et al., 2008a).

However, when we compiled wnt genes expression patterns

including the other panarthropods (Janssen et al., 2010;

Hogvall et al., 2014; Janssen and Posnien, 2014; Constantinou

et al., 2016; Holzem et al., 2019; Chavarria et al., 2021; Janssen

et al., 2021), we found that overlapping is common, although

diverse patterns are still observed (Figure 2). Based on the degree

of patterning conservation, we were able to classify the

expression of Wnt ligands as highly (Wnt1, Wnt5, Wnt6,

Wnt7, and Wnt11), moderately (Wnt8, Wnt10, Wnt16, and

WntA), and poorly (Wnt2, Wnt4, and Wnt9) conserved,

which might suggest that the function of some of these

ligands–and not others–would be essential for posterior

growth in most panarthropods. Furthermore, early-

branching clades, such as onychophorans–a sister group of

arthropods –, chelicerates, and myriapods, showed a higher

proportion of Wnt ligands in the posterior zone compared to

pancrustaceans (Figure 3). Despite all this, it is unclear

whether overlapping ligands fulfill similar/redundant or

different/complementary functions.
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wnt1 is expressed in the posterior region–known as the growth

zone or, more precisely, the segment addition zone (SAZ)—of

practically all the panarthropods analyzed except for the

tardigrades, which do not have a proper SAZ (Chavarria et al.,

2021). This suggests a leading and ancestral role of Wnt1 ligand in

the regulation of the posterior growth in Panarthropoda.

Within arachnids, two wnt1 paralogs in the tarantula

Acanthoscurria geniculata show a clear example of posterior

subfunctionalization, where one of them is only expressed on

the SAZ while the other is expressed exclusively in the hindgut

primordium. Interestingly, in arachnids which have retained only

one paralog, wnt1 is expressed at later stages in the putative

FIGURE 2
Representative expression patterns of Wnt ligands in panarthropods. Expression patterns of Wnt ligands in representative organisms of Insecta,
Crustacea, Myriapoda, Chelicerata, Onychophora and Tardigrada. Each color represents oneWnt ligand as is indicated at the top. TheWnt7 ligand in
P. tepidariorum presents duplication, therefore double expression is shown in the scheme (Wnt7.1 is pale brown in the posterior, Wnt7.2 is dark
brown in the head). T. castaneum (Bolognesi et al., 2008a); T. platyurus (Constantinou et al., 2016); G. marginata (Janssen et al., 2010; Janssen
and Posnien, 2014); P. opilio (Janssen et al., 2021); P. tepidariorum (Janssen et al., 2010; Janssen et al., 2021); E. kanangrensis (Hogvall et al., 2014);H.
exemplaris (Chavarria et al., 2021).
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hindgut of Parasteatoda–without expression in the SAZ–and in

the SAZ of Pholcus and Phalangium, with no expression in the

hindgut primordium (Janssen et al., 2021).

Specialized functions for wnt1 and wnt5 are suggested by

their expression patterns within the posterior region of the

Tribolium germband (Nagy and Carroll 1994; Bolognesi et al.,

2008a). wnt1 expression is restricted to a specific domain within

the SAZ–resembling the wnt8 domain–in a region apparently

covered by the broader expression of wnt5. Since both expression

domains are not equivalents, they could be covering different

functions.

An analysis of Wnt1 and Wnt5 ligands performed in the

spider Cupiennius salei showed their complementary expression

domains within the segment, dorsal forwnt1 and ventral forwnt5

(Damen, 2002). However, the suggested “complementarity” in

Cupiennius was refuted by Janssen et al. (2021) arguing that wnt5

ventral expression is restricted to the nervous system and not

related to the segment polarity establishment.

On the other hand, in the onychophoran Euperipatoides

kanangrensis, Hogvall et al. (2014) observed that distinct Wnt

ligands were expressed at different and specific regions

throughout each trunk segment; wnt5 and wnt4 extending

over the anterior and posterior domains, respectively, while

wnt1, wnt6, wnt9, wnt10, wnt11, and wnt16 covering the

center of the segment in adjacent or overlapping regions.

However, these onychophoran wnt genes are expressed in a

segment polarity-like pattern only at later stages, belatedly to

segment polarity genes such as engrailed. Thus, the authors

suggested that wnt genes were not involved in forming

segmental borders in onychophorans but probably in their

intrasegmental patterning.

In summary, a complete wnt genes repertoire is published

and available in twelve panarthropods, including representatives

of the main subphyla. Furthermore, many wnt genes are

expressed in the forming segments and the posterior region

during panarthropod elongation, with a general high

overlapping among them. However, there is little detailed

information on these expressions. Until a better resolution in

the expression of various arthropods is available, both at the

tissue and cellular level, it will not be possible to determine a

reliable degree of functional conservation of the different Wnt

ligands.

There is also an imbalance in the analysis of the different wnt

genes, mainly concentrated in the posterior expression and function

ofWnt1 andWnt8 ligands. This analysis would be greatly benefited

by incorporating the complete set of Wnt ligands in more

organisms, including representatives of orders not analyzed so far

(e.g., hemimetabolous insects, non-arachnid chelicerates).

FIGURE 3
Wnt ligands expression domains within panarthropod germbands. Blues boxes represent the expression of the corresponding Wnt ligand in the
posterior zone, red boxes indicate segmental expression, and white boxes show the absence of expression. Double red and blue boxes indicate Wnt
ligand expression at the posterior zone and within segments. Insects are shown in purple rectangles, crustaceans in pale blue, myriapods in green,
chelicerates in yellow, onychophoran in brown and tardigrades in red. The Wnt ligand families are indicated at the top, in gray boxes. D.
melanogaster (Murat et al., 2010); B. anynana (Holzem et al., 2019); T. castaneum (Bolognesi et al., 2008a); T. platyurus (Constantinou et al., 2016); S.
marítima (Hayden and Arthur, 2014); G. marginata (Janssen et al., 2010; Janssen and Posnien, 2014); chelicerates (Janssen et al., 2021; Janssen and
Eriksson, 2022); E. kanangrensis (Hogvall et al., 2014); H. exemplaris (Chavarria et al., 2021).
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Functional analysis of Wnt ligands
during posterior growth

One of the main characteristics of panarthropods is their

segmented body, the segments of which are added during

development in different ways depending on the species. For

example, in Drosophila, all segments are patterned almost

simultaneously during syncytial blastoderm in what is called

long germ segmentation (Peel et al., 2005). On the other hand,

most arthropods and onychophorans present a short germ mode

of segmentation, where anterior segments are patterned during

the blastoderm stage, and the rest of segments are added

sequentially from the SAZ, at the posterior end of the

embryo/larva (Peel et al., 2005; Clark and Peel, 2018). This

territory functions as an organizing center for posterior

growth, where the mechanisms that regulate segmentation and

axial elongation occur (Williams and Nagy, 2017). As was

mentioned previously, the SAZ is characterized by expressing

several Wnt ligands dynamically during segmentation,

suggesting a role of this pathway in establishing the

segmented pattern and the mechanisms controlling body

elongation.

Functional studies on different components of the Wnt

pathway during sequential segmentation have been performed

mostly in the holometabolous insect Tribolium castaneum (Ober

and Jockusch, 2006; Bolognesi et al., 2008b; Bolognesi et al., 2009;

Beermann et al., 2011) and the spider Parasteatoda tepidariorum

(McGregor et al., 2008; Setton and Sharma 2018; Setton and

Sharma 2021), although the number of studies in other

arthropod species is increasing.

Mainly, it has been observed that the loss of function of Wnt

receptors in Tribolium (Tc-frizzled1 and Tc-frizzled2), co-

receptor Arrow in Tribolium, Oncopeltus, Gryllus and

Parasteatoda (Tc-arrow, Of-arrow, Gb-arrow and Pt-arrow,

respectively), or final effectors (the transcription factors Gb-

armadillo/β-catenin in Gryllus and Of-pangolin in Oncopeltus)

of the canonical Wnt pathway, lead to the formation of truncated

embryos with no posterior segments (Figure 4) (Miyawaki et al.,

2004; Angelini and Kaufman 2005; Bolognesi et al., 2009;

Beermann et al., 2011; Setton and Sharma, 2018; Setton and

Sharma, 2021). This makes clear the essential role of this

signaling pathway on the posterior growth. The same

conclusion could be reached by analyzing the pharmacological

inhibition of the Wnt pathway after the incubation of elongating

cockroach embryos with the Inhibitor of Wnt Production-3

(IWP-3)—that blocks palmitoylation of Wnt ligands by

Porcupine (Chen et al., 2009)—and after Wnt signaling

activation using LiCl–that inhibits GSK3 within the β-catenin

destruction complex (Hedgepeth et al., 1997)—during the

elongation and segmentation of the centipede Strigamia

maritima. After the IWP-3 treatment, the absence of Wnt

signaling specifically during elongation disrupted segment

formation and reduced the size of the SAZ as well as the

number of proliferating cells, coinciding with the results

showed by Oberhofer et al. (2014) where the Wnt signaling

displays a dual role in the SAZ in growth control and posterior

patterning. In the latter, the activation of the pathway generated

shorter embryos with an expanded SAZ, revealing its role in the

control of the segmentation clock (Chesebro et al., 2013; Hayden

et al., 2015).

FIGURE 4
Segmentation patterning phenotypes after Wnt signaling functional analysis. (M) Loss of segment boundaries. (T) Truncated embryo due to loss
of abdominal segments. (N) No effect on the segmentation patterning. Down arrow indicates inhibition, up arrow indicates activation. cWnt indicates
the full canonical pathway. An empty rectangle points out the absence of the corresponding functional studies in this organism. Insects are shown in
purple rectangles (Miyawaki et al., 2004; Angelini and Kaufman, 2005; Bolognesi et al., 2008b; Chesebro et al., 2013; Liu et al., 2017; Nakao,
2018; Setton and Sharma, 2021); myriapods in green (Hayden et al., 2015); chelicerates in yellow (McGregor et al., 2008; Setton and Sharma, 2021).
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Regarding Wnt ligands, by far the most studied is wnt1/

wingless, but its functional analysis has only been successful in

some insects, with no loss-of-function phenotypes found in the

cricket G. bimaculatus and the spider P. tepidariorum (Miyawaki

et al., 2004; Setton and Sharma, 2021). Apparently, the severity of

wnt1 knockdown related to posterior growth could be linked to

the presence/absence of another ligand, wnt8: In Tribolium and

Oncopeltus–where Wnt8 ligand is present as one and two

paralogs, respectively–wnt1 RNAi only showed segmental

boundary disruption without preventing elongation or the

generation of the segmented pattern, as was revealed by the

absence of truncated phenotypes and the regular expression of

the pair-rule gene Tc-even-skipped (Tc-eve) in the beetle and a

normal-sized abdomen in the case of Oncopeltus embryos

(Angelini and Kaufman, 2005; Ober and Jockusch, 2006;

Bolognesi et al., 2008b). On the other hand, in the domestic

silk moth Bombyx mori, which do not have a wnt8 paralog, wnt1

RNAi produced a range of phenotypes from partially truncated

embryos displaying immature legs (Yamaguchi et al., 2011) to

drastically shortened embryos showing no signs of abdominal

nor thoracic segments (Nakao, 2018). The idea of a (partial)

functional interrelationship between both ligands is also based on

the results obtained in Tribolium after eliminating wnt8 alone,

that generated a small proportion of truncated embryos, and the

drastic increasing of the truncated phenotype frequency using the

wnt1 and wnt8 double RNAi (Bolognesi et al., 2008b). There are

other cases in which the same different results have been

reported: In the cockroach Periplaneta americana, the loss-of-

function of wnt1 led embryos to develop posteriorly truncated

germbands (Chesebro et al., 2013), while in the lepidopteran

Dendrolimus punctatus, wnt1 knockout using CRISPR/

Cas9 showed abdominal segment fusion with no signs of

posterior truncation (Liu et al., 2017). However, it is not

known if Wnt8 ligand is present in these two insects. Finally,

wnt8 knockdown in the spider Parasteatoda (McGregor et al.,

2008) caused posterior truncation or even complete absence of

the opisthosomal (abdominal) region, a phenotype that

resembles the effect of the RNAi against wnt8 in Tribolium

(Bolognesi et al., 2008b). However, given the functional

redundancy between Wnt1 and Wnt8 ligands, we cannot

interpret wnt1 or wnt8 knockdown phenotypes in any species

where wnt1/wnt8 double loss-of-function has not been analyzed.

The analysis of the phenotypes mentioned above reveals the

Wnt pathway’s different roles during posterior growth. On the

one hand, truncated phenotypes indicate early participation in

this process, although we have little evidence about the

mechanisms in which it would operate. In turn, we do not

have sufficient evidence to relate the Wnt signaling to

maintaining gene oscillations or establishing a wavefront at

the anterior SAZ, as it is well known in vertebrates (Oates

et al., 2012). On the other hand, the participation of wnt1 in

the definition of segment borders is relatively conserved among

arthropods and is a well-understood process at the molecular and

cellular level in the Drosophila fly (Nüsslein-Volhard and

Wieschaus, 1980; Nagy and Carroll 1994; Ober and Jockusch,

2006).

To date, other canonical and noncanonical Wnt ligands that

are expressed segmentally and/or in the posterior region have

only been functionally studied in the beetle Tribolium. When

Bolognesi et al. (2008b) RNAi screened all nine Wnt ligands

expressed in Tribolium, they only found segmental phenotypes

with Tc-wnt1 and Tc-wnt8. The same result was obtained after

checking different combinations of double (all combinations of

Tc-wnt1, Tc-wnt5, Tc-wnt8 and Tc-wntA) and triple (Tc-wnt5,

Tc-wnt8 and Tc-wntA) RNAi injections of the wnt genes that are

most clearly expressed in the SAZ (Bolognesi et al., 2008a, b).

However, we cannot rule out redundant functions during

posterior growth for wnt5 and wntA with wnt6, which is also

expressed in the SAZ but was not included in their double and

triple knockdown analyses.

It is also possible that in other panarthropods, different wnt

genes fulfill the absence of specific Wnt ligands, like Wnt8 in

Thamnocephalus (Constantinou et al., 2016), Strigamia (Hayden

et al., 2015) or the onychophoran Euperipatoides (Hogvall et al.,

2014). The evidence suggests redundant and partially redundant

functions between arthropod Wnt ligands. Nevertheless, the

relationship between a Wnt ligand and its precise function

and which ligands share the same function is still unclear.

Wnt signaling as part of the genetic
network underlying segmental
patterning

It has been established that segmentation in most arthropods

and all vertebrates is driven by a cyclical mechanism where the

temporal periodicity of a clock is translated into a repetitive

spatial pattern (Cooke and Zeeman, 1976; Palmeirim et al., 1997;

Sarrazin et al., 2012). In vertebrates, cell-autonomous oscillatory

genes expression is maintained by a posterior Wnt + Fgf

signaling gradient. As this gradient decreases, the generated

posterior-to-anterior kinematic waves of expression are

arrested, allowing the formation of a new segment (Oates

et al., 2012). Furthermore, the progressive posterior elongation

of the embryo moves the Wnt + Fgf gradient together with the

determination front, thus linking posterior growth with

segmentation. In addition, several genes related to the Wnt,

Fgf, and Notch/Delta pathways oscillate and are coupled

between them, which is crucial for segment generation

(Dequéant et al., 2006; Krol et al., 2011; Sonnen et al., 2018).

However, despite the evidence involving the Wnt signaling

pathway in the vertebrate segmentation clock, its specific role

is not yet fully understood.

In arthropods, caudal, a highly conserved gene that is

expressed at the posterior half of the SAZ and is crucial for

its establishment and maintenance (Dearden and Akam, 2001;
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Chipman et al., 2004; Copf et al., 2004; Shinmyo et al., 2005;

Chesebro et al., 2013; Janssen et al., 2015; Schönauer et al., 2016;

Novikova et al., 2020), is regulated by the canonical Wnt

signaling (Shinmyo et al., 2005; McGregor et al., 2008;

Chesebro et al., 2013; Oberhofer et al., 2014; Schönauer et al.,

2016). Recently, Clark and Peel (2018) proposed that in the SAZ,

Wnt signaling would be regulating an ancient regulatory network

formed by caudal, dichaete, and odd-paired (opa), which are

sequentially expressed–both temporally and spatially–during

segmentation in Tribolium, but also in the long-germ

Drosophila embryo. Furthermore, one of the same authors

proposed a transition from the posterior expression of caudal/

dichaete to dichaete/opa expression at the anterior region of the

SAZ, resembling the wavefront limit operating in vertebrates

(Clark, 2021). Then it is possible that the Wnt pathway is

regulating, through Caudal, genetic oscillations in arthropods,

as occurs in vertebrates.

Two main kinds of cyclically expressed genes have been

observed in arthropods (no dynamically expressed genes have

been found in onychophorans; Janssen and Budd, 2013; Janssen

and Budd, 2016): On one hand, the orthologs of Drosophila pair-

rule genes as odd-skipped (Chipman et al., 2004; Sarrazin et al.,

2012), even-skipped (Chipman and Akam, 2008; El-Sherif et al.,

2012; Brena and Akam, 2013), paired (Eriksson et al., 2013),

hairy (Chipman and Akam, 2008; Pueyo et al., 2008) and most

probably runt (Schönauer et al., 2016). On the other hand,

members of the Notch signaling pathway, mainly the Delta

ligand, have been shown to oscillate in cockroaches (Pueyo

et al., 2008), centipedes (Chipman and Akam, 2008; Brena

and Akam, 2013) and spiders (Stollewerk et al., 2003;

Schönauer et al., 2016). Functional analyses in a few of these

organisms appear to position Wnt signaling upstream of some

cyclic genes.

In Tribolium, it was already shown that blocking Wnt

signaling impairs the posterior expression of the three pair-

rule genes (Tc-run, Tc-eve, and Tc-odd; Bolognesi et al., 2009;

Beermann et al., 2011), which are part of the regulatory circuit

involved in the segmentation clock (Choe et al., 2006). In the

same insect, RNA-seq comparative analysis revealed additional

pair-rule genes downregulated after knocking down the Wnt/β-
catenin pathway, such as Tc-hairy and Tc-dichaete, in addition to

Tc-odd and Tc-eve (Oberhofer et al., 2014). However, the same

experimental approach performed in the spider Parasteatoda

showed no significant effect on the expression of the pair-rule

genes Pt-eve, Pt-run, and Pt-hairy, with a mild effect on Pt-

dichaete (Setton and Sharma, 2021). In this study, it was even

seen that caudal expression was not interrupted in Parasteatoda

and Gryllus after arrow knockdown, unlike in Oncopeltus, where

they obtained a substantial reduction in Of-caudal expression.

The discrepancies observed between Tribolium and Parasteatoda

Wnt/β-catenin pathway loss-of-function results could be

associated with the weak penetrance of the RNAi injection

(around 50% of effect; Setton and Sharma, 2021) or with a

possible low conservation of the wnt/caudal/pair-rule gene

network among arthropods. In any case, if we consider that in

the spider Parasteatoda wnt8 was previously shown to be

necessary for the posterior expression of Pt-eve and Pt-run

(Schönauer et al., 2016) and Pt-caudal (McGregor et al., 2008;

Schönauer et al., 2016), one alternative explanation could be that

specifically in the spider, Wnt8 function acts through an Arrow-

independent pathway, that is like a noncanonical ligand.

Regarding Wnt-Notch interactions, on the other hand,

Chesebro et al. (2013) showed in the cockroach that Pa-delta

expression in the posterior SAZ is completely eliminated after

Pa-wnt1 knockdown. Furthermore, they obtained similar results

using the pharmacological inhibitor IWP-3 (Chesebro et al.,

2013). At the same time, they observed the disruption of

posterior Pa-wnt1 expression after injecting RNAi against Pa-

notch and its partial reduction by incubating embryos with the

Notch inhibitor, DAPT.

Schönauer et al. (2016), in turn, situated this signaling

pathway upstream Pt-wnt8 in Parasteatoda. Depending on the

SAZ region, Notch/Delta is activating (at the posterior SAZ) or

inhibiting (at the anterior SAZ) this ligand. However, it was

FIGURE 5
Wnt pathway role on the segmentation gene network at the
SAZ. Regulatory relationships of the Wnt signaling pathway with
the Notch pathway, the caudal gene and the dynamic/oscillatory
genes (belonging to the Notch pathway or to the Pair-Rule
gene family) in the SAZ, based on current evidence in chelicerates
(orange letters) and insects (purple letters). Genes with a dynamic/
oscillatory behavior at the SAZ in different arthropods are shown at
the bottom. C. salei (Cs); D. pulex (Dp); G. bimaculatus (Gb); O.
fasciatus (Of); P. americana (Pa); P. tepidariorum (Pt); S. maritima
(Sm); T. castaneum (Tc).
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previously found that Wnt8 would be necessary for the dynamic

expression of Pt-delta in the same spider (McGregor et al., 2008).

In addition, the RNA-seq study by Setton and Sharma (2021)

exhibited Pt-notch ″downregulation-but not Pt delta inhibition-
after″ Wnt signaling loss-of-function, although they did not

check the effect of knocking down Notch signaling. So then,

Notch and Wnt signaling pathways seem to display a reciprocal

regulation in these two animal models, the hemimetabolous

cockroach Periplaneta and the chelicerate Parasteatoda,

apparently partially through their regulation of caudal.

Nevertheless, our limited knowledge about the complexity of

the SAZ in terms of cell types and tissue organization makes it

hard to understand reciprocal interactions between different

pathways.

As it has been suggested that the Notch pathway does not

present a functional role in the segmentation process in the

onychophoran Euperipatoides kanangrensis and the

holometabolous insects Drosophila melanogaster, Apis

mellifera and Tribolium castaneum (Aranda et al., 2008;

Wilson et al., 2010; Kux et al., 2013; Janssen and Budd, 2016),

the regulatory role of the Wnt pathway on the Notch signaling is

limited, considering the existing evidence, to Parasteatoda

tepidariorum, Periplaneta americana and the short-germ

silkworm Bombyx mori (Liu, 2013). Thus, from the cases

mentioned so far, we can conclude the following (Figure 5):

1) Studies in different arthropods are lacking to determine a

possible ancestral regulatory route of posterior growth.

2) Virtually all arthropods studied to date have shown some level

of dynamic/oscillatory expression in the SAZ (i.e., odd, eve,

run, hairy, paired, delta), and the most widely described

regulatory network involved is Wnt > Caudal > Pair-Rule/

Delta - with some variations possible due to evolutionary

divergences or even experimental limitations -, where Wnt

signaling has a regulatory effect on the timing of segment

border definition.

3) Notch signaling, as in vertebrates, could be involved in single-

cell oscillations coupling in some arthropods and not others,

where we have not yet discovered the gene(s) involved in the

oscillatory synchronization.

Wnt pathway as a possible regulator
of the cellular processes involved in
axial elongation?

Sequential segment addition in most arthropods is

accompanied by simultaneous germband extension along

the anterior-posterior axis. This complex reorganization of

the developing body must include, in a species-specific

manner, a variable, mutually dependent, and tightly

regulated arrangement of cellular behaviors, including

oriented (or not) mitotic divisions, cell rearrangements,

and changes in cellular density, cell shape, and cell size,

among others.

Little is known about the regulatory network behind axial

elongation and the mentioned cellular processes in arthropod

posterior growth. In deuterostomes, including vertebrates as well

as the hemichordates that display posterior growth without

segmentation, paraxial mesoderm progenitors are maintained

by a posterior positive regulatory loop between wnt (wnt3a and

wnt8 in zebrafish) and brachyury, so that posterior elongation

depends on this molecular feedback (Martin and Kimelman,

2008; Fritzenwanker et al., 2019). However, brachyury orthologs

in insects are expressed in the SAZ but seem not necessary for

posterior growth, as was shown by RNAi analysis in Tribolium

and Gryllus (Shinmyo et al., 2006; Berns et al., 2008). Regardless

of whether Wnt-Brachyury regulation was lost in insects or

corresponds to a deuterostome evolutionary innovation, which

factor is maintaining Wnt signaling at the insect SAZ is

unknown.

Few direct evidence links Wnt signaling to cell proliferation

during arthropod posterior growth; for example, Oberhofer et al.

(2014), through genetic analyses in Tribolium SAZ, showed that

theWnt pathway targets some genes involved inmitotic cell cycle

and spindle organization/elongation. Moreover, RNAi

treatments against wnt1 caused a decrease in cell proliferation

in the cockroach SAZ, the same occurring when the pathway was

inhibited by pharmacological treatment with IWP-3 (Chesebro

et al., 2013). Constantinou et al. (2020), based on the cell division

pattern shown by the branchiopod Thamnocephalus, divided the

SAZ into an anterior no-proliferating region that expresses

WntA ligand and a posterior slightly-but-constant

proliferating region that expresses Wnt4 ligand. A similar

correlation was found in Oncopeltus (Auman et al., 2017),

where the region of cell divisions coincides with the

expression of Of-eve and Of-caudal genes, two targets of Wnt

signaling. The proposed model differs, however, from what was

found in Dermestes (Xiang et al., 2017) and Tribolium (Cepeda

et al., 2021). The proliferation region is not temporally stable in

these beetles, but variable and posteriorly concentrated at specific

stages. Unfortunately, no correlation has yet been found between

this proliferation pattern and the expression of any gene at the

SAZ, and there is evidence that theWnt signaling target genes Tc-

caudal, and Tc-eve are not involved in cell division regulation in

this insect (Copf et al., 2004; Nakamoto et al., 2015). A possible

mechanism that explains this patterning type would be what

happens in the Drosophila wing, where cell proliferation is

regulated by differences in the amount of Wnt1 ligand; high

concentrations generate a decrease while intermediate

concentrations trigger proliferation (Baena-Lopez et al., 2009).

However, no changes in the expression of Wnt ligands

correlating with this model have been demonstrated.

Another well-conserved cellular process among arthropods

during germband elongation is the convergent extension (CE).

The first studies on CE were carried out in Drosophila, where the
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pair-rule genes Dm-eve and Dm-runt are necessary for the

polarized cell movements involved (Irvine and Wieschaus,

1994; Zallen and Wieschaus, 2004). Furthermore, the necessity

of Tc-eve and Tc-caudal during the intercalary cell movements

seen at early stages of germband elongation in Triboliumwas also

reported (Benton et al., 2013; Nakamoto et al., 2015). In addition,

the fact that Dm-eve regulates the expression of the Toll family

receptors, which direct CE during germband elongation in

Drosophila (Paré et al., 2014) and is conserved in Tribolium

and Parasteatoda (Benton et al., 2016), leads us to wonder if the

Wnt pathway would have a role in this process. The Wnt

signaling pathway could be involved in CE through its

regulation of eve expression, which we have already seen

occur in various arthropods during germband elongation

(Bolognesi et al., 2009; Beermann et al., 2011; Oberhofer et al.,

2014; Schönauer et al., 2016).

However, we will not have an answer to our question until a

more significant number of studies have been carried out with a

particular focus on the cellular behaviors that take place during

posterior elongation in a diverse group of arthropods.

Future directions of research

After reviewing the Wnt pathway’s role in axial elongation

and segmentation processes in arthropods, more questions than

answers arise.

We found the completeWnt ligand repertoire from 42 species of

panarthropods. However, the expression pattern of all the ligands

has been published only in twelve. Thus, a more diverse palette of

species is lacking in the analysis, especially non/underrepresented

lineages (e.g., maxillopod crustaceans, non-insect hexapods, non-

spider chelicerates). Furthermore, given the apparent overlapping

between some ligands, it would be precious to have a detailed

cellular-level analysis of the expression patterns, hopefully including

double in situ hybridizations.

The incorporation of functional studies in more organisms,

including non-model panarthropods with interesting

phylogenetic positions as early-branching clades (e.g.,

onychophorans, ametabolous and hemimetabolous insects),

will provide the basis for well-supported comparative analyses.

In the long term, this will allow us to identify conserved and

diverged aspects of the regulatory role of the Wnt pathway on

posterior body elongation and segmentation. Furthermore,

adding imaging tools to this analysis, like tissue-specific

transgenic lines carrying fluorescent reporters for time-lapse

imaging, will be essential to understanding the contribution of

Wnt signaling in the highly dynamic cellular and molecular

network that organizes posterior growth in most panarthropods.
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Patched-related (Ptr), classified primarily as a neuroectodermal gene, encodes a

protein with predicted topology and domain organization closely related to those of

Patched (Ptc), the canonical receptor of the Hedgehog (Hh) pathway. To investigate the

physiological function of Ptr in the developing nervous system, Ptr null mutant embryos

were immunolabeled and imaged under confocal microscopy. These embryos displayed

severe alterations in the morphology of the primary axonal tracts, reduced number,

and altered distribution of the Repo-positive glia as well as peripheral nervous system

defects. Most of these alterations were recapitulated by downregulating Ptr expression,

specifically in embryonic nerve cells. Because similar nervous system phenotypes have

been observed in hh and ptcmutant embryos, we evaluated the Ptr participation in the Hh

pathway by performing cell-based reporter assays. Clone-8 cells were transfected with

Ptr-specific dsRNA or a Ptr DNA construct and assayed for changes in Hh-mediated

induction of a luciferase reporter. The results obtained suggest that Ptr could act as

a negative regulator of Hh signaling. Furthermore, co-immunoprecipitation assays from

cell culture extracts premixed with a conditioned medium revealed a direct interaction

between Ptr and Hh. Moreover, in vivo Ptr overexpression in the domain of the imaginal

wing disc where Engrailed and Ptc coexist produced wing phenotypes at the A/P border.

Thus, these results strongly suggest that Ptr plays a crucial role in nervous system

development and appears to be a negative regulator of the Hh pathway.

Keywords: Patched-related, Drosophila, embryogenesis, Hedgehog, neurodevelopment

INTRODUCTION

Patched-related (Ptr) is a transmembrane sterol-sensing domain (SSD) protein that is expressed
in different insect and vertebrate species (Zúñiga et al., 2009). Ptr topology and domain
organization are similar to those of theDrosophila segment polarity protein Patched (Ptc, Nüsslein-
Volhard and Wieschaus, 1980). However, Ptr shows a distinctive expression pattern during
embryogenesis (Bolatto et al., 2015). Ptr protein was first described in C. elegans (Kuwabara
et al., 2000; Michaux et al., 2000), where functional studies suggested that the many Ptr
proteins are involved in cell growth, patterning, and molting (Kuwabara et al., 2000). On
the other hand, the single Drosophila Ptr gene (CG11212) was originally identified during a
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subtractive hybridization screening designed to identify
genes differentially expressed at the beginning of gastrulation
(Zúñiga et al., 2009). In addition, our biochemical analysis
revealed that Ptr was associated with embryo membranes, and
immunohistochemistry allowed us to localize it in the growing
plasma membranes of Drosophila blastoderms (Pastenes et al.,
2008). We also demonstrated that, during the late embryonic
stages, Ptr accumulates in hemocytes (Bolatto et al., 2015),
the phagocytic cells that are closely linked to the Drosophila
developing nervous system (NS). Hemocytes are relevant cells
because they participate in two main processes necessary for
the NS condensation, the removal of cellular debris, and the
deposition of extracellular matrix molecules (Hortsch et al.,
1998; Sears et al., 2003; Olofsson and Page, 2005).

Regarding the study of the Ptr presence and function in the
NS, a previous report (Furlong et al., 2001) classified Ptr as a gene
mainly expressed in the neuroectoderm. For their part, Zhao et al.
(2008) observed widespreadmacroscopic defects in the pattern of
dendritic and axonal projections in neurosecretory neurons upon
the insertion of a transposable element upstream of Ptr, likely
because of disrupted neurite pathfinding. The same authors also
demonstrated that a lack of function in Ptr results in the loss of
bilateral asymmetry in the main portions of the normal neuritic
arbor and the formation of ectopic or mistargeted neurites in
the adult central nervous system (CNS) immediately prior to the
emergence from the puparium (Zhao et al., 2008). Thus, Ptr loss
disrupted the branching pattern in neurons that are essential for
successful head eversion (Park et al., 2003). In spite of this crucial
event, the only effects reported so far for Ptr at the NS level refer
to themorphological changes probably induced by the disruption
of the neuritic guidance.

The fact that Ptr is a transmembrane protein with similar
topology to Ptc suggests that Ptr could act as a receptor in
the axonal growth and/or pathfinding processes during NS
development, regulating the availability of extracellular signals
as Hedgehog (Hh). The possibility of an additional/alternative
receptor in the Hh pathway has been previously suggested in
other reports (Méthot and Basler, 2001; Torroja et al., 2005),
including a proposed direct interaction between the secreted
Hh and its receptor/s to promote cell-cell signaling (Bürglin,
1996; Aspöck et al., 1999) by depending either on Smoothened
(Smo) as suggested for the majority of organisms or on a Smo-
independent pathway as shown inC. elegans (Zugasti et al., 2005).
In Drosophila, there are also examples of Hh acting in processes
using non-canonical mechanisms, some of which are linked to
developmental cell migration and guidance, such as germ and
glial cell migrations and axon guidance (Araújo, 2015).

Interestingly, hh and ptc mutant embryos showed severely
altered CNS phenotypes. In the former, many midline cells
died, and the remaining surviving cells did not differentiate
(Jacobs, 2000; Bossing and Brand, 2006; Watson et al., 2011).
Meanwhile, in ptc mutant embryos, very few commissures
could be formed, and this was mainly attributed to neuronal
misspecification and loss (Patel et al., 1989;Merianda et al., 2005).
In addition, the axonal defects observed in both null phenotypes
could be attributed to alterations in the chemoattraction and/or
chemorepulsion signals that are required for proper axon

guidance (Ricolo et al., 2015). The same authors also showed
that Hh is involved in axonal guidance during embryonic stages,
acting in the ventral nerve cord (VNC) midline through a non-
canonical Ptc-dependent pathway.

Considering the existing evidence, we decided to further study
the Ptr function during the developing NS by analyzing whether
embryos that lack or downregulate Ptr expression in embryonic
neural cells show mutant NS-altered phenotypes that can be
distinguished from wild-type embryos. Expected NS alterations
include disruption of the NS structure, axon tract collapses or
misrouting, fasciculation defects or alterations in the number or
distribution of neurons.

In addition to characterize the Ptr role during embryogenesis,
here, we also provide genetic, biochemical, and molecular
evidence indicative of the Ptr involvement in the Hh pathway,
probably acting either as an accessory component of the pathway
or as an alternative receptor for the Hh signaling during
NS development.

MATERIALS AND METHODS

Drosophila Strains and Genetic
Manipulations
All Drosophila stocks were maintained and crossed at 25◦C
according to standard procedures. To obtain a more efficient
gene silencing, the crosses involving RNAi experiments were
carried out at 29◦C (Brand et al., 1994). The stock en-GAL4,
UAS-mCD8GFP/S-T (line en-GAL4), was kindly donated by
A. Glavic (University of Chile, Chile), while the other GAL4-
drivers were obtained from the Bloomington Drosophila Stock
Center (BDSC, USA). The drivers used to express dsRNAPtr
were P{GAL4::VP16-nos.UTR}MVD2 (line nanos-GAL4) and
w[∗]; P{w[+mW.hs]=GawB}insc[Mz1407] (line 8751), whereas
the line used to overexpress Ptr-mCherry was y[1] w[∗];
P{w[+mW.hs]=en2.4-GAL4}e16E (line 30564). To perform
the control crosses w[∗]; P{w[+mC]=UAS-lacZ.B}melt[Bg4-
2-4b] (line UAS-lacZ) was used. The original Ptr mutant
line (Ptr23cline) balanced over CyO, kr-GFP balancer (Bolatto
et al., 2015) was re-balanced using CyO, twist-GAL4, UAS-GFP
donated by R. Cantera (Instituto Clemente Estable, Uruguay) to
obtain the line Ptr/twi-GFP.

Determination of Hatching Rate
Adult flies of the Ptr/twi-GFP null mutant line were placed
in cages for embryo collection for 4 h at 25◦C. Eggs laid on
grape juice agar plates were left for an additional 18-24 h. After
that, the embryos were dechorionated with 50% commercial
bleach solution in PBST (0.05% Triton X-100 in PBS),
classified as GFP positive/negative and hatched/not hatched, and
counted under a Nikon SMZ-10A stereomicroscope (Tokyo,
Japan) using NIGHTSEA R© fluorescence viewing systems (PA,
USA) with a royal blue filter. Light and fluorescence images
were obtained using a Discovery V8 stereomicroscope (Zeiss,
Oberkochen, Germany).
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Embryo Immunostaining
Patched-related null mutant embryos of stage 15/16 were
collected from grape juice agar plates, dechorionated (50%
commercial bleach solution in PBST) and selected by negative
GFP expression. Selected embryos were fixed in a 1:1 (v/v)
mixture of n-heptane and 4% paraformaldehyde (PFA) for
30min, and their devitellinization was performed with a slow
fixation procedure (Sullivan et al., 2000) using 4% PFA (Sigma-
Aldrich, MO, USA) instead of 3.7% formaldehyde. The embryos
were stored in methanol at -20◦C until used. To perform the
immunostaining, the embryos were rehydrated in PBSTA (1%
BSA in 0.05% Triton X-100 in PBS) and incubated 30min in
a blocking buffer (1% BSA in 0.1% Triton X-100 in PBS). The
same blocking buffer was used during the antibody incubation.
Antibodies employed were: mouse anti-22C10 [1:50 22C10,
Developmental Studies Hybridoma Bank (DSHB, IA, USA)] or
mouse anti-FasII (1D4 anti-Fasciclin II, DSHB, diluted 1:30)
or mouse anti-Repo (1:20 8D12 anti-Repo, DSHB). These
antibodies were incubated together with lectin from Arachis
hypogaea (peanut or PNA) biotin conjugate (1:200, Sigma-
Aldrich) or rat anti-elav (1:50 Rat-Elav-7E8A10 anti-elav, DSHB).
After overnight incubation at 4◦C, embryos were washed three
times with PBST and one time with a blocking buffer (15min
each) and then incubated 2 h with anti-mouse Alexa Fluor 488
(1:800, Molecular Probes, OR, USA) and anti-rat Alexa Fluor
546 (1:800, Molecular Probes) or Streptavidin Alexa Fluor 555
(1:800, Molecular Probes). After 4 washes (15min each) with
PBST, the embryos were mounted using glycerol 80% in Tris-
HCl (1.5M, pH 8.8) in a chamber made with two coverslips.
The use of this chamber allowed us to rotate the embryos to
locate the ventral side upward. Digital images were taken using
an Olympus FV300 laser scanning confocal microscope at 1,024
× 1,024 or 2,048× 2,048 resolution, ensuring that objective lens,
brightness, laser intensities, and gain were standardized to ensure
the maintenance of acquisition parameters in the samples of each
experimental condition.

Cell Culture and Generation of Conditioned
Medium
Cultures of clone-8 (cl-8) cells (derived from theDrosophilawing
imaginal disc) were performed as described at the Drosophila
RNAi Screening Center website (http://www.flyrnai.org/DRSC-
PRC.html). The HhN conditioned medium was made by
incubating S2-HhN-transfected cells (generously donated by P.
Beachy, Stanford University), with a cl-8 medium plus 0.5 mM
CuSO4 for 48 h. The control medium was made by incubating S2
cells in the same culture medium and under the same conditions.

Immunostaining of cl-8 Cells
Cells were fixed with 4% PFA (20min, RT), permeabilized with
PBS containing 0.1% saponin for 15min, and then blocked
with PBS plus 5% BSA and 0.1% saponin for 45min prior to
incubation with the primary antibody mouse monoclonal anti-
V5 (1:500, Sigma-Aldrich, MO, USA). The cells were washed
three times in PBS with 0.1% saponin and incubated with
the secondary antibody anti-mouse Alexa Fluor 546 (1:800,

Molecular Probes). Zeiss Confocal images were collected using
the Confocal Laser Scanning Microscope-510 META.

dsRNA Synthesis
Pairs of primers encoding a T7 promoter sequence and
gene-specific sequences were used to amplify a product
from a single exon using a genomic DNA template or
cDNA. These PCR products were the templates for in
vitro dsRNA synthesis using T7 RNA polymerase (Ambion,
TX, USA). See Supplementary Material for the table of
primers used.

Constructs for Cell-Based Reporter Assays
The ptc-luciferase, Renilla, and dally-like constructs were kindly
donated by Dr. P. Beachy. The ptc-luciferase (the ptc promoter
−758 to+130 fragment) was generated by PCR and subsequently
cloned into the MluI and HindIII sites of the pGL2-Basic firefly
luciferase reporter vector (Promega, Madison, USA); the Renilla
construct was pRL-CMV (for constitutive Renilla luciferase
expression under CMV promoter control), and dally-like-3xFlag
was inserted into pActSv (the cloning sites can be found by
sequencing with Fw GACACAAAGCCG TTC CAT and reverse
TTT GTC CAA TTA TGT CAC) (Chen et al., 1999).

Ptr-V5 and the control construct of overexpression
experiments in cell reporter assays were obtained in Dr. V.
Cambiazo’s laboratory. The CG11212 fragment (residues
1–1,129) was generated by PCR and cloned into pMT/V5-His-
Topo (Invitrogen, CA, USA) (Zúñiga et al., 2009). The control
vector for overexpression experiments was pUASpEGFPc1
(Megraw et al., 2002). This vector derives from the pUASP
vector, encoding for an enhanced green fluorescent protein and
expressed in Drosophila cells.

Luciferase Reporter Assays
dsRNA (2 µg) and/or Ptr-V5 or a control vector construct
(2 µg) and/or vectors that express ptc-luciferase, dally-like,
and copia-Renilla control (to normalize transfection efficiency)
were transfected into cultured cl-8 cells using the Calcium
Phosphate Kit (Invitrogen) according to Chen et al. (1999)
and manufacturer instructions. Transfection was followed by an
incubation of 72 h to allow for protein turnover and degradation
of targeted mRNA. Transfected cells cultured in 24-well plates
were then split by repeated pipetting and seeded into the
control medium or into the HhN-conditioned media, and
the cells were incubated for additional 24 h. When required,
0.5 mM CuSO4 was added to the cell medium to induce Ptr
protein expression. Then, the cells were lysed, and the luciferase
activity in the lysates was measured using the Dual-Luciferase
Reporter Assay Kit (Promega), which enabled the sequential
measurement of firefly and Renilla luciferase. Reporter firefly
luciferase activity (L) was normalized to the Renilla luciferase
activity (R) and expressed as the L/R ratio. Fold induction
upon stimulation with Hh following transfection of pooled
dsRNAs was determined by dividing the L/R ratio obtained
in the presence of Hh by the L/R ratio measured in the
absence of Hh (basal reporter activity). In all experiments,
dsRNA targeting the B. subtilis lys gene for diaminopimelate
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decarboxylase and/or a vector expressing GFP was used as
a control.

Immunoprecipitation Assays
Cell extract was obtained by lysing the content of three 60 mm
culture dishes of cl-8 cells expressing Ptr-V5 with a 600 µl
cold lysis buffer [20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, and Sigma Fast, Protease
Inhibitor Cocktail (Sigma-Aldrich)]. The lysate was centrifuged
for 10min at 16,000 g at 4◦C and the supernatant stored
at -80◦C. The S2-HhN-conditioned medium was lyophilized
and concentrated 10-fold. Protein determination was carried
out using the Bradford method (Fermentas, MA, USA). The
input sample for the immunoprecipitation was obtained by
incubating equal parts of the Ptr-V5 cl-8 cell extract and the
S2-HhN-conditioned medium (each one contained 1 mg/ml
of protein) over 16 h at 4◦C. The premix (input sample) was
immunoprecipitated with 1 µg of a mouse anti-V5 antibody
(Santa Cruz Biotechnology, TX, USA) adsorbed to 25 µl of
goat anti-mouse IgG Dynabeads (Invitrogen). For the control,
Dynabeads were incubated with an alternative mouse antibody
(anti-c-Myc, Santa Cruz Biotechnology). Beads were washed
three times and proteins eluted in a Laemmli sample buffer.
The input sample and the eluents of anti-V5 and anti-c-
Myc immunocomplexes were analyzed by Western blotting as
described below.

Western Blotting
To detect the presence of HhN or Ptr-V5, the immunocomplex
was separated by SDS-PAGE and transferred to a PVDF
membrane for 2 h at 100V. Before loading the gel, the samples
were incubated with a Laemmli sample buffer for 30min at
37◦C (not boiled) to avoid the formation of aggregates that
impede the uniform binding of SDS to the sample proteins.
The membrane was blocked (1 h, RT), with 5% low-fat milk
in Tris-buffered saline (pH 7.4) and cut at the level of pre-
stained molecular weight, 43 kDa (Fermentas). The piece with
lower molecular weight proteins was incubated overnight at
4◦C with 1:100 rabbit anti-Hh (Santa Cruz Biotechnology),
diluted in 1% low-fat milk, 0.05% Tween 20 in Tris-buffered
saline (pH 7.4). The rest of the membrane was incubated
with a mouse anti-V5 antibody (1:2,000) in similar conditions.
To detect the primary antibodies and/or the immunocomplex,
the membranes were incubated with anti-mouse or anti-rabbit
secondary antibodies coupled to peroxidase (1:500, Thermo
Fisher Scientific, MA, USA). The product reaction was revealed
using the Supersignal West Pico chemiluminescent reagent
(Amersham Biosciences, Bucks, United Kingdom) and the
sensitive X-ray film (Amersham Biosciences).

RNA Extraction and cDNA Synthesis
Total RNA was extracted from staged embryos (N = 10-15)
or transfected cells using the RNAWIZ reagent (Ambion). The
samples were carefully homogenized in a 1.5 ml Eppendorf
tube with 1ml of RNA reagent using one insulin syringe.
After 5min at RT, 0.2 volumes of chloroform were added, and
the samples were subjected to a cycle of shaking, incubation

(10min, RT) and centrifugation (13,000 g for 15min, 4◦C).
The RNA rescued from the aqueous phase was precipitated
with isopropanol/glycogen by centrifugation at 14,000 g at 4◦C
for 15min. The precipitate was washed with 75% ethanol and
centrifuged at 14,000 g at 4◦C for 5min. Finally, the total
RNA was re-suspended in 30 µl of nuclease-free water. An
average yield of 1 µg/µl of RNA was obtained. RNA integrity
was verified by agarose gel electrophoresis (1.2% formaldehyde-
agarose gel). The samples were treated with TURBO DNA-free
DNase (Ambion) to remove contaminating DNA from the RNA.
For qPCR, 1 µg of total RNA was used as a template for reverse
transcription reactions to synthesize single strand (ss) cDNA
using MMLV-RT reverse transcriptase (Promega) and oligo-dT
primer (Invitrogen) according to standard procedures. A poly
(A)-RNA was in vitro transcribed from the vector pGIBS-dap
(ATCC 87486) and added to the embryo RNA samples prior to
cDNA synthesis in a 1:1,000 ratio to be used as spike mRNA
(Brand et al., 1994).

cDNA Synthesis and Quantitative
Real-Time PCR
qPCR amplifications and fluorescence detection were performed
using the LightCycler R© 1.5 Instrument (Roche, Basel,
Switzerland) and LightCycler R© FastStart DNA Master SYBR R©

Green I (Roche). Reactions contained 100 ng of dscDNA or 50
ng of sscDNA. Primers were designed using Primer Premier 5.0
software (Palo Alto, CA, USA) and synthesized by Alpha DNA
(Quebec, Canada). Primer sequences, annealing temperatures,
and amplicon lengths are given in Supplementary Material.
For each gene, a calibration curve was generated based on serial
dilutions (101-102 pg/µL) of plasmid templates. The thermal
cycle conditions were: denaturation at 95◦C for 10min, followed
by 35 three-step cycles of template denaturation at 95◦C with a
2 s hold, primer annealing at 68◦C for 15 s, and extension at 72◦C
for 60 s/1,000 bp. The purity of amplified products was verified
by melting curve analyses. Control reactions included a subset
of PCR components lacking the cDNA template. The initial
amount of transcript in each sample was calculated from the
standard curve using the default (fit point/arithmetic) method of
LightCycler Software Version 3.5 and normalized to the values
of actin.Data represent the mean± SEM of three replicates from
three independent experiments.

RNAi Vector Construction, Microinjection,
and Generation of UAS-DsARN Ptr Lines
A region of the first exon of Ptr was generated by PCR using
genomic DNA as a template with the primers indicated in
Supplementary Table 1. To create the knockdown plasmid UAS-
PtrIR, the PCR product was inserted into the pWiz vector
(Drosophila Genomics Resource Center, IN, USA) at each of the
AvrII and NheI restriction sites, in opposite orientations (Lee
and Carthew, 2003). Clones were confirmed by sequencing.w1118

embryos were injected with the UAS-PtrIR construct at Genetic
Services Inc. (MA, USA) according to standard protocols (Rubin
and Spradling, 1982). Homozygous lines were generated with
standard balancer chromosomes.
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TABLE 1 | Penetrance of SN phenotypes.

Phenotype CS Ptr/Ptr 8751>UAS-lacZ 8751>UAS-dsRNAPtr

Longitudinal axon defects 0% (40) 20% (30) 0% (28) 30% (30)

Repo-Positive glial defects 0% (30) ∼=43% (28) 0% (25) ∼=53% (30)

PNS organization defects 0% (30) ∼=37% (30) 0% (25) ∼=44% (32)

Penetrance is defined as the percentage of embryos that present the phenotype. The total number of embryos analyzed for each condition is shown in parentheses. PNS, peripheral

nervous system.

Generation of the UAS-Ptr-mCherry Lines
The cDNA for the Ptr gene was subcloned into a pUAST vector
by a standard protocol and sequenced. Transgenic plasmids
(with the UAS sequence and the mCherry tag fused to the
C-terminal end of Ptr) were mixed with 100µg/ml of helper
plasmid (P {12-3}) and injected into eggs [w1118] as described
by Rubin and Spradling (1982). Surviving F0 males or females
were individually crossed with virgin females [w1118] or males
[w1118]. The progeny of these crosses (F1 generation) with
colored eyes was used to establish transgenic lines through
crossings with lines containing different balancer chromosomes.
VectorBuilder Inc. (IL, USA) cloned the designed plasmid
(pUASTattB-5×UAS/mini_Hsp 70> {CG11212}/mCherry) and
tested its quality. BestGene Inc. (CA, USA) microinjected the
embryos and balanced the transgenic lines.

Analysis of Adult Wings
Wings from male and female adult flies were removed from the
thorax and incubated in a washing buffer (PBS and 0.1% Triton
X-100) separately by gender. A paintbrush was used to mount
the wings on a slide with 80% glycerol in PBS (Gault et al.,
2012). Light images of the wings were obtained with a Nikon
Eclipse E400 microscope at 10X magnification. Quantitative
image processing was carried out using Fiji ImageJ software
(NIH). To do this, we delimited the areas to be measured (the
total wing area and the L3-L4 intervein area), with the aid of
the Polygon selection tool, and the selected pixels were counted
with the Analyzed option. In order to make an appropriate
comparison, the quotient L3-L4 intervein area/total wing area
of each wing was determined and graphed. Mean ± SEM were
represented. Around 30 males and 30 females for each cross
were measured.

Statistical Studies
Data are expressed as the mean ± SEM. Statistical tests used
were ordinary one-way ANOVA followed by the Tukey’s post-
hoc comparisons or the unpaired two-tailed Student’s t-test
(GraphPad Prism 5.0, Mac OS X version). Statistical significance
was determined at p < 0.05. The number of asterisks-∗, ∗∗, ∗∗∗–
indicates p < 0.05, p < 0.01 or p < 0.001, respectively. Normal
distribution of the data was tested using GraphPad Prism 5.0,
Mac OS X version.

RESULTS

Absence of Ptr Elicits Alterations in Some
Components of the Developing Central and
Peripheral NS
Because previous studies have classified the Ptr coding gene
sequence as a neuroectodermal gene (Furlong et al., 2001),
we decided to analyze whether Ptr null mutants exhibit an
embryonic CNS with disturbed architecture. We analyzed late
homozygous embryos (stages 15/16) that were characterized by
the lack of GFP fluorescence. Only ∼=19% of these embryos
hatched (Supplementary Figure 1), strongly reinforcing the
previous evidence (Bolatto et al., 2015) that Ptr is critical to
Drosophila development. In up to 100% of the cases, the larvae
did not reach adulthood under standard feeding conditions.

To perform this study, we employed PNA lectin to visualize
the morphology of axon tracts in the VNC as shown by D’Amico
and Jacobs (1995). In Ptr null mutant late embryos, we detected
interruptions or alterations in the regular spaces delimited by
VNC commissures and connectives tracts that were analyzed in
detail by combining the biotinylated lectin with specific primary
antibodies. These alterations were consistently found between
abdominal segments A2-A6. When anti-FASII and PNA were
combined, it became evident that the alterations previously
observed with the lectin (Figure 1, white arrows in images of
PNA staining) correlated with FasII-positive longitudinal axons
that were over-migrating and re-crossing the midline (Figure 1,
the two upper rows).

Anti-Repo and PNA co-labeling indicated the co-existence
of the primary axonal tract interruptions and alterations in
the number and/or distribution of Repo-positive glial cells
(Figure 1, the two middle rows). In addition, the combined
staining using anti-22C10 and PNA enabled us to establish
that the lack of Ptr also produces failures at the PNS
branching and distribution of neurons (Figure 1, the two
bottom rows).

Ptr Downregulation Using a Pan-Neural
Driver Affects the Embryonic NS Structure
In a previous work, we reported differences in the number
and distribution of migrating hemocytes in the Ptr null mutant
(Bolatto et al., 2015). Considering that hemocytes are essential to
NS embryogenesis (Sears et al., 2003), here, we aimed to know
whether the morphological changes described above resulted
directly from the lack of Ptr in the NS or indirectly by the reduced
action of hemocytes. To elucidate this point, we expressed dsRNA
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FIGURE 1 | Phenotypic analysis of the Ptr null mutant in whole mount embryos. Z-stack immunofluorescences against PNA and FASII (the two upper rows), PNA and

Repo (the two middle rows) or PNA and 22C10 (the two bottom rows). The analysis was carried out on D. melanogaster late embryos (stage 15/16). Arrows indicate

the alterations in the primary tracts of Ptr null mutants that were evidenced with PNA. The right column shows a higher magnification of the alterations found inside the

dashed boxes in each image. In all the figures, embryos are oriented anterior to the left. To observe the nervous system, the first four rows of images are ventral views

of the embryo, whereas, in the last two rows, the ventral side of the embryo is down. Bars: 50µm.
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FIGURE 2 | Downregulation of Ptr specifically driven to nervous system recapitulates several morphological changes found in Ptr null mutants. Z-stack

immunofluorescence against Elav and 22C10 (the four upper rows) or PNA and Repo (the two bottom rows). The analysis was carried out on D. melanogaster late

embryos (stage 15/16). Arrows indicate the alterations seen in the primary tracts. The right column shows a higher magnification of the alterations found inside the

dashed boxes in each image. In all the figures, embryos are oriented anterior to the left. To observe the nervous system, most images are ventral views of the embryo,

except the third and fourth rows that show lateral views where the ventral side of the embryo is down. Bars: 50µm.
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FIGURE 3 | The absence of Ptr produces morphological irregularities at the nervous system level. (A) Quantitative analysis of Repo-positive glial cells in CS and Ptr

mutant (the upper graph) and UAS-LacZ and dsRNA Ptr (the bottom graph) embryos at the 15/16 stage. Data represented is the mean ± SEM. (**) indicates p <

0.01. The results showed ∼=30 and 40% fewer Repo-positive cells in the affected abdominal segments (A2–A6) of mutant and downregulated embryos. (B) Ventral

and lateral images of late Drosophila embryos. The left image shows a ventral view of a late embryo stained with PNA lectin that labels CNS axonal tracts. The

segmental CNV-repeated pattern is specified as T1–T3 for thoracic segments and A1–A8 for abdominal segments, as in Ivanov et al. (2004). Dotted lines indicate the

embryo midline. Middle and right images show lateral views of CS and Ptr null mutant late embryos stained with 22C10 to visualize neuronal morphology and axonal

projections. The white arrow indicates an evident lch5 neuronal miss-migration. The lower illustrations schematize the main PNS characteristics detected when

comparing CS and Ptr null mutant embryos. Black arrows indicate the miss-migration of neurons, axon midline crossovers, and reduction of Repo-positive glia.

Abbreviations in CNS: ac, anterior commissure; pc, posterior commissure; lc, longitudinal connectives. Abbreviations in PNS: dorsal (dc), lateral (lc) and ventral (vc)

clusters, respectively. Bars: 50 and 75µm for PNA and 22C10 staining, respectively.

of Ptr, specifically in the NS using a pan-neuronal driver (line
8751 of BDSC).

First, we generated a transgenic line that expressed an inverted
repeat of the first exon of the Ptr sequence under the control
of the UAS promoter in the vector pWIZ (UAS-dsRNAPtr). To
determine if the construct designed was effective in silencing the
Ptr gene, the transgenic lines were crossed with the nanos-GAL4
driver to activate transcription of the hairpin-encoding transgene
in the progeny. As a control, GAL4 drivers were crossed with
UAS-lacZ flies. Using qPCR analysis, we determined that the
amount of Ptr mRNA in nanos>UAS-dsRNAPtr embryos was
reduced by about 90% of the amount found in the control
embryos (nanos>UAS-dsRNAPtr) (Supplementary Figure 2).

Regarding immunostaining, we decided to use rat anti-
elav (red in Figure 2), a pan-neuronal marker for most
cells in the CNS and PNS, to evidence the VNC distortions
(white arrows). The use of this antibody together with
anti-22C10 demonstrated that axon crossovers occurred,
recapitulating the phenotype observed in the Ptr null mutant.
In addition, the lateral view of the embryo revealed that
the crosslinking resulted in the presence of fewer axons
at the PNS, as well as important disorganizations in the
peripheral neurons (mis-migrating and morphological
irregularities in lch5 chordotonal neurons) (Figure 2). Table 1
summarizes the penetrance of Ptr null mutants and NS
knockdown phenotypes.
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Concerning Repo-positive cells, our results showed
significant reductions in both Ptr null mutant (∼=27%) and
Ptr downregulation (∼=41%), specifically in the NS (Figure 3A).
A summary of the differences found in the Ptr null mutant
compared to the NS wild-type embryos is shown in Figure 3B.
Given that Ptr downregulation produces similar alterations, it
indicated that Ptr has a role at the NS level that is relevant for its
proper organization.

Ptr Functions as a Negative Component of
the Hh Pathway in cl-8 Cells
The important topological similarities between Ptr and the Hh
pathway components, Ptc and Dispatched (Burke et al., 1999),
prompted us to evaluate whether Ptr could be involved in
the Hh signaling pathway. Moreover, previous reports have
indicated that some of the genes associated with the Hh signal
transduction pathway also develop mutant NS phenotypes,
suggesting a link between the pathway and the NS developmental
process (Patel et al., 1989; Merianda et al., 2005; Koizumi
et al., 2007). Thus, we used a cultured cell assay developed
by Philip Beachy’s group (Chen et al., 1999; Lum et al.,
2003), which has successfully identified new components of
the Hh pathway (Yao et al., 2006). This system is quantitative
and specific for cellular response because the addition of
exogenous Hh, through a conditioned medium, makes the assay
independent of ligand synthesis or distribution (Lum et al.,
2003).

Since RNAi in Drosophila cultured cells is frequently used as
a functional test of gene products with a known or predicted
sequence (Chen et al., 1999; Lum et al., 2003; Yao et al.,
2006), we treated cl-8 cells with control or Ptr-specific dsRNA
and assayed for changes in Hh-mediated induction of a Hh
pathway-responsive luciferase reporter (a ptc-luciferase reporter
construct) (Chen et al., 1999; Lum et al., 2003). Our results
indicated that the transfection of Ptr dsRNA caused an exclusive
reduction in Ptr mRNA levels (Figure 4A) and a significant
increase in the response to Hh signaling (Figure 4B). On the
other hand, transfection of cl-8 cells with a Ptr DNA construct to
obtain higher levels of Ptr protein (Figure 4C) produced a strong
and opposite effect on the Hh pathway activity (Figure 4D).
The observed effect suggested that normal levels of Ptr in cl-
8 cells could act as a limiting factor in the response to Hh
signaling. These results also suggested that Ptr can modulate
the response to Hh, and the outcome depends on cellular
Ptr levels.

To investigate the role of the Ptr protein in Hh signaling
related to Ptc, we performed luciferase reporter assays in cl-8 cells
to downregulate ptc via dsRNA together with downregulation
or overexpression of Ptr. The overexpression of Ptr not only
suppressed the increase in the Hh pathway activity produced
by ptc dsRNA but also reversed it, resulting in levels of the
pathway activity lower than control (Figure 5A). Co-transfection
with ptc and Ptr dsRNA produced activation of the signaling
pathway stronger than the activation produced by independent
transfection with dsRNAs targeting each gene (Figure 5B). Thus,

these results strongly suggested that Ptr may act independently
of Ptc.

To further investigate the mechanism of Ptr action on the
Hh signal response, we examined the effect produced by cell co-
transfection with the dsRNA of Ptr in combination with dsRNAs
targeting other known pathway components. Simultaneous
transfection of Ptr dsRNA and either ihog or smo dsRNA had
a pathway activity similar to that obtained when ihog and smo
are individually silenced (Figures 5C,D). These results suggested
that Ptr acts on Hh signaling upstream of these two components
(iHog and Smo) of the Hh signaling pathway. Taken together,
these results indicated that Ptr could play a role in the regulatory
mechanism of the Hh signal transduction. Complementary
assays are required to evaluate whether Ptr would be fulfilling
a role similar to that of Ptc, especially when considering the
literature reports that iHog acts upstream of Ptc (McLellan et al.,
2006; Yao et al., 2006; Camp et al., 2014).

In vitro Binding of Ptr and Hh
The response observed in the cell-based reporter gene assays and
the observation that Ptr is a transmembrane protein (Pastenes
et al., 2008) raise the question of whether Ptr can interact
directly with Hh. To test this possibility, we performed an
immunoprecipitation assay in which a Ptr-V5 fusion protein
was incubated with the conditioned-HhN medium, and the mix
was immunoprecipitated with a mouse anti-V5 antibody (for
details, see Methods). Co-immunoprecipitated molecules were
identified with Western blot analysis using antibodies anti-V5
and anti-Hh. Both Ptr and HhN were identified as forming
an immunocomplex, indicating a direct interaction between
both proteins (Figure 6). The apparent molecular weights of
Ptr and heavy/light chains of anti-V5 were slightly different
than predicted (for Ptr-V5, a signal at 120 kDa was predicted,
instead of 95 KDa). This biochemical behavior, termed “gel
shifting,” might derive from altered binding caused by the
detergent employed (Rath et al., 2009; Nybo, 2012). Thus, the
data obtained using this method indicated that Ptr was able to
bind Hh directly.

Overexpression of Ptr Modifies the Wing
A/P Border
To further evaluate the participation of Ptr in the Hh pathway,
we overexpressed Ptr at the wing imaginal disc using a
transgenic line that expressed Ptr-mCherry under the control of
a UAS-activating sequence (Supplementary Figure 3). We used
the en-GAL4 driver to express Ptr not only in the posterior
compartment of the imaginal disc but also in a thin strip of
cells anterior to the A/P border where en and ptc coexist (the
En/Ptc domain). The signaling occurring in this strip of cells is
important for the intervein L3-L4 area and anterior cross vein
(ACV) formation (Layalle et al., 2011). As seen in Figure 7, we
found that Ptr overexpression determined that adult wings have
a decreased area between veins 3 and 4 related to the overall wing
size. This phenotype was gender independent and reminiscent
of that observed when a reduction of Hh activity occurs, since
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FIGURE 4 | Ptr can act as a negative regulator of the Hh pathway in cl-8 cells. (A) The Ptr-specific dsRNA efficiently reduced the level of Ptr transcripts.

Downregulation was specific for the target Ptr gene, and no changes were detected in the ptc expression level. (B) dsRNA targeting Ptr moderately enhanced the

responsiveness to Hh when compared to the control dsRNA. (C) The Ptr-V5 overexpression in cl-8 cells was verified by immunostaining using a specific anti-V5

antibody (red). (D) Ptr expression strongly reduced the response to the Hh signal. As a control, a construct expressing GFP was transfected into cl-8 cells. In (B,D),

white bars are controls and gray bars are the experimental condition, respectively. Data are presented as mean ± SEM (n = 3 per group). Analysis was performed

using the unpaired two-tailed Student’s t-test, **p < 0.01 and ***p < 0.001. Bar: 5 µm.

the area between veins L3 and 4 is directly under the control
of Hh (Mullor et al., 1997; Strigini and Cohen, 1997; Crozatier
et al., 2004). We also noted that the overall size of the wings
was reduced, while their general morphology was preserved,
indicating that increased Ptr function leads to growth inhibition.
In relation to the ACV formation, it has been observed that∼=19%
of wings overexpressing Ptr do not present this vein. Similar
phenotypes at the A/P border have been previously observed
following ptc overexpression (Johnson et al., 1995; Martín et al.,
2001).

DISCUSSION

Ptr has been identified as one of 118 genes that are
differentially expressed in gastrulation (Zúñiga et al., 2009).
It is classified as a neuroectodermic gene (Furlong et al.,
2001) that encodes an uncharacterized transmembrane
protein with a predicted topology closely related to Ptc
(Pastenes et al., 2008), the canonical Hh receptor. In this
work, using Ptr null mutants and the UAS/GAL4 system to
direct the expression of Ptr dsRNA specifically to neurons,
we demonstrated that Ptr is necessary for the proper
NS development.

The use of PNA lectin to label primary axonal tracts or
pan-neuronal markers, such as anti-elav antibody, indicates that

Ptr absence or silencing triggers alterations in the NS general
morphology. Alterations include distortions in the normal
regularity of the spaces between the commissures (anterior and
posterior) and the longitudinal tracts, where the axons of the
longitudinal tract cross the midline. The occurrence of this
kind of malformation has been previously described for ptc null
mutants (Patel et al., 1989; Merianda et al., 2005), as well as in hh
overexpression (Bossing and Brand, 2006; Ricolo et al., 2015).

At the antero-posterior level of VNC alterations, Ptr null
mutants also showed changes in the number and distribution
of PNS neurons and axons. These alterations resembled those
observed with 22C10 immunostaining of ptc mutant embryos,
which exhibited similar phenotypes that included the loss
of neurons and defects in the organization and pathfinding
(Prokopenko et al., 2000). Although experiments are still needed
to establish whether peripheral alterations are a consequence
of the loss of neurons at the VNC level, it is clear that
Ptr is an essential protein for the proper organization of the
developing NS.

Ptr is relevant to neuronal function in other species. For
instance, Ptr-18 (one of the 24 ptr genes found in C. elegans)
is essential for establishing the capacity of neural progenitor
cells to maintain quiescence in response to nutritional stresses
and provides unique insights into the Ptr role in promoting
the clearance of extracellular Hh-related protein by targeting it
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FIGURE 5 | Ptr functions downstream or at the same level as Ptc in the Hh signaling cascade. (A) The enhanced response to the Hh signal caused by the

knockdown of ptc can be suppressed by the co-transfection of a vector that expresses Ptr. dsRNAs targeting the B. subtilis lys gene and a construct for expression of

GFP serve as controls. (B) The co-transfection of Ptr and ptc dsRNA produced an activation of the signaling pathway that was stronger than the activation obtained

by the independent knockdown of each gene. Ptr functions seem to act independently on (C) iHog or (D) Smo. The transfection of Ptr dsRNA does not affect the

activation level of the Hh pathway resulting from the knockdown of ihog or smo genes. In all the graphics, white bars are negative controls, gray bars are internal

controls for the dsRNA and vector transfected, and black bars are the experimental condition for each set of experiments. Data are presented as mean ± SEM, n = 3

per group. Analysis was performed using one-way ANOVA with the Tukey post-hoc tests, *p < 0.05, **p < 0.01 and ***p < 0.001.

to lysosomal degradation (Chiyoda et al., 2021). Interestingly,
PTR-18 is structurally similar to human PTCHD1 (Chiyoda
et al., 2021), which has been proposed to cause common
neurodevelopmental disorders (Noor et al., 2010). Similarly, inC.
elegans, PTR-6 participates in the formation of the glial channel
that surrounds the receptive endings of the sensory neurons and
likely regulates vesicular transport (Perens and Shaham, 2005;
Oikonomou et al., 2011; Wallace et al., 2016; Wang et al., 2017).

Results from this work showed that Ptr null mutants and
knockdown embryos exhibited reduced numbers and altered
distribution of Repo-positive glia around the axonal disarray
previously mentioned. Although some authors described a
reduction in the number of glial cells in ptc mutant embryos
(Merianda et al., 2005), they dismissed the involvement of
glial cells in axonal guidance because the mutant for the
gene glial cell missing (or gcm) employed by the authors
does not exhibit a ptc-like axon guidance phenotype (Vincent

et al., 1996; Takizawa and Hotta, 2001; Merianda et al.,
2005). Nevertheless, it will be interesting to investigate whether
Ptr dsRNA targeting to glial cells causes effects similar
to those observed in the null mutant and knockdown
embryos, because some aspects of the glial migration are
regulated by the same ligand/receptor system that controls
the axonal guidance across the CNS midline (Kinrade et al.,
2001).

Ptr null and knockdown NS alterations also strongly resemble
the alterations described in embryos overexpressing hh (Bossing
and Brand, 2006; Ricolo et al., 2015). In accordance with the
proposed function of Ptr in NS development, it has been shown
that Hh is involved in several processes of cell migration and
guidance (including midline axonal guidance and glial cell
migration) by acting as a chemoattractant (direct or indirect)
or by regulating cell physiology using both canonical and non-
canonical mechanisms (Pielage et al., 2004; Araújo, 2015).
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The structural similarities between Ptr and Ptc, together
with the association of Ptr with embryo membranes and
the resemblance to NS morphological alteration observed
in ptc null mutants, raised the possibility that Ptr could be
involved in the Hh signaling pathway. Interestingly, some
reports also associated the C. elegans PTR-6 protein with
members of the hh-related gen family (Aspöck et al., 1999;

FIGURE 6 | Hh can precipitate Ptr-V5. Hh and Ptr-V5 expression vectors were

transfected into S2 and cl-8 cells, respectively. A premix of an

S2-HhN-conditioned medium and a lysate of cl-8 cells overexpressing the

Ptr-V5 fusion protein (an input sample) was immunoprecipitated with anti-V5

or anti-c-Myc antibodies, each one adsorbed into goat anti-mouse IgG

Dynabeads. The input sample (Lane 1) and the eluents from

immunoprecipitation with anti-V5 (Lane 2) or anti-c-Myc (Lane 3) were

analyzed with Western blotting using anti-V5 and anti-Hh antibodies. These

antibodies recognized, respectively, Ptr and Hh contained in the

immunocomplex. As expected, the anti c-Myc that was used as the

immunoprecipitation control gave no signals.

Oikonomou et al., 2011; Singhal and Shaham, 2017; Wang
et al., 2017). Using a cell-based reporter gene assays, we
demonstrated that Ptr displays a response characteristic of
a negative regulatory component of the pathway, since the
RNAi of Ptr increased the reporter activity, whereas Ptr
overexpression suppressed Hh-induced pathway activation.
Applying the same experimental approach, we also showed
that increased reporter activity produced by Ptr dsRNA was
enhanced by ptc dsRNA, suggesting that, in this cellular
system, both receptors can mediate Hh effects. The possibility
that cells express receptors with different affinities has
been previously suggested by experiments in which a ptc
allele with low affinity for Hh (PtcCon) was co-expressed
with wild-type Ptc in wing imaginal disks (Mullor and
Guerrero, 2000). Results indicated that PtcCon and wild-
type Ptc compete for Hh, so a cell containing both receptors
could interpret different Hh levels. The difference between
affinities implies different states of the transcription factor
Cubitus interruptus and subsequent activation of different
groups of genes (Mullor and Guerrero, 2000). In our case,
the binding of Hh by Ptr could regulate its availability to
Ptc, and, as a result, a cell that expresses both Ptr and Ptc
could translate the gradient of Hh signaling into a different
transcriptional readout when compared to a cell predominantly
expressing Ptc. Thus, the possibility of expressing receptors
with different or similar affinities for a ligand could enrich
the signaling modulation (Yarden and Sliwkowski, 2001;
Shibuya and Claesson-Welsh, 2006; Mac Gabhann and Popel,
2008).

FIGURE 7 | Overexpression of Ptr reduces the Hh-signaling-active domain. Wings from male and female adult controls (A,E) and from adults expressing UAS-Ptr

using two different engrailed drivers (en-GAL4 and 30564-GAL4, respectively) (B,F). In (A), the longitudinal wing veins 3 and 4 (L3 and L4, respectively) are marked. In

(B), the asterisk indicates the location of the missing ACV. In control images, the distance between L3 and L4 is indicated with doubled black arrowheads, whereas, in

Ptr overexpression wings, this distance is marked with doubled red arrowheads. (C,G) The ratio of the L3-L4 intervein area related to the total wing area of each

genotype. (D,H) Quantification of the whole adult wing area expressed as a percentage of control wings. In all cases, control wings were obtained from

en-GAL4>UAS-lacZ and 30564-GAL4>UAS-lacZ crosses (white boxes or columns), while the overexpression wings were obtained from en-GAL4>UAS-Ptr and

30564-GAL4>UAS-Ptr crosses (gray boxes or columns). In each cross, wings from female and male animals were analyzed independently. Analysis was performed

using the unpaired two-tailed Student’s t-test, *p < 0.05, **p < 0.01 and ***p < 0.001.
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In this sense, the results of our luciferase reporter assays
suggested that normal levels of Ptr expressed by cl-8 cells
are a limiting factor in the response initiated by Hh binding.
These results were also consistent with the possibility that Ptr
competes with Ptc, limiting Hh signaling. This option is in line
with the recent report by Chiyoda et al. (2021) in C. elegans
where the function of PTR-18 could be linked to the removal
of Hh-related extracellular proteins via endocytosis-mediated
degradation. The same authors speculated that, in Drosophila,
Ptr mightmediate the Ptc-independent Hh internalization. Given
that the intracellular Ptr C-terminal contains the same highly
conserved motif that is part of the Ptc SSD domain required
for Smo translocation to the cell surface (Strutt et al., 2001)
and for Ptc endocytosis (Hicke and Dunn, 2003), it would be
interesting to know whether Ptr can mediate Hh internalization
by itself. Alternatively, Ptr could sequester Hh to deliver it to the
vesicular pools of Ptc, similar to the action of Megalin reported in
vertebrates (McCarthy et al., 2002). This not only controls the Hh
gradient but also regulates the potential of complexing vesicular
Ptc with Smo.

In addition to the core components of the Hh signaling
pathway in Drosophila, several cell surface proteins have been
implicated in modulating the responses to Hh (Beachy et al.,
2010), and the existence of an alternative molecule mediating
the Hh signaling has been proposed. Although confirmatory
experiments are needed, the present results suggested that Ptr
could act upstream to Smo and iHog, in spite of the existing
literature reporting iHog acting upstream of Ptc (McLellan
et al., 2006; Yao et al., 2006; Camp et al., 2014). Therefore, a
future challenge will be to investigate the functional interactions
between these proteins. Ptr could affect the intracellular
trafficking of Smo, given the alternative functions as membrane
transporters proposed for proteins structurally related to Ptr
(Tseng et al., 1999), or Ptr might function through a non-
canonical pathway as had previously reported for Ptc (Brennan
et al., 2012; Araújo, 2015; Ricolo et al., 2015).

On the other hand, the binding of Hh to Ptr might require
the presence of Brother of ihog (Boi), which is essential for
pathway activation but not for Hh reception and sequestration
(Camp et al., 2014). It also may need Dally-like (Dlp), a
glypican-type heparin sulfate proteoglycan that enhances the
stability of Hh and promotes its internalization with Ptc (Yan
et al., 2010). Since previous studies have demonstrated that
Dlp is specifically required in the cell-based assays and in
embryos (Desbordes and Sanson, 2003; Lum et al., 2003; Han
et al., 2004), our cell transfection protocols were performed
using an expression vector for Dlp (see Methods). Thus, it
is possible to speculate that, in the cell assay model we
employed, Dlp could facilitate the Ptr-Hh interaction. In spite
of this possibility, immunoprecipitation assays between a lysate
of cl-8 cells overexpressing Ptr and the concentrated S2-
HhN-conditioned medium showed a direct interaction between
Ptr and Hh. This result was obtained in conditions that
facilitated their interaction, which does not rule out the existence
of other molecules that collaborate with Ptr-Hh interaction,
mostly when the receptor or the ligand is less available,
as occurs in vivo.

In vivo experiments with Ptr overexpression during wing
formation confirmed the involvement of Ptr in Hh signaling.
Indeed, our data showed that Ptr overexpression in the Ptc/En
domain of the wing imaginal disks decreased the L3–L4 intervein
area, as well as the total wing area and caused the AVC loss
in ∼=19% of the wings analyzed. All these features have been
previously reported for ptc overexpression using the same types
of drivers (Johnson et al., 1995; McCarthy et al., 2002). Thus, Ptr
overexpression mimics ptc overexpression in the wing imaginal
disc and corroborates the participation of Ptr as a negative
regulator in the Hh pathway, which includes a possible role in
sequestering Hh.

To summarize, our present results showed for the first time
that the transmembrane protein Ptr is necessary for the proper
NS development and suggested its functional relationship with
the Hh pathway. Further in vivo studies are needed to explore the
role of Ptr in promoting axonal guidance and glial migration, as
well as to characterize its direct or indirect interaction with Hh.
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Schizophrenia is a chronic debilitating mental disorder characterized by

perturbations in thinking, perception, and behavior, along with brain

connectivity deficiencies, neurotransmitter dysfunctions, and loss of gray

brain matter. To date, schizophrenia has no cure and pharmacological

treatments are only partially efficacious, with about 30% of patients

describing little to no improvement after treatment. As in most neurological

disorders, the main descriptions of schizophrenia physiopathology have been

focused on neural network deficiencies. However, to sustain proper neural

activity in the brain, another, no less important network is operating: the vast,

complex and fascinating vascular network. Increasing research has

characterized schizophrenia as a systemic disease where vascular

involvement is important. Several neuro-angiogenic pathway disturbances

have been related to schizophrenia. Alterations, ranging from genetic

polymorphisms, mRNA, and protein alterations to microRNA and abnormal

metabolite processing, have been evaluated in plasma, post-mortem brain,

animal models, and patient-derived induced pluripotent stem cell (hiPSC)

models. During embryonic brain development, the coordinated formation of

blood vessels parallels neuro/gliogenesis and results in the structuration of the

neurovascular niche, which brings together physical andmolecular signals from

both systems conforming to the Blood-Brain barrier. In this review, we offer an

upfront perspective on distinctive angiogenic and neurogenic signaling

pathways that might be involved in the biological causality of schizophrenia.

We analyze the role of pivotal angiogenic-related pathways such as Vascular

Endothelial Growth Factor and HIF signaling related to hypoxia and oxidative

stress events; classic developmental pathways such as the NOTCH pathway,

metabolic pathways such as the mTOR/AKT cascade; emerging

neuroinflammation, and neurodegenerative processes such as UPR, and also

discuss non-canonic angiogenic/axonal guidance factor signaling. Considering

that all of the mentioned above pathways converge at the Blood-Brain barrier,

reported neurovascular alterations could have deleterious repercussions on

overall brain functioning in schizophrenia.
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1 Introduction

Schizophrenia (SZ) is a complex psychiatric disorder

affecting approximately 1% of the population worldwide

(Owen et al., 2016). SZ is characterized by positive (e.g.,

delusions, hallucinations, psychotic episodes), negative (e.g.,

anhedonia, reduced speech or movements), and cognitive

symptoms (e.g., disorganized speech, cognitive deficits).

To date, the treatments for SZ mainly target the positive

symptoms, leaving cognitive and negative symptoms

undertreated, and are estimated to be efficient for

50–70% of patients, but with important metabolic and

neurological side effects (Buckley et al., 2007; Stępnicki

et al., 2018).

Despite decades of research, the causes of this disorder

remain poorly understood. SZ has been described as a

neurodevelopmental disease of multiple etiology, in which

both genetic and environmental origins are involved (Susser

and St Clair, 2013; Jaaro-Peled and Sawa, 2020). This is

supported by the altered expression of development-related

genes and the important brain remodeling that occurs around

the age of SZ onset, during late adolescence and early adulthood

(Kochunov and Hong, 2014; Weinberger, 2017; Rund, 2018).

As in most neurological disorders, the main descriptions of

SZ physiopathology have been focused on neuronal deficiencies.

Altered cerebral connectivity and brain dynamics, abnormalities

in the excitatory/inhibitory balance, as well as failure to specify

specific neuron identities have been described (Spencer, 2009;

Kantrowitz and Javitt, 2010; Inan et al., 2013; Puvogel et al.,

2022). In addition to these neuronal alterations, increasing

evidence has linked SZ to vascular impairments.

Hypoperfusion in several areas of the brain, reduced cerebral

blood flow (CBF), and Blood-Brain Barrier (BBB) dysfunctions

have been described (Andreasen et al., 1997; Lopes et al., 2015;

Katsel et al., 2017; Baruah and Vasudevan, 2019; Puvogel et al.,

2022).

The human brain critically relies on an elaborate vascular

network for its oxygen and nutrient supply (Quaegebeur et al.,

2011). This vascular network is the result of the concomitant

development of both neural and vascular components in the

central nervous system (CNS). Angiogenesis (formation of new

blood vessels from pre-existing ones) and vasculogenesis

(generation of blood vessels de novo) starts early in embryonic

development, with the recruitment of angioblasts and endothelial

cells (EC) around the newly formed brain constituting the

perineural vascular plexus (PNVP) (Bautch and James, 2009;

FIGURE 1
The neuro-angiogenic niche and the NVU. Constitutive components of the NVU reside in amicroenvironment where secreted factors, cell-cell
interactions, and vascular supply give rise to an interdependent unit. (A)Hippocampal NVU comprising blood vessels and surrounding tissue depicted
throughout a composition of electronmicroscopy-acquired sections and its corresponding confocal microscopy fluorescence image (upper panel)
as well as subsequent 3D reconstruction (lower panel); reproduced with permission (Fang et al., 2018). (B) Simplified diagram depicting
components of the BBB at a neurogenic region where radial glia-like NSC are in direct contact with the vasculature.
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James and Mukouyama, 2011). Then, neural stem cells (NSC)

and neural progenitor cells (NPC) will induce the ingrowing of

capillaries into the neural tube. Through the action of attractant

and repellent molecules acting in gradients and extracellular

matrix components, the spatial distribution of vascularization

will occur in parallel to the brain’s development and

differentiation processes (Engelhardt and Liebner, 2014; Ben-

Zvi and Liebner, 2021). This led to the concept of neuro-

angiogenesis, which refers to the coordinated development of

neurons (neurogenesis) and the formation of new blood vessels

(angiogenesis). This communication will be the basis of the

induction of BBB characteristics in EC of brain microvessels,

as part of a greater module known as the neurovascular unit

(NVU) composed of EC, pericytes, astrocytes, and neurons

(Figure 1) (Tam and Watts, 2010; Engelhardt and Liebner,

2014; Segarra et al., 2019).

The synchronic development of vascular and nervous

systems is orchestrated by the molecular crosstalk between

both systems. Shared molecular pathways are major players in

the communication of the neuronal compartment with the

endothelium (Tam and Watts, 2010; Segarra et al., 2019;

Peguera et al., 2021). Since neuro-angiogenic signaling plays a

crucial role in the adequate structuration of the neurovascular

niche, and therefore in brain functioning, SZ can be considered a

systemic disease where both nervous and vascular alterations are

impacting critical developmental periods (Figure 2A).

In this review, we analyze the alteration of selected signaling

pathways and cascades involved in both angiogenic and

neurogenic processes and their implications in SZ. We discuss

some classical and emerging pathways involved in the

pathophysiology of this disease, considering the

interconnected network of both vascular and nervous systems

as a whole. A better understanding of these processes may lead to

the identification of potential biomarkers for the early diagnosis

and treatment of SZ.

2 SZ is characterized by an impaired
antioxidant system: The HIF pathway
and oxidative stress

During CNS development, vascularization and subsequent

oxygenation are key for changing stem cell behavior from

proliferative to differentiative states (Morante-Redolat and

Fariñas, 2016). Hypoxia-Inducible Factors (HIFs) constitute a

family of heterodimeric transcription factors that regulate oxygen

homeostasis, exerting transcriptional control over hundreds of

genes in response to changes in oxygen supply. HIFs are also

involved in processes such as glycolytic metabolism,

proliferation, angiogenesis, and stemness (Semenza, 2014,

2020). Under normoxia, the subunit HIF-1α is actively

hydroxylated by an oxygen-dependent mechanism mediated

by prolyl hydroxylases (PHDs) and destined for proteasomal

degradation. Under hypoxia, such degradation is rescued and

HIF-1α translocates into the nucleus where it dimerizes with

HIF-1β and regulates gene transcription through its binding to

hypoxia response elements (HREs) on target genes (Dengler

et al., 2014). In what could appear a counterintuitive

observation, PHDs can also be inhibited in hypoxia by

reactive oxygen species (ROS) (Gerald et al., 2004). ROS and

mitochondrial ROS production can stabilize HIFs in non-

hypoxic conditions, as is the case in hyperoxia-mediated

induction of neurogenesis or non-hypoxic stabilization of

HIF-1α in cerebellar progenitors proliferation via Sonic

Hedgehog (SHH)-induced ROS production (Simon, 2006; Hu

et al., 2014; Eyrich et al., 2019).

Perturbations in oxygen supply have been long while

associated with the physiopathology of SZ and, although there

are inconsistencies in independent enzymes or metabolites, there

is an overall notion that SZ is characterized by an impaired

antioxidant system (J. Q. Wu et al., 2013).

Fetal hypoxia has been described as an environmental risk for

SZ and the HIF pathway is considered a crucial target to understand

and treat SZ (Tsuang, 2000; Katsel et al., 2017). Association studies

show that many of the so-called susceptibility genes for SZ are

regulated by hypoxia and/or expressed in the vasculature (Manalo

et al., 2005; Schmidt-Kastner et al., 2006; Schmidt-Kastner et al.,

2012). In addition, global analyses of the human brain showed that

genes associated with metabolism and oxidative stress allow for

discrimination of around 90% of SZ patients from healthy subjects,

demonstrating the important implication of oxygen regulation in SZ

physiopathology (Prabakaran et al., 2004). Given the common genic

variation in these genes, the HIF-2 pathway has been proposed as a

potential pharmacological target in the treatment of SZ (Reay et al.,

2020). Moreover, a hindered or reduced antioxidant capacity was

found in some SZ patients (Albayrak et al., 2013; Flatow et al., 2013).

Antioxidant markers such as catalase and nitrite exhibited changes

during the clinical course of patients, being lower at first-episode

psychosis (FEP) and then increased in patients with exacerbation of

psychosis and under pharmacological treatment (Flatow et al.,

2013). Pharmacological agents commonly used in clinical

treatment alter the systemic oxidative status and suggest a

potential redox modulation in their therapeutic mechanism of

action (Pandya et al., 2013; Pillai et al., 2007; J. Q. Wu et al.,

2013; Z. Wu et al., 2012).

Since there is complex crosstalk between oxidative species

and HIF pathways, the above-mentioned alterations could rise

from a pleiotropic integration of developmental and

environmental signals. As such, an increase in ROS by

mitochondrial dysfunction (Prabakaran et al., 2004), could

trigger events of non-hypoxic HIF stabilization, affecting both

development and homeostasis of both vascular and neural

lineages, and compromising brain metabolism in SZ. These

dysregulations could also affect the course of the illness, for

which early targeting of the HIF and ROS pathways could

improve patient outcomes.
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3 Aberrant NOTCH signaling pathway
in SZ

The NOTCH pathway is a conserved pathway involved in

multiple developmental processes including neural development

(Bray, 2016; J. Liu et al., 2010). The essential steps of human

NOTCH signaling transduction involve the interaction of ligands

with NOTCH receptors. Such an event triggers proteolytic

cleavage and subsequent release of the NOTCH intracellular

domain (NICD) which is then translocated to the nucleus where

it forms a gene activating complex with the transcriptional

regulator RBPJ and the co-activator MAML1 (Bray, 2016).

FIGURE 2
Developmental andmolecular hallmarks in SZ. (A) From the closure and growth of the neural tube (highlighted in purple from a coronal section
across the embryo’s axis) to a vascularized and developed brain, events of neurogenesis and angiogenesis take place across the developing tissue,
leading to the establishment of the BBB, a key component in the physiopathology of SZ. Cat illustrations correspond to public domain paintings by
Louis Wain, whose changing art style interprets as a representation of the onset and progression of the artist’s SZ. (B) Array summarizing the
main genomic, signaling, and physiological hallmarks described in the physiopathology of SZ.
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There are multiple human ligands and some of them constitute a

canonical group defined by the presence of a Delta/Serrate/Lag-2

(DSL) domain and are denoted as Delta-like (DLL) and Jagged

(JAG) families, while non-canonical ligands present a high grade

of structural diversity and lack the aforementioned DSL domain,

such as the well-researched Delta Like Non-Canonical Notch

Ligand 1 (DLK1) (D’Souza et al., 2010).

NOTCH signaling is a relevant actor in the vascularization

and remodeling of both the embryonic and postnatal brain

(Jakobsson et al., 2010; Walchli et al., 2015). Inhibition of

NOTCH signaling results in reduced Trans-endothelial

Electrical Resistance (TEER), increased permeability, and

reduction and delocalization of VE-cadherin and Claudin-5 in

brain EC (Derada Troletti et al., 2018). As neural counterparts,

Notch2 and 1 have shown to control quiescence and

differentiation of ventricular–subventricular zone (V-SVZ)

quiescent and activated NSC, respectively, in crosstalk

involving the HIF pathway (Basak et al., 2012; Engler et al., 2018).

Early evidence associating NOTCH signaling and SZ came

from linkage mapping reports and association studies through

genotyping of blood samples. TheNOTCH4 gene at chromosome

6p has been described as a potential susceptibility gene with

multiple SNPs that suggest the presence of several SZ-associated

variants (S. Wang et al., 1995; Wei and Hemmings, 2000; X.

Zhang et al., 2004). Further research and integration of genome-

wide association studies (GWAS) in SZ have associated more

variants of NOTCH pathway components, such as NOTCH4,

NUMBL, and FURIN, describing the latter as a pleiotropic SNP

also involved in major depressive disorder and bipolar disorder

(Passos Gregorio et al., 2006; H. Wang et al., 2022; X. Yang et al.,

2013; B. Zhang et al., 2015). In addition to the increased variants

of NOTCH pathway genes in SZ, epigenetic analysis has revealed

evidence of differentially methylated regions of NOTCH pathway

genes in SZ patients (Shen et al., 2021).

Regarding the expression of pathway genes, it has been

reported that the levels of Notch ligands DLL2 and

DLK1 were higher in plasma from SZ patients, along with

multiple other components of the pathway that were also

differentially regulated in whole blood samples relative to

healthy subjects (Hoseth et al., 2018b). The increase in the

plasmatic levels of NOTCH pathway ligands is suggested to

promote an attenuation of NOTCH signaling; since DLK1 is a

non-canonical ligand with inhibitory effects via NOTCH1. The

interpretation of the effects of an increment in plasmatic levels of

DLL1 is more diffuse as the cleavage of DLL1 could relieve cis-

inhibitory effects over NOTCH receptors while also yielding

C-terminal fragments that compete with NOTCH receptors

for proteolytic machinery and thus inhibit signaling as a result

of impaired cleavage processing of receptors (Mishra-Gorur

et al., 2002; LaVoie and Selkoe, 2003; Falix et al., 2012). In vitro

modeling of SZ utilizing human-induced pluripotent stem

cells (hiPSC)-derived neurons, which represent early stages of

brain development, showed a decreased expression of

NOTCH pathway components such as NOTCH1, HEY2 or

DLL1 when compared to healthy samples (Brennand et al.,

2011).

Interestingly, while SZ patients presented reduced plasma

levels of the transcriptional regulator RBPJ, its levels were

significantly increased in SZ patients undergoing lithium

treatment (Hoseth et al., 2018b). In an MK-801-induced

murine model of SZ, the antipsychotic risperidone enhanced

the Notch pathway activity and rescued cognitive deficits, effects

that were abrogated by Notch1 knockdown (Xue et al., 2017). In

human NT2-differentiated neurons, other neuroleptics for SZ

treatment (e.g., amisulpride, aripiprazole, and clozapine)

decreased the expression of NOTCH signaling components

(Panizzutti et al., 2021), for which we could be observing a

contribution of treatment along with the disease progression in

the expression of those genes. Therefore, the expression of

NOTCH pathway genes can vary during the time course of

the life of patients and may be related to epigenetic control.

Due to the increased levels of NOTCH ligand JAG1 found in

the internal capsule of SZ postmortem brains, and its negative

correlation with the expression of genes related to

oligodendrocyte function, it has also been proposed that

oligodendrocyte and myelin development is hindered in SZ

(Kerns et al., 2010). Cuprizone intoxication has been used to

establish a murine model with oligodendrogenic aberrations,

white matter lesions, and behavioral changes that could mimic

SZ (Xu et al., 2009; Chandran et al., 2012). In this model of

demyelination, Notch components, such as Notch1 and Hes1/

5 were reduced, and amelioration of cuprizone effects by the

antipsychotic quetiapine was found to be Notch-dependent (H.

N. Wang et al., 2015).

In summary, the Notch pathway is importantly implicated

in SZ for including several high polygenic risk genes. Since this

pathway also has an important role in angiogenesis and BBB

function, it would be important to evaluate the effect of

NOTCH pathway dysregulation in those processes,

especially given the impact of SZ treatment on the pathway

component expression.

4 Vascular endothelial growth factor
(VEGF) signaling is highly
heterogeneous between SZ patients

Vascular endothelial growth factors (VEGFs) are essential

proangiogenic factors that comprise seven members: VEGFA,

VEGFB, VEGFC, VEGFD, VEGFE, VEGFF, and PlGF (Hoeben

et al., 2004). VEGFs exert numerous functions through their

high-affinity binding to receptor tyrosine kinases VEGFR-1, -2,

and -3 and co-receptors neuropilin-1 (NRP1), neuropilin-2

(NRP2), and heparan sulfate proteoglycans (HSPGs) (Simons

et al., 2016). During development, CNS angiogenesis is largely

controlled by neural-derived VEGF, which stimulates PNVP
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formation and blood vessel sprouting from the PNVP into the

CNS parenchyma. Furthermore, VEGF expression in developing

brain EC is key for neurogenesis (Paredes et al., 2018). In the

adult brain, VEGF also participates in neurogenesis,

neuroprotection, and synaptic plasticity (Lopes et al., 2015),

and has an important role in regulating vessel permeability

and matching microvascular density to perfusion demands

(Licht and Keshet, 2013).

A great sum of evidence relates alterations in VEGF

signaling with SZ. Analysis of data obtained from the

Common Mind Consortium (CMC) study has determined

that VEGFA is among the genes with the greatest variability

among SZ patients, compared to healthy subjects (Huang

et al., 2020). But reports of VEGFA levels in SZ are rather

contradictory. The first evidence pointing to alterations of

VEGFA expression in SZ, described lower mRNA levels in

the dorsolateral prefrontal cortex of postmortem SZ brains

(Fulzele and Pillai, 2009). Also in postmortem studies, it has

been found that VEGFR-2 protein levels in the prefrontal

cortex are diminished in SZ in comparison with controls

(Howell et al., 2011; Hino et al., 2016). This deficiency in

VEGFA signaling has also been corroborated by in vitro SZ

hiPSC modeling using NSC. Interestingly, brain

microvascular EC derived from SZ-hiPSC have a

decreased angiogenic response when stimulated with

VEGFA (Casas et al., 2018; Casas et al., 2022). However,

VEGF protein levels in the superior temporal gyrus (STG)

are not significantly different between SZ and control groups

(Izumi et al., 2021).

Several studies have found significantly lower plasmatic

VEGFA levels in SZ patients when compared to healthy

controls (Lee et al., 2015; Xiao et al., 2018; Ye et al., 2018).

Nevertheless, a meta-analysis revealed no differences in VEGF

blood levels between drug-naïve first-episode SZ patients and

controls. Nevertheless, when the analysis was restricted to high-

quality studies only, significantly increased VEGF levels were

observed in these patients compared to controls (Çakici et al.,

2020).

Despite basal serum levels of VEGFA, an increase in

VEGFA after treatment of SZ has been reported (Pillai

et al., 2016; Balõtšev et al., 2017; Frydecka et al., 2018;

Misiak et al., 2018; Ye et al., 2018; Xiao et al., 2019).

Moreover, higher VEGFA basal levels could predict

positive treatment response and VEGFA levels

decrease with the severity of illness and cognitive

impairment in SZ (Xiao et al., 2018; Zhao et al., 2019).

Conversely, another study found that VEGF serum

levels of drug-naïve FEP patients decreased after they

completed 7 months of antipsychotic treatment (Haring

et al., 2015).

In conclusion, heterogeneous VEGF alterations may

exist between SZ patients. Given the importance of VEGF

signaling in neurovascular processes, its dysregulation

could contribute to the pathophysiology of SZ,

characterized by microvascular anomalies and impaired

angiogenesis. Moreover, the cognitive dysfunction

associated with the disease could be related to aberrant

VEGF signaling impacting neurodevelopment and neural

plasticity (Howell and Armstrong, 2017).

5 Dysregulation of both canonical
and non-canonical WNT signaling
in SZ

The canonical WNT signaling pathway is a key regulator of a

large number of biological processes and, as expected, its

alteration is associated with many human diseases. This

signaling pathway is characterized by the activation of gene

expression regulated by β-catenin. WNT proteins bind to

transmembrane receptors of Frizzled (FZD) family and co-

receptors Low-density lipoprotein receptor-related protein

(LRP)5/6, which leads to the disassembly of the β-catenin
destruction complex and prevents β-catenin proteasomal

degradation. Therefore, the stabilized β-catenin accumulates in

the cytoplasm and is subsequently translocated into the nucleus

to form a complex with LEF/TCF proteins and regulates the

expression of WNT target genes. The WNT signaling pathway is

critical in processes of neural development as well as adult

neurogenesis, synaptic transmission, and plasticity (Mulligan

and Cheyette, 2016; Varela-Nallar and Inestrosa, 2013; K.

Yang et al., 2016).

Canonical WNT signaling pathway is activated in CNS blood

vessels during development and is crucial for BBB formation and

the expression of many specific influx transporters, such as

GLUT-1. During this process, NPC expresses WNT ligands in

a regionally specific manner, while CNS EC express WNT

receptors (Stenman et al., 2008; Daneman et al., 2009). This

signaling is also necessary for BBB maturation and function in

vivo. In mice, deletion of β-catenin specifically in EC at stages of

BBBmaturation is associated with BBB disruption (Liebner et al.,

2008). There is also evidence showing that activation of this

pathway supports the maintenance of BBB properties in

adulthood, mainly through the secretion of WNT ligands by

astrocytes (Blanchette and Daneman, 2015; Guérit et al., 2021).

Multiple studies suggest that SZ is associated with an altered

canonical WNT signaling pathway. The disease has been

associated with genetic variants in several pathway-related

genes, including TCF4, CTNNB1, CHD8, DKK1, DKK4, and

KREMEN1 (Mulligan and Cheyette, 2016).

SZ patients have lower plasma levels of WNT inhibitors

DKK1 and sclerostin (SOST) (Hoseth et al., 2018a). Furthermore,

whole blood samples of SZ patients show reduced mRNA

expression of several WNT pathway genes; pointing to an

attenuated canonical WNT signaling in SZ (Kalkman, 2009;

Hoseth et al., 2018a). In vitro models seem to support this
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notion. Six-week-old neurons obtained from SZ hiPSC show

alterations in transcript levels of many WNT pathway genes,

such as AXIN2, WNT2B, WNT3, TCF4, LEF1, LRP5, and

WNT7A. The same authors showed that the decreased

expression of WNT7A in SZ neurons can be reversed with

3 weeks of treatment with the antipsychotic Loxapine, which

also improved neuronal connectivity in vitro (Brennand et al.,

2011). Also, mRNA expression of secreted WNT inhibitors

DKK1, DKK2, SFRP2, and SFRP4 is increased in SZ hiPSC-

derived NPC (Topol et al., 2015).

In addition to the canonical WNT/β-catenin pathway, the

WNT ligands can activate signaling cascades without interaction

with β-catenin, so-called, non-canonical pathways

(Montcouquiol et al., 2006). Analysis of SZ patient blood

samples show enrichment of non-canonical WNT signaling

components (FZD7 and NFAT) (Hoseth et al., 2018a).

In conclusion, the evidence presented highlights a

dysregulation of both canonical and non-canonical WNT

signaling in SZ, with an important hypofunction of the

canonical pathway. This could have profound consequences

on BBB structure and function, as well as neural development

and connectivity.

6 AKT/mTOR defective signaling
suggests systemic alterations in SZ

The AKT/mTOR signaling pathway regulates multiple

cellular functions such as nutrient uptake, cell proliferation,

growth, autophagy, apoptosis, and migration (L. Wang et al.,

2017). This pathway has numerous components and interactors,

including mTORC1, one of AKT’s main downstream effectors

(Rosen and She, 2006; Efeyan and Sabatini, 2010; Zoncu et al.,

2011). The AKT/mTOR pathway is activated in response to

inputs from regulatory molecules like growth factors, ATP,

nutrient concentrations, energy, and ambient oxygen levels.

Once activated, it modulates protein homeostasis via the

phosphorylation of the S6K1 kinase, leading to cell

proliferation and growth (Ma and Blenis, 2009; Bar-Peled

et al., 2013; Ben-Sahra et al., 2013; Koehl et al., 2021).

AKT has been related to EC migration and angiogenesis via

the promotion of increased VEGF secretion, due to the

upregulation of HIF-1α (Manning and Cantley, 2007;

Abeyrathna and Su, 2015). The AKT/mTOR pathway acts

upon and influences the cell fate lineage of NSC, thus playing

a crucial role in neuronal shape and size, dendritic arborization,

spine morphology, axon outgrowth, and synaptic plasticity (Götz

and Huttner, 2005; Tavazoie et al., 2005). It is also implicated in

numerous neurological processes such as learning, memory, and

feeding (Bockaert and Marin, 2015; Garza-Lombó and

Gonsebatt, 2016). mTORC1 impairments have been

implicated in brain development defects like defective

synaptogenesis or connectivity and in pathogenic conditions

such as epilepsy, autism, intellectual disability, dementia,

traumatic brain injury, brain tumors, and ischemic injuries

(Lipton and Sahin, 2014; Bockaert and Marin, 2015; Huber

et al., 2015; Licausi and Hartman, 2018).

Recent reports point to the downregulation of the AKT/

mTOR signaling cascade in SZ postmortem brains where a

decreased protein expression and activity of AKT and mTOR

kinases was found (Chadha and Meador-Woodruff, 2020).

Interestingly, while downstream S6RP phosphorylation is

reduced, downstream of mTOR complex II, PKCα
phosphorylation is increased in SZ postmortem brains

(Chadha et al., 2021). Furthermore, rats treated chronically

with the antipsychotic haloperidol had increased levels of

S6RP phosphorylation (Chadha et al., 2021). GSK-3ß, a major

target of AKT, was also shown to be reduced at a transcriptional,

protein, and phosphorylation level in postmortem frontal cortex

and peripheral lymphocytes of SZ human patients (Kozlovsky

et al., 2004; McGuire et al., 2017; Ibarra-Lecue et al., 2020). In

addition to the clinical and postmortem data, ex vivo approaches

using protein and mRNA data from patient-derived olfactory

neurospheres have highlighted the mTOR signaling pathway as a

significant dysregulated pathway in SZ (English et al., 2015).

Overall, the findings point to an important dysregulation in

the AKT-mTOR signaling pathway in the SZ brain, which could

lead to important functional consequences.

7 Non-canonical angiogenic signaling
cues are compromised in SZ

Besides having morphological and structural similarities,

with an emphasis on axonal growth cones and EC tip

pathfinding, vessels and nerves share several signaling

cascades. Numerous factors that were initially described as

axonal guidance molecules also exert an important angiogenic

function. Among these factors, we found: Netrins, Semaphorins,

Ephrins, and Slits (Wälchli et al., 2015). Many also have an

important role in the formation and maintenance of BBB

(Blanchette and Daneman, 2015). Therefore, alterations in

neurovascular communication could contribute to the

development of SZ.

Netrins are secreted proteins, that regulate many cellular

processes during brain development such as cell migration,

adhesion, and proliferation; as well as pre and postnatal

angiogenesis (Yamagishi et al., 2021). Netrin-1 (NTN1), the

main netrin in CNS, can exert attractive/positive or repulsive/

negative responses depending on the concentration and presence

of different receptors in the target cell. Notably, NTN1 can

regulate BBB function by decreasing permeability through the

induction of tight junction protein expression (Podjaski et al.,

2015).

Genomic studies have found an association of

polymorphisms in the Deleted Colorectal Cancer gene (DCC),

Frontiers in Cell and Developmental Biology frontiersin.org07

Casas et al. 10.3389/fcell.2022.946706

5152

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.946706


one of the main NTN1 receptors in the CNS, in SZ (Grant et al.,

2012; Z. Wang et al., 2018). These polymorphisms could alter

DCC protein expression affecting NTN1 signaling (Vosberg

et al., 2020). Polymorphisms of another NTN1 receptor,

UNC5B, have also been correlated with SZ (J. Tang et al.,

2019). Interestingly, membrane-bound Netrins, NTN-G1 and

NTN-G2, were downregulated in the SZ temporal lobe; these

proteins are important for neural development and synaptic

activity but have not been implicated in angiogenesis so far

(J. Tang et al., 2019). In vitro experiments using hiPSC-

derived NSC and neurons have shown decreased expression of

NTN1 in SZ-derived cells, compared to healthy control

(Brennand et al., 2011; Casas et al., 2018).

Semaphorins are a large protein family of molecules that

regulate axonal guidance and synapse formation during

development (Carulli et al., 2021). They also participate in

other functions including immune regulation, extracellular

matrix remodeling, and angiogenesis. Canonically

semaphorins have been described as chemorepellents, but

some of them can also exert attractive effects (such as

SEMA3D, SEMA3E, and SEMAF), an important cue for

neurovascular communication (Iragavarapu-Charyulu et al.,

2020). For instance, semaphorin 3G (SEMA3G) secreted from

the endothelium, activates neuronal receptors neuropilin-2/

PlexinA4 regulating synaptic structure and function; SEMA4D

induces BBB dysfunction by the disruption of endothelial tight

junctions, glial activation, neuronal collapse and inhibition of

oligodendrocyte differentiation. Neuron-derived SEMA3A can

induce vascular permeability and has been proposed as a

contributor to BBB disruption and brain damage (Cerani

et al., 2013; Hou et al., 2015; Smith et al., 2015; Tan et al.,

2019; M. Yang et al., 2019).

Analysis of postmortem brain shows that SEMA3A, SEMA4D,

and SEMA6C as well as semaphorin receptor PlexinB1 are

upregulated in SZ (Gilabert-Juan et al., 2015). The

upregulation of SEMA3A has been also evidenced in the SZ

cerebellum of adult subjects and by the in vitro modeling of SZ-

hiPSC-derived NSC (Eastwood et al., 2003; Casas et al., 2018).

The Slit family comprises 3 proteins (SLIT1, SLIT2, and

SLIT3) that interact with ROBO to regulate several physiologic

processes during development (Tong et al., 2019). The SLIT/

ROBO pathway plays an important role in neural progenitor

proliferation and migration, maturation of neocortical neurons,

and axonal guidance (Gonda et al., 2020). Slit2 overexpression

has been proved to increase vessel density in transgenic mice.

Interaction with Robo1 also reduces cell-cell adhesion of EC

increasing permeability (Han and Geng, 2011). Of note, the

administration of recombinant Slit2 reduced BBB disruption

due to brain surgical injury (Han and Geng, 2011). Therefore,

it is proposed that the Slit/ROBO pathway has a regulatory

function in angiogenesis and BBB.

GWAS performed on peripheral blood cells of patients with

SZ has identified SLIT1, SLIT3, and ROBO1 as susceptibility

genes for this disease. Moreover, an SNP in one locus of ROBO2

significantly correlates with SZ (Potkin et al., 2009; Z.Wang et al.,

2018).

Ephrins and their receptors Eph are cell membrane proteins

known to mediate cell-cell communication, regulate adhesion,

neurogenesis, neuron migration, and axonal guidance (Laussu

et al., 2014). The ephrin/Eph signaling pathways play an

important role in vascular system development, regulating EC

differentiation, angiogenesis, and also BBB formation and

maintenance (Malik and Di Benedetto, 2018). During early

vasculogenesis, VEGFA-induced Ephrin A signaling by

receptor EphA2 increases angiogenesis, later on, the inhibition

of EphA2 is necessary for tight junction protein expression and

proper BBB formation (Zhou et al., 2011; Malik and Di

Benedetto, 2018).

There is little genomic and clinical data available regarding

this pathway in SZ. One study found a significant association

between SNPs in the EhprinB2 gene and SZ (R. Zhang et al.,

2010). In vitromodeling of SZ-hiPSC-derived NSC, neurons, and

astrocytes has provided more information, describing alterations

in the expression of Eprhin A1, A5 and B1 (Brennand et al., 2011;

Casas et al., 2018; Koskuvi et al., 2020).

All the above-cited reports are in line with current knowledge

of important impairments of neuronal function in SZ. The

studies describe alterations in the expression of secreted

molecules for which the analysis of this data, from a new

perspective that focuses on the neurovascular niche, could

determine the impact of signaling alterations in these

pathways on the overall functioning of BBB and

neurovascular coupling.

8 Nuclear factor-kappa B (NF-κB) and
inflammation in SZ

Nuclear factor-kappa B (NF-κB) transcription factors

regulate the expression of numerous genes involved in

pleiotropic functions, ranging from immune and

inflammatory responses, apoptosis, cell proliferation,

differentiation, and survival (Oeckinghaus and Ghosh,

2009). The NF-κB family consists of 5 members including

RelA (p65), RelB, c-Rel, NF-κB1 (p50/p105) and NF-κB2
(p52/p100), that form different homo- or heterodimers

(Chen and Greene, 2004). The canonical pathway is

induced by microbial products and proinflammatory

cytokines such as tumor necrosis factor α (TNFα) and

interleukin-1 (IL-1), while the non-canonical pathway is

activated by certain members of the TNF family

(Lymphotoxin β, CD40 ligand, B cell activation factor)

(Lawrence, 2009; Oeckinghaus and Ghosh, 2009). In turn,

NF-κB plays a role in the expression of other proinflammatory

genes including cytokines, chemokines, and adhesion

molecules (T. Liu et al., 2017).
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NF-κB signaling is well known as a regulator of both

embryonic and adult neurogenesis (Bortolotto et al., 2014;

Y. Zhang and Hu, 2012). Indeed, it has been reported that this

signaling pathway is implicated in different processes of

neurogenesis, including NSC/NPC proliferation and

apoptosis, differentiation, migration of neuroblasts,

maturation and plasticity of nascent neurons (Y. Zhang

and Hu, 2012). Cytokines, including IL-1β and TNFα,
influence neurotransmission by altering the metabolism of

neurotransmitters and their release (Dunn et al., 1999).

Several studies that have implicated NF-κB in EC activation

and angiogenesis, especially in the context of cancer (Tabruyn

and Griffioen, 2008). There is also evidence that

dysregulation of NF-κB target genes may lead to impaired

angiogenesis and reduced brain EC migration (Zhuang et al.,

2017). Since inflammatory mediators have a role during

brain development, several studies have investigated their

involvement in neuropsychiatric disorders (Jiang et al.,

2018).

There is considerable evidence showing increased levels

of proinflammatory molecules in the brain, blood, and

cerebrospinal fluid of SZ patients (Fillman et al., 2013;

Müller, 2018). Patients with higher plasma cytokine

levels, named “high inflammation” biotype, exhibit higher

cognitive deficits and brain volume reductions (Fillman

et al., 2016). Higher mRNA levels for NF-κB family

members RELA and c-REL, as well as for multiple

receptors from both the canonical and non-canonical

pathways, and their respective kinases have also been

observed in SZ postmortem brain (Volk et al., 2019).

Consistent with these reports, SZ patients exhibit

increased serum levels and peripheral blood mononuclear

cell (PBMC) mRNA expression of IL-1β and TNFα.
Furthermore, NF-κB activity is higher in patients’ PBMCs

than those in healthy subjects and is positively correlated

with a higher mRNA expression of cytokines (Song et al.,

2009). Recently, it was reported that some brain EC markers,

such as intercellular adhesion molecule-1 (ICAM1) and VE-

cadherin, are dysregulated in the SZ brain both in “high

inflammation” and “low inflammation” subgroups (Cai

et al., 2020). This endothelial altered profile is replicated

in vitro when incubating human brain EC with IL-1β, as
ICAM1 mRNA was up-regulated in a dose-dependent

manner (Cai et al., 2020), which corroborates an

important detriment of endothelial function in “high

inflammation” SZ patients.

These results suggest that SZ is associated with elevated

pro-inflammatory cytokines in both blood and brain and, in

turn, increased NF-κB activity, constituting a positive

feedback loop. This may contribute to the pathogenesis of

SZ through involvement in both neurogenesis and

angiogenesis during development, compromising

processes such as neurotransmitter release, cell

proliferation, differentiation and migration, and BBB

integrity.

9 Unfolded protein response (UPR) is
disturbed in SZ

The accumulation of unfolded proteins in the endoplasmic

reticulum (ER) induces the unfolded protein response (UPR), an

evolutionarily conserved group of signal transduction pathways

to sense and respond to ER stress (Bernales et al., 2006; Lin et al.,

2008). Three major ER transmembrane stress sensors trigger the

UPR signaling pathway: protein kinase RNA-like ER kinase

(PERK), activating transcription factor 6 (ATF6), and inositol-

requiring enzyme 1 (IRE1) (Ron and Walter, 2007). Under

normal conditions, these stress transducers are in an inactive

state by binding with the ER chaperone BiP (Jain, 2017). Under

stress, BiP dissociates from PERK, ATF6, and IRE1, allowing

UPR sensors to be activated (Malhotra and Kaufman, 2007).

Each of these three signaling branches involves the activity of

multiple downstream molecules, such as transcription factor

X-box binding protein 1 (XBP1) or eukaryotic translation

initiation factor 2α (eIF2α), all of which aim to restore ER

homeostasis by increasing the expression of genes encoding

chaperones and proteins associated with apoptosis, and by

attenuating protein synthesis (Jain, 2017).

Although the UPR is commonly associated with increased

cellular stress and misfolded proteins, it is required in

numerous cellular functions (Hetz, 2012). For example, the

UPR plays a role in the proliferation, differentiation,

maturation, and viability of CNS cells, including neurons,

NSC, and glial cells. UPR signaling is a mechanism that

controls neurogenesis and brain development, as well as

NSC self-renewal and astrogenesis (Murao and Nishitoh,

2017). Furthermore, in the context of angiogenesis, the

classical pathways of the UPR have been described to have

modulatory properties. Several studies suggest a role for UPR

in embryonic vascularization and maintenance and survival

of EC, as well as in the regulation of pro-and anti-angiogenic

modulators, both in physiological and pathological contexts

(Binet and Sapieha, 2015). Since cells with a high secretory

load, such as neurons and glial cells, are susceptible to ER

stress, fine-tuning of UPR signaling is required. There is

increased sensitivity of the brain to abnormalities in the

UPR, which is evidenced by its implication in many

neurodegenerative diseases and psychiatric disorders,

including SZ (Scheper and Hoozemans, 2015; Kim et al.,

2021).

Recent reports show that the UPR is dysregulated in the

dorsolateral prefrontal cortex of patients with SZ (Kim et al.,

2021). The authors observed increased protein expression of BiP

and decreased p-IRE1α, the activated state of IRE1α. They also

showed decreased p-JNK2 and increased sXBP1, both
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downstream targets of the IRE1 arm of the UPR (Kim et al.,

2021). These findings are consistent with those obtained through

proteomic studies, where BiP is dysregulated within the corpus

callosum and the dorsolateral prefrontal cortex of SZ patients,

suggesting the involvement of cellular stress in this psychiatric

disorder (Sivagnanasundaram et al., 2007; Martins-de-Souza

et al., 2009). Furthermore, as described above, the UPR is

important for neural development, especially the IRE1-XBP1

pathway, as its dysregulation compromises the proper trafficking

of glutamate receptors and expression of GABAergic markers

during development (Shim et al., 2004; Hayashi et al., 2008). This

is consistent with previous reports demonstrating protein

abnormalities and may explain the dysregulation of

neurotransmitter systems described in SZ (Nucifora et al.,

2019; McCutcheon et al., 2020).

Altogether, these results suggest an abnormal pattern of UPR

activity in SZ, specifically on the IRE1 axis, and consequent

alterations in protein processing. Although evidence indicates the

possible involvement of UPR dysregulation in neurodevelopment,

there may also be impairment of endothelial function, a matter

which should be further investigated.

10 The role of MicroRNAs (miRNAs) in
SZ: The cases of miR-137 and miR-19

miRNAs, as pleiotropic post-transcriptional regulators of

gene expression, have gathered interest for both their potential

as biomarkers of SZ and as tools to provide more complex

mechanistic and molecular explanations to the diffuse array of

altered gene expression underlying SZ (Zhu et al., 2009; He et al.,

2018). Overall miR-137 regulates multiple genes associated with

processes such as proliferation, stemness, angiogenesis, barrier

permeability, or chromatin remodeling (Y. Wang et al., 2020).

miR-137 regulates the balance between proliferation and

differentiation of NSC and forms a regulatory loop with

transcription factors such as SOX2 (Boyer et al., 2005; Smrt

et al., 2010; Szulwach et al., 2010; Channakkar et al., 2020). In an

in vitro model of Brain Tumor Barrier, the genetic manipulation

of miR-137 alters barrier permeability and expression of key

actors like Occludin, ZO-1, ZO-2, and FOXC2, the latter two

being a direct target of miR-137 (Yu et al., 2017).

The Psychiatric GWAS Consortium has reported a strong

association between the SNP rs1625579 of miR137 and SZ (Ripke

et al., 2011). Moreover, miR-137 is upregulated in SZ and several

variants have been associated with its physiopathology (Lett et al.,

2013; Chen et al., 2021). The SNP rs1625579 in miR-137 can be a

predictor for earlier age of onset of SZ and correlates with severity

of patient symptoms (PANSS score) (D. Zhang et al., 2021). The

4-repeats variable number tandem repeat variant rs58335419

(VNTR4) has been associated with altered cortical morphology

and severe cognitive deficit in SZ patients (Mahmoudi et al.,

2021).

Animal models have correlated the expression of the miR-

137 variant with an alteration in hippocampus-dependent

learning, long-term potentiation, and expression of

presynaptic proteins (Siegert et al., 2015), all phenotypes that

have been described in SZ.

In addition to its direct implication in SZ, it seems that miR-

137 can regulate signaling pathways that are commonly altered in

SZ patients. It has been reported that Notch1 is a target of miR-

137, which acts as a regulator of Notch signaling in neurons.

Consistent observations in human adipose cells have shown that

miR-137 binds directly to the NOTCH1 3′UTR region and

ultimately positively regulates HES1 (Shi et al., 2017; Fan

et al., 2021). Recent evidence provides insight into the role of

miR-137 in response to oxidative damage and neuroprotection

with a proposed neuroprotector and anti-inflammatory role

against chemical agents and artery occlusion (Y. Tang et al.,

2021; Tian et al., 2020). High levels of miR-137 are associated

with mitochondrial dysfunction in SZ patients, shedding light on

amechanistic model, linking impairment of cortical parvalbumin

interneuron, oxidative damage, and altered activity rhythms

(Khadimallah et al., 2021).

The involvement of miR-137 in oxidative stress and the

NOTCH pathway presents an interesting direction for future

research given the relevant role of oxygenation in SZ when

understood as a developmental and neurovascular disorder.

Another brain-specific miRNA dysregulated in SZ is miR-19,

which is involved in NSC proliferation and promotes neural

differentiation and migration. Recently, miR-19 has been

indicated as a major hub for abnormal cellular phenotypes

manifested in SZ (Balan et al., 2019). Interestingly, miR-19b,

but not miR-19a, is elevated in peripheral blood of SZ patients

(Horai et al., 2020).

Overall, these findings support the potential for

neurodevelopmental-related miRNAs to be used as indicators

for SZ.

11 Discussion

SZ is a complex multifactorial disease imparted by the

polygenicity and interactions with environmental factors. For

achieving an integral understanding of this mental illness, is

important not to only focus on the actual state of patients, but to

be able to follow its origin, onset, and visualize its outcome. From

a neurodevelopmental perspective, SZ traces its origins to the

early stages of brain formation, where developmental trajectories

will be affected generating predisposition to SZ onset. From FEP

and diagnosis, the trajectories of patients living with SZ may also

take different paths: remission, mild to severe symptomatology,

resistance to treatment, and so on. In all this complexity, we must

keep in mind that the brain is composed of an intricate network

of vessels that influences brain formation from embryogenesis to

adulthood (Figure 2A).
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In this review, we emphasize the importance of

acknowledging the presence of this complex and dynamic

neuro-angiogenic niche for the study of SZ, since both neural

and vascular components are constantly interacting with each

other and share several signaling pathways (Table 1). The

pathways reviewed in this article have a reported function

both in the nervous and endothelial components of the

neurovascular niche, with reported alterations in SZ that

could have deleterious repercussions on overall brain

functioning.

As reported previously, SZ has an important and highly

variable genetic component where more than 100 loci have been

significantly associated with SZ (Ripke et al., 2011; Ripke et al.,

2014). From a genetic perspective, several pathways analyzed in

this review present genetic variants associated with SZ. Genes

from the HIF, NOTCH, WNT, and axonal guidance pathways

(NTN, ROBO, and Ephrin), present genetic variants, such as

SNPs, that have been significantly associated with SZ. From these

pathways, the NOTCH and WNT pathways are described as

having variants in several of their pathway components,

increasing the risk of developing the disease. In addition to

their well-known role in neurodevelopment, these pathways

are important regulators of angiogenesis, a process that is

proposed to be downregulated in SZ patients (Lopes et al.,

2015; Katsel et al., 2017; Casas et al., 2018; Casas et al., 2022).

Evaluating the course of illness, various studies report significant

variations in analytes when analyzed at different time points of the

disease, as FEP, antipsychotic treatment, and treatment resistance. In

this context, antioxidants, members of the NOTCH pathway, and

VEGFA exhibit changes after treatment. For the antioxidant

molecules and VEGFA, these variations should not be associated

with drugmechanisms but rather with the inherent characteristics of

patients. In this line, it has been proposed that plasmatic levels of

VEGFA, which is reported as one of the most variable expressed

genes among SZ patients, may be a predictor of patient outcome. On

the other hand, the expression of RBPJ, a transcriptional regulator of

the NOTCH pathway, which was found to be reduced in patient

plasma, is increased after treatment. Animal models and in vitro

studies indicate that this increment in RBPJ expression may be a

direct consequence of an antipsychotic treatment. A similar

observation has been reported for the phosphorylation of S6RP,

a downstream mediator of the mTOR/AKT pathway, which is

reduced in the SZ postmortem brain. Long treatments of the

antipsychotic haloperidol increase S6RP phosphorylation in rats,

suggesting a mechanism of action for this drug. In addition to this,

the expression pattern of cytokines and inflammatory molecules is

related to cognitive deficits in SZ patients.

Interestingly, for many of the pathways analyzed, except for

the WNT and mTOR pathways which seem to be consistently

downregulated in SZ, different studies show variations with

respect to the direction of this dysregulation regarding gene or

protein expression. This may be a reflection of the high genetic

heterogeneity present in SZ, especially in genes described as

highly variable for this disease, rather than through gene

expression or variant number (Huang et al., 2020; Puvogel

et al., 2022). Taking into consideration the variability in gene

expression in SZ reviewed in this and other articles, we propose

the existence of molecular patterns that may be related to specific

symptoms, severity, and even responses to medication. We

reviewed several neuro-angiogenic pathways that converge in

the neurovascular niche, for which we emphasize the

repercussions of their dysregulations expressed as a consistent

pattern that may have different impacts on each cell type that is

part of the NVU, resulting in sometimes convergent or dissimilar

consequences such as biological dysfunction or symptomatology.

There are several noteworthy pathways included in this

review that crosstalk and contribute to common functions.

For example, NOTCH, WNT, and NF-κB participate in BBB

TABLE 1 Major molecular participants underlying neurodevelopmental processes of angiogenesis, BBB formation, and neurogenesis.

Process Key signaling molecules/pathways References

Angiogenesis - Hypoxia-Inducible Factors (HIFs) (Semenza, 2014, 2020; Abeyrathna and Su, 2015)

- VEGF/NOTCH signaling (Jakobsson et al., 2010; Walchli et al., 2015; Paredes et al., 2018)

- WNT/ß-catenin signaling (Martowicz et al., 2019)

- Non-canonical WNT ligands (Korn et al., 2014)

- Unfolded Protein Response (UPR) signaling Zhuang et al. (2017)

- Nuclear Factor-Kappa B (NF-kB) (Tabruyn and Griffioen, 2008; Binet and Sapieha, 2015)

BBB formation - NOTCH signaling pathway Derada Troletti et al. (2018)

- Canonical WNT signaling pathway (Liebner et al., 2008; Blanchette and Daneman, 2015; Guérit et al., 2021)

- Nuclear Factor-Kappa B (NF-kB) Volk et al. (2019)

Neurogenesis - WNT signaling pathway (Coullery et al., 2016; Arredondo et al., 2020)

- AKT/mTOR pathway (Götz and Huttner, 2005; Abe et al., 2010; Polchi et al., 2018)

- Nuclear Factor-Kappa B (NF-kB) (Y. Zhang and Hu, 2012)

- Unfolded Protein Response (UPR) signaling (Shim et al., 2004; Hayashi et al., 2008; Murao and Nishitoh, 2017)
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formation and maintenance; HIF, VEGFA, and NOTCH cross-

regulate each other in angiogenesis; ROS, WNT, and UPR

promote neurogenesis; to mention only a few interactions

(Table 1). We have made an effort to dissect the specific

contribution of each of these pathways in SZ, in particular, in

processes associated with brain angiogenesis and

neurodevelopment (Figure 2B). As stated before, for many of

the analyzed pathways the main conclusion may be that they are

dysregulated in SZ, and whether there is a higher or lower

pathway activity that may relate to the progression of the

disease or be explained by the use of pharmacological

treatment requires further investigation. Interestingly, many of

the molecules described in this review can be obtained by

peripheral samples, as plasma, which allows measurements of

analytes for diagnosis and patient stratification. More effort

should be made to deeply understand the specific contribution

of each one of these pathways to the SZ onset and progression.

miRNAs might be involved in the regulation of multiple cell

signaling pathways and may affect cellular physiological

functioning, and thus may be involved in the onset of SZ. As

stated, recent literature suggest that miRNAs are present in

human plasma and could be a potential biomarker of SZ.

In summary, we describe the current state of knowledge

regarding neuro-angiogenic pathways and their dysregulation in

SZ. As presented, the interpretation of the data reveals the

complexity of brain interactions and the SZ physiopathology.

We are eager for future research investigating the multicellularity

of brain structuration as well as its systemic co-dependence,

which, we believe, could be crucial for the emergence of new

biomarkers and therapeutic targets in SZ.
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Introduction: Reactive oxygen species (ROS) represent molecules of great

interest in the field of regenerative biology since several animal models

require their production to promote and favor tissue, organ, and appendage

regeneration. Recently, it has been shown that the production of ROS such

as hydrogen peroxide (H2O2) is required for tail regeneration in Ambystoma

mexicanum. However, to date, it is unknown whether ROS production is

necessary for limb regeneration in this animal model. Methods: forelimbs of

juvenile animals were amputated proximally and the dynamics of ROS

production was determined using 2′7- dichlorofluorescein diacetate

(DCFDA) during the regeneration process. Inhibition of ROS production

was performed using the NADPH oxidase inhibitor apocynin. Subsequently,

a rescue assay was performed using exogenous hydrogen peroxide (H2O2).

The effect of these treatments on the size and skeletal structures of the

regenerated limb was evaluated by staining with alcian blue and alizarin red,

as well as the effect on blastema formation, cell proliferation, immune cell

recruitment, and expression of genes related to proximal-distal identity.

Results: our results show that inhibition of post-amputation limb ROS

production in the A. mexicanum salamander model results in the

regeneration of a miniature limb with a significant reduction in the size

of skeletal elements such as the ulna, radius, and overall autopod.

Additionally, other effects such as decrease in the number of carpals,

defective joint morphology, and failure of integrity between the

regenerated structure and the remaining tissue were identified. In

addition, this treatment affected blastema formation and induced a

reduction in the levels of cell proliferation in this structure, as well as a

reduction in the number of CD45+ and CD11b + immune system cells. On

the other hand, blocking ROS production affected the expression of

proximo-distal identity genes such as Aldha1a1, Rarβ, Prod1, Meis1,

Hoxa13, and other genes such as Agr2 and Yap1 in early/mid blastema.

Of great interest, the failure in blastema formation, skeletal alterations, as

well as the expression of the genes evaluated were rescued by the

application of exogenous H2O2, suggesting that ROS/H2O2 production is
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necessary from the early stages for proper regeneration and patterning of

the limb.

KEYWORDS

axolotl, reactive oxygen species, hydrogen peroxide, blastema, limb regeneration,
Ambystoma mexicanum, macrophages, immune cells

Introduction

The ability to regenerate structures is widely distributed

throughout the animal kingdom including vertebrates and

invertebrates (Brockes and Kumar, 2008; Daponte et al., 2021;

Elchaninov et al., 2021). Accordingly, understanding the

mechanisms underlying this regenerative capacity has become

one of the major challenges in developmental and regenerative

biology, with the firm purpose of providing new insights and

directions for the development of new therapies in the field of

regenerative medicine (Brockes and Kumar, 2005; Poss, 2010;

Dolan et al., 2018; Iismaa et al., 2018; Arenas Gómez and

Echeverri, 2021; Grigoryan, 2021). Within vertebrates,

salamanders possess an exceptional ability to regenerate a

variety of tissues, organs, and appendages including tail and

limbs (Joven et al., 2019). Limb regeneration is a fascinating

process and given the complexity of this structure, its

regeneration represents one of the main and most

conventional models for the study of regenerative response,

control of morphogenesis, and final patterning of the

regenerated structure (Simon and Tanaka, 2013; Brockes and

Gates, 2014; Tanaka, 2016; Dwaraka and Voss, 2019). Among

salamanders, Urodeles such as A. mexicanum is considered a

primary reference model for the study of limb regeneration, given

its capacity to regenerate this structure throughout its life (Kragl

et al., 2009; Voss et al., 2009, 2015; Haas and Whited, 2017a).

Amputation of a limb in Salamanders including A.

mexicanum consequently promotes a regenerative response

characterized in the first instance by the migration of

epithelial cells from the edge of the wound, giving rise to the

wound epithelium, which subsequently thickens to form the

apical epithelial cap (AEC), which covers the remnant tissue

and acts as a signaling center (Tank et al., 1976; Satoh et al., 2012;

McCusker et al., 2015; Stocum, 2017; Aztekin, 2021).

Simultaneously to the formation of the AEC, other processes

such as histolysis and remodeling of the extracellular matrix of

the remnant tissue take place, favoring its dedifferentiation, re-

entry into the cell cycle, and consequently, the accumulation of

progenitor cells (including resident stem cells) between the

wound epithelium and the remnant tissue to form the

blastema (Tank et al., 1976; McCusker et al., 2015; Voss et al.,

2015; Stocum, 2017). Finally, following the growth and

patterning of the blastema, a phase of morphogenesis and

growth of the regenerating structure takes place to form the

lost or amputated limb (McCusker et al., 2015; Voss et al., 2015;

Stocum, 2017). During limb regeneration, a wide group of signals

has been identified from the immediate amputation to the

formation, growth, and patterning of the blastema, as well as

signals involved in the morphogenesis of blastema-derived

structures (Yokoyama, 2008; Kumar et al., 2010; Makanae and

Satoh, 2012; Tanaka, 2016; Haas and Whited, 2017b; Stocum,

2017). Within these signals, we can mention Bioelectrical signals,

TGFβ, FGF, SHH,WNT, Retinoic Acid (RA) signaling, and other

neurotrophic factors that promote blastema formation and

growth, such as n(AG), among others (Borgens et al., 1984;

Jenkins et al., 1996; Kawakami et al., 2006; Kumar et al., 2007,

2010; Satoh et al., 2011; Makanae et al., 2014; Nacu et al., 2016;

Wischin et al., 2017; Vieira et al., 2019; Maden, 2020; Sader and

Roy, 2021). However, other signaling mechanisms are subject to

future studies to determine their potential requirement during

limb regeneration.

Interestingly, although reactive oxygen species (ROS) have

been listed as deleterious molecules for cellular and tissue

homeostasis, today they represent molecules of great interest

in the field of developmental biology and regeneration, given

their capacity to regulate events such as apoptosis, migration, cell

proliferation, and differentiation, among other cellular processes

(Covarrubias et al., 2008; Hernández-García et al., 2010; Meda

et al., 2018; Rampon et al., 2018; Sies and Jones, 2020a). Notably,

ROS can regulate the activity of various molecules including

transcription factors and kinases (Marinho et al., 2014; Sies, 2017;

Rhee et al., 2018)). Previous studies have identified ROS

production as a pro-regenerative signal post-amputation of

various structures in both vertebrates and invertebrates

(Pirotte et al., 2015; Rampon et al., 2018). In vertebrate

models, ROS have been extensively involved in the

regeneration of appendages such as tail in Gecko (Zhang

et al., 2016), tail fin in zebrafish (Yoo et al., 2012; Gauron

et al., 2013; Romero et al., 2018; Thauvin et al., 2022), and tail

regeneration in Xenopus (Love et al., 2013; Ferreira et al., 2016,

2018). Of great interest, in several of these models, it has been

evidenced that ROS regulate the activity of signals such as Wnt,

Fgf, Shh, and kinases which are described as necessary signals for

limb regeneration (Yoo et al., 2012; Love et al., 2013; Romero

et al., 2018; Thauvin et al., 2022). In salamanders, studies

performed in axolotl embryos show that ROS are necessary

for tail regeneration (Al Haj Baddar et al., 2019). In addition,

we have recently identified that ROS, particularly H2O2,

promotes tail regeneration in juvenile axolotls by regulating

blastema formation and growth through activation of the

transcriptional co-activator of the Hippo signaling pathway,

Yap1, as well as regulating Agr2 expression and AKT kinase
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activation (Carbonell et al., 2021). Of great interest, a recent study

in Xenopus shows that ROS production induced by melanocortin

receptor 4 (Melanocortin four receptor (Mc4r)) is necessary to

promote limb regeneration (Zhang et al., 2018). However, to

date, it is unknown whether ROS production is necessary for

axolotl limb regeneration.

Therefore, considering the background of ROS during

appendage regeneration in different species, particularly, its

implication during tail regeneration in the A. mexicanum model,

and considering the need to identify whether this signaling

mechanism is conserved during regeneration of other structures

in this animalmodel, our aimwas to evaluatewhether ROS-mediated

redox signaling is necessary during axolotl limb regeneration.

Here we show for the first time that post-amputation ROS

production is necessary for proper limb regeneration in the A.

mexicanum model. Thus, ROS production, particularly H2O2 is

required for blastema formation and growth, and blocking NADPH

oxidases (NOXs)-dependent ROS production induces regeneration

of a miniaturized limb. Additionally, as a first approach to the

function of ROS during limb regeneration, it was observed that ROS

regulate the expression of several proximal-distal identity genes such

as Meis1, Meis2, Prod1, Hoxa13, Aldh1a1, Rarβ and other genes

such asAgr2 and Yap1 during blastema formation. In addition, ROS

were necessary to promote the recruitment of CD45 + leukocytes and

CD11b + monocytes/macrophages, as well as their phagocytic

activity. These results suggest a potential regulation and

interaction between ROS production and these signaling

pathways during A. mexicanum limb regeneration.

Materials and methods

Animal handling and ethical aspects

Leucistic Juvenile axolotls (10 cm snout to tail) were used for

this research. Animals were obtained from theAmbystomaGenetic

StockCenter (AGSC) of theUniversity of Kentucky and bred at the

SIU (Sede de Investigación Universitaria) of the University of

Antioquia, Colombia. All animals weremaintained under the same

conditions and fed ad libitum with protein pellets at a temperature

between 19 and 21°C in 20% Holftreter’s solution. The animal

experimentation procedures were previously approved by the

Ethics and Animal Experimentation Committee of the

University of Antioquia under the animal experimentation

protocol registered in Acta No. 121.

Limb amputation surgery and
regeneration assays

Juvenile axolotls were anesthetized by immersion in 0.1%

ethyl-3-aminobenzoate methanesulfonate (Sigma Aldrich, Louis,

MO) dissolved in 20% Holtfreter’s solution for all surgical

procedures. Bilateral proximal forelimb amputations were

performed at the medial humerus level with microsurgical

scissors and the protruding bone tissue was regularized with

iridectomy scissors to promote proper wound epithelium

formation as previously suggested (Kragl and Tanaka, 2009;

Arenas Gómez et al., 2017a). Subsequently, the animals were

placed in their respective treatments and, once the treatments

were completed, they remained in a 20% Holtfreter solution.

Each limb was photographed under the same magnification

parameters for each of the experimental groups using a

stereomicroscope (Olympus SZ×16, Tokyo, Japan) with a

digital camera (MotiCAM 5, Kowloon, Hong Kong) pre-

amputation, immediate post-amputation, and during the time

course of regeneration. The size of the blastema and the

regenerated limb was obtained by using Motic Images Plus

software (Version 2.0, Kowloon, Hong Kong). Blastema size

was determined by subtracting the size of the post-amputation

remnant tissue from the distance obtained from the most distal

and medial point of the blastema to the most proximal region of

the limb at 11, 14, and 21 dpa. The size of the regenerated limbs

was determined by subtracting the size of the post-amputation

remnant from the distance obtained from the most proximal

region of the humerus to the elbow and from the elbow to the

most distal point regenerated the second digit at 62 dpa.

Reactive oxygen species detection

In vivo detection of ROS production was performed using

2′7- dichlorofluorescein diacetate (H2DCFDA, Sigma). Animals

were incubated for 2 h in 50 μM of H2DCFDA in a dark

environment before image acquisition by confocal microscopy

as previously described (Carbonell M et al., 2021). Subsequently,

animals were immersed in 40% Holtfreter solution to remove

excess H2DCFDA and anesthetized in 0.1% ethyl-3-

aminobenzoate methanesulfonate (Tricaine) for image

acquisition. The animals used for each point were different

and were not reused for subsequent analyses. In this way, the

potential accumulation of DCFDA residues that could interfere

with subsequent detections of ROS production was avoided.

Fluorescence generated by oxidation of H2DCFDA was

acquired on a confocal microscope (Olympus FV1000 MPE,

FV10-ASW software) using the mosaic stitching tool given the

size of the limb area to be imaged. Samples were excited with a

488 nm laser and the emitted fluorescence was detected using a

520/39 nm filter. Given the thickness of the samples and the

difficulty that this can generate to detect the global fluorescence

in each sample, a semiquantitative approximation of fluorescence

intensity with ImageJ software according to previous studies was

performed (Schneider et al., 2012; Jensen, 2013). Thus, a region

of interest (ROI) was determined for each acquired image. The

area of interest extended from the most distal point of the

regenerated tissue to 500 µm proximal to the amputation
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plane. The intensity of the gray pixels was measured, and the

background was subtracted according to previous studies

(Schneider et al., 2012; Jensen, 2013; Al Haj Baddar et al.,

2019). The gray intensity obtained for each day assessed was

compared with pre-amputation levels using a one-way ANOVA

and a Tukey’s post hoc analysis between each point assessed was

performed to determine differences between these. In addition,

fluorescence levels obtained for animals in the control group

(0.1% DMSO) and exposed to NOX inhibitors (400 μM

apocynin) were compared using Student’s t-test. An n = 6 was

used for each point, and a p-value < 0.05 was considered

statistically significant.

Chemical inhibition of NOX activity and
rescue treatment by exogenous H2O2
during axolotl’s limb regeneration

For all the tests, the experimental groups remained

submerged in each treatment for 1 h before amputation. After

the amputation process, animals were incubated in 400 μM

apocynin (NOX activity inhibitor, Santa Cruz, SC-203321) for

incremental time intervals of 0 dpa - 3 dpa and 0 dpa - 11 dpa.

Apocynin inhibits the production of ROS by blocking the

formation of the NOX complex (Stefanska and Pawliczak,

2008). Control animals were incubated in 0.1% DMSO for the

same time intervals. For the rescue assay, after amputation,

animals were incubated from 0 dpa to 11 dpa in 400 μM

apocynin combined with 50 μM H2O2. For the rescue group, a

control group exposed to the same concentration of H2O2 in the

absence of the inhibitor was included. A n = 10 animals group

was used for each experimental group. Each treatment was

changed every 24 h. The size of the regenerated structure was

evaluated at 72 dpa and the values obtained were compared by

one-way ANOVA and Tukey’s post-hoc analysis to establish the

differences between each group evaluated. Similarly, blastema

size at 11, 14, and 21 dpa was compared between each group

evaluated. A value of p < 0.05 was considered statistically

significant.

Histology and immunofluorescence

Regenerated tissues were collected at 11 dpa for histological

analysis and stained with Hematoxylin-Eosin (H-E) to evaluate

blastema formation and immunofluorescence for cell

proliferation assay. Similarly, regenerated limbs were analyzed

histologically by H-E staining and Masson’s Trichrome staining

at 72 dpa for identification of regenerated tissues including the

joint between the stylopod and zeugopod.

After tissue collection, tissues were fixed in 4%

paraformaldehyde for 24 h and embedded in paraffin.

Subsequently, 5 μm histological sections were stained with

H-E or Masson’s Trichrome stain to evaluate the effect of the

different experimental conditions. For immunofluorescence,

blastemas at 11 dpa from control animals in 0.1% DMSO,

exposed to 400 μM apocynin and from the rescue assay group

(50 μMH2O2 + 400 μM apocynin) were collected. Briefly, tissues

were fixed in 4% PFA for 24 h, embedded in paraffin, and 5 μm

histological sections were made on a microtome. Histological

sections were deparaffinized, rehydrated, postfixed in 4% PF4 for

5 min, and washed 3 times for 5 min in 1X TBST (1X Tris-

buffered Saline, 0.1% Tween 20). All sections were incubated in

blocking solution (10% fetal bovine serum in 1X TBST) for 3 h at

room temperature and then incubated with anti-BrdU primary

antibody (1:500) diluted in blocking solution at 4°C overnight.

The next day, histological sections were washed with 1X TBST

and incubated with anti-mouse Alexa fluor 594 secondary

antibody (1:200, Abcam #ab 150120). To detect leukocyte

recruitment direct immunofluorescence was performed using

anti-CD45 FITC Mouse anti-CD45 (1:500, BD Pharmingen),

additionally direct immunofluorescence against CD11b was

performed using APC mouse anti-CD11b (1:1,000, Invitrogen

ref 17-0118-42) to detect monocytes/macrophages. Finally,

nuclear counterstaining was performed with Hoechst, and

photographs were acquired on an AXIO Vision Zoom

V16 stereomicroscope (Carl Zeiss) using ZEN software. An

n = 5 was used for each group.

In vivo BrdU labeling assay

5-Bromo-2-deoxyuridine (BrdU) (Sigma, United States) was

used as an S-phase proliferative marker during blastema

formation. Control animals exposed to 0.1% DMSO (n = 5),

animals exposed to 400 μM apocynin inhibitor treatment, and

animals exposed to rescue treatment (50 μM H2O2 + 400 μM

apocynin) were injected with BrdU intraperitoneally (0, 4 mg/g

body weight) in two pulses (24 and 48 h before blastema tissue

collection) at 9 dpa and 10 dpa according to Arenas et al and

Carbonell et al (Arenas Gómez et al., 2017b; Carbonell et al.,

2021). Blastema tissues collected at 11 dpa were processed for

immunofluorescence as described in the previous item “histology

and immunofluorescence”. A total of five to six histological

sections were analyzed for each replicate. The percentage of

BrdU-positive cells was determined by dividing the number of

BrdU-positive cells by the number of Hoechst-labeled nuclei.

Skeletal preparations

To visualize skeletal structures, alcian blue and alizarin red

staining was performed as previously described (Depew, 2008).

Whole limbs were fixed in 4% PFA in 1X PBS for 48 h.

Subsequently, the samples were washed in distilled water for

24 h, with water replacement every 8 h. Carefully, skin and
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muscle tissue were removed with dissecting forceps. The samples

were then immersed in 0.3% alcian blue solution for 48 h at 37°C,

rehydrated in ethanol series (75%, 40%, and 15%), and washed in

distilled water for 2 h. Then, the samples were left in 1% trypsin/

sodium borate solution for 24 h and exposed to 0.5% alizarin red/

KOH solution for 24 h. Finally, washings were performed with

0.5% KOH, clearing over the next several days by carrying

through a 1% KOH/glycerol solution for 24 h at 3:1, 1:1, and

1:3 ratios, and the samples were left in 87% glycerol for

photography. Photographs were acquired using

stereomicroscopy (Olympus SZX16, Tokyo, Japan) with a

digital camera (MotiCAM 5, Kowloon, Hong Kong).

Measurements of skeletal structures were performed using

Motic Images Plus software (Version 2.0, Kowloon, Hong Kong).

Phagocytic activity

For the evaluation of phagocytic activity, live neutral red

staining was used according to previous studies (Herbomel et al.,

2001; Godwin et al., 2013; Franklin et al., 2017). Neutral red

stains phagocytic cell populations and has a high affinity for

macrophages. This method has been used with great efficiency to

label macrophages in zebrafish as well as to identify macrophage

phagocytic activity during tail and limb regeneration in A

mexicanum (Herbomel et al., 2001; Godwin et al., 2013;

Franklin et al., 2017). The animals were immersed in neutral

red solution 5 μg/ml in Holtfreter’s solution for 6 h.

Subsequently, the animals were left for 24 h in Holtfreter’s

solution to destain them. Finally, the animals were

photographed under a brightfield stereomicroscope with prior

anesthesia. Counting of cells per unit area (1mm2) was

performed using ImageJ.

RNA extraction and RT/Q-PCR

Total RNA was isolated from limb blastema at 11 dpa using

Trizol reagent (Ambion, 15,596-026) according to the

manufacturer’s protocol. Subsequently, cDNA was synthesized

using the RevertAid H minus Strand cDNA Synthesis kit

(Thermo Scientific #K1632) from 500 ng of total RNA,

pretreated with RNase-free DNase I. The cDNA was diluted 1:

10 before qPCR assays. The q-PCR reactions were performed

using iQ SYBER Green supermix and an iCycler iQTm detection

system (Bio-Rad). Gene expression levels were normalized to

endogenous 18S reference gene expression as previously reported

(Zhu et al., 2012). Three independent experiments (n = 3) with

respective biological replicates (n = 3) and technical triplicates for

each experimental point and condition were performed. In

addition, negative controls without the first cDNA strand

were performed for each gene evaluated. Gene expression

levels were calculated by the comparative CT (2−ΔΔCT)

method (Schmittgen and Livak, 2008) and between-group

comparisons were performed by one-way ANOVA and

Tukey’s post-hoc. The sequences of the primers are listed in

Table 1 together with the respective reference where they were

previously described. All protocols and information necessary for

the reproducibility of the experiments will be available to all

interested researchers upon request.

An illustrative diagram of the Overall experimental design is

presented (See Supplementary Figure S1)

Results

ROS production during axolotl limb
regeneration

As a first step to identify whether ROS are necessary during

limb regeneration, we set out to characterize the dynamics of

ROS production during the regeneration of this structure using

2′,7′-dichlorofluorescein diacetate (DCFDA). Following limb

amputation, at 1 dpa high levels of ROS were detected at the

level of the amputation plane and remnant tissue (Figure 1A).

ROS production was confined to the epidermis covering the

wound. These levels increased at 2 dpa maintaining the same

localization pattern; however, at 3 dpa and 5 dpa ROS production

decreased and ROS production remains localized in the wound

epithelium. (Figures 1A,B). At 7 dpa, a new increase in ROS

production was detected in the area circumscribed to thickened

epithelium covering the wound now called the apical epithelial

cap (AEC). These levels were maintained between 9 and 11 dpa

when blastema formation takes place. At 9 dpa ROS remained in

the AEC and at 11 dpa, in addition to localization in the AEC,

signals are detected in presumptive blastema cells (Figure 1A).

Finally, ROS levels decreased at 18 dpa reaching basal levels at

21 dpa (Figures 1A,B). Although ROS levels are less detectable at

18 dpa, ROS can be detected in both AEC and presumptive

blastemal cells. Fluorescence semiquantification shows that ROS

production was detected for at least 18 dpa (Figure 1B). These

results indicate that limb amputation significantly induces

substantial ROS production during the first 2 weeks post-

amputation suggesting a potential role of these molecules

during limb regeneration both in the early stages of the

regenerative response up to blastema formation and growth.

NOXs-dependent ROS production is
required for proper limb regeneration and
exogenous H2O2 rescues limb
regeneration impaired by NOX inhibition

To evaluate the requirement of ROS during limb

regeneration, we blocked the activity of NOXs using the

inhibitor apocynin. Considering the ROS production
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dynamics characterized above, animals were exposed to 400 µM

apocynin and the resulting phenotype was evaluated at 72 dpa.

Initially, considering that early blockade of post-amputation tail

and caudal fin ROS production in zebrafish larvae and adult

animals as well as in Xenopus tails and A mexicanum affects the

regeneration of these appendages (Gauron et al., 2013; Love et al.,

2013; Tauzin et al., 2014; Al Haj Baddar et al., 2019; Carbonell M

et al., 2021), we hypothesized that given this background and

early detection of post-amputation limb ROS production, ROS

blockade of 0 dpa-3pa would generate some perturbation in limb

regeneration in A mexicanum. The animals were incubated in

apocynin from 0 to 3 dpa corresponding to the first wave of ROS

production; however, the animals regenerated their limbs

correctly, without any alteration (See Supplementary Figure

S2). Subsequently, it was decided to increase the apocynin

inhibitor exposure interval from 0 to 11 dpa, covering the

second wave of ROS production according to the ROS

production dynamics (Figure 1B) and to previous studies

showing that extended blockade of ROS production impacts

later events during appendage regeneration (Gauron et al.,

2013; Love et al., 2013; Carbonell M et al., 2021). The results

show that animals exposed to the inhibitor regenerated limbs of

reduced size, resembling a miniature structure when compared to

control animals exposed to 0.1% DMSO (Figures 2A,B).

Additionally, the external morphology of the limbs of

apocynin-treated animals showed no apparent intersegmental

boundary between the regenerated autopod, zeugopod and

stylopod (Figure 2A).

Considering that H2O2 is one of the main products of NOXs

activity and one molecule involved in ROS-mediated redox

signaling and that in a previous study we have shown that

H2O2 is required for tail regeneration in A. mexicanum

(Carbonell M et al., 2021), this prompted us to perform a

rescue assay using 50 µM H2O2 in combination with the

inhibitor apocynin from 0 dpa to 11 dpa. The results show

that exogenous H2O2 allows to rescue the phenotype

generated by the inhibition of NOXs activity (Figures 2A,B).

The regenerated limb in the rescue group presents a larger size

compared to animals treated only with the inhibitor apocynin

and present an external morphology like that observed in

controls exposed to DMSO 0.1%, without apparent syndactyly

or supernumerary digits (Figures 2A,B). Animals exposed to

exogenous H2O2+ 0.1% DMSO showed no differences when

compared to controls in 0.1% DMSO, indicating that the animals

can tolerate this concentration of H2O2 without affecting the

regeneration process (Figures 2A,B). To evaluate whether the

defects observed in animals exposed to the inhibitor were

permanent, re-amputation of the affected limbs was

performed. After re-amputation, the limbs regenerated

similarly to controls exposed to 0.1% DMSO (Figures 2A,B).

This indicates that the defects generated were the result of

transient inhibition of ROS production and that the

remaining tissues still retain the ability to induce a

regenerative response.

On the other hand, to evaluate whether the regenerated limb

with miniature appearance was due to an apparent delay in the

speed of the regenerative process post-exposure to the inhibitor, a

group of animals exposed to apocynin was evaluated at a longer

time corresponding to 124 dpa (approximately twice the time

initially evaluated). The results show that this additional time was

not sufficient for the miniature limbs to reach a similar size to the

controls in DMSO and the rescue group evaluated at 72 dpa

(Figures 2A,B). These results suggest that early-stage ROS

production potentially influences the determination of the

final size of the regenerated structure. Additionally, to ratify

that the phenotype observed post apocynin treatment was a

product of decreased ROS production, post apocynin treatment,

the ROS levels were quantified from 0 dpa to 11 dpa. The results

show a significant reduction in ROS levels when compared to the

control group (Figure 2C).

TABLE 1 List of primers used for Q-PCR.

Gen Forward 59-39 Reverse 59-39 References

Meis1 CCATCTACGGACACCCCCT GGAAGAACACACGTCCCCG Mercader et al. (2005)

Meis2 AGTGGAGGGCACGCTTCT GCTTCTTGTCTTTGTCCGGGT Mercader et al. (2005)

Hoxa13 TCTGGAAGTCCTCTCTGCCG TCAGCTGGACCTTGGTGTACG Mercader et al. (2005)

Prod1 GGTGGCAGTGAGCACAGGGT TGGCATTCCTGTATCAGAGT Shaikh et al. (2011)

RARA ATACTTGGCAGCCAGAAGGT GCCAACGTTGTATGCATCTC Nguyen et al. (2017)

RARB AAAACTCTGAGGGGCTTGAA CTGGTGTGGATTCTCCTGTG Nguyen et al. (2017)

RARG CTTCTGCGTTTGATCCTTCA AGTGAGTATGGGGCTGTTCC Nguyen et al. (2017)

Aldh1a1 AAGACATCGACAAGGCACTG CCAAAAGGACACTGTGAGGA Nguyen et al. (2017)

Aldh1a2 GCCAAGACGGTCACAATAAA CATTCCTGAGTGCTGTTGCT Nguyen et al. (2017)

Yap1 TACCATACCTTCCCAACAAACC TACATTCATTGCTTCTCCGTCT (Carbonell M et al., 2021)

Agr2 GCTTTCAACAAACACCTTCTTCA CCTCCACAGAGCCCAGAC (Carbonell M et al., 2021)

18S AGGCCCTGCCTGCCC TTACGCTACCTTTGCACGGTC Zhu et al. (2012)
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Finally, to confirm whether the rescue effect observed in

the treatments from 0 to 11 dpa was due to H2O2 as such and

not to potential interference between H2O2 and apocynin, we

performed another new rescue assay. Thus, we treated two

groups of animals with apocynin from 0 to 11 dpa and

withdrew the apocynin treatment. Subsequently, one of

these groups previously treated with apocynin was treated

with 50 µM exogenous H2O2 for 7 days until 18 dpa and the

FIGURE 1
ROS production during limb regeneration in A.mexicanum. (A) representative images of ROS production acquired by confocal microscopy. The
pre-amputation image represents the medial area of the non-amputated humerus (basal level of ROS production). ROS production was detected at
the amputation plane at 1, 2, 3, and 5 dpa. At 7 dpa and 9 dpa ROS was detected in the apical epithelial cap (AEC) and at 11 dpa in the AEC and
developing blastema region. White arrowheads represent the amputation plane. Awhite boxwith a dashed line is shown at highermagnification
in lower panel images acquired with differential interference contrast (DIC) in conjunction with fluorescence images for anatomical details. Yellow
arrows indicate epithelial localization of ROS and red arrows localization in blastema cells. (B), Semi-quantification of relative fluorescence intensity.
Fluorescence levels show two apparent waves of ROS production between 1dpa and 3 dpa for the first wave, and between 7 and 15 dpa, for the
second wave of ROS production. One-way ANOVA with a Tukey post-hoc was performed to compare each point with basal levels of pre-
amputation ROS production (n = 10 for each point, 5 animals per point). Data are expressed asmean ± SEM (mean standard error). ***p < 0.001, **p <
0.01, *p < 0.05.
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other group was not treated at all (Figure 3A). At 31 dpa, we

were able to determine that the treatment with 50 µM

exogenous H2O2 effectively promoted a rescue effect on

the regenerating structure in contrast to the group not

exposed to this treatment, which presented an apparent

delay in digit formation and a reduction in the size of the

regenerate (Figures 3B,C). This confirms that the rescue

effect previously observed when apocynin was

administered simultaneously with exogenous H2O2 was

due to the effect of exogenous H2O2, and not to

interference with the inhibitor apocynin (see new

Figure 3). This latter result suggests that exogenous H2O2

can regulate the regenerative response.

Exogenous H2O2 rescues skeletal
alterations generated by blocking NOX-
dependent ROS production

Given our previous observations regarding the post-

inhibition effect of ROS production on the size and external

morphogenesis of regenerated limbs, we proceeded to perform

FIGURE 2
Blocking ROS production by apocynin affects limb regeneration in A. mexicanum. (A), Representative images of animals exposed to different
treatments compared to the control group in 0.1% DMSO. Defects generated by inhibition of NOX activity and rescue treatments (apocynin 400 µM
+ H2O2) are shown. Solid red lines represent the amputation plane. (B), Quantification of regenerated limb size at 72 dpa. Apocynin-exposed group
evaluated at 124 dpa was included. One-way ANOVA and post-hoc Tukeywere performed to compare the evaluated groups (n = 10 per group).
(C), Semi-quantification of ROS levels post-exposure to apocynin inhibitor (n = 7). ROS levels decrease significantly under inhibitory treatment.
Student’s t-test was performed to compare the two groups. Data are expressed as mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05.
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a skeletal analysis using alcian blue and alizarin red staining.

The results showed that animals exposed to apocynin inhibitor

from 0 to 11 dpa regenerated the skeletal structures that make

up the stylopod (humerus), zeugopod (radius and ulna), and

autopod (carpal bones, metacarpals, and phalanges) with a

discernible number of four digits (Figure 4A). However, it

can be globally identified that the skeleton of the regenerated

limb shows a size reduction, recapitulating the external

phenotype of a miniature limb described above (Figure 2A).

Of great importance, treatment with exogenous H2O2 was able

to rescue the size of the skeleton affected by the inhibition of

ROS production, generating a phenotype like that observed in

the control group (Figure 4A). A discriminative analysis for

each skeletal structure shows that treatment with apocynin

generated a proximal-distal reduction in the size of the

humerus, radius, ulna, and zeugopodium when compared to

the control group in 0.1% DMSO (Figures 4B–E). Similarly, it

was identified that the application of exogenous H2O2 peroxide

significantly rescued the size of the affected skeletal structures

(Figures 4B–E). These results suggest that redox signaling

mediated by ROS/H2O2 production during the early stages

of limb regeneration is necessary to regulate the size of

regenerated skeletal structures.

On the other hand, it was identified that inhibition of NOXs

activity resulted in a decrease in the number of carpals in 70% of

the animals treated with the inhibitor, compared to the controls

in 0.1% DMSO, in which a decrease in the number of carpals was

identified in 10% of these animals (less than 8 carpals was

considered as a reduction in the number of these structures).

Of great interest, only 30% of the animals treated with exogenous

H2O2 showed a decrease in the number of carpals, indicating

rescue of the phenotype generated by the inhibition of NOXs

activity (Figures 4F,G). Additionally, the treatments of the

control group exposed to 0.1% DMSO + exogenous H2O2 did

not differ from the control group exposed only to 0.1% DMSO,

confirming that the concentration of H2O2 used does not affect

the regeneration process (Figures 4A–G). These results suggest

that the inhibition of ROS/H2O2 production not only affects the

proximal-distal size of the regenerate but also disturbs the

number of skeletal elements of the autopodium.

Additionally, we observed that the group of animals treated

with the inhibitor apocynin presented failure in the integration

FIGURE 3
Exogenous H2O2 induces a rescue effect on the regenerating structure. (A) Illustrative scheme of the rescue assay performed. (B)
Representative images of regenerating tissues at 11 and 31 dpa of controls in 0.1% DMSO, inhibitory treatments with apocynin and without rescue,
and inhibitory treatments rescuedwith exogenousH2O2. (C)Quantification of regenerate size at 31 dpa.White arrowheads represent the amputation
plane. One-way ANOVA and post-hoc Tukey were performed to compare the evaluated groups (n = 10 per group). Data are expressed as
mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05.
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between the regenerated skeletal tissue and the remaining skeletal

tissue compared to the control group in 0.1% DMSO (Figures

5A–C). For better identification of this defect by using alcian blue

and alizarin red staining, we identified a region that we called the

“area of integration (ai)”, which corresponds to the area where the

regenerated skeletal tissue integrates with the remnant tissue

(junction between the most proximal region of the regenerated

humerus and the distal region of the remnant humerus)

(Figure 5A). Control animals in 0.1% DMSO show an area of

integrity characterized by continuity between the remnant

FIGURE 4
Inhibition of NOXs activity reduces the size of the regenerated skeleton and induces a decrease in the number of carpals in A. mexicanum at
72 dpa. (A), Representative images of the treatments evaluated. The skeleton of apocynin (APO)-treated limbs confirms a miniature limb phenotype.
Treatments with exogenous H2O2 partially rescue the phenotype generated by NOXs inhibition. (B–E), Quantification of the skeletal elements of the
stylopod (humerus), zeugopod (radius and ulna), and autopod (carpals, metacarpals, and phalanges). One-way and post-hoc Tukey ANOVAwas
performed to compare the evaluated groups (n = 10 per group). (F), inhibition of ROS production by APO generated a decrease in the number of
carpals (5 animals had only 5 carpals and 2 animals had six carpals out of 10 animals evaluated). Red arrow, black arrow and dotted circle indicate
apparent ectopic fusions in anterior (ant), posterior (post), and intermediate carpals, respectively. (G), Porcetage of animals with reduction in the
number of carpals observed in the different experimental groups. h, humerus; r, radius; u, ulna. Data are expressed asmean± SEM. ***p < 0.001, **p <
0.01, *p < 0.05.
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humerus and the regenerated humerus (Figure 5B). Histological

sections show continuity between the perichondrium of the

regenerated humerus, periosteum of the regenerating ossified

humerus, and periosteum of the remnant humerus (Figure 5F).

In contrast, 90% of the animals treated with apocynin (9/

10 animals) present integration failure characterized by the

discontinuity between the regenerated humerus and the

remnant humerus (Figures 5C,J). This discontinuity can be

observed as an angular junction between these two skeletal

components; in addition, histological sections show that the

perichondrium of the regenerated humerus does not continue

with the periosteum of the remaining humerus (Figures

5C,G). Of great importance, rescue treatment with

exogenous H2O2 reduced to 40% (4/10 animals) the

FIGURE 5
Inhibitory treatment of NOXs-dependent ROS production affects the integration of the regenerated skeleton and joint morphology in A.
mexicanum at 72 dpa. (A), Illustration of the areas of interest evaluated: ai (integration area) delimited with red brackets. The red circle indicates the
joint area studied. (B–E), representative images of the experimental groups evaluated by alcian blue and alizarin red staining: Controls in 0.1% DMSO,
apocynin (APO) treatment, rescue assay (APO +H2O2) and control exposed to 0.1% DMSO +50 µMH2O2. Yellow dotted lines indicate remnant
bone tissue. (F–I), Histological sections with Masson’s trichrome staining at 5 µm. (F), shows continuity between the regenerated humerus and
remnant skeletal tissue in the “ai”. (G), the integration area shows discontinuity between the regenerated and remnant humerus. (H), application of
exogenous H2O2 rescues the phenotype affected by ROS inhibition. (I), Control animals exposed to 0.1% DMSO + H2O2 show integration between
regenerated skeletal tissue and remnant skeletal tissue. (J), Percentage of animals that presented integration failure in the different experimental
groups. (K,L) Representative images of joint morphology. (K), typical synovial joint morphology. (L), APO treatment affects the joint capsule and
generates constriction of synovial spaces. (M), treatment with exogenous H2O2 rescues the articular morphology. (N), DMSO + H2O2 treatments do
not affect typical joint morphology. (O–R), magnification of area delimited with red dotted lines in K, L, M, and N. (O) A well-defined synovial space
can be observed. (P) Animals treated with apocynin show a fairly constricted synovial space with apparent continuity between the connective tissue
of the articular capsule and the articular surface of the regenerated humerus (orange arrows). (Q) Similar to controls, amore defined synovial space is
observed. (R) An articular morphology as seen in the DMSO controls can be observed. (S), Percentage of animals that presented joint morphological
abnormality in the evaluated groups. Yellow arrows indicate connective tissue joint capsule. Black arrows indicate synovial spaces. ai, integration
area; h, regenerated humerus; r, radius; u, ulna.
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integrity failure between the regenerated skeletal tissue and

the remnant skeleton generated by inhibition of ROS production

(Figures 5D,H). Additionally, only 20% (n = 2/10) of the control

animals exposed to 0.1% DMSO + H2O2 presented integration

failure (Figures 5E,I,J). Taken together, these results suggest that

ROS production during the first 11 dpa is necessary to promote

integration between regenerated skeletal tissue and the remnant

skeleton.

FIGURE 6
ROS is required for cell cycle re-entry, blastema formation, and blastema growth during limbregeneration in A. mexicanum. (A–C),
representative images of blastema formation at 11 dpa of controls (DMSO 0.1%), APO and rescue treatment (APO + H2O2 50 µM). White arrowheads
indicate the amputation plane. (D–F), Hematoxylin-Eosin histologic sections of blastemas at 11 dpa of evaluated groups. (G), Quantification of
blastema size. (H–J), Imnunofluorescence anti-BrdU at 11 dpa. Hydrogen peroxide rescues proliferation (re-entry into the cell cycle) of
blastema cells affected by inhibition of ROS production. White arrows indicate the amputation plane. (K), Quantification of cell proliferation
expressed as percentage of BrdU-positive cells. (L–Q), representative images of blastema growth at 14 dpa and 21 dpa in the different groups
evaluated. (R), quantification of blastema size at 14 and 21 dpa. b, blastema; c, cartilage; ep, epithelium.*, indicates area of fibrous tissue accumulation
between epithelium and remnant cartilage. Black and white arrowheads indicate the amputation plane. A one-way ANOVA with a Tukey post hoc
was performed to compare the groups evaluated (n = 10 for blastema sizes and n = 5 for immunofluorescence analysis). Data are expressed as
mean ± SEM (mean standard error). ***p < 0.001, **p < 0.01, *p < 0.05.
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Finally, considering that the animals that regenerated

miniature limbs did not present a defined boundary between

the stylopod and zeugopod, this prompted us to perform an

analysis of the joint morphology between these two segments.

The results show that control animals exposed to 0.1% DMSO

(90%, n = 9/10) presented a typical synovial joint with defined

acellular synovial cavities and bounded externally by a connective

tissue joint capsule and internally by the articular surfaces of the

humerus, radius, and ulna bones (Figures 5K,O,S). In contrast to

the controls, the animals treated with apocynin presented an

altered articular morphology, characterized by a reduced

articular capsule and apparently absent synovial spaces

(superior and inferior) (80%, 8/10) (Figures 5L,P,S). On the

other hand, animals exposed to rescue treatment with

exogenous H2O2 regenerated a joint with a morphology like

controls, and only 30% (n = 3/10 joints) presented morphological

alterations as those reported in the apocynin-treated group

(Figures 5M,Q,S). Additionally, animals exposed to 0.1%

DMSO + H2O2 (90%, n = 9/10) presented a typical synovial

joint morphology comparable to controls in 0.1% DMSO

(Figures 5N,R). These results suggest a potential role of ROS

in the early patterning of precursors that will form the articular

region between the stylopod and zeugopod.

NOX-dependent ROS production is
required to induce cell cycle re-entry and
blastema formation during limb
regeneration

One of the prominent features during limb regeneration is

blastema formation. The formation of the blastema and the

proliferation of the cells forming this structure are considered

fundamental events for the growth of the regenerating structure

(McCusker et al., 2015). Therefore, considering that inhibition

of ROS production caused a significant reduction in the final

size of the regenerated limb, the next step was to evaluate the

effect of inhibition of NOXs activity on blastema formation.

The results show that at 11 dpa, control animals in 0.1% DMSO

formed an early blastema characterized by the accumulation of

mesenchymal cells between the apical epithelial layer and the

remnant cartilage (Figures 6A,D). In contrast, the apocynin-

treated group of animals from 0 to 11 dpa showed an apparent

absence of blastema formation (Figure 6B). Histological

sections show sparse blastema cells between the epithelium

and remnant cartilage in this experimental group (Figure 6E).

Of great interest, between the epithelial layer and the remnant

cartilage, a predominant deposition of connective tissue was

identified overlying the accumulation of blastemamesenchymal

cells (Figure 6E). Accordingly, we decided to evaluate whether

the application of exogenous H2O2 could rescue blastema

formation. The results show that exogenous H2O2 from 0 to

11 dpa induced the formation of a blastema similar in size and

shape to the control group, favoring the accumulation of

mesenchymal cells between the epithelium and the remnant

cartilage (Figures 6C,F,G). This shows that exogenous H2O2 is

sufficient to rescue the size of the blastema affected by ROS

inhibition. Finally, although at 11 dpa blastema formation was

affected by apocynin treatments, we followed up with these

animals and identified the formation of a late blastema whose

size was smaller compared to the control group in DMSO at

14 and 21 dpa. However, blastema growth in the rescue group

animals experienced similar growth to the control group in

DMSO (Figures 6L–R). These results show that although there

is a delayed blastema formation in apocynin-treated animals, its

size was smaller compared to controls, which correlates with the

final size and miniaturized appearance of the regenerated limb.

Additionally, considering the deficient blastema formation in

apocynin-treated animals, the effect of ROS inhibition on

blastema cell proliferation by BrdU incorporation was

evaluated. The results show that apocynin-treated animals

showed a significant reduction in the percentage of cells

incorporating BrdU compared with the control group in 0.1%

DMSO (Figures 6H,I). Few BrdU-positive cells were detected at

the amputation plane, whereas only a small percentage of positive

cells were detected lateral to the amputation plane in apocynin-

treated animals (Figure 6I). Of great importance, rescue

treatment with exogenous H2O2 increased BrdU incorporation

levels like controls in 0.1% DMSO. Therefore, H2O2 can rescue

the effect generated by inhibition of ROS production (Figures

6J,K). These results suggest that ROS production is required for

cell cycle re-entry and subsequent blastema formation and

growth during limb regeneration in axolotls.

Identifying potential target genes
regulated by ROS production during
axolotl limb regeneration

In order to approach a potential explanation for the

phenotypic alterations observed upon inhibition of ROS

production such as failure of blastema formation, shortening

of regenerated skeletal structures, decrease in the number of

carpals, alteration in joint morphogenesis and failure of the

integrity of the new regenerated structure to the remnant, we

set out to evaluate the effect of ROS on the expression of genes

related to blastema formation and growth in axolotls, we set out

to evaluate the effect of ROS on the expression of genes related to

blastema formation and growth (Agr2 and Yap1), positional

identity and tissue integrity such as Retinoic Acid (RA)

pathway genes such as Aldh1a1, Aldh1a2, Rarβ, Rarα, RarG,

and other positional identity genes such as Meis1, Meis2, Prod1

and Hoxa13. Accordingly, the expression of these genes was

evaluated by RT-qPCR after blocking NOX-dependent ROS

production and after exposure to rescue assay with exogenous

H2O2 from 0 to 11 dpa.
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The results show a significant increase in Prod1 expression

levels upon blocking ROS production compared to the control

group in 0.1% DMSO. Of great relevance, rescue assay with

exogenous H2O2 was able to significantly reduce Prod1

expression to similar levels as those observed for the control

group in 0.1% DMSO (Figure 7A). In addition, we also identified

that like Prod1, Meis1, another gene involved in proximal

identity, increased its expression post-inhibition of ROS

production and its expression levels decreased upon rescue

treatment with exogenous H2O2(Figure 7B). No significant

effects on Meis2 expression were observed (Supplementary

Figure S3). Considering the presence of skeletal alterations in

the distal region such as decrease in the number of carpals, the

effect of ROS on Hoxa13 gene expression was evaluated. In

contrast to Prod1 and Meis1, it was found that inhibitory

treatments with apocynin significantly reduced Hoxa13

expression levels when compared to the control

group. However, rescue treatment with exogenous H2O2

rescued the expression of this gene (Figure 7C).

On the other hand, considering the function of the retinoic

acid pathway on the specification of the identity of the proximo-

distal axis and previous reports linking the expression of Prod1

and Meis1 with this signaling pathway (Da Silva et al., 2002;

Mercader et al., 2005; Kumar et al., 2015) as well as previous

studies showing a regulatory effect of ROS on the activity and

expression of some retinoic acid receptors (Casadevall and

Sarkar, 1998; Demary et al., 2001; Park et al., 2009), we

decided to evaluate the effect of ROS on the expression of

some RA signaling component genes. Inhibition of ROS

production generated an increase in the expression levels of

Aldh1a1 and Rarβ genes, which were rescued by rescue

treatment with exogenous H2O2 when compared with the

FIGURE 7
NOXs-dependent production ROS inhibition and exogenous H2O2 induces expression changes of genes related to blastema formation and
positional identity during limb regeneration in A. mexicanum at 11 dpa. (A–G), RT-qPCR of Prod1, Meis1, Hoxa13, Aldh1a1, Rarβ, Agr2 and Yap1 genes.
The results show that blocking ROS production significantly affects the expression of the genes described here and their expression levels can be
rescued by the application of exogenous H2O2. Gene expression levels were normalized to the expression of the endogenous reference gene
18S. Data are expressed as mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was performed for comparisons between groups
treated with apocynin, exogenous H2O2 and controls in 0.1% DMSO. ***p < 0.001, **p < 0.01, *p < 0.05.
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control group in 0.1% DMSO (Figures 7D,E). No significant

differences were found in the expression of Aldh1a2, Rarα, and

RarG (Supplementary Figure S3). Finally, considering previous

results describing the effect of Agr2 and Yap1 on blastema

formation and the regulation of events such as proliferation

during appendage regeneration in vertebrates and their

relationship with ROS production, we proceeded to evaluate

their expression under conditions of loss and gain of ROS activity

FIGURE 8
NOXs-dependent production ROS inhibition and exogenous H2O2 from 12 dpa to 13 dpa regulate the expression of positional identity and
blastema formation-related genes during limb regeneration in A. mexicanum. (A), scheme of treatments performed. Treatments used are
symbolizedwith colored bars. (B–I) RT-qPCR of Prod1, Meis1, Meis2 Hoxa13, Aldh1a1, Rarβ, Agr2 and Yap1 genes. The results show that blocking ROS
production significantly regulate the expression of these genes and their expression levels can be rescued by the application of exogenous
H2O2. As in the previous trials, the expression levels were normalized to the expression of the endogenous reference gene 18S. Data are expressed as
mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was performed for comparisons between groups treated with apocynin,
exogenous H2O2 and controls in 0.1% DMSO. ***p < 0.001, **p < 0.01, *p < 0.05.
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(Kumar et al., 2007; Hayashi et al., 2014b; Carbonell M et al.,

2021). The results show that ROS inhibition significantly

decreased the expression levels of Agr2 and Yap1 at 11 dpa.

Of great interest, exogenous H2O2 treatments rescued the

expression levels of these genes (Figures 7F,G). These results

suggest that ROS are necessary to regulate the expression of

proximo-distal identity genes. Additionally, these results also

suggest Agr2 and Yap1 as potential mediators of redox signaling

during limb regeneration in A. mexicanum. However, the cell

population in the blastema of apocynin-treated animals was

more reduced than that of the control and rescue groups

which could promote a greater accumulation of proximal

identity cells and consequently a higher expression of

proximal identity genes as shown above (Figures 7A–E).

Therefore, to corroborate whether ROS have a real effect on

the expression of proximo-distal identity genes during blastema

development, we allowed the blastema to grow until 11 dpa and

then apply treatments with the inhibitor apocynin, as well as

rescue assays with exogenous hydrogen peroxide from 12 dpa to

13 dpa (48 h of treatment), and again evaluated the impact of

ROS on the expression of the genes previously evaluated

(Figure 8A).

The results of this new assay show that blocking ROS

production from 12 dpa to 13 dpa induced a decrease in the

expression of Prod1 andMeis1 differing from the results obtained

at 11 dpa, where apocynin treatment promoted an increase in the

expression of these genes (Figures 8B,C). In addition, an increase

in Meis2 expression was now identified (Figure 8D). Like what

was observed at 11 dpa, a decrease in the expression of the distal

identity marker Hoxa13 was identified (Figure 8E). On the other

hand, an increase in the expression of RA pathway component

genes such as Aldh1a1 and Rarβ was similar to that observed at

11 dpa (Figures 8F,G). Of great relevance, H2O2 rescued the

expression of each of the genes regulated by blocking NOXs

activity.

Therefore, considering that the effect on the expression of

proximal identity genes (Prod1 and Meis1) was contrasting at

11 and 13 dpa, the data obtained suggest that the increase in the

expression of these genes and the decrease in Hoxa13 expression

at 11 dpa was potentially attributed in this case, more to a

predominant accumulation of proximal identity cells and a

probable lack of distal identity cells as a consequence of the

failure of blastema cell formation generated by the effect of ROS

inhibition, than to an effect of ROS/H2O2-mediated

transcriptional regulation. However, given that assays blocking

ROS production from 12 to 13 dpa, when presumably proximal

and distal identity cell populations are already present generated

changes in the expression of several genes (including Prod1,

Meis1, Meis2, Hoxa13, Rarβ and Aldh1a1) when compared to the

control group, and their expression was rescued by exogenous

H2O2 treatments, the data further suggest, that ROS/H2O2 does

indeed regulate the expression of these proximal-distal identity

genes during blastema formation and growth. Thus, ROS

production is necessary for the formation of blastema cells

and the expression of their proximo-distal identity genes

necessary for the growth of the blastema and its derivatives.

In addition to proximodistal identity genes, blocking ROS

production from 12 to 13 dpa reduced the expression levels of

Yap1 and Agr2, which were rescued by exogenous H2O2

treatments corroborating the transcriptional regulation of

these genes by ROS (Figures 8H,I).

Inhibitory treatments of NOXs by apocynin
and exogenous H2O2 treatments impact
inflammatory cell recruitment and
phagocytic activity

Inflammatory cell recruitment represents a prominent feature

following tissue injury or appendage amputation in different

vertebrate animal models such as zebrafish and Xenopus

(Niethammer et al., 2009; Love et al., 2013). In zebrafish, NOX-

dependent ROS production is required to promote leukocyte

recruitment following tail amputation (Niethammer et al., 2009;

Yoo et al., 2011). Of great interest, post-amputation of limbs in A

mexicanum, macrophage recruitment is required for proper

regeneration of this structure (Godwin et al., 2013), and previous

studies during tail regeneration in this animal model have shown

that NADPH oxidase-dependent ROS production is required to

promote leukocyte recruitment (Carbonell M et al., 2021). In

addition, several studies have shown that apocynin possesses

anti-inflammatory properties mediated by the regulation of

NADPH oxidases and oxidative stress, which has been explored

in several inflammatory diseases. (Kim et al., 2012; Hwang et al.,

2019; Boshtam et al., 2021). This background motivated us to

question whether inhibitory treatments of ROS production using

the NOX inhibitor apocynin have any effect on the inflammatory

response after limb amputation. To address this question, we first

evaluated the effect of blocking ROS production from 0 dpa to

11 dpa on leukocyte recruitment using a leukocyte pan marker,

CD45 (Im et al., 2011). The results show a significant reduction in

CD45 + leukocyte recruitment in animals treated with the inhibitor

apocynin compared to controls in DMSO (Figures 9A,B,G). Of great

interest, rescue treatment with exogenous H2O2 rescued the

recruitment of these cells and even promoted higher recruitment

of CD45 + cells when compared to controls in 0.1% DMSO (Figures

9C,G). The CD45 + cells were predominantly located in the region

underlying the amputation plane (Figures 9A–C). Subsequently, to

evaluate the effect of blocking ROS production on monocyte/

macrophage recruitment, we used the CD11b marker, previously

used in this animal model for the same purpose (Godwin et al.,

2013). Similar to what was observed previously, treatment with

apocynin reduced the number of CD11b + cells compared to the

control group, and relevantly, treatment with exogenous H2O2

promoted a greater increase in monocyte/macrophage

recruitment compared to both the group exposed to the
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FIGURE 9
The production of ROS generated post-amputation of the limb is necessary for the recruitment and phagocytic activity of inflammatory cells.
(A–C), Representative immunofluorescence images against the leukocyte pan marker CD45 at 11 dpa. Boxes in white dotted lines are shown at

(Continued )
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inhibitory treatment and the control group in DMSO (Figures

9D–F,H). Finally, we set out to evaluate the effect of inhibitory

treatment with apocynin on macrophage phagocytic activity using

the neutral red labelingmethod previously used in this animalmodel

(Godwin et al., 2013; Franklin et al., 2017). The results show a

remarkable accumulation of phagocytic cells in the blastema of

control animals in 0.1% DMSO (Figures 9I, 9I’). In contrast,

treatment with apocynin reduced the number of phagocytes

(Figures 9J,J’,L). On the other hand, treatment with exogenous

H2O2 rescued the number of phagocytic cells, which were widely

located in the blastema region (Figures 9K,K’,L). Consistently,

neutral red-positive cells were located at sites comparable to

CD11b + cells. In the first instance, these results suggest that

NADPH oxidase-dependent ROS production is required for the

recruitment and activity of inflammatory cells whether leukocytes or

monocytes/macrophages. This then suggests that the inflammatory

response represents a potential mechanism for mediating ROS

function during limb regeneration in A. mexicanum.

Discussion

ROS production and signaling are
conserved during the regeneration of
appendages such as tail and limbs in
vertebrates

Recently, ROS have emerged as a group of key molecules in

redox signaling, among them H2O2 (Sies, 2017; Sies and Jones,

2020b). ROS are highlighted because they can regulate a wide

range of cellular processes including proliferation, migration,

differentiation, and apoptosis, among others (Milkovic et al.,

2019; Sies and Jones, 2020b; Sun et al., 2020). This has promoted

a growing interest in the requirement of these molecules during

biological processes such as the regeneration of tissues and

complex structures such as appendages, including tails and

limbs in vertebrates (Meda et al., 2017, 2018; Rampon et al.,

2018). Our results show that post-amputation of limbs in axolotl,

ROS production was detected up to 18 dpa, with peaks of

production at 2, 7, and 11 dpa which correlates with events

such as wound closure, blastema formation, and growth. These

results are comparable with previous results obtained in our

group where after tail amputation in juvenile salamanders, ROS

production was also detected at these stages of the regenerative

process (Carbonell M et al., 2021). Similarly, another study

performed in embryos of the same species shows that ROS

production is also detected during wound closure and

blastema formation (Al Haj Baddar et al., 2019). In the

present study, NOX-dependent blockade of ROS production

affected the size and patterning of the regenerated limb.

Consistent with these results, blocking ROS production during

tail regeneration in embryonic and juvenile axolotls also

perturbed regeneration of this structure (Al Haj Baddar et al.,

2019). This suggests that NOX-dependent ROS signaling

represents a conserved mechanism during regeneration of

appendages such as tail and limb in the salamander A.

mexicanum. On the other hand, studies in other vertebrate

species show that post-amputation of tail in Xenopus, Gecko,

and tail fin in zebrafish, ROS production is also part of an

immediate response which is sustained during the early stages

of the regeneration process (Gauron et al., 2013; Love et al., 2013;

Ferreira et al., 2016, 2018; Meda et al., 2016; Zhang et al., 2016;

Romero et al., 2018). Similarly, blocking ROS production during

regeneration in these species disrupts the regeneration of the

amputated structure. Additionally, studies in Xenopus tadpoles

during stages 52–53 show that ROS production is necessary for

regeneration of amputated limbs (Zhang et al., 2018). Taken

together, our results suggest that NOXs-dependent ROS/H2O2

signaling is a conserved mechanism during appendage

regeneration among different vertebrate species with

regenerative capacity, and in particular, its production is

required during limb regeneration in urodele amphibians such

as axolotls, and other amphibians such as Xenopus.

NOX-dependent ROS production is
necessary for cell cycle re-entry and
blastema formation during limb
regeneration

Blastema formation and growth are critical steps during

epimorphic limb regeneration (Tassava et al., 1987; McCusker

et al., 2015; Stocum, 2019). Thus, the recruitment of progenitor

cells from remnant “Stump” tissues and the re-entry of these cells

FIGURE 9
higher magnification in solid line boxes for each image. (A) CD45 + cells are predominantly located in the blastema region adjacent to the
amputation plane. (B) A reduced number of CD45 + cells are observed near the amputation plane. (C) a notable increase of CD45 + cells are observed
in the region of the blastema and the amputation plane. (D–F), Representative immunofluorescence images against CD11b. A higher presence of
CD11b + cells can be seen in the control group compared with the apocynin-treated group. Animals exposed to rescue treatment show a
prominent accumulation of CD11b + cells in the blastema and amputation plane. (G,H), quantification of CD45 and CD11b + positive cells,
respectively. (I–K), vital staining with neutral red at 11 dpa. Representative images of control animals in 0.1% DMSO, exposed to apocynin inhibitor
(APO) and rescue assays. Boxes in dotted white lines are shown at higher magnification in (I9,j9,K9) for each experimental group. (L), quantification of
cells positive for neutral red staining. Data are expressed as mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was performed for
comparisons between groups treated with apocynin, exogenous H2O2 and controls in 0.1% DMSO. ***p < 0.001, **p < 0.01, *p < 0.05.
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into the cell cycle are necessary events for blastema development

(Tassava et al., 1987; Heber-Katz et al., 2013; McCusker et al.,

2015). In the present study, blocking NOX-dependent ROS

production from 0 dpa to 11 dpa affected blastema formation

(failure of blastema progenitor recruitment) and significantly

decreased BrdU incorporation, reflecting a reduction in cell cycle

reentry. Consistent with our results, previous studies show that

blocking ROS production during tail regeneration in embryonic

and juvenile axolotls disrupts blastema formation and reduces

cell proliferation (Al Haj Baddar et al., 2019). Additionally,

studies in other vertebrates such as Xenopus and zebrafish

show that ROS production induced post-amputation of tail

and tail fin is necessary to promote blastema cell formation

and proliferation (Yoo et al., 2012; Gauron et al., 2013; Love et al.,

2013). Relevantly, our results show that the application of

exogenous H2O2 rescues blastema formation and increases cell

proliferation levels in limbs exposed to the inhibitor apocynin.

These findings are consistent with previous results showing that

overexpression of cyba, an inducer of ROS production, rescues

blastema formation inhibited by mcr4 receptor activity-

dependent reduction in ROS production during limb

regeneration in Xenopus (Zhang et al., 2018). Similarly, during

tail regeneration in this animal model, H2O2 production induced

by cyba overexpression rescues blastema formation (Love et al.,

2013). Like our results, the application of exogenous H2O2

rescues blastema formation, proliferation, and growth

inhibited by NOXs complex blockade during tail regeneration

in axolotls (Carbonell M et al., 2021). On the other hand, during

zebrafish tail fin regeneration, exogenous H2O2 treatments rescue

cell proliferation levels and blastema formation in denervated

fins or fins exposed to SHH signaling inhibitors (Meda et al.,

2016; Thauvin et al., 2022). Accordingly, our results suggest that

ROS, particularly H2O2, are required as early signals for blastema

formation and re-entry into the cell cycle of blastema progenitors

during limb regeneration in axolotl like that observed in other

vertebrates.

To date, the molecular and cellular mechanisms by which

ROS/H2O2 regulate blastema formation and proliferation in

vertebrates are still under study and a small number of studies

show some evidence of interactions between ROS and other

signaling pathways (Yoo et al., 2012; Gauron et al., 2013; Love

et al., 2013; Romero et al., 2018; Thauvin et al., 2022). Our results

show that inhibition of ROS production generated a reduction in

Agr2 (nAG) and Yap1 expression at 11 dpa during early/mid

blastema formation, positioning these genes as new potential

mediators of ROS signaling. Of great interest, the expression of

these genes was rescued post-treatment with exogenous H2O2.

These results agree with previous studies, where post-amputation

of tails in axolotls, similar treatments generate a similar effect on

Agr2 and Yap1 expression during early blastema formation

(Carbonell M et al., 2021). Additionally, in this animal model,

blocking ROS-dependent YAP1 signaling decreases cell cycle re-

entry andmitotic index, affecting blastema formation and growth

(Carbonell M et al., 2021). Of great relevance, during limb

regeneration in axolotls, YAP1 has been detected at the

nuclear level in proliferating blastema dedifferentiated cells,

and blocking its activity, delays blastema formation and

growth, like what was observed in the present study by

blocking ROS production (Erler, 2017). Likewise,

YAP1 activity is necessary to promote blastema proliferation

and formation during tail and limb regeneration in Xenopus

(Hayashi et al., 2014b; 2014a). In addition, several studies

demonstrate that Yap1 expression and transcriptional activity

is regulated by ROS, particularly H2O2 (Delaunay et al., 2000;

Veal et al., 2003; Dixit et al., 2014; Tung et al., 2018; Shome et al.,

2020). Regarding Agr2, consistent with our results, previous

studies show that ROS can regulate its expression in

regeneration and cancer contexts (Zweitzig et al., 2007; Chevet

et al., 2013; Carbonell M et al., 2021) and nAG can promote

regeneration of denervated limbs, as well as induce a high

mitogenic response on blastema cells in newts (Kumar et al.,

2007; Grassme et al., 2016). Therefore, our results and the above

results suggest that ROS signaling could potentially be mediated

by YAP1 and AGR2 to induce blastema formation during limb

regeneration.

Finally, taking into account the localization of ROS

production detected in this study and that its blockade led to

alterations in gene expression and failure of blastema formation,

and the fact that in salamanders signals from the epithelium and

from the blastema itself are necessary to induce its formation and

growth, respectively (Mullen et al., 1996; Han et al., 2001;

Christensen et al., 2002; Stocum, 2017; Lovely et al., 2022), we

propose two potential ways by which ROS can regulate the

expression and potential activity of signals required for

blastema formation. 1) according to the remarkable ability of

ROS, especially hydrogen peroxide to diffuse with great ease

across membranes (Veal et al., 2007; Miller et al., 2010; Bienert

and Chaumont, 2014; Sies, 2017; Ledo et al., 2022), it could

potentially regulate the expression and activity of genes and

signaling pathways directly on blastema cells at the expense of its

outstanding diffusion capacity from the epithelium to the

blastema and between cells of the same blastema. 2) On the

other hand, although in our work we did not evaluate the effect of

ROS on the activity and expression of genes and activation of

signaling pathways with epithelial predominance, ROS could also

regulate the expression of soluble factors from the epithelium

(AEC), which in turn can influence signaling pathways in the

remaining tissue and the blastema itself to regulate its formation

and growth. Additionally, considering that the localization of

ROS was persistent in the AEC and the blockade of NOXs only

slowed the rate of blastema formation without completely

blocking its formation, then the function of the AEC as an

inducer of blastema formation was not blocked in its entirety

but transiently. Further studies are required to evaluate the effect

of ROS on the expression and activity of epithelial and

mesenchymal localized genes in the blastema.
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ROS/H2O2 an early signal potentially
involved in the determination of
regenerated limb size

The regulation of growth and determination of the final size

of a developing structure or during regeneration represents an

area of great interest and the underlying mechanisms are still

debated (Hafen and Stocker, 2003; Tornini and Poss, 2014;

Penzo-Mendez and Stanger, 2015; Vollmer et al., 2017; Wells

et al., 2022). Our results show that blocking ROS production

during the early stages of regeneration (early/mid blastema

formation) generated a significant shortening in the final size

of the regenerate and its skeletal components, simulating a

miniature limb. We hypothesize that a first potential

explanation for this phenotype can be attributed to the

formation of a reduced blastema size caused by decreased cell

cycle re-entry and decreased amount of progenitor cells post-

blockade of ROS production. This approach is consistent with

previous results showing that the reduction in proliferation levels

and progenitor cell numbers in axolotl limb buds by colchicine

results in the development of miniature limbs as a product of a

decrease in the embryonic field “limb bud area" (Alberch and

Gale, 1983). Therefore, the reduction in this embryonic field

could be equivalent to the decrease in blastema size observed in

the present study. Similarly, other studies have shown that

repeated amputations during limb regeneration in axolotls

generate a miniature limb phenotype, which developed from a

reduced blastema size, similar to that observed in our study

(Bryant et al., 2017). Of great interest, the authors showed that re-

amputation of the miniaturized limb generates a reduced size

blastema and consequently, a new miniaturized limb, suggesting

that local blastema tissue size and cellular bias represent a major

force for size determination during regeneration (Bryant et al.,

2017). Supporting our approach, similar to our results, blocking

ROS production during regeneration of other appendages such as

tail in salamanders, Xenopus, Gecko, and tail fin in Zebrafish

reduces the size of the regenerated appendage (Gauron et al.,

2013; Love et al., 2013; Zhang et al., 2016; Carbonell M et al.,

2021). Accordingly, our results suggest that ROS production is

necessary as an early signal to promote an adequate number of

progenitor cells in the blastema to support its growth and the

final size of the regenerated structure.

Several studies show that from early stages the presence of the

nerve is necessary to promote blastema formation and growth,

and denervation of a mid-stage blastema (Singer, 1978; Mullen

et al., 1996; Stocum, 2019), as well as blockade of early nerve-

regulated signals (Farkas et al., 2016; Satoh et al., 2016;

Purushothaman et al., 2019) result in miniature limbs,

indicating that from early stages the nerve and other signals

regulate the size of the regenerate. Wells et al demonstrated that

nerve fiber thickness as well as factors produced from the nerve

are determinants from the early tiny stage in regulating the

growth rate and determining the final size of the regenerated

limb (Wells et al., 2021). Similar to the requirement of the nerve

to regulate the size of the regenerate, our results show that ROS

blockade from 0 dpa to 11 dpa, affects the final size of the

regenerated limb. Additionally, this phenotype is rescued by the

addition of exogenous H2O2 and relevantly, previous reports

have suggested an integration between ROS signaling and nerve

(Meda et al., 2018). Therefore, it is feasible to hypothesize that

ROS production could regulate the production of factors from

the nerve affecting the size of the regenerate. Previous studies in

Zebrafish show that ROS production regulates Shha expression

in Schwann cells and reciprocally, HH (shha) signaling from

these cells controls ROS levels and rescues the size of the

regenerated caudal fin in animals treated with ROS

production inhibitors (Meda et al., 2016; Thauvin et al., 2022).

Of great relevance, our results show that blocking ROS

production and exogenous H2O2 affect Agr2 expression levels,

which has been previously detected in Schwann cells during limb

regeneration in axolotls (Kumar et al., 2010) and overexpression

of this gene promotes blastema formation and denervated limb

regeneration in newts (Kumar et al., 2007). Notably, limb

denervation in Xenopus reduces the ROS production required

for the regeneration of this structure and Agr2 inhibition reduces

the regenerated tail area in this same animal model (Zhang et al.,

2018; Ivanova et al., 2021). Additionally, during tail regeneration

in salamanders, blocking ROS production reduces Agr2

expression levels and the final size of the regenerate

(Carbonell M et al., 2021). Therefore, these findings suggest

that from early stages ROS could regulate the production of

Agr2 from the Schwann cells, without excluding the production

of other factors such as Shh, Fgf, Wnt and Bmp also necessary for

limb regeneration (Mullen et al., 1996; Kawakami et al., 2006;

Guimond et al., 2010; Wischin et al., 2017; Purushothaman et al.,

2019) and regulated by ROS during the regeneration of other

appendages (Love et al., 2013; Meda et al., 2016; Satoh et al., 2016;

Romero et al., 2018) to favor an adequate regenerative response

that contributes to growth control and size of the regenerate.

On the other hand, several of the genes regulated by blocking

ROS production, such as Prod1 and Yap1, have been previously

implicated in the regeneration of shortened structures. The

shortening of skeletal structures of regenerated limbs in

axolotl has also been evidenced after overexpression of Prod1,

which also reduces proliferation levels in the blastema (Echeverri

and Tanaka, 2005). Consistent with our results, Yap1 expression

and its transcriptional activity are regulated by ROS/H2O2

production (Delaunay et al., 2000; Veal et al., 2003; Kim and

Hahn, 2013; Tung et al., 2018; Shome et al., 2020), and of great

interest, its activity has been implicated in the control of organ

and appendage size in contexts such as development and

generation (Camargo et al., 2007; Dong et al., 2007; Halder

and Johnson, 2011; Hayashi et al., 2015). Particularly, during

tail regeneration in Xenopus and axolotls, blocking Yap1

transcriptional activity causes regeneration of reduced size

tails and in the axolotls model, its activity was dependent on
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ROS production (Hayashi et al., 2014a). Considering the above,

our results suggest that ROS signaling can regulate growth and

size determination through Yap1 signaling and Prod1 during

limb regeneration. Furthermore, although in our study we did

not evaluate the effect of ROS on tissue differentiation, a

premature differentiation of tissues with a reduction in tissue

growth is not excluded as a potential mechanism to explore as a

cause for this phenotype. Accordingly, our results propose ROS

signaling as a new candidate for regulating regenerate size early

in the regenerative process, potentially participating in blastema

patterning and proliferation. Further studies are required to

elucidate the mechanisms proposed here.

Regulation of positional identity genes by
ROS and their potential relationship to
skeletal defects generated post-inhibition
of NADPH oxidases

Our results show that blockade of ROS production from

0 dpa to 11 dpa generated a series of skeletal alterations that

included in addition to proximal-distal shortening of skeletal

structures: failure of integration between the regenerated

structure and the remnant tissue, and decrease in the number

of carpals, and alteration in joint morphogenesis. Likewise,

blocking ROS production generated overexpression of gene

Meis1,Meis2, Prod1, Rarβ, and Aldh1a1, and a reduction in

the expression of the Hoxa13. Of great relevance, both skeletal

alterations and expression levels of these genes were rescued by

exogenous H2O2 treatments, suggesting that ROS/H2O2

production from early stages is required for the final

patterning of skeletal structures and its function, may

potentially be mediated by the activity of these positional

identity genes.

Comparable to our results, integration failures have been

reported when regenerating limbs are exposed to different

exogenous treatments such as vitamin D and RA (Niazi et al.,

1985; McCusker et al., 2014; Vieira et al., 2018). The application

of exogenous RA during early/late blastema formation generates

ectopic integration characterized by hypertrophic growth and a

discontinuity in the area of integration between the newly

regenerated humerus and the remnant tissue, similar to what

was observed in our study when ROS production is blocked

(Niazi et al., 1985). Although to date, the mechanisms

responsible for the failure of integration have not been

elucidated, several authors suggest that a potential explanation

may be related to disturbances in positional identity (McCusker

and Gardiner, 2014; Vieira and McCusker, 2018). Accordingly,

overexpression of several proximal identity genes such as Mesi1,

Prod1, Rarβ, and Aldh1a1 after ROS inhibition may, on the one

hand, affect the positional values of proximal cells that potentially

contribute to the integration between the new regenerate and the

remaining tissues and, on the other hand, may promote some

degree of proximalization of more distal cells, which by

preserving part of their distal identity, may affect integration

by a “discontinuity of positional values” as has been previously

proposed (McCusker and Gardiner, 2014).

Accordingly, ROS function could be mediated by RA and

previous studies have shown a relationship between the redox

state and RA signaling (Casadevall and Sarkar, 1998; Demary

et al., 2001; Cao et al., 2015). Studies performed in melanoma

tumor cell lines and fibroblasts show that antioxidant treatments

or overexpression of antioxidant enzymes increase the binding of

RA receptors (RARa/RARβ) to RARE (Retinoic Acid Response

Elements) and the application of exogenous H2O2 stabilizes RA

signaling by decreasing the affinity of its receptors to RARE

(Demary et al., 2001; Park et al., 2009). Additionally, Rarβ

expression levels are increased by reducing ROS levels and

rescued post-application of exogenous H2O2, similar to what

was observed in our results (Park et al., 2009). Of great interest,

during AR-dependent nephrogenesis in Xenopus, peroxiredoxin

1(Prdx1) functions as a modulator of AR signaling by regulating

ROS levels (Chae et al., 2017). Therefore, we hypothesize that

optimal levels of ROS are necessary to maintain balanced RA

signaling (including RARa) and consequently, the expression of

other genes such asMeis1, Meis2 and Prod1 for the establishment

of positional identity values that favor integration between the

regenerated structure and the remnant tissue during limb

regeneration in axolotls.

On the other hand, inhibition of ROS production also

generated decrease in the number of carpals and alterations in

elbow joint morphogenesis. Previous studies show that the

specification of intersegmental precursor cells (stylopod,

zeugopod, and autopod) during limb regeneration in axolotls

is progressively defined during blastema formation and growth

(from early, middle, to late blastema) and follows a pattern

similar to that reported during development (Echeverri and

Tanaka, 2005; Roensch et al., 2013). Previous studies show

that this specification is regulated by HoxA family genes.

Particularly Hoxa13-positive cells located more distally in the

mid blastema are determined to form autopod structures

(Gardiner and Bryant, 2004; Roensch et al., 2013). Our results

show that ROS blockade during early/mid blastema formation

reduced Hoxa13 gene expression and generated a decrease in the

number of carpals; additionally, these alterations and Hoxa13

expression were rescued by the application of exogenous H2O2.

Although there are no previous reports evidencing

transcriptional regulation of Hox genes by ROS, a previous

study shows that the transcriptional activity of the

HoxB5 factor is dependent on its ROS-mediated oxidation

(Galang and Hauser, 1993). Therefore, this background and

our results suggest that ROS, specifically H2O2, could regulate

distal cell identity by mediating activity and Hoxa13 factor

expression for the correct patterning of blastema cells destined

to form distal structures such as carpal bones either directly or

indirectly through RA signaling. Additionally, the phenotype of
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reduced carpal number could be due to decreased levels of cell

proliferation, or potentially, to a differentiation defect, such as

“premature differentiation” as proposed above for skeletal

shortening, which would not allow the formation of the

correct number of carpals. Further trials evaluating this

approach are needed.

ROS production as a potential regulatory
mechanism of the inflammatory response
during limb regeneration

Following amputation of appendages in different vertebrate

models, several responses of adjacent tissues have been identified

(Yoo et al., 2012; Ferreira et al., 2016; Liu et al., 2021). Within

these responses, ROS production and activation of the

inflammatory response top the list of major events

(Niethammer et al., 2009; Yoo et al., 2011; Godwin et al.,

2013; Meda et al., 2018; Niethammer, 2018; Al Haj Baddar

et al., 2019; Carbonell M et al., 2021; Liu et al., 2021).

Our results show that ROS production is required for blastema

formation and proper regeneration of the limb. Additionally, our

data show that blocking ROS production affects the recruitment of

cells such as leukocytes (CD45+) including CD11b + monocytes/

macrophages, as well as phagocytic activity. The relationship

between ROS production and the inflammatory response has

been described in principle under the fact that

polymorphonuclear leukocytes generate ROS from NADPH

oxidase activity as an antimicrobial mechanism (Gabig and

Babior, 1979; Panday et al., 2015). However, in the context of

regeneration, the functional relationship between ROS production

and the inflammatory response is still unclear. Previous studies in

Zebrafish show that NADPH oxidase Duox-dependent ROS

production is necessary to promote leukocyte recruitment

favoring their directionality and tissue infiltration during tail

regeneration (Niethammer et al., 2009). On the other hand, in

adult zebrafish and larvae it has been identified that H2O2

production from the wound epithelium is necessary to activate

the redox sensor protein Lyn in neutrophils favoring the recruitment

of these cells (Yoo et al., 2011). Previous results in our group have

shown that during tail regeneration in A mexicanum blocking ROS

production reduces leukocyte recruitment to the site of blastema

formation (Carbonell M et al., 2021). Therefore, our results and the

aforementioned studies suggest that ROS production acts as a

necessary signal to promote post-amputation inflammatory cell

recruitment of appendages such as tails and limbs. This function

would be predominantly regulated from the wound epithelium and

AEC from where the main source of ROS concerning limb

regeneration in A mexicanum was identified. However, although

the inflammatory response has been suggested as a determinant

factor for the regenerative response, several studies show some

contrasting results among vertebrates (Godwin and Brockes,

FIGURE 10
Graphical abstract of the results obtained and putative mechanistic insight of ROS in regeneration. Following limb amputation, ROS are
produced. The production of ROS is necessary for the re-entry into the cell cycle of the remaining tissues and consequently for the formation and
growth of the blastema. ROS also regulates the expression of genes previously involved in blastema formation such as Yap1 and Agr2. This suggests
that ROS production-dependent blastema size influences the final size of the limb and its regenerating skeleton. Moreover, ROS regulates the
expression of proximal-distal identity genes, suggesting that the obtained phenotype of integration failure between the regenerated and remnant
skeleton as well as alterations in joint morphogenesis could be regulated by ROS production. In addition, ROS are necessary to promote the
recruitment of inflammatory cells such as leukocytes including monocytes/macrophages during blastema formation, as well as their phagocytic
activity. Therefore, we hypothesize that the regulation of the inflammatory response represents a potential mechanism by which ROS mediate its
function during axolotl limb regenearation. The solid black lines represent the results obtained in this work and the dotted blue lines represent the
proposed relationships according to previous studies and those obtained in this work.
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2006; Mescher and Neff, 2006; Godwin et al., 2017). Studies in

Zebrafish show that immune system cell depletion does not affect

caudal and tail fin regeneration in embryos and adults of this species

(Mathew et al., 2007; Yoo et al., 2012). On the other hand, similar

results have been reported in the Xenopus model, where myeloid

precursor depletion does not affect tail regeneration (Love et al.,

2013). Thus, although in each of these models ROS production is

necessary to promote regeneration and recruitment of these cells, in

these species it appears that the inflammatory response is not the

mechanism by which ROS mediate their role in the regenerative

response. However, in other vertebrate models, the recruitment of

inflammatory cells is required for the regenerative response. Studies

in A mexicanum show that monocyte/macrophage recruitment is

required for limb regeneration (Godwin et al., 2013). Thus, early

macrophage depletion blocks regeneration and promotes scar tissue

formation between the remnant tissue and the wound epithelium

affecting blastema formation. On the other hand, macrophage

depletion at a later stage generates a delay in regeneration and

reduce the expression of Mmp9/Mmp3 and failure of extracellular

matrix remodeling. Additionally, it reduces the expression of

blastema markers such as Prrx1 and Sp9, as well as reduces the

activation of TGFβ, necessary for blastema formation and

progression of the regenerative response (Godwin et al., 2013).

Interestingly, our results show that blocking ROS production, in

addition to generating a decrease in monocyte/macrophage

(CD11b+) recruitment and a reduction in their phagocytic

activity, affected blastema formation. ROS blockade promoted the

formation of a fibrous tissue between the epithelium and the

remnant tissue, similar to that reported when macrophage

depletion is induced (Godwin et al., 2013). These findings

suggest that in the case of limb regeneration in A mexicanum,

regulation of the inflammatory response could represent a potential

mechanism by which ROS may be mediating processes such as

extracellularmatrix remodeling necessary for blastema formation. In

support of this, in contexts other than regeneration such as cancer,

ROS have been implicated during extracellular matrix remodeling

by mediating the expression of several metalloproteinases (Svineng

et al., 2008; Shin et al., 2015; Hsieh et al., 2017). Further assays are

needed to assess whether ROS blockade affects the activity of the

metalloproteinasesMMP9 andMMP3, as well as the expression and

activation of other pathways regulated by macrophage activity

during limb regeneration in the A mexicanum model.

Conclusion

Overall, our results propose ROS, particularly H2O2 as an

early signal necessary for proper limb regeneration in

salamanders, mediating in the first instance the formation and

growth of the blastema. Likewise, it was evidenced that ROS/

H2O2 are necessary for the correct morphogenesis and size of the

skeletal structures, as well as for the correct integration between

the new regenerated structure and the remaining tissue. Finally,

according to the transcriptional regulation evidenced in the

present work, the function of ROS/H2O2 would be potentially

related to the proximal-distal specification of intersegmental

precursors for stylopod, zeugopod, and autopod formation.

Additionally, our results show for the first time that ROS are

necessary to promote the recruitment of inflammatory cells such

as leukocytes including monocytes/macrophages during

blastema formation, as well as their phagocytic activity

(Figure 10). Future studies are needed to further decipher the

mechanism by which ROS such as H2O2 participate in limb

regeneration and how their activity relates to signaling pathways

involved in proximal-distal and anterior-posterior specification

during limb regeneration.
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Honey bee (Apis mellifera) adult workers change behaviors and nutrition

according to age progression. Young workers, such as nurses, perform in-

hive tasks and consume protein-rich pollen, while older workers (foragers) leave

the colony to search for food, and consume carbohydrate-rich nectar. These

environmentally stimulated events involve transcriptional and DNA epigenetic

marks alterations in worker tissues. However, post-transcriptional RNA

modifications (epitranscriptomics) are still poorly explored in bees. We

investigated the transcriptional profiles of m6A and m5C RNA

methyltransferases in the brain and fat body of adult workers of 1) different

ages and performing different tasks [nurses of 8 days-old (N-8D) and foragers of

29 days-old (F-29D), sampled from wild-type colonies], and 2) same-aged

young workers caged in an incubator and treated with a pollen-rich [PR] or

a pollen-deprived [PD] diet for 8 days. In the brain, METTL3, DNMT2, NOP2,

NSUN2, NSUN5, and NSUN7 genes increased expression during adulthood

(from N-8D to F-29D), while the opposite pattern was observed in the fat body

for METTL3, DNMT2, and NSUN2 genes. Regarding diet treatments, high

expression levels were observed in the brains of the pollen-deprived group

(DNMT2, NOP2, and NSUN2 genes) and the fat bodies of the pollen-rich group

(NOP2, NSUN4, and NSUN5 genes) compared to the brains of the PR group and

the fat bodies of the PD group, respectively. Our data indicate that RNA

epigenetics may be an important regulatory layer in the development of

adult workers, presenting tissue-specific signatures of RNA

methyltransferases expression in response to age, behavior, and diet content.
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Introduction

The adult life of honey bee (Apis mellifera) workers is

characterized by a temporal polyethism, in which individuals

progressively experience different tasks and behaviors during

their lifetime. This age-related polyethism is accompanied by

alteration of the feeding regimes. Young workers feed on pollen, a

predominant source of protein, lipids, vitamins, and minerals

(Brodschneider and Crailsheim, 2010). During this period, they

perform in-hive tasks, such as feeding the developing larvae, a

behavior that characterizes them as nurses (Winston, 1987; Page

and Peng, 2001). Around the third week of adulthood, workers

start to go outside the colony to collect pollen, nectar, resins, and

water, a behavior that characterizes them as foragers (Winston,

1987; Page and Peng, 2001). The foragers consume nectar, a diet

rich in carbohydrates and low in proteins, which increases the

bee’s energy metabolism, necessary for flight activity and

resource gathering (Winston, 1987). This behavioral transition

in honey bees involves transcriptional and metabolic changes in

tissues, especially in the brain and the fat body (Ament et al.,

2011). Foragers have an increase in cognitive capacity (memory

and learning) compared to young workers performing in-hive

tasks (Zayed and Robinson, 2012), and their brain

transcriptomes differ significantly (Whitfield et al., 2003). The

fat body is a metabolic center and during the behavior transition,

the foragers lose half of their lipid stores and the capacity to

metabolize these molecules (Toth and Robinson, 2005).

Epigenetics is proposed to be a plastic mechanism for

regulating gene expression in response to environmental

conditions (Vaiserman, 2014; Abdul et al., 2017). Diet is one

of the external factors that alters gene expression through

epigenetic modifications of the genomic DNA (epigenomics).

The nutrients and bioactive components present in food can alter

the activity of genes involved in DNA methylation or histone

modifications or can change the availability of substrates

required for these modifications’ reactions (reviewed by Abdul

et al., 2017). In honey bees, the different diets consumed by

workers and queens’ larvae trigger distinct abundance and

patterns of DNA methylation between castes (Kucharski et al.,

2008). In workers, several DNA CpG sites are differentially

methylated comparing the brains of nurses and foragers (Herb

et al., 2012; Lockett et al., 2012). Although knowledge in bee

epigenomics has advanced in recent years, little has been

explored about how epitranscriptomics, an emerging field of

investigation, acts in bee development.

Epitranscriptomics is the study of RNA post-transcriptional

modifications. More than 170 chemical modifications present in

RNAs are currently known (Boccaletto et al., 2017; Huang et al.,

2020). Two of them, the methylation of the nitrogen N6 of

adenosine (N6-methyladenosine, m6A) and the methylation of

the carbon C5 of cytosine (5-methylcytosine, m5C) are the most

studied and regulate several biological processes such as

development in mouse (Tuorto et al., 2012) and Drosophila

melanogaster (Lence et al., 2016), behavioral adaptation in

mammals (Meyer et al., 2012), aging and response to

environmental (feeding, temperature) stimuli in D.

melanogaster, Caenorhabditis elegans and Saccharomyces

cerevisiae (Schosserer et al., 2015). Interestingly, these

biological processes are closely related to those observed in

the context of age polyethism such that RNA modifications

have become excellent candidates to be explored in honey bees.

To date, over 1,000 RNA epigenetic studies were published,

however, only 3% of them investigated insects (source: PubMed,

June 2022). Most of them used D. melanogaster, with RNA

methylation being related to sex determination (Haussmann,

et al., 2016; Kan et al., 2017), fertility (Hongay and Orr-Weaver,

2011), and nervous system development (Lence et al., 2016). In

Bombyx mori, m6A was reported to control gene expression and

cell cycle progression (Li et al., 2019). In honey bees, two studies

revealed RNA modifications acting in caste differentiation

(Bataglia et al., 2021; Wang et al., 2021). Our group recently

identified the orthologs of RNAmethyltransferase genes in the A.

mellifera genome, being METTL3 (methyltransferase like 3) and

METTL14 (methyltransferase like 14) for m6A methylation, and

DNMT2 (DNA methyltransferase 2) and the NSUN (NOP2/Sun

RNA methyltransferase member) family encoding genes (NOP2,

NSUN2, NSUN4, NSUN5, and NSUN7) for m5C methylation

(Bataglia et al., 2021).

Here, we verified if the expression of m6A and m5C RNA

methyltransferase genes vary in the development of A. mellifera

adult workers according to age-related behavior (nurses of

8 days-old versus foragers of 29 days-old), diet content

(pollen-rich or pollen-deprived), or tissue (brain or fat body).

We found that the expression of some RNA methyltransferase

transcripts is modulated during temporal polyethism in a tissue-

specific and nutrition-dependent manner.

Materials and methods

Samples

Apis mellifera workers were collected from three queenright

colonies maintained at the experimental apiary of the

Universidade de São Paulo in Ribeirão Preto, Brazil. Three

independent biological experiments were performed, each one

starting with 1 day of difference, on three consecutive days, each

day with bees from a different colony. For each experiment,

combs containing pharate adults close to emergence (Pbd stage)

were placed in an incubator at 34°C and ~80% relative humidity

for 8 h to obtain at least 400 newly-emerged adult workers.

Each experiment was performed according to the following

design. A total of 100 newly-emerged workers were divided (day

1) into two cages (n = 50 per cage of 20 cm × 13 cm × 13 cm) and

kept in the incubator, with food and water ad libitum for 8 days.

Every day, the food and the water were replaced, and the dead
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bees were removed. The bees of one cage received a pollen-

deprived (PD) diet (a mix of 20% honey plus 80% powdered

sugar, named candy), and the bees of the other cage received a

pollen-rich (PR) diet (a mix of 70% candy and 30% of fresh poly

floral pollen collected from the same apiary). On day 8, five

individuals per cage were collected. The newly-emerged workers

that were not placed in cages (at least 300 workers), were then

marked on the thorax with uni POSCA non-toxic pens

(1.8–2.5 mm), for age control, and returned to their original

colony. We collected five nurses of 8 days-old visiting larval cells

and five foragers of 29 days-old returning to the colony (N-8D

and F-29D, respectively).

The collected workers were anesthetized at 4°C for 5 min for

tissue dissection. Then, we quickly dissected the brain and the fat

body of each worker. Brains were dissected using a Leica

M125 stereomicroscope and all glands and adjacent tissues

were removed. For sampling the fat body, we pulled the sting

along with the last abdominal segment, to remove the venom

gland, the intestine, and adjacent tissues (such as the ovaries),

leaving only the abdominal carcass. The abdominal carcass is

internally lined by the fat body (Ament et al., 2011). Each

individual brain or abdominal fat body was placed separately

in tubes containing TRIzol® (Invitrogen) for RNA extraction.

Total RNA extraction, cDNA synthesis, and
real-time PCR

The total RNA was extracted from individual brains and fat

bodies according to Trizol® protocol. To avoid genomic DNA

contamination, the total RNA was treated with DNase (DNase I

Amplification Grade—Invitrogen). Next, cDNA was synthesized

by reverse transcription catalyzed by SuperScript II reverse

transcriptase (200 U/μL, Invitrogen) and oligo (dT)

12–18 primers.

Real-time PCR was performed with 60 brain samples and

60 fat body samples. Among these 60 samples of each tissue,

15 samples represent each condition (PD, PR, N-8D, F-29D),

being five samples of each experiment. The expression of the

following methyltransferase genes was evaluated: for m6A,

METTL3 (NCBI Gene ID: 551911) and METTL14 (409900),

and for m5C, DNMT2 (410512), NOP2 (726212), NSUN2

(411579), NSUN4 (102655259), NSUN5 (410262), and

NSUN7 (413907).

We perform the real-time PCR following the PowerUP™
SYBR™ Green Master Mix (2X) protocol and cycling (Applied

Biosystems). For each sample, reactions were assembled in

triplicate, and every single reaction consisted of a final volume

of 20 μl, containing: 10 μl of PowerUP™ SYBR™ Green Master

Mix (2X) solution (Applied Biosystems), 6.4 μl of water, 0.8 μl of

each primer, forward and reverse (10 pmol/μL), and 2 μl of the

cDNA solution (10 ng/μl). The primer pairs used are listed in

Supplementary Table S1, including the pair used for

amplification of the ribosomal protein L32 (RpL32) encoding

gene, used as a reference for data normalization (Grozinger et al.,

2003; Lourenço et al., 2008). The amplification reactions were

conducted on a 7,500 Real-Time PCR System (Applied

Biosystems). For primer pairs with optimal efficiency at 60°C,

the following cycling conditions were used: 50°C for 2 min, 95°C

for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for

1 min. For primer pairs with annealing temperature lower than

60°C, the following cycle was used: 50°C for 2 min, 95°C for

10 min, followed by 40 cycles of 95°C for 15 s, primer annealing

temperature for 15 s, and 72°C for 1 min.

The relative expressions were calculated using the 2-ΔΔCT

method (Livak and Schmittgen, 2001). The statistical analyses

were performed in R (version 4.1.3). We applied the Generalized

Linear Mixed (GLM) models (package lme4 version 1.1–29)

followed by the Anova function (package car version 3.0.12)

to compare the different diets or ages with gene expression, using

colony or cage replicate as a random effect. Significant outliers

were removed [Grubbs’ test (alpha = 0.05)] when detected.

Results

The expression of METTL3, DNMT2, NOP2, NSUN2,

NSUN5, and NSUN7 methyltransferases statistically vary in

the brain of workers of different ages, performing different

tasks (N-8D versus F-29D comparison). Also, DNMT2,

NOP2, and NSUN2 were differentially expressed in the brain

of same-aged young workers that consumed distinct diets (PR

versus PD comparison). In the fat body, the expression of

METTL3, DNMT2, and NSUN2 genes were influenced by

age/task (N-8D versus F-29D comparison), while the

expression of NOP2, NSUN4, and NSUN5 was influenced by

diet (PR versus PD comparison). All these results are graphically

represented in Figure 1 (and the results of the statistical analyses

are in Supplementary Table S2).

A clear expression pattern for methyltransferase genes

should be highlighted. Regarding the gene set that presented

significant transcriptional differences in the brain, we observed

lower levels in both N-8D and PR groups when compared to F-

29D and PD groups. In addition, an opposite pattern was

observed in the fat body, with increased expression in N-8D

and PR groups in relation to F-29D and PD groups.

Discussion

The adult life progression of A. mellifera workers is marked

by changes ranging from behavior to nutrition, mainly in the

brain and the fat body (Ament et al., 2011). Despite the age-

related division of labor in workers (temporal polyethism) being

well-documented (Page et al., 2006), the participation of RNA

modifications in these processes remains largely unknown
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FIGURE 1
Relative expression of m6A (METTL3 and METTL14) and m5C (DNMT2, NOP2, NSUN2, NSUN4, NSUN5, and NSUN7) RNA methyltransferase
genes, measured by real-time PCR in the brain and fat body samples from workers of different ages/behaviors (N-8D for 8 days-old
nurses–blue—and F-29D for 29 days-old foragers–orange) and under different dietary regimes (PR for pollen-rich diet–green—and PD for pollen-
deprived–purple), n= 15 per condition. The boxplots represent theminimum,maximum, andmedian values. The presence of asterisks indicates
a significant difference in expression, *p < 0.05, *p < 0.01, **p < 0.001.
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(Bataglia et al., 2021). To advance this knowledge, we have

investigated the transcriptional expression of m6A and m5C

RNA methyltransferases in the brain and fat body of workers

of different ages, performing different tasks, or same-aged young

workers that consumed a pollen-deprived or a pollen-rich diet.

Foraging tasks of workers require well-developed brain

abilities such as, recognizing the environment, identifying

food resources, and communicating this information with

nestmates. During the transition from in-hive to outside tasks,

structural modifications such as the increase of the mushroom

bodies (Withers et al., 1993; Durst et al., 1994) and the neuronal

dendritic arborization (Farris et al., 2001) are observed. Higher

expression levels of METTL3, DNMT2, NOP2, NSUN2, NSUN5,

and NSUN7 transcripts were found in the brain of foragers

compared to nurses. All these genes are reported in the literature

as being involved in brain development, memory formation, or

increase of cognitive capacity. The overexpression of

METTL3 enhances hippocampus-dependent long-term

memory in mice (Zhang et al., 2018) while its depletion

perturbs short-term memory formation in flies (Kan et al.,

2021). High abundance of mRNAs of DNMT2 (Rai et al.,

2007) and NOP2 (Kosi et al., 2015) are related to

neurogenesis in zebrafish brains and neural stem cell

proliferation in mammals, respectively. The lack of

NSUN2 expression inhibits normal brain development by

reducing the number of differentiated neurons in mice (Flores

et al., 2017) and short-term memory deficits in Drosophila

(Abbasi-Moheb et al., 2012). NSUN5 mutant mice showed

deficits in spatial cognitive abilities (Zhang et al., 2019) and in

cerebral cortex development (Chen et al., 2019). Transcriptomic

evidence suggests that NSUN7may act on the cognitive processes

of mammals (Chi and Delgado-Olguin. 2013; Tang et al., 2019).

It is increasingly evident that the development of the nervous

system, cognitive and behavioral aspects, and learning and

memory abilities, in different organisms, are associated with a

reprogramming (spatial and temporal) of the epitranscriptome

(Jung and Goldman, 2018; Leighton et al., 2018). Our study

supports and extends such evidence.

The main function of fat body of insects is the metabolism of

macromolecules (reviewed by Skowronek et al., 2021). RNA

methylation acts on nutritional metabolism, mainly on glucose

and lipid metabolism (Wu et al., 2020). For example,

METTL3 knockdown decreased lipid accumulation in human

liver cell culture (Zhong et al., 2018). The difference in the

expression of RNA methyltransferases in the fat body of

nurses and foragers found here may be integrated into the

gene regulatory network associated with the conversion of a

protein-lipid metabolism in younger workers to a carbohydrate

metabolism in older ones (Ament et al., 2011). Our data showed

that not only age, but diet also influenced the expression of some

methyltransferases. NOP2, NSUN4, and NSUN5 were

differentially expressed in the fat body of same-aged workers

that fed on different diets under caged conditions and did not

perform behavioral tasks. Thus, these genes are excellent

candidates for further studies about nutritional metabolism

uncoupled to social interactions in honey bees. Moreover, in

the worker brains, DNMT2, NOP2, and NSUN2 expression

levels were diet-responsive. Our data are further corroborated

by a study performed with rats fed on high or low-calorie diets,

that showed the nutritional influence on the differential

expression of RNA methyltransferases depending on the tissue

analyzed (D’Aquila et al., 2022). It is important to highlight that

the pollen-rich (PR) diet mimics that consumed by nurses while

the pollen-deprived (PD) diet is similar to the nutritional content

of foragers. Recently, Martelli et al. (2022) showed that young

honey bee workers fed on PD diet age precociously and present

biological parameters similar to foragers. Here, we observed

corresponding expression profiles of some m5C genes

(DNMT2, NOP2, and NSUN2) between N-8D + PR groups,

which contrast with data from F-29D + PD groups. These genes

will be tested in the future as potential candidates for aging

markers in adult worker brains.

The fat body is also important for the production of energy

and for the synthesis of immune system proteins (reviewed by

Skowronek et al., 2021). Changes in the activity of

methyltransferases have already been observed in response to

stressful conditions. METTL3 plays a crucial role in oxidative

stress, glycolytic stress, and DNA damage, and promotes an

increased lipid metabolism in different mammalian cell lines

(reviewed by Wilkinson et al., 2021). DNMT2 integrates stress

response pathways by protecting tRNAs against ribonuclease

cleavage induced by heat shock conditions in Drosophila

(Schaefer et al., 2010), while NOP2 is involved with resistance

to heat stress in C. elegans (Heissenberger et al., 2020). In mice,

NSUN2 is required in cellular adaptation in response to toxic

compounds and UV radiation (Gkatza et al., 2019). In honey

bees, nurses have a more robust immune response to stress

conditions compared to foragers (Amdam et al., 2004;

Lourenço et al., 2019). In addition, our findings on the higher

expression of some methyltransferases in the fat body of young

bees compared to old ones seem somewhat coherent with this

immunological scenario. Further research is needed to check if

this suggestive crosstalk between immunity and

epitranscriptomics is also true for bees.

This scientific topic is promising and some studies already

involve epigenetic mechanisms to the xenobiotic response in

insects. Epigenomic marks are associated with modulation of the

expression of pesticide resistant genes in the beetle Meligethes

aeneus (Erban et al., 2017). Also, strong evidence suggests that

the expression of METTL3, METTL14 and a set of detoxification

P450 genes along with increased levels of m6A marks confer

thiamethoxam resistance to a strain of whitefly crop pest, Bemisia

tabaci (Yang et al., 2021). It is important to consider that pollen is

a common source of pesticides in agricultural sites and the

contamination can be the cause of poisoning incidents of

honey bees (Kiljanek et al., 2016). Although we did not screen
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the pollen for pesticides, our apiary is located within a non-

agricultural area of a University with six million m2 containing an

abundance of flowering plants representing nearly 300 species,

and no poisoning effects were observed on bees we used as a

source for the experiments. Furthermore, it is known that pollen

consumption reduces the toxicity of pesticides in Apis mellifera

(Barascou et al., 2021) and that diets influence the expression of

genes of the epitranscriptomic machinery (this study).

Perspectives are open to investigate whether RNA

modifications respond to the detrimental impacts of

insecticides and/or whether they confer some resistance to

these pollinators.

Here we observed co-expression of RNA methyltransferase

genes in all tested contexts in worker bees irrespective of their

nutrition or age. Does this co-expression indicate functional

redundancy? Do RNA methyltransferases have specific or

integrated actions? It is widely accepted that all RNA

methyltransferases have the canonical function of methylating

RNAs, and RNA modifications are found in viruses (Kennedy

et al., 2017), prokaryotes (Deng et al., 2015), yeasts (Clancy et al.,

2002), plants (Fray & Simpson 2015), invertebrates (Hongay &

Orr-Weaver, 2011), and vertebrates (D’Aquila et al., 2022).

Despite METTL3 gene silencing in human embryonic stem

cells is not sufficient for a complete reduction of m6A

methylation levels, this knockdown at least removes the

methylation marks of a specific subset of pluripotency-related

genes, influencing the process of cell differentiation (Batista et al.,

2014). This suggests a co-working, but it is also true that an

individual RNA methyltransferase may have preferential RNA

species as targets. NSUN2 preferentially methylates mRNA,

tRNAs, and mitochondrial tRNAs (Tuorto et al., 2012;

Shinoda et al., 2019), whereas NSUN5 preferentially

methylates rRNA (Schosserer et al., 2015). Also, m6A sites are

found mainly in mRNAs and affect the physical interaction of

RNA with proteins or regulatory factors, resulting in altered

translation or changes in mRNA stability (Meyer et al., 2015).

This methylation also participates in alternative splicing (Zhao

et al., 2014) and miRNA processing (Alarcón et al., 2015) events.

The m5C marks are more frequent in non-protein-coding RNAs

(ncRNAs, mainly tRNAs, and rRNAs) and maintain the stability

of their secondary structures for the correct translation events

(Micura et al., 2001; Schaefer et al., 2010). We believe that new

findings should emerge in the coming years to clarify both

species-specific or conserved functional issues related to

epitranscriptomics. This is the case of a recent article that

studied the m5C methylation patterns of maternal mRNAs in

six species (five vertebrates: zebrafish, Xenopus laevis, Xenopus

tropicalis, mouse, human, and one invertebrate: D. melanogaster)

spanning ~800 million years of evolution. For all tested species,

they found a massive methylation of maternal mRNAs occurring

in early embryonic development, and the rates drop dramatically

after the mater-zygotic transition. This data shows an extremely

conserved pattern in animals. On the other hand, they also

observed regulatory innovations, such as the gain of m5C sites

in mRNAs during evolution (Liu et al., 2022).

Concerning the differences we found in the expression of

m6A and m5C methyltransferases between honey bee tissues,

we speculate that they may reflect in the regulation of tissue-

specific splicing variants previously found in the brain and fat

body (Kannan et al., 2019), and/or several differentially

expressed coding-genes and miRNA from workers

performing different behaviors (Whitfield et al., 2003;

Behura and Whitfield, 2010).

Bataglia et al. (2021) reported that global levels of m6A and

m5C methylation quantified in the total RNA from brain and fat

body samples increases in age progression. In this study we

observed an increase in the expression of RNA

methyltransferases in brain which is in accordance with the

overall increase in global m6A and m5C methylation levels

(Bataglia et al., 2021). However, in the fat body, although the

higher expression of RNAmethyltransferases is found in younger

bees, the global m6A and m5C methylation levels are lower in

young bees when compared with older bees. This point may

sound contradictory, but it is important to emphasize that

epitranscriptomic machinery is not only composed of RNA

methyltransferases (named as writers) but also of readers and

demethylases (erasers), and these last two sets of enzymes act in

the recognition and removal of methyl groups, respectively

(Schaefer et al., 2017). So, when the global methylation levels

are accessed, we are measuring the resulting action of the whole

machinery (writers, readers, and erasers) on the analyzed

transcriptome.

We conclude that the adult life progression of A. mellifera

workers is accompanied by changes in the expression of m6A and

m5C RNA methyltransferases. It is possible that the mRNA

methylome is dynamically regulated all through the lifespan of

workers. We found that brain and fat body influence the

transcriptional levels of these methyltransferases in opposite

ways. Further the transcript levels of some of these genes are

impacted by the protein content of food consumed as well as by

the age-related behavior performed. Our results point to a tissue-

specific transcriptional signature of RNA methyltransferases

during the progression of adulthood.
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Glial cells are non-neuronal elements of the nervous system (NS) and play a

central role in its development, maturation, and homeostasis. Glial cell interest

has increased, leading to the discovery of novel study fields. The CRISPR/Cas

system has been widely employed for NS understanding. Its use to study glial

cells gives crucial information about their mechanisms and role in the central

nervous system (CNS) and neurodegenerative disorders. Furthermore, the

increasingly accelerated discovery of genes associated with the multiple

implications of glial cells could be studied and complemented with the

novel screening methods of high-content and single-cell screens at the

genome-scale as Perturb-Seq, CRISP-seq, and CROPseq. Besides, the

emerging methods, GESTALT, and LINNAEUS, employed to generate large-

scale cell lineage maps have yielded invaluable information about processes

involved in neurogenesis. These advances offer new therapeutic approaches to

finding critical unanswered questions about glial cells and their fundamental

role in the nervous system. Furthermore, they help to better understanding the

significance of glial cells and their role in developmental biology.

KEYWORDS

glial cells, CRISPR/Cas, lineage tracing, gliogenesis-related genes, screening
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Introduction

The central nervous system (CNS) is made up of a complex

cell network comprised of diverse types of neurons, macroglia,

and microglial cells that play a fundamental role in its proper

function (Ceprian and Fulton, 2019; Nott et al., 2019; Wright-Jin

and Gutmann, 2019). Glial cells can be described as progenitor

cells as well as differentiated populations. Radial glial cells

(RGCs) are the primary stem cells during neural development.

The differentiated population involves astrocytes,

oligodendrocytes, ependymal cells, Schwann cells, microglia,

and among others (Arai and Lo, 2017).

While neurons have always been the protagonists of the

nervous system because they are involved in synaptic interactions

and electrical signaling, it was not until recently that the role of

glial cells received the same attention (Wang and Gao, 2019). For

many years, glial cells were considered connective tissue with the

sole function of preserving nervous system junctions. However,

more functions have been discovered in recent years, such as

their role in neurotransmission, nutrient transport, brain

functions, pathological conditions, and early development of

the nervous system (Hirbec et al., 2020).

The interest in glial cell roles in neurological function has

increased, focusing specifically on their dynamic interaction and

involvement in neurological disorders. Moreover, recent findings

open up a wide range of new opportunities for modeling early

development and diseases; additionally, the discovery of

biomarkers to understand pathologies causing

neurodegeneration (McAvoy and Kawamata, 2019; Raikwar

et al., 2019; Wang and Gao, 2019; Hidalgo-Lanussa et al.,

2020; Dang et al., 2021), as well as the development of new

drugs (Möller and Boddeke, 2016).

Genome engineering for modeling neuronal diseases is an

emerging clinical application with a significant public health

impact. However, in terms of glial cells, there is still a

considerable gap in understanding origins, lineage

progression, and molecular properties (Yang et al., 2022). The

widely described Clustered Regularly Interspaced Short

Palindromic Repeats (CRISPR)/Cas system has become a key

tool for genome editing since it provides advantages such as

design simplicity, considerable cost reduction, and enhanced

efficiency than its analogs, Zinc Finger Nucleases (ZFN) and

Transcription Activator-like Effector Nucleases (TALENs)

(Moon et al., 2019). In addition, CRISPR/Cas system offers

other potential clinical applications, such as gene screening or

combination with orthogonal methods, thereby increasing its

potential for developing new diagnostic or research tools. For

instance, screening methods such as Perturb-Seq, CRISP-seq,

and CROP seq, examine how diverse mutations affect specific cell

types; the method Genome Editing of Synthetic Target Arrays for

Lineage Tracing (GESTALT) can be combined with single-cell

RNA sequencing (scRNA-seq) to find/analyze cellular lineage

relationships and catalog the cell identities in different tissues;

similarly, the LINeage Tracing by Nuclease-Activated Editing of

Ubiquitous Sequences (LINNAEUS) is a strategy for

simultaneous lineage tracing and transcriptome profiling in

thousands of single cells (McKenna et al., 2016; Raj et al.,

2018; Spanjaard et al., 2018; So et al., 2019; Jin et al., 2020).

On the other hand, recent studies have established the basis for

CRISPR/Cas9 genome editing frameworks that seem promising

for neuroscience knowledge and neurological disorders

treatment (Cota-Coronado et al., 2019a; Dever et al., 2019;

Hirbec et al., 2020; Jin et al., 2020). Although scRNA-seq has

been applied for the study of different cell phenotypes in the

CNS, there are still multiple gaps in fully understanding the

molecular mechanisms of glial-neuron interactions during

development, as well as the role of glial cells in

neuroinflammation, neurodegenerative diseases, and inherited

mental disorders (Menon et al., 2019; Nott et al., 2019; Hidalgo-

Lanussa et al., 2020). Therefore, this review highlights recent

advances in using CRISPR technology for a better

comprehension of glial cells and their role in developmental

biology.

Glial cell types and functions

Glial cells are defined as non-neuronal cells in the CNS and

derive from different origins; for example, macroglia (astrocytes,

oligodendrocytes, and NG2 glia) origin is the ectoderm and arise

from neuroepithelial progenitor cells (NPCs); in contrast, the

origin of microglia is the mesoderm, specifically from the yolk sac

and its precursors are fetal macrophages (Zuchero and Barres,

2015; Arcuri et al., 2017; Yildirim et al., 2019; Patro and Patro,

2022). Glial cells are involved in nervous system regulation from

development to maturation. On the other hand, they can

influence nervous system plasticity and are implicated in the

appearance of neurodegenerative diseases (Vallejo et al., 2019;

Dietz et al., 2020). Research on glial cells began in the second half

of the 19th century. However, it was not until 1919 that Rio-

Hortega described for the first time the three main types of glial

cells present in the CNS: astrocytes, oligodendrocytes, and

microglia (Sierra et al., 2016; Sierra et al., 2019).

The nervous system development implies complex

processes with extensive nuclear movements and cell

migration. During early embryonic development, the neural

tube emerges from the neural plate, where neuroepithelial

cells (NECs) reside. These cells give rise to the radial glial cells

(RGs), cornerstones of neurogenesis and gliogenesis (Arai and

Lo, 2017; Bertipaglia et al., 2018). RGs nuclei exhibit a

particular form of cell cycle-dependent oscillatory behavior

known as interkinetic nuclear migration (INM), where the

nucleus migrates within the cytoplasm basally or apically,

depending on the cell cycle stage. RGs are present during most

of the cortical development and divide symmetrically for self-

proliferation or asymmetrically to generate neurons and glial
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cells (Arai and Lo, 2017; Bertipaglia et al., 2018; Lin et al.,

2021).

Currently, three different types of RGs have been identified:

ventricular RGs (vRGs), outer RGs (oRGs), and truncated RGs

(tRGs). Yang et al., 2022 have proposed that tRGs give rise to

progenitor cells of pyramidal neurons (PyN-IPCs) becoming

upper layer Pyramidal neurons (PyNs). Then they produce

basal multipotent intermediate progenitor cells (bMIPCs).

However, there are multiple gaps related to the role of the

developing cortex and the series of steps required to generate

the remaining types of cells during gliogenesis (Yang et al., 2022).

In addition to serving as stem cells, RGs provide the

scaffolding for the movement of progenitor cells and newborn

neurons to superficial layers (Gilbert & Barresi, 2017). Figure 1

describes the general radial glial cell lineage progression known

and proposed to date in humans.

Glial cells are also found in the peripheral nervous system

(PNS) as Schwann cells, satellite glial cells, olfactory ensheathing

cells, and enteric glia, whose origin is the neural crest but with at

least a subset coming from the CNS that migrates to the PNS

(Suter and Jaworski, 2019; Verkhratsky et al., 2019). The function

of the glial cell begins at the early stages of life during brain

FIGURE 1
Human radial glial cell lineage progression. Figure modified of Yang et al., 2022 (Created with BioRender.com). After neural tube maturation,
neuroepithelial stem cells undergo a transition to radial glia progenitors (RGs). The divisions of RGs take place in the ventricular zone. During brain
development, the subventricular zone is formed as the progenitor cells delaminate from the ventricular zone. Altogether, these zones include the
germinal strata that give rise to the neurons that migrate into the cortical plate and start the neocortex. Depending on the polarity in the
germinal strata, RGs can be identified as ventricular RGs (vRGs) or outer RGs (oRGs). vRGs can divide symmetrically for self-renewal and
asymmetrically to generate short neural precursors (SNPs) and intermediate progenitor cells of neurons (N-IPCs). N-IPCs from SNPs originate
neurons thatmigrate to deep layers. On the other hand, some vRGs begin to detach from the apical side and transform into astrocyte progenitor cells
(APC) (Kriegstein and Alvarez-Buylla, 2009; Gilbert and Barresi, 2017; Li et al., 2021). According to Yang et al., 2022, around GW15-GW16, vRGs
horizontally divide into outer RGs (basal) and truncate RGs (apical); both can self-renew or differentiate into neurons of upper layers. Some truncated
RGs also can transform into ependymal cells (EPs); subsequently, truncated RGs generate basal multipotent intermediate progenitor cells (bMIPCs),
which can produce oligodendrocyte progenitor cells (OPCs), astrocyte progenitor cells (APC), and olfactory bulb interneuron IPCs (OBiN-IPCs).
These progenitors continue their differentiation and turn into oligodendrocytes, astrocytes, and OOBiN. In the neonate, cortical truncated RGs or
B1 cells continue generating neurons and oligodendrocytes and, in the first year of life, may mainly generate OBiN-IPCs (Kriegstein and Alvarez-
Buylla, 2009; Arai and Lo, 2017; Yang et al., 2022).
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development since glial cells facilitate neuron interactions and

synaptic pruning at the final stage of brain development, as well

as releasing essential gliotransmitters and cytokines during

neural development (Neniskyte and Gross, 2017). In the

course of embryogenesis, the microglia colonize the early

embryonic neuroepithelium and give rise to the primary

immune cells of the CNS (Deverman and Patterson, 2009;

Neniskyte and Gross, 2017; Kim et al., 2017).

As the major components of CNS, glial cells perform

multiple activities that allow homeostatic maintenance. An

example is astrocytes, which modulate synaptic structure and

function and promote neuronal survival. As an outcome of their

interaction with blood vessels, glial cells enable nutrient intake

and metabolic support; on the other hand, they can control blood

flow in the brain aside from regulating the flow of cerebral spinal

fluid (Zuchero and Barres, 2015; Butt and Verkhratsky, 2018;

Simhal et al., 2019) Oligodendrocytes and Schwann cells are

involved in the process of myelination, which is essential for

neurotransmission (Kuhn et al., 2019; Verkhratsky et al., 2019)

Microglia possess numerous functions and activities beyond

immune surveillance in the brain; these cells can, for instance,

instruct progenitor cells about cell fate decisions, establish

communication with other glial cells, influence the formation

of synapses and promote neurite formation, regulate neuronal

function, and even ease the myelination process (Wright-Jin and

Gutmann, 2019).

Glial cells-associated neurological
disorders

Glial cells are intrinsically associated in the formation or

development of the nervous system since they are involved in

synaptic pruning. This process is a crucial step in maturing

synaptic connections during the early stages of brain

development, and if key signaling pathways between glial cells

and neurons do not function properly can cause several

neurodevelopmental disorders like autism, schizophrenia, and

epilepsy (Neniskyte and Gross, 2017; Allen and Lyons, 2018;

Lehrman et al., 2018; Sellgren et al., 2019; Yanuck, 2019).

Accumulated evidence suggests that excessive synaptic pruning by

microglia could contribute to synapse density reduction in patients

with autism and schizophrenia (Sellgren et al., 2017; Sellgren et al.,

2019; Li et al., 2020; Scott-Hewitt et al., 2020). To study interactions

between microglia and neural cells, Sellgren et al. (2017) validated a

model system combining reprogrammed microglia-like cells with

neural progenitor cells (NPCs); their results showed the ability of

microglia-like cells to engulf synaptosomes and NPCs in vitro;

moreover, they reported risk schizophrenia variants in the human

complement component 4 locus causing an excessive neuronal

complement deposition by C4A, a factor associated with increased

microglial synapse engulfment (Sellgren et al., 2017; Sellgren et al.,

2019; Li et al., 2020; Scott-Hewitt et al., 2020).

It has been reported that microglial complement receptor CR3/

Mac1 and triggering receptor expressed onmyeloid cells 2 (TREM2)

contribute to synaptic pruning (Qin et al., 2022). Scott-Hewitt et al.

(2020) proposed that the recognition of exposed phosphatidylserine

in neurons is crucial for microglial-mediated pruning, and some

possible candidates as synapse pruning mediators are the isoform of

adhesion G protein-coupled receptor (ADGRG1/GPR56) and

TREM2; however, the molecular mechanisms involved in

microglia target neuron selection are unknown (Li et al., 2020;

Scott-Hewitt et al., 2020; Qin et al., 2022). On the other hand, it

should be noted that TREM2 and the complement cascade have

been associated with the progression of Alzheimer’s disease (AD), as

mouse models have shown the importance of TREM2 for the

microglial phagocytosis response in amyloid seeds (Smidt et al.,

2007; Flores-Fernández et al., 2018; Parhizkar et al., 2019; Ewers

et al., 2020;Meilandt et al., 2020; Scott-Hewitt et al., 2020; Yang et al.,

2020). The increased presence of soluble TREM2 (sTREM2) in

cerebrospinal fluid (CSF) has also been associatedwith an attenuated

decline in memory and cognition among patients with mild

cognitive impairment (MCI) and AD (Ewers et al., 2019; Suárez-

Calvet et al., 2019). In addition to TREM2, genome-wide association

studies (GWAS) have identified other important AD and

Parkinson’s disease (PD) risk genes expressed or associated with

reactivity in glial cells, such as the transmembrane protein CD33,

box-dependent-interacting protein 1 (BIN1), complement receptor

1 (CR1), apolipoprotein E (ApoE), GBA1, and stearoyl-CoA-

desaturase (SCD) (Park et al., 2018; Bartels et al., 2020).

Similar to AD, a recent study reported increased levels of

sTREM2 in PD patients, proposing sTREM2 as a potential

biomarker in both conditions. Furthermore, current evidence

suggests astroglial cells as the primary source of inflammatory

mediators in the brain, as well as the microglia response to pro-

inflammatory signals of mast cells, where glia maturation factor

(GMF) could have a central role during neuroinflammation. GMF is

a growth and differentiation factor majorly expressed in CNS; it has

been indicated as a pro-inflammatory protein playing a central role

in neuroinflammatory and neurodegenerative diseases such as AD,

PD, and multiple sclerosis (MS) (Kempuraj et al., 2018a; Kempuraj

et al., 2018b; Fan et al., 2018; Raikwar et al., 2019). To date, the exact

mechanism by which GMF acts on diseases is unknown; however,

there is considerable evidence that helps to understand its

relationship with neuroinflammation and neurodegeneration (Fan

et al., 2018; Yin et al., 2018; Ramaswamy et al., 2019; Lee et al., 2021).

Some reports indicate that GMF is involved in the secretion of

granulocyte-macrophage colony-stimulating factor (GM-CSF);

overexpression of GM-CSF may lead to the activation of

microglia and the secretion of TNF-α, IL-1β, and MIP-1 β
triggering an inflammatory process. In addition, GMF can

activate mast cells which also release inflammatory mediators

(Kempuraj et al., 2018b; Lee et al., 2021).

Moreover, GMF is involved in oxidative stress signaling. It

has been reported that GMF is closely related to the dysregulation

of copper-zinc superoxide dismutase (Cu-Zn SOD) and catalase
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and glutathione peroxidase (GPX), enhancing neurotoxicity

through oxidative stress (Fan et al., 2018; Selvakumar et al.,

2018). Microglia activation leads to reactive oxygen species

(ROS) production, which can exacerbate oxidative stress,

causing neuroinflammation and cell death (Fan et al., 2018;

Selvakumar et al., 2018). On the other hand, some studies

have demonstrated that in GMF-KO neurons or glial cells, the

activation and release of chemokine (C-C motif) ligand 2 (CCL2)

is reduced, and they are more tolerant of 1-methyl-4-

phenylpyridinium (MPP+) toxicity. CCL2 is expressed in glia,

neurons, andmast cells; its relevance resides in its role in PD. Up-

regulation of this chemoattractant can lead to microglia over-

activation leading to neuron damage and neuroinflammation.

Furthermore, CCL2 released from brain cells andmast cells could

be involved in infiltrating other inflammatory cells into the

substantia nigra, potentiating the damage (Kempuraj et al.,

2018a; Kempuraj et al., 2018b; Shen et al., 2019).

Glial cells play an essential role in the development and

progression of other neurological disorders, such as amyotrophic

lateral sclerosis (ALS), Fragile X Syndrome (FXS), and brain

tumors (Kempuraj et al., 2018a; McAvoy and Kawamata, 2019;

Raikwar et al., 2019; Selvakumar et al., 2019; Wright-Jin and

Gutmann, 2019; Wilson et al., 2020) ALS is characterized by

motor neuron degeneration and gliosis. New reports has been

described that aberrant glial cells with highly proliferative and

neurotoxic properties promotes the disease progression

(Martínez-Palma et al., 2019; Filipi et al., 2020). The FXS

disorder is caused by the loss of Fragile X Mental Retardation

Protein (FMRP) that triggers alterations in glial cells, as

demonstrated in FMRP knockout (KO) mice models where

decreased hippocampal and neocortical circuitry synapses

associated with astrocytes were observed (Simhal et al., 2019).

On the other hand, the most common primary malignant brain

tumor, glioblastoma, can modulate glial cells to regulate the

microenvironment surrounding the tumor by multiple

intercellular communication pathways. This tumor possesses a

high infiltrative growth pattern since its boundary is composed of

tumor cells, immune cells, and reactive glial cells. Several studies

have demonstrated that microglial cells and astrocytes are

essential for tumor progression. However, many unanswered

questions still need to be clarified to improve understanding of

the crosstalk role between glioblastoma and glial cells (Oliveira

et al., 2017; Yekula et al., 2019; Belykh et al., 2020).

Advances and new CRISPR/Cas
applications

CRISPR/Cas system enhancement and common
uses

The CRISPR/Cas systems are considered the adaptive

immune prokaryote machinery against bacteriophages and

mobile genetic elements; their applications have gone beyond

genome editing in a wide variety of organisms by enhancing and

renewing biotechnological tools through the specific DNA-

binding ability of Cas to perform transcriptional control,

modulate epigenetic modifications, live-cell imaging studies,

identification of gene targets or gene signatures, cell lineage

mapping, and diagnostic platforms, among other, uses

(McKenna et al., 2016; Murugan et al., 2017; Duan et al.,

2019; Kellner et al., 2019; Manghwar et al., 2019; Pickar-

Oliver and Gersbach, 2019). The range of Cas9 variants has

increased since the first use of the well-characterized

Streptococcus pyogenes Cas9 (SpCas9). As a result of current

research, we know more about new CRISPR–Cas systems than

ever before, and the last classification considered two classes, six

types, and 33 subtypes. Nonetheless, there is a huge reservoir of

unknown CRISPR/Cas systems that could have enormous

potential. Cas9 recognition depends on base pairing between

the target sequence and the single-guide RNA (sgRNA) and the

presence of an adjacent protospacer motif (PAM) sequence

flanking the target site (Murugan et al., 2017; Manghwar

et al., 2019; Makarova et al., 2020).

CRISPR/Cas9 systems are the most widely known and used.

However, they have limitations, such as their large protein size, in

vivo restrictions to optimal viral delivery, limited PAM sites,

presence of off-target mutations, and low homology-directed

repair (HDR) efficiency. As a way of overcoming these

limitations, several studies have explored the natural diversity

of the CRISPR/Cas9 system, finding suitable variants, such as the

CjCas9 isolated from Campylobacter jejuni, which boast several

benefits such as lower protein size compared to other

Cas9 orthologues, having major specificity, including its ability

efficient to modify the genome both in vitro and in vivo (Edraki

et al., 2019; Hua, Tao, Han, Wang, & Zhu, 2019; E. Kim et al.,

2017; Kleinstiver et al., 2016; Manghwar et al., 2019).

Furthermore, the Neisseria meningitides Cas9 variants

(Nme1Cas9 and Nme2Cas9) have emerged as other options

for an all-in-one delivery method because their compact size

can be packet in an adeno-associated virus (AAV) with a guide

RNA targeting for in vivo applications. Additionally,

Nme2Cas9 can recognize a simple dinucleotide PAM (N4CC),

providing a higher target site density of genomic sites with

minimal or null off-target mutagenesis (Amrani et al., 2018;

Edraki et al., 2019). PAM interaction is one of the significant

restrictions of Cas9 recognition since it can be challenging to

generate precise genome editing if it depends on a specific PAM;

a clear example is HDR, where efficiency is improved when the

double-stranded breaks (DSBs) are made between 10 and 20 base

pairs of the desired target (Kleinstiver et al., 2016). According to a

recent study involving 79 Cas9 proteins, 50 different PAM

sequences can be recognized. Most orthologs can recognize a

PAM greater than 2 bp; orthologs that recognize a PAM of ≥3 bp
are likely to provide a major degree of specificity. However, it is

essential to be careful with a complex PAM since access will also

be more restricted (Hua et al., 2019; Gasiunas et al., 2020).
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The Cas9 PAM interaction domain can be engineered to

recognize multiple sequence motifs due to its extraordinary

flexibility. Currently, the two widely used Cas9 orthologs,

Staphylococcus aureus Cas9 (SaCas9) and SpCas9, have been

modified to have different specificity and recognize new PAM

sequences; some of them are shown in Table 1. For example,

xCas9 and SpCas9-NG are two newly engineered SpCas9 variants

that can identify more relaxed NG PAMs (Hu et al., 2018; Hua

et al., 2019; Karvelis et al., 2019; Gasiunas et al., 2020). Altogether,

these new evolved variants enable targeting multiple PAM

sequences and making approachable genomic sites that were

previously inaccessible (Miller et al., 2020). Cas9 recognizes GC-

rich PAM sequences, but Cas12a (or Cpf1) and Cas12b (or C2c1)

belonging to class 2 type V of the CRISPR/Cas system offer a new

option for genome engineering by recognizing AT-rich PAM

sequences. Furthermore, the newly described anti-CRISPR

proteins AcrIIA2, AcrIIA4, and AcrIIC2Nme with Cas

inhibition effect could be used as genetically encodable “off-

switch” tools for Cas9 activity (Yang and Patel, 2017; Hua et al.,

2019; Sun et al., 2019; Thavalingam et al., 2019). More recently,

Cas 13 protein has been described as a nuclease capable of

targeting and cleaving single-stranded RNA molecules

(Shmakov et al., 2015; Abudayyeh et al., 2016; Wolter and

Puchta, 2018). It must also be noted that these proteins

possess two enzymatically distinct RNase activities since they

can cleave the pre-crRNA array to form mature Cas13-crRNA

and an RNA target complementary to the crRNA. These qualities

make Cas 13 proteins optimal for RNA interference assays and

potential diagnostic and treatment tools for viral diseases (Tambe

et al., 2018; Fricke et al., 2020; Yin et al., 2020; Dang et al., 2021).

Since CRISPR/Cas is recognized as a natural genome editing

tool, targeting a DNA/RNA sequence to monitor, break down, or

replace, reverting the versions of diseased genes to a healthy

version of the gene. This technology has been widely used to treat

human genetic disorders, diagnose human diseases, and help

detect diseases early. Beyond those usages, it has been used for

creating animal genetic models to assist in the understanding of

human genetic diseases; however, it is potential usage for

understanding the early development of molecular gaps in

glial cells, gene editing of human neural stem cells (NSC), and

RGs have been poorly studied (Abdelnour, Xie, Hassanin, Zuo, &

Lu, 2021; Cota-Coronado et al., 2019b, Ramírez-Rodríguez, et al.,

2019).

CRISPR/Cas is strategy to study glial cells

CRISPR applications for the study of glial cells-
associated neurological disorders

Due to its enormous potential for multiple applications, the

CRISPR/Cas system has been widely used to study

neurodegenerative diseases. The system has assisted in

understanding the molecular processes involved in the

dynamic interaction between CNS cells and

neurodegeneration. Genome examination with the CRISPR/

Cas system leads to the discovery of potential markers in the

early stages of neurodegeneration; on the other hand, epigenetic

and gene editing can drive precision-targeted regenerative

therapies (Cota-Coronado et al., 2019a; Raikwar et al., 2019;

Kampmann, 2020; Ruetz et al., 2021).

The mechanisms and role of glial cells in the CNS and in

treating neurodegenerative disorders could be understood using

CRISPR/Cas. As mentioned above, critical glial genes are

involved in neurological pathologies like the TREM2 gene. An

TABLE 1 Examples of SpCas9 and SaCas9 PAM engineered variants.

Variants Origin
Specie

PAM Tested organisms Advantages Strategy for
engineered

References

VRER-Cas9 Streptococcus
pyogenes

NGCG
and NGA

Human cells (U2OS
cells)

Similar (or better) genome-wide
specificities compared to wild-type
SpCas9

Bacterial selection-based
directed evolution, and
combinatorial design

Kleinstiver et al.
(2016)VQR-Cas9

KKH
SaCas9

Staphylococcus
aureus

NNNRRT Human cells (U2OS
cells)

Comparable or slightly lower levels of
mutagenesis compared with
SaCas9 wild type

Molecular evolution Kleinstiver et al.
(2016)

SaCas9-HF
Staphylococcus
aureus

NNNRRT Human retinal
pigmented epithelium
cell line

Reduced off-target effects than SaCas9 Site-directed mutagenesis Tan et al. (2019)

SpCas9-
NRRH

Streptococcus
pyogenes

NRRH,
NRCH and
NRTH

Human cells
(HEK293T cells)

Higher on-target activity and similar
or fewer numbers of detected off-target
sites compared to SpCas9

Phage-assisted evolution Miller et al.
(2020)

SpCas9-
NRCH

SpCas9-
NRTH

xCas9 Streptococcus
pyogenes

GAT and NG Rice Higher specificity than SpCas9 Codon-optimization by PCR Hua et al. (2019)

SpCas9-NG
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innovative study employing CRISPR/Cas in an induced

pluripotent stem cell (iPSC) model differentiated to microglia,

demonstrated that TREM2-KO reduces microglial survival, alters

its phagocytosis function, and results in an impaired response to

beta-amyloid plaques, thus revealing possible mechanisms that

may have an essential role in AD progression (McQuade et al.,

2020). However, other mechanisms related to TREM2 signaling

must be elucidated as possible participation in synaptic pruning.

A dual role has been proposed since TREM2 may contribute to

plaque containment and clearance or aberrant synaptic loss

(Scott-Hewitt et al., 2020). Hence, attention to TREM2 has

been remarked on as a therapeutic target for its ability to

modulate the microglial function and as a biomarker in the

early stages of AD (Ewers et al., 2019; Ewers et al., 2020). Another

target gene studied using the CRISPR/Cas9 method is GMF since

it possesses a proinflammatory effect and is significantly

upregulated in different zones of the AD brain. GMF

expression is predominant in the reactive glial cells

surrounding the amyloid plaques (APs). Raikwar et al. (2019)

inhibited GMF expression in the microglial cell line BV2 by

transducing them with lentiviral vectors that expressed

SpCas9 and GMF-sgRNAs; they observed a reduction of

microglial activation and suggested that in vivo GMF gene

editing could be considered as a novel AD therapy (Raikwar

et al., 2019). In addition, it has been demonstrated that GMF-KO

in microglial cells ameliorates microgliosis as a consequence of

improved mitochondrial dynamics and oxidative stress. In

acordance with this, Selvakumar et al. (2019) shown that

oxidative stress generated for microglial cells is associated

with PD.

CRISPR approaches in the early development of
glial cells

The CRISPR/Cas system allows the study of genes associated

with neurodegenerative diseases and offers therapeutic

approaches such as gene editing of NSC and RGs. As

mentioned above, RGs are the primary stem cells during

neural development and play a crucial role in neurogenesis

and gliogenesis. However, it is necessary to extend our

understanding of these cells’ origins, lineage relationships, the

timing of differentiation, and molecular properties (Li et al.,

2021; Yang et al., 2022). The electroporation is a common

technique employed for a rapid and efficient in vivo delivery

of CRISPR/Cas9 system components into neural stem cells of the

embryonic neocortex by in utero electroporation and/or

microinjection into single neural stem cells in neocortical

tissue, to investigate the function of specific genes during

embryonic brain development (Kalebic et al., 2016). A similar

approach known as Easi-CRISPR (Efficient additions with

ssDNA inserts-CRISPR) has recently been adapted to target

the developing brain by electroporating neurons with

ribonucleoprotein complexes (Cas9 + crRNA + tracrRNA)

which allows the editing of neural clonal lineages to be

selective. Similar Breasi-CRISPR can reveal protein-protein

interactions in the developing cortex, tagged proteins by

immunoblot analysis in a single cortex just 2 days after

electroporation and, by immunohistochemistry in 24 h. Using

these techniques, we can elucidate protein-protein interactions.

Thus, we can analyze the role played by endogenous proteins

during early brain development (Meyerink et al., 2022).

A recent study of integrating analysis of single-cell RNA-Seq

datasets from human fetal brain samples concluded that “the

developmental origins of human cortical glial cells are similar to

that in the mouse cortex”(Yang et al., 2022). With these data,

Yang et al. (2022) could establish a general model of RGs lineage

progression (Figure 1) and the molecular identity of tRGs, which

express many hallmarks of cells in the astrocyte lineage. Some

molecular markers identified appear to have a central role in

specific progenitors, such as epidermal growth factor receptor

(EGFR) expressed in tRGs but not in vRGs or oRGs. In addition,

tRGs expressing EGFR give rise to PyN-IPCs and bMIPCs

positives at this marker, too (Yang et al., 2022). Previous

studies have revealed that EGF is a vital mitogen to enhance

oligodendroglial development (Yang et al., 2016; Yang et al.,

2017). More recently, some findings provided strong evidence

that EGF facilitates the transdifferentiation of astrocytes to

oligodendrocytes and that the EGF-EGFR-Erk1/2 pathway

could be essential in this process (Liu et al., 2022).

Furthermore, markers such as HOPX, FAM107A, TNC, and

LIFR have been identified in the three RGs (vRGs, oRGs, and

tRGs) (Yang et al., 2022).

Understanding processes involved in gliogenesis can help

define and manipulate specific subsets of neurons and glial cells,

as shown in recent research where an atlas was generated from a

developing zebrafish brain employing the method GESTALT.

The model encompasses 12 stages of the diversification of

neurons and progenitors from embryo to larva and has shown

differences with other species in neurogenic programs of CNS, as

well as between zebrafish and mammalian neurogenesis. For

example, in zebrafish, radial glial cells persist into adulthood and

contribute to neurogenesis, in contrast to mammalians, where a

shift from neuronal to glial programs exists. Based on the

optimized GESTALT method, cell lineage trees can be

constructed and adapted for barcoding lineages on specific

development windows corresponding to different branches of

the specification trees or tag Campo’s interest populations (Raj

et al., 2020).

Gliogenesis-related genes of interest
Some genes of interest still need to be studied in more detail

using the techniques described in this review to determine their

essential role in gliogenesis. For instance, since quite a while ago;

it has been known that in different animal models, such as

lampreys, Nkx2.2, PDGFR, and SoxE (the lamprey

Sox10 ortholog) genes might be involved in gliogenesis (Yuan

et al., 2018), but it wasn’t until the CRISPR/Cas9 gene was used in
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the year 2021 that it was determined SOX10 plays similar roles,

but not the same ones, in the development, migration, and

differentiation of the neural crest. SOX10 is essential in

human neural crest development for the transition of

premigratory cells to migrating neural crest, it is vital for

neural crest survival, and it is required for Schwann cell

development as well (Lai et al., 2021). Similarly, the Olig1 and

Olig2 genes in animal models have been suggested as necessary

and sufficient for oligodendrocyte precursor development in the

brain of Olig2 gene null mice, but Olig1 is insufficient for the

formation of motor neurons or oligodendrocytes in the

embryonic spinal cord in the absence of Olig2. However, both

genes have not been studied yet using technologies described in

this review to elucidate their roles in the RGs, which is extremely

important since these genes are located on chromosome 21 and

could be associated with Down syndrome (Lu et al., 2002).

Furthermore, RGs can be studied in tissue organoid models

such as a 3D cortical spheroid differentiation, a recent in vitro

model in wich mTORC1 hyperactivation was induced, resulted

in greater production of glial-lineage cells, which include

astrocytes. In contrast, mTORC1 suppression strongly

promoted neurogenesis and impaired gliogenesis, meaning

mTORC1 is required for normal gliogenesis. Still, more

studies are needed to uncover its central role in the RGs

(Blair et al., 2018). In addition to this, considering studying

the RGs shape is another essential factor to perform its proper

function, that is why further morphological studies by

technologies using CRISPR/Cas need it; for example, in one

study, Pax2a gene mutants of the zebrafish resulted in defects in

many aspects of the Müller glial cell morphology (Charlton-

Perkins et al., 2019). Furthermore, 3D brain organoid technology

allows for studying human microglia functions (Cakir et al.,

2022). However, most of the methods employed for brain

organoid generation are based on the neuroectoderm

differentiation of pluripotent stem cells. These methods hinder

mesodermal lineage cell obtention and, therefore, microglia

emerging (Ormel et al., 2018; Fagerlund et al., 2021; Cakir

et al., 2022). Currently, some models have been developed for

functional microglia representing as described in the recent work

of Cakir et al. (2022) that generated microglia-containing human

cortical organoids (macOS) using PU.1-induction. They

proposed mhCOs as a novel platform to study the microglia-

specific function; to exemplify it, they performed a pooled

CRISPRi screening of AD-related genes in microglia; their

findings suggested an association with dysregulation of

cholesterol metabolism via the Sorl1 gene (Cakir et al., 2022).

It is worth mentioning that in a human neural stem cell

model of astrocyte pathology, other genes of interest were found

upregulated. They were associated with neurological system

processes (CHRNA1, CRYZ, EYA1, NPY, PCDHB5), synapse

organization, biogenesis (CHRNA1, PCDHB5) and synaptic

transmission (CHRNA1, NPY, PCDHB5), founding

ANXA2 gen significantly expressed in the pathology

(Hallmann et al., 2017). However, its primary function is still

a gap open to elucidation.

CRISPR screening platforms, panels, and
large-scale maps of cell lineage

The latest advances in pooled screening provide a powerful

approach to illustrating gene function and association in a

biological process, disease, or disorder. These kinds of studies

are challenging due to the enormous list of genes at the genome-

scale. In some cases, pooled screening has been delimited to

phenotypic average properties of a population by considering

only a few exogenous reporters or effects on cell viability, thus

limiting the understanding of genetic perturbations of impact or

the distinction between different perturbations with similar

responses (Adamson et al., 2016; de Groot et al., 2018; Parekh

et al., 2018; Jin et al., 2020).

Facing these challenges, CRISPR screens have emerged,

enabling a new efficient perturbation tool with multiple

applications. There are two major kinds of CRISPR screens,

the pooled and the arrayed. A pooled CRISPR screen typically

involves a library that is introduced in bulk into a single or a

group of cells under a specific treatment that leads to selecting

cells whose perturbations confers a particular advantage. In

contrast, arrayed CRISPR screens separate perturbations

throughout the screen for a more controlled study (Bock

et al., 2022). In the next few years, novel screening methods

with high-content and single-cell screening at the genome-scale

will be necessary. Currently, some methods have been

described: Perturb-Seq, CRISP-seq, and CROPseq; their base

resides on CRISPR knockout or knockdown screening in

combination with single-cell-based RNA-seq, doing possible

research at a single-cell level and with the projection of the

study of a large-scale gene perturbation (Adamson et al., 2016;

Dixit et al., 2016; Jaitin et al., 2016; Datlinger et al., 2017; Parekh

et al., 2018; Duan et al., 2019; Schraivogel et al., 2020). The

review work of Bock et al. (2022) describes concepts of CRISPR

screening, experimental design, and applications extensively.

The major difference between CROP-seq compared to Perturb-

seq and CRISP-seq is that guide RNA is directly read,

simplifying the single-cell CRISPR screening with large guide

RNA libraries (Datlinger et al., 2017). The general mechanism

through which these methodologies work can be seen in

Figure 2. In addition to these approaches, the pooled genetic

screens based on the CRISPR interference (CRISPRi) system

allow the study of a wide range of genetic perturbations and

mutagenesis for identifying gene function and gene-phenotype

interactions (Schuster et al., 2019).

Like current research on single glial gene function, large gene

panels in the neurobiological context are arising. Jin et al. (2020)

developed a scalable genetic screen approach applying in vivo

Perturb-Seq for the study of 35 loss-of-function risk genes for
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autism spectrum disorder (ASD), and they identified specific cell

gene signatures in both neuronal and glial cells that are affected

by genetic perturbations (Jin et al., 2020). A recent study

performed with the CRISPR/Cas9 platform for gene targeting

at multiple loci of NSCs for galactosylceramidase (GALC)

overexpressing, a vital enzyme whose loss is associated with

the death of myelin-producing oligodendrocytes and Schwann

cells, gene editing allowed the reestablishment of GALC activity

when edited NSCs were transplanted into oligodendrocyte

mutant shiverer-immunodeficient mice (Dever et al., 2019).

On the other hand, Lalli et al. (2020) studied a set of 13 ASD-

associated genes by coupling pooled dCas9-based transcriptional

repression to single-cell RNA-seq in a human model of neuron

differentiation; their findings evidenced unique and overlapping

consequences on transcriptional networks and pathways of these

genes on cell-cycle, and five of them (ADNP, ARID1B, ASH1L,

CHD2, and DYRK1A) were identified as the cause of delay

neuron differentiation. Additionally, they predicted that PTEN

(phosphatase and tensin homolog) repression could have a

positive effect by increasing proliferation and neuron

projection (Lalli et al., 2020).

Meanwhile, cellular barcoding strategies and single-cell

sequencing have led to the development of new methodologies

for lineage tracing. GESTALT and LINNAEUS are two other

emerging methods with the potential to generate large-scale cell

lineage maps. Using these methods is possible to introduce

barcode arrays that can be traced in future generations using

multiple CRISPR/Cas target sites (Figure 3) (McKenna et al.,

2016). These barcodes consist of combinations of insertions and

deletions (INDELs) generated by CRISPR/Cas9 and are designed

to have multiple targets in the genome. After numerous rounds of

cell divisions, there is an accumulation of edited targets. It is

assumed that targets are independent of each other, which allows

lineage tracing; shared barcodes reconstruct cell lineage trees.

LINNAEUS and GESTALT methods employ fluorescence

intensity of GFP or RFP for INDELs detection; however,

LINNAEUS designs are more limited in comparison to

GESTALT designs since their arrays are performed in the

FIGURE 2
A general methodology of CRISPR screening platforms. “Figure created with BioRender.com.”Lentiviral backbone constructed in Perturb-Seq,
CRISP-seq, and CROPseq share elements like the hU6 promoter, sgRNA, EF1a promoter, and some selective and reporter markers. Perturb-Seq and
CRISP-seq employ barcodes for single-cell CRISPR screening, while CROP-seq reads the sgRNA directly. Lentiviral transduction is performed using
pooled sgRNA in the case of Perturb-Seq and CRISP-seq; in contrast, CROPseq delivery is performed individually. After growth, differentiation,
or stimulation depending on the subject, Perturb-Seq and CROP-seq perform a single-cell screening employing printed droplet microfluidics. For
CRISP-seq selection, cell sorting is used. All the methods consider RNA-Seq. Human U6 (hU6); Single-guide RNA (sgRNA); Elongation factor 1-alpha
(EF1a); Hepatitis post-transcriptional regulatory element (WPRE); The small 2A peptide sequences (T2A); Blue Fluorescent Protein (BFP); Unique
gRNA identifier (UGI); Expressed guide barcode (GBC); RNA sequencing (RNA-Seq).
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3′UTR of GFP or RFP, facilitating the simultaneous detection of

multiple targets (Chen et al., 2022). In the long term, all these new

approaches will generate invaluable information, representing

new challenges due to the amount of data to process and analyze.

In other words, the evolution of informatics platforms for

understanding single-cell CRISPR screening data is also being

considered; MUSIC, scMAGeCK, and SCEPTRE are clear

examples of these advances in data analysis (Duan et al., 2019;

Yang et al., 2020; Barry et al., 2021; Watson et al., 2021).

Glial cell’s potential applications in
regenerative medicine

In regenerative medicine, constructing cell lineage trees could

enhance the therapeutic approaches for converting glial cells into

functional neurons, which could benefit a wide range of

medicinal purposes. Recently, Zhou et al. (2020) reported an

efficient conversion of Müller glia into retinal ganglion cells

(RGCs) by downregulation of the polypyrimidine tract-binding

protein 1 (Ptbp1), employing an in vivo viral delivery and the

CRISPR-Cas13d (CasRx), in this research was proven induction

of neurons with dopaminergic features in the striatum that

contrasted motor defects in a PD mouse model (Zhou et al.,

2020). Ptbp1encodes an RNA binding protein whose depletion is

sufficient to convert cultured mouse fibroblasts and N2a cells into

functional neurons (Xue et al., 2013; Qian et al., 2020). More

recently, the conversion of midbrain astrocytes to dopaminergic

neurons with the ability to reconstruct the nigrostriatal circuit in

an induced mouse PD model has been demonstrated (Qian et al.,

2020). These findings further incentivize the potential

applications of glial cells as a source of neurons to replace

those that lose their function in neurodegenerative diseases.

The use of technologies involving CRISPR/Cas would not

just enable the elucidation of the current gaps in glial cells. Still, it

would also be a great way to generate fast and reliable models for

glial cell studies, as an existing method that allowed to reduce the

differentiating time of hPSCs to astrocytes from 3–6 months to

generate functional astrocytes from hESCs and hiPSCs in

4–7 weeks, meaning NF1A and SOX9 dispensable at the early

stage of neural differentiation (Li et al., 2018). Besides, iPSC-

based disease models are a powerful tool for understanding

neurodegenerative disorders in a relevant genetic and cellular

context. Recently, Guan et al. (2022) reported a promising iPSC

FIGURE 3
Large-scale maps of cell lineage methods. “Figure created with BioRender.com.” Genome editing of synthetic target arrays for lineage tracing
(GESTALT) and LINeage tracing byNuclease-Activated Editing of Ubiquitous Sequences (LINNAEUS). Barcode arrays are designed as INDELs arrays of
different CRISPR/Cas9 target sites and are injected into the embryos at the 1-cell stage. After numerous rounds of cell divisions, the edited targets are
accumulated. The single-cell analysis is performed in cells expressing a fluorescence marker by printed droplets microfluidics or cell sorting.
RNA-Seq data are analyzed for lineage tree reconstruction identifying shared barcodes.
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generation method with small molecules. Chemical

reprogramming has advantages compared to existing

reprogramming methods: it is non-integrative to the genome,

controllable, and easy to optimize, standardize and manufacture.

In addition, differentiation employing small molecules has

shown better epigenome reprogramming which is essential for

reliable iPSC-based models (Meneghini et al., 2021; Guan et al.,

2022).

Perspectives and remarks

Although the study of glial cells has been delayed by a lack of

interest in the past, the use of new biotechnological tools, such as

those employing CRISPR/Cas, will decrease the existing

knowledge gap in the glial cells. The CRISPR/Cas

enhancements and their CRISPR screening platforms along

the large-scale maps of cell lineage methods make new

genomic sites that were previously inaccessible for genome

engineering to study genes of interest in bulk; in addition,

emerging Cas proteins could be used in the all-in-one delivery

method, which is crucial for success in vivo delivery experiments.

However, it is essential to consider the limitations of using this

technology, which is still improving. For example, introducing

specific INDELs tends to be less efficient than KO experiments.

On the other hand, the outcomes after genome edition can vary

in differentiated neural tissue since the nonhomologous end-

joining (NHEJ) DNA repair is the most common in this type of

cell, and the CRISPR/Cas system has been optimized in dividing

cell lines that generally use the HDR repair. Additionally, the

NHEJ pathway is more active and error-prone, facilitating frame-

shift mutations in the coding sequence. Although new

approaches have been developed such as the strategy “HiTi”

(homology-independent targeted integration) to improve DNA

knock-in in dividing and nondividing cells (Vesikansa, 2018;

Meneghini et al., 2021).

Even though CRISPR specificity has improved over time, it is

still a critical concern for clinical applications. On the other hand,

it has been reported toxicity after an induced double-strand break

(DSB), and there is no information about it in neurons and glial

cells. In addition, the complex and diverse architecture of the

brain limits accesses to the CRISPR/Cas system (Vesikansa, 2018;

Meneghini et al., 2021).

Next-generation sequencing technologies have led to the

discovery of novel genes associated with the multiple

functions of glial cells as well as their role in the appearance

of neurodegenerative diseases without forgetting genes of

paramount interest that have been somehow overlooked or

not sufficiently investigated; the use of pooled screening,

single-cell CRISPR screening, lineage tracing, and

transcriptome profiling are powerful strategies to facilitate

gene function evaluation to define and manipulate specific

subsets of neurons and glial cells, and thus find critical

unanswered questions. However, there are some challenges to

a successful CRISPR screen study; for example, the appropriate

screen design as well as the biological model selection,

optimization of the delivery of Cas protein, and the gRNAs,

and noise associated or not associated with CRISPR screens

(Bock et al., 2022). The use of these technologies is vital to

expand current knowledge and go beyond one of the functions

most described by microglia, namely, synaptic pruning during

development and synaptic modulation, and begin to add missing

pieces when it comes to functions, cellular origins, differentiation

time, morphology, along with the discovery of new cell types

involved in embryogenesis and the CNS.
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Glycine neurotransmission: Its
role in development
Rocío Salceda*
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Autónoma de México, Juriquilla, Mexico

The accurate function of the central nervous system (CNS) depends of

the consonance of multiple genetic programs and external signals during

the ontogenesis. A variety of molecules including neurotransmitters, have

been implied in the regulation of proliferation, survival, and cell-fate of

neurons and glial cells. Among these, neurotransmitters may play a central

role since functional ligand-gated ionic channel receptors have been

described before the establishment of synapses. This review argues on the

function of glycine during development, and show evidence indicating it

regulates morphogenetic events by means of their transporters and receptors,

emphasizing the role of glycinergic activity in the balance of excitatory

and inhibitory signals during development. Understanding the mechanisms

involved in these processes would help us to know the etiology of cognitive

dysfunctions and lead to improve brain repair strategies.

KEYWORDS

glycine, glycine receptor, development, neurotransmission, GlyR isoforms

Introduction

The central nervous system (CNS) development is a long process that starts early
during embryogenesis and takes years to be completed in humans. The initial steps
involve precise coordination of cell proliferation, differentiation, and cell migration.
A tight control of these processes is achieved by integration of the intrinsic genetic
program with the extracellular signals present in the environment (Platel et al.,
2010; Caronia-Brown and Grove, 2011; Káradóttir and Kuo, 2018; Ali and von Gall,
2022). Many factors have been identified as regulators of neurogenesis; among these,
extracellular molecules, neurotransmitters, and their receptors have been found to be
present in the developing brain well before synaptogenesis occurs (Casanova and Trippe,
2006; Metzger, 2010; Carulli and Verhaagen, 2021), suggesting that they could mediate
signaling unrelated to classical neurotransmission.

Early neurotransmitter signaling has been implicated in a range of developmental
processes, such as differentiation, migration, neurite outgrowth, axon pathfinding,
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synaptogenesis, and survival of nascent neurons (Nguyen et al.,
2002; Heng et al., 2007; Platel et al., 2010; Spitzer, 2012).
The inhibitory neurotransmitter, glycine and its receptors are
not only present but also functional in the developing brain
before synaptogenesis occurs, suggesting their involvement in
development (Chalphin and Saha, 2010).

Adult glycinergic
neurotransmission

In addition to its role in cell metabolism, being the
structurally simplest amino acid, glycine, acting through
ionotropic receptors, also serves as an important and
widely distributed inhibitory neurotransmitter that is most
prominently expressed in adult brainstem, spinal cord, and
retina of animals from several phyla (Aprison and Werman,
1965; Werman et al., 1968).

The biosynthesis of glycine for its use in neurotransmission
is mediated by the serine hydroxymethyl transferase, which
uses pyridoxal phosphate and tetra hydrofolate as cofactors of
the reaction. In nervous system, glycine is also synthetized by
the glycine synthase (glycine cleavage, GCS) enzyme, which
catalyzes a readily reversible reaction between carbon dioxide,
ammonium ion, N5- N10-methylene tetrahydrofolate, NADH
and a proton to produce glycine, tetrahydrofolate and NAD+

(Daly and Aprison, 1974). Immunohistochemistry and in situ
hybridization studies in rats revealed that the glycine cleavage
enzyme is also expressed in embryonic neural stem/progenitor
cells, neuroepithelial cells, and astrocytes (Ichinohe et al., 2004).

Glycinergic transmission requires of high-affinity specific
transporters GlyT1 and GlyT2 for the reuptake of glycine from
the synaptic cleft into cells. These proteins are members of
the Na+/Cl− dependent neurotransmitter transporter family,
with GlyT1 expressed predominantly in glial cells and GlyT2
by neurons (Zafra and Giménez, 2008; Eulenburg and Gomeza,
2010). In addition to glycinergic transmission, GlyT1 can
modulate glutamatergic neurotransmission through NMDA
receptors, supporting its role in brain function and in various
diseases (Marques et al., 2020).

Glycine action is mediated by a strychnine-sensitive ligand
gated chloride channel glycine receptor (GlyR), which belongs
to the cys-loop ligand –gated ion channel superfamily that
are composed of five protein subunits that form homomeric
or heteromeric pentamers assemble around a central ion-
conducting pore (Langosch et al., 1988; Schmieden et al.,
1992; Betz et al., 1993; Lynch, 2004). GlyRs are anchored
postsynaptically by gephyrin, which binds to the β receptor
subunit and tubulin, resulting in the receptor clustering (Feng
et al., 1998; Kneussel and Betz, 2000). Four α subunits (1–
4) and one β subunit have been characterized to date, with a
stoichiometry reported first as 3α/2β (Becker et al., 1988; Kuhse
et al., 1993; Burzomato et al., 2003; Durisic et al., 2012) and later

as 2α/3β (Grudzinska et al., 2005); although an stoichiometry of
4α/1β was recently reported (Yu et al., 2021; Zhu and Gouaux,
2021). The α2 subunit is expressed in the immature spinal cord,
which switches to α1 in the adult, where the α1 and α3 subunits
are expressed. In the adult brain the α1 and α3 subunits are
mainly expressed; a4 has been demonstrated in mouse, chick
and zebrafish, being a pseudogene in humans (Becker et al.,
1988; Betz et al., 1993; Lynch, 2004). The adult retina expresses
the four α subunits (Grünert, 2000; Haverkamp et al., 2004;
Heinze et al., 2007; Sánchez-Chávez et al., 2017).

Role of glycine during nervous
system development

A variety of studies have focused to characterize
the developmental expression of the glycine receptor
and transporters as well as glycine immunoreactivity
as means to recognize the process whereby cells adopt a
glycinergic phenotype.

Glycine levels

In cortical neuroepithelium, levels of glycine increase by
twofold during embryogenesis, reach a peak around birth, and
gradually decrease to about 60% during the first 2 weeks of
postnatal development, time in which the GSC enzyme is highly
expressed (Ichinohe et al., 2004).

In rodents, glycinergic neurons tend to appear during
embryonic development in the rostral spinal cord, followed by
increased expression caudally in the spinal cord and rostrally
into the hindbrain, midbrain and retina (Van Den Pol and
Gorcs, 1988; Allain et al., 2006). In the mice spinal cord, glycine
immunoreactivity was found from E11.5 to E15.5 (Scain et al.,
2010). Also, glycine immunoreactivity occurs in the inner retina
since P1, and by P3-P5 in the outer retina; adult expression
was found at P11 (Fletcher and Kalloniatis, 1997; Sharma et al.,
2003).

Glycine immunoreactivity has also been examined in zebra
fish (Moly et al., 2014), and chick embryos with positive staining,
first observed at E8 in the dorsal and ventral spinal cord (Berki
et al., 1995). In Xenopus laevis the first glycine positive cells
appear in the rostral spinal cord and caudal hindbrain at stage
22, a few hours after the neural tube closes (Roberts et al., 1988).

Glycine uptake

Glycine transporters appear early during embryonic brain
development in rats. GlyT1 is predominant in the embryonic
cortex and can be detected in radial glial cells (Jursky and
Nelson, 1996).
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Immunoreactivity for GlyT 1 and GlyT 2 glycine
transporters was first observed at E10-12 in the midbrain
floor plate. By E17, GlyT 1 expression is evident at the
borders between the thalamus and hypothalamus, as well
as at the border of the dorsal thalamus. GlyT 2 staining
increases in the ventral spinal cord at E14 and in several
brain regions at E17 (Jursky and Nelson, 1995; Lall et al.,
2012). In situ hybridization studies in the zebra fish revealed
the expression of GlyT1 and GlyT 2 in the rostral spinal
cord at 18 and 20-h post-fertilization (Ganser and Dallman,
2009). Expression studies in Xenopus laevis showed the
appearance of GlyT1 first in the proliferative ventricular layer
of the hindbrain and the anterior spinal cord during early
tail bud stages (stage 24) (Wester et al., 2008). In rat retina,
pharmacological studies revealed the presence of both GlyT1
and GlyT 2 before final synaptogenesis has occurred (Salceda,
2006).

The role of GlyT 1 in glycine signaling was proved in E12.5
spinal cord cells, in which the decay rate of glycine current was
increased by the presence of the GlyT 1 ALX-5407 inhibitor
(Scain et al., 2010).

On the other hand, development of neurons in different
regions of the brain is controlled by transcription factors. In this
context, the expression of Ptf1a, Lbx1 and Pax2 transcription
factors was described to be necessary for the expression of
glycinergic phenotype in the spinal cord. Ptf1a, Lbx1, and Pax2
coordinate glycinergic and peptidergic transmitter phenotypes
in dorsal spinal inhibitory neurons (Huang et al., 2008). Even
more, transcription of GlyT 2 is activated by Pax2 (Batista and
Lewis, 2008).

Glycine receptors

During development, the GlyRs properties undergo
molecular changes resulting in modifications of their
physiological function; however, biochemical and molecular
cloning studies have indicated heterogeneity of GlyRs subunits
during development (Aguayo et al., 2004; Avila et al., 2013a).

Immunostaining for the α1 subunit is first seen in the
rat spinal cord at E14, after which time the mRNA levels
gradually increase in the ventral and dorsal horns until leveling
off at P15. In the brain, α1 is detected at near adult levels by
P5.The α2 subunit is expressed since E15 in the telencephalon,
diencephalon, midbrain and cortex, and remains through early
postnatal stages (P5) (Malosio et al., 1991; Watanabe and Akagi,
1995).

GlyRs α2 –homomers, are found throughout the CNS
during development and its expression markedly decreases after
birth (Watanabe and Akagi, 1995), switching for the expression
of the adult, α1β heteromer (Lynch, 2004). The GlyRs subunit,
α3, is observed until relatively late in development (P5), but it
remains throughout life. The β subunit of GlyRs is first expressed

at E14 in both the telencephalon and the ventral and dorsal
horns of the spinal cord.

The postnatal rat retina shows GlyRs expression in the
neuroblastic layer, while GlyR in the adults is only observed
in the inner nuclear layer (INL) (Sassoè-Pognetto and Wässle,
1997). GlyR α2 subunit was found to be expressed in retinal
progenitor cells at birth (Young and Cepko, 2004). Besides, a
continuing increase of mRNA and protein expression of α1,
α3, α4, and β subunits was found during postnatal retinal
development, while α2 showed high levels in developing and
adult retina (Sánchez-Chávez et al., 2017).

GlyRs are not only present during development but also
functional. Whole-cell patch clamp motoneurons recordings
in embryonic spinal cord show the first synaptic activity at
E12.5; and demonstrate that radial cells release glycine, being
the main source of it in the embryonic spinal cord (Scain
et al., 2010). Likewise glycine elicited currents in different
zones of the embryonic cortex were demonstrated at E19 (Flint
et al., 1998). Moreover, it was shown that glycine application
triggers a massive calcium influx in the upper-layer of pyramidal
neurons at E17, effect that was blocked by strychnine and
absent in the GlyR-knockout animals (Young-Pearse et al.,
2006).

The expression of functional α2–containing GlyRs in
cortical progenitors was demonstrated by whole-cell patch
clamp recordings, where application of glycine triggered fast-
activating currents. Moreover, Glra2-knockout mice show a
reduced number of excitatory projection neurons in deep and
upper layers of the cortex, leading to a modest reduction in brain
size (Avila et al., 2013b, 2014; Ávila et al., 2020).

Glycine signaling

It is noteworthy that during development, glycine
undergoes modifications of its kinetics and pharmacological
properties (Aguayo et al., 2004). While glycine is an inhibitor
neurotransmitter in the adult, it is excitatory in immature
tissues (Rivera et al., 1999; Kandler et al., 2002; Kilb et al., 2002).

During development, chloride gradients change according
to the expression of chloride transporters (Watanabe and
Fukuda, 2015). In embryonic neurons, the sodium-potassium-
chloride co-transporter (NKCC1) increases the intracellular
concentration of chloride, then glycine binding to GlyRs causes
a release of chloride ions and, therefore, induces a depolarization
of the cell (Avila et al., 2014; Theisen et al., 2018). The switch
from excitation to inhibition originates through the expression
of the neural-specific potassium- chloride co-transporter 2
(KCC2), which actively reduces the intracellular concentration
of chloride, transforming the opening of a chloride channel into
a hyperpolarizing stimulus (Blaesse et al., 2006; Reynolds et al.,
2008; Gonzalez-Islas et al., 2009; Liu and Wong-Riley, 2012).
In other way, blocking GlyRs by strychnine decrease expression
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of KCC2 in ventral spinal networks without interfering with
NKCC1; in addition, blockage of GlyRs led to decrease of KCC2
at the cell membrane (Allain et al., 2016), suggesting that glycine
modulates KCC2.

In consequence, GlyRs activation during embryonic and
early postnatal development induces a depolarization of the cell
membrane (Flint et al., 1998; Kilb et al., 2002, 2008) which in
turn may activate calcium influx (Platel et al., 2005). In fact, this
depolarization activates voltage-sensitive sodium channels that
subsequently activate sodium-sensitive calcium transporters,
leading to the increase in intracellular calcium, which in turn
may induce the release of glutamate (Kullmann et al., 2002;
Platel et al., 2005; Brustein et al., 2013). In accordance with that,
it was shown that applying glycine triggers a calcium influx in
pyramidal and cortical neurons at E17 and E13, respectively
(Platel et al., 2005). This effect was blocked by strychnine and
disappears in the GlyR-knockout (KO) animals (Jimmy Zhou,
2001; Young-Pearse et al., 2006), supporting the specific effect
of glycine through GlyRs.

Excitatory postsynaptic potentials produced by glycine
have been observed since fetal to P7 in gerbils and rats.
During this period neuronal growth occurs as well as
the establishment of dendritic arbors (Sanes and Friauf,
2000). Glycinergic neurotransmission has been shown to
influence neural maturation via modulating intracellular
Ca+2 concentrations in the respiratory brainstem nuclei,
hippocampus, and the lateral superior olive of the auditory
system (Ben-Ari, 2001, 2013; Soria and Valdeolmillos, 2002;
Ávila et al., 2020). In this regard, growing evidence is connecting
the glycine induced depolarization with lateral superior olive
(LSO) network maturation via modulating intracellular Ca+2

concentrations (Malenka and Nicoll, 1993; Sanes and Friauf,
2000; Kandler et al., 2002).

Similarly, the blockage of glycinergic transmission since
the beginning of development by either embryonic glycine
receptor knockdown (McDearmid et al., 2006), reversing the
depolarizing chloride gradient by over expression of human
KCC2 (Reynolds et al., 2008; Schwale et al., 2016), or by blocking
GlyRs with strychnine (Côté and Drapeau, 2012) resulted
in a selective reduction in the interneuron population with
minimal changes in motoneurons and spinal sensory neuron
populations.

This excitatory effect of glycine during embryonic
development appears to be necessary for a broad range of
neurogenic processes including formation and maturation of
neuronal circuits (Ben-Ari, 2001; Ávila et al., 2020). Evidence
indicate that GlyR α2 subunits are involved in the regulation
of interneuron differentiation during spinal cord development
(McDearmid et al., 2006) and synaptogenesis (Avila et al.,
2013a,b; Lin et al., 2017; Ávila et al., 2020).

The role of glycinergic neurotransmission in the optimal
balance of excitatory and inhibitory synaptic inputs during
development is highlighted by the increase in dendritic arbors

and dendritic spines found in motoneurons from gephyrin-
deficient mice. These increases were associated with an increase
of excitatory synaptic neurotransmission and a decrease of
inhibitory neurotransmission (Banks et al., 2005; Fogarty et al.,
2016). Also, it was demonstrated that GlyR α2 is needed for
correct maturation and function of the glutamatergic striatum
medium spiny neurons (Comhair et al., 2018).

In spite of that, glycine levels in the nervous tissue are
assumed to be too low to allow normal neurotransmission
during development (Van Den Pol and Gorcs, 1988; Zafra
and Giménez, 2008) and it is hypothesized that the amino-
sulfonic acid taurine, a partial agonist of GlyRs (Schmieden
et al., 1992; Hussy et al., 1997; Mori et al., 2002; Jiang et al.,
2004) may act as a ligand for the receptor. Supporting this
hypothesis, it was shown that taurine function as a ligand
for GlyR via non-synaptic signaling in the early neocortex
(Flint et al., 1998). However, although the concentration
of taurine progressively increases during embryogenesis
and its levels are 10–20-fold higher than the levels of
glycine and GABA (Benítez-Diaz et al., 2003), GlyRs in
the developing cortex are 10 times less sensitive to taurine
(Schmieden et al., 1992; Hussy et al., 1997; Okabe et al.,
2004), strongly suggesting that glycine is acting on its own
receptors.

On the other hand, glycine transporters may well play
an important role controlling the extracellular level of glycine
through GlyT1. In fact, it has been proposed that this could be
the primarily role of GlyT1 during the spinal cord development,
where this transporter is active in the removal of glycine
from the extracellular compartment in extra synaptic locations
(Gomeza et al., 2003).

In addition, glycine concentrations are influenced by the
GCS that catalyzes the degradation of glycine and provides
the developing brain with other metabolites, such as 5,10-
methylenetetrahydrofolate, which is essential for DNA synthesis
(Ichinohe et al., 2004).

Role of glycine in cell proliferation
and specification

Pioneering studies in the immature retina revealed a
glycinergic transmission role in directing the proliferation
of rod photoreceptor cells as well as in the light-dependent
maturation of retinal ganglion and bipolar cells. Outstanding,
overexpression of the α2 GlyR subunit leads to the development
of a high percentage of rod photoreceptors at the expense of
Muller glial cells (Young and Cepko, 2004).

Similarly, knockout of the α2 subunit at the onset of
development reduces the number as well as the differentiation
of spinal interneurons, thus affecting the formation of rhythm-
generating networks (McDearmid et al., 2006). Moreover, α2-
GlyRs were found to control the proliferation of progenitor cells
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during corticogenesis (Avila et al., 2014) and to promote the
migration of cortical interneurons (Avila et al., 2013b).

Cells may be differentially affected depending on the type of
GlyR subunit expressed as well as the cell type at different places
compared to migrating interneurons (Ávila et al., 2020). In this
context, glial cells can modulate neurotransmission by secretion
of soluble factors; in fact, microglia secrete glycine and enhance
NMDA receptor-mediated responses (Hayashi and Nakanishi,
2013).

Although glia are non-excitable, they express many of the
same receptors for neurotransmitters, and these can induce
membrane depolarization, increase in intracellular calcium,
and proliferation (Domingues et al., 2010); indeed, GlyRs
can modulate action potential conduction in white matter
(Constantinou and Fern, 2009). Therefore, glial cells may also
trough these receptors modulate synaptic development.

Remarkably, glycine has been showed to be related to the
rapid cancer cell proliferation and could reverse the expression
of aging phenotypes. This effect is thought to be related to
glycine metabolism (Pan et al., 2021); glycine biosynthesis
enzymes are more highly expressed in proliferating cells,
where they are incorporated in purine nucleotides. In addition,
depleting extracellular glycine or knocking down the SHMT2
glycine-synthesizing enzyme blocked rapid proliferation by
prolonging the G1 phase of the cell cycle (Nguyen et al., 2002;
Yang et al., 2018). Besides, α1 and α3 GlyR subunits were found
to be expressed in human brain tumor biopsies (Förstera et al.,
2014). Moreover, knockdown of α1 GlyR protein expression
impaired the self-renewal capacity and tumorigenicity of GL261
glioma cells (Förstera et al., 2014), supporting a non- synaptic
role of GlyRs. In this respect, outstandingly, α1 and α3 GlyR
subunits were found to contain a nuclear localization signal in
the large cytosolic loop domain (Melzer et al., 2010).

In addition, two inhibitors of the Wnt pathway (WIF1
and DKK1B) were upregulated upon GlyRs knockdown in
neural stem cells (NSCs), suggesting that a Wnt-dependent
neurogenic process could be silenced in NSCs when glycine
signaling is impaired (Samarut et al., 2016, 2019). Moreover,
the P53 tumor suppressor protein was upregulated upon GlyR
knockdown, suggesting that cells might die in the absence of
glycine signaling. Similarly, the activation of the Hedgehog
signaling pathway reduces GlyT 2 expression in vitro in rodent
primary spinal cord neurons or in vivo in zebrafish embryos (de
la Rocha-Muñoz et al., 2021). These results define a link between
development signaling pathways and glycine action.

Pathophysiological consequences of
glycinergic action during development

There is considerable evidence supporting the role of
glycine on the CNS development. GlyRs are expressed in dorsal

progenitors and migratory neurons, contributing to the cell
cycle control, cell migration and morphological development
(Tapia et al., 2000, 2001; Nimmervoll et al., 2011; Avila et al.,
2013b; Avila et al., 2014), which impairs the formation of cortical
circuits (Morelli et al., 2017). Therefore, the lack of GlyRs may
affect the development process, including circuit formation that
may lead to different disorders in adulthood (Ruediger and Bolz,
2007).

Indeed, defects in glycinergic signaling during neural
development can result in the neurological motor disorders
hyperekplexia, hypertonia, and episodic neonatal apnea (Lewis
et al., 1998; Lape et al., 2012; Bode and Lynch, 2013). The
hyperekplexia-causing mutations in GLRA1 and GLRB result
either in disrupted surface expression or altered glycine efficacy
(Bode and Lynch, 2013).

Likewise, mutations in genes either encoding GlyRs (Piton
et al., 2013; Pilorge et al., 2016), KCC2 (Merner et al.,
2015), or the amino methyltransferase enzyme (AMT) involved
in glycine degradation (Yu et al., 2013), were reported in
patients affected by autism, supporting the glycine role in
neurogenesis. Furthermore, recently Chen et al. (2022) using
a combination of molecular modeling and electrophysiology
recordings for four novel missense variants in GLRA2
associated with autism spectrum disorder (ASD), identified
GLRA2 as the cause of autism spectrum neurodevelopmental
phenotypes. The missense variants cause either loss, gain
or altered function of GlyR α2 subunit, enlightening the
clinical forms associated with human ASD (Chen et al.,
2022).

Similarly, failure in GCS activity leads to serious
malformations, such as agenesis of the corpus callosum,
gyral malformation, and cerebellar hypoplasia. Moreover,
alternative splicing variants of GlyRs have been detected
in patients suffering from temporal lobe epilepsy (Eichler
et al., 2008). Also, GLRA2 knockout mice showed disruption
of the excitation/inhibition balance, resulting in enhanced
susceptibility to epileptic seizures (Morelli et al., 2017).
Remarkably, pharmacological inhibition of GlyR α2 decreased
the proliferation of hippocampal adult NSCs, and its genetic
deletion leads to impaired and spatial memory in the adult mice
(Lin et al., 2017).

Furthermore, the alpha-4 subunit and the β subunit were
recently found to be expressed in mouse embryos, where were
implicated in the regulation of embryo implantation (Nishizono
et al., 2020).

Conclusion

CNS development involved precise coordination of
cell proliferation, differentiation and cell migration; in
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addition to an intrinsic genetic program, these processes
are controlled by extracellular signals. Among these,
neurotransmitters have been found to have an important role.
In the adulthood, glycinergic neurotransmission is limited to
the spinal cord, retina and few brain areas; however, functional
GlyRs have been found almost everywhere in the developing
brain.

Moreover a variety of evidence strongly support a relevant
role of glycine signaling during development; even more,
alterations in this signaling has been associated to pathologies
in the adulthood (Eichler et al., 2008; Bode and Lynch,
2013; Piton et al., 2013; Pilorge et al., 2016; Morelli et al.,
2017; Chen et al., 2022) supporting glycinergic function in
proliferation and cell specification and circuit formation.
Though, few studies have been carried out to analyze the
mechanisms involved. Although these findings should be
extended, they open new insights to understand the role
of glycine during early neural development and its role in
different pathologies, information which will improve adult
brain healing.
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The development of the vertebrate eye is a complex process orchestrated

by several conserved transcriptional and signaling regulators. Aside from

partial or complete loss, examples of exceptional modifications to this

intricate organ are scarce. The unique eye of the four-eyed fish Anableps

anableps is composed of duplicated corneas and pupils, as well as specialized

retina regions associated with simultaneous aerial and aquatic vision. In a

previous transcriptomic study of the A. anableps developing eye we identified

expression of twenty non-visual and eleven visual opsin genes. Here, we

surveyed the expression territories of three non-visual melanopsins genes

(opn4×1, opn4×2, opn4m3), one teleost multiple tissue opsin (tmt1b) and

two visual opsins (lws and rh2-1) in dorsal and ventral retinas. Our data

showed that asymmetry of non-visual opsin expression is only established

after birth. During embryonic development, while inside pregnant females, the

expression of opn4×1, opn4×2, and tmt1b spans the whole retina. In juvenile

fish (post birth), the expression of opn4×1, opn4×2, opn4m3, and tmt1b genes

becomes restricted to the ventral retina, which receives aerial light. Raising

juvenile fish in clear water instead of the murky waters found in its natural

habitat is sufficient to change gene expression territories of opn4×1, opn4×2,

opn4m3, tmt1b, and rh2-1, demonstrating that different lighting conditions

can shift opsin expression and potentially contribute to changes in spectral

sensitivity in the four eyed fish.
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Introduction

Change in environmental light is an important driving force
for the diversity of visual systems in vertebrates. Aquatic animals
occupy a great range of visual environments and have evolved
adaptations to increase sensitivity to the availability of light
(Collin, 2009). Evolutionary and developmental adaptations
to the visual system have ensured success in avoiding
predation, establishing feeding behavior and finding sexual
partners (Jeffery, 2020; Thomas et al., 2020). For example,
cichlid fishes show a versatile visual system with a complex
sensory plasticity that regulates reproductive, feeding, and
social behavior (Butler et al., 2019; Maruska and Butler, 2021).
Substantial changes to the general structure of the vertebrate
eye are rare, and include total or partial loss of the eyes, as
seen in cavefishes, and the specialized retinas of the deep-
water fish (Warrant and Locket, 2004; Biagioni et al., 2016;
Lunghi et al., 2019).

Attempt in eye duplication is a rare event observed in only
a few fish lineages such as Dialommus fuscus and Dialommus
macrocephalus, also known as “Rockskipper,” these fish are
terrestrial predators and have a vertically split cornea that allows
them to remain upright with one cornea in and the other
out of the water. In addition, Bathylychnops exilis, inhabits
depths between 600 and 3,000 ft, and has an auxiliary globe
in addition to the main eyeball directed toward the ocean
floor (Schwab et al., 2001). Species from the genus Anableps
are also a remarkable example of extreme adaptation of the
visual system. With a partially duplicated eye, simultaneous
aerial and aquatic vision, and a single optic nerve, Anableps
consists in a unique model to understand the genetic bases of
eye duplication (Figure 1A; Schwab et al., 2001; Owens et al.,
2012; Perez et al., 2017).

Morphological innovations to the visual system require
molecular changes in photoreception regulation. The
distribution of photoreceptor cells and the composition of
rods and cones play an important role in spectral sensitivity in
teleost fish (Okano et al., 1994; Collin, 2009; Sato et al., 2018).

Membrane proteins known as visual opsins are present in
retina cells and act as light sensors. Coupled with chromophores,
these proteins mediate light detection and the initiation of visual
processing in the photoreceptor cells (Wald, 1968; Yokoyama,
2000). Conversely, non-visual opsins, although expressed in the
inner retina among other tissues in the vertebrate body, do not
participate directly in image formation and instead respond to
light by activating a series of non-visual sensory responses. In
fish, these proteins are present in the pineal complex, epidermal
photoreceptors and in the retina nuclear layers and play an
important role in light detection, neural development and
control of the circadian rhythm (Okano et al., 1994; Kojima and
Fukada, 1999; Van Gelder, 2001; Peirson et al., 2009).

The melanopsins are the most widely studied non-visual
opsins (Peirson et al., 2009; Diaz et al., 2016; Van Gelder

FIGURE 1

The Anableps anableps. (A) Anableps anableps female specimen,
dorsal close-up view of the A. anableps head and part of the
body. (B) Schematic of the A. anableps eye showing the water
line and asymmetric gene expression of lws and rh2-1 genes in
the dorsal and ventral retinas, respectively. Dorsal (D), Di ( Distal),
V (Ventral), and Pr (Proximal).

and Buhr, 2016; Guido et al., 2020). In zebrafish (Danio
rerio), expression of opn4×1a, opn4×1b, and opn4m3 are
detected in horizontal, bipolar and amacrine cells while a
small subgroup of retinal ganglion cells expresses opn4×1
and opn4m3. The expression of opn4m3 was also detected
in the zebrafish retinal pigment epithelial (RPE) (Davies
et al., 2011). In the retina cells of salmon fish (Salmo
salar), five melanopsin genes were observed: opn4×1a and
opn4×1b, opn4m1a1, opn4m1a2, and opn4m2 (Sandbakken
et al., 2012). The non-visual opsin multiple tissue of teleosts
(tmt) is expressed in the eyes, brain, liver, kidneys, and
heart of fugu (Fugu rubripes) and zebrafish and in the brain
and eyes of medaka (Oryzias latipes) (Moutsaki et al., 2003;
Fischer et al., 2013). Previous studies have demonstrated
that tmt1 and tmt2 opsins act as a blue light-sensitive
Gi/Go-coupled receptors but exhibited spectral properties and
photo-convertibility of the active state different from each
other (Diaz et al., 2016; Guido et al., 2020). While non-
visual opsins are expressed in the retina cells of many
fish species, the exact role of these proteins and their
physiological functions remain to be elucidated (Diaz et al.,
2016; Guido et al., 2020).

Asymmetric gene expression of opsin genes is another way
of modulating visual sensitivity, and this mechanism plays
an important role in the diversification of visual pigments
in fish, leading to changes in spectral sensitivity (Hofmann
and Carleton, 2009; Hauser and Chang, 2017). In addition,
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modulation of spectral sensitivity could also occur as part of
a short-term plastic response to environmental changes, as
observed in the eyes of the four eyed fish Anableps anableps.

Anableps are livebearers; female fish give birth to fully
developed progeny, similarly to mammals. Previous work from
our group has shown that the establishment of asymmetric
expression of visual opsins (rh2-1 and lws) occurs prior to
birth and is independent of photic input, suggesting that it is
genetically programmed (Perez et al., 2017). Here, we show
that opn4×1, opn4×2, and tmt1b are expressed symmetrically
in the entire retina of the developing eye of the A. anableps
during larval stages. In the juvenile fish, tmt1b, opn4×1,
opn4×2, and opn4m3 shift the expression domain and become
restricted to the ventral retina. A. anableps inhabit murky
waters of the Amazon River and its tributaries (Supplementary
Video 1). However, when animals were maintained in aquaria
with clear water, we observed loss of opn4×2 expression
in the retina, and a shift in opn4×1, opn4m3, and tmt1b
expression domains, from being restricted to the ventral retina,
to being expanded dorsally and occupying the entire retina,
recapitulating the expression pattern of the developing eye
during larval stages.

Materials and methods

Sample collection

Specimens of A. anableps were collected by seine net in two
locations: Abaetetuba, Pará, Brazil (1◦42′24.9′′S 48◦53′46.4′′W)
and Bragança, Pará, Brazil (0◦53′27.6′′S 46◦39′21.9′′W).
Animals were euthanized using MS-222 (Sigma-Aldrich Corp.,
Milwaukee, WI, USA) followed by decapitation.

Histological analysis

Eyes of wild-caught A. anableps juvenile (up to 15 cm
long) and larvae were collected and flash frozen in Tissue-
Tek R© O.C.T TM embedding medium (Sakura Finetek USA Inc.,
Torrance, CA, USA). Sagittal cryosections (20 µm) of the eyes
were obtained using CM1850 UV cryostat (Leica Biosystems
Nussloch GmbH, Nussloch, BW, Germany) and collected on
ColorFrost Plus microscope slides (Thermo Fisher Scientific,
Pittsburgh, PA, USA), fixed in 3% paraformaldehyde (Sigma-
Aldrich Inc., St. Louis, MO, USA) and stored at −80◦C for
further use.

Lighting environment conditions

Eight juvenile fish were kept in a 75 Gallon glass aquarium
with UV filter and standard fluorescent light (40 watts);

FIGURE 2

Non-visual opsin gene expression in the larval retina of Anableps
anableps. In situ hybridizations for opn4×1 (A,B), opn4×2 (C,D),
opn4m3 (E,F), and tmt1b (G, H) were performed in eyes of larvae
collected before birth. Sections of the dorsal retina are on the
left, and ventral retina to the right. ONL, outer nuclear layer; INL,
inner nuclear layer; GCL, ganglion cell layer. Scale bars:
0.05 mm.

fish were kept in dechlorinated tap water at 28◦C with
aeration and biological and mechanical filtration and fed
daily with fish ration. Fish were exposed to a day and
night cycle of 12 h for 30 days followed by euthanasia,
according to Fuller and Claricoates (Fuller and Claricoates,
2011; Supplementary Video 2).

Sagittal sections (20 µm) were obtained using CM1850
UV cryostat (Leica Biosystems Nussloch GmbH, Nussloch,
BW, Germany), placed on ColorFrost Plus microscope slides
(Thermo Fisher Scientific, Pittsburgh, PA, USA) and stored at
−80◦C for further use. Eight wild-caught juvenile fish were used
as control for these experiments.

Riboprobe synthesis

To produce riboprobes for in situ hybridization for the
genes opn4m3, opn4×1, opn4×2, and tmt1b, we adapted a PCR-
based technique for the preparation of riboprobe templates
(David and Wedlich, 2001). First, vectors containing target
gene sequences were synthesized in pBlueScript II SK(+) by
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BioCat GmbH (Heidelberg, Germany). Next, these vectors
were used as a template on a PCR reaction. The T7 promoter
sequence was included at the 5′ end of each gene-specific
forward primer, whereas the SP6 promoter sequence was added
to the 5′ end of each gene-specific reverse primer. The resulting
amplicons for each target gene were subsequently used as
template for sense (T7) or antisense (SP6) riboprobe synthesis.
Primers (with promoter sequences underlined) were: opn4m3-
Forward: 5′ TAATACGACTCACTATAGGCTCGTCTGAG
GTGGTTTTAGG 3 and reverse: 5′ ATTTAGGTGACAC
TATAGTGTAGGAGCAGGGTGGAGAAG 3′, opn4×1-
Forward: 5′TAATACGACTCACTATAGCAAAGAAGGCAAC
GATGTAGTGA 3′ and reverse: 5′ ATTTAGGTGACACTA
TAGACACGGATTCTATCGGCATGT 3′, opn4×2-Forward: 5′

TAATACGACTCACTATAGCCATTCCTTGTAGAGGCAGTT
GATA 3′ and reverse: 5′ ATTTAGGTGACACTATAGGCGACT
TCCTCATGGCTTTC3′, tmt1b-Forward: 5′ TAATACGA
CTCACTATAGCAGTGGTCGTCCGAAAATGG 3′ and
reverse: 5′ ATTTAGGTGACACTATAGGCGGTTCAAAGGG
ATTACTGT 3′.

To produce riboprobes for the visual opsins lws and
rh2-1, we used as templates vectors previously described
(Perez et al., 2017). The pCRII-TOPO vector (Thermo Fisher
Scientific, Pittsburgh, PA, USA) containing the target gene
sequence was used as a template in a PCR reaction with M13
forward (5′ TAAAACGACGGCCAG-3′) and M13 reverse
(5′-CAGGAAACAGCTATGAC 3′) primers. The resulting
amplicon contained the sequence of the gene of interest
flanked by an upstream T7 promoter and a downstream SP6
promoter. Sense and antisense probes were produced using T7
and SP6 RNA polymerases, respectively. Riboprobe reaction
was performed using DIG-labeling mix (Roche Diagnostics
Deutschland GmbH, Mannheim, BW., GER.) and according
to manufacturer’s protocol (mMESSAGE mMACHINE
Transcription kits, Ambion, Carlsbad, CA, USA).

In situ hybridization

In situ hybridization was performed according to previously
established protocol (Lovell et al., 2013; Carleton et al., 2014;
De Lima et al., 2015). Cryosections from heads A. anableps
specimens were acetylated for 10 min in a solution of 0.33%
acetic anhydride in DEPC-treated water, rinsed with 2× SSPE
buffer (0.02 M EDTA and 2.98 M NaCl in 0.2 M phosphate
buffer) and dehydrated in 70, 95, and 100% RNase-free ethanol.
Each section was then hybridized with a solution (32 µL)
containing 50% formamide, 2× SSPE, 1 µg/µl BSA, 1 µg/µL
poly(A) (Sigma-Aldrich Corp., Milwaukee, WI, USA) in DEPC-
treated water, and 1 µL of the DIG-labeled riboprobe. Slides
were cover slipped, sealed by immersion in mineral oil, and
incubated overnight at 65◦C. Next, sections were rinsed in
chloroform, de-cover slipped in 2× SSPE, and incubated serially

in 2× SSPE/50% formamide, and in 0.1× SSPE at 65◦C.
Sections were then blocked for 30 min at RT in blocking
buffer with 1% skim milk and incubated overnight with an
alkaline phosphatase-conjugated anti-DIG antibody (Roche
Diagnostics Deutschland GmbH, Mannheim, BW, Germany)
Slides were washed twice for 15 min in TMN (100 mM
Tris, pH 9.5; 150 mM NaCl, 0.05 M MgCl2), and incubated
in a detection solution containing the alkaline phosphatase
substrates Nitro-Blue Tetrazolium Chloride (NBT) (Roche
Diagnostics Deutschland GmbH, Mannheim, BW, Germany).
and 5-Bromo-4-Chloro-3-Indolyl-phosphate p-Toluidine Salt
(BCIP) (Roche Diagnostics Deutschland GmbH, Mannheim,
BW, Germany) Slides were washed overnight, fixed in 4%
paraformaldehyde (dissolved in PBS) and cover slipped with
Cytoseal (Thermo Fisher Scientific, Pittsburgh, PA, USA). Slides
were imaged using a Nikon SMZ1500 microscope and processed
on NIS-Elements D 4.10.01 program (Nikon Instruments Inc.,
Melville, NY, USA).

Results

Non-visual opsins are expressed
symmetrically in the developing eye of
Anableps anableps prior to birth

Our previous work identified twenty non-visual and eleven
visual opsins expressed during the development of the eye in
the four-eyed fish (Beaudry et al., 2017; Perez et al., 2017).
Here, in situ hybridization was performed to examine the
expression domains of three types of melanopsin subfamily
of genes, opn4×1, opn4×2, opn4m3, and one type of teleost
multiple tissue opsin, tmt1b, in the developing retina of pre-
birth larvae. Our results showed that opn4×1, opn4×2, and
tmt1b are expressed uniformly in the outer nuclear layer (ONL),
inner nuclear layer (INL), and ganglion cell layer (GCL) in
both dorsal and ventral regions of the retina (Figures 2A–
D,G,H). The expression of opn4m3 was not detected by in situ
hybridization at stage 5 (Figures 2E,F).

Expression domains of visual and
non-visual opsins change upon
different lighting conditions in juvenile
Anableps anableps

We have previously shown that in the A. anableps,
asymmetric expression of lws and rh2.1 in the dorsal and ventral
regions of the retina, respectively, is established prior to birth
in photoreceptor cells (Perez et al., 2017). Here, we wanted to
investigate the plasticity of visual and non-visual opsins in the
retina upon changes in environmental lighting. To this end,
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FIGURE 3

Non-visual opsin gene expression in the juvenile retina of Anableps anableps. In situ hybridizations of opn4×1 (A–D), opn4×2 (E–H), opn4m3
(I–L), and tmt1b (M–P) were performed in A. anableps’ eyes from wild-caught juvenile fish under natural light conditions (A,B,E,F,I,J,M,N) and
juveniles that were kept for 30 days in light exposure from above and below the water (C,D,G,H,K,L,O,P). The panel shows sections of the dorsal
retina and ventral retina. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; IS, photoreceptor inner segments; OS,
photoreceptor outer segments. Scale bars: 0.05 mm.

juvenile fish were maintained in clear water for 30 days and
surveyed for visual and non-visual opsin gene expression using
RNA in situ hybridization.

In wild-caught juvenile A. anableps found in murky river
water, the expression of opn4×1 (Figures 3A,B) and opn4×2
(Figures 3E,F) is restricted to the ONL and INL of the ventral
retina while opn4m3 and tmt1b are expressed in the INL,
ONL and GCL of the ventral retina (Figures 3I,J,M,N). We
next used a 30-day light-induced cycle and assayed opsin gene
expression. Our results showed that expression of opn4×1 and
tmt1b, restricted to the ONL and INL in the ventral retina in
wild-caught fish, expands to the ONL, INL and GCL in the
dorsal retina (Figures 3C,D,O,P); opn4×2 expression is lost
in the entire retina (Figures 3G,H) while opn4m3 expression
becomes sparse in the ONL, INL and GCL of the ventral retina
(Figures 3K,L).

We next assayed the lws and rh2-1 visual opsins, which show
expression domains restricted to the dorsal and ventral retinas,
respectively (Perez et al., 2017). Upon light-induced exposure,
in situ hybridization showed that lws expression remained in
the photoreceptor layer of the dorsal retina, however, rh2-1
expression expanded to the photoreceptor layer of ventral and
dorsal retina territories (Figures 1B, 4A–D for reference).

Altogether, our results show that lws and rh2-1 visual
opsin expression is established without environmental light
stimuli, prior to birth. However, changes in light input can
modulate the expression of rh2-1 and cause a shift the expression

FIGURE 4

Gene expression of visual opsins in the retina of juvenile A.
anableps under light stimuli for 30 days. In situ hybridizations of
rh2-1 (A,B) and lws (C,D) in dorsal and ventral retinas from
juveniles of A. anableps. Scale bars: 0.05 mm.

domain, from being restricted to the ventral retina, to being
expanded to the entire retina. Non-visual opsins also show
asymmetric expression in the nuclear layer of the retina in
juvenile fish. Although established only after birth, changes
in the environmental lighting caused a shift in the expression
domains of opn4×1, opn4m3, and tmt1b, suggesting that both
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visual and non-visual opsins can be modulated by changes in
the photic input.

Discussion

In this work, we surveyed the expression of three
melanopsins opn4×1, opn4×2, opn4m3, and one tmt1b in the
nuclear layers of the A. anableps retina. The spatial pattern
observed pre-birth diverges from that seen in free-swimming
juvenile individuals, which express opn4×1 and opn4×2 in the
ONL and INL of the ventral retina while opn4m3 and tmt1b are
expressed in the INL, ONL and GCL of the ventral retina.

In zebrafish, melanopsin genes are expressed in different
regions of the retina and have been associated with the
regulation of negative phototaxis (Matos-Cruz et al., 2011;
Fernandes et al., 2012). In teleost fish, the expression of
melanopsin in various types of neuronal cells can directly
influence retinal function in a dependent and/or independent
way from intrinsically photosensitive retinal ganglion cells
(Matos-Cruz et al., 2011). In other vertebrates, including teleost
fish, tmt expression is distributed across many tissues including
internal organs where light can hardly penetrate, suggesting that
tmt opsin may have both photosensitive and non-photosensitive
functions (Fischer et al., 2013; Sakai et al., 2015). In our work,
we speculate that light-induced changes in non-visual opsins
expression could be due to the indirect regulation of visual
opsins in the photoreceptor cells of the retina.

Previous studies from our group and others have shown
asymmetric expression of lws and rh2.1 in the photoreceptor
cells in the dorsal and ventral domains of the developing retina,
respectively, with the establishment of asymmetric expression
of lws and rh2.1 occurring before birth, suggesting that it
is genetically programmed and independent of light stimuli
(Owens et al., 2012; Perez et al., 2017). This asymmetry allows
the partial duplicated eye of the A. anableps to optimize the
absorption of different wavelengths coming simultaneously
from the aerial and aquatic environment. In this work, we
manipulated light input by changing the turbid water where the
A. anableps is normally found and replacing it with clear water.
We tested the plasticity of lws and rh2.1 in the photoreceptor
cells in the retina of juvenile fish after a 30 day period and
our results showed that, despite being established before light
stimuli reach the retina (Perez et al., 2017), the expression of
rh2.1 (normally expressed in the ventral retina) shifted and
became uniformly expressed in the entire retina, while the
expression of lws remained unchanged and restricted to the
photoreceptor cells in the dorsal retina. While in captivity,
animals were maintained in tanks with average temperature of
28◦C, which closely mirrors that of their natural environment.
The commercial diet provided for the animals in captivity,
however, differs from their diet in natural settings. In the wild,
the stomach content of A. anableps ranges from micro and
macroalgae, insects, crustaceans, molluscs, fishes, to mud and

detritus (Figueiredo et al., 2019). While we cannot rule out
a potential feeding behavior of food content impact on opsin
gene expression, we have no knowledge of a documented link
between the former and the latter.

In zebrafish and guppies, the expression patterns of different
subtypes of rh2 and lws vary according to the developmental
stage and region of the retina (Takechi and Kawamura, 2005;
Owens et al., 2012). Several studies have demonstrated that
opsin expression is subject to phenotypic plasticity (Fuller et al.,
2005; Shand et al., 2008; Veen et al., 2017). Several teleost
species placed under altered light conditions, such as damsel and
cardinal fish (Luehrmann et al., 2018), African cichlids (Wright
et al., 2019), guppies (Kranz et al., 2018), and Senegalese sole
(Frau et al., 2020) can alter the expression of opsin genes to adapt
to the environmental changes. Here we show that shift in opsin
expression happens in the dorsal and ventral domains of the
retina in A. anableps within a 30-day period, our results do not
exclude the possibility that the change in the expression pattern
of opsin genes occurs in a shorter period. Here, we show that
after a 30-day period of exposure to clear water, opsin expression
changes in the dorsal and ventral retinas, given that, this shift
happens in portions of the retina for both visual and non-visual
opsin genes, our results suggest that the regulatory control of the
expression of opsins in the eye of the A. anableps is complex and
compartmentalized in the dorsal and ventral retinas.

Conclusion

Our study shows that the expression of visual opsins in
the retina of A. anableps can be modulated by spectral and
intensity changes in ambient light. These adjustments allow
for a quick adaptation of the visual system to different water
turbidity and environmental luminosity. Our findings indicate
that the A. anableps exhibits great potential to modulate its
vision according to the environment, allowing this organism to
adjust its vision to different photic conditions. Furthermore, our
findings suggest that the expression of non-visual opsins can
also be altered upon changes in environmental light, suggesting
a regulatory correlation between visual and non-visual opsin
regulation of physiological functions responsive to light.
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SUPPLEMENTARY FIGURE 1

In situ hybridization showing the sense control riboprobes for the
non-visual opsins: opn4×1, opn4×2, opn4m3, tmt1b.

SUPPLEMENTARY FIGURE 2

In situ hybridization showing the sense control riboprobes for the visual
opsins lws and rh2-1.

SUPPLEMENTARY VIDEO 1

A group of five Anableps anableps specimens in the wild. Movie was
recorded in the estuarine region of Bragança, Pará, Brazil (0◦53′27.6′ ′S
46◦39′21.9′ ′W).

SUPPLEMENTARY VIDEO 2

A fish tank with Anableps anableps specimens during the 30-day light
induced experiments.
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Radial glia and radial glia-like
cells: Their role in neurogenesis
and regeneration
Yamil Miranda-Negrón and José E. García-Arrarás*

Department of Biology, College of Natural Sciences, University of Puerto Rico, San Juan,
Puerto Rico

Radial glia is a cell type traditionally associated with the developing nervous

system, particularly with the formation of cortical layers in the mammalian

brain. Nonetheless, some of these cells, or closely related types, called

radial glia-like cells are found in adult central nervous system structures,

functioning as neurogenic progenitors in normal homeostatic maintenance

and in response to injury. The heterogeneity of radial glia-like cells is

nowadays being probed with molecular tools, primarily by the expression of

specific genes that define cell types. Similar markers have identified radial

glia-like cells in the nervous system of non-vertebrate organisms. In this

review, we focus on adult radial glia-like cells in neurogenic processes during

homeostasis and in response to injury. We highlight our results using a

non-vertebrate model system, the echinoderm Holothuria glaberrima where

we have described a radial glia-like cell that plays a prominent role in the

regeneration of the holothurian central nervous system.

KEYWORDS

regeneration, echinoderm, spinal cord, radial nerve cord, radial glia (RG), radial glia
like cells

Origin and description of radial glia cell

Radial glial cells (RGCs) were initially described around the mid-late 1800s in
several mammalian species by Bentivoglio and Mazzarello (1999). Using the Golgi
impregnation technique, these and other investigators reported that RGCs were found
in the developing nervous system (NS) at different embryonic and neonatal stages
(Figure 1). Ever since then, RGCs have been associated with: (1) characteristic
morphological features, (2) their occurrence in nervous tissue, specifically in the central
nervous system (CNS), and (3) their transient presence during embryonic development.
Over one century later, multiple studies have confirmed the original findings and have
extended them to incorporate the molecular basis of cellular phenotypes and their
functions. RGCs, or cells with similar properties termed radial glia-like cells (RGLCs),
have been documented in adults of various species, where functions, additional to their
embryological role, have been described. In this review, we focus on the presence of
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RGLC’s in adult organisms and their roles in NS regeneration,
we highlight the work of our group in studying the RGLCs in
echinoderms and their prominent role during regeneration of
the radial nerve cord (RNC).

Radial glia in vertebrates

Magini’s original description of RGCs consisted solely of
the cell’s morphological features and the changes they displayed
during vertebrate NS development. In one of his Golgi-stained
sections, Bentivoglio and Mazzarello (1999) describes them as
“very long and thin filaments, mostly directed toward the white
matter, where they often get lost after having traversed the entire
thickness of the gray matter”. This description, with emphasis on
the apico-basal radial morphology, has been substantiated using
many other techniques. Among them immunohistochemical
and transgenic tools (Figure 2). Many of these tools have also
served to study the cell’s origin.

Radial glial cells originate from the early neural tube
neuroepithelial cells (NECs) by a transition that involves
acquiring astroglia characteristics. NECs are known for
their apico-basal polarity and interkinetic nuclear migration
associated with their cell cycle progression. At the beginning of
neural tube formation, NECs divide symmetrically, populating
and supporting the development of the neural tube. Eventually,
most NECs will differentiate into RGCs. At this point, gene
expression changes are observed, and unique markers for the
RGCs are expressed. For example, tight junction occludins are
replaced by cell adhesion proteins such as N-cadherins (Aaku-
Saraste et al., 1996). Similarly, cytoplasmic glycogen granules
begin to appear (Gadisseux and Evrard, 1985). Other changes
can be seen at the transcriptional level, where the involvement
of repressor-type basic helix-loop-helix (bHLH) gene Hes3 is
downregulated while Hes5 expression increases (Hatakeyama
et al., 2004; Kageyama et al., 2008). RGC progenitor cells will
divide asymmetrically, self-renewing, giving rise to progenitor
cells and eventually differentiating into neuronal and glial cells
(Haubensak et al., 2004; Noctor et al., 2004; Rowitch and
Kriegstein, 2010).

Radial glial cells identification has evolved from recognition
solely based on morphology to the identification of RGC
markers and, more recently, RGC gene expression profiles.
In these studies, it has been shown that RGCs change their
morphology and gene expression during the developmental
process. Thus, the description of their gene expression profile
and/or their specific marker expression has been used to define
RGC subpopulations that are found at specific developmental
stages or in certain regions of the CNS.

Historically, at the gene expression level, cells that expressed
glutamate aspartate transporter (GLAST) (SCL1A3), glutamate
synthase (GS), S100β, tenascin C (TN-C), brain lipid binding
protein (BLBP), SCO-spondin, and the intermediate filaments

glial fibrillary acidic protein (GFAP), Nestin, and Vimentin
(VIM) were generally considered RGCs (Mori et al., 2005; März
et al., 2010; Diotel et al., 2020). Therefore, these markers have
been adopted as the “typical” RGC markers. However, not all
of them are RGC specific. For example, BLBP, S100β, GFAP, and
GS are also expressed by NECs and some astrocytes (Robel et al.,
2011; Lattke and Guillemot, 2022). Moreover, some of these
markers are only expressed transiently in RGCs, depending
on the differentiation stage (Gotz et al., 2013). In view of
these provisos, the repertory of RGC markers is continuously
expanding with the discovery of new gene products. Among
these are Sox2, PAX6, Hes1, Hes5, and N-cadherin, that
are considered markers that can be of use to identify RGC
populations in rodents and humans (Levitt and Rakic, 1980;
Kageyama et al., 2008; Malatesta et al., 2008; März et al., 2010;
Krencik and Zhang, 2011; Johnson et al., 2016). In the last few
years, our knowledge of RGCs has expanded significantly due to
the use of single-cell RNA-sequencing (sc-RNAseq) technology.
Additional putative markers for RGCs have been proposed, such
as PDGFD, HOPX, and ITGB5, identified in human stem cells
of the ventricular and outer subventricular neocortex. These
markers still need to be further characterized to determine their
specificity to RGCs (Pollen et al., 2015).

Differences between cell cycle, markers, and neuronal fate
have made it clear that RGCs comprise a heterogenic population
(Pinto and Götz, 2007; Malatesta et al., 2008; Pollen et al.,
2015; Scott et al., 2021). This was well established in the early
2000 when colocalization analysis reveal different RGC marker
expressions within the RGCs (Hartfuss et al., 2001). In both
the zebrafish and human CNS, studies have shown that RGCs
are more heterogenic than originally thought. For example,
sc-RNAseq experiment of the zebrafish spinal cord revealed a
small subset of RGCs to be oligodendrocyte progenitor cells
given their Sox19a and olig2 marker expression (Scott et al.,
2021). Similarly, in the human telencephalon, nine different
RGC progenitor clusters were identified via a combination of
VIM, SOX2, Hes5, and DLK1 gene expression profiling and
immunostaining (Eze et al., 2021). Human cortical RGC also
showed a transcriptional diversity that apical versus non-apical
RGCs which were then classified as pro-neural or multipotent
RGC (Johnson et al., 2015). It is expected that the growing
identification of markers increases the likelihood of presenting
a comprehensive characterization of RGC origin, development,
and possible differences between species, brain regions, and/or
developmental stages.

As is evident, the remaining challenge is to characterize
cellular populations that might differ among developmental
stages, anatomical regions and/or species in their gene
expression, to determine developmental, evolutionary and
functional homologies. In Table 1 we have listed some markers
commonly used to identify RGC and RGLC and the species
where they have been detected.
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FIGURE 1

Original drawing by Santiago Ramón y Cajal depicting the radial glia cells in Golgi-stained neonatal mouse spinal cord sections. The radial
morphology of the cells, extending from the central canal to the outside perimeter of the cord is clearly observed. Reproduced with permission
from the Cajal Institute, Madrid.

Radial glia-like cells in vertebrates

Due to their initial association with embryological
development, the term RGC has not been well accepted to
name cells that express radial morphology and RGC markers
in the adult vertebrate CNS. The nomenclature used to name
these cells mostly depends on the species or on the anatomical
region where they are found. For example, radial ependymoglial
cells, Bergmann radial glia, and Müller glial cells are terms used
to describe them in the spinal cord, cerebellum, and retina,
respectively (Goldman, 2014; Gao et al., 2021; Walker and
Echeverri, 2022). Similarly, cells that share these characteristics
in the subventricular zone (SVZ) and subgranular zone (SGZ)
of adult mammals have been interchangeably addressed in the
literature as neural stem cells (NSC), RGLC, and radial astrocyte
(RA) (Gebara et al., 2016; Berg et al., 2018; Joven and Simon,
2018; Lust and Tanaka, 2019; Obernier and Alvarez-Buylla,
2019; Urbán et al., 2019; Zambusi and Ninkovic, 2020). Given

their original description as a glial cell linage, in this review we
will use the term RGLC when referring to these adult cells, while
the term RGC will be reserved to name the embryonic cells.

The best case to consider RGLCs in adult vertebrates is
probably the existence of cells that continue to proliferate
throughout the animal’s life in the hippocampal dentate gyrus
(DG) and in the SVZ of the lateral ventricle (Götz and Barde,
2005; Urbán et al., 2016, 2019; Obernier and Alvarez-Buylla,
2019; Figure 3). Those that reside in the SGZ have long
processes that reach the granule cell layer and extend into
the inner molecular layer. Extensive studies on this region
have categorized the RGLC population into type I and type
II cells also known as quiescent NSC (qNSC) and active NSC
(aNSC) (Gonçalves et al., 2016; Urbán et al., 2016). Besides their
morphological resemblance to embryonic RGCs, they also share
distinctive marker expressions, such as BLBP, Sox2, GFAP, and
Nestin (Bonaguidi et al., 2011).
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FIGURE 2

Radial glial cells in the embryonic mammalian brain. (A) The
morphology of a mammalian glia cells are shown by the
expression of GFP. Radial glia cell processes extending from the
ventricular surface to the pial surface of the brain are
distinguishable. The cell body (arrowhead) lies within the
ventricular zone. Non-radial pluripotent cells are seen by Pax6
in red while the remaining cell are shown in blue stain by DAPI.
(B) An artistic representation of the radial glia cells (pink) in the
developing brain with processes extending from the ventricular
surface to the pial surface of the brain. Intermediate precursors
and neuronal precursors (green) derived from the radial glia are
observed in the subventricular zone. Differentiated neurons
(aqua) located close to the pial surface. CP-cortical plate,
IZ-intermediate zone, SVZ-subventricular zone, and VZ-
ventricular zone. Image 2A courtesy of Joseph Elsbernd.

Similar to what has been observed in the SGZ, the adult
SVZ niche also contains cells expressing astroglia markers
and having radial glial-like morphology. These cells, called
B cells, were initially thought to be proliferating astrocytes
given their astroglial marker expression (Doetsch et al., 1999;
Capilla-Gonzalez et al., 2015). However, they were eventually
demonstrated to be neurogenic progenitors, resembling types I
and II RGLCs of the SGZ niche (Rushing and Ihrie, 2016). Due
to their progenitor capacity, they are also commonly addressed
in the literature as NSC, while others have used the term “radial
astrocytes” or “SVZ astrocyte” (Kriegstein and Alvarez-Buylla,
2009). The B cells also share with SGZ cells their distinction by
proliferative capacity, where qNSC give rise to aNSCs and differ
in some of the markers that they express (Berg et al., 2018; Ruddy
and Morshead, 2018). For example, upon activation, quiescent B
cells upregulate Nestin and EGFR (Ruddy and Morshead, 2018).

Radial glia-like cells have also been extensively studied in
the adult zebrafish brain, mainly in the telencephalon but also in
the hindbrain, mesencephalon, cerebellum, medulla oblongata,
and retina (Grandel et al., 2006; Than-Trong and Bally-Cuif,
2015; Barbosa and Ninkovic, 2016; Diotel et al., 2020; Figure 3).
The best studied region is the pallial zone, located in the dorsal

telencephalon. Given that this region is on the brain’s outer
surface, it is more accessible for experimental procedures. It
has been documented that some of the residing cells within
this region bear a morphology reminiscent of mammalian
RGCs (Barbosa and Ninkovic, 2016). They show a polarized
morphology with their bodies within the ventricular surface and
their processes spanning through the parenchyma. Cells in the
pallial region express GFAP, BLBP, Fabp7a, Sox2, Her4.1, Hey1,
and Nestin, meeting the accepted distinctive RGC molecular
profile (Barbosa et al., 2004; Dray et al., 2015; Than-Trong et al.,
2018). Heterogeneity between cells in the pallial niche has also
been proven, classifying them as type I and type II cells based
on their proliferative status (März et al., 2010). Analogous to
adult rodent cells in the SGZ, most RGLCs in the zebrafish are
in a quiescent state (known as type I cells) while only 5% are
actively proliferating (known as type II cells) as shown by PCNA
or MCM2/5 expression (Adolf et al., 2006; Diotel et al., 2010,
2020; Rodriguez Viales et al., 2015; Labusch et al., 2020).

In summary, the present evidence strongly suggests that an
RGC-like population persists through vertebrate development
and can be found in certain specialized niches in the adult brain.

Radial glia in invertebrates

While RGCs have been described in all vertebrate classes,
establishing the occurrence of RGC in invertebrates has been a
challenge. Studies of radial glia in invertebrates can be described,
at their best as patchy, where some animal groups have been
studied while others have been largely ignored. These studies
also suffer from differences in the use of scientific tools or
markers to characterize the cells. Nonetheless, some bona fide
RGLCs have been described in invertebrate organisms, and most
of these reports can be found in the review of glia evolution
authored by Verkhratsky et al. (2019).

Probably, the most extensive comparative study of
RGLCs in invertebrates was done using transmission electron
microscopy (TEM) and immunolabeling for SCO-spondin
glycoprotein (Helm et al., 2017). Researchers analyzed two
invertebrate protostomes (the annelid Owenia fusiformis and
the priapulid worm Pirapulus caudatus) and two invertebrate
deuterostomes, the non-chordate sea star Asteria rubens and
the hemichordate acorn worm Balanoglossus misakiensis.
They reported cells with prominent radial morphology in all
species. The radial morphology correlated with the presence of
immunoreactivity to Reissner’s substance (the major component
of Reissner’s substance is SCO-spondin). Although positive
immunoreactivity was observed in all organisms, extensive data
was provided only for O. fusiformis, where positive labeling
for RGLCs was found in larval, juvenile, and adult animals
(Helm et al., 2017). Thus, RGLCs expressing at least one RGC
marker were found in protostomes. A different study, focusing
on another annelid, the earthworm Eisenia fetida identified two
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TABLE 1 Radial glia and radial glia-like cell markers.

Rodents Zebrafish

Gene/Marker/
Antigen

Embryonic Adult
SGZ

Adult
SVZ

Müller
glia

Larvae Adult VZ Müller
Glia

Axolotl

Radial morphology + +/− + + + + + ND

BLBP + + + − − + − ND

Cyp19a1b (aromatase B) − − − − + + − ND

GFAP − + + + + + + +

GLAST + + + + ND ND + ND

GS + ND ND + ND + + ND

Her4.1 − − − − − + − ND

Hes1 + + + + − − − ND

Hes5 + + + + − − − ND

Nestin + + + ND + + ND +*

Pax6 + ND + +* − − + +

S100B + − − ND ND + ND ND

Sox2 + + + + + + + +

Tenascin−C + ND + ND ND ND ND ND

Vimentin + ND + + + + + +*

+*, marker is expressed only in response to injury. +/−, two types of glia are found in this region. One with radial morphology and another non-radial. ND, no information regarding
marker was found in these cells. The table illustrates radial glia markers’ presence during development and radial glia-like cells of adults in different cerebral regions. It takes into
consideration markers found for rodents, zebrafish, and axolotl’s spinal cord. Table was created using the following references: Holder et al. (1990), Akimoto et al. (1993), Walder et al.
(2003), Bernardos et al. (2007), Kageyama et al. (2008), Thummel et al. (2008), März et al. (2010), Hutton and Pevny (2011), Gotz et al. (2013), Sundholm-Peters et al. (2004), Patro et al.
(2015), and Tazaki et al. (2017), among others already cited in this article.

types of cells: the long process glial cells (named neurilemmal
glial cells) in the ventral ganglion periphery and another glial cell
(supporting-nutrifying cells) (Csoknya et al., 2012). However,
in this case, they reported positive GFAP immunoreactivity in
the supporting cells and not in the cells with radial morphology.
Thus, showing some of the inconsistencies that plague the
protostome reports.

In contrast to the invertebrate protostomes, RGLCs have
been reported in the three major groups of invertebrate
deuterostomes: the Echinodermata, the Hemichordata and
the non-vertebrate Chordata. In fact, some investigators
propose that it is within the deuterostomes that RGCs first
appeared and undertake a pivotal role in the formation of
the CNS (Verkhratsky et al., 2019). For example, RGLCs
have been identified in the Amphioxus CNS (Bozzo et al.,
2021). Amphioxus is a cephalochordate (a subphylum that
groups non-vertebrate considered the closest relatives of the
Vertebrata). One study analyzed the expression of RGC markers
(EAAT2, GFAP/vimentin, and SCO-spondin) by cells in the
developing CNS, asserting that some of these markers are
expressed by cells with radial morphology (Bozzo et al.,
2021). Moreover, these embryonic cells are the progenitors
of RGLCs found in the adult lancelet CNS in regions
that are known to sustain neurogenesis (Bozzo et al.,
2021).

There is also strong experimental support for the presence
of RGLCs in the echinoderms (Mashanov and Zueva, 2020).

Studies performed by our group in the sea cucumber Holothuria
glaberrima have identified RGLCs by employing a combination
of cell morphology, Reissner’s substance immunolabeling, and
the expression of a yet to be characterized antigen recognized
by monoclonal antibodies (Mashanov et al., 2010, 2013). The
RGLCs were described in radial nerve cords (RNCs), which
are ganglionated nerves that, like the vertebrate spinal cord,
contain neuronal and glial cell bodies and extensive fiber tracts.
In the echinoderms, the neuronal and glial cell bodies are
localized toward the periphery of the cords, while the fibers
are mainly found in a neuropile in the center (Figures 3, 4).
In H. glaberrima, RGLCs represent 60–70% of the cells in the
RNCs consisting of most, if not all, glial cells present (Mashanov
et al., 2010; Mashanov and Zueva, 2020). Mashanov et al. (2015a)
outlined the general similarities of the echinoderm RGLC and
vertebrate RGCs in their published chapter on the NS of the
Echinodermata: “(i) orthogonal orientation of the cell’s main axis
to the plane of the neuroepithelium; (ii) highly elongated shape
of the cells allowing them to span the entire thickness of the
neuroepithelium between the apical and basal surfaces, (iii) long
thick bundles of intermediate filaments, which run mostly along
the main axis of the cell and fill almost the entire intracellular
space of the glial processes, (iv) short protrusions branching off
at a right angles from the main processes and penetrating into
the surrounding neural parenchyma” and (v) the expression
of a “material similar to the so-called Reissner’s substance of
chordates”.
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FIGURE 3

Location of radial glia cells and radial glia-like cells in four different model systems. (A) Mouse, (B) Zebrafish, (C) Axolotl, and (D) Sea cucumber.
These species share the presence of cells with neurogenic properties. The adult mouse brain shows two major niches, the subventricular zone
(SVZ) and the subgranular zone (SGZ). Radial glia-like cells are present and neurogenesis takes place in these niches. Multiple areas in the adult
zebrafish brain are neurogenic, as are the Müller glia in the retina. (C) Ependymal cells, a type of radial glia-like cells, are also present in the
axolotl spinal. (D) Radial glial-like cells are found in the holothurian nervous system. H. glaberrima nervous system, like that of other
echinoderms, comprises an anterior nerve ring (nr) and five radial nerve cords (rnc) that runs from anterior to posterior. The radial nerve cords
are ganglionated with the neuronal cell bodies (blue) and the glial cell bodies (red) in the periphery of the neuropile (Created using biorender
and illustrations adapted from Mashanov et al., 2015c).

The holothurian RGLCs constantly proliferate in the adult
sea cucumber RNC lateral regions (Mashanov et al., 2005).
However, it is still unknown whether these cells proliferate
symmetrically or asymmetrically, nor the type of cells produced
under homeostatic conditions (Mashanov et al., 2015c).
Differential expression patterns were documented by in situ

hybridization studies identifying Myc transcripts, suggesting
that RGLCs are a heterogeneous population. Nonetheless,
additional validations are required for a more in-depth
characterization of RGLC subpopulations.

In summary, cells with radial glial morphology have
been described in several invertebrate groups, however, in
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FIGURE 4

Radial glia-like cells in the holothurian radial nerve cord.
(A) Cross section of the radial nerve cord of the sea cucumber
H. glaberrima showing immunoreactivity to ERG1 antibody. This
antibody recognizes the radial glia-like cells full extension from
the apical to the basal borders. (B,C) Magnification of the
ectoneural band highlighting the radial morphology of the cell
extensions and the presence of the nuclei (red) within the cell
bodies. Insert shows the cell body of a glial cell found within the
neuropile. The white dash line divides the hyponeural region
(hn) from the ectoneural region (en) of the radial nerve cord.
(D) Diagram depicting the cell body and extensions with
cytoskeletal filaments (Adapted from Mashanov et al., 2010).

many cases, the typical RGC vertebrate molecular markers
are not documented. Most of the early studies identifying
these cells in invertebrates focus on their radial morphology
but are hindered by the possible limited cross-reactivity of
antibodies that recognize vertebrate RGC markers when used
against invertebrate tissues. Thus, identifying their presence
in invertebrates remains an enduring process. However, the
availability of transcriptome studies promises to advance the
comparative studies needed to characterize invertebrate RGLCs.
Future experiments using new and evolving techniques will
improve invertebrate RGLC identification and serve to elucidate
their relationship to the vertebrate RGC and RGLC populations
(Csoknya et al., 2012; Verkhratsky et al., 2019).

Roles and functions of radial glia
cells

Their defining developmental role

The roles of RGCs were first described in mammals during
embryonic development. The original descriptions and putative

roles were based on histological and anatomical data and,
as such, were subject to different interpretations (Bentivoglio
and Mazzarello, 1999). RGCs were easily identified at different
developmental stages by their elongated fibers that traversed the
neural tube from the ventricular zone, where the cell bodies
are located, to the pial surface (Figure 5). The functions of
these morphological features were elucidated in the early 1970s
by Pasko Rakic in a series of trailblazing experiments (Rakic,
1971; Bentivoglio and Mazzarello, 1999; Shu and Richards,
2001; Barresi et al., 2005; Johnson et al., 2016). Using electron
microscopy, he and colleagues showed that in rhesus monkeys,
RGCs were responsible for guiding and distributing migrating
newborn neurons from the ventricular zone to the developing
cortex. Thus, they proposed that RGCs function as scaffolding
cells for migrating cerebral cortex neurons. In addition to the
scaffolding functions, RGCs were subsequently found to divide
and eventually give rise to many brain components. These
include not only cells but functional structures, such as their
interaction with endothelial cells to form what will become the
blood-brain barrier (BBB) (Johnson et al., 2016).

In the developing mammalian brain, RGCs divide
symmetrically and asymmetrically, self-renewing, and giving
rise to other cell populations (Figure 5; Haubensak et al.,
2004; Noctor et al., 2004). Some of these cells are neurons,
while others are ependymal cells, glial cells (astrocytes and
oligodendrocytes), and stem cells (here considered RGLCs)
that will continue to reside in specific niches of the adult brain
(Rakic, 1995; Malatesta et al., 2003; Merkle et al., 2004; Spassky
et al., 2005). The RGC behavior is greatly influenced by intrinsic
cell signaling and local environmental signals (Götz et al.,
2002). It is now accepted that RGCs consist of a heterogenous
population of progenitor cells, some with a predetermined
capacity to differentiate into neurons (Malatesta et al., 2000,
2008; Howard et al., 2008). Other populations are more prone
to give rise to glial cells. For example, at the end of the human
embryonic developmental period, approximately 20 weeks
after fertilization, some RGCs begin their transformation
into GFAP+ astrocytes, losing their ventricular contacts
while acquiring the astrocytic morphology (deAzevedo et al.,
2003; Howard et al., 2008). Thus, a relationship between
RGC disappearance and astrocyte number increase has been
demonstrated by cell birth lineage tracing experiments (Voigt,
1989).

Roles of vertebrate radial glia-like cells

The main role associated with all RGLCs is homeostatic
neurogenesis. Neurogenesis is the birth of new neurons via
precursor cells (intermediate progenitors and neuroblasts) that
originate from RGLC proliferation and maturation (Encinas
et al., 2011; Berg et al., 2018). Although neurogenesis is
mainly associated with embryonic development, some animals
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FIGURE 5

Diagram depicting the embryonic roles of radial glia cells. During embryonic development, radial glia cells (pink) divide symmetrically and
asymmetrically, generating other radial glia and intermediate progenitors (labeled in yellow) that will continue to migrate, proliferate and
differentiate into new neurons or glia. Radial glia cells also serve as the scaffold for the migration of neuronal precursors (green) to the upper
layers of the cerebral cortex. Following migration, these cells then differentiate into neurons (aqua) or other glia (not shown).

maintain a homeostatic neurogenic process throughout most,
if not all, their life span (Lust and Tanaka, 2019; Abbott and
Nigussie, 2020; Zambusi and Ninkovic, 2020). In fact, one
of the earliest examples of adult neurogenesis was reported
to occur during the breeding season in the CNS of adult
canaries (Nottebohm, 1989). In adult rodents, RGLCs of the
SGZ have been shown to produce excitatory neurons that might
be involved in memory formation and learning capacity (Ming
and Song, 2011; Berg et al., 2018). Similarly, the RGLC of the
SVZ are associated with adult neurogenesis. But in this case
with the formation of inhibitory neurons that contribute to odor
discrimination and odor-reward association (Grelat et al., 2018;
Li et al., 2018). It is important to consider that, despite their
proliferative capacities, most of these cells are in a dormant or
quiescent state (Bonaguidi et al., 2011; Berg et al., 2018). In fact,
the study of quiescence and proliferation of RGCLs has become
an important area of study (Urbán et al., 2016, 2019; Lattke
and Guillemot, 2022). It is believed that the quiescent state is
necessary to conserve stemness, therefore maintaining the cell’s
neurogenic potential. The hypothesis being, that this cell state

avoids DNA, protein, or mitochondrial damage that might lead
to premature cell senescence, eliminating the stem cell niche
(Urbán et al., 2019; Labusch et al., 2020). Particular attention has
been placed on identifying the local niche signals that control
quiescence, such as the Notch pathway or ASCL1 (Geribaldi-
Doldán et al., 2018; Harris and Guillemot, 2019; Dray et al.,
2021; Harris et al., 2021; Terreros-Roncal et al., 2021). Other
experiments are focused on signaling pathways that channel the
newly generated cells toward a neuronal versus a glial phenotype
(Domínguez-García et al., 2020, 2021).

In the adult zebrafish brain, sixteen RCLC niches provide the
organism with lifelong neuron replacement sites (Labusch et al.,
2020). In the telencephalon, cell types I, II, IIIa, and IIIb have
been suggested to be the main neurogenic cells (März et al., 2010;
Diotel et al., 2020). Type I and II cells have been characterized
as quiescent and proliferative, respectively, while type IIIa/b
are thought to be higher committed progenitor cells (Diotel
et al., 2020). These classifications highlight the similar roles of
RGLCs in zebrafish and rodents, where quiescent cells maintain
niche and stemness while active cells replenish the tissue

Frontiers in Neuroscience 08 frontiersin.org

137138

https://doi.org/10.3389/fnins.2022.1006037
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1006037 November 10, 2022 Time: 15:10 # 9

Miranda-Negrón and García-Arrarás 10.3389/fnins.2022.1006037

with new neurons. Breakthroughs in single-cell transcriptomic
sequencing have provided important information on RGLC
progeny and cell heterogeneity. In particular, experiments
performed with transgenic zebrafish have shown that the RGLC
population is able to generate a diverse pool of newborn
neurons (Lange et al., 2020). Moreover, some of these RGLC
also expressed olig2 marker suggesting the presence of a
RGLC subpopulation that will transition to oligodendrocyte
progenitors (Lange et al., 2020). Thus, these studies demonstrate
the heterogeneity of the RGLC population in the vertebrate
brain.

In summary, RGLCs in adult organisms appear to be
associated with the formation of new neurons. The present
evidence strongly suggests that an RGLC population persists
through vertebrate development and is involved in neurogenesis
in the adult brain. The limitations in neurogenesis, or its absence
in most regions of the adult vertebrate brain and spinal cord,
account for the limited regeneration abilities of the vertebrate
CNS. Therefore, the second part of this review will focus on
the role of RGLCs in NS regenerative processes. We begin this
section with an overview of NS regeneration, the models where
it has been studied, and the mechanisms that take place.

Principles of nervous system
regeneration

Nervous system regeneration, or the lack of it, remains one
of the least understood and most diverse areas of study in the
field of regeneration biology. Many species can regenerate their
NS components, though the cellular and molecular machinery
they employ to attain their regeneration capacities can differ.
Hence, understanding the fundamental biological processes by
which regeneration-competent species achieve regeneration has
been the field’s holy grail for quite some time. Given the
diverse nature of regeneration, understanding these processes
will greatly benefit from a comparative/evolutionary analysis
using a highly diverse subset of species.

NS regeneration is defined as the process by which damaged
nervous tissue undergoes regrowth or renewal, restoring the
system’s morphology and physiological functions. At the cellular
level, NS regeneration can be divided into two independent
processes: axonogenesis and neurogenesis. Axonogenesis is
the process by which the axon of a pre-existing neuron
regrows after suffering an injury, re-establishing the original
connection. In vertebrates, axon regeneration is commonly seen
in the peripheral nervous system (PNS); however, the same
phenomenon is highly limited or fails to occur in the CNS.
Axonogenesis does not fall within the scope of this review.
For those interested in axonogenesis, we recommend some
publications on the topic (Chisholm et al., 2016; Wahane et al.,
2019).

Our focus is mainly on injury-induced neurogenesis and
the mechanisms by which adult organisms activate neurogenesis

in response to injury. Similar to the processes of cellular
homeostasis or regeneration in other organs or tissues, new
nerve cells originate from: (1) a reservoir of stem cells that
can proliferate and differentiate to maintain tissue physiology
or restore and repair an injury site or (2) by dedifferentiation,
where a cell population reverts to a less-differentiated state by
losing some of their differentiated properties (Tanaka, 2016;
Yao and Wang, 2020; Walker and Echeverri, 2022). These
cells can eventually divide and produce replacement cells for
the organ or tissue in question. (3) A third mechanism has
been proposed where tissues can generate new cells via trans-
differentiation. In this case, similar to dedifferentiation, the cells
lose their specific phenotypic characteristics and then acquire
the phenotype of a different cell type without transiting through
a “less differentiated stage” (Walker and Echeverri, 2022).

Regeneration is a dynamic process that can vary significantly
from one species to another. A common mechanistic link to
achieve NS regeneration has not been elucidated and, in fact,
there might not be one common mechanism, but mechanisms
might differ according to the animal groups. For example,
protostomes with extensive regenerating abilities, such as Hydra
or Planaria, are known to have pluripotent stem cells that can
give rise to the NS cells and other cell types (Cebrià et al., 2002;
Agata and Umesono, 2008). Crayfish, a well-studied crustacean,
possess neurogenic niches with primary precursor neural
progenitors (Sullivan and Beltz, 2005; Ventura et al., 2019).
These cells can divide into secondary precursors that migrate
to the olfactory structures and later differentiate into olfactory
interneurons or projection neurons. The primary precursors
cannot self-renew and depend on a re-supply of circulating
hemocytes to replenish the precursor cell stock (Chaves da Silva
et al., 2013; Benton et al., 2014). A comprehensive review on
crustacean and insect adult neurogenesis and their regenerative
mechanism can be found in Simões and Rhiner (2017).

Radial glia-like cell role in adult
vertebrate regeneration

In most vertebrates, CNS neuroregenerative capacities have
been associated with the presence of RGLCs. These cells
are well-known to repopulate and replenish injured tissues.
Thus, organisms that retain RGLCs in their adult stages are
associated with higher CNS regenerative abilities (Alvarez-
Buylla et al., 1987; Malatesta et al., 2000; Malatesta and
Götz, 2013; Hartfuss et al., 2001; Jurisch-Yaksi et al., 2020).
For example, RGCs in rodents normally disappear soon after
birth. In neonatal rodents whose brains have been injured,
RGCs persist for a more extended period, suggesting that after
neonatal brain injury, RGCs serve as scaffolds for neuroblasts
to migrate and populate the lesioned site (Jinnou et al., 2018).
Several studies have addressed the concept of proliferation and
neurogenesis in adult rodents’ SVZ and SGZ after inducing
focal ischemia or traumatic brain injury (Kernie and Parent,
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2010). Following these injuries, progenitor cells on both niches
respond by proliferating. Whether the cells generated by RGLC
survive, migrate, and incorporate into CNS circuits remain
controversial. Studies have determined that, in mammals, most
of the cells generated in response to cerebral cortex injury
do not survive and those that do are unable to successfully
migrate to the lession site and differentiate (Chang et al., 2016).
However, cell extrinsic factors have been shown to increase cell
survivability and/or migration. For example, SVZ cell exposure
to fibroblast growth factor (FGF2) increased cell survivability
while inhibition of ADAM17 metalloprotease increased not only
survival but also migration to the injured primary motor cortex
(Chang et al., 2016; Geribaldi-Doldán et al., 2018).

While these studies expose the neurogenetic response to
injury of adult RGLCs and their potential for facilitating
CNS repair, these capacities in mammals are highly limited.
Thus, the reason to focus on alternative model systems where
the role of RGLCs in CNS regeneration can be explored
extensively. Here we provide information on three of them,
two vertebrate animals, the axolotl, the zebrafish, and an
invertebrate, the sea cucumber.

Regeneration in axolotl and
zebrafish spinal cord

The spinal cord is a component of the CNS whose
regenerative capacities have been intensively probed. While
the formation of a glial scar hinders spinal cord regeneration
in mammals, in some amphibians and fishes, morphological
and functional recovery is possible. In the two best studied
species, axolotl and zebrafish, new neurons are formed by so
called “ependymal cells” surrounding the central spinal canal
(Chernoff et al., 2003; Reimer et al., 2008). These ependymal
cells clearly fulfill our description of RGLCs. First, they are
derived from RGCs during development, Second, they retain
their radial morphology and third they express some of the
RG markers (GFAP and Sox2) (Hui et al., 2015b). In addition,
several markers associated with RGCs are expressed by the
proliferating cells following spinal cord injury (Hui et al., 2015a).
After injury, these cells have been shown to retract their radial
processes, proliferate and differentiate to form new spinal cord
neurons (Reimer et al., 2008; Ribeiro et al., 2017; Cura Costa
et al., 2021; Klatt Shaw et al., 2021; Walker and Echeverri,
2022). In fact, some researchers have suggested that these
RGLCs undergo dedifferentiation during regeneration, as can
be determined by the changes in cell morphology, the loss of
the radial extensions, and the differential expression of genes
associated with neural stem cell properties (Walder et al., 2003;
Ribeiro et al., 2017; Walker and Echeverri, 2022).

It is important to contrast these RGLCs/ependymal cells of
zebrafish and axolotl to those in adult mammals. In the latter,
the ependymal cells are cuboidal and multiciliated and usually

do not divide after differentiation or in some cases, give rise
only to glia (Spassky et al., 2005; Meletis et al., 2008). Moreover,
transcriptomic studies have shown that ependymal cells in mice
are transcriptionally different from neural stem cells and are not
induced to divide by brain injury (Shah et al., 2018).

Recent single-cell transcriptomics have identified distinct
precursor populations that generate neuronal and glial cells
during zebrafish embryonic development (Scott et al., 2021).
Likewise, single cell transcriptomics have shown several
populations of RGLCs to be present in the developing and adult
axolotl brain, and one of these appears to be activated by injury
(Wei et al., 2022). Thus, we expect that future experiments will
provide crucial information on the ependymal populations in
the adult zebrafish and axolotl and the transitions they undergo
during spinal cord regeneration.

Nervous system regeneration in
zebrafish brain

Zebrafish RGLCs in different niches can generate new
neurons under normal homeostatic conditions and in response
to injury (Barbosa et al., 2004; Dray et al., 2015). However,
there are differences between homeostatic neuron production
and their formation in response to injury. In the former,
newborn neurons remain below the progenitor zone while
in the latter, newborn neurons migrate to populate injured
brain regions (Barbosa et al., 2004; Dray et al., 2015). During
normal conditions, only type II zebrafish RGLCs are in the
active proliferative state (Dray et al., 2015). Their proliferation
modes have been shown to be symmetric and asymmetric,
providing self-renewing and progenitor-generating properties
(Barbosa et al., 2004, Barbosa and Ninkovic, 2016; Rothenaigner
et al., 2011; Dray et al., 2015). Most of the RGLC proliferation
capacities are enhanced in response to injury. For example,
using an engineered neurotoxic amyloid-β42 (Aβ42)-dependent
zebrafish, which represents degenerative neurotoxicity similar
to that observed in Alzheimer’s disease, researchers found that
some RGLCs responded to this injury by extensive proliferation
and enhanced neurogenesis (Bhattarai et al., 2016). One unique
difference between homeostatic- and injury-generated neurons
is that the latter have enhanced migratory capacities, rendering
them able to restore damaged tissue (Barbosa et al., 2015;
Barbosa and Ninkovic, 2016).

Müller glia and regeneration of
zebrafish retina

Zebrafish also display an impressive ability to regenerate
their retina. The zebrafish retina, typical of vertebrate retinas,
is composed of three cellular layers, six principal neuron
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population types, and four types of glial cells (Fadool and
Dowling, 2008). One of the glial cells, the Müller glia, stands
out in that it plays a unique role in retinal regeneration
(Figure 6). The Müller glia apico-basal morphology enables
structural and metabolic support for the retinal neuron
population (Reichenbach and Bringmann, 2013; Lenkowski
and Raymond, 2014). Müller glia are considered mature,
differentiated cells. Under normal retinal physiology, they
contribute to retinal synaptic activity by recycling GABA and
glutamate neurotransmitters. Moreover, these cells support
neurons by regulation of extracellular volume and molecular

composition, transporting metabolic waste, and providing
neurons with nutrients (Lenkowski and Raymond, 2014; Gao
et al., 2021).

Müller glia have been proclaimed as being the retinal RGLC,
mainly because of their radial morphology but also because
they share some of the RGC markers, such as GS, GFAP,
GLAST, and VIM (Linser and Moscona, 1979; Malchow et al.,
1989; Lenkowski and Raymond, 2014; Gao et al., 2021). In
response to injury, Müller glia play a pivotal role in retina
regeneration. This process has been extensively studied at
both cellular and molecular levels. It has been documented

FIGURE 6

The role of Müller cells in zebrafish retinal regeneration. The Müller glia processes span across all retinal layers. Following injury, Müller cells
(long magenta cells) dedifferentiate and acquire stem cell properties (and markers). These cells undergo asymmetric cell division, giving rise to
round progenitor cells (yellow) that will form new Müller glia and Müller-derived progenitors that can generate all retinal cell types. (A) Retinal
bipolar cell; (B) rod photoreceptor; (C) cone photoreceptor; (D) ganglion cell; (E) horizontal retinal cell; (F) amacrine cell; (G) Müller glia cell.
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that these RGLCs respond to injury in the following manner:
(i) Müller glia sense injury in the retina, (ii) The cells
dedifferentiate or reprogram, (iii) Dedifferentiated Müller glia
divide asymmetrically, producing one Müller glia cell and
one Müller glia-derived progenitor cell, (iv) The progenitor
cells divide and populate the injury site creating neurogenic
clusters.

Transgenic zebrafish lines have provided crucial data to
acknowledge Müller glia as the neural stem cell source for
retinal regeneration (Bernardos and Raymond, 2006; Fimbel
et al., 2007; Thummel et al., 2008). A study assessing their
proliferation capacity by BrdU incorporation or PCNA
immunodetection determined, that although there are
proliferating Müller glia in the uninjured retina, most
of the cells are in a quiescent state that is regulated by
Notch signaling (Bernardos et al., 2007). As a response
to injury, Notch expression decreases, facilitating Müller
glia proliferation (Ruddy and Morshead, 2018; Sahu
et al., 2021). Similar to other RGLCs, the Müller glia
are also a source of neurons, as demonstrated by using
transgenic reporter lines showing that proliferating
Müller glia gave rise to rod progenitors (Bernardos et al.,
2007).

Among the events that involve Müller glia in the
regeneration process, we would like to highlight the
dedifferentiation response since cell dedifferentiation stands
out as a process by which RGLCs in various organisms appear
to contribute to NS regeneration. Müller glia dedifferentiation
has been assessed by the re-expression of retinal progenitor
neurogenic markers, such as BLBP, ALCAMA, Rx1, six3b, and
Pax6 (Fimbel et al., 2007; Thummel et al., 2008; Nagashima
et al., 2013). In addition, Sox2 role has been functionally
assessed in the regenerating zebrafish retina, demonstrating it
to be an essential factor regulating Müller glia proliferation and
reprogramming (Gorsuch et al., 2017; Elsaeidi et al., 2018). Even
though progenitor marker re-expression is observed, it has been
suggested that Müller glia cells only partially dedifferentiate,
given that mature Müller glial cell markers persist at a lower
level during dedifferentiation. Nonetheless, dedifferentiation
enables Müller glia cells to divide asymmetrically producing a
neural progenitor cell that proliferates and builds neurogenic
clusters that will differentiate into the retina neural cell types
(Bernardos et al., 2007).

Conserved functions of the Müller glia mediating ocular
regeneration have also been documented in other vertebrates
(Fischer and Bongini, 2010; Goldman, 2014). In the early
2000s, Fischer and Reh (2001) demonstrated that, in chickens,
following retinal injury by injection of N-methyl-D-aspartate
(NMDA), Müller glia cells re-entered the cell cycle and could
differentiate into retinal neurons as determined by co-labeling
of BrdU and retinal markers. The available data point to Müller
glia cells as the essential cell for retinal repair (Fischer and Reh,
2003).

Nervous system regeneration in
echinoderms

Radial glia-like cells also play a major role in the
regeneration of the echinoderm NS following transection of
the RNC. Immediately after transection, the injured edges
of the RNCs begin to swell, nerve fibers become distorted,
and programmed cell death occurs. This initial phase is
characterized by extracellular matrix (ECM) deposition at the
wound site and elongation of the RNC ectoneural component
(Mashanov et al., 2008, 2014). At the cellular level, evidence
using electron and fluorescence microscopy strongly suggests
that the RGLCs dedifferentiate and provide the precursors
for the new nervous tissue (Figure 7; San Miguel-Ruiz et al.,
2009; Mashanov et al., 2010, 2013). Two observations have
been key to outline the RGLCs role: First, the degradation of
the RGLC radial cytoskeletal fibers during regeneration and
second, BrdU experiments demonstrating the dedifferentiated
RGLC proliferative capacities. The morphological changes are
key features consistent with other known dedifferentiating cells.
Hence, by losing their complex radial extensions, they transition
into a less specialized state and proliferate. The dedifferentiated
cells also migrate toward the injury gap and participate in one
of the main events in RNC regeneration: the reconnection of
the transected stumps. During this phase, both RNC edges
from each side of the transected side close together until they
reconnect and restore the RNC. This is thought to be one
of the most complex processes involving signaling molecules
that control growth, migration, axial polarity, and cell-to-cell
interactions (San Miguel-Ruiz et al., 2009; Mashanov et al.,
2013).

Following RNC reconnection, dedifferentiated cells in the
regenerative zone redifferentiate, which is reflected by the
growth in the size of the “new” tissue between the stumps. Birth
dating experiments have shown that dedifferentiated RGLCs
cells play a role in this event by giving rise to both RGLCs and
neuronal populations in the regenerated structure (Mashanov
et al., 2013). What regulates RGLC redifferentiation to neuronal
or non-neuronal lineage still needs to be studied. However,
many researchers have suggested that this process is mainly
intrinsically regulated, while still having extrinsic signaling
molecules and/or cell-to-cell interaction that could influence the
outcome (Mashanov et al., 2008, 2013; San Miguel-Ruiz et al.,
2009). By the end of the regenerative response, cell proliferation
and apoptosis return to basal levels, and cellular and anatomical
organization of the “new” RNC segment resembles that of the
non-transected cords.

Much of what is known of RNC regeneration in
holothurians has been provided by histological analyses,
including immunohistochemistry, in situ RNA hybridizations,
and RNA sequencing analysis. The transcriptomics data
analyses have provided a list of differentially expressed genes
that are possible candidates for genes controlling or modulating
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FIGURE 7

Radial glia-like cells response to injury in the sea cucumber
Holothuria glaberrima. (A) Radial glia-like cells (pink) are the
main glial cell found adjacent to neurons (green) in the
holothurian radial nerve cord. (B) Transection of the radial nerve
cord causes gap between two ends of the RNC (C) Radial
glia-like cells adjacent to the injury dedifferentiate, as seen by
degradation of cytoskeletal structures and loss of the radial
processes. The dedifferentiated cells (yellow) are now able to
proliferate and migrate to the injury gap. (D) The dedifferentiated
cells and their progenitors give rise to the new radial glia-like
cells and neurons that repopulate and restores the new tissue.
(E) The regeneration process is completed when the progenitors
of these cells differentiate into the new neurons and glia.

the regeneration response (Mashanov et al., 2014). For
example, ECM-related genes were among the most differentially
expressed transcripts in all regeneration stages. Many other
genes have been targeted as possible candidates and even

transposable elements have been suggested to be associated with
RNC regeneration (Mashanov et al., 2012).

Specific genes have been probed to modulate particular
cellular events, for example, the process of RGLC
dedifferentiation. The first candidate genes to be evaluated
as promoters of RGLC dedifferentiation were the Yamanaka
pluripotency factors Oct1/2/11, c-Myc, Sox 2, and Klf1/2/4
homologs (Mashanov et al., 2015b). The study demonstrated
that (i) all four factors were expressed during early and
late stages of RNC regeneration, (ii) Myc was significantly
overexpressed during all the stages of regeneration, suggesting
that it played an important role in the regeneration process (iii)
Oct1/2/11 and SoxB1 (sox 1 homolog) were significantly
downregulated at the late stages of RNC regeneration
(Mashanov et al., 2015b). These findings were further explored
by evaluating the role of Myc via RNA knockdown in
regenerating RNC. The results demonstrated that Myc regulated
programmed cell death and RGLC cell dedifferentiation, two
major events known to occur during the initial regeneration
response (Mashanov et al., 2015c). Therefore, it has been
assumed that the in vivo de-differentiation observed in the
RGLCs is more akin to a partial reprogramming that partially
dedifferentiates cells to a precursor-like phenotype than to the
total reprogramming that produces pluripotential stem cells.

New advances

Two recent advances open the possibility for new findings
on the regeneration of the echinoderm CNS and the possible
role of the RGLCs. The first is the development of an in vitro
RNC explant preparation (Quesada-Díaz et al., 2021). Most,
if not all, of the previously performed studies were done
using the holothurian RNC complex, that in addition to
the RNC is composed of longitudinal muscle bands, water
vascular canal, and the body wall. This has made it almost
impossible to directly target the RNC without affecting the
surrounding tissues. Using an isolated RNC explant that can
be cultured provides a unique opportunity to study cellular
events associated with dedifferentiation and regeneration
without the influence of adjacent tissues (Quesada-Díaz et al.,
2021). Moreover, it has been documented that in in vitro
cultures, RGLCs within the RNC continue to exhibit the
same morphological changes shown to occur during in vivo
RGC dedifferentiation. Hence, this method provides a tool
to study the dedifferentiation process while excluding other
cellular events in the surrounding tissues. This culture system
is presently being used to provide a transcriptomic profile of
regenerating RNC explants.

The second advancement with a significant impact on RNC
regeneration studies is the sequencing of the H. glaberrima
genome. This was published as a draft genome, providing a
tool that can benefit both the regenerative and developmental
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biology fields (Medina-Feliciano et al., 2021). The genome
serves as a database to identify potential genes and molecules
that are key to the regeneration process. In addition, for
researchers working with H. glaberrima that have obtained
transcriptomic data from regenerating intestine and nerve
complex at different time points, the genome provides a
reference to the identification of the differentially-expressed
genes. The impacts of these results will reach their full potential
when a reference genome becomes available.

Concluding remarks

Radial glial cells are found in all developing vertebrate CNS
studied to date, and RGLCs are found in adult CNS components
of vertebrates and invertebrates. The morphological data
accumulated over decades, together with the avalanche of new
molecular data provided by new sequencing methods is molding
our view of these cells. In fact, we can describe the RG/RGLCs
in terms of Ernst Haeckel dictum “Ontogeny recapitulates
Phylogeny” where their evolution and their presence in different
animal species parallels their embryological development. In
this scenario, the RGCs that form in the early deuterostome
embryo can be considered the precursors of both neurons and
glia of the adult CNS. In invertebrate deuterostomes, these cells
remain in the adult CNS, retaining morphological properties
and particular molecular markers along with their competence
to undergo neurogenesis. Thus, organisms where RGLCs are
found are capable of robust CNS regeneration. A similar
situation is observed in some amphibians and fishes, where the
progeny of RGCs is retained as RGCLs and are responsible for
both homeostatic and regenerative neurogenesis in adults. In
contrast, in mammals, only certain areas of the adult CNS retain
RGLCs. The cells in these niches might express specific markers
along with more general RGLC markers, giving rise to particular
subpopulations. Nonetheless, these RGLC subpopulations are
able to undergo homeostatic neurogenesis and, after injury,
these RGLCs are activated and appear to participate in some,
albeit limited, CNS restoration. One last example will serve
to strengthen the evolution/regeneration comparison. It is
well documented that in most vertebrates, the capacity for
CNS regeneration is lost during the developmental process.
Nowhere is this better shown than in the Xenopus model
where the ability to regenerate their transected spinal cord
changes dramatically as the animal undergoes metamorphosis.
In this respect, the work by the Larraín lab (Edwards-Faret
et al., 2018, 2021) has correlated the regenerative capacity to
the presence of RGLCs, expressing certain molecular markers
and showing neurogenic capacity found in the regenerative
stage but lost or greatly diminished in the non-regenerative
stage.

In addition to the neurogenic regenerative potentials of
RGLCs, there are also parallels in the processes by which RGLCs

in different species or different regions of the CNS respond to
injury. Specifically, changes observed in their radial morphology
and, at the molecular level, in their gene expression profile
point out toward a degree of dedifferentiation, where a mature
cell reverts into a progenitor/stem cell phenotype as described
by Walker and Echeverri (2022). Dedifferentiation allows cells
to enter the cell cycle and give rise to new tissue cells. In
this respect, it is interesting that activated astrocytes, following
trauma to the adult mammalian brain, have also been shown
to re-express markers of more immature precursors suggesting
a degree of dedifferentiation (Zambusi et al., 2020; Lattke and
Guillemot, 2022).

To fully understand the RGCs and RGLCs it becomes
crucial to determine the lineage and evolutionary relationship
of these cell types. Are all adult RGLCs remnants of the
embryonic RGC population that persist in certain areas of
the adult brain? Are the invertebrate RGLCs evolutionarily
related to the vertebrate RGCs? What, if any, specific marker
can be used to identify the RGLC and RGC subpopulations?
Modern cell-typing techniques will be important in answering
these and other questions. The use of gene expression markers
will be decisive in determining the expression profile of the
different cell types and the changes that might take place during
developmental or functional stages. Equally important will be
to determine the factors that induce the neurogenic activity in
these cells and the process by which cells might dedifferentiate
and/or enter the cell cycle.

The possibility exists that the neurogenic abilities of these
cells can be manipulated to respond to traumatic injury
so that they serve as proliferating neurogenic progenitors
in favor of CNS repair. Apropos to this, dedifferentiation
is also being explored as a potential therapy to regenerate
the CNS. The idea is to be able to transform the state
of the brain into a regeneration-promoting state by, for
example, converting terminally differentiated astrocytes into
a precursor type cell that could give rise to neurons (Yao
and Wang, 2020; Zamboni et al., 2020; Robel et al., 2011;
Lattke and Guillemot, 2022). Nonetheless, it is imperative
to first lay a foundational understanding of RGC roles,
their pathways of regulation, and possible differentiation
stages. Key information could be obtained from comparative
studies using non-traditional model animals that show
extraordinary regeneration abilities. Therefore, we propose
that the study of the RGLCs in the echinoderms, particularly
in the sea cucumber H. glaberrima will provide important
information to elucidate neurogenesis activation in adult
animals.
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Introduction: The Notch pathway is fundamental for the generation of

neurons during development. We previously reported that adult mice

heterozygous for the null allele of the gene encoding the Delta-like ligand

1 for Notch (Dll1lacZ) have a reduced neuronal density in the substantia nigra

pars compacta. The aim of the present work was to evaluate whether this

alteration extends to other brain structures and the behavioral consequences

of affected subjects.

Methods: Brains of Dll1+/lacZ embryos and mice at different ages were

phenotypically compared against their wild type (WT) counterpart. Afterwards,

brain histological analyses were performed followed by determinations of

neural cell markers in tissue slices. Neurological deficits were diagnosed by

applying different behavioral tests to Dll1+/lacZ and WT mice.

Results: Brain weight and size of Dll1+/lacZ mice was significantly decreased

compared with WT littermates (i.e., microcephaly), a phenotype detected

early after birth. Interestingly, enlarged ventricles (i.e., hydrocephalus) was a

common characteristic of brains of Dll1 haploinsufficient mice since early

ages. At the cell level, general cell density and number of neurons in several

brain regions, including the cortex and hippocampus, of Dll1+/lacZ mice

were reduced as compared with those regions of WT mice. Also, fewer

neural stem cells were particularly found in the adult dentate gyrus of

Dll1+/lacZ mice but not in the subventricular zone. High myelination levels

detected at early postnatal ages (P7–P24) were an additional penetrant

phenotype in Dll1+/lacZ mice, observation that was consistent with premature

oligodendrocyte differentiation. After applying a set of behavioral tests,

mild neurological alterations were detected that caused changes in motor

behaviors and a deficit in object categorization.
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Discussion: Our observations suggest that Dll1 haploinsufficiency limits Notch

signaling during brain development which, on one hand, leads to reduced

brain cell density and causes microcephaly and hydrocephalus phenotypes

and, on the other, alters the myelination process after birth. The severity of

these defects could reach levels that affect normal brain function. Therefore,

Dll1 haploinsufficiency is a risk factor that predisposes the brain to develop

abnormalities with functional consequences.

KEYWORDS

notch signaling, neuronal density, microcephaly, hydrocephalus, myelination

Highlights

- Dll1 haploinsufficient mice (Dll1+/lacZ) develop microcephaly
and hydrocephalus neuropathologies

- Dll1+/lacZ mice showed a reduced neuronal density
- Dll1+/lacZ mice have a reduced NSC pool in the hippocampus
- Dll1+/lacZ mice showed an altered myelination pattern
- Dll1+/lacZ mice showed neurological deficits
- Dll1 haploinsufficiency is a risk factor for congenital brain

malfunctions

Introduction

The Notch pathway is highly conserved and fundamental
for the generation of new neurons and their specification
during development (Pierfelice et al., 2011). In mammals,
Notch is a family of transmembrane receptors activated by
transmembrane ligands such as Delta-like (DLL1, DLL3, and
DLL4) and Jagged (JAG1 and JAG2) family members. After
its activation, the Notch intracellular domain (NICD) is
released and translocated to the nucleus, where it binds to
RBPjk and induces the expression of genes such as members
of the Hes and Hey gene families (Louvi and Artavanis-
Tsakonas, 2006). The blockade of this pathway leads to neural
precursor cells (NPCs) exhaustion by promoting their early
differentiation, which results in a decrease in the number
of neurons (Grandbarbe et al., 2003; Trujillo-Paredes et al.,
2016). In the glial lineages, Notch signaling promotes astrocytic
differentiation (Freeman, 2010) or oligodendrocyte precursor
cell proliferation (Wang et al., 1998). Although the requirement
of a specific Notch ligand is associated with a particular
function, Delta-like canonical Notch ligand 1 (DLL1) appears
to be the most widely distributed and more relevant both
during development and in the adult (Beckers et al., 1999;
Siebel and Lendahl, 2017).

We previously reported that mouse embryos homozygous
for a Dll1 null mutation (Dll1lacZ/lacZ) show premature

dopaminergic differentiation in the midbrain, which is
accompanied by a reduction in NPCs without altering
their specification (Trujillo-Paredes et al., 2016). This
phenomenon appears to be the main cause of the fewer
dopaminergic neurons present in the substantia nigra pars
compacta of adult mice heterozygous for the Dll1lacZ null
allele (Trujillo-Paredes et al., 2016). Since Dll1lacZ/lacZ mice
die few days after neurogenesis initiation (i.e., E11.5-E12.5;
Hrabe de Angelis et al., 1997; Trujillo-Paredes et al., 2016),
likely due to a disruption in vasculature development,
detailed analysis of the role of DLL1 in the control of
differentiation by Notch within different neuronal lineages is
not possible.

Congenital anomalies can result from gene-environment
interactions that modify the penetrance of defective alleles
(Nishimura and Kurosawa, 2022). In particular, it is
apparent that genes encoding Notch signaling components
are prompt to environmental influences. In humans,
members of families carrying putative mutant alleles for
NOTCH1, NOTCH2, JAG1, DLL3, MESP2, LFNG, and
HES7 show congenital anomalies of the heart and the
vertebrae (Sparrow et al., 2012). Evidence of environmental
influence has been demonstrated by showing that Hes7
haploinsufficient mouse embryos exposed to hypoxia at
certain developmental stage increases the incidence of
scoliosis, a typical abnormality associated with Notch signaling
deficiency (Sparrow et al., 2012). Since Notch signaling is
key for the correct development of the brain, it is predicted
that congenital brain anomalies develop under reduced
Notch signaling.

Considering our previous observations (Trujillo-Paredes
et al., 2016), the aim of the present work was to extend
the analysis of brain abnormalities in Dll1 haploinsufficient
adult mice to underscore the possible congenital neurological
dysfunctions that may emerge under reduced Notch signaling.
The present work reveals distinct brain abnormalities
(i.e., microcephaly, hydrocephalus, altered myelination)
that might be the cause of brain function and mouse
behavior alterations.
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Results

Anatomical and histological evaluation

Dll1+/lacZ embryos were largely normal, nonetheless, mild
brain abnormalities were observed. These abnormalities could
be related to signs of premature neurogenesis (i.e., more
neurons and less NPCs), as seen in the mesencephalon of
Dll1+/lacZ embryos at E11.5 (Figure 1A; see also Trujillo-
Paredes et al., 2016), whereas others might be due to a
developmental asynchrony (i.e., altered progression from NPCs
toward neurons), as it is apparent in the developing cortex
of most Dll1 haploinsufficient embryos compared with their
WT littermates (Figures 1B,C). Allele segregation analysis
of progeny from backcrosses suggests Dll1lacZ mendelian
inheritance and low embryo lethality (46.2 ± 3.6% Dll1+/lacZ

born mice, n = 213). Interestingly, Dll1+/lacZ newborn mice
were smaller than age-matched WT mice, with a reduced total
body and brain weight (Figures 1D,E). Without considering
rare cases (less than 1 among 500 mice) in which Dll1+/lacZ

young mice (i.e., before 2 months of age) were sacrificed due to
a spontaneous very high hyperactivity, most pups born carrying
the Dll1lacZ allele survived to adulthood.

Brains of adult Dll1+/lacZ mice were smaller compared with
brains of WT mice of the same age and strain (Figure 2A). This
was consistent with measurements done on slices of brains of
aged mice (Figure 2B). In agreement with a previous report
(Rubio-Aliaga et al., 2009), a decline in body weight gain as
aging progress was noted for Dll1+/lacZ mice in comparison
with WT mice (Figure 2C), but a significant difference was
not noted in mouse size, as estimated by X-ray skeletal analysis
(Figure 2D). Therefore, although the specific reduction in brain
size of Dll1+/lacZ mice was not apparent in newborn mice due
to a comparative decrease in body weight (Figure 2C; see also
Figures 1D,E), this phenotype became evident as mice aged
(Figure 2E).

MRI analysis performed in adult brains confirmed the
smaller size of the brain of Dll1+/lacZ mice; total brain volume
of Dll1+/lacZ mice was about 15% less than that of WT mice
(Figures 3A,C). Notably, the reduced brain volume of Dll1+/lacZ

mice included a larger ventricular volume in comparison with
that present in brains of WT mice (Figures 3B,D, 5D,E).
Suggesting a developmental origin, this latter characteristic was
a penetrant phenotype noted from a few days after birth in
brains of mice carrying the Dll1lacZ null allele and, interestingly,
the ventricular volume increased as mice reached adulthood
(Figure 3E).

Cell density analysis

In addition to the apparent reduction in the size of
some structures (e.g., dentate gyrus, substantia nigra pars

compacta) and in the thickness of cortex layers, brains of
Dll1+/lacZ mice also showed a more scattered distribution of
cells in comparison with brains of WT mice (Figures 4A-
C). The differences in cell density were not homogeneous,
finding only trends to reduced cell density in some regions
(e.g., striatum, substantia nigra pars reticulata) of brains of
adult Dll1+/lacZ mice in comparison with brains of WT mice
(data not shown). Notably in the hippocampus, in addition
to the apparent smaller size of the dentate gyrus (DG),
lower cell density was found in the DG and the CA3sp
areas and, in the cortex, the thinner layers correlated with a
sustained reduction in cell density from early postnatal ages
(Figures 4D,E).

As previously reported for the substantia nigra pars
compacta, in which we found a reduction in the number
of TH+ neurons (Trujillo-Paredes et al., 2016), a significant
reduction in the percentage of NEUN+ cells in brains of
Dll1+/lacZ mice in comparison with those of WT mice
was found in the cortex (Figures 4F,F’,G), the striatum
(Figures 4H,H’,I) and the substantia nigra pars reticulata
(Figures 4J,J’,K). Interestingly, the reduction in NEUN+

cells observed in these brain areas of Dll1+/lacZ mice
correlated with a corresponding increase in the percentage
of GFAP+ cells (Figures 4G,I,K). These data suggest, not
only a tendency to a reduction in brain cell density
in Dll1+/lacZ mice that correlates with a smaller brain
size, but also a diminished proportion of neurons in the
evaluated areas.

As Notch signaling participates in the generation
of new neurons from two well-recognized neurogenic
niches, the number of GFAP and SOX2 (a neural stem
cell, NSC, marker) positive cells were determined in the
DG of the hippocampus and the subventricular zone
(SVZ). In agreement with a specific reduction in NSCs
in the dentate gyrus, a lower percentage of GFAP+ cells
(Figures 5A,F) and SOX2+ cells (Figures 5B,C,F,G) was
found in the brain of Dll1+/lacZ mice in comparison with
that of WT mice, that was reflected in a reduction in
the percentage of NEUN+ cells (Figures 5A,F). It was
also found that there were fewer DCX+ neuroblasts in
this region in association with Dll1 haploinsufficiency
(Figures 5C,G), but a significant difference was not found
in the DCX+/SOX2+ cell ratio (Figure 5H), suggesting that
adult neurogenesis is similarly active but limited by the
number of NSCs present (see Discussion). In the SVZ of
Dll1+/lacZ animals in comparison with the WT counterpart,
a significant reduction in the number of cells was evident
(125.86 ± 7.0 vs. 227.33 ± 8.97 total cells within 20 µm
from the ventricle/slide, P < 0.001; see insets in Figure 5E),
which was accompanied by a significant increase in the
proportion of GFAP+ cells (Figure 5D,I), but a significant
difference was not found in the proportion of SOX2+ cells
(Figures 5E,I).
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FIGURE 1

Dll1 haploinsufficiency causes abnormalities in embryonic and neonatal brains. (A) Immunolabelling against NESTIN and βIII-TUBULIN in coronal
mesencephalon sections of E11.5 WT and Dll1+/lacZ embryos. A more abundant amount of βIII-TUBULIN and a reduced amount of NESTIN was
a recurrent characteristic found in samples from Dll1+/lacZ embryos when compared with WT embryos derived from the same pregnant female.
(B) SOX2, NEUN (nuclear staining) and DAPI staining images in coronal telencephalon sections of E15.5 WT and Dll1+/lacZ embryos; insets are
low magnification images of the telencephalic sections under analysis (CP, cortical plate; IZ, intermediate zone; VZ, ventricular zone; SVZ,
subventricular zone; asterisks, autofluorescence from blood vessels; scale bar, 100 µm). (C) Quantification of cell density (DAPI+ cells/mm2),
and determination of the proportion of SOX2+ progenitors and NEUN+ neurons in samples as those shown in B (*P < 0.05; number of
telencephalons analyzed = 3). Note that Dll1 haploinsufficiency did not change the number of SOX2+ cells or neurons in the developing cortex,
but their distribution was altered, resulting in a reduced number of neurons in the CP of samples from Dll1+/lacZ embryos. (D) Representative
brains of WT and Dll1+/lacZ mice at postnatal day 3 (P3). (E) Brain and body weight of WT and Dll1+/lacZ mice at P3 (***P < 0.001; n = 6 for each
genotype). From these observations, it is apparent that Dll1+/lacZ mice are born with a brain smaller than that of their WT siblings.

Myelination analysis

In contrast with WT mice, Dll1+/lacZ mice showed increased
levels of myelinated axons in most brain structures (e.g., corpus
callosum, cortex, caudate putamen), from postnatal age P7 and

up to P24, as assessed by Black-Gold II staining (Figures 6A,D)
and detection of myelin basic protein (Figures 6B,E). This
difference in myelination levels, however, was not detected in
most 2-3-months-old adult mice (data not shown). Actually,
only one among 5 brains of 2-3-months-old Dll1+/lacZ mice
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FIGURE 2

DII1+laZ mice have smaller brains than WT mice. (A) Brains of WT and Dll1+/lacZ adult mice. Images allow to appreciate the smaller brain size of
Dll1+/lacZ mice in comparison with that of WT mice (2 months of age; mm, millimeters), which is confirmed by comparing the weight of brains
in graph (WT, n = 10, and Dll1+/lacZ, n = 8, of 2-months-old and 6-8-months-old mice; ***P < 0.001). (B) Representative coronal brain slices
from WT and Dll1+/lacZ adult mice after Nissl staining and the corresponding average width of fifteen rostrocaudal matched slices per subject
(n = 3, **p < 0.01). The blue dashed line denotes the width measurement (scale bar, 1 mm). (C) Evolution of body (left) and brain (right) weight
of WT and Dll1+/lacZ mice along aging. (D) Spine length. Spine length was determined from X-ray skeletal images (left); arrows indicate the
references used for measurements (WT, n = 11, and Dll1+/lacZ, n = 9; ns, no significant). (E) Brain to body weight ratio of WT and Dll1+/lacZ

animals (*P < 0.05 and **P < 0.01). All data together support that microcephaly is a phenotype of mice with reduced DLL1 levels.
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FIGURE 3

Increased lateral ventricle volume in brains of Dll1+/lacZ mice. The volumes of whole brain and lateral ventricles were determined by MRI
analysis. (A) Sagittal and dorsoventral views of representative brains of WT and Dll1+/lacZ mice (4-5 months of age). On the right, 3D
reconstructions after a manual segmentation of brains are shown. (B) Coronal views of brains of WT and Dll1+/lacZ mice showing the initial, the
middle and the final position along the rostro-caudal axis used to determine the lateral ventricle volume. (C,D) Total (C) and lateral ventricle (D)
volume of brains of WT and Dll1+/lacZ mice (n = 3 for both genotypes; Student t-Test: *P < 0.05). Note that, because the ventricular volume is
included in the determinations of total brain volume, the microcephaly phenotype estimated from the total volume is an underestimation of the
actual reduction in brain tissue of Dll1+/lacZ mice. (E) Incidence of enlarged ventricles in Dll1+/lacZ mice. Ventricular size was estimated from
coronal slices of brains of WT and Dll1+/lacZ mice at different postnatal ages (P7 to P24); incidence of the phenotype shown is indicated below
each image. Note that the high incidence of enlarged ventricles was observed from a very early age after birth (P7) and remained up to reaching
adulthood (after P24).
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FIGURE 4

Adult brains of Dll1+/lacZ mice have an altered density of neurons and astrocytes. (A–C) Representative images of the cortex, the dentate gyrus
and the substantia nigra from brain slices stained with cresyl violet (Nissl staining; scale bar, 100 µm). (D) Cell density quantification in selected
brain areas of postnatal mice (P7, P14). (E) Representative images of DAPI stained samples showing cell density in selected brain regions (CTX,
cortex; STR, striatum; LD, lateral dorsal nucleus of thalamus; CA3sp, CA3 pyramidal layer; DG, dentate gyrus) of 3-months-old mice; the
corresponding quantifications are shown in the graph. Observe the decreased cell density in samples from Dll1+/lacZ mice in comparison with
those from WT mice. (F,H,J) Panoramic views (nuclei counterstained with DAPI; scale bar, 200 µm) and the corresponding insets with GFAP+

and NEUN+ cells in the cortex (F,F’; scale bar 200 µm and 50 µm, respectively), the striatum (H,H’; scale bar 200 µm and 50 µm, respectively),
and the substantia nigra pars reticulata (J,J’; scale bar, 100 µm and 50 µm, respectively) of Dll1+/lacZ mice and their WT siblings are shown.
Percentage of GFAP+ and NEUN+ cells, calculated from total DAPI+ cells in those regions, are shown in graphs (G,I,K). Observe the reduction in
the percentage of neurons and the increase in the proportion of glial cells in all regions shown (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001).

Frontiers in Neuroscience 07 frontiersin.org

154155

https://doi.org/10.3389/fnins.2022.951418
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-951418 December 8, 2022 Time: 15:46 # 8

Arzate et al. 10.3389/fnins.2022.951418

FIGURE 5

Neurogenic niches in the Dll1+/lacZ mice have a reduced number of cells, including precursor cells. (A–E) Representative images showing
GFAP+ and NEUN+ cells (A; scale bar, 50 µm), SOX2+ cells (B,C; scale bar, 100 µm), and DCX+ cells (C; scale bar, 50 µm) in the dentate gyrus;
and GFAP+ (D; scale bar, 50 µm) and SOX2+ cells (E; scale bar, 100 µm) in the SVZ (LV, lateral ventricle). Quantifications of GFAP+, NEUN+,
DCX+and SOX2+ cells are shown in graphs (F,G,I; n = 3; *P < 0.05, **P < 0.005, ***P < 0.001). DCX+/SOX2+ cell ratio in the DG is also shown
(H). Only cells comprising the subgranular zone-granular cell layer or the cells lining the third ventricle were taken into account (dashed lines).

showed reduced Black-Gold staining levels (Figure 6C) and
myelin basic protein amount (data not shown) in distinct
regions in comparison with 7 brains of WT mice. In contrast
with the myelination pattern, fewer cells positive for NG2,
a marker of oligodendrocyte precursor cells (OPCs), were
found in different brain regions (e.g., corpus callosum, cortex,
subventricular zone) of Dll1+/lacZ mice than in those of WT
mice from P7 and to P14 (Figure 6F). Specifically, in the
subventricular zone, a neurogenic region that produces OPCs
that migrate to different regions throughout life (Menn et al.,
2006), a significant reduction in the number of NG2+ cells
was observed (Figure 6G). By P24 no difference was noted in
this region but, interestingly, in young adults (2-months-old
mice), increased number of NG2+ cells was detected in the

subventricular zone of WT mice but not in that of Dll1+/lacZ

mice, that later (in 3-months-old mice) decreased to equivalent
levels for mice of both genotypes (Figures 6F,G). These
observations are consistent with premature oligodendrocyte
differentiation that leads to fewer oligodendrocyte precursors
early in life and, later, to alterations that might impact the
myelination dynamics as aging progresses.

Neurological deficit evaluations

In order to determine general behavioral alterations
in Dll1 haploinsufficient mice, a set of neurological tests
were performed (see Materials and methods; Tables 1, 2).
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FIGURE 6

Myelination dynamics is altered in DII1+/lacZ mice. (A) Areas (insets in drawns) of brain coronal slices from WT and DII1+/lacZ mice at different
postnatal ages (P7, P12, P14, P24) stained with Black-Gold II to reveal myelin levels (cc, corpus callosum; CTX, cortex; CP, caudo-putamen; fi,
fimbria; CA3sp, pyramidal layer; scale bar, 100 µm). (B) Brain coronal slices, including similar areas as in A, from WT and DII1+/lacZ mice at P7
and P14 stained for myelin basic protein (scale bar, 500 µm). Note that stainings were stronger in samples from DII1+/lacZ mice than in those
from WT mice. (C) Myelination levels in adult WT and DII1+/lacZ mice. Images show Black-Gold II stained structures in equivalent brain slices of
an anterior brain region of 2-months-old mice (cing, cingulum scale bar, 500 µm). Pictures are representative images from brain sections of a
WT mouse, out of 7 analyzed, showing normal myelination levels (top panels) in comparison with images from sections of 1 brain found, out of
6 analyzed, of a DII1+/lacZ mouse showing reduced myelination levels (bottom panels). (D) Quantification of normalized optical density (OD) of
corpus callosum in images of samples stained with Black-Gold II (n = 4; **P < 0.01, ***P < 0.001). (E) Immunofluorescence intensity
quantification of myelin basic protein in the corpus callosum of brains of mice at the postnatal ages indicated (n = 2). (F) Detection of NG2+

cells in areas of brain coronal slices from WT and DII1+/lacZ mice at different postnatal ages (P7, P14, P24) and adult mice (2-3 months of age).
Representative images are shown (LV, lateral ventricle; LSr, lateral septal nucleus rostral; scale bar, 100 µm). (G) Determinations of the
percentage of NG2+ cells in the SVZ at different postnatal ages (P7, P14, P24) and of adult (2-3 months-old) mice. Note the marked increase in
NG2+ cells in 2-months-old WT mice.

A specific deficit was detected in hypomobility, piloerection
and absence of equilibrium tests among young Dll1+/lacZ

male mice, and taking all neurological deficit tests together,
young but not aged Dll1+/lacZ mice showed a significant
higher deficit score than WT male mice (Table 1). Male
sexual behavior was generally normal (e.g., mounting and
ejaculation per session), though it was noted that intromission

in the first mating session was more frequent for young
Dll1+/lacZ mice than for WT mice (43% vs. 20%, respectively)
and reached over 50% by the second and third sessions
(Table 2).

Alterations in locomotor activity were assessed in more
detail. Using a laser-based detector of locomotor activity
(see Materials and methods; Figure 7A) the accumulative
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TABLE 1 Neurological deficit evaluation.

Parameters YoungWT YoungDll1+/lacZ AgedWT AgedDll1+/lacZ

Phase 1 n n n n

Hypomobility 1.3± 0.1 11/11 1.7± 0.1* 15/15 2.0± 0.0 3/3 1.0± 0.0 3/3

Lateralized posture 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Flattened posture 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Hunched back 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Piloerection 0.3± 0.1 3/11 0.8± 0.1* 12/15◦ 1.0± 0.0 3/3 0.7± 0.3 2/3

Ataxic gait 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Circling 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Tremors 0.2± 0.1 2/11 0.2± 0.1 3/15 0.3± 0.3 1/3 0.3± 0.3 1/3

Twitches 0.0± 0.0 0/11 0.1± 0.1 1/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Convulsions 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Respiratory distress 0.1± 0.1 1/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.3± 0.3 1/3

Phase 2

Passivity 0.5± 0.2 5/11 0.5± 0.1 8/15 1.0± 0.0 3/3 0.7± 0.3 2/3

Hyperreactivity 0.0± 0.0 0/11 0.1± 0.1 2/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Irritability 0.0± 0.0 0/11 0.1± 0.1 2/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Ptosis 0.0± 0.0 0/11 0.0± 0.0 0/15 0.3± 0.3 1/3 0.0± 0.0 0/3

Urination 0.5± 0.2 5/11 0.1± 0.1 2/15 0.3± 0.3 1/3 0.0± 0.0 0/3

Decreased body tone 0.1± 0.1 1/11 0.3± 0.1 5/15 0.3± 0.3 1/3 0.3± 0.3 1/3

Forelimb flexion 0.1± 0.1 1/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Decreased muscle strength 0.1± 0.1 1/11 0.1± 0.1 1/15 0.7± 0.3 2/3 0.0± 0.0 0/3

Body rotation 1.2± 0.1 11/11 0.2± 0.1* 3/15◦ 0.3± 0.3 1/3 0.0± 0.0 0/3

Motor incordination 1.2± 0.1 11/11 1.5± 0.1 15/15 1.7± 0.3 3/3 2.3± 0.7 3/3

Absence of equilibrium 1.2± 0.1 11/11 1.8± 0.2* 15/15 2.0± 0.0 3/3 2.0± 0.6 3/3

Hypoalgesia 0.3± 0.1 3/11 0.6± 0.1 9/15 0.0± 0.0 0/3 0.3± 0.3 1/3

Hyperalgesia 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Phase 3

Vibrissae sensitivity 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Touch sensitivity 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Visual sensitivity 0.0± 0.0 0/11 0.0± 0.0 0/15 0.0± 0.0 0/3 0.0± 0.0 0/3

Olfactory sensitivity 1.6± 0.2 11/11 1.7± 0.2 15/15 1.3± 0.3 3/3 2.0± 0.5 3/3

Global score 7.5± 0.8 9.9± 0.6* 11.3± 1.2 10.0± 1.2

Student-t test. *Different to Young WT group: p < 0.05. Fisher Exact test. Different to Young WT group: p < 0.05.

ambulatory movements of mice after habituation were recorded
along the natural activity period (i.e., 12 h of darkness).
Although it was only apparent at young adult age that Dll1+/lacZ

mice moved less (i.e., fewer beam breaks) than WT mice, aged
mice showed a significant difference in this test (Figure 7A),
more evident within the inner zone (Figure 7A). In a different
test, ambulatory movements of young adults in an unexplored
area were determined using a video-based detector within
a 5 min time limit (Figure 7B). Interestingly, in this latter
test, Dll1+/lacZ mice moved a longer distance than WT mice,
activity that occurred mostly in the outer zone (Figure 7B). As
time in the outer versus the inner zone was not significantly
different (data not shown), this behavior cannot be considered
a sign of increased anxiety. Accordingly, in the elevated plus
maze test, despite that all mice stayed most of the time

in the closed arm, Dll1+/lacZ mice spent more time in the
open arm than WT mice soon after exposure to a novel
environment (Figure 7C). Therefore, it is apparent that Dll1
haploinsufficient mice move less in the long term but, in the
short term, a hyperactive-like behavior is uncovered under
certain circumstances (e.g., soon after exposed to a novel
environment). In agreement with this conclusion, a previous
study reports hyperactivity in Dll1 haploinsufficient mice under
a different genetic background than the one of mice used here
(Rubio-Aliaga et al., 2009).

The neuromuscular function was evaluated by performing
equilibrium and gripping tests (Figure 8). No major differences
in performance by Dll1+/lacZ and WT mice was observed in the
rotarod test (Figure 8A). In addition, performance differences in
the equilibrium bar test were not found (Figure 8B). However,
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TABLE 2 Temporal (seconds) and numeric parameters of the copulatory behavior in young and aged WT and Dll1+/lacZ male mice (ML, mounting
latency; IL, intromission latency; EL, ejaculation latency; NM, number of mounts; NI, number of intromissions).

Sessions

Group 1 n 2 N 3 n

ML Young WT 1700.7± 218.9 7/10 944.4± 179.7 8/10 790.4± 163.2 9/10

Young Dll1+/lacZ 1054.3± 75.0 8/14 1294.2± 181.1 11/13 1026.3± 196.4 10/10

Aged WT 1871.0 1/3 1741.0± 59.0 2/3 — 0/3

Aged Dll1+/lacZ 2329.0 1/3 — 0/3 — 0/3

IL Young WT 1785.0± 315.0 2/10 1058.7± 166.4 8/10 863.0± 171.7 9/10

Young Dll1+/lacZ 1345.0± 196.7 6/14 1522.6± 249.2 7/13 1164.6± 243.8 9/13

Aged WT — 0/3 — 0/3 — 0/3

Aged Dll1+/lacZ 2329.0 1/3 — 0/3 — 0/3

EL Young WT — 0/10 — 0/10 2370.0 1/10

Young Dll1+/lacZ — 0/14 — 0/13 1759.0± 72.0 2/13

Aged WT — 0/3 — 0/3 — 0/3

Aged Dll1+/lacZ — 0/3 — 0/3 — 0/3

NM Young WT 4.6± 1.6 7/10 11.1± 1.8 8/10 7.8± 1.8 9/10

Young Dll1+/lacZ 8.1± 1.3 8/14 7.3± 1.3 11/13 10.7± 3.0 10/13

Aged WT 3.0 1/3 2.0 2/3 — 0/3

Old Dll1+/lacZ 2.0 1/3 — 0/3 — 0/3

NI Young WT 6.0± 3.0 2/10 16.1± 4.0 8/10 12.4± 2.7 9/10

Young Dll1+/lacZ 4.8± 1.4 6/14 7.9± 1.6 7/13 9.1± 2.7 9/13

Aged WT — 0/3 — 0/3 — 0/3

Aged Dll1+/lacZ — 1/3 — 0/3 — 0/3

it was noted that most Dll1+/lacZ mice did not wrap their tail on
bar and traveled a longer distance than WT mice (Figure 8B),
possibly reflecting a neurological deficit, but it cannot be
discarded that it is due to tail vertebra abnormalities, frequent
in Dll1 haploinsufficient mice (Rubio-Aliaga et al., 2009). In
contrast, the hanging time of Dll1+/lacZ mice was significantly
shorter than the time WT mice remained suspended (in 5-
months-old mice but only apparent in 3- and 10-months-old
mice; Figure 8C). Therefore, these tests did not reveal motor
coordination abnormalities, but gripping strength appeared
reduced in Dll1 haploinsufficient mice.

A deficit in object recognition was a highly penetrant
phenotype due to Dll1 haploinsufficiency. As expected, WT
mice spent a longer time exploring a novel object than
the familiar one but, in contrast, Dll1+/lacZ mice spent
the same time exploring both objects (Figure 9A). These
observations are in agreement with a deficit in the ability
to identify objects (i.e., deficit in recognition memory). As
estimated from comparing the immobility time of mice in
the tail suspension test (data not shown), no depressive
behavior was detected due to Dll1 haploinsufficiency,
but the apparent shorter exploration time devoted to
objects by Dll1+/lacZ mice in comparison with WT mice
(Figure 9B) suggests a cognitive disability (e.g., inability to
categorize objects).

Materials and methods

Animals

All experiments were performed under the ethical guidelines
of the Instituto de Biotecnologia, UNAM and of the Universidad
Autónoma Metropolitana-Unidad Iztapalapa. In the mice
studied, the DIl1lacZ allele is under the outbred genetic
background of the CD1 strain. Mice were genotyped by
staining for LacZ and/or by an allele-specific PCR. Backcrosses
were performed in order to maintain the genetic variability
of the CD1 strain, that is, matings between brothers and
sisters or parents were avoided, and non-related WT CD1
mice were introduced after 3-4 matings. Generally, male mice
were studied, and for comparisons, divided into groups by
age. The animals were housed in a room with a light-dark
cycle of 12-12h and controlled temperature of 21 ± 1◦C. The
water and food were provided ad libitum. Mice were sacrificed
by cervical dislocation or by an intraperitoneal injection of
a pentobarbital overdose (200 mg/Kg pentobarbital/mouse
or 20 µl/g 2.5% avertin). When required, a perfusion was
intracardially performed, first with 30 ml of phosphate buffer
saline (PBS 0.1M) at 100 ml/h, and then with 30 ml of
4% paraformaldehyde (PFA) at the same rate. Specifically
for MRI acquisitions, six young WT and Dll1+/lacZ mice
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FIGURE 7

Dll1 haploinsufficiency leads to locomotor behavioral
alterations. (A) Mean locomotor (ambulatory) activity recorded
as total (left graph) or inner (IZ) and outer (OZ) zone (right graph)
photobeam breaks for 12 dark hours (see Materials and
Methods) of WT and Dll1+/lacZ mice; young (4 months-old;
n = 4 of each genotype) and aged (13 months-old; n = 3 of each
genotype) mice were analyzed (**P < 0.01; *P < 0.05). (B) Total
distance traveled (left graph) and distance traveled in the IZ or
OZ (right graph) by young WT (n = 4) and Dll1+/lacZ (n = 5) mice
(*P < 0.05). Note that, although contrasting differences between
Dll1+/lacZ and WT mice were observed in the locomotor activity
tests performed, likely, each test was revealing a distinct
behavioral deficit. (C) Time spent in the open or closed arms of
the elevated plus maze by WT (n = 11) or Dll1+/lacZ (n = 11) mice
of 4-5 months of age (young) and WT (n = 3) or Dll1+/lacZ (n = 3)
mice of 14-16 months of age (aged) (*p < 0.05).

were used and the PFA solution was supplemented with
gadolinium (2 mM, Gadovis kindly provided by Prof. Andres
Morón, Centro Nacional de Imagenología e Instrumentación
Médica, Universidad Autónoma Metropolitana). The heads
were removed along with the skin, lower jaw, ears, and the
cartilaginous nose tip. The skull was then stored in PBS 0.1M
containing sodium azide (0.02%) and gadolinium (2 mM) at
15◦C for, at least, four days and not longer than 2.5 months
post-perfusion before MRI acquisition (see below).

Anatomical and histological
evaluations

Brains of animals were analyzed at different ages. Brains
were collected and cryopreserved before obtaining 10-50 µm
slices, which were preserved at −70◦C until use. Brains of
E11.5-E15.5 embryos were fixed for 2 h at 4◦C in 4% PFA
in PBS, washed with PBS, dehydrated with 30% sucrose and
sectioned (10 µm slices) after freezing (Leica cryostate CM
1850, Wetzlar, Germany). P7-P24 and adult mice were perfused
intracardially, first with PBS, followed by 4% PFA. Brains were
removed and placed in 4% PFA for 24 h. Subsequently, the
tissues were cryopreserved by immersion in 30% sucrose for
at least 48 h; 50 µm (early postnatal ages) or 30 µm (adult)
slices were obtained. Nissl and DAPI staining was used to
evaluate cell distribution in tissue slices. Immunostaining for
embryonic brain and adult brain sections was performed as
previously described in Guerrero-Flores et al. (2017) and in
Arzate et al. (2019), respectively. For cell density quantifications,
only cells comprised within the region under evaluation were
taken into account. Primary antibodies used were: anti-Nestin
(Millipore, MAB353), anti-SOX2 (Santa Cruz, sc-17320), anti-
NEUN (Chemicon, MAB377), anti-GFAP (DAKO, Z0334),
anti-DCX (Santa Cruz, sc-8067), anti-MBP (Covance, SMI-
99) and anti-NG2 (Millipore, AB5320). Secondary antibodies
used were Alexa 488- and Alexa 595-conjugate anti-mouse,
anti-goat or anti-rabbit antibodies (Invitrogen). After single or
double staining, sections were mounted and analyzed using
a Zeiss Apotome microscope (Zeiss, Oberkochen, Germany)
and a confocal microscope Olympus FV1000 (Olympus,
Tokyo, Japan).

Myelination analysis

Brain frozen sections (50 µm thick) mounted on slide were
stained using the Black-Gold II Myelin Staining Kit (Histo-
Chem Inc., #2BGII). Briefly, samples were incubated with the
Black-Gold II solution for up to 15 min at 65◦C, washed twice
with water, incubated with 1% sodium thiosulfate solution for
3 min at 65◦C, and washed three times with water before
dehydration and mounting. Myelination levels were quantified
by determining the mean optical intensity of a delimited area
(region of interest, ROI; i.e., corpus callosum) in grayscale
images (8 bits) of stained sections using the FIJI Image J.
software. The normalized optical density values were calculated
by substracting the mean optical intensity of the ROI from the
intensity detected in the background of each image and then
divided by the same factor. Fluorescence intensity after MBP
immunofluorescence was also quantified using the FIJI Image
J. software applied on confocal images. In this case the ROI
in images was delimited (corpus callosum) and the intensity
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FIGURE 8

Differences in motor activity and strength performance due to Dll1 haploinsufficiency. WT and Dll1+/lacZ mice were tested for motor functions.
(A) Rotarod test. Two- (n = 4 of each genotype) and 7-months-old (n = 7, WT and n = 8, Dll1+/lacZ) mice were used. Due to the high variability of
this test, no difference between WT and Dll1+/lacZ mice was observed. (B) Balance beam test. WT (n = 3) and Dll1+/lacZ (n = 4) young mice were
used; note that, although there was no significant difference in the time to fall from the bar, Dll1+/lacZ mice traveled a longer distance on the bar
than WT mice (*P < 0.05). Images show how mice used its tail to stay on the bar. (C) Inverted grid test. Mice at 3 different ages were tested:
3 months-old (WT, n = 3; Dll1+/lacZ, n = 3), 5 months-old (WT, n = 4; Dll1+/lacZ, n = 4), and 10 months-old (WT, n = 5; Dll1+/lacZ, n = 6).
Generally, a decreased motor strength was detected in Dll1+/lacZ mice, though significance was limited (**P < 0.01).

calculated by substracting the background intensity from the
mean intensity in the ROI.

X-ray and magnetic resonance image
analysis

Young and adult WT and Dll1+/lacZ mice were anesthetized
and X-ray images captured using the In vivo Xtreme instrument
(Bruker, Billerica, Massachusetts). The mice spine length was
estimated based on X-ray images considering the distance from
neck to tail base, (WT, n = 11; Dll1+/lacZ , n = 9). MRI acquisition
was conducted with a Bruker Pharmascan 70/16US, 7 Tesla
magnetic resonance scanner (Bruker, Ettlingen, Germany).
An anatomical scan was obtained using a spin-echo rapid
acquisition with refocused echoes (Turbo-RARE) sequence with
the following parameters: TR = 400 ms, TE = 21.3 ms, matrix
dimensions = 396× 396, 396 slices, slice thickness = 0.040 mm,
no gap, resulting in isometric voxels 0.040× 0.040× 0.040 mm3

in size. The volume of the whole brain and lateral ventricles were
determined manually drawing regions of interest (ROIs) using
the segmentation function of ITK-SNAP software (Yushkevich
et al., 2006). For LV measurements, we considered the volume
from the anterior truncated part of the corpus callosum named
the genu (onset in Figure 3B) to the splenium (end in
Figure 3B).

Behavioral evaluations

General neurological deficit evaluation
The neurological deficit evaluation was performed in a

lighted room. We followed the protocols validated by Rodriguez
et al. (2005) and Irwin (1968). In the first stage, the examiner
recorded the presence or absence of a lateralized posture,
flattened posture, hunched back, piloerection, ataxic gait,
circling, tremors, twitches, convulsions, respiratory distress, and
the degree of hypomobility (1 slight, 2 moderate, 3 severe).
In the second stage with manipulation, the examiner recorded
the passivity, hyperreactivity, irritability, ptosis, urination,
decreased body tone, forelimb flexion, decreased muscle
strength, body rotation, motor incoordination, absence of
equilibrium, hypoalgesia, and hyperalgesia. Table 1 shows the
average score determined for the number of mice indicated at
two ages (young and aged).

Sexual behavior test
The male sexual behavior test was performed 2 h after

the onset of darkness and under dim red light. Inside
of the home-cage of each male mouse, a receptive female
of the same strain (20–30 g) was introduced and allowed
mating for 45 min or until ejaculation. The female mice
were brought into estrous by hormone treatment. Specifically,
mice were ovariectomized (GDX) and subcutaneously injected
with 20 µg of estradiol benzoate (EB) and 500 µg of
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FIGURE 9

Dll1+/lacZ male mice have a deficit in the ability to categorize objects. Young WT (n = 11) and Dll1+/lacZ (n = 11) or aged WT (n = 3) and Dll1+/lacZ

(n = 3) male mice were used for the test. The time mice spent with A or B objects during the familiarization session and the time spent exploring
A or C objects in the novel session were evaluated (A). Additionally, we show the time spent by mice exploring any object during the
familiarization session (B). Note that, in the novel session, Dll1+/lacZ mice did not show the typical increase in time spent exploring the novel
object (***p < 0.05 for young mice; ns, no statistically significant). In addition to the impairment in novel object recognition, Dll1+/lacZ mice also
showed an apparent reduction in total time devoted to object exploration (ns, no statistically significant).

progesterone (P) 48 and 6 h, respectively, before each mating
test. All male mice were evaluated in three mating sessions,
each separated by at least 48 h. The number of male
mice that mounted, intromitted or ejaculated is shown in
Table 2, as well as, the latency of mount (LM; time from
introduction of the male into the test cage until the first
mount with pelvic thrusting), latency of intromission (LI;
time for the first intromission behavior pattern), latency of
ejaculation (LE; time from the first intromission behavior
pattern until the first ejaculation behavior pattern), the number
of mounts (NM) and the number of intromissions (NI) until
ejaculation.

Locomotor activity tests
(a) Photobeam breaks Open Field test. Locomotor activity

was tracked with the Photobeam Activity System-Home Cage
(PAS-HC, 4 × 8 photobeam configuration; SD Instruments).
Each mouse was habituated by placing the cage on the chamber
for 4 h one day before the test. The test was run with one
mouse per chamber for 24 h and photobeam breaks registered
at 30 min intervals. Only movements during the dark phase
were considered (20-48 intervals). (b) Video-tracking in an open
field test. In a lighted room, animals were placed on the center
of a 60 × 60 cm dark arena. Movements were recorded for
5 min using the SMART 2.0 software (PanLab, S.L.U. Barcelona,
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Spain); outer and inner zones were pre-defined. The software
analyzes the trajectory of the animal and measures the time
spent and the distance traveled in each defined zone.

Rotarod test
The Rotarod 755 unit was used (IITC Life Science, San

Diego, CA. USA). Mice were habituated to the unit without
movement for 1 min before running every trial, and trained
by performing 2 sessions per day for 3 days at 4-20 rpm rate.
The test included 5 consecutive determinations, one per day at
the same daytime (in a lighted room). In the testing trials, the
animals were placed at an initial speed of 10 rpm, and then rod
speed gradually increased to 45 rpm over 180 s. Time and speed
were registered until animal falls.

Inverted grid test
In a lighted room, mice were placed one by one on a grid

(i.e., a cage lid), and after 5 s, the grid was inverted and held
at 35 cm over a mouse cage with enough mouse bedding. The
average time to fall (max 5 min) was recorded in 3 trials per
session and 3 sessions along 3 consecutive days.

Elevated plus maze test
The elevated plus maze test was performed in a dark room

with the elevated plus maze illuminated. The male mice were
placed in the core of the elevated plus maze and were allowed to
freely explore the arms for 5 min. The time that mice spent in
the open or closed arm was registered.

Tail suspension test
The tail suspension test was performed 2 h after onset of

darkness and under dim red light. Each mouse was suspended
40 cm up the floor by the tail with a masking tape. The
immobility time was recorded in a 5 min session.

Object recognition test
The object recognition test (Walf et al., 2008; Leger et al.,

2013) was performed in a lighted room. First, male mice were
habituated to the open field box (60 × 40 × 40 cm) for 5 min
once a day for 3 days. After the habituation sessions, each mouse
was free to explore the two objects, different in form and texture,
during 3 min (familiarization session). The time that each mouse
spent exploring the objects was registered. Thirty minutes later,
one object was replaced for a different one and the time that mice
spent exploring this novel object vs. the familiar object (A vs. C)
was registered (novel session).

Balance beam test
Each mouse, WT or Dll1+/lacZ , was individually placed

at one end of a bar (1.0 m long, 1.0 cm in diameter,
suspended at 60 cm height) and allowed to move along it
for 2 min. Latency (time before first fall), number of falls
and distance traveled were recorded using the SMART 2.5

software (PanLab, S.L.U. Barcelona, Spain). Two independent
experiments were performed.

Statistics

For statistical analysis, a two-tailed Student t test or
One-Way ANOVA were employed for comparison between
genotype conditions, except for data that did not pass a
normality (Shapiro-Wilk) and the equal variance tests, in
which case, the Rank sum Test followed by the Dunn’s
method for multiple comparisons were employed. The data
of copulatory parameters between test sessions were analyzed
using the Analysis of Variance on Rank (Kruskal Wallis)
followed by Dunn’s method for multiple comparisons.
The percentage of male mice that displayed mounts,
intromissions, and ejaculations in each sexual behavior
test were analyzed using a Chi-square test. All values are
represented as mean ± SEM. A P value less than 0.05 was
considered significant.

Discussion

Notch signaling participates in the differentiation of many
cell types. Thus, a profound reduction in Notch signaling
during development would be generally lethal, though in some
instances, likely due to a transient Notch signaling depletion,
animals survive but still display abnormalities in organs or
structures (e.g., vertebrae, heart; Siebel and Lendahl, 2017).
Mild reduction in Notch signaling apparently does not cause
a major alteration in most tissues and organs, but the brain
is expected to be more prone to morphological alterations
with functional consequences. The observations of the present
study are consistent with a major and non-redundant role
of DLL1 in the regulation of Notch signaling during brain
development, participating in the control of both neurogenesis
and oligodendrogenesis. Therefore, Dll1 haploinsufficiency in
mice could be a useful genetic condition to determine non-
life threatening abnormalities associated with Notch signaling
that might influence brain function. The present study was
not designed to identify the specific circuits affected by the
shortage in Notch signaling but, rather, to uncover brain
abnormalities that could cause neurological anomalies. We
recognize that, perhaps due to the relatively small number of
animals used for the determinations, a statistical difference was
not observed in some instances. The recurrence of neurological
anomalies, however, is evidence of the broad influence of
Notch signaling in brain development and function and
coincident with the expected incidence of a congenital disorder.
Therefore, without referring to a specific brain function, Dll1
haploinsufficiency can be considered a risk factor for congenital
brain malfunctions.
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Dll1 haploinsufficiency alters brain
development

The brain alterations observed likely have a developmental
origin. It is well known that reducing Notch signaling causes
premature differentiation of stem cells within different lineages
(Koch et al., 2013). In particular, reduction in Notch signaling
causes neuronal differentiation of NPCs that, in some instances,
is accompanied by an increase in astrocytes (Louvi and
Artavanis-Tsakonas, 2006). The key role of Notch signaling in
cell differentiation is the expansion of the stem cell population,
upon which the number of cellular derivatives depends.
Therefore, premature neuronal differentiation could cause an
exhaustion of stem cells with the consequential reduction in
the total number of neurons produced (Chapouton et al., 2010;
Imayoshi et al., 2010; Trujillo-Paredes et al., 2016). Generally,
signaling by Notch receptors depends on its recognized ligands,
among which DLL1 is the most widely active. Considering that
most neurons are produced before birth, Dll1 haploinsufficiency
could cause a mild premature neuronal differentiation in the
embryo and, consequently, the reduction in the number of
neurons observed in the adult brain. In agreement with a broad
influence of DLL1 in the determination of neuronal density
in the brain, mild microcephaly was a penetrant phenotype
detected early after birth in Dll1+/lacZ mice. Nonetheless,
variations in the level of influence within different brain regions
could be due to the participation of other Notch ligands or a
compensation by additional factors in the niche controlling stem
cell proliferation and maintenance (Fuchs and Blau, 2020).

Despite that Notch signaling in the adult brain neurogenic
niches has a similar role in neuronal differentiation as during
development (Imayoshi and Kageyama, 2011), the presence of
other ligands should be considered to estimate how a decrease
in DLL1 can affect brain functionality. For instance, in the
subventricular zone, a recent report shows that Jag1 neural-
specific haploinsufficiency reduces the expansion of progenitor
cells, which limits the production of migrating neuroblasts and
olfactory bulb interneurons (Blackwood et al., 2020). In the adult
hippocampus, Jag1 seems to be also the major Notch ligand
controlling NSC maintenance and neurogenesis (Lavado and
Oliver, 2014), and although Dll1 is also expressed in this brain
region, this appears to occur in mature neurons (Breunig et al.,
2007). Therefore, any neurological dysfunction that relates to
the production of new neurons in the postnatal dentate gyrus of
Dll1 haploinsufficient mice (e.g., memory acquisition; see below)
could be a consequence of a misregulated developmental process
(e.g., the one that caused a reduction in the number of SOX2+

cells).
Oligodendrocyte differentiation and myelination are

processes occurring early after birth (Nishiyama et al., 2021).
In agreement with premature OPC differentiation due to a
reduced amount of DLL1, increased levels of myelination with
the consequent reduction in OPCs were observed in brains
of Dll1+/lacZ mice during the early myelination waves. This

pattern is similar to the one observed in brains of Notch1
haploinsufficient mice (Givogri et al., 2002), suggesting that
DLL1 is the main ligand interacting with NOTCH1 to control, at
least, the initial waves of OPC differentiation and myelination.
Interestingly, although alterations in myelination levels were
not frequent in adult Dll1+/lacZ mice, the absence of the
transient increase in OPCs originated from the subventricular
zone of juvenile WT mice suggests that myelin replacement
dynamics and maintenance could be determined by Notch
signaling and cause neurological alterations (see below).

Hydrocephalus is a congenital condition which origin
is not completely understood. Generally, it is assumed
that hydrocephalus originates from a disruption of the
mechanisms that regulate the cerebrospinal fluid (CSF)
homeostasis, including fluid production, absorption and
circulation (Tully and Dobyns, 2014; McKnight et al., 2020).
However, a recent report points to the possibility that
altered developmental neurogenesis could cause hydrocephalus.
Specifically, it has been found that mutations in TRIM71 are
frequent in congenital hydrocephalus patients (Duy et al., 2022).
Interestingly, Trim71 deficiency in mice causes premature
neural differentiation and the development of small brains with
fewer neurons than in WT brains (Duy et al., 2022), in close
correlation with the observations in Dll1 haploinsufficient mice.
Detailed determinations in brain ventricles of Trim71 deficient
mice suggest a biomechanical disruption due to deficient
neurogenesis as the initial origin of hydrocephalus (Duy et al.,
2022). That is, scattered cell distribution, observed in brains of
Trim71 deficient and Dll1 haploinsufficient mice, could reduce
tissue stiffness to a point that is not sufficient to support the
pressure from the CSF, causing dilation as ventricles adjust to
a greater volume. Therefore, mild microcephaly resulting from
deficient neurogenesis due to reduced DLL1 levels is a condition
that favors hydrocephalus development.

Attenuation of
neurogenesis/oligodendrogenesis as a
cause of neurological deficits

The genetic contribution to the morphological and
behavioral phenotypes caused by Dll1 haploinsufficiency cannot
be discarded, but the fact that mice carrying the null Dll1lacZ

allele are maintained as an outbred strain makes unlikely
that a specific gene interaction is the cause of phenotypes
observed. Rather, we propose that the display and penetrance
of phenotypes observed could receive strong influence of
environmental factors. Particularly relevant in this regard
is hypoxia which is known to interact with Notch signaling
(Landor and Lendahl, 2017) and has been shown to be
determinant in scoliosis penetrance in association with reduced
Notch signaling (Sparrow et al., 2012). Interestingly, the lack
of Hif1a in brain results in alterations similar to the ones
determined in the present study, such as reduced neurogenesis
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and hydrocephalus (Tomita et al., 2003). Therefore, reduced
Notch signaling should behave as a sensitive condition to
cause congenital brain abnormalities (e.g., microcephaly,
hydrocephalus) due to environmental factors with possible
impairment of relevant brain functions.

Although aging has not been studied in detail under Dll1
haploinsufficiency, Dll1+/lacZ mice have relatively high survival
up to late adult life (i.e., 14 months of age) without evident
neurological deficits within the adapted life in the animal facility.
However, as shown here, specific tests revealed neurological
deficits, some more penetrant than others, that might be part
of the expected behavioral/psychiatric anomalies associated
with microcephaly and/or hydrocephalus in humans (Tully
and Dobyns, 2014; McKnight et al., 2020). Relevant in this
regard, a recent report with human patients shows that DLL1
haploinsufficiency correlates with intellectual disability, autism
and seizures, in addition to variable prenatally detected brain
malformations (Fischer-Zirnsak et al., 2019). At this point,
the specific cause of neurological deficits remains obscure; for
instance, the inability to categorize objects was an interesting
neurological impairment detected in Dll1 haploinsufficient
mice, but that could not be directly originated from disrupting
adult neurogenesis in the hippocampus. Among possible causes,
a reduced number of neurons could prevent correct neuronal
circuit assembly, and circuit performance efficiency could
be influenced by the morphological anomalies induced by
ventriculomegaly and/or poor axonal myelination as it has been
previously reported (Bonetto et al., 2021). In any case, the
present work suggests that brain function disabilities in humans
could arise from genetic or non-genetic factors (e.g., congenital)
that reduce Notch signaling, which could be anticipated from
early detection of mild microcephaly/hydrocephalus brain
abnormalities. As a corollary, the efforts to identify the factors
that interfere with Notch signaling (e.g., hypoxia) should result
in the application of certain prenatal measures that likely
prevent neurological deficits and increase life quality.

The mild alterations described here could be a factor that
predisposes the development of specific neurological diseases,
more easily to appreciate in those characterized by neuronal
degeneration. Neuronal differentiation is not developmentally
synchronized but, rather, different neuronal types emerge within
particular regions of the developing brain and at a specific
time. Therefore, in a genetic condition that prompts reduction
in neurogenesis (e.g., Dll1 haploinsufficiency), the transient
influence of environmental factors (e.g., hypoxia) at a particular
time would affect the production of a set of specific neurons.
The number of neurons in the adult brain, determined after
NPC proliferation/differentiation, neuroblast migration and
neuronal circuit integration, defines the gap of neurons that
can die. Hence, animals may be predisposed to neurological
alterations even if the number of specific neuronal types in
the adult brain are below normal, but above the threshold at
which symptoms of a particular neurodegenerative disease are

expressed or can be diagnosed. For example, fewer cholinergic
neurons in the cortex or dopaminergic neurons in the
substantia nigra are conditions that prompt early development
of Alzheimer’s or Parkinson’s diseases, respectively (Spada, 2006;
Oliveira et al., 2017). In a contrasting view, recently it was
proposed that the function of a truncated form of Notch2,
only present in humans (NOTCH2NL), is to enhance Notch
signaling activation by DLL1 (Suzuki et al., 2018), hypothetically
improving neurogenesis and cortex performance. Therefore, the
present work has an additional translational value: treatments
that boost Notch signaling could prevent neurodegeneration
and improve intellectual performance in humans.
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