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ABSTRACT 

A SPATIOTEMPORAL CHARACTERIZATION OF  

NEURAL STEM/PROGENITOR CELLS IN THE BODY SPINAL CORD  

OF THE LEOPARD GECKO (EUBLEPHARIS MACULARIUS) 

 
Sarah Vita Donato  Advisor: 
University of Guelph, 2017 Dr. M.K. Vickaryous 
 

The leopard gecko is an emerging model for studies of spinal cord regeneration. 

Populations of neural stem/progenitor cells (NSPCs) within the original tail spinal cord 

contribute to spinal cord regeneration following tail loss. Here, we investigated whether similar 

populations of NSPCs are found within the body spinal cord. Using a bromodeoxyuridine pulse-

chase experiment, we determined that a population of ependymal cells are label-retaining 

following a 20-week chase. Next, we established that most ependymal cells express the NSPC 

marker SOX2. Following tail loss, we found that proliferation is significantly reduced across the 

body. Finally, we determined that ependymal cells of the body spinal cord represent a 

heterogeneous population, including neuronal-like and radial glial-like cells. Together, these data 

demonstrate that NSPCs of the body spinal cord closely resemble those of the tail, and support 

the use of the tail spinal cord as a less invasive proxy for body spinal cord injury investigations. 
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CHAPTER 1: LITERATURE REVIEW 

1.1  THE SPINAL CORD: STRUCTURE, FUNCTION AND DEVELOPMENT 

The central nervous system (CNS) processes and integrates information received from all 

systems of the body and acts to coordinate their activity and function. Within the CNS, the spinal 

cord acts as a conduction pathway for the majority of sensory and motor information that travels 

between the brain and body, and represents the body’s major reflex centre (Moore et al., 2011). 

The structure of the spinal cord is highly conserved across vertebrates, both morphologically and 

histologically (Nieuwenhuys, 1964). Grossly, it is a cylindrical bundle of nervous tissue, slightly 

compressed dorsally and ventrally, that is continuous with the medulla oblongata of the 

brainstem. The spinal cord is situated within the canal formed by serially adjacent neural arches 

of the dorsal vertebral column, along with associated ligaments and muscles. In mammals, the 

spinal cord begins at the foramen magnum of the occipital bone and passes caudally to the 

lumbar region of the vertebral column (Moore et al., 2011). The spinal cord is divided into 

segments, numbered from the first cervical. Each segment corresponds to a pair of spinal nerves 

that extend laterally and contribute to the peripheral nervous system (Fitzgerald et al., 2012). In 

two locations, the spinal cord becomes conspicuously enlarged to accommodate the transmission 

of sensory and motor information to and from the upper and lower limbs (Moore et al., 2011). 

The cervical enlargement, serving the forelimbs, corresponds to the transition from cervical to 

thoracic vertebrae (extending between spinal segments cervical 4 to thoracic 1), while the lumbar 

enlargement, serving the hindlimbs, occurs at the transition between the lumbar vertebrae and 

sacrum (extending between spinal segments lumbar 1 to sacral 3; Moore et al., 2011). 

Histologically, the adult spinal cord exhibits a consistent organization, with an outer 

covering of white matter, characterized by an abundance of myelinated axons and 
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oligodendrocytes, and a deeper compartment of grey matter, rich in neuronal cell bodies (soma) 

and unmyelinated axons (Gartner and Hiatt, 2007; Schoenwolf et al., 2009). Microglia and 

astrocytes are present throughout both the white and grey matter. Centrally positioned within the 

grey matter is the central canal, a continuation of the cerebrospinal fluid (CSF)-filled ventricular 

system of the brain. The central canal is lined by a ciliated, pseudostratified columnar epithelium 

known as the ependymal layer (Gartner and Hiatt, 2007). Cells of the ependymal layer, often 

referred to as ependymal cells, have historically been interpreted as functioning in the circulation 

of CSF (Anderson et al., 1986; Alfaro-Cervello et al., 2012). However, emerging evidence now 

demonstrates that ependymal cells are a major source of neural stem/progenitor cells (NSPCs) in 

the adult spinal cord (Meletis et al., 2008; Barnabé-Heider et al., 2010; Carlson, 2014). 

During embryonic development, the spinal cord begins as the neural tube, a tubular 

arranged pseudostratified neuroepithelium, or ventricular layer, surrounding a centrally 

positioned lumen known as the central canal (Carlson, 2014). This neuroepithelium is 

characterized by SRY (sex determining region Y)-box2 (SOX2)-expressing, multipotent stem 

cells (Chau et al. 2015). Neuroepithelial cells mature into radial glial cells, a population of 

stem/progenitor cells that are present during embryogenesis and give rise to the neurons and glia 

of the spinal cord (Alvarez-Buylla et al., 2001; Doetsch, 2003). Radial glial cells are bipolar glial 

cells with a lengthy process that extends from the ventricular layer to the pial surface of the 

neural tube (Tapscott et al. 1981; Doetsch, 2003; Than-Trong and Bally-Cuif, 2015). This basal, 

or radial, process acts as a scaffold for neurons as they migrate from the ventricular layer to the 

outer layers of the neural tube (Rakic, 1972). While neuroepithelial cells and radial glia both 

contact the ventricular lumen and pial surface of the early neural tube, as development proceeds 

and the neural tube thickens, radial glia continue to maintain these contacts, whereas 
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neuroepithelial cells do not (Alvarez-Bullya et al., 2001). Both cell types maintain apical/basal 

polarity within the ventricular layer and express the transcription factor SOX2 (Than-Trong and 

Bally-Cuif, 2015). In addition to SOX2, both neuroepithelial and radial glia populations express 

the intermediate filament vimentin. Vimentin is present in cells of the ventricular layer, and a 

subset of vimentin expressing cells represent radial glia (Schnitzer et al., 1981). As development 

progresses, radial glia begin to express the intermediate filament glial fibrillary acidic protein 

(GFAP), whereas neuroepithelial cells do not (Doetsch, 2003; Than-Trong and Bally-Cuif, 

2015). A wave of cell division and cytodifferentiation accompanies closure of the neural tube, 

producing most of the cell types found in the future spinal cord, including young neurons that 

migrate peripherally to create the white and grey matter of the developed spinal cord (Carlson, 

2014; Schoenwolf et al., 2009).  

1.2  SPINAL CORD INJURIES  

 To date, a variety of animal models of spinal cord injury (SCI) have been developed to 

investigate therapies aimed at improving functional recovery in humans. Examples of such 

investigations have primarily centred on rodents, and include: modulating the inflammatory 

response after SCI (Bowes and Yip, 2014; Plemel et al, 2014); reducing the effect of endogenous 

inhibitory molecules (Bartus et al., 2014; Nagai et al., 2015; Cheng et al., 2015; Lang et al., 

2015); promoting the recruitment of neurotrophic factors to the lesion site (Yu et al., 2011; 

Karimi-Abdolrezaee et al., 2012); exogenous application of in vitro amplified stem/progenitor 

cells (Cao et al., 2001; Ogawa et al., 2002; Wilcox et al., 2014; Matsushita et al., 2015); and 

implanting neural-interface systems into the brain that wirelessly transmit information to bypass 

the lesion and re-establish movement in primates (Capogrosso et al., 2016). However, despite 
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these efforts advancements thus far have been modest, without significant improvements in 

sensorimotor functioning.  

1.2.1  The Mammalian Response to Spinal Cord Injury 

Injury to the spinal cord results in devastating impairments of both motor and sensory 

function. Underscoring the complexity of SCI are a series of progressive and often chronic 

pathologies that exacerbate the initial traumatic event. Although SCI are often initiated by an 

acute mechanical trauma, damage continues for weeks or even months after the injury event. 

Many of the neurological deficits that stem from SCI occur not as the result of the initial injury, 

but from medium- to long-term sequelae that develop after the lesion is created, including 

inflammation, necrosis and glial scarring (Schwab and Bartholdi, 1996; McDonald and 

Sadowsky, 2002; Oyinbo, 2011). 

Primary Phase 

 There are four major morphological types of SCI: compression, contusion, distraction 

and (rarely) laceration/transection (Oyinbo, 2011). In humans, these injuries are generally 

associated with traumatic injuries to the vertebral column, including dislocations, fractures and 

ruptures of the vertebrae, intervertebral discs, and adjacent ligaments (McDonald and Sadowsky, 

2002). Regardless of type, the primary phase of SCI begins with blood vessel disruption and 

hemorrhaging within the grey matter, resulting in a decrease in local oxygen tension (Oyinbo, 

2011). This is followed by edema and a dysregulation of ion homeostasis. As the spinal cord 

begins to swell, it becomes constricted within the bony passage defined by the neural canal, 

leading to further tissue compression (Schwab and Bartholdi, 1996). The disruption of 

connections between brain centres and the spinal cord results in a multitude of autonomic 

irregularities, including the compromised function of cardiovascular and respiratory systems 
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(Hou and Rabchevsky, 2014). Autonomic disruption leads to neurogenic shock and thus 

hypotension, resulting in ischemic conditions across large portions of the injured spinal cord 

(McDonald and Sadowsky, 2002). In addition, neurons that sustain mechanical damage may 

begin to release toxic levels of neurotransmitters, such as glutamate, which accumulate in the 

lesion site (Schwab and Bartholdi, 1996; McDonald and Sadowsky, 2002). Together, these 

effects initiate a secondary cascade of events leading to an injury response that spreads to include 

neighbouring, previously undamaged tissues (Schwab and Bartholdi, 1996; McDonald and 

Sawowsky, 2002; Oyinbo, 2011) 

Secondary Phase 

In the secondary response phase of an SCI, the area of injury expands to include tissues 

not previously involved in the initial traumatic event. For example, hypoperfusion of the grey 

matter begins to impact the propagation of action potentials along myelinated (and unsevered) 

axons of the white matter (McDonald and Sadowsky, 2002). In addition, the large quantities of 

glutamate released from injured neurons and astrocytes causes an exaggerated and pathological 

calcium ion influx in nearby healthy neurons, resulting in excitotoxicity and cell death (Xu et al., 

2005). A further complication is the presence of hemoglobin from the initial hemorrhagic event, 

which supplies iron as a catalyst for free radical formation and lipid peroxidation reactions, 

thereby intensifying necrosis (Schwab and Bartholdi, 1996).  

The localized calcium influx from the damaged spinal cord tissue also activates various 

caspases, resulting in a wave of apoptosis across various cell types, including neurons, 

oligodendrocytes, microglia, and astrocytes (Liu et al., 1997; Casha et al., 2001; Grossman et al., 

2001; Oyinbo, 2011). Furthermore, the production of free radicals continues for weeks, and leads 

to demyelination of axons that survived the initial injury (Oyinbo, 2011). Concurrently, a glial 
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scar starts to develop at the site of lesion. Although glial scars are beneficial in that they limit the 

spread of inflammation (Wanner et al., 2013), they also representing a major barrier to 

regeneration in mammalian species (Karimi-Abdolrezaee and Billakanti, 2012).  

The Glial Scar 

In mammals, it is well-understood that the glial scar serves a fundamental role in the 

resolution of SCI, essentially protecting the undamaged tissue from the secondary response 

(Karimi-Abdolrezaee and Billakanti, 2012; Kawano et al., 2012). Structurally, the glial scar 

consists of both fibrotic and glial components. The fibrotic scar originates from fibroblasts of the 

neighbouring meninges and pericytes. In response to injury, these cell types deposit collagen and 

gradually come to occupy the lesion epicenter (Göritz et al., 2011). The glial component forms 

secondarily to surround the fibrotic scar (Yuan and He, 2013). The interface between glial and 

fibrotic scars is termed the glial limitans, or glial limiting membrane (Yuan and He, 2013). The 

glial scar forms as astrocytes associated with the injury become proliferative and migrate to the 

lesion. Here they aggregate and form a dense meshwork (Silver and Miller, 2004; Sofroniew, 

2009; Yuan and He, 2013). This response, termed reactive astrogliosis, is characterized by 

cellular hypertrophy and an upregulation in the expression of two intermediate filaments: glial 

fibrillary acidic protein (GFAP) and vimentin (Pekny and Nilsson, 2005; Ekmark-Lewen et al., 

2010; Xia et al., 2015). Reactive astrocytes also begin secreting extracellular matrix molecules 

such as chondroitin sulfate proteoglycans (CSPGs; Silver and Miller, 2004). Paradoxically, while 

CSPGs suppress inflammation, they also inhibit axonal regeneration, both in vitro and in vivo 

(Pindzola et al., 1993; Monnier et al., 2003). Under normal conditions, astrocytes produce 

CSPGs to stabilize synapses and prevent unwanted plasticity (Bartus et al., 2012). However, 

once astrocytes become reactive they upregulate their expression of CSPGs and obstruct 
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regeneration (Karimi-Abdolrezaee and Billakanti, 2012). As a result, many studies aimed at 

increasing functional recovery following SCI have employed a strategy involving the digestion 

of CSPCs from the glial scar (Cheng et al., 2015; Xia et al., 2015).   

It is important to note that while astrocytes are the primary source of the glial scar, an 

additional contribution of scar-inducing cells comes from the NSPC pool of the ependymal layer 

(Meletis et al., 2008). Thus, developing strategies to modulate the activation and differentiation 

of endogenous NSPCs following SCI may prove beneficial in reducing the inhibitory nature of 

the glial scar and increasing functional recovery.  

1.3  SPINAL CORD REGENERATION ACROSS VERTEBRATES 

 Although SCI in mammals often result in irreversible damage, in part because of 

inhibitors of repair and regeneration like the glial scar, various other vertebrate taxa are capable 

of resolving damage to the spinal cord without the permanent loss of function (Tanaka and 

Ferretti, 2009). Using two different SCI paradigms, spinal cord amputations or transection 

lesions, the ability to regenerate the spinal cord has now been demonstrated for various species 

of teleost fish and urodeles (both amputation and transectional; Chernoff et al., 2003; Dervan and 

Roberts, 2003; Sîrublescu et al., 2009; Sîrublescu and Zupanc, 2011; Zukor et al., 2011) and 

lizards (spinal cord amputations only; McLean and Vickaryous, 2011; Zhou et al., 2013; Szarek 

et al., 2016). Spinal cord amputations involve a reparative process termed epimorphic 

regeneration, the de novo generation of new tissue from a proliferative mass of mesenchymal-

like cells known as a blastema (Dent, 1962; Anderson and Waxman, 1985; Bellairs and Bryant, 

1985; McLean and Vickaryous, 2011). In contrast, transectional injuries are resolved with a 

regenerative process known as gap replacement. Gap replacement involves the regrowth of 

axons across the lesion site and the re-establishment of the central canal and ependymal layer, 
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without the need for regeneration of surrounding, non-neuronal structures (Chernoff et al., 2003; 

Sîrublescu and Zupanc, 2011).  

Although cells of the blastema initially appear to represent a homogeneous population, 

recent studies have determined that these cells are in fact lineage-restricted (Lin et al., 2007; 

Kragel et al., 2009). Indeed, cells of the blastema are derived from tissue-specific 

dedifferentiation, and retain a memory of their tissue of origin (Poss et al., 2003; Lin et al.,2007; 

Kragel et al., 2009). During regeneration, differentiation of these lineage-restricted populations 

occurs in a cranial to caudal sequence (Norlander and Singer, 1978; Sîrublescu et al., 2009; 

McLean and Vickaryous, 2011); hence, the caudal tip of the blastema always demonstrates the 

least differentiated tissues. One of the first organs to be regenerated is the spinal cord, beginning 

as an elongation of the original tubular arrangement of ependymal cells known as the ependymal 

tube. The ependymal tube penetrates into the blastema, and continues to elongate concomitantly 

with outgrowth of the new tail (Norlander and Singer, 1978; Sîrublescu and Zupanc, 2011; 

McLean and Vickaryous, 2011). Although the early events of ependymal tube formation appear 

to be largely conserved across regeneration-competent species (Norlander and Singer, 1978; 

Chernoff et al., 2003; Sîrublescu and Zupanc, 2011; McLean and Vickaryous, 2011), subsequent 

regeneration of the new spinal cord varies across taxa. For example, while some teleosts and 

urodeles next restore the grey matter and dorsal root ganglia (Egar and Singer, 1972; Chernoff et 

al., 2003; Reimer et al., 2008), lizards do not. Interestingly, while the regenerated spinal cord of 

lizards lacks grey matter, evidence suggests that some amount of neurogenesis does occur (Zhou 

et al., 2013; Gilbert, 2016). Ultimately, the regenerate tail is functional and demonstrates 

evidence of sensory and motor innervation, suggesting that the spinal cord is also functional. 
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Whereas epimorphic regeneration occurs after the complete removal of an appendage, 

gap replacement occurs when the spinal cord is lesioned in situ, without the removal of adjacent 

structures (e.g., following compression, contusion, distraction and laceration or transectional 

injuries; Oyinbo, 2011). Among regeneration-competent teleosts and urodeles, experimental 

SCIs tend to focus on transectional injury paradigms (e.g., O’Hara et al., 2991; Chernoff et al., 

2003; Dervan and Roberts, 2003). Compared to caudal amputation, transectional-type injuries 

are arguably more relevant to the types of injury that mammalian species sustain.  

1.3.1  Teleost Fish and Urodele Amphibians 

 As currently understood, the processes involved in structural regeneration of the spinal 

cord are remarkably similar in both teleosts and urodeles, suggesting the reparative response is 

highly conserved across these taxa (Chernoff et al., 2003; Sîrublescu and Zupanc, 2011). 

Interestingly, whereas anuran amphibians are also capable of tail and spinal cord regeneration as 

tadpoles (Beattie et al., 1990; Gaete et al., 2012), and the events that lead to the restoration of 

these tissues closely parallel those of urodeles, they lose this ability after metamorphosis (Beattie 

et al., 1990). Here, we review spinal cord regeneration in adult teleost fish and urodeles 

amphibians, beginning with the amputational injury approach.  

Amputation 

Immediately following tail amputation, the ruptured spinal cord undergoes a significant 

period of apoptosis, or programmed cell death. Cells positive for activated caspase-3 are found at 

the lesion site, and persist following injury, peaking at 15-24 hours post-amputation in teleosts 

(Sîrublescu et al., 2009; Sîrublecu and Zupanc, 2009). At this peak, approximately half of the 

cells at the site of injury are apoptotic. In contrast, among mammals cell death in response to SCI 

primarily involves necrosis (McDonald and Sadowsky, 2002). Next, the central canal is 
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gradually sealed off as ependymal cells form a bulb-like protrusion, the terminal vesicle or 

ampulla (Iten and Bryant, 1976; Waxman and Anderson, 1985; Egar and Singer, 1972; Clarke 

and Ferreti, 1998). Simultaneously, there is an increase in cell proliferation within the spinal cord 

parenchyma, suggesting that ependymal cells are not the sole source of new cells in the 

regenerating spinal cord (Sîrublescu et al., 2009; Sîrublescu and Zupanc, 2011; Allen and Smith, 

2012).  

Once the terminal vesicle has formed, the ependymal tube begins to invade the newly 

formed blastema. Continued outgrowth of the ependymal tube matches the growth of the 

regenerating tail (Poss et al., 2003), and is accompanied by the regeneration of other tissues, 

including axons, neurons, and glia (Chernoff et al., 2003; Tassava and Huang, 2005; Sîrublescu 

and Zupanc, 2011). Axons severed by removal of the tail are reassembled, and invade the 

blastema concurrent with the regrowing ependymal tube (Dervan and Roberts, 2003). The first 

evidence of new neurons comes from HuCD expressing cells, detectable as early as 5 days post-

amputation in Apteronotus leptorhynchus (Sîrublescu and Zupanc, 2011). Overtime, the spinal 

cord increases in diameter as new neurons and glia are incorporated, gradually increasing the 

complexity of this newly formed structure.   

Gap Replacement 

Following a transection injury, both cranial and caudal stumps of the spinal cord retract 

slightly, producing a physical gap between both the cranial and caudal portions. This gap is 

rapidly filled with blood, as well as ruptured ependymal and meningeal cells dislodged during 

the injury (Chernoff et al., 2003; Sîrublescu and Zupanc, 2011). Next, axons begin to regenerate 

across the lesion site, while astrocytes and oligodendrocytes migrate into the gap from both the 

cranial and caudal spinal cord stumps (Sîrublecu and Zupanc, 2011). In urodeles, ependymal 
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cells at the damaged spinal cord ends begin to proliferate and undergo an epithelial-to-

mesenchymal transition. These migratory cells then invade the lesion, and re-epithelialize to re-

establish the central canal (O’Hara et al., 1992). In teleosts, ependymal cells adjacent to the 

rupture proliferate within the spinal cord stump, thus driving growth of the ependymal tube into 

the lesion site through intercalation, until both ends unite to re-establish the central canal 

(Dervan and Roberts, 2003, Sîrublecu and Zupanc, 2011).  

Although axonogenesis has restored the connection across the gap, their restored 

organization does not recapitulate the original pattern of white and grey matter as observed in the 

intact spinal cord among some species of teleost (Doyle et al., 2001; Dervan and Roberts, 2003). 

As late as 200 days after spinal cord transection in the eel, grey matter components are absent 

from the regenerated organ (Dervan and Roberts, 2003). Furthermore, the degree to which 

ascending and descending tracts are restored varies across species. For example, while goldfish 

demonstrate robust axonogenesis of both ascending and descending tracts (Takeda et al., 2008), 

zebrafish are more adept at regenerating descending tracts (Becker et al., 1997). And while newts 

are capable of regenerating both ascending and descending tracts, they do not appear to 

regenerate sensory axons (Zukor et al., 2011). Within two weeks following lesioning, zebrafish 

regenerate motor neurons and by 6-8 weeks, these cells have synaptic terminals and express 

markers of mature neurons (Reimer et al., 2008). In goldfish, pulse-chase experiments show that 

new neurons (immunopositive for both HuCD and bromodeoxyuridine [BrdU]) are present as 

early as 24 hours post-lesioning, and their numbers continue to increase for 7 days (Takeda et al., 

2008). In contrast, no interneurons or motor neurons are regenerated in eels (Dervan and 

Roberts, 2003). 
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Spinal cord regeneration following a crush injury in zebrafish closely resembles that of a 

gap lesion (Hui et al., 2010). Briefly, blood cells infiltrate the wound site, and within 6 hours 

apoptotic cells are present within the lesion epicentre. The number of apoptotic cells peaks 

approximately 24 hours following injury. At 3 days post-injury, cell proliferation increases, 

particularly within the grey matter, and ependymal cells on either side of the crush begin to 

migrate and seal off the central canal. By 7 days post-injury, the ependymal layer and central 

canal are re-established through intercalation. New neurons begin to form within 10 days of 

lesioning, followed by regeneration of the white matter (Hui et al., 2010).  

1.3.2  Lizards 

Among amniotes, various species of lizard, including geckos, skinks, anoles, and many 

lacertids, are the only species capable of spinal cord regeneration (Jacyniak et al., 2017). Similar 

to some urodeles, many lizards have evolved the ability to regenerate the tail in parallel with the 

equally dramatic ability to self-detach, or autotomize, the tail (Hughes and New, 1959; Duffy et 

al., 1990; Clause and Capaldi, 2006; McLean and Vickaryous, 2011; Zhou et al., 2013). As a 

result, tail autotomy provides a naturally evolved mechanism to initiate spinal cord (and hence 

tail) regeneration. 

Following tail autotomy, the stump of the spinal cord passively retracts into the 

remainder of the tail. Initially the site of tail loss/autotomy is covered by a clot of blood and 

crystalized tissue fluid and there are no obvious signs of regeneration. However, deep to the clot 

a blastema is beginning to form (Hughes and New, 1959; McLean and Vickaryous, 2011). The 

blastema first appears immediately distal to the spinal cord, and is associated with many 

proliferating cells (McLean and Vickaryous, 2011). Within one to two weeks, the temporary clot 

is lost, and the blastema begins to grow out from the original stump of the tail. Deep within the 
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blastema, the ependymal tube begins to invade the new tissue, terminating in a dilated structure, 

known as the ependymal ampulla, just deep to the newly formed epidermis. With continued 

outgrowth of the blastema, peripheral axons from dorsal root ganglia residing within the original 

tail also invade the blastema, paralleling the path of the ependymal tube. However, dorsal root 

ganglia are not regenerated (McLean and Vickaryous, 2011). Continued proliferation of 

ependymal cells, predominantly within the regenerate tail portion of the ependymal tube, drives 

the elongation of the ependymal tube (McLean and Vickaryous, 2011; Zhou et al., 2013). Unlike 

the original organ, the fully regenerated spinal cord of lizards lacks both obvious grey and white 

matter. Instead, it consists of a monolayer of ependymal cells, continuous with the ependymal 

layer of the original spinal cord, surrounded by descending tracts from the original nervous 

system (Simpson, 1968; Duffy et al., 1990; Duffy et al., 1992; McLean and Vickaryous, 2011).  

In addition to the spinal cord, it is also well-understood that some lizard species are even 

capable of regenerating portions of the brain, following either neurotoxin-induced (Font et al., 

1991; Font et al., 1997) or a physical lesion (Romero-Alemán et al., 2004). To date, however, 

less is known about the response of the body (trunk) spinal cord to injury. One study investigated 

a complete transection to the lumbar region of the spinal cord in the lizard Podarcis muralis 

(Alibardi, 2014). Over time, a connective tissue bridge was observed to develop across the lesion 

site. However, few additional details of the regenerative events were reported and it is unclear if 

the lizards lost and regained motor function. Curiously, lizards receiving the transectional 

injuries also had their tails autotomized, and it remains unclear if this additional injury 

influenced the regenerative capacity of the trunk. A separate study focused on the changes to 

intermediate filament expression following transection (Gao et al., 2010). Unfortunately, 
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additional details of the post-lesion events, including the response of the ependymal cells, were 

not described.  

1.4  NEURAL STEM/PROGENITOR CELLS AND SPINAL CORD REGENERATION 

Multipotent cells with the capacity for self-renewal were first identified in the spinal cord 

in vitro as neurosphere-forming cells (Weiss et al., 1996). Later studies determined that these 

neural stem/progenitor cells (NSPCs) primarily originate from the ependymal layer lining the 

central canal (Meletis et al., 2008; Barnabé-Heider et al., 2010). Among regeneration-competent 

species, it is now understood that regenerative success is linked to the role and response of 

ependymal cells following spinal cord injury (Tanaka and Farretti, 2009). And whereas details of 

the regenerative events following amputation and transection injury differ (see above), both 

share a marked increase in ependymal cell proliferation. As a result, the identification of putative 

NPSCs can be employed as a tool to predict regenerative-competence. In vivo, two of the most 

commonly recognized characteristics of NSPCs are quiescence and the expression of 

stem/progenitor markers.  

Quiescence 

As is characteristic of stem/progenitors across other regions of the body, NSPCs are often 

designated as quiescent, based on their slow-cycling nature. As quiescence is a mechanism to 

preserve DNA integrity (Fuchs, 2009), quiescent cells exhibit a lower cellular metabolism and 

enter into the cell cycle infrequently, facilitating their ability to retain DNA labels (Li and 

Clevers, 2010). As such, quiescence is most commonly measured with the use of incorporated 

labels, such as the thymidine analogue BrdU. BrdU is incorporated into DNA during the S phase 

of the cell cycle, and can be detected using immunohistochemistry (Taupin, 2007). Quiescent 

cells are then identified by the retention of BrdU for prolonged periods of time, up to 168 days 
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after administration (Zhang et al., 2015). The use of labeling techniques has permitted the 

identification of putative stem/progenitor cell populations across various tissues (Maeshima et al, 

2003; Tumbar et al., 2004; Kuwahara et al., 2008; Morris and Potten, 2008; Fuchs, 2009), 

including the CNS (Morshead et al., 1994; Doetsch et al., 1999a; Grandel et a., 2006; Reimer et 

al., 2008; Codega et al., 2014; Zhang et al., 2015). In support of their identification as NSPCs, 

various studies have since demonstrated that label-retaining populations extracted from in vivo 

sources and cultured in vitro form self-renewing, multipotent neurospheres (Morshead et al., 

1994; Doetsch et al., 1999a; Codega et al., 2014). 

SOX2 

Another common strategy to identify NSPCs in vivo is with the use of molecular markers. 

One of the best-known markers for such cells is the transcription factor SOX2 (Ellis et al., 2004; 

Ferri et al, 2004; Brazel et al., 2005; Meletis et al., 2008). SOX2 is expressed by neuroepithelial 

cells during neural tube formation (Chau et al., 2015), and by cells of the ventricular zone in 

neurogenic regions of the mammalian brain such as the dentate gyrus and subventricular zone of 

the lateral ventricles (Komitova and Eriksson, 2004; Brazel et al., 2005). Perhaps most strikingly, 

SOX2 is one of the four original factors needed to reprogram human somatic cells into 

pluripotent stem cells in vitro (Takahashi and Yamanaka, 2006). Recent work in mice has also 

shown that SOX2 is sufficient to induce reprogramming in vivo. Injection of SOX2-expressing 

lentivirus into the mouse brain is sufficient to reprogram resident astrocytes into proliferative 

neuroblasts which subsequently develop into functional neurons (Niu et al., 2013, 2015). 

Similarly, when SOX2 was injected into the mouse spinal cord following injury, astrocytes were 

reprogrammed into neurons (Wang et al., 2016).  
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Various lines of evidence also point towards a role for SOX2 during spinal cord 

regeneration. SOX2 expression is upregulated following SCI in zebrafish (Hui et al., 2014; Ogai 

et al., 2014; Hui et al., 2015) and anuran tadpoles (Gaete et al., 2012). Interestingly, while 

tadpoles are capable of spinal cord regeneration, adult frogs are not and during metamorphosis, 

frogs stop expressing SOX2 (Gaete et al., 2012). Similarly, clustered regularly interspaced short 

palindromic repeats (CRISPR)-mediated deletion of Sox2 in axolotls results in the regenerative 

failure of the spinal cord following injury (Fei et al., 2014). By way of explanation, it has been 

proposed that SOX2 regulates NSPC proliferation, and thus is required during regeneration 

(Graham et al., 2003; Ferri et al., 2004; Gaete et al., 2012; Fei et al., 2014; Ogai et al., 2014).  

Curiously, while SOX2 expression is rare among ependymal cells of most regeneration-

competent species prior to injury (Gaete et al., 2012; Ogai et al., 2014; Hui et al., 2014; Hui et 

al., 2015), it is widespread among most, if not all, ependymal cells in regeneration-incompetent 

mammals (Brazel et al., 2005; Alfaro-Cervello et al., 2012; Lee et al., 2013). One possible 

explanation is that the fate of NSPCs is not determined by the ubiquity of SOX2 expression, but 

rather the precise regulation of intracellular concentrations of this transcription factor (Graham et 

al., 2003; Bani-Yaghoub et al., 2006; Hutton and Pevny, 2011). For example, overexpression of 

intracellular SOX2 inhibits neurogenesis and promotes gliogenesis (Bani-Yaghoub et al., 2006), 

while underexpression results in the improper differentiation of neurons from NSPCs (Graham et 

al., 2003; Ferri et al., 2004; Cavallaro et al., 2008).  

1.4.1  Radial Glia  

Across vertebrates, NSPCs are known to reside within the ependymal layer of the CNS, 

including spinal cord. These NSPCs are most commonly identified as radial glia, although a 

variety of other terms have been used to describe these cells, including ependymal radial glia, 
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ependymo-radial glia, or ependymoglia (Lazzari and Franceschini, 2005a,b; Tanaka and Ferretti, 

2009; Becker and Becker, 2015) in non-mammalian species, and astrocytes, Type B cells, or 

radial glia-like cells in mammals (Doetsch et al., 1999a; Seri et al., 2001; Kunze et al., 2009; 

Bond et al., 2015). Radial glia are classically characterized as a subpopulation of ependymal 

cells with NSPC-like features, and a distinctive morphology that includes one or more lengthy 

basal processes making contact with the pia matter and an apical process that contributes to the 

lining of the central canal (Tapscott et al., 1981; Than-Trong and Bally-Cuif, 2015). In addition, 

radial glia also express SOX2 and the intermediate filaments GFAP and sometimes vimentin, 

nestin (Than-Trong and Bally-Cuif, 2015) and cytokeratins (Holder et al., 1990; O’Hara et al., 

1992).  

The first evidence that radial glial cells were NSPCs came from studies of precursor cell 

labelling with a recombinant retrovirus in the developing chicken optic tectum (Gray and Sanes, 

1992). Fate mapping experiments have since demonstrated that radial glia generate multiple cell 

types, including interneurons, motor neurons and oligodendrocytes, during development 

(Johnson et al., 2016). Under homeostatic conditions, radial glia in adults are typically quiescent 

(Grandel et al., 2006; Reimer et al., 2008; Chapouton et al., 2010). However, following injury 

they become increasingly proliferative (Reimer et al., 2008).  

1.4.2  Ependymal cells as a heterogeneous population 

In addition to radial glia, emerging evidence reveals that other cell types also contribute 

to the ependymal cell population. Perhaps the best known non-radial glia cells of the ependymal 

layer are cerebrospinal fluid-contacting (CSF-c) cells. These neuronal-like cells, sometimes 

referred to as central canal-contacting cells (Marichal et al., 2009), liquor-contacting neurons 

(Roberts et al., 1995), or CSF-c neurons (Petracca et al., 2016), have been reported in numerous 
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species, ranging from zebrafish to primates (Zamora, 1978; Roberts et al., 1995; Russo et al., 

2004; Djenoune et al., 2014; Petracca et al., 2016). Like radial glia, CSF-c cells reside within the 

ependymal layer in close contact with the central canal and express SOX2 (Petracca et al., 2016). 

Uniquely, CSF-c cells demonstrate a large, round nucleus and a small apical process that projects 

toward, or even into, the central canal (Roberts et al., 1995; Alfaro-Cervello et al., 2012; 

Djenoune et al., 2014). Evidence also suggest that some CSF-c cells share features in common 

with neurons, including expression of the early neuronal markers doublecortin and ßIII-tubulin 

(Marichal et al., 2009; Kútna et al., 2014; Petracca et al., 2016) and HuCD (Russo et al., 2004; 

Marichal et al., 2009). In rats, CSF-c cells also express the mature neuronal marker NeuN (Kútna 

et al., 2014). Furthermore, electrophysiological work in lampreys has demonstrated that some 

CSF-c cells have GABA receptors, and can even fire action potentials (so-called Type 1 CSF-c 

cells; Jalalvand et al., 2014). The Type 1 CSF-c cells have also been found to respond to 

mechanical stimulation and changes in pH, suggesting they participate as sensory receptors, 

monitoring CSF (Jalalvand et al., 2016).  

1.5  THE LEOPARD GECKO: AN AMNIOTE MODEL OF SPINAL CORD 

REGENERATION 

The leopard gecko (Eublepharis macularius; hereafter ‘gecko’) is an emerging model for 

the study of spontaneous multi-tissue regeneration (McLean and Vickaryous, 2011; Szarek et al., 

2016). Like many species of lizard, geckos can autotomize a portion of the tail to escape 

predation, and then spontaneously regenerate a replacement, complete with a functional 

regenerate spinal cord. As the original spinal cord occupies the length of the tail (McLean and 

Vickaryous, 2011; Szarek et al., 2016), it provides a convenient and arguably less invasive model 

to study injuries to the CNS when compared to the portion of spinal cord that resides within the 
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trunk. More specifically, the tail spinal cord can be accessed and investigated without the risk of 

associated neurological and behavioural complications (Szarek et al., 2016; Jacyniak et al., 

2017). Recent work has determined that the spinal cord of the gecko tail includes populations of 

NSPCs that closely resemble radial glia, and that these cells contribute to spinal cord 

regeneration following tail loss (Gilbert, 2016). However, less is known about spinal cord of the 

body (trunk). Determining if NSPCs also reside within the body spinal cord is an important first 

step in profiling the regenerative competence of the trunk, and would serve to validate the 

continued use of the gecko tail spinal cord in ongoing SCI investigations.   
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RATIONALE 

 

The capacity for spinal cord regeneration varies widely across vertebrates. The 

mammalian response to SCI represents one extreme, where neither structural nor functional 

regeneration occurs, leaving injured animals with devastating long-term neurological deficits. 

Conversely, near perfect structural and functional regeneration after SCI is observed in species of 

teleosts and urodeles, regardless of the injury paradigm employed (transectional or amputational 

injuries). Among amniotes, lizards are capable of regenerating a functional, albeit structurally 

imperfect, spinal cord following tail autotomy. Current research has primarily focused on 

endogenous NSPCs within the original tail spinal cord and their contribution to the regenerate 

organ. However, less is known about the remainder of the CNS, including the spinal cord of the 

body, and how regional injuries affect the spinal cord as a whole. Interestingly, previous work in 

zebrafish and mice have shown that SCI elicits a proliferative response that extends beyond the 

confines of the injury (Allen and Smith, 2012; Lacroix et al., 2014). Here, we sought to 

determine if, similar to the tail, the body spinal cord also includes populations of endogenous 

NSPCs, and whether they are activated in response to distal spinal cord injury. Our goal was to 

determine if the regenerative potential of the spinal cord observed in the tail extends into the 

body.  

 We hypothesized that the body spinal cord of the leopard gecko includes populations of 

NSPCs that are activated in response to a distal CNS injury (tail loss). To test this hypothesis, 

this study explored two objectives: 
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1. Identify NSPCs in the body spinal cord of the gecko, and determine if their distribution is 

regionalized across the rostrocaudal axis 

2. Perform a spatiotemporal characterization of the proliferative response and protein 

marker expression by ependymal cells following tail loss 
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CHAPTER 2: A SPATIOTEMPORAL CHARACTERIZATION OF NEURAL 

STEM/PROGENITOR CELLS IN THE BODY SPINAL CORD OF THE  

LEOPARD GECKO (EUBLEPHARIS MACULARIUS) 

2.1  INTRODUCTION 

  The morbidity and mortality associated with spinal cord injuries (SCI) is profound, and 

represents a significant burden on both the healthcare system, and an individual’s quality of life. 

In mammals, the intrinsic ability to repair the spinal cord is limited, in part due to the complexity 

of the lesion. Injuries to the spinal cord generally involve the severance and demyelination of 

axons, hemorrhaging, inflammation, and necrosis (McDonald and Sadowsky, 2002). Further, 

endogenous efforts by the body to minimize the extent of the injury can even inhibit intrinsic 

repair mechanisms. For example, one of the major barriers to spinal cord regeneration in 

mammals is the development of a glial scar. While the glial scar serves a neuroprotective role, 

sealing off the injury and minimizing damage to surrounding healthy tissues, it also forms a 

physical and biochemical barrier to regeneration by suppressing neurite outgrowth (Yiu and He, 

2006; Karimi-Abdolrezaee and Billakanti, 2012). Ongoing investigations in mammals have 

pursued a variety of approaches to increase functional recovery following injury, including 

reducing the inhibitory nature of the glial scar, modulating the ensuing inflammatory response, 

and transplanting or even recruiting neural stem/progenitor cells (NSPCs) to the site of lesion. To 

date, however, a curative therapy remains elusive.   

 Although mammals are largely incapable of spinal cord repair, the same is not true for all 

vertebrates. Numerous taxa, including some species of teleost fish (e.g., zebrafish), salamander 

(e.g., axolotls), and even lizards, are capable of spontaneously regenerating portions of their 

spinal cord following injury. Investigations of this phenomenon in the laboratory have employed 
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a variety of approaches, but two of the most common are: spinal cord rupture as a result of tail 

amputation; and spinal cord transectional lesions. Spinal cord rupture typically involves 

surgically severing part of the tail, and represents a highly reproducible method for investigating 

regeneration of multiple tissue types (including blood vessels and skin, as well as the spinal cord) 

(Sîrbulescu et al., 2009; Dawley et al., 2012; Gaete et al., 2012; Becker and Becker, 2015; 

Peacock et al., 2015; Payne et al., 2017). As the injury is located distal to the body proper (i.e., it 

is localized within the tail), it avoids the debilitating consequences, such as paralysis and 

incontinence, that are otherwise characteristic of SCI in mammals (Wallace and Sikoski, 2007; 

Ramsey et al., 2010; Szarek et al., 2016). As a measure of the survivability of this lesion, many 

lizards and some salamanders employ a naturally evolved mechanism that closely parallels 

surgical amputation. This ability to self-detach, or autotomize, the tail involves completely 

rupturing the spinal cord (McLean and Vickaryous, 2011; reviewed in Gilbert et al., 2013; 

Jacyniak et al., 2017) and in the wild is a key adaptation to avoid predation (e.g., Lin et al., 

2017). In the laboratory, autotomy provides a less invasive (and non-lethal) mechanism to 

initiate spinal cord regeneration. Furthermore, autotomy obviates the need for anesthetics, 

analgesics or surgery. Following autotomy (or surgical amputation; Delorme et al., 2012), the 

site of tail loss undergoes a period of scar-free wound healing, followed by the spontaneous 

process of tissue regeneration. In all species, regeneration begins with the formation of a 

blastema, a mass of proliferating, mesenchymal-like cells. As the blastema begins to form, 

ependymal cells of the remaining spinal cord proliferate and the ependymal tube caudally 

extends into the blastema, matching the growth of the regenerating tail. The ependymal tube is 

accompanied by axons originating from spinal nerves within the original spinal cord, which re-
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establish their targets within the regenerate tail (Benraiss et al., 1999; McLean and Vickaryous, 

2011; Sîrublescu and Zupanc, 2011).  

An alternative approach to initiating spinal cord regeneration is the use of a transectional 

lesion. Whereas tail amputation physically removes a portion of the spinal cord, a transectional 

lesion bisects the cord (creating a small gap) but leave both cut ends in place (Dervan and 

Roberts, 2003; Zukor et al., 2011). To date, such injuries have only been successfully restored in 

teleost fish and salamanders. Briefly, a blood clot seals off the ruptured ends of the spinal cord. 

Ependymal cells undergo an epithelial-to-mesenchymal transition, filling the gap created by the 

injury, and subsequently re-epithelialize to re-establish the ependymal tube (O’Hara et al., 1992; 

Chernoff et al., 2003). Axons then regrow atop the newly formed ependymal layer (Chernoff et 

al., 2003; Dervan and Roberts, 2003). Arguably, the transection lesion paradigm represents an 

injury that is more relevant to the type of SCI most commonly experienced in mammals.  

 Regardless of the mode of injury, spontaneous regeneration of the spinal cord involves 

the activation of an endogenous pool of NSPCs. These self-renewing, multipotent cells were first 

identified from in vitro cultures of the spinal cord as neurosphere-forming cells (Weiss et al., 

1996). Subsequent studies determined that the primary source of NSPCs is the ependymal layer 

lining the central canal (Meletis et al., 2008; Barnabé-Heider et al., 2010). In non-mammalian 

species, NSPCs of the ependymal layer are typically identified as radial glia (Briona and Dorsky, 

2014; Than-Trong and Bally-Cuif, 2015; Johnson et al., 2016), although a variety of alternative 

names have also been employed (e.g., ependymal radial glia, ependymoglia, or ependymo-radial 

glia; Lazzari and Franceschini, 2005a; Tanaka and Ferretti, 2009; Becker and Becker, 2015). In 

the mammalian brain, NSPCs of the neurogenic niches have been identified, somewhat 

confusingly, as ventricular-astrocytes (also termed type B cells or radial glia-like cells; Seri et 
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al., 2001; Doetsch et al., 1999a; Kunze et al., 2009; Bond et al., 2015) that are likely descendants 

of radial glia (Alvarez-Buylla et al., 2001; Doetsch, 2003). These astrocytes with stem/progenitor 

properties are in contact with the ventricular system of the brain, much akin to radial glia, and 

give rise to transit amplifying cells that continually divide to produce neuroblasts (Doetsch et al., 

1999a). The pervasiveness of glial phenotypes among NSPCs (Doetsch et al., 1999a; Seri et al., 

2001; Echeverri and Tanaka, 2002; Hui et al., 2015; Johnson et al., 2016) has led to the 

hypothesis that NSPCs are retained within a glial lineage (Alvarez-Buylla et al., 2001; Doetsch, 

2003). 

Radial glia are defined as a population of cells with both neuroepithelial and 

astrocytic/astroglial characteristics, with an elongate basal (radial) process that spans from the 

ventricular lumen to the pial surface (Alvarez-Buylla et al., 2001; Doetsch, 2003; Than-Trong 

and Bally-Cuif, 2015). In addition, radial glia express a characteristic panel of proteins, including 

the pluripotency transcription factor SOX2 and the intermediate filaments glial fibrillary acidic 

protein (GFAP) and vimentin. Another common feature of radial glia is that they actively 

proliferate, albeit slowly, under physiologically normal conditions (i.e., prior to injury; Grandel 

et al., 2006; Reimer et al., 2008; Chapouton et al., 2010). Although this constitutive proliferation 

rate is modest (albeit detectable), following injury it markedly increases (Reimer et al., 2008; 

Hui et al., 2015). Given that constitutive NSPC proliferation is common to all vertebrates, 

including those with only limited regenerative capacities (such as mammals), it has been 

postulated that higher rates of proliferation are associated with increased regenerative potential. 

This belief largely stems from the prominent and widespread proliferation and neurogenesis that 

occurs in the regeneration-competent brain compared to the mammalian brain, where 

neurogenesis is isolated to a few specific locations (Zupanc and Horschke, 1995; Ekström et al., 
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2001; García-Verdugo et al., 2002; Grandel et al., 2006). Unfortunately, cross-species 

comparisons of constitutive proliferation remains challenging due to the range of proliferative 

markers and quantification methods employed.   

 In lizards, the regenerative capacity of the tail, including the tail spinal cord, is well-

documented (Whimster, 1978; Clause and Capaldi, 2006; McLean and Vickaryous, 2011; Zhou 

et al., 2013; Szarek et al., 2016). In addition, several studies have demonstrated that (in one 

species, Podarcis hispanicus), the forebrain (telencephalon) is also capable of spontaneous, 

tissue specific repair, including the generation of new neurons (Font et al., 1991; Font et al., 

1997). Curiously, the spinal cord of the body (trunk) remains essentially unexplored. Here, we 

conducted a detailed investigation of ependymal cells in the body spinal cord of the leopard 

gecko (Eublepharis macularius; hereafter ‘gecko’), a lab-amenable lizard capable of tail (and tail 

spinal cord) regeneration (McLean and Vickaryous, 2011). We determined that the ependymal 

layer of the body spinal cord represents a heterogeneous assemblage that includes populations of 

cells identifiable as radial glia-like. Although ependymal cells in the body spinal cord 

constitutively proliferative under homeostatic conditions, amounts of proliferation did not 

significantly increase following tail loss. Overall, our data reveal that ependymal cells of the 

body spinal cord are essentially identical to those in the tail, suggesting that the regenerative 

capacity of the CNS may extend into the trunk. Moreover, these data reinforce the utility of the 

tail spinal cord as a biologically parallel and yet less intrusive system to explore regenerative 

research.  
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2.2  MATERIALS AND METHODS 

2.2.1  Animal Care 

 Juvenile, captive-bred leopard geckos (Eublepharis macularius) were obtained from a 

commercial supplier (Global Exotic Pets, Kitchener, Ontario, Canada). The University of Guelph 

approved Animal Utilization Protocol 1954 which complies with Canadian Council on Animal 

Care procedures and policies. Animal husbandry requirements were followed as described in 

McLean and Vickaryous (2011). Briefly, leopard geckos (hereafter ‘geckos’) were housed in the 

Hagen Aqualab, University of Guelph, in 5-gallon plastic (polycarbonate) tanks inside a 

controlled environmental chamber with a 12:12 photoperiod and ambient temperature of ~27ºC. 

Using a heating cable (Hagen Inc., Baie d’Urfé, Québec, Canada) set at 32ºC, heat was provided 

to one end of each enclosure (situated atop the cable) to establish a thermal gradient. Geckos had 

constant access to water, replaced a minimum of twice weekly, and were fed 2-3 gut-loaded 

mealworms per day. Mealworms were gut-loaded with oatmeal, fresh fruits and vegetables, and 

were dusted with powdered calcium and vitamin D3 (cholecalciferol) for dietary 

supplementation (Zoo Med Laboratories Inc., San Lupis Obispo, California, USA). Health status 

was assessed weekly with mass and length measurements (snout-to-vent length [S-V length], tail 

length, regenerate tail length). Data for the protein expression characterizations was obtained 

from tissue samples of a total of approximately 12 individuals, and data for both the long and 

short-duration pulse-chase experiments was obtained from a total of 30 individuals. Geckos 

ranged in mass from 8–34.4 grams.  

2.2.2  Bromodeoxyuridine Pulse-Chase Experiments  

 To identify slow-cycling cells and constitutively proliferating cells (Objective 1), we 

conducted both long and short-duration 5-bromo-2-deoxyuridine (BrdU) pulse-chase 
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experiments. During the pulse period, experimental geckos were administered BrdU, a thymidine 

analogue that is incorporated into DNA as a cell undergoes the synthesis phase of the cell cycle. 

Any cells that cycle during the pulse will take up the analogue, which can then be detected using 

immunofluorescence. BrdU was injected at a dose of 50 mg/kg [stock solution diluted to 50 

mg/mL in dimethyl sulfoxide, and working solution diluted to 5 mg/mL in sterile, injectable 

phosphate buffered saline (PBS)] twice daily into the peritoneal cavity of each experimental 

gecko using a 0.5cc insulin syringe (Abbott Laboratories, Saint-Laurent, Québec, Canada). 

Injections alternated between left and right-side.  

 To identify slow-cycling cells, we conducted a long-duration BrdU pulse-chase 

experiment. Geckos with original tails were divided into two groups: immediately following the 

pulse (0 days chase; n=3), and 20-weeks post-pulse (140-day chase; n=3). BrdU was not 

administered during the 140-day chase period.  

 To determine if ependymal cells constitutively proliferate, and to investigate if cell 

proliferation is affected by tail loss, we conducted a short-duration BrdU pulse-chase experiment 

using two groups of geckos. Geckos were assigned to one of two conditions: constitutive 

proliferation (original tailed geckos), or proliferative response to tail loss. Geckos in the tail loss 

condition were stimulated to autotomize (= day 0; see Section 2.2.3). Immediately following 

autotomy, both original tail and tail loss groups were pulsed with BrdU for two days (twice 

daily). Geckos from both condition were sampled at three time points: immediately following the 

pulse (0 days chase; n=6), 10 days post-pulse (n=6), and 30 days post-pulse (n=6). 

2.2.3  Tail Autotomy 

 Lizards capable of tail autotomy are able to voluntarily self-detach their tails in an effort 

to escape predation. Tail autotomy was used to induce tail loss for Objective 2 by manually 
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restraining the geckos and firmly pinching the tail between forefinger and thumb until the tail is 

shed. Following tail loss, geckos were returned to their enclosures and allowed to undergo 

wound healing and subsequent regeneration before being collected for tissue preparation and 

analysis. 

2.2.4  Tissue Collection and Preparation   

Geckos were euthanized with an intra-muscular injection of 150-300µL Alfaxan 

(Alfaxalone), and then fixed via transcardial perfusion of PBS followed by 10% neutral buffered 

formalin (NBF; Fisher Scientific, Waltham, Massachusetts, USA). Tissues were then immersed 

in NBF for an additional ~22 hours to complete fixation and subsequently stored in 70% ethanol.  

To prepare for serial histology, tissues were decalcified for 30 minutes in Cal-Ex® 

(Fisher Scientific, Waltham, Massachusetts, USA) prior to processing. Tissues were dehydrated 

in 100% isopropanol, cleared in xylene and infiltrated with paraffin wax using an automated 

processor (Fisher Scientific, Waltham, Massachusetts, USA) prior to being embedded in paraffin 

wax blocks. Using a rotary microtome (HM 355S Automatic Microtome; Thermo Scientific, 

Ottawa, Canada), tissues were then sectioned at 5µm and mounted on charged slides (Surgipath 

X-Tra; Leica Microsystems, Ontario, Canada) prior to baking at 60ºC overnight.  

2.2.5  Hematoxylin and Eosin 

 For histological examination of the body spinal cord, representative sections were stained 

with hematoxylin and eosin. Slides were deparaffinized in three washes of xylene (2 minutes 

each), and rehydrated to water through three washes of 100% isopropanol (2 minutes each) and 

one wash of 70% isopropanol (2 minutes) before being brought to deionized water (dH2O; 2 

minutes). Slides were then immersed in modified Harris Hematoxylin (Fisher Scientific, 

Waltham, Massachusetts, USA) for 10 minutes, rinsed in running dH2O, and dipped six times in 
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acid alcohol (1% hydrochloric acid in 70% isopropanol) to differentiate. Slides were then rinsed 

in dH2O, dipped in ammonia water until blue (~4 dips), and rinsed again in dH2O. Next, slides 

were dipped six times in 70% isopropanol prior to staining with eosin for 1 minute. Slides were 

then brought through three washes of 100% isopropanol (2 minutes each) and cleared in three 

washes of xylene (2 minutes each) before being coverslipped with Cytoseal (Fisher Scientific, 

Waltham, Massachusetts, USA).  

2.2.6  Immunofluorescence  

Standard Immunofluorescence Protocol 

 Standard immunofluorescence was used to detect the proteins proliferating cell nuclear 

antigen (PCNA) and phosphorylated histone H3 (pHH3). Sections were rehydrated to dH2O (see 

above) prior to either antigen retrieval (pHH3 only; slides immersed in citrate buffer heated to 

95ºC for 12 minutes, followed by a 20-minute cool at room temperature) followed by three 

washes of PBS for 2 minutes each, or three washes of PBS (2 minutes each) if citrate buffer 

retrieval was not required (PCNA only). Sections were then blocked with 3% normal goat serum 

(NGS; Vector Laboratories, Burlingame, California, USA) diluted in sterile PBS for one hour at 

room temperature before being tipped off and incubated overnight with primary antibody (rabbit 

anti-PCNA [1:100]; Santa-Cruz Biotechnology, Dallas, Texas, USA; rabbit anti-pHH3 [1:100]; 

Cell Signaling, Whitby, Ontario, Canada) diluted in sterile PBS at 4ºC. Using a hydrophobic 

barrier, one section per slide served as an omission control and was incubated in sterile PBS 

only. Slides were then rinsed with three changes of PBS (2 minutes each) and sections were 

subsequently incubated with secondary antibody (Cy3 labeled goat anti-rabbit; PCNA [1:200]; 

pHH3 [1:250]; Jackson ImmunoResearch Laboratories, West Grove Pennsylvania, USA) in 

sterile PBS for one hour at room temperature. Slides were then washed with PBS three times (2 
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minutes each) prior to counterstaining with DAPI (4’,6-diamidino-2-phenylindole [1:10,000]; 

Life Technologies, ThermoFisher Scientific, Waltham, Massachusetts, USA) in sterile PBS for 

two minutes at room temperature. Finally, slides were again washed with PBS three times (2 

minutes each) prior to coverslipping with fluorescent mounting medium (Agilent Technologies 

Inc., Mississauga, Ontario, Canada). 

Modified Immunofluorescence Protocol with Tris Retrieval  

 To document the expression of HuCD, and to co-label with each of GFAP and NeuN, 

double immunofluorescence was conducted using a modified protocol. First, slides were 

rehydrated to dH2O (see above) and washed with PBS for 15 minutes. Slides were then 

immersed in a tris base solution (50mM TBS with 0.05% Tween 20) for 30 minutes at 95ºC 

followed by a 30-minute cool at room temperature for antigen retrieval. Slides were then washed 

in PBS with 0.1% Tween 20 (PBST) for 10 minutes, followed by two washes of PBS for five 

minutes each. Sections were then blocked in 10% NGS in sterile PBS with 0.3% Triton-X-100 

(Sigma-Aldrich, Oakville, Ontario, Canada) for 30 minutes at room temperature before being 

tipped off and incubated with primary antibody (mouse anti-HuCD [1:10] Molecular Probes, 

Rockford, Illinois, USA; rabbit anti-GFAP [1:400] Agilent Technologies Inc., Mississauga, 

Ontario, Canada; rabbit anti-NeuN [1:500] Abcam, Cambridge, Massachusetts, USA) overnight 

at 4ºC. Primary antibodies were applied as a cocktail, and diluted in sterile PBS with 1% BSA. 

One section per slide was incubated in sterile PBS only as an omission control. Slides were then 

washed three times with PBS with 1% bovine serum albumin (BSA; Santa Cruz BioTechnology, 

Santa Cruz, California, USA) for 10 minutes each, followed by application of secondary 

antibody (Alexa Fluor-488 labeled goat anti-mouse [Life Technologies, ThermoFisher Scientific, 

Waltham, Massachusetts, USA] for HuCD [1:500]; or Cy3 labeled goat anti-rabbit for GFAP 
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[1:1000] and NeuN [1:1000]). Secondary antibodies were applied as a cocktail, and diluted in 

sterile PBS for one hour at room temperature. Slides were then washed in PBS three times (2 

minutes each), counterstained with DAPI [1:10,000] in sterile PBS for 5 minutes at room 

temperature, and washed a final time in three changes of PBS (2 minutes each) prior to 

coverslipping with fluorescent mounting medium.  

Modified Immunofluorescence Protocol with Trypsin Retrieval  

 To detect each combination of BrdU and SOX2, SOX2 and vimentin, and GFAP and 

vimentin, a modified immunofluorescence protocol with two antigen retrieval steps was 

employed. Slides were rehydrated to dH2O (see above) and washed in PBS for 5 minutes. Slides 

then underwent antigen retrieval by immersion in citrate buffer (12 minutes at 95ºC followed by 

a 20-minute cool at room temperature). Slides were then washed again with PBS (2 minutes) 

before being incubated in 0.1% trypsin (Sigma-Aldrich, St. Louis, Missouri, USA), in sterile 

PBS, for 20 minutes at 37ºC for further antigen retrieval. After an additional PBS wash (2 

minutes), sections were then blocked in 5% NGS in diluent (1% BSA, 0.5% Tween 20 [Sigma-

Aldrich, Oakville, Ontario, Canada], 0.1% sodium azide [Fisher Scientific, Waltham, 

Massachusetts, USA] in PBS) for 30 minutes at 37ºC. Next, blocking solution was tipped off and 

sections were incubated in primary antibody in diluent overnight at 4ºC (rabbit anti-SOX2 [1:50] 

Cell Signaling, Whitby, Ontario, Canada; mouse anti-vimentin [1:50] Developmental Studies 

Hybridoma Bank, Iowa City, Iowa, USA; rabbit anti-GFAP [1:400] Agilent Technologies, 

Mississauga, Ontario, Canada; mouse anti-BrdU [1:50] Developmental Studies Hybridoma 

Bank, Iowa City, Iowa, USA). One section on each slide served as an omission control and was 

incubated in diluent without primary antibody. After being washed three times in PBS (2 minutes 

each), sections were incubated in secondary antibody (Alexa Fluor-488 labeled goat anti-mouse 
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for vimentin [1:200] and BrdU [1:200]; or Cy3 labeled goat anti-rabbit for SOX2 [1:200] and 

GFAP [1:1000]) diluted in sterile PBS for one hour at room temperature. Slides were again 

washed three times in PBS (2 minutes each) before counterstaining with DAPI [1:10,000] in PBS 

for 2 minutes. Slides were washed a final three times in PBS (2 minutes each) before 

coverslipping with fluorescent mounting medium.   

2.2.7  Quantification of Slow-Cycling and Proliferation Data 

 We used two different strategies to investigate whether: (1) the proportion of proliferating 

ependymal cells differed along the length of the body spinal cord, and; (2) the proportion of 

proliferating ependymal cells was altered in response to tail loss. First, we used our BrdU data 

generated during the short-duration BrdU pulse-chase experiment. Second, we used a separate 

experiment with different time points to immunostain for the S phase marker PCNA. Our PCNA 

data was derived from body spinal cords of original tailed (n=3) and tail regenerating individuals 

at three different time points: 2 days post-tail loss (n=3); 8 days post-tail loss (n=3); and 12 days 

post-tail loss (n=3). To reveal any regional differences in the proportion of slow cycling cells and 

constitutively proliferating cells, as well as any differences in response to tail loss, all body 

spinal cords were subdivided into three equal segments, termed cranial, middle and caudal 

(Figure 1A).  

After segmentation, body spinal cord segments were sectioned (in the transverse plane). 

Three random sections per body spinal cord segment were selected (500 to 2,500µm apart) and 

immunostained with either BrdU or PCNA (Figure 1B). For each section, the ependymal layer 

was imaged at 40x objective using an Axio Imager D1 Microscope (Carl Zeiss Canada Ltd., 

Toronto, Ontario, Canada). Using ImageJ, a circle of 20µm (236 pixels) diameter was drawn 

around the ependymal layer using the Selection Brush tool, originating from the centre of the 
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central canal, to circumscribe the region of interest (Figure 1C). The number of ependymal cells 

(including those immunopositive and immunonegative for the antigen of interest) within (or 

contacting) the circle defining the region of interest were manually counted using the Multi-Point 

tool and recorded for statistical analysis (Figure 1D). All cell counts were conducted by a counter 

blinded to the treatment conditions.  

2.2.8  Statistical Analysis 

All proportions are reported as the mean with a 95% confidence interval. When the 

probability (p) value was less than 0.05 (p<0.05), results were considered statistically significant. 

All analyses were performed using the software SAS 9.3 (SAS Institute Inc., Cary, North 

Carolina, USA). To test for differences in the proportion of immuno-positive ependymal cells 

between groups, a general linear mixed model that included the random effect of lizard and the 

fixed effects of group (original or tail loss), segment (cranial [3], middle [2], caudal [1]), and 

chase (where applicable; short-duration BrdU experiment, 0 days, 10 days, 30 days; long-

duration BrdU experiment, 0 days, 140 days), as well as their interaction, was used. The random 

effect was coded as: lizard(time [days post-autotomy]) for the PCNA data; lizard(chase*group) 

for the short-duration BrdU pulse-chase experiment, and; lizard(chase) for the long-duration 

BrdU pulse-chase experiment. Subsamples were averaged within segments, and data was tested 

for normality with a Shapiro-Wilk test and examination of the residuals. A log transformation 

was used for data that was not normally distributed if it improved the distribution, and analyses 

were performed with a bias correction term of 0.005 (all zeros within the data set were included 

as 0.005).  

The PCNA and short-duration BrdU pulse-chase experiment data sets were normally 

distributed based on the residuals and a Shapiro-Wilk test. The of data obtained from the short-
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duration BrdU experiment violated the assumptions of normality. As such, data was 

dichotomized to stained or not stained (the ependymal layer was either positive or negative for 

BrdU). A general linear mixed binomial model (the GLIMMIX procedure; SAS 9.3) was used to 

compare proportions of staining between group, segment, chase, and their interactions. The 

random effect of lizard(group*chase) and the fixed effects of group (original or tail loss), 

segment (cranial [3], middle [2], caudal [1]), and chase (0 days, 10 days, 30 days), as well as 

their interaction, were analyzed.  

2.3  RESULTS 

2.3.1  Spinal cord structure and histology 

 As for other reptiles, the gecko spinal cord passes caudally from the brainstem to almost 

the tip of the tail; unlike mammals there is no conus medullaris or cauda equina (Figure 3A). 

Aside from changes in cross-sectional area associated with the cervical and lumbar 

enlargements, there is very little regional variation along the spinal cord (Figure 3B-E), possibly 

the result of the uniformity in vertebral morphology (Kusuma et al., 1979). Across lizards, the 

typical vertebral count is ~6 cervical, 23-24 dorsal (=thoracic and lumbar), 2 sacral, and 20+ 

caudal (Holder, 1960; Kusuma et al., 1979). Spinal segments are numbered from the first 

cervical. As a result, it is estimated that the brachial plexus receives contributions from the roots 

of spinal segments ~6-9, and the lumbosacral plexus from the roots of spinal segments ~24-28 

(Kusuma et al., 1979).  

In cross section, the spinal cord is organized around a near-centrally positioned central 

canal, surrounded by a tubular arrangement of epithelial-like ependymal cells (Figure 2; 3). 

Closer inspection reveals that ependymal cells have a pseudostratified arrangement, and many 

appear to be ciliated. The central canal is continuous with the ventricular system of the brain and 
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demonstrates a subtle change in shape along the length of the spinal cord, which is mirrored by 

the ependymal layer (Figure 3B’-E’). Although it is typically ovoid (long axis in the vertical 

plane) cranially, it becomes circular in shape in more caudal positions.  

The ependymal layer is invested within the grey matter (Figure 2; 3). The grey matter is 

rich in neuronal soma and is organized into four conspicuous horns, paired dorsally and 

ventrally. Unlike mammals, there are no lateral horns. The grey matter is in turn surrounded by 

white matter, composed mainly of nerve tracts (Figure 2). Ventral and medial to the ependymal 

layer, nested medially adjacent to the grey matter, are bundles of large, myelinated axons known 

as the medial longitudinal fasciculus (Cruce, 1979). The boundary between white and grey 

matter is less distinct than that observed in mammals, but still identifiable. Within the transverse 

plane, the white matter can be subdivided into right and left sides by dorsal and ventral medial 

septa. That portion of the white matter between the dorsal septum and the dorsal horns is known 

as the dorsal funiculus; lateral and ventral funiculi are continuous with each other. The white 

matter is bounded by the pia mater.  

2.3.2  Ependymal cells of the body spinal cord are a heterogeneous population  

that includes NSPCs  

 Across vertebrates, including mammals, resident populations of NSPCs have been 

identified within the ependymal layer of the body spinal cord (e.g., Meletis et al., 2008; Ogai et 

al., 2014; Hui et al., 2015; see also Tanaka and Ferretti, 2009). In addition, radial glia-like cells 

expressing various NSPC markers were also recently identified in the spinal cord of the gecko 

tail (Gilbert, 2016). To test whether cells from the body spinal cord also demonstrated NPSC-like 

characteristics, and to determine whether they altered their protein expression in response to 

spinal cord injury (in this case, tail loss), we performed immunostaining at three key time points: 



   

 37 

(1) prior to tail loss (i.e., spinal cord intact); (2) two days post-tail loss (spinal cord ruptured); 

and (3) eight days post-tail loss (spinal cord regenerating). As an anti-predation strategy, geckos 

(as for many species of lizard) will voluntarily detach (autotomize) their tail and subsequently 

regenerate a replacement appendage. As tail autotomy results in the complete rupture of the 

spinal cord when the tail is lost, we exploited this phenomenon to investigate whether a distal 

spinal cord injury affects ependymal cell marker expression in the body spinal cord. We 

reasoned that the spinal cord is a closed system (Felix et al., 2012), and hence injuries in one 

region may elicit an organ-wide response. As an additional comparison, we also sampled spinal 

cords from original tails. For this analysis, we focused on three classic markers of radial glia, the 

transcription factor SOX2, and the intermediate filaments vimentin and glial fibrillary acidic 

protein (GFAP).  

SOX2 is one of the original four Yamanaka pluripotency factors (Takahashi and 

Yamanaka, 2006), and participates in the maintenance of neural progenitor populations (Graham 

et al., 2003), and neural differentiation (Graham et al., 2003; Cavallaro et al., 2008). Using 

immunofluorescence, we determined that most (but not all) ependymal cells along the length of 

the body spinal cord expressed SOX2 prior to and following tail loss (Figure 4). A similar 

pattern of SOX2 expression by ependymal cells was also observed in the original tail spinal cord 

(Figure 4B).  

Next, we sought to determine if SOX2+ ependymal cells also expressed vimentin. In 

mammals, vimentin is characteristic of neuroepithelial cells, which are the embryonic precursors 

of ependymal cells. However, following development of the spinal cord, the vimentin content of 

these cells is gradually replaced by GFAP (Oudega and Marani, 1991). In contrast, among 

species capable of spinal cord regeneration, such as zebrafish, vimentin expression is typically 
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maintained by ependymal cells throughout adulthood (Devan and Roberts, 2003; Hui et al., 

2015). Our immunostaining revealed that vimentin is robustly expressed by ependymal cells 

along the length of the gecko body spinal cord (Figure 4C, S1), including the majority of those 

immunostaining for SOX2 (Figure 4D). Vimentin expression was particularly obvious as a 

consolidation of radial processes forming fascicles passing within the dorsal medial septum and 

ventrolaterally within the ventral horns of the grey matter (Figure 4C). Vimentin+ processes 

were also found throughout the white matter, radiating toward the pial surface (Figure 4C). 

Following tail loss (Fig 4E,F) we continued to observe robust co-expression of SOX2 and 

vimentin by ependymal cells, with no qualitative differences in immunoreactivity for either 

marker. Matching the immunostaining pattern observed in the body, ependymal cells of the 

original tail spinal cord were also SOX2+/vimentin+ (Figure 4G).  

 Robust expression of SOX2 and vimentin by ependymal cells points towards their 

identification as radial glia. To expand our characterization, we then immunostained for GFAP, a 

classical marker of radial glia (Doetsch, 2003). We found that for most ependymal cells, GFAP 

co-localized with vimentin, although rare GFAP+/vimentin– ependymal cells were also observed 

(Figure 4H). Characteristically, these cells appeared to be set back from (i.e., abluminal, not in 

direct contact with) the central canal. Beyond the ependymal layer, GFAP expression was 

widespread throughout the body spinal cord, including stellate-shaped astrocytes, found at the 

borders of the ventral horns and adjacent white matter, as well as radially oriented processes 

throughout the grey and white matter (data not shown). Similar to SOX2 and vimentin, we  

did not detect any qualitative changes in GFAP expression at any time point following tail loss 

(Figure 5D,E; S2). 
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 We then asked if any neuronal-like cells contributed to the ependymal layer. Among 

other vertebrates, the ependymal layer includes populations of neuronal-like cells known as 

cerebrospinal fluid-contacting (CSF-c) cells (Roberts et al., 1995; Marichal et al., 2009; 

Djenoune et al., 2014; Petracca et al., 2016). Similar to neurons, CSF-c cells have large, round 

nuclei (Alfaro-Cervello et al., 2012), express the pan-neuronal marker HuCD and some are even 

capable of firing action potentials (Russo et al., 2004). To identify neuronal-like populations 

within the ependymal layer of the body spinal cord, we conducted double immunofluorescence 

for HuCD and the mature neuronal marker NeuN. We observed large numbers of HuCD+ cells 

within the ependymal layer, typically in close contact with the lumen of the central canal (Figure 

5A). In addition, we also found that some HuCD+ ependymal cells also weakly expressed NeuN. 

It is worth noting that the weak but detectable NeuN expression in some ependymal cells stands 

in stark contrast with the robust NeuN (and HuCD) labeling observed in large neurons of the 

adjacent grey matter (Figure 5A, inset). 

To determine the relationship between GFAP and HuCD expressing cells, we next 

performed double-labeling. We found that these proteins mark two distinct populations: 

HuCD+/GFAP– cells, which typically contact the central canal; and HuCD–/GFAP+ cells, which 

occupy abluminal positions (Figure 5B). An additional population of ependymal cells appears to 

be HuCD–/GFAP–. We observed the same three cell populations in the original tail (Figure 5F). 

Though not quantified, tail loss did not result in any detectable qualitative change in HuCD or 

GFAP immunostaining in the body spinal cord (Fig 5C-E; S2).   

2.3.3  Label-retaining cells are present in the ependymal layer 

Quiescence and the associated retention of nucleotide analogues is a common 

characteristic of many stem cell populations across the body (Morris and Potten, 1999; 
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Maeshima et al, 2003; Tumbar et al., 2004; Kuwahara et al., 2008; Fuchs, 2009), including those 

of the CNS (Morshead et al., 1994; Grandel et a., 2006; Reimer et al., 2008; Codega et al., 2014). 

To determine if ependymal cells of the body spinal cord were quiescent, we conducted a 

long-duration BrdU pulse-chase experiment. BrdU is a thymidine analogue that, upon 

administration, becomes incorporated into DNA during the synthesis phase of the cell cycle 

(Miller and Nowakowski, 1988). During the seven-day pulse period, geckos were injected twice 

daily (i.p. 50 mg/kg). At the end of the pulse (0-day chase), BrdU+ ependymal cells were 

observed in each segment of the body spinal cord (Figure 6A-C). BrdU incorporation occurred at 

proportions of approximately 0.29% in each the cranial, middle and caudal segments (Figure 6G; 

see Table 2 for proportions and 95% confidence intervals), indicating that a subpopulation of 

ependymal cells did cycle during the seven-day pulse period. Next, we examined body spinal 

cord tissue at a 140-day chase time point. After 20 weeks, BrdU+ cells were still detectable in 

the ependymal layer of each of the cranial, middle and caudal segments of the body spinal cord 

(Figure 6D-F) at proportions of approximately 0.55% (Figure 6G; Table 2). To determine if there 

were any significant differences between the pulse (0 days) and chase (140 days) groups, we 

conducted a statistical analysis using the general linear mixed model. This analysis revealed that 

there were no statistically significant differences in regional variation at the pulse or end of the 

chase (p values > 0.05), nor was there a statistically significant loss of the label following the 

chase (p=0.4776; Figure 6G). These findings suggest that there is no dilution of the label taking 

place, and that the majority of cells incorporating the BrdU label were slow-cycling/quiescent.   

Finally, we sought to determine if the label-retaining cells (BrdU+, 140-day chase) of the 

ependymal layer also express the NSPC marker SOX2. Using double immunofluorescence, we 

found that BrdU+ cells after 140 days of chase are BrdU+/SOX2+ cells (Figure 6H).  
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2.3.4  Cells of the ependymal layer constitutively proliferate 

 Regeneration-competent species often exhibit a comparatively greater abundance of 

constitutively proliferating cells, relative to species whose regenerative abilities are more limited. 

This phenomenon is particularly apparent in the brain (Zupanc and Horschke, 1995; Ekström et 

al., 2001; García-Verdugo et al., 2002). To establish if cells of the ependymal layer constitutively 

proliferate, we investigated all three segments of the body spinal cord prior to tail loss. To 

estimate cell proliferation, we used two protein markers – PCNA, an S phase marker, and pHH3, 

an M phase marker (Tapia et al., 2006; von Bohlen und Halbach, 2011) – and conducted a 

short-duration BrdU pulse-chase experiment. We identified proliferating cells in each of the 

three body spinal cord segments using each approach (Fig. 7A-I). Next, we quantified the 

number of immunopositive cells. Using PCNA, the percentage of immunolabeled ependymal 

cells was less than 7% in each segment (Figure 7J; see Table 3). Although our immunostaining 

protocol did label pHH3+ cells, the low number of immunostained cells observed (5 out of the 

~1350 counted across 23 sections) rendered a quantitative analysis impractical.   

Next, we conducted a short-duration BrdU pulse-chase experiment. Original tailed 

geckos were pulsed with BrdU for two days (twice daily i.p. injections, 50 mg/kg) and then 

collected at three time points: 0-day chase (end of the pulse), 10-day chase, and 30-day chase. At 

each time point, BrdU+ cells were identified in the ependymal layer of each segment of body 

spinal cord (Figure 7G-I, 0-day chase). After the pulse, approximately 0.46% of cells are found 

proliferating in each segment of body spinal cord (Figure 7K; Table 4), indicating that a subset 

of ependymal cells did undergo cell division during the two-day pulse. Since the data violated 

the assumption of normality, statistical analysis with the GLIMMIX procedure was performed, 

and revealed no significant regional differences in positivity across the body spinal cord (p 
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valules > 0.05). After 10 and 30 days of chase, the proportion of cells positive for BrdU were not 

statistically different from the proportions observed after the pulse (p values > 0.05; Figure 7K). 

2.3.5  Ependymal cell proliferation is reduced in response to tail loss 

We were then interested in determining if ependymal cell proliferation was altered in 

response to spinal cord injury. Given the low number of pHH3+ cells observed in our 

constitutive proliferation experiment, we limited our investigation to PCNA and the short-

duration BrdU pulse-chase protocol. PCNA immunostaining was conducted on body spinal 

cords 2 days, 8 days, and 12 days post-tail loss. While PCNA+ cells were detected in the 

ependymal layer of each segment at each time point post-tail loss, our quantitative analysis 

revealed that the proportion of ependymal cells expressing this marker was less than 5% for each 

segment (Figure 7J; Table 3). However, given that the interaction between time point and 

segment was nonsignificant, looking at the effect of segment revealed a significantly higher 

proportion of cell proliferation in the caudal segment compared to the cranial segment 

(p=0.0321), and in the middle segment compared to the cranial segment (p=0.0179; Figure 8). 

These data indicate that ependymal cells of the middle and caudal segments of the body spinal 

cord are more proliferative than those of the cranial segment. Additionally, proportions of 

PCNA+ cells were not significantly changed across time points (p values > 0.05). 

 Next, we investigated the effect of tail loss on BrdU incorporation. Using our short-

duration pulse-chase approach, geckos were induced to autotomize and then immediately pulsed 

with BrdU (twice daily i.p. injections, 50 mg/kg) for two days. We collected at three time points: 

0-day chase, 10-day chase, and 30-day chase. At the end of the pulse (0-day chase), autotomized 

geckos did demonstrate BrdU incorporation in the ependymal layer of the cranial, middle and 

caudal segments (Figure 7K; see Table 4). After 10 and 30 days of chase, BrdU+ cells were also 
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detected in the ependymal layer of each body spinal cord segment (Table 4). Statistical analysis 

using the GLIMMIX procedure revealed a significant group effect: there was significantly less 

staining of ependymal cells in post-autotomy geckos compared to original tailed geckos 

(p=0.0256; Figure 9). However, there were no differences detected between segments or chase 

time points (p values > 0.05; Figure 7K).   

2.4  DISCUSSION 

In mammals, injuries to the spinal cord can result in profound functional and behavioural 

impairments. Although curative treatments remain elusive, numerous efforts have focused on the 

potential of NSPCs (Mothe and Tator, 2005; Meletis et al., 2008; Barnabé-Heider et al., 2010), 

and how these cells may be endogenously recruited to promote the re-acquisition of function 

(Barnabé-Heider and Frisén, 2008). Crucial insight into the potential of resident NSPCs to 

facilitate and stimulate repair comes from comparative studies involving various non-

mammalian, regenerative-competent species including zebrafish, axolotls, and (increasingly) 

lizards (Monaghan et al., 2007; Reimer et al., 2008; Dawley et al., 2012; Zhou et al., 2013; Hui 

et al., 2015; Szarek et al., 2016; see also Alibardi, 2014). Lizards are the only amniotes capable 

of regenerating the spinal cord, but to date this phenomenon has only been explored in the tail. 

Recent work has demonstrated that ependymal cells within the tail spinal cord include 

populations of NSPCs that share various features in common with radial glia, including a 

periventricular position and a characteristic pattern of protein expression (Gilbert unpublished, 

2017). Whether ependymal cells within other regions of the spinal cord are also capable of 

regenerating lost or damaged tissue remains unclear.  

Here, we conducted a spatiotemporal characterization of body spinal cord ependymal 

cells in the leopard gecko. We determined that ependymal cells represent a heterogeneous 
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population. Most, but not all, ependymal cells express SOX2. Similar to radial glia, some 

ependymal cells express the intermediate filaments GFAP+ and vimentin, but not the neuronal 

marker HuCD. A second population of ependymal cells, herein identified as CSF-c cells, express 

HuCD (and sometimes NeuN), but not GFAP. To study cell dynamics, we used a long-duration 

BrdU experiment and determined that the majority of mitotically active cells are slow-cycling. 

Next, we quantified the S phase marker PCNA and, in a separate experiment, BrdU following a 

short-duration pulse-chase experiment. Both assays revealed that cells of the ependymal layer do 

actively cycle under homeostatic conditions. Interestingly, our short-duration BrdU experiment 

revealed that this proliferation is reduced in response to the distal spinal cord injury produced by 

tail loss. Taken together, our data suggests that, like the tail, the body spinal cord of geckos 

includes populations of NSPCs within the ependymal layer, and provides indirect evidence that 

the capacity for regeneration may extend along the entire CNS. 

2.4.1  Ependymal cells of the gecko body spinal cord include populations of NSPCs 

Consistent with their identification as NSPCs, we found that the majority of ependymal 

layer cells expressed a panel of protein markers characteristic of radial glia, including the 

intermediate filaments GFAP and vimentin, and the transcription factor SOX2. SOX2 is 

expressed by both embryonic (Zappone et al., 2000) and adult (Ferri et al., 2004) neural stem 

cells in vitro, but is most famous as one of the original four factors necessary to induce 

pluripotency in human somatic cells (Takahashi and Yamanaka, 2006). In vivo, SOX2 

expression appears to be necessary for regenerative competence (Gaete et al., 2012; Fei et al., 

2014). After a SCI, it is upregulated in zebrafish (Hui et al., 2014; Ogai et al., 2014; Hui et al., 

2015) and tadpoles (Gaete et al., 2012), both of which are capable of spinal cord regeneration. In 

contrast, SOX2 expression is lost in adult frogs, and with it, the capacity to regenerate the spinal 
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cord (Gaete et al., 2012). Similarly, CRISPR-mediated deletion of Sox2 in axolotls results in the 

regenerative failure of the spinal cord following injury (Fei et al., 2014). Mechanistically, loss of 

SOX2 appears to be associated with an inability of resident NSPCs to proliferate in response to 

injury (Graham et al., 2003; Ferri et al., 2004; Gaete et al., 2012; Fei et al., 2014; Ogai et al., 

2014).  

Interestingly, whereas SOX2 expression by ependymal cells is often limited prior to 

injury, even among regeneration-competent species (Gaete et al., 2012; Hui et al., 2014; Ogai et 

al., 2014; Hui et al., 2015), we observed widespread immunostaining for this transcription factor 

in geckos before their tails were removed. Similar, near ubiquitous expression of SOX2 has also 

been documented in the spinal cord of the tail (Gilbert, 2016), which does regenerate, as well as 

in the mammalian spinal cord, which does not (Brazel et al., 2005; Alfaro-Cervello et al., 2012; 

Lee et al., 2013). By way of explanation, it has been suggested that levels of intracellular SOX2, 

and not its ubiquity, is the key to promoting neural tissue restoration (Graham et al., 2003; Bani-

Yaghoub et al., 2006; Hutton and Pevny, 2011). For example, neural progenitor cell defects are 

observed when SOX2 levels drop below 20-30% of wildtype levels (Ferri et al., 2004; Taranova 

et al., 2006; Cavallaro et al., 2008), and overexpression of SOX2 inhibits neurogenesis and 

promotes gliogenesis in neurosphere cultures (Bani-Yaghoub et al., 2006). 

Along with SOX2, ependymal cells of the body spinal cord also co-label with vimentin. 

Vimentin is one of the first intermediate filaments to be expressed by embryonic neuroprogenitor 

cells, known as neuroepithelial cells (Schnitzer et al., 1981; Tapscott et al., 1981; Dent et al., 

1989). Although vimentin is commonly replaced by GFAP during development (Oudega and 

Marani, 1991), it is retained by many – but not all – species capable of neuroregeneration 

(Zamora and Mutin, 1988; O’Hara et al., 1992; Dervan and Roberts, 2003; Dawley et al., 2012). 
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For example, among tail-regenerating lizards, vimentin expression within the spinal cord has 

been reported for Podarcis sicula but not Anolis sagrei (Lazzari and Franceschini, 2001; Lazzari 

and Franceschini, 2005a). Matching a previous study (Lazzari and Franceschini, 2005b), we 

observed robust vimentin expression by ependymal cells, particularly in processes within the 

dorsal medial septum. A similar arrangement of vimentin+ processes has also been reported for 

regeneration-competent species such as eels and newts (Zamora and Mutin, 1988; Dervan and 

Roberts, 2003). Although the exact role of vimentin remains unclear, it appears to participate in 

cell migration. In axolotls, following a transectional injury, vimentin is transiently upregulated 

by ependymal cells as they undergo an epithelial-to-mesenchymal transition, facilitating their 

migration into the lesion site. Once the ependymal layer is re-established across the lesion, 

ependymal cells re-epithelialize and vimentin expression is lost (O’Hara et al., 1992).  

We further explored the identity of the ependymal cell population by immunostaining for 

GFAP. Within the ependymal cell population, most vimentin+ cells co-expressed GFAP, 

supporting their identification as radial glia. In addition, we also observed GFAP+ cells that 

lacked vimentin. One explanation is that these cells may reflect a more mature subset of radial 

glia-like cells, having completed the ontogenetic shift from vimentin to GFAP.  

In addition to expressing various proteins associated with NSPCs, we also determined 

that ependymal cells of the body spinal cord include both slow-cycling and constitutively 

proliferating populations. Slow-cycling, or quiescence, is commonly reported for stem/progenitor 

cell populations across various tissues (Morris and Potten, 1999; Maeshima et al, 2003; Tumbar 

et al., 2004; Kuwahara et al., 2008; Fuchs, 2009), including the CNS (Morshead et al., 1994; 

Doetsch et al., 1999a; Grandel et al., 2006; Reimer et al., 2008; Codega et al., 2014; Zhang et al., 

2015). As currently understood, quiescence is a mechanism to avoid senescence and preserve the 
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progenitor pool for unforeseen circumstances, such as injury (Fuchs, 2009). Using a long-

duration (20 week) BrdU pulse-chase paradigm, we confirmed that ependymal cells of the body 

spinal cord are label-retaining. Significantly, at 20 weeks all BrdU+ cells also expressed SOX2. 

While we did not determine the identity of the BrdU+ cells, previous studies have confirmed that 

radial glia, including those from the spinal cord, are typically slow-cycling (Doetsch, 2003; 

Reimer et al., 2008; März et al., 2010). Label-retaining NSPCs have also been reported in brain 

(Morshead et al., 1994; Doestsch et al., 1999a; Codega et al., 2014; Zhang et al., 2015). Direct 

comparisons between studies is difficult due to variation in experimental design; pulse periods 

range between 12 hours to two weeks, and chases periods from 30 to 168 days (Doetsch et al., 

1999a; Grandel et al., 2006; Codega et al., 2014; Zhang et al., 2015). While the proportion of 

label-retaining cells has often been shown to be quite modest – for example, 5.25% in the mouse 

spinal cord after 2.5 weeks of chase (Alfaro-Cervello et al., 2012), and ~5 to 11% across the rat 

brain after 24 weeks of chase (Zhang et al., 2015) – label-retaining cells in the gecko spinal cord 

(approximately 1.3%) appear to occur even more infrequently. However, given that: (1) this 

proportion was not reduced between the pulse (7 days) and chase (140 days) in the long-duration 

pulse-chase paradigm: and (2) the proportion of BrdU labelled cells was unchanged across the 

chase time points in the short-duration pulse-chase paradigm (0 days, 10 days, 30 days), we 

predict that the majority of ependymal cells are slow cycling. These data suggest that any cells 

that cycle and acquire the label during the pulse then go on to retain it for relatively long periods 

of time, up to 140 days. The limited population labeled with BrdU at 140 days of chase is likely 

reflective of the short length of the pulse, and not the size of the slow cycling population. 

Although our BrdU experiments clearly demonstrate that a largely quiescent population resides 

within the spinal cord, whether other cells within the ependymal pool are capable of more rapid 
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constitutive proliferation remains unclear. Among other species, including neurogenic regions of 

the zebrafish (Grandel et al., 2006) and mouse (Morshead et al., 1994; Codega et al., 2014) brain, 

actively proliferating and quiescent stem/progenitor cells are known to coexist.  

We observed ependymal cells in both the S phase (PCNA) and M phase (pHH3) of the 

cell cycle in each of the three body spinal cord segments. The differences observed in the 

proportion of pHH3+ vs. PCNA+ cells (pHH3 expressing cells were far less common than cells 

immunostaining for PCNA) is best explained by the difference in the relative duration of each 

phase (Hendzel et al., 1997; von Bohlen und Halbach, 2011). However, it should be noted that 

since both PCNA and BrdU are proxies for the S phase of the cell cycle (Taupin, 2007; von 

Bohlen und Halbach, 2011), we might expect that proportions of PCNA+ cells (~4.7%) and 

BrdU+ cells after the two-day pulse (~0.46%) be more comparable. Similar quantitative 

differences between PCNA and BrdU have been reported elsewhere (e.g., various tissues in 

canines; Zacchetti et al., 2003). By way of explanation, it has been noted that PCNA 

immunostaining also labels cells undergoing DNA repair (Zacchetti et al., 2003). While BrdU is 

also incorporated during DNA repair processes, it has been suggested that the concentrations 

commonly used are insufficient to detect DNA repair (Cooper-Kuhn and Kuhn, 2002; Bauer and 

Patterson, 2005). In addition, given that endogenous thymidine remains available for use within 

the cell despite the presence of BrdU, another possible explanation is that cells undergoing DNA 

synthesis did not incorporate BrdU at levels above the threshold of detection. 

Another interesting finding was that the body spinal cord demonstrates regional variation 

with respect to the proportion of PCNA+ cells. More specifically, cell proliferation was 

significantly less abundant among the cranial-most populations of ependymal cells. Although a 

comparable pattern of proliferative polarity (highest in the caudal-most populations) of spinal 
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cord cells has also been reported for brown knifefish (Allen and Smith, 2012), data from 

mammals remains equivocal (Alfaro-Cervello et al., 2012; Blasko et al., 2012).  

Based on our proliferation and protein expression data it is tempting to conclude that the 

ependymal layer of the body spinal cord includes populations of radial glia. However, we 

acknowledge that one of the key features of this cell type remains undemonstrated: the basal 

process. While no overt and continuous radial process spanning the grey and white matter was 

identified, it is worth noting that we did see radially arranged fibres within the white matter. 

Furthermore, these fibres co-localized with vimentin and GFAP. Hence, it seems likely that 

elongate radial processes do exist, but their alignment passed out of the plane of a 5µm section. 

Alternatively, it is possible that radial processes are composed of cytoskeletal elements different 

from those we investigated. In axolotls, the basal processes of spinal cord radial glia express 

cytokeratins, as they pass through the grey matter, and GFAP, in the white matter as they 

approach the pial surface (Chernoff, 1996). To date, cytokeratin expression has only been 

investigated in the spinal cord of one species of lizard, Lacerta lepida. Although cytokeratin was 

reported to be absent (Bodega et al., 1995), previous studies have revealed that intermediate 

filament expression varies among lizards (Lazzari and Franceschini, 2005a,b).  

Ependymal cell proliferation is reduced in response to tail loss 

The ability to voluntarily detach (autotomize) the tail is an important adaptation for many 

species of lizard, including the gecko. Tail autotomy results in the complete rupture of the spinal 

cord, and represents a traumatic and yet readily survivable injury. Unexpectedly, we found there 

was a significant decrease in ependymal cell proliferation following tail loss using BrdU 

incorporation. Reduction in proliferation cranial to the site of SCI has also been documented in 

the rat, where a cervical SCI resulted in reduced BrdU incorporation in both the olfactory bulb 
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and dentate gyrus of the hippocampus (Felix et al., 2012). Paradoxically, in teleost fish 

transectional SCIs increase cell proliferation outside the area of injury. For example, in zebrafish 

cell proliferation increases within the ependymal layer both cranial and caudal to the lesion site 

(Reimer et al., 2008). Furthermore, in the black ghost knifefish, a high-level transectional spinal 

cord injury increased cell proliferation at locations distant from the injury, with the largest 

increase observed at the tip of the tail (Allen and Smith, 2012). An important caveat however, is 

that the knifefish study did not focus exclusively on the ependymal layer. Interestingly, after 

contusion injury at the thoracic level in mice, a wave of ependymal proliferation was observed 

cranially along the spinal cord, but was not detected caudal to the lesion site (Lacroix et al., 

2014). Combined, these data suggest that the CNS is a closed system, in which injuries to one 

region produce a system-wide response.  

Aside from a reduction in cell proliferation in the body spinal cord, our data reveal that 

an amputation-style injury (i.e., autotomy) results in no obvious qualitative differences in the 

pattern of SOX2, vimentin, GFAP or HuCD expression in any region of body spinal cord. In 

contrast, changes in intermediate filament expression (GFAP and vimentin) were documented in 

the tail-autotomizing salamander Plethodon cinereus (Dawley et al., 2012). Most studies of 

transectional SCIs rarely discuss the effect of injury on distant or even adjacent regions of the 

uninjured spinal cord (O’Hara et al., 1992). In one exception, ependymal cells at the at the 

boarders of a lesion were documented to increase their expression of vimentin, while regions 

more distal to the injured spinal cord did not (Dervan and Roberts, 2003). This may suggest that 

gap replacement in response to a transectional injury is a local phenomenon occurring through 

the activation of ependymal cells bordering the injury, and does not involve the entire spinal cord 

population of ependymal cells. Our data similarly suggests that caudal regeneration is a local 
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phenomenon that receives minimal if any contribution from the ependymal layer of the body 

spinal cord. However, while NSPCs of the body spinal cord are not activated by tail loss, we 

predict that they likely would become activated in response to a direct, body spinal cord injury 

given that their phenotype so closely resembles the phenotype of NSPCs within the regeneration-

competent tail spinal cord. Whether this response would result in functional recovery or glial 

scarring remains to be seen.  

2.4.2  Ependymal cells of the body spinal cord represent a heterogeneous population 

In addition to radial glia-like cells, we also detected cells with a neuronal phenotype. 

More specifically, we identified populations of cells immunostaining for HuCD (and sometimes 

HuCD and NeuN). Importantly, HuCD+ cells were distinctly GFAP–. We recognize these cells 

as cerebrospinal fluid-contacting (CSF-c) cells (= central canal-contacting cells, liquor-

contacting neurons, or cerebrospinal fluid-contacting neurons; Roberts et al., 1995; Marichal et 

al., 2009; Petracca et al., 2016). CSF-c cells have been identified in many vertebrate species, 

from zebrafish to primates (Zamora, 1978; Roberts et al., 1995; Russo et al., 2004; Djenoune et 

al., 2014; Petracca et al., 2016). In geckos, CSF-c cells are located immediately adjacent to 

lumen of the central canal, with a small, bulb-like apical process. Although NeuN expression is 

not typically associated with CSF-c cells (Russo et al., 2004; Marichal et al., 2009; Alfaro-

Cervello et al., 2012; Petracca et al., 2016), weak expression has been observed in the rat (Kútna 

et al., 2014). Despite expressing SOX2, CSF-c cells (unlike radial glia) are not considered to 

represent an NSPC population. Instead, they appear to function as sensory cells or receptors that 

monitor the movement and pH of CSF (Marichal et al., 2009; Djenoune et al., 2014; Kútna et al., 

2014; Petracca et al., 2016). It is worth noting that heterogeneity within the ependymal layer of 

the spinal cord has also been documented within the tail (Gilbert, 2016). Both body and tail 
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regions include intermediate filament-bearing radial glia-like cells, representing an NSPC 

population, and neuronal-like CSF-c cells.  

Although not the focus of the current study, another important criterion for evaluating 

heterogeneity within the spinal cord is the pattern of ependymal cell ciliation. Previous studies 

have identified uni-, bi- and multiciliated cells within the ependymal layer. Uniciliated and 

biciliated cells are most commonly recognized as true NSPCs, including embryonic 

neuroepithelial cells, as well as adult radial glia and so-called ventricular astrocytes, also known 

as Type B cells (Cohen and Meininger, 1987; Alvarez-Buylla et al., 1998; Doetsch et al., 1999b; 

Garcia-Verdugo et al., 2002; Alfaro-Cervello et al., 2012). In contrast, multiciliated cells appear 

to be post-mitotic (Spassky et al., 2005) and are not a progenitor pool.  

2.4.3  The body spinal cord closely resembles that of the tail 

 Transectional SCIs are devastating injuries, leading to a multitude of complications. Even 

in controlled experimental (or clinical) settings, such lesions require considerable postoperative 

care to ensure survival (Steins et al., 1997; Wallace and Sikoski, 2007; Ramsey et al., 2010). One 

option to minimize the impact of such complications is the emergence of so-called minimal SCI 

models (Mothe and Tator, 2005). Minimal SCI are achieved by various means (for example, 

Mothe and Tator, 2005; Felix et al., 2012), but generally involve inflicting injury to only a 

portion of the spinal cord, as in the partial hemisection (Felix et al., 2012), and leave the 

ependymal layer intact. However, some have argued that employment of these minimized lesions 

may reduce translational relevance (Ramsey et al., 2010; Szarek et al., 2016). Among amniotes, 

lizards are unique in being able to spontaneously regenerate the spinal cord following a complete 

amputation (autotomy). Here, we demonstrate that – similar to the regeneration-competent tail – 

the entire length of the body spinal cord contains populations of constitutively proliferative 
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NSPC-like cells. We predict that the same regenerative capacity that is provided to the tail spinal 

cord is also maintained in the body spinal cord. Given the parallels between the tail and body 

spinal cords, we propose that the gecko tail spinal cord is a relevant and humane model for future 

transectional-type SCI and gap replacement investigations.  
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TABLE 2: Proportions of BrdU+ ependymal cells and 95% confidence intervals 
(Long-duration BrdU pulse-chase experiment) 

Group Pulse 
(days) 

Chase 
(days) Segment Mean (%) 

95% Confidence Interval 
Lower Upper 

Original 7 

0 
Cranial 0.356 0.073 1.733 
Middle 0.233 0.048 1.132 
Caudal 0.285 0.058 1.323 

140  
Cranial 0.848 0.174 4.126 
Middle 0.330 0.068 1.605 
Caudal 0.485 0.100 2.360 

 
 
TABLE 3: Proportions of PCNA+ ependymal cells and 95% confidence intervals 

Group Segment Mean (%) 95% Confidence Interval 
Lower Upper 

Original 
Cranial 2.242 0.697 7.210 
Middle 6.809 2.118 21.894 
Caudal 5.033 1.055 16.183 

2 dpa 
Cranial 0.740 0.230 2.380 
Middle 2.496 0.776 8.024 
Caudal 1.013 0.315 3.256 

8 dpa 
Cranial 1.838 0.277 5.911 
Middle 2.415 0.751 7.765 
Caudal 4.125 0.572 13.262 

12 dpa 
Cranial 1.669 0.519 5.368 
Middle 3.493 1.086 11.232 
Caudal 4.723 1.469 15.185 

 
 
TABLE 4: Proportions of BrdU+ ependymal cells and 95% confidence intervals 
(Short-duration BrdU pulse-chase experiment) 

Group Pulse 
(days) 

Chase 
(days) Segment Mean (%) 95% Confidence Interval 

Lower Upper 

Original 2 

0 
Cranial 0.600 0.224 1.607 
Middle 0.140 0.052 0.375 
Caudal 0.635 0.237 1.70 

10  
Cranial 0.398 0.148 1.067 
Middle 0.298 0.111 0.799 
Caudal 0.272 0.102 0.730 

30 
Cranial 0.147 0.055 0.393 
Middle 0.190 0.071 0.509 
Caudal 0.439 0.167 1.175 
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Group Pulse 
(days) 

Chase 
(days) Segment Mean (%) 95% Confidence Interval 

Lower Upper 

Tail Loss 2 

0 
Cranial 0.156 0.058 0.418 
Middle 0.142 0.053 0.380 
Caudal 0.288 0.107 0.771 

10 
Cranial 0.100 0.037 0.268 
Middle 0.100 0.037 0.268 
Caudal 0.100 0.037 0.268 

30 
Cranial 0.164 0.061 0.440 
Middle 0.269 0.100 0.721 
Caudal 0.162 0.060 0.434 
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CHAPTER 2 FIGURES 

Figure 1: Experimental design summary. A Schematic representation of the leopard gecko 

(Eublepharis macularius) in lateral view. The central nervous system is highlighted in white. 

Body spinal cords (n=3 per group) were collected, divided into three equal segments (cranial, 

middle and caudal), and sectioned in the transverse plane. B Three random sections, 500 to 

2,500µm apart, were selected and immunostained for proliferation marker PCNA, as well as 

BrdU, to detect both proliferating and slow cycling cells. C A circle of 20µm (236 pixels) 

diameter was drawn around the ependymal layer, originating from the centre of the central canal, 

to define the region of interest. The entire ependymal layer was then imaged. D The proportion 

of BrdU+ and PCNA+ cells across each group was collected using ImageJ and statistically 

analyzed.  
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Figure 2: Histology of the gecko body spinal cord. A transverse section of the body spinal 

cord stained with Hematoxylin and Eosin. The spinal cord shows a butterfly-shaped grey matter 

surrounded by columns of white matter. The dorsal horns of the grey matter divide the white 

matter into paired dorsal funiculi. The ependymal layer is centrally located in the spinal cord and 

lines the central canal. Ventral and medial to the ependymal layer are the paired medial 

longitudinal fasciculi. *=central canal, df=dorsal funiculus, el=ependymal layer, gm=grey 

matter, mlf=medial longitudinal fasciculus, wm=white matter. 

Scale bar=100µm 
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Figure 3: The gecko spinal cord has a consistent histological organization across its length. 

A Schematic representation of the leopard gecko (Eublepharis macularius) in lateral view. The 

central nervous system is highlighted in white. Vertical lines indicate the location and plane of 

section of panels B-E. B-E Serial sections of the spinal cord in transverse plane, stained with 

Hematoxylin and Eosin. Note that though the organization remains consistent along the length of 

the spinal cord, the proportions of grey to white matter and spinal cord diameter vary slightly 

with position. B’-E’ The central canal is lined by a pseudostratified layer of ependymal cells. 

The central canal and ependymal layer exhibit a more ovoid shape cranially, and progressively 

round caudally. Note the presence of cilia in the lumen of the central canal.  

Scale bars: B-E=100µm; B’-E’=25µm 
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Figure 4: Ependymal cells of the body spinal cord express NSPC markers SOX2, vimentin 

and GFAP. A-B The majority of ependymal cells in the body and tail spinal cord express NSPC 

marker SOX2. SOX2– ependymal cells are marked with white arrows. C SOX2/vimentin 

expression in the body spinal cord. Vimentin expression is largely confined to the ependymal 

layer and white matter. A fascicle of vimentin+ fibres is seen projecting toward the pia within the 

dorsal medial septum. D-F SOX2/vimentin expression in the ependymal layer of the body spinal 

cord before (D), 2 days (E) and 8 days (F) post-autotomy. Note that expression remains 
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unchanged across time points. G SOX2/vimentin is expressed by ependymal cells of the original 

tail spinal cord, and mirrors expression in the body spinal cord. H The majority of vimentin+ 

ependymal cells co-express radial glia marker GFAP (filled arrows). GFAP+/vimentin– 

ependymal cells are also present within the ependymal, slightly offset from the central canal 

(open arrows). Cranial spinal cord was used for all body spinal cord images. dpa=days post-

autotomy.  

Scale bars: A=10µ;, B=10µm; C=20µm; D-F=10µm; G=10µm; H=10µm 
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Figure 5: Ependymal cells of the body spinal cord represent a heterogeneous population 

with distinct GFAP+ and HuCD+ populations. A HuCD+ cells are present within the body 

spinal cord and are in close contact with the central canal. HuCD+ cells have either weak (filled 

arrow) or absent NeuN expression (open arrows). Note that NeuN expression in HuCD+/NeuN+ 

cells do not reach the intensity of NeuN expressing neurons of the grey matter (inset). B The 

ependymal layer of the body spinal cord contains distinct populations of GFAP+/HuCD– cells 

(open arrows) and GFAP–/HuCD+ cells (filled arrows). GFAP+ cells reside peripherally in the 

ependymal layer. C-E GFAP/HuCD expression in the ependymal layer of the body spinal cord 

before (C), 2 days (D) and 8 days (E) post-autotomy. Note that expression remains relatively 

constant across time points. F The original tail spinal cord contains distinct GFAP+/HuCD– and 

GFAP–/HuCD+ populations of ependymal cells. The locations at which these cells reside in the 
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tail mirror what is found in the body spinal cord. Cranial spinal cord was used for all body spinal 

cord images. dpa=days post-autotomy.  

Scale bar: A-F=10µm 
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Figure 6: A subset of slow-cycling cells is present within the ependymal layer of the body 

spinal cord. A-C After 7 days of pulse, BrdU+ cells are present in the ependymal layer of each 

the cranial (A), middle (B) and caudal (C) segments of spinal cord. D-F After 140 days of chase, 

BrdU+ cells are still present within the ependymal layer across the body spinal cord. G 

Quantification of BrdU+ cells in each segment after the pulse and 140-day chase time points. 

There are no significant regional differences in staining at the pulse or after the chase, nor are 

there significant differences between the pulse and 140-day chase. H BrdU co-localized with 

SOX2 at the 140-day chase time point (arrows). CI=confidence interval. 

Scale bars: A-F=10µm; H=10µm 
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Figure 7: Ependymal cells of the body spinal cord constitutively proliferate. A-I In original 

tailed geckos, PCNA+ (A-C), pHH3+ (D-F) and BrdU+ (G-I) cells are present within the 

ependymal layer across all three segments of body spinal cord. J Quantification of PCNA+ 

ependymal cells across the body spinal cord before, 2 days, 8 days and 12 days after tail loss. K 

Quantification of BrdU+ ependymal cells across the body spinal cord before, 2 days, 10 days and 

30 days after tail loss. There is no segment variation in BrdU staining across the body spinal cord 

at 0, 10 or 30 days of chase, prior to or following tail loss. CI=confidence interval. 

Scale bars: A-I=10µm  
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Figure 8: The proportion of PCNA+ cells varies along the length of the body spinal cord. 

Combining data across time points reveals a significantly reduced proportion of PCNA+ cells in 

the cranial segment of body spinal cord compared to the middle (p=0.0179) and caudal 

(p=0.0321) segments. CI=confidence interval. 
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Figure 9: The proportion of BrdU+ cells is significantly reduced following tail loss. 

Quantification of BrdU+ ependymal cells in original tail and tail loss groups. Comparing BrdU 

incorporation between groups reveals a significant reduction in the proportion of BrdU+ cells 

after tail loss (p=0.0256). CI=confidence interval. 
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CHAPTER 2 SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1: SOX2/vimentin is expressed by the ependymal layer along the 

length of the body spinal cord, and is unchanged after tail loss. A-C SOX2 and vimentin are 

expressed in the ependymal layer in each segment of body spinal cord prior to tail loss. D-I Two 

days (D-F) and 8 days (G-I) after tail loss, ependymal cells continue to express SOX2 and 

vimentin along the length of the body spinal cord. Note that expression remains relatively 

consistent across all three segments and time points. dpa=days post-autotomy.  

Scale bars: A-F=10µm; G-I=10µm 
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Supplementary Figure 2: GFAP/HuCD is expressed by the ependymal layer along the 

length of the body spinal cord, and is unchanged after tail loss. A-C GFAP and HuCD are 

expressed in the ependymal layer in each segment of body spinal cord prior to tail loss. D-I Two 

days (D-F) and 8 days (G-I) after tail loss, ependymal cells continue to express GFAP and HuCD 

along the length of the body spinal cord. Note that expression remains relatively consistent 

across all three segments and time points. dpa=days post-autotomy.  

Scale bars: A-F=10µm; G-I=10µm 
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CHAPTER 3: CONCLUDING STATEMENTS  

3.1 CONCLUSIONS 

This study sought to investigate whether the regenerative potential of the tail spinal cord 

of the leopard gecko extended into the body. Previous work has focused on characterizing neural 

stem/progenitor cells (NSPCs) of the tail spinal cord and their contribution to the regeneration of 

the spinal cord following tail loss (Gilbert, 2016). Here, we conducted a spatiotemporal 

characterization of cells residing in the ependymal layer of the body spinal cord. We determined 

that within the body, the majority of ependymal cells are slow-cycling and express the hallmark 

NSPC marker SOX2. However, our data also reveals that these SOX2+ cells represent at least 

two distinct cell types: GFAP and vimentin expressing cells comparable to radial glia; and 

HuCD+ cells that share features in common with cerebrospinal fluid-contacting (CSF-c) cells. 

These radial glia-like cells are herein identified as NSPCs. We also performed a quantitative 

analysis of cell proliferation before and after tail loss across the length of the body spinal cord. 

We determined that rupture of the tail spinal cord leads to a reduction in BrdU incorporation by 

ependymal cells of the body spinal cord; otherwise tail loss had no significant effect on 

constitutive levels of ependymal cell proliferation. Taken together, our findings demonstrate that 

the regenerative potential of the spinal cord may extend beyond the tail, and further act to 

validate the tail spinal cord as an appropriate proxy for the body spinal cord.  

3.1.1  Are NSPCs present in the body spinal cord of the gecko? 

We determined that the gecko body spinal cord contains a population of NSPCs within 

the ependymal layer we identified as radial glia-like cells. Similar to other NSPCs, these radial 

glia-like cells are characterized by quiescence (slow cycling), and the expression of a panel of 

protein markers including the pluripotency factor SOX2, and the intermediate filaments vimentin 
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and GFAP. Stem/progenitor populations are typically regarded as a quiescent reserve that is 

recruited in times of need (viz. following injury), where they then facilitate replacement and 

repair (Fuchs, 2009). Across various species, radial glia are widely recognized as NSPCs of the 

CNS during both development and regeneration (Alvarez-Buylla et al., 2001; Doetsch, 2003; 

Than-Trong and Bally-Cuif, 2015; Johnson et al., 2016), and are commonly characterized as 

slow-cycling (Grandel et al., 2006; Reimer et al., 2008; Chapouton et al., 2010). Using a long-

duration BrdU pulse-chase experiment, we determined that there was no significant difference 

between the number of labeled cells at the end of the 7-day pulse, and the number of labeled 

cells at the end of the 20-week/140-day chase period. These data suggest that cell cycling is 

infrequent across the body spinal cord.  

One of our most important findings was that the majority of ependymal cells within the 

body spinal cord express the NSPC marker SOX2. SOX2 is widely regarded as a key factor 

involved in the maintenance of in vivo stemness and self-renewal (Graham et al., 2003; Ellis et 

al., 2004; Ferri et al, 2004; Brazel et al., 2005), and is one of the original four factors required to 

induce pluripotency in somatic cells (Takahashi and Yamanaka, 2006). In addition, experimental 

work has demonstrated that SOX2 is required for spinal cord regeneration in both tadpoles 

(Gaete et al., 2012) and salamanders (Fei et al., 2014).  

Our data also revealed widespread expression of the intermediate filaments vimentin and 

GFAP within the body spinal cord. Vimentin is expressed by both embryonic neuroepithelial 

cells and postnatal radial glia, although it is typically replaced by GFAP during ontogeny in 

mammals and most lizards (Oudega and Marani, 1991; Bodega et al., 1994). In contrast, among 

teleosts (Dervan and Roberts, 2003) and urodeles (O’Hara et al., 1992), vimentin expression is 

often upregulated by radial glia during regeneration. Taken together, these data reveal that the 
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gecko body spinal cord contains a population of NSPCs, which share many characteristics 

common to radial glia. We suggest that these cells are radial glia-like based on their quiescence 

and expression of SOX2, GFAP and vimentin. However, given that we were unable to trace a 

radial process from the ependymal layer to the pial surface of the spinal cord, a hallmark feature 

of radial glia, we acknowledge that these cells may represent a similar, related cell type. It is 

worth noting that an identical population of SOX2+/vimetin+/GFAP+ slow-cycling cells is also 

present in the tail spinal cord (Gilbert, 2016).  

3.1.2  Is the CNS a closed system? 

Are NSPCs located throughout the central nervous system? 

Our data confirmed the widespread distribution of NSPCs within the body spinal cord, 

matching previous reports of the tail (Gilbert, 2016) and brain (McDonald, unpublished, 2017). 

In the tail, radial glia-like NSPCs of the ependymal layer are activated in response to tail loss, 

and contribute to the regeneration of the new spinal cord (Gilbert, 2016). Our laboratory has also 

recently identified NSPCs throughout the ventricular zone of the entire gecko brain (McDonald, 

unpublished, 2017). In other lizard species, experimental manipulations have revealed that these 

resident NSPC populations contribute to the formation of new neurons following the 

administration of a neurotoxin (Font et al., 1991; see also Font et al., 2001), or the creation of a 

physical lesion (Romero-Alemán et al., 2004). Although NSPC populations have been predicted 

within the body spinal cord (e.g., Alibardi, 2014), this study is the first confirm their presence 

using antibody labeling.  
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Do regionalized injuries affect the CNS as a whole? 

The structural continuity of the CNS, from brain to spinal cord of the body and tail, raises 

the question of whether injuries in one region will elicit a system-wide response. A CNS-wide 

response to spinal cord injury that includes an increase in cell proliferation may not be 

advantageous due to the ultimate increase in energy expenditure at sites distant from the injury. 

However, a muted response to spinal cord injury that includes a reduction of proliferation at 

distant CNS sites may be advantageous, allowing for the reallocation of resources to the site of 

injury. In support of energy reallocation following injury, previous research in the gecko has 

shown that tail regeneration is a priority, and will occur even when the diet is restricted (Lynn et 

al., 2013).  

We found that the body spinal cord responds to a distal spinal cord injury (i.e., a rupture 

resulting from tail loss) by significantly reducing ependymal cell proliferation. We speculate that 

this is an adaptation associated with the evolution of tail autotomy in the gecko. Given that 

geckos have evolved the ability to drop their tails and resolve the resulting injury on a regular 

basis, a muted response of the CNS to spinal cord rupture may facilitate immediate restoration of 

the spinal cord. Thus, we predict that non-tail regenerating lizards would exhibit a more 

pronounced CNS-wide response to spinal cord rupture or injury due to the lack of adaption to 

deal with such an injury. System-wide responses to SCI have been reported from studies of both 

teleosts (Allen and Smith, 2012) and mammals (Felix et al., 2012; Lacroix et al., 2014). In all of 

these examples, constitutive levels of cell proliferation are increased as a consequence of a 

distally located injury. In the brown ghost knifefish, a mid-level spinal cord transection results in 

an increased proliferative response along the length of the spinal cord, especially at the tip of the 

tail (Allen and Smith, 2012). Similarly, thoracic-level SCI in mice results in an increase in 
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ependymal cell proliferation along the length of the spinal cord, including in the cervical region 

(Lacriox et al., 2014), while in rats a cervical SCI reduced proliferation and neurogenesis in the 

olfactory bulb and dentate gyrus of the hippocampus (Felix et al., 2012). Taken together, these 

data reveal that SCIs are capable of indirectly influencing cell proliferation in regions well-

beyond the original site of injury. 

3.1.3  Is the gecko tail an appropriate model for the study of SCI? 

Based on our characterization of NSPCs in the body spinal cord, we propose that the tail 

spinal cord is an appropriate and less invasive substitute to model SCIs. Injuries to the body 

spinal cord result in a range of complications that increase in number and severity with 

increasing proximity to the head (Ramsey et al., 2010), including the inability to ambulate and 

voluntarily evacuate the bladder and bowels (Steins et al., 1997; Wallace and Sikoski, 2007; 

Ramsey et al., 2010). Hence, experimentally modeling SCIs in mammals presents research 

institutions with special challenges, as they require additional care for manipulated animals 

(Wallace and Sikoski, 2007). Among the non-trivial considerations are caging, feeding and 

pharmacological requirements for post-operative animals (Wallace and Sikoski, 2007; Ramsey et 

al., 2010). Feeding is important from two main standpoints: (1) to promote general health after 

SCI, and (2) to reduce complications that result from bladder and bowel dysfunction (Wallace 

and Sikoski, 2007; Ramsey et al., 2010). Manual expression of the bladder is required 2-4 times 

per day to avoid urinary tract infections (Ramsey et al., 2010), combined with water restriction to 

avoid/minimize bladder distention at night (Wallace and Sikoski, 2007). Although prophylactic 

antibiotics are regularly employed for the prevention of urinary tract infections, lower urinary 

tract infections remain relatively common (Ramsey et al., 2010). Finally, analgesics are also 

frequently administered to reduce animal suffering (Ramsey et al., 2010).  
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As a potential model to investigate SCIs, the gecko tail demonstrates several obvious 

advantages. The spinal cord of the gecko tail is structurally and histologically similar to that of 

the body, as well as the body spinal cord of mammals (Szarek et al., 2016). In addition, as 

demonstrated here, both the body and tail spinal cords include resident populations of the 

NSPCs. Furthermore, the tail spinal cord can be severed or otherwise manipulated without 

directly altering motor and sensory functions to other regions of the body (Whimster, 1978; 

Szarek et al., 2016; see also Jacyniak et al., 2017). Hence, the tail spinal cord provides a less 

invasive model, with minimal risk of muscular paralysis, reduced animal suffering, and 

significantly fewer post-operative challenges.  

3.2  FUTURE DIRECTIONS 

This work provides compelling evidence to support the use of the leopard gecko as an 

appropriate and less invasive amniote model of SCI and regeneration, and contributes a 

foundation to future studies aimed at understanding the biological processes supporting spinal 

cord regeneration in amniotes. Future work will aim to perform transectional-type injuries to the 

tail spinal cord of the gecko and characterize gap replacement in an amniote species capable of 

spinal cord regeneration.  
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APPENDICES 

APPENDIX 1: DETAILED HISTOCHEMICAL AND  
IMMUNOHISTOCHEMICAL PROTOCOLS AND SOLUTIONS 

HEMATOXYLIN AND EOSIN 

Solutions 

Acid Alcohol 
1% HCl in 70% isopropanol 

Ammonia Water 
5 drops ammonium hydroxide 
250mL dH2O 

Eosin Stock Solution 
10g Eosin Y 
1g Phloxine B 
dissolve in 1000mL 80% ethanol 

Eosin Working Solution 
200mL Eosin stock solution 
200mL dH2O 
600mL absolute ethanol 
5mL glacial acetic acid   

Protocol 

1. Absolute xylene (3 washes; 2 minutes each) 

2. Absolute isopropanol (3 washes; 2 minutes each) 

3. 70% isopropanol (2 minutes) 

4. dH2O (2 minutes) 

5. Modified Harris Hematoxylin (10 minutes) 

6. Rinse in running dH2O to remove excess Hematoxylin  

7. 1% acid alcohol (6–10 dips) 

8. Rinse in dH2O  

9. Ammonia water (until blue, ~6 dips) 
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10. Rinse in dH2O 

11. 70% isopropanol (6 dips)  

12. Eosin (1 minute) 

13. Absolute isopropanol (3 washes; 2 minutes each) 

14. Absolute xylene (3 washes; 2 minutes each) 

15. Coverslip  

STANDARD IMMUNOFLUORESCENCE  

Solutions 

Citrate Buffer Stock Solution A (0.1M Citric Acid) 
1.92g citric acid powder 
100mL dH2O 

Citrate Buffer Stock Solution B (0.1M Sodium Citrate dehydrate) 
14.7g sodium citrate dehydrate powder 
500mL dH2O 
adjust pH to 6.0 

Working Citrate Buffer 
1mL Solution A 
5mL Solution B 
44mL dH2O 

Protocol 

1. Absolute xylene (3 washes; 2 minutes each) 

2. Absolute isopropanol (3 washes; 2 minutes each) 

3. 70% isopropanol (2 minutes) 

4. dH2O (2 minutes) 

5. Citrate buffer retrieval (if needed; 12 minutes at 95ºC, 20 minutes at room temperature) 

6. 1XPBS (3 washes; 2 minutes each) 

7. 3% normal goat serum (NGS) block diluted in 1XPBS (1 hour at room temperature) 
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8. Tip off blocking solution  

9. Incubate in primary antibody diluted in 1XPBS (overnight at 4ºC) 

10. 1XPBS (3 washes; 2 minutes each) 

11. Incubate in secondary antibody diluted in 1XPBS (1 hour at room temperature) 

12. 1XPBS (3 washes; 2 minutes each) 

13. Counterstain with DAPI (1:10,000; 2 minutes) 

14. 1XPBS (3 washes; 2 minutes each) 

15. Coverslip with fluorescent mounting media  

MODIFIED IMMUNOFLUORESCENCE, WITH TRIS RETRIEVAL 

Solutions 

50mM TBS with 0.05% Tween 20 (for retrieval) 
6.1g Tris Base 
8.8g NaCl 
Q.S. to 1000mL with dH2O 
adjust pH to 9.0 
0.5mL Tween 20 

Phosphate Buffered Saline with 0.1% Tween 20 (PBST) 
1mL Tween 20 
1000mL 1XPBS 

0.3% Triton-X-100 in PBS 
100mL 1XPBS 
300µL Triton-X-100 

1% Bovine Serum Albumin (BSA) in 1XPBS 
1g BSA 
100mL 1XPBS 

Protocol 

1. Absolute xylene (3 washes; 2 minutes each) 

2. Absolute isopropanol (3 washes; 2 minutes each) 

3. 70% isopropanol (2 minutes) 
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4. dH2O (2 minutes)  

5. 1XPBS (15 minutes) 

6. Tris retrieval (30 minutes at 95ºC, 30 minutes at room temperature) 

7. PBST (10 minutes) 

8. 1XPBS (2 washes; 5 minutes each) 

9. 10% NGS block diluted in 0.3% Triton-X-100 in PBS (30 minutes at room temperature) 

10. Tip off blocking solution 

11. Incubate in primary antibody diluted in 1% BSA in 1XPBS (overnight at 4ºC) 

12. 1% BSA in 1XPBS (3 washes; 10 minutes each) 

13. Incubate in secondary antibody diluted in 1XPBS (1 hour at room temperature) 

14. 1XPBS (3 washes; 2 minutes each) 

15. Counterstain with DAPI (1:10,000; 5 minutes) 

16. 1XPBS (3 washes; 2 minutes each) 

17. Coverslip with fluorescent mounting media  

MODIFIED IMMUNOFLUORESCENCE, WITH TRYPSIN RETRIEVAL  

Solutions 

0.1% Trypsin in 1XPBS 
0.1g trypsin 
100mL 1XPBS 

1% BSA, 0.5% Tween 20, 0.1% Sodium Azide Diluent  
1g BSA 
0.5mL Tween 20 
0.1mL sodium azide  
100mL 1XPBS 

Protocol  

1. Absolute xylene (3 washes; 2 minutes each) 
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2. Absolute isopropanol (3 washes; 2 minutes each) 

3. 70% isopropanol (2 minutes) 

4. dH2O (2 minutes) 

5. 1XPBS (5 minutes) 

6. Citrate buffer retrieval (12 minutes at 95ºC, 20 minutes at room temperature) 

7. 1XPBS (2 minutes) 

8. 0.1% trypsin in 1XPBS (20 minutes at 37ºC) 

9. 1XPBS (2 minutes) 

10. 5% NGS block in diluent (30 minutes at 37ºC) 

11. Tip off blocking solution  

12. Incubate in primary antibody diluted in diluent (overnight at 4ºC) 

13. 1XPBS (3 washes; 2 minutes each) 

14. Incubate in secondary antibody diluted in 1XPBS (1 hour at room temperature) 

15. 1XPBS (3 washes; 2 minutes each) 

16. Counterstain with DAPI (1:10,000; 2 minutes) 

17. 1XPBS (3 washes; 2 minutes each) 

18. Coverslip with fluorescent mounting media  
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APPENDIX 2: RAW DATA FOR STATISTICAL ANALYSES 

 
TABLE A1: Raw cell counts for label-retention quantification with long-duration BrdU pulse-

chase experiment. Lizard=animal name; Segment=segment of body spinal cord (1=caudal, 

2=middle, 3=cranial); Total=total number of DAPI+ ependymal cells; Stained=total number of 

BrdU+ ependymal cells; Chase=days following BrdU administration 

Lizard Segment Total Stained Chase 

42112 1 62 2 0 
42112 1 54 0 0 
42112 1 47 0 0 
42112 2 49 0 0 
42112 2 42 0 0 
42112 2 59 2 0 
42112 3 51 0 0 
42112 3 66 0 0 
42112 3 62 0 0 
42129 1 56 1 0 
42129 1 62 0 0 
42129 1 54 1 0 
42129 2 50 0 0 
42129 2 53 3 0 
42129 2 45 0 0 
42129 3 49 0 0 
42129 3 50 4 0 
42129 3 61 0 0 
42130 1 45 0 0 
42130 1 63 0 0 
42130 1 50 0 0 
42130 2 60 0 0 
42130 2 59 0 0 
42130 2 52 0 0 
42130 3 69 0 0 
42130 3 53 2 0 
42130 3 70 2 0 
42106 1 86 2 140 
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Lizard Segment Total Stained Chase 
42106 1 53 4 140 
42106 1 69 0 140 
42106 2 52 2 140 
42106 2 54 0 140 
42106 2 60 2 140 
42106 3 61 2 140 
42106 3 60 2 140 
42106 3 55 1 140 
42123 1 66 2 140 
42123 1 60 0 140 
42123 1 55 0 140 
42123 2 30 1 140 
42123 2 46 0 140 
42123 2 38 0 140 
42123 3 51 1 140 
42123 3 47 1 140 
42123 3 47 1 140 
42128 1 81 2 140 
42128 1 65 0 140 
42128 1 70 0 140 
42128 2 49 0 140 
42128 2 42 0 140 
42128 2 38 0 140 
42128 3 59 0 140 
42128 3 63 0 140 
42128 3 61 0 140 
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Table A2: Raw cell counts for proliferation quantification with PCNA. Lizard=animal name; 

Time=days post-tail loss; Segment=segment of body spinal cord (1=caudal, 2=middle, 

3=cranial); Total=total number of DAPI+ ependymal cells; Stained=total number of PCNA+ 

ependymal cells  

Lizard Group Time Segment Total Stained 

110204 tailloss 8 1 83 7 
110204 tailloss 8 1 72 2 
110204 tailloss 8 1 73 3 
110204 tailloss 8 2 64 5 
110204 tailloss 8 2 59 5 
110204 tailloss 8 2 69 6 
110204 tailloss 8 3 70 1 
110204 tailloss 8 3 59 4 
110204 tailloss 8 3 73 1 
110208 tailloss 8 1 72 1 
110208 tailloss 8 1 80 4 
110208 tailloss 8 1 86 1 
110208 tailloss 8 2 62 0 
110208 tailloss 8 2 51 3 
110208 tailloss 8 2 58 0 
110208 tailloss 8 3 49 0 
110208 tailloss 8 3 57 2 
110208 tailloss 8 3 58 1 
110210 tailloss 8 1 57 5 
110210 tailloss 8 1 73 5 
110210 tailloss 8 1 54 3 
110210 tailloss 8 2 48 1 
110210 tailloss 8 2 59 5 
110210 tailloss 8 2 49 2 
110210 tailloss 8 3 72 3 
110210 tailloss 8 3 63 2 
110210 tailloss 8 3 63 1 
110201 tailloss 12 1 61 3 
110201 tailloss 12 1 69 5 
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Lizard Group Time Segment Total Stained 
110201 tailloss 12 1 73 3 
110201 tailloss 12 2 60 0 
110201 tailloss 12 2 57 2 
110201 tailloss 12 2 59 1 
110201 tailloss 12 3 51 1 
110201 tailloss 12 3 67 0 
110201 tailloss 12 3 64 0 
110207 tailloss 12 1 61 3 
110207 tailloss 12 1 54 1 
110207 tailloss 12 1 58 2 
110207 tailloss 12 2 46 5 
110207 tailloss 12 2 46 4 
110207 tailloss 12 2 48 1 
110207 tailloss 12 3 55 5 
110207 tailloss 12 3 53 2 
110207 tailloss 12 3 57 4 
110209 tailloss 12 1 77 2 
110209 tailloss 12 1 81 7 
110209 tailloss 12 1 66 6 
110209 tailloss 12 2 54 5 
110209 tailloss 12 2 45 7 
110209 tailloss 12 2 53 2 
110209 tailloss 12 3 70 1 
110209 tailloss 12 3 91 3 
110209 tailloss 12 3 83 3 
110202 tail 0 1 73 2 
110202 tail 0 1 64 3 
110202 tail 0 1 55 7 
110202 tail 0 2 56 6 
110202 tail 0 2 65 3 
110202 tail 0 2 49 5 
110202 tail 0 3 68 1 
110202 tail 0 3 65 4 
110202 tail 0 3 70 0 
110205 tail 0 1 72 1 
110205 tail 0 1 61 7 
110205 tail 0 1 58 1 
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Lizard Group Time Segment Total Stained 
110205 tail 0 2 57 3 
110205 tail 0 2 47 3 
110205 tail 0 2 45 2 
110205 tail 0 3 66 2 
110205 tail 0 3 78 3 
110205 tail 0 3 85 1 
110206 tail 0 1 67 5 
110206 tail 0 1 49 3 
110206 tail 0 1 63 5 
110206 tail 0 2 59 4 
110206 tail 0 2 56 3 
110206 tail 0 2 50 5 
110206 tail 0 3 81 3 
110206 tail 0 3 75 2 
110206 tail 0 3 69 6 
42108 tailloss 2 1 66 2 
42108 tailloss 2 1 43 4 
42108 tailloss 2 1 82 3 
42108 tailloss 2 2 52 2 
42108 tailloss 2 2 49 2 
42108 tailloss 2 2 54 1 
42108 tailloss 2 3 52 1 
42108 tailloss 2 3 52 1 
42108 tailloss 2 3 60 0 
42109 tailloss 2 1 58 0 
42109 tailloss 2 1 77 1 
42109 tailloss 2 1 89 2 
42109 tailloss 2 2 59 1 
42109 tailloss 2 2 54 4 
42109 tailloss 2 2 58 0 
42109 tailloss 2 3 61 0 
42109 tailloss 2 3 71 2 
42109 tailloss 2 3 68 1 
42114 tailloss 2 1 55 0 
42114 tailloss 2 1 67 2 
42114 tailloss 2 1 89 0 
42114 tailloss 2 2 48 4 
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Lizard Group Time Segment Total Stained 
42114 tailloss 2 2 62 2 
42114 tailloss 2 2 67 2 
42114 tailloss 2 3 58 1 
42114 tailloss 2 3 54 1 
42114 tailloss 2 3 65 0 

 
 
TABLE A3: Raw cell counts for proliferation quantification with short-duration BrdU pulse-

chase experiment. Lizard=animal name; Segment=segment of body spinal cord (1=caudal, 

2=middle, 3=cranial); Total=total number of DAPI+ ependymal cells; Stained=total number of 

BrdU+ ependymal cells; Chase=days following BrdU administration 

Lizard Group Segment Total Stained Chase 

42126 tail 1 49 2 0 
42126 tail 1 69 1 0 
42126 tail 1 50 0 0 
42126 tail 2 51 1 0 
42126 tail 2 54 0 0 
42126 tail 2 50 0 0 
42126 tail 3 69 0 0 
42126 tail 3 59 0 0 
42126 tail 3 51 0 0 
42113 tail 1 44 0 0 
42113 tail 1 57 0 0 
42113 tail 1 59 1 0 
42113 tail 2 59 0 0 
42113 tail 2 49 0 0 
42113 tail 2 41 0 0 
42113 tail 3 45 1 0 
42113 tail 3 49 1 0 
42113 tail 3 59 1 0 
42107 tail 1 54 3 0 
42107 tail 1 49 0 0 
42107 tail 1 41 1 0 
42107 tail 2 46 0 0 
42107 tail 2 54 0 0 
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Lizard Group Segment Total Stained Chase 
42107 tail 2 50 0 0 
42107 tail 3 54 2 0 
42107 tail 3 60 0 0 
42107 tail 3 70 2 0 
42114 tailloss 1 90 0 0 
42114 tailloss 1 59 2 0 
42114 tailloss 1 69 0 0 
42114 tailloss 2 61 0 0 
42114 tailloss 2 45 1 0 
42114 tailloss 2 51 0 0 
42114 tailloss 3 56 3 0 
42114 tailloss 3 44 0 0 
42114 tailloss 3 55 0 0 
42109 tailloss 1 89 0 0 
42109 tailloss 1 68 0 0 
42109 tailloss 1 75 0 0 
42109 tailloss 2 59 0 0 
42109 tailloss 2 59 0 0 
42109 tailloss 2 59 0 0 
42109 tailloss 3 74 0 0 
42109 tailloss 3 74 0 0 
42109 tailloss 3 69 0 0 
42108 tailloss 1 78 0 0 
42108 tailloss 1 65 1 0 
42108 tailloss 1 44 1 0 
42108 tailloss 2 47 0 0 
42108 tailloss 2 45 0 0 
42108 tailloss 2 48 0 0 
42108 tailloss 3 55 0 0 
42108 tailloss 3 62 0 0 
42108 tailloss 3 46 0 0 
42101 tail 1 46 1 10 
42101 tail 1 49 0 10 
42101 tail 1 47 0 10 
42101 tail 2 46 0 10 
42101 tail 2 48 0 10 
42101 tail 2 49 0 10 
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Lizard Group Segment Total Stained Chase 
42101 tail 3 51 1 10 
42101 tail 3 44 0 10 
42101 tail 3 53 2 10 
42104 tail 1 59 0 10 
42104 tail 1 49 0 10 
42104 tail 1 51 0 10 
42104 tail 2 52 0 10 
42104 tail 2 59 2 10 
42104 tail 2 40 1 10 
42104 tail 3 65 1 10 
42104 tail 3 52 0 10 
42104 tail 3 55 0 10 
42110 tail 1 52 1 10 
42110 tail 1 66 0 10 
42110 tail 1 59 1 10 
42110 tail 2 51 1 10 
42110 tail 2 51 0 10 
42110 tail 2 45 0 10 
42110 tail 3 55 1 10 
42110 tail 3 58 0 10 
42110 tail 3 57 0 10 
42111 tailloss 1 57 0 10 
42111 tailloss 1 59 0 10 
42111 tailloss 1 44 0 10 
42111 tailloss 2 64 0 10 
42111 tailloss 2 56 0 10 
42111 tailloss 2 55 0 10 
42111 tailloss 3 65 0 10 
42111 tailloss 3 51 0 10 
42111 tailloss 3 58 0 10 
42118 tailloss 1 62 0 10 
42118 tailloss 1 64 0 10 
42118 tailloss 1 58 0 10 
42118 tailloss 2 69 0 10 
42118 tailloss 2 55 0 10 
42118 tailloss 2 54 0 10 
42118 tailloss 3 51 0 10 
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Lizard Group Segment Total Stained Chase 
42118 tailloss 3 64 0 10 
42118 tailloss 3 54 0 10 
42121 tailloss 1 75 0 10 
42121 tailloss 1 56 0 10 
42121 tailloss 1 39 0 10 
42121 tailloss 2 63 0 10 
42121 tailloss 2 55 0 10 
42121 tailloss 2 50 0 10 
42121 tailloss 3 56 0 10 
42121 tailloss 3 63 0 10 
42121 tailloss 3 61 0 10 
42124 tail 1 73 3 30 
42124 tail 1 50 3 30 
42124 tail 1 53 0 30 
42124 tail 2 70 0 30 
42124 tail 2 49 0 30 
42124 tail 2 59 0 30 
42124 tail 3 57 0 30 
42124 tail 3 69 0 30 
42124 tail 3 61 0 30 
42119 tail 1 58 0 30 
42119 tail 1 55 0 30 
42119 tail 1 67 1 30 
42119 tail 2 62 0 30 
42119 tail 2 50 1 30 
42119 tail 2 69 1 30 
42119 tail 3 65 2 30 
42119 tail 3 73 0 30 
42119 tail 3 62 0 30 
42117 tail 1 79 0 30 
42117 tail 1 50 0 30 
42117 tail 1 73 1 30 
42117 tail 2 64 0 30 
42117 tail 2 45 0 30 
42117 tail 2 63 0 30 
42117 tail 3 68 0 30 
42117 tail 3 58 0 30 
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Lizard Group Segment Total Stained Chase 
42117 tail 3 55 0 30 
42120 tailloss 1 61 0 30 
42120 tailloss 1 49 0 30 
42120 tailloss 1 53 4 30 
42120 tailloss 2 54 1 30 
42120 tailloss 2 45 0 30 
42120 tailloss 2 47 0 30 
42120 tailloss 3 51 0 30 
42120 tailloss 3 67 0 30 
42120 tailloss 3 50 0 30 
42105 tailloss 1 69 0 30 
42105 tailloss 1 42 0 30 
42105 tailloss 1 51 0 30 
42105 tailloss 2 59 0 30 
42105 tailloss 2 60 1 30 
42105 tailloss 2 59 0 30 
42105 tailloss 3 63 0 30 
42105 tailloss 3 62 0 30 
42105 tailloss 3 68 0 30 
42102 tailloss 1 53 0 30 
42102 tailloss 1 63 0 30 
42102 tailloss 1 49 0 30 
42102 tailloss 2 56 0 30 
42102 tailloss 2 49 1 30 
42102 tailloss 2 50 0 30 
42102 tailloss 3 70 6 30 
42102 tailloss 3 56 0 30 
42102 tailloss 3 54 0 30 
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Statistical Analyses for the Long-Duration BrdU Pulse-Chase Experiment 

The General Linear Mixed Model: 
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Statistical Analyses for the Quantification of Proliferation with PCNA 

The General Linear Mixed Model:  
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Statistical Analyses for the Short-Duration BrdU Pulse-Chase Experiment 
 
The General Linear Mixed Model: 
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The General Linear Mixed Binomial Model
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