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ABSTRACT 

REACTIVE NEUROGENESIS IN THE FOREBRAIN OF THE LEOPARD GECKO

 

Laura Ellen Austin 

University of Guelph, 2020 

 

Advisor: 

Dr. M.K. Vickaryous

 

 Neurogenesis is the ability to generate new neurons from resident stem/progenitor 

populations. Although best understood as a homeostatic process, several species of teleost fish 

and salamanders are also capable of replacing neurons lost due to injury – so called reactive 

neurogenesis. Here, I investigated reactive neurogenesis in the lizard Eublepharis macularius, 

the leopard gecko. To initiate reactive neurogenesis, I administered a single dose of the 

antimetabolite 3-acetylpyridine (3-AP). Four days following 3-AP administration, there is 

widespread evidence of cell death and microglia activation within the medical cortex, the 

homologue of the mammalian hippocampus. As evidenced by reduced expression of the 

neuronal marker NeuN, 3-AP appears to selectively target mature neurons. 30 days following 

3AP administration, the medial cortex appears to be structurally restored with a pattern of NeuN 

expression that closely resembles the uninjured brain. Together, these data provide the first 

evidence that the leopard gecko is capable of reactive neurogenesis.  
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CHAPTER ONE: LITERATUE REVIEW 

1.1 A brief history of adult neurogenesis 

Until recent decades, one of the central dogmas of modern neuroscience was the assumption 

that the central nervous system (CNS) of vertebrates was structurally stable throughout post-natal 

life and lacked any capacity for self-repair (Cajal, 1928; Brain and Walton, 1969; Rakic, 1985). 

Underpinning this perception of stability was an understanding that neurogenesis, or the 

production of new neurons, did not continue postnatally. Given the complex architecture and 

circuitry of the CNS, this perception of structural stability had intuitive appeal as the structure of 

the brain appeared unchanged after in utero/in ovo development, and constant addition of new 

neurons to such an intricate network was thought to be impossible (Cajal, 1928). Moreover, the 

absence of any functional recovery following injury to the brain or spinal cord further supported 

the concept of a structurally fixed system, lacking regenerative capacity (Cajal, 1928). Although 

evidence supporting adult neurogenesis began to appear within the literature starting in the mid-

20th century, these findings were initially met with skepticism and were largely ignored (Gross, 

2000; Kaplan, 2001). 

Some of the earliest evidence of post-natal neurogenesis can be credited to Joseph Altman, 

who demonstrated that cells within the hippocampus of adult rats were capable of proliferation 

(Altman, 1962). Using radioactive [3H] thymidine, which is incorporated into dividing cells and 

labels their progeny, Altman labelled cells within the rat dentate gyrus (Altman, 1962; Altman 

and Das, 1965). However, while these results provided evidence of cell proliferation, Altman 

was unable to establish their cellular identity as new neurons. It wasn’t until a decade later, by 

combining the use of [3H] thymidine autoradiography and electron microscopy, that finally 

verified the labeled cells demonstrated ultrastructural characteristics of mature neurons (Kaplan 
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and Hinds, 1977). Moreover, newly generated neurons were identified in both the rat dentate 

gyrus and the olfactory bulbs (Kaplan and Hinds, 1977; Kaplan, 1981).  

The next major milestone in the study of adult neurogenesis took place in the early 1980s, 

when research by Fernando Nottebohm and collaborators provided the first evidence of 

neurogenesis in the avian brain. Using autoradiography coupled with electron microscopy, these 

authors demonstrated that new neurons were seasonally added, at a relatively high rate, to the 

brain of adult songbirds (Goldman and Nottebohm, 1983), and that these new neurons could 

generate action potentials in response to auditory stimuli (Paton and Nottebohm, 1984). These 

studies demonstrated that new neurons were functionally integrated into existing neural circuits, 

and lead to mainstream recognition that at least some species were capable of postnatal 

neurogenesis. 

Following Nottebohm’s formative discoveries, the study of neurogenesis surged during the 

1990s, facilitated in part by the growing use of the synthetic thymidine analog 5-bromo-3’-

deoxyuridine (BrdU) as an alternative to radiolabeling with [3H] thymidine. Unlike [3H] 

thymidine, BrdU incorporation is detected using immunostaining and therefore can be readily 

co-labelled with cell-type specific markers (Kuhn et al., 1996). Another important advancement 

was the discovery of cell populations within the adult rodent brain that could be induced to 

proliferate in vitro (Reynolds and Weiss 1992). When exposed to different growth factors, these 

neural stem/progenitor cells (NSPCs) aggregated to form floating clusters, or neurospheres, 

which can then be induced to differentiate into mature neurons and glia (Reynolds and Weiss, 

1992; Weiss et al., 1996, Kukekov et al., 1999). These experiments fueled a new and ongoing 

interest in harnessing NSPCs for use as a treatment for brain repair/regeneration (see Lois and 

Kelsch, 2014). Paralleling the progress in in vitro research were various important advances in in 
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vivo studies of adult neurogenesis in mammals. By the mid-1990s, it was widely accepted that 

neurogenesis occurred in two key regions of the adult mammalian brain: the sub-ventricular zone 

of the lateral ventricle and the sub-granular zone of the hippocampus, confirming Altman’s 

earlier reports (Altman and Das, 1965; Altman, 1969). Definitive evidence for adult 

neurogenesis in humans soon followed, the result of a study that used post-mortem brain tissue 

collected from cancer patients who had been administered BrdU to track tumor proliferation 

(Eriksson et al., 1998). It was now widely acknowledged that most, if not all, vertebrate species 

retain populations of NSPCs in discrete regions of the CNS (see Lindsay and Tropepe, 2006). 

These populations constitutively proliferate and therefore contribute to the continuous addition 

of new neurons throughout adult life under normal physiological conditions. This process known 

is known as homeostatic or constitutive neurogenesis.  

 

1.2 Constitutive neurogenesis across vertebrate species 

Constitutive neurogenesis appears to be evolutionarily conserved across most if not all major 

groups of vertebrate taxa, including teleost fish, amphibians, birds, mammals and lizards 

(reviewed in Lindsey and Tropepe, 2006; Kaslin et al., 2008). However, the anatomical 

distribution of resident NSPC populations, as well as their overall capacity to generate new 

neurons, varies taxonomically. At one end of the spectrum are mammals, with neurogenesis 

primarily restricted to just two cardinal regions of the brain. In contrast, teleost fish and 

amphibians demonstrate a robust ability to generate new neurons in as many of 16 different brain 

regions (Zupanc and Horschke, 1995; Raucci et al., 2006; D’Amico et al., 2011). 
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1.2.1 Mammals 

In mammals, it is widely held that constitutive neurogenesis is restricted to two discrete areas 

of the brain: the subgranular zone (SGZ) of the hippocampus, and the subventricular zone (SVZ) 

of the lateral ventricle. Neuroblasts generated from the SVZ migrate along the rostral migratory 

stream to contribute new neurons to the olfactory bulbs, while those of the SGZ migrate short 

distances and give rise to neurons which integrate locally into the granular layer of the dentate 

gyrus (Altman and Das, 1965; Altman, 1969; Lois and Alvarez-Buylla, 1994; Lledo et al., 2006). 

In mice, the rate at which new neurons are added is estimated to be 0.03% per day within the 

olfactory bulbs, and 0.003% per day within the dentate gyrus (Kaplan et al., 1985; Lois and 

Alvarez-Buylla, 1994; Williams 2000; Cameron and Mckay, 2001; see also Zupanc 2008). While 

thousands of new neurons are actually generated, only about half survive and become integrated 

into pre-existing networks, while the remaining progenitors and immature neurons undergo 

programmed cell death (Winner et al., 2002; Petreanu and Alvarez-Buylla, 2002). Ultimately, the 

total number of neurons in the mammalian brain remains relatively constant throughout adult 

life. 

In addition to the SGZ and SVZ, there is mounting evidence of NSPC proliferation and 

neurogenesis within a number of other brains regions in mammals. These include the 

hypothalamus, striatum, neocortex, substantia nigra and the dorsal vagal complex of the 

brainstem (Gould et al., 1999; Zhao et al., 2003; Kokoeva et al., 2005; Bauer et al., 2005; Ernst 

et al., 2014). Furthermore, NSPCs isolated from many other regions along the ventricular system 

(lining the neuroaxis) have also been shown as capable of proliferating and differentiating into 

neurons and glial cells when exposed to growth factors in vitro (Palmer et al., 1995; Weiss et al 

1996). Although the functional significance of constitutive neurogenesis remains poorly 
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understood for most mammal species (Ninkovic et al., 2007), emerging evidence suggests that 

adult-generated neurons in the hippocampus contribute to the processes of learning and memory, 

while those of the olfactory bulbs participate in odor discrimination (Imayoshi et al., 2008; 

Sakamoto et al., 2014; Yau et al., 2015).  

 

1.2.2 Birds 

Similar to what is seen in mammals, neurogenesis in avian species also appears to be 

restricted to specific regions of the forebrain. More specifically, proliferative NSPCs reside in 

pseudostratified regions bordering the lining of the lateral ventricles (the ventricular zone). These 

pseudostratified regions are frequently termed “hot spots” and serve as the origin for neuroblasts 

which then migrate to the olfactory bulbs, hippocampal formation, and neostriatum (Nottebohm, 

1981; Goldman and Nottebohm, 1983; Nottebohm, 1985; Alvarez-Buylla et al., 1990).  

Neurogenesis in the avian brain is best understood from the region of the songbird 

(passeriform) forebrain associated with song production and learning, the higher vocal centre 

(HVC) (Goldman and Nottebohm, 1983; Nottebohm, 1985; Alvarez-Buylla et al., 1990). The 

HVC undergoes ontogenetic growth, correlated with the addition of new neurons throughout 

juvenile and adult life (Alvarez-Buylla et al., 1990), and seasonal plasticity associated with 

yearly periods of neurogenesis (Nottebohm, 1981; Goldman and Nottebohm, 1983; Tramontin 

and Brenowitz, 2000). In anticipation of the breeding season, neurogenesis and survival of new 

neurons peaks, resulting in a net accumulation of new neurons and growth of song controlling 

nuclei (Nottebohm 1981; Goldman and Nottebohm, 1983; Tramontin and Brenowitz, 2000). 

Following the breeding season, these highly neurogenic regions revert to their original size, 
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corresponding with increased apoptosis of HVC neurons, and a reduction in total brain volume 

(Nottebohm, 1981; Larson et al., 2014). Interestingly, temporal dynamics of neuronal birth and 

death are tightly regulated during this seasonal cycle of growth and regression of song-related 

brain regions. Therefore, the total number of neurons remains essentially constant throughout 

adulthood, comparable to what is seen in mammals (Larson et al., 2014). 

 

1.2.3 Teleost fish and salamanders 

In contrast to mammals and birds, various non-amniotes (teleost fish, amphibians) exhibit a 

robust capability for neurogenesis. Moreover, NSPCs are widely distributed along the entire 

rostro-caudal brain axis, and even within the spinal cord (Zupanc and Horschke, 1995; Raucci et 

al., 2006; Maden et al, 2013). In amphibians (urodeles and anurans), proliferating NSPCs have 

been detected in the cerebral hemispheres, thalamus, hypothalamus, and cerebellum (Raucci et 

al., 2006; D’Amico et al., 2011; Maden et al., 2013). Teleost fish also show widespread 

proliferation within numerous regions along the brain axis, suggesting an equally widespread 

capacity to generate new neurons (Zupanc and Horschke, 1995; Adolf et al., 2006; Grandel et al., 

2006). For example, in the adult zebrafish brain, 16 distinct proliferation zones have been 

identified, most of which line the ventricular system (Zupanc et al., 2005; Grandel et al., 2006). 

Unlike mammals, many of the neuronal cells generated by adult teleost fish persist for extended 

periods of time within the brain, suggesting a greater capacity for neuronal integration (Zupanc 

et al., 2005; Hinsch and Zupanc, 2007). This combination of widespread neurogenesis and long-

term survival of new neurons results in a net increase in the total number of brain cells 

throughout life, paralleling continuous body growth (Zupanc and Horschke, 1995; Zupanc, 

2008).  
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1.2.4 Lizards 

Among amniotes, lizards are often recognized as demonstrating the most robust capacity for 

neurogenesis (Font et al., 2001; Gonzalez-Granero et al., 2011). However, research to date has 

focused on fewer than 10 of the more than 6500 species of lizard (Uetz et al., 2017). Based on 

these studies, proliferative populations of NSPCs have been reported in association various 

regions of the telencephalon, including the olfactory bulbs, dorsal ventricular ridge, septum, 

striatum, nucleus sphericus, and the three regions of the cerebral cortex (dorsal, medial, and 

lateral cortices) (Lopez-Garcia et al., 1988; Perez-Sanchez et al., 1989; Perez-Canellas and 

Garcia-Verdugo, 1996). As for most vertebrates, these proliferative populations are largely 

restricted to regions bordering the ventricular system, the ventricular zone (see Garcia-Verdugo 

et al., 2002). As in birds, proliferation is particularly abundant in areas where the ventricular 

zone becomes pseudostratified, the ependymal sulci. There are four main ependymal sulci within 

the cerebral hemispheres: the sulcus septomedialis, sulcus lateralis, sulcus ventralis and sulcus 

terminalis (Yanes-Mendez et al., 1988; Lopez-Garcia et al., 2002). These sulci are interpreted as 

remnants of embryonic stem cell populations and likely represent the lizard equivalent of avian 

proliferative “hot spots” (Yanes-Mendez et al., 1988). The proliferative cells contributing to the 

ventricular zone are commonly identified as radial glia (Alvarez-Buylla et al., 1987; Pérez-

Cañellas and Garcia Verdugo, 1996; Romero-Aleman et al., 2004). Radial glia are neuronal 

progenitors capable of undergoing asymmetrical cell division and giving rise to neuroblasts that 

migrate away from the ventricular zone, differentiate into neurons, and reportedly become 

incorporated into existing neuronal networks (Garcia-Verdugo et al., 1986; Lopez-Garcia, 1988; 

Romero-Aleman et al., 2004). Radial glia have a distinctive morphology that includes lengthy 
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radial processes (Lopez-Garcia et al., 1988; Yanes et al., 1990; see also Font et al., 2001). In the 

lizard cerebral cortex, this radial process projects from the ventricular zone through the 

parenchyma to contact the pial surface or blood vessels, and serves as a scaffold to facilitate the 

migration of neuroblasts (Garcia-Verdugo et al., 1986; Lopez-Garcia et al., 1988; Rakic, 1990; 

Font et al. 2001). As such, radial glia not only serve as the source of new neurons in the lizard 

brain, but also play an important role in guiding the migration of newly generated neurons to 

their target destinations. 

The cerebral cortex of reptiles is organized into four principle areas distributed around each 

lateral ventricle: the medial, dorsomedial, dorsal and lateral cortices (Lopez-Garcia et al., 2002). 

Each cortical area demonstrates a similar trilaminar organization: a layer of densely packed 

neuronal cell bodies, the cellular layer, positioned between two cell-sparse layers containing 

scattered interneurons, the inner and outer plexiform layers (Lopez-Garcia et al., 2002). Of these 

cortical areas, the most-commonly studied is the medial cortex. Based on various lines of 

evidence, including similarities in neuromorphology, cytoarchitecture and connectivity, as well 

as ontogenetic characteristics, the medial cortex is generally accepted as the reptilian homologue 

of the mammalian dentate gyrus of the hippocampus (Font et al., 1991; Martinez-Guijarro et al., 

1991; Luis De La Iglesia and Lopez-Garcia, 1998; Lopez-Garcia et al., 2002; Gonzalez-Granero 

et al., 2011). For example, principle neurons of the medial cortex closely resemble the granule 

cells of the mammalian dentate gyrus and emit zinc-enriched axonal projections (as in mammals) 

to the dorsal and dorsomedial cortices, as well as the dorsal portion of the septum (Luis De La 

Iglesia and Lopez-Garcia, 1998). These zinc-positive axons (boutons) also exhibit glutamate 

reactivity, and closely resemble the mossy fibre system in the mammalian hippocampus (Lopez-
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Garcia and Martinez-Guijarro, 1988; Martinez-Guijarro et al., 1991). In addition, the lizard 

medial cortex is known to be neurogenic. 

The basic model for neurogenesis within the medial cortex is that new neurons are generated 

by radial glia lining the ventricular zone of the adjacent ependymal sulcus, the sulcus 

septomedialis (Lopez-Garcia et al., 1988; Lopez-Garcia et al., 2002). New neurons begin as 

migrating neuroblasts, that ascend radial processes to pass through the inner plexiform layer 

before reaching the neuron-rich cellular layer. Within the cellular layer, these neuroblasts 

differentiate into (presumably) fully functional neurons (Pérez-Cañellas and Garcia Verdugo, 

1996; Gonzalez-Granero et al. 2011). Interestingly, the timeframe it takes for neuroblasts to 

reach the cellular layer varies between species. For example, in the tropical lizard Tropidurus 

hispidus it takes 1-2 weeks for labeled neuroblasts to start migrating from the ventricular zone, 

and they do not reach the cellular layer until 15-30 days later (Marchioro et al., 2005). In 

contrast, in the Iberian wall lizard (Podacris hispanicus), migration of labeled neuroblasts begins 

within 2-4 days, and these cells appear within the cellular layer after just one week (Lopez-

Garcia et al., 1988). There are also species-specific differences involving the timeframe of 

neuronal maturation. In the Moorish gecko (Tarantola mauritanica), newly generated neurons 

reach the medial cortex by 30 days, by which time most display ultrastructural features of 

characteristic of mature neurons (Pérez-Cañellas and Garcia-Verdugo, 1996). In contrast, in 

Gallot’s lizard (Galloti gallotia), newly generated neurons do not show ultrastructural 

characteristics of mature the mature cell type until 90 days (Delgado-Gonzalez et al., 2011). 

Taken together, these data indicate that the neurogenic capacity varies across lizard species. It is 

worth noting however, that most studies conducted to date have used wild caught animals. 

Hence, the chronological age and state of sexual maturity are typically unknown, and the sex is 
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rarely reported. Furthermore, the sampled specimens are often collected across multiple 

geographical locations and seasons. These factors may all influence the observed rates of 

neurogenesis.  

 

1.3 Reactive neurogenesis across vertebrate species 

 The capacity for neurogenesis under normal physiological conditions is hypothesized to 

correlate with the ability to generate new neurons in response to injury – so called reactive 

neurogenesis (see Alunni and Bally-Cuif, 2016). Therefore, the greater the capacity for 

constitutive neurogenesis the greater the capacity for reactive neurogenesis. However, simply 

generating new neurons in response to an injury does not guarantee functional restoration (Berg 

et al., 2010; Lois and Kelsch, 2014, Alunni and Bally-Cui, 2016). For example, CNS injuries to 

mammals have been shown to increase NSPC proliferation in known neurogenic regions (e.g., 

the SVZ and SGZ), and even stimulate cell proliferation in areas of the brain which are otherwise 

neurogenically quiescent (Magavi et al., 2000; Chen et al., 2004). However, while neuroblasts 

are reported to migrate towards the injured areas, and begin to express markers of mature 

neurons, these cells ultimately fail to integrate into the existing neural circuitry and do not 

survive long-term. Indeed, the majority of these newly generated cells undergo apoptosis within 

a few weeks of injury (Arvidsson et al., 2002; Parent et al., 2002; Gotts and Chesselet, 2005; Yi 

et al., 2013). Therefore, structural and functional recovery in mammals is limited at best.  

In addition to the failure of integration, one of the major obstacles to successful neurogenesis 

following injury in mammals is the formation of a glial scar. Trauma to the CNS induces a robust 

proliferative response from resident populations of astrocytes and microglia immediately 



 
 

11 
 

surrounding the lesion (Rudge and Silver, 1990; Eddleston and Mucke, 1993; Ridet et al., 1997). 

Although these cells participate in repairing the blood brain barrier and preventing excessive 

inflammation, they also produce inhibitory molecules that impede axonal regrowth (e.g., myelin-

associated inhibitors) and establish a microenvironment that is unfavourable for neurogenesis 

(Berry et al., 1983; Schwab and Caroni, 1988; Rudge and Silver, 1990; Ridet et al., 1997; Qiu et 

al., 2000). The result is a scar tissue, rich in astrocytes and chondroitin sulphated proteoglycans, 

which forms a physical and chemical barrier to axonal regrowth and the restoration of neural 

tissue (Eddleston and Mucke, 1993; Ridet et al., 1997; Qiu et al., 2000). Consequently, injuries 

to the adult mammalian brain are often permanent and result in irreversible functional 

impairment.  

Unlike the neurogenic regions of the mammalian brain, the HVC of some avian species is 

capable of injury-induced regeneration (Scharff et al., 2000; for review see Ferretti, 2011). In 

zebra finches (Taeniopygia guttata) and several other songbird species, specific neuronal types 

of the HVC involved in song production are generated and replaced seasonally (Nottebohm, 

1985; Alvarez-Buylla et al., 1990). Selective destruction of these neurons initiates a neurogenic 

response, including the generation and migration of neuroblasts and the incorporation of new 

neurons into the existing neural circuits (Scharff et al., 2000). To varying degrees, the ability to 

sing is recovered (Scharff et al., 2000). Interestingly, reactive neurogenesis appears to be limited 

to regions capable of constitutive neurogenesis, and thus neurons that are not normally replaced 

in the adult brain do not regenerate (Scharff et al., 2000).  

In both salamanders and teleost fish, chemical and physical lesioning of various regions of 

the CNS triggers a reactive regenerative response that leads to complete structural recovery 

(Berg et al., 2011; Kroehne et al., 2011; Maden et al., 2013). In the adult zebrafish (Danio rerio) 
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brain, there is a surge in proliferation within the ventricular zone adjacent to the lesion followed 

by migration and long-term survival of the newly formed neurons, resulting in the successful 

restoration of damaged tissue (Kroehne et al., 2011; Baumgart et al., 2012; Skaggs et al., 2014). 

Interestingly, in frogs the ability to undergo reactive neurogenesis appears to be restricted to the 

larval stages (Yoshino and Tochinai, 2004; Endo et al., 2007). Following the ablation of a large 

portion of the telencephalon, African clawed frog (Xenopus laevis) tadpoles are capable of 

complete neuronal regeneration and near perfect structural restoration within a few months 

(Yoshino and Tochinai, 2004). While a similar injury stimulates cell proliferation in the adult 

frog, the newly formed cells are unable to migrate from the ventricular zone to the lesion, 

resulting in the persistence of structural deficits (Yoshino and Tochinai, 2004; Endo et al., 2007). 

 

1.3.1 Reactive neurogenesis in lizards 

Some of the most striking examples of spontaneous CNS repair have been reported from 

lizards. These include successful regeneration of the tail spinal cord in the green anole, Anolis 

carolinensis (Simpson and Duffy, 1994,) and the transected optic nerve of the ornate dragon, 

Ctenophorus ornatus (Beazley et al., 1997; see also Jacyniak et al., 2017). Recent research using 

the leopard gecko (Eublepharis macularius) has revealed that the spinal cord of the tail includes 

populations of NSPCs that are normally quiescent (Gilbert and Vickaryous, 2018). Following tail 

loss, spinal cord NSPCs become increasingly proliferative and ultimately contribute to the 

successful regeneration of the regenerated spinal cord (Gilbert and Vickaryous, 2018). With 

respect to the brain, the capacity to restore tissue following injury has been explored following 

physical lesioning of the dorsal cortex of Gallot’s lizard, G. galloti (Romero-Aleman et al., 

2004). The neurogenic response to this damage begins with an increase in cellular proliferation 
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within the adjacent region of the ventricular zone (the sulcus lateralis and the sulcus 

septomedialis), and widespread immunoreactivity for the radial glial cell marker Glial Fibrillary 

Acid Protein (GFAP) (Romero-Aleman et al., 2004). By 240 days post-lesion, proliferation rates 

and GFAP expression became similar to those of uninjured controls, and the dorsal cortex 

appeared to have been structurally restored (Romero-Aleman et al., 2004). Injury-mediated cell 

proliferation has also been reported following surgical lesioning of the optic tectum and dorsal 

telencephalon in European green lizard (Lacerta viridis) (Minelli et al., 1977; Del Grande et al., 

1980). Interestingly, the lesion site remained incompletely regenerated and highly proliferative 

by 260 days (Minelli et al., 1977; Del Grande et al., 1980). Combined, these findings indicate 

that, at least in lizards, proliferation within the ventricular zone is a crucial feature of cerebral 

cortex repair.  

Some of the most compelling evidence for reactive neurogenesis comes from a series of 

neurochemical lesioning experiments focusing on a single species, the Iberian wall lizard (P. 

hispanicus) (Font et al., 1991; Molowny et al., 1995; Font et al., 1997). In order to induce a 

lesion, wild caught P. hispanicus were administered a single dose of the antimetabolite 3-

acetylpyridine (3AP) (detailed below). Although the chemical effects of 3-AP were observed 

throughout the cerebral hemispheres, neurons of the medial cortex appeared to be particularly 

sensitive, with up to 95% of neurons in the cellular layer of this region undergoing cell death 

(Font et al., 1991; Molowny et al., 1995). Within 12 hours of administration, the first signs of 

neuronal degeneration are observed within the medial cortex, including appearance of pyknotic 

nuclei within the cellular layer, and vacuolization of the neuropil (Font et al., 1991; Molowny et 

al., 1995; Font et al., 1997). Concurrently, treated lizards begin to develop a variety of 

behavioural defects, including reduced spontaneous activity, increased tongue flicking, and an 
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impaired ability to capture prey (Font et al., 1991). Over the next 4 weeks, the number of 

pyknotic nuclei decreases, although some remain detectable for up to two months (Font et al., 

1995). Removal of cellular debris and degenerating axons is accomplished by the combined 

action of activated microglia and a phagocytic phenotype of radial glia (Lopez-Garcia et al., 

1994; Font et al., 2001). As currently understood, 3-AP induces a transient (1-2 weeks) loss of 

microglia in the medial cortex (Lopez-Garcia et al., 1994; Font et al., 1995; Nacher et al., 1999). 

However, this absence is short lived and is soon followed by a resurgence in the microglia 

population, and their invasion into the damaged cellular, where they engage in phagocytosis of 

cellular debris (Font et al., 1995; Nacher et al., 1999). Simultaneously, radial glia lining the 

ventricular zone begin to develop conspicuous pseudopodial extensions of their radial fibres, 

which then also engulf pyknotic nuclei and degenerating neurites (Font et al., 1995). 

Regeneration of the medial cortex is accomplished by a reactive surge in proliferation 

from radial glia lining the ventricular zone, followed by an increase in neuroblast migration, and 

the generation of new neurons which ultimately repopulate the damaged areas (Font et al., 1991; 

Molowny et al., 1995; Ramirez-Castillejo et al., 2002). This proliferative surge peaks within 2-7 

days post-injury (dpi), and by 10 dpi mitotic activity returns to baseline levels (Font et al., 1991; 

Font et al., 1995). By 42 days, the medial cortex of lizards receiving 3-AP appeared to be 

virtually indistinguishable from the untreated controls, implying a near complete replacement of 

lost and damaged neurons (Font et al., 1991; Molowny et al., 1995; Font et al., 1997).  
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1.4  3-acetylpyridine neurotoxicity  

 The neurotoxin 3-acetylpyridine (3-AP) is an anti-metabolite and niacinamide receptor 

antagonist that induces degenerative lesions in the CNS (e.g. Herken, 1968; Anderson and 

Flumerfelt, 1980; Font et al., 1991). Following administration, 3-AP is rapidly converted into 

inactive 3-acetylpyridine adenine dinucleotide phosphate (3-APADP), which competes with 

nicotinamide in the synthesis of niacinamide dinucleotides (NAD) and NAD phosphate (NADP) 

(Caddy and Vozeh, 1997). As a result, 3-AP interferes with the electron transport chain causing 

fatal energy depletion within the neuron (Herken, 1968). In rats and mice, a single intraperitoneal 

(i.p.) dose of 3-AP induces the destruction of neurons in the inferior olivary nucleus and the loss 

of climbing fibres that innervate Purkinje cells of the cerebellum (Desclin and Escubi, 1974; 

Anderson and Flumerfelt, 1980; Wecker et al., 2016). 3-AP-induced cerebellar degeneration 

induces several behavioural deficits in rodents, including motor incoordination and altered 

balance and gait (Desclin and Escubi, 1974; Wecker et al., 2016). Consequently, 3-AP has been 

used to study cerebellar pathophysiology and ataxia (Anderson and Flumerfelt 1980; Deutch et 

al., 1994; Wecker et al., 2016). 3-AP toxicity also produces degenerate lesions in the substantia 

nigra, dorsal raphe nucleus, and the granular cell layer of CA3 and CA4 of the hippocampal 

formation (Coggeshall and MacLean, 1958; Herken, 1968; Balaban, 1984; Schulz et al., 1994). 

Sensitivity of the hippocampus to 3-AP appears to be related to two intrinsic features of this 

brain region: high endogenous levels of NADP; and a comparatively rapid rate of conversion of 

3-AP into 3-APADP (Herken, 1968). For other brain regions, particularly those with 

comparatively low metabolic rates (e.g., midbrain nuclei, cerebellum), less is known (Herken, 

1968; Szalay et al., 1979; Beiswanger et al., 1993).  
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 Although 3-AP produces degenerative lesions within several regions of the lizard 

cerebral hemispheres, the medial cortex is particularly sensitive (Font et al., 1991). Within 12 

hours of 3-AP administration, neuronal cell bodies (soma) within the cellular layer show 

evidence of degeneration, including vacuolization of the cytoplasm and condensation of the 

nuclear chromatin (Font et al., 1991; Molowny et al., 1995; Font et al., 1997). Degeneration 

continues for 1-2 weeks, during which time numerous condensed, hyperchromatic (i.e., pyknotic) 

nuclei are observed (Molowny et al., 1995; Font et al., 1997). Pyknotic nuclei have also been 

reported in the nucleus sphericus, dorsal ventricular ridge, and the dorsal, dorsomedial, and 

lateral cortices, although damage to these regions was more variable and involved substantially 

fewer neurons (Font et al., 1997). That 3-AP targets metabolically active neurons may help 

explain the sensitivity of medial cortex (Lopez-Garcia et al., 1994). In support of this prediction, 

granule cells of the cellular layer of the medial cortex constitutively express c-fos, a marker of 

neuronal activity (Sagar et al., 1988; Blasco-Ibanez et al., 1992) 

Despite its well-documented role as a neurotoxin, the exact mode of cell death induced 

by 3-AP remains controversial. The histological features of 3-AP toxicity include cell swelling 

(caused by passive water intake following failure of the ATPase Na/K pump), intracellular 

vacuolization, and condensation of the nuclear chromatin (Lopez-Garcia et al., 1994; Font et al., 

1991; Molowny et al., 1995; Font et al., 1997), degenerative changes commonly associated with 

necrosis (Beiswanger et al., 1993; Wüllner et al., 1997). However, pyknosis, the irreversible 

condensation and fragmentation of the nuclear chromatin, is also characteristic of apoptosis 

(Kerr, 1972; Desclin and Escubi, 1974; Bredesen, 1995; Borsello et al., 1999). Further, neurons 

degenerating under the influence of 3-AP have been reported to express activated caspase-3, a 

hallmark protein of both the intrinsic and extrinsic apoptotic pathways (Lawen, 2003; Medina et 
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al., 2014). Accordingly, it has been suggested that 3-AP toxicity might represent a form of cell 

death distinct from classically defined apoptosis and necrosis (Wüllner et al., 1997). 

1.5 The leopard gecko model 

The leopard gecko, E. macularius, is an emerging model for the study of neurogenesis. 

Leopard geckos are commercially bred and readily available in the pet trade, and have well 

established, and comparatively simple husbandry requirements (McLean and Vickaryous, 2011). 

Further, the regenerative abilities of leopard geckos are well documented (McLean and 

Vickaryous, 2011; Gilbert and Vickaryous, 2018; see also Jacyniak et al., 2017). As for many 

other lizard species, the leopard gecko is capable of detaching a portion of the tail as an anti-

predation strategy, and spontaneously regenerating a replacement. Tail detachment, or autotomy, 

results in the rupture of the tail spinal cord. Following tail loss, populations of NSPCs within the 

remaining stump of the original tail are activated and ultimately contribute to the formation of a 

fully functional, yet structurally distinct, replacement spinal cord (Gilbert and Vickaryous, 

2018).  

In addition to spinal cord regeneration, the leopard gecko is also capable of constitutive 

neurogenesis (McDonald and Vickaryous, 2018). As for other lizards, leopard gecko radial glia 

routinely proliferate within pseudostratified regions of the ventricular zone, generating migratory 

neuroblasts, which migrate through the parenchyma along radial glia fibres. Once they reach the 

cellular layer, these neuroblasts differentiate into mature neurons which persist long-term and, 

presumably, integrate into existing networks (McDonald and Vickaryous, 2018). Whether this 

capacity for homeostatic neuronal generation is capable of repairing injuries to the leopard gecko 

brain remains untested.   
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RATIONALE 

Among amniotes, some of the most compelling evidence of reactive neurogenesis comes 

from lizards. However, research to date has primarily focused on a limited number of species 

from a single taxonomic group, Lacertidae. Furthermore, the majority of these studies have used 

wild-caught individuals of unknown sex and age. The aim of my study was to investigate 

reactive neurogenesis in a distantly related and lab-amenable lizard, the leopard gecko 

(Eublepharis macularius). Recent work has identified proliferative NSPCs in several regions of 

the leopard gecko brain. Under homeostatic conditions, leopard geckos routinely generate new 

neurons within the medial cortex. Whether this capacity for neurogenesis enables brain repair 

remains unknown.  

I hypothesize that the leopard gecko medial cortex is capable of reactive neurogenesis, 

and that lost or damaged neurons will be spontaneously replaced following injury. 

The objectives of my study are: 

1) To demonstrate neuronal cell death within the medial cortex following a neurotoxic 

lesion. 

2) To demonstrate that areas of the medial cortex suffering neuronal loss are 

spontaneously repopulated by new neurons.   
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CHAPTER 2 

An investigation of reactive neurogenesis in the medial cortex of the leopard gecko 

(Eublepharis macularius) 

 

2.1 INTRODUCTION 

 It is well-understood that constitutively active populations of neural stem/progenitor cells 

(NSPCs) are present in discrete regions of the vertebrate central nervous system, and that these 

cells enable the continuous generation of new neurons throughout post-natal life (for review see 

Kaslin et al., 2008; see Alunni and Bally-Cuif, 2016). However, between taxa there is 

considerable variation with respect to both the regional distribution of NSPCs, as well as their 

neurogenic capacity. For example, in adult mammals neurogenesis is largely restricted to two 

main areas of the forebrain: the subventricular zone of the lateral ventricle; and the subgranular 

zone of the hippocampus (Altman and Das, 1965; Altman, 1969; Lois and Alvarez-Buylla, 1994; 

Eriksson et al., 1998). In contrast, among some teleost fish (Zupanc and Horschke, 1995; Adolf 

et al., 2006; Grandel et al., 2006) and salamanders (Raucci et al., 2006; D’Amico et al., 2011; 

Maden et al., 2013), NSPC populations have been identified in as many of 16 regions along the 

rostrocaudal axis of the brain. Although less is known for most other species, multiple distinct 

NSPC populations have been reported from the telencephalon of various representative birds and 

lizards (see Barnea and Pravosudov, 2011; see Gonzalez-Granero et al., 2011).  

Among lizards, constitutive neurogenesis has been described within the olfactory bulb, 

dorsal cortex, dorsomedial cortex, lateral cortex, septum, striatum, anterior dorsal ventricular 

ridge and the nucleus sphericus (Font et al., 2001). However, it is most commonly studied in the 

medial cortex, a region of the lizard brain widely accepted as homologous with the mammalian 
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hippocampal formation (Font et al., 1991; Martinez-Guijarro et al., 1991; Luis De La Iglesia and 

Lopez-Garcia, 1998; see Lopez-Garcia et al., 2002; see Gonzalez-Granero et al., 2011). The 

basic model of medial cortex neurogenesis is that new neurons are generated from radial glia, 

NSPCs that reside within a pseudostratified region of the ventricular zone known as the sulcus 

septomedialis (Lopez-Garcia et al., 1988; see also Lopez-Garcia et al., 2002). Radial glia 

populations in the ventricular zone serve two roles: they undergo asymmetrical cell division, 

generating presumptive neurons or neuroblasts; and they have lengthy radial processes that span 

the parenchyma and serve as scaffolds for neuroblast migration (Font et al., 1995; Ferretti and 

Prasongchean, 2014; McDonald and Vickaryous, 2018). Once the neuroblasts reach the cellular 

layer, they differentiate into mature neurons and appear to integrate into existing neural circuits 

(Pérez-Cañellas and Garcia Verdugo, 1996; Gonzalez-Granero et al. 2011; McDonald and 

Vickaryous, 2018).  

In addition to the routine generation of neurons, at least some species of lizard are also 

capable of replacing neurons lost or damaged following an injury. In a now classic series of 

studies using the lacertid lizard Podarcis hispanicus (the Iberian wall lizard), a single dose of the 

antimetabolite 3-acetylpyridine (3-AP) resulted in extensive neuronal loss throughout the 

cerebral hemispheres, especially within the cellular layer of the medial cortex (Font et al., 1991; 

Molowny et al., 1995; Font et al., 1997). Remarkably, within several weeks the damaged cellular 

layer was virtually indistinguishable from uninjured controls including cells displaying 

ultrastructural features characteristic of mature neurons (Font et al., 1991; Molowny et al., 1995; 

Font et al., 1997). Using 5-bromodeoxyridine (BrdU) or tritiated thymidine to label newborn 

cells, these studies also revealed that 3-AP neurotoxicity triggers an upregulation of proliferation 

within the ventricular zone, followed by increased migration of labelled neuroblasts to the 
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damaged cellular layer (Font et al., 1991; Molowny et al., 1995; Font et al., 1997; see also 

Lopez-Garcia et al., 2002). Once integrated into the cellular layer, these newly formed neurons 

persist long term and contribute to the restoration of the original cellular architecture. As a result, 

P. hispanicus and a few closely related lacertid species (viz., Lacerta viridis and Gallotia galloti; 

Minelli et al., 1977; Romero-Aleman et al., 2004) appear to be unique among amniotes 

(mammals and reptiles [including birds]) in their ability to spontaneously repair injuries to the 

brain (Gonzalez-Granero et al., 2011). Whether this regenerative capacity extends to other 

lizards remains untested.   

 Here, I investigated the potential for reactive neurogenesis in the gekkotan lizard, 

Eublepharis macularius (leopard gecko) using the antimetabolite 3-AP. In leopard geckos (as for 

other lizards) 3-AP is a potent but selective neurotoxic agent that primarily induces cell death in 

neurons of the medial cortex. Neuronal cell death corresponds with the invasion of activated 

microglia, a surge in NSPC proliferation, and the onset of deficits in various instinctive and 

reflexive behaviours. Over a period of 30 days, the medial cortex was repopulated by neurons, 

and cell proliferation and spontaneous behaviours normalized. These findings indicate that the 

capacity for reactive neurogenesis may be an evolutionarily conserved and taxonomically 

widespread phenomenon among lizards.  

 

 

2.2 MATERIALS AND METHODS 

 

2.2.1 Animal Care 

 Captive bred E. macularius (leopard geckos; hereafter referred to as “geckos”) were 

acquired from a commercial supplier (Global Exotic Pets, Kitchener Ontario, Canada). At the 
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beginning of the experiment, all geckos were sexually immature and less than one year old, with 

a body mass ranging from 13.1 to 27.5g. Growth was monitored throughout the experiment by 

measuring mass weekly. Animal Usage Protocols (AUPs) were approved by the University of 

Guelph Animal Care Committee (Protocol numbers 3729 and 4248) and followed the procedures 

of the Canadian Council on Animal Care. Geckos were housed and maintained following the 

work of McLean and Vickaryous (2011). Briefly, the gecko colony was housed in the Hagen 

Aqualab at the University of Guelph in a secure, isolated, and temperature controlled 

environmental chamber. The chamber had an average ambient temperature of 27.5˚C, and a 

12:12 photoperiod. Geckos were housed individually in 5-gallon polycarbonate tanks. To 

establish a temperature gradient, a subsurface heating cable (Hagen Inc., Baie d’Urfe, Quebec, 

Canada) set to 32˚C was placed under one end of each tank. Each enclosure contained two hide 

boxes and a water dish and was changed weekly. Geckos were fed three larval Tenebrio spp. 

(mealworm) dusted with powdered calcium and vitamin D3 (cholecalciferol) (Zoo Med 

Laboratories Inc., San Luis Obispo, California, USA) daily, and had free access to clean drinking 

water. Data for histological and protein expression studies was obtained from tissue samples 

representing 22 individuals, 21 females and 1 male. 

 

2.2.2  3-acetylpyridine (3-AP) Injections  

 3-acetylpyridine (3-AP) is an antimetabolite which produces discrete lesions within the 

central nervous system (Herken, 1968; Desclin and Escubi, 1974). In the lacertid lizard P. 

hispanicus, a single intraperitoneal injection of 3-AP has been shown to selectively damage areas 

of the cerebral cortex, especially neurons residing in the cell layer of the medial cortex. (Font et 

al., 1991; Molowny et al., 1995; Font et al., 1997). On day 0 of the experiment, geckos received 
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a single injection of 3-AP (70mg/kg, diluted in 50µL of sterile 1XPBS) using a 0.5cc insulin 

syringe (Abbott Laboratories, Saint-Laurent, Quebec, Canada) into the right lateral region of the 

peritoneal cavity, equidistant between the forelimbs and hindlimbs. Geckos were then returned to 

their enclosures and allowed to recover. Fifteen geckos were randomly assigned to one of three 

experimental groups, corresponding to their collection timepoint following 3-AP administration: 

4 days post injury (dpi; n=5); 30 dpi (n=6); and 60 dpi (n=4).  

Of the geckos treated with 3-AP, there were two mortalities (both female). One gecko 

was found deceased 24 hours following 3-AP treatment, and the second was found 4 days 

following treatment. One additional female gecko began to display signs of severe lethargy and 

was humanely euthanized on day 4 following 3-AP treatment. These three individuals were 

removed from the study. 

 

2.2.3 Bromodeoxyuridine (BrdU) Injections 

 5-bromo-2-deoxyuridine (BrdU) is a thymidine analogue that is incorporated into DNA 

during the synthesis (S) phase of the cell cycle (Gratzner, 1982; Plickert and Kroiher, 1988). 

Cells that are cycling during the period of BrdU administration (the pulse) will take up the 

analogue and can pass it on to their daughter cells. Cells labeled with BrdU can then be detected 

using immunofluorescence. Following the protocol of McDonald and Vickaryous (2018), a 50 

mg/mL BrdU stock solution was prepared by diluting 50mg of BrdU powder (Sigma- Aldrich, 

St. Louis, Missouri, USA) in 1mL of dimethyl sulphoxide (DMSO). A 5mg/mL working solution 

was then prepared by diluting 1mL of the stock in 9mL of sterile 1X phosphate buffered saline 

(PBS). The working BrdU solution was injected at a dose of 50mg/kg twice daily at 12-hour 
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intervals (9:00 am and 9:00 pm) using a 0.5cc insulin syringe (Abbott Laboratories, Saint-

Laurent, Quebec, Canada) into the lateral region of the peritoneal cavity (alternating between left 

and right sides for each injection). BrdU at a dosage of 50mg/kg is non-toxic (Miller & 

Nowakowski, 1988), and commonly employed to label proliferating adult NSPCs across a 

variety of species (Kemperman et al., 1998; for review, see Taupin, 2007). 

For schematic representation of experimental design, see Fig. 1. To document changes in 

radial glia proliferation following 3-AP administration, I conducted a short-duration BrdU pulse-

chase experiment on a subset of 3-AP treated and untreated control geckos. BrdU injection was 

administered twice daily for two days (at 12-hour intervals), starting 48 hours post 3-AP 

injection. Control geckos received the BrdU injections at the same time as the treated geckos, but 

without the preceding 3-AP injection. Treated geckos were randomly assigned to one of three 

experimental groups, corresponding to their collection timepoints: 4 days post 3-AP injection 

(and therefore 12 hours after the last BrdU injection; n=2); 30 days post 3-AP injection (26 days 

after the last BrdU injection; n=2); and 60 days post 3-AP injection (56 days after the last BrdU 

injection; n=2). Control geckos were randomly assigned to one of two experimental groups, 

corresponding to their collection timepoints: 12 hours after the last BrdU injection (comparable 

with the 4 days post 3-AP injection geckos; n=3); and 56 days after the last BrdU injection 

(comparable with the 60 days post 3-AP injection geckos; n=2).  

 

2.2.4 Assessment of Instinctive Behaviour 

Baseline observations were obtained 24 hours prior to 3-AP administration for two 

instinctive behaviours and one reflexive behaviour: 1) spontaneous activity; 2) prey capture; and 
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3) pupillary light reflex. Spontaneous activity and prey capture were evaluated while the gecko 

remained in their resident enclosures; to investigate pupillary light reflex, each gecko was briefly 

removed from their enclosure. On day 0 of the experiment, spontaneous activity was recorded for 

each of the treated geckos at 2, 4 and 6 hours following 3-AP administration. Beginning on 1 dpi, 

and then for the remainder of the experiment, spontaneous activity was scored twice daily, prey 

capture was scored once daily, and pupillary light reflex was scored once per week.  

Spontaneous activity was scored on a scale of 1 to 5. The trial began when the enclosure 

was opened. A score of 5 indicates that the gecko was immediately responsive to the enclosure 

being opened and either oriented its body to face, or retreated away from, the experimenter. A 

score of 3 indicates that the gecko was modestly lethargic, and that their response to the 

enclosure being opened was delayed by 1-2 seconds. A score of 1 indicates that the gecko was 

lethargic to the point of being non-responsive and demonstrated no reaction to the enclosure 

being opened.  

Prey capture was scored on a scale of 1 to 5. The trial began when the experimenter 

presented a single live prey item (mealworm) to the gecko. A score of 5 indicates that the gecko 

snapped at and successfully captured the prey item within the first or second attempt. A score of 

3 indicates that the gecko snapped at the prey item but was unsuccessful at capturing within five 

or more attempts. A score of 1 indicates that the gecko was non-responsive to the prey item (i.e., 

failed to snap entirely). Geckos that were unsuccessful at prey capture (scores 1-3) were hand-

fed after the trial was conducted.  

Pupillary light reflex was scored on a scale of 1 to 5. The trial began with the geckos 

habituated to low-light conditions. Geckos were then removed from the enclosure, and a pen 

light was shined into each eye. E. macularius is a crepuscular or nocturnal species (Thorogood 
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and Whimster, 1978; Gamble et al., 2015), and have vertical slit-pupils that naturally constrict in 

response to a bright light stimulus (see Frankenberg 1978). A score of 5 indicates an immediate 

constriction reflex to create a slit-like pupil morphology in response to bright light. A score of 3 

indicates that the pupil constricted in response to light but did not achieve a slit-like morphology. 

A score of 1 indicates that the pupil failed to constrict (i.e., it remained dilated). In all cases, both 

eyes demonstrated the same score of pupil reflex response. After the response was recorded, 

geckos were returned to their enclosures. 

 

2.2.5 Tissue Collection and Preparation 

  Geckos were euthanized with a 150µL injection of Alfaxalone (85 mg/kg) into the 

epaxial muscles of the neck. Once breathing was no longer observed and the righting reflex was 

abolished, geckos were decapitated and their brains were rapidly dissected from the skull and 

fixed by submersion in 10% neutral buffered formalin (NBF; Fisher Scientific, Waltham, 

Massachusetts, USA) for 22-24 hours. Following fixation, brains were transferred to 70% 

ethanol prior to processing. Using an automated processor (Fisher Scientific, Waltham, 

Massachusetts, USA), tissues were dehydrated with 100% isopropanol, followed by clearing in 

xylene and infiltration with paraffin wax. Tissue samples were then embedded transversely in 

paraffin blocks and sectioned at 5µm using a rotary microtome (Shandon Finesse ME+, Thermo 

Fisher Scientific) before being mounted on charged slides (Surgipath X-tra, Leica Microsystems, 

Concord, Ontario, Canada), and baked at 37˚C overnight. 
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2.2.6 Hematoxylin and Eosin 

To investigate brain structure and tissue morphology in 3-AP treated geckos compared to 

untreated controls, representative tissue sections were stained with hematoxylin and eosin. Slide-

mounted sections were deparaffinized and rehydrated to deionized water through xylene (3 

washes; 2 minutes), absolute isopropanol (3 washes; 2 minutes), 70% isopropanol (2 minutes) 

and deionized water (dH2O; 2 minutes). Sections were stained with modified Harris hematoxylin 

for 10 minutes (Fischer Scientific, Waltham, Massachusetts, USA), and then rinsed in deionized 

water before being dipped (5 times) in acid alcohol (1% hydrochloric acid in 70% isopropanol). 

Sections were then rinsed again in running deionized water, blued in ammonia water (~10 

seconds), followed by a rinse in running deionized water. Next, sections were dipped 6 times in 

70% isopropanol before being stained in eosin (1 minute). Sections were passed through four 

changes of 100% isopropanol (2 minutes each), cleared in three changes of xylene (2 minutes 

each), and then coverslipped using Cytoseal (Fischer Scientific, Waltham, Massachusetts, USA). 

 

2.2.7 Fluoro-Jade C Staining 

 To identify neuronal degeneration, representative brain sections were stained with 

Fluoro-Jade C (FJC). FJC is an anionic fluorescein-derived fluorochrome which selectively 

stains degenerating neurons in nervous tissue (Schmued et al., 1997; Schmued and Hopkins, 

2000; Schmued et al., 2005). Our protocol is modified after Schmued et al. (2005). Briefly, 

sections were deparaffinized and rehydrated to water through xylene (3 washes; 2 minutes), 

absolute isopropanol (3 washes; 2 minutes), 70% isopropanol (2 minutes) and deionized water 

(dH20; 2 minutes).  Sections were counterstained with the nuclear marker DAPI for 5 minutes at 
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room temperature ([1:5000] Life Technologies, Eugene, Oregon, USA) then rinsed in 1X PBS (3 

washes; 2 minutes). Sections were then incubated for 15 minutes in a 0.0002% solution of FJC 

(Millipore-Sigma, Burlington, Massachusetts, USA). The working solution of FJC was prepared 

immediately prior to use by diluting a stock solution of 0.01% FJC in 0.1% acetic acid. Once 

more, sections were rinsed in distilled water (3 washes; 2 minutes), dried at room temperature 

and then coverslipped using DPX (Sigma- Aldrich, St. Louis, Missouri, USA). 

 

 

2.2.8 TUNEL Assay 

 In order to document cell death, representative tissue sections were stained using the 

terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labelling (TUNEL) assay. The 

TUNEL assay identifies cells that are undergoing extensive DNA fragmentation during the late 

stages of apoptosis and necrosis and is based on the ability of the enzyme TdT to label the ends 

of double stranded DNA breaks (Gavrieli et al., 1992). TdT catalyzes the addition of 

fluorochrome-labelled dUTPs to the 3’-hydroxyl ends of DNA, which can then be visualized 

using fluorescent microscopy (Gavrieli et al., 1992; Whiteside and Munglani, 1998). 

Sections were first deparaffinized and rehydrated to water through xylene (3 washes; 2 

minutes), absolute isopropanol (3 washes; 2 minutes), 70% isopropanol (2 minutes) and 

deionized water (dH20; 2 minutes). Sections were then rinsed for 5 minutes in 1X phosphate 

buffered saline (PBS). Meanwhile, the TUNEL reaction mixture was freshly prepared by diluting 

5µL of the TdT Enzyme Solution in 25µL of the TMR-dUTP Label Solution (Millipore-Sigma, 

Burlington, Massachusetts, USA) for each tissue section. Sections were immediately incubated 
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with the TUNEL reaction mixture for 1 hour at 37˚C. Sections were then rinsed in 1X PBS (3 

washes; 2 minutes), and counterstained with the nuclear marker DAPI ([1:5000] Life 

Technologies, Eugene, Oregon, USA). Once more, slides were rinsed in 1X PBS (3 washes; 2 

minutes), and then coverslipped with fluorescent mounting media (DAKO, Glostrup, Denmark). 

 

2.2.9 Immunofluorescence  

For all optimized protocols for antibodies used see Table 1. 

Standard Immunofluorescence Protocol 

A standardized immunofluorescence protocol was performed to visualize expression of 

BrdU, tomato lectin (endothelial cells, microglia), PCNA (cells in the S phase of the cell cycle), 

and Iba1 (microglia). Sections were deparaffinized and rehydrated to water through xylene (3 

washes; 2 minutes), absolute isopropanol (3 washes; 2 minutes), 70% isopropanol (2 minutes) 

and deionized water (dH20; 2 minutes). Sections were then rinsed for 15 minutes in 1X 

phosphate buffered saline (PBS), subjected to antigen retrieval via submersion in citrate buffer at 

95˚C for 12 minutes, and then cooled at room temperature for 20 minutes. Following antigen 

retrieval, all sections were rinsed 1X PBS (3 washes; 2 minutes). Sections were then incubated 

for 20 minutes in 0.1% trypsin at 37˚C (Sigma-Aldrich, St. Louis, Missouri, USA), rinsed for 2 

minutes in 1X PBS and then blocked for 30 minutes at 37 ˚C in 5% normal goat serum in diluent 

(1% bovine serum albumin, 0.5% Tween 20, 0.1% sodium azide in 1X PBS). Next, primary 

antibody was diluted in diluent and slides were incubated overnight at 4˚C (Tomato lectin [1:50] 

Developmental Studies Hybridoma Bank, Iowa City, Iowa, USA; BrdU [1:200] Developmental 

Studies Hybridoma Bank, Iowa City, Iowa, USA; PCNA [1:700] Proteintech, Rosemont, Illinois, 
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USA; Iba1 [1:1000] FUJIFILM Wako Chemicals, Richmond, Virginia, USA). Slides were rinsed 

in 1X PBS (3 washes; 2 minutes), and then incubated in secondary antibody at room temperature 

for 1 hour. Slides were rinsed in 1X PBS (3 washes; 2 minutes), and then counterstained with the 

nuclear marker DAPI ([1:5000] Life Technologies, Eugine, Oregon, USA). Finally, slides were 

rinsed in 1X PBS (3 washes; 2 minutes), and then coverslipped with fluorescent mounting media 

(DAKO, Glostrup, Denmark). 

Modified Immunofluorescence Protocol with Tris Retrieval 

A modified immunofluorescence protocol was used to visualize expression of the mature 

neuronal marker NeuN. Sections were deparaffinized and rehydrated to water through xylene (3 

washes; 2 minutes), absolute isopropanol (3 washes; 2 minutes), 70% isopropanol (2 minutes) 

and deionized water (dH20; 2 minutes). Sections were then rinsed for 15 minutes in 1X 

phosphate buffered saline (PBS), and subject to antigen retrieval via submersion in Tris buffer at 

95˚C for 30 minutes, and then cooled at room temperature for 30 minutes. Following antigen 

retrieval, all sections were washed in PBST for 10 minutes, followed by a rinse in 1XPBS (3 

washes; 2 minutes each). Next, sections were blocked with 10% normal goat serum in 0.1% 

triton-x-100 for 30 minutes at 37˚C. Primary antibody was then diluted in 1XPBS + 1% BSA and 

incubated overnight at 4˚C (NeuN [1:500] Abcam, Cambridge, Massachusetts, USA). Slides 

were then rinsed in 1X PBS (3 washes; 2 minutes), and incubated in secondary antibody at room 

temperature for 1 hour. Slides were rinsed in 1X PBS (3 washes; 2 minutes), and then 

counterstained with the nuclear marker DAPI ([1:5000] Life Technologies, Eugene, Oregon, 

USA). Slides were rinsed in 1X PBS (3 washes; 2 minutes), and coverslipped with fluorescent 

mounting media (DAKO, Glostrup, Denmark). 
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2.2.10 Quantification and Statistical Analysis of Neuron Loss  

 To quantify the number of neurons present within the cellular layer of the medial cortex, I 

sampled brains from three groups of geckos: untreated controls (n=5); 3-AP treated geckos at 4 

dpi (n=5); and 3-AP treated geckos at 30 dpi (n= 6). Quantification and analysis of neuron 

numbers at 60 dpi is in progress. Following the work of McDonald and Vickaryous (2018) each 

brain was serially sectioned in the transverse plane. I then used two key neuroanatomical 

landmarks to define boundaries of the medial cortex (our region of interest) following the work 

of McDonald and Vickaryous (2018). The rostral boundary of the medial cortex was defined by 

the first appearance of the anterior dorsal ventricular ridge, while the caudal boundary of the 

medial cortex was defined by the first appearance of the third ventricle. To investigate whether 

there were any differences along the rostrocaudal axis of the medial cortex, each region of 

interest was then divided into four subareas, each with an equal number of sections. Three 

randomly selected sections were sampled from each of the four subareas and numbered from 1 

(most rostral) to 12 (most caudal; = 12 sections per gecko). These sections were then 

immunostained for NeuN and counterstained with DAPI (as described above). The cellular layer 

of each of the right and left hemispheres were imaged using the 40x objective of an Axio Imager 

D1 Microscope (Carl Zeiss Canada Ltd; Toronto, Canada) with an Axiocam 305 camera (Carl 

Zeiss Canada Ltd; Toronto, Canada). Image J software was used to perform the image analysis. 

Due to the high density of cell bodies (soma) in the cellular layer, the automatic cell counting 

function of ImageJ could not differentiate between individual cells. Therefore, an individual 

blinded to the group assignment manually counted, using the ImageJ Cell Counter plugin, each 

image under two sets of conditions: (1) DAPI alone, to determine the total number of nuclei; and 

(2) the DAPI plus NeuN overlay, to determine the number of NeuN immunonegative (NeuN-) 
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nuclei. Subtracting the number of NeuN- nuclei from the total number of nuclei yielded the total 

number of NeuN immunopositive (NeuN+) neurons in the cellular layer of each section.  

All values 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 SAS 9.4 software (SAS Institute, Cary, North Carolina, USA).  

To test for differences in the number of neurons in the cellular layer between our three 

groups (untreated, 4 dpi, and 30 dpi), I used a general linear mixed model (SAS 9.4; Proc 

MIXED). The model considered the random effect of gecko nested within treatment, and the 

fixed effects of treatment (untreated, 4 dpi, or 30 dpi), side of cerebral hemisphere (right or left) 

and section number (1 [most rostral] through 12 [most caudal]), as well as their interactions. A 

split plot design was used, where the whole plot factor was the treatment applied to gecko, and 

the split plot factors were hemisphere side (right or left) and section position occurring within a 

gecko. The data was checked for normality with Shapiro-Wilk, Kolmogorov-Smirnov, Cramer-

von Mises, and Anderson-Darling tests. Residual analyses revealed unequal variance between 

hemispheres, which was allowed within the final model. Some outliers were identified but not 

excluded from the final model; this was not found to affect the overall conclusions. For raw 

statistical data see Appendix 2.  
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2.3 RESULTS 

 

2.3.1 Cell proliferation within the ventricular zone temporarily surges following 3-AP 

treatment 

The cerebral hemispheres comprise the largest portion of the lizard telencephalon and are 

organized in part around the lateral ventricles (Fig.2). I first documented cell proliferation in the 

untreated brain using the S-phase marker PCNA and a short-duration pulse-chase experiment 

using BrdU. Matching previous reports (McDonald and Vickaryous, 2018), mitotically active 

(PCNA+) cells were present within the ventricular zone, especially within the ependymal sulci 

(Fig 3 A-E). In contrast, PCNA+ cells were absent from the cellular and outer plexiform layers, 

and relatively uncommon in the inner plexiform layer. Proliferating cells were also detected in 

the parenchyma of the anterior dorsal ventricular ridge and the septum, in close proximity to the 

ventricular zone. Corroborating our PCNA data, our two-day pulse experiment revealed that 

BrdU expression was also restricted to the ventricular zone, particularly within the ependymal 

sulci (Fig 3 F-J).  

 At 4 dpi I observed a surge in PCNA expression in three out of the five geckos 

investigated (Fig. 4 A,B). This increase in PCNA immunostaining was observed throughout the 

ventricular zone and was not localized to the ependymal sulci (Fig. 4B). In the other two geckos, 

PCNA expression within the ventricular zone was not qualitatively distinct from uninjured 

controls. Unexpectedly, our BrdU experiment also failed to demonstrate evidence of a surge in 

proliferation across all five geckos (Fig. 4 C-E), suggesting that the timing of our BrdU pulse (at 

days 2-3 dpi) was premature. At our subsequent timepoints following 3-AP treatment (30 dpi and 

60 dpi), expression of both PCNA (Fig. 5) and BrdU (Fig S1) within the ventricular zone was 
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closely comparable to that seen in the uninjured brain. Taken together, these data indicate that 

change in cell proliferation observed at 4 dpi was short lived.  

 

2.3.2  3-AP induces neuronal cell death and reactive neurogenesis in the medial cortex 

As for other lizards, the medial cortex of geckos has a distinct trilaminar organization 

with the neuron-rich cellular layer positioned between the cell-sparse inner and outer plexiform 

layers (Fig. 6A). Using NeuN, I confirmed that the cellular layer is dominated by mature neurons 

(Fig. 6B); NeuN+ interneurons are also scattered within the inner and outer plexiform layers. 

Although uninjured brains failed to show evidence of cell death using both TUNEL (Fig. 6C) 

and FJC (Fig. 6D), I identified cells expressing ionized calcium-binding adaptor molecule-1(Iba-

1), a marker characteristic of microglia. Iba-1+ microglia were found within both the inner and 

outer plexiform layers, sometimes immediately adjacent to, but not directly within, the cellular 

layer (Fig. 6E). These microglia demonstrated a ramified or resting morphology, with a small 

cell body and one or more branching radial processes. Iba-1+ ramified microglia were also 

observed within the parenchyma of the cerebral hemispheres (Fig S2). Unexpectedly, our second 

microglial marker – tomato lectin – did not colocalize with Iba-1 (Fig 6F). Further, I did not 

observe any tomato lectin+ cells sharing the ramified morphology of the Iba-1+ microglia. 

Instead, tomato lectin immunostaining appeared to be restricted to endothelial cells of blood 

vessels (as has been previously reported; McDonald and Vickaryous, 2018). 

By 4 dpi, numerous condensed, hyperchromatic pyknotic nuclei and large vacuoles were 

observed bilaterally within the cellular layer of both the left and right medial cortices, as well as 

throughout the inner and outer plexiform layers (Fig. 6G). Scattered pyknotic nuclei and 
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vacuolized cells were also observed within other cortical areas (e.g., the dorsomedial cortex, 

dorsal cortex and lateral cortex), along with the septum and the anterior dorsal ventricular ridge 

(Fig S2). These degenerative changes were not observed in brain regions outside of the cerebral 

hemispheres (e.g., the epithalamus, thalamus, hypothalamus, optic tectum, tegmentum and 

cerebellum).  

 Next, I immunostained the 4 dpi medial cortices for the mature neuronal marker NeuN. 

As expected, there was a loss of NeuN expressing cells within the cellular layer (Fig. 6H). 

Associated with this change in NeuN expression, I also observed numerous TUNEL+ nuclei 

(Fig. 6I). TUNEL staining was present within the dorsomedial, dorsal and lateral cortices, as well 

as within the septum and the anterior dorsal ventricular ridge (Fig S3). TUNEL labeled nuclei 

were comparable in size to those identified as undergoing pyknosis, and did not colocalize with 

cells expressing NeuN (Fig. 6H, inset). To extend my TUNEL findings, I then immunostained 

with FJC. Similar to TUNEL, I observed FJC staining associated with condensed DAPI+ nuclei 

throughout the cellular layer (Fig. 6J). Further, FJC+ cells were also present within the other 

cortical areas, the septum and anterior dorsal ventricular ridge (Fig S3), but were not found 

outside the cerebral hemispheres.  

 Corresponding to the widespread evidence of cell death in the medial cortex at 4 dpi, I 

found amoeboid-shaped Iba-1+ microglia throughout the cellular layer (Fig. 6K). Consistent with 

their identification as activated microglia, these cells are characteristically irregular in shaped 

and lack radial processes. Unlike ramified microglia, amoeboid microglia co-expressed Iba-1 and 

tomato lectin (Fig. 6L, inset). While this activated phenotype appears to have completely 

replaced the ramified cells within the medial cortex, both ramified and amoeboid microglia were 

observed in the septum and anterior dorsal ventricular ridge.  
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 By 30 dpi, the widespread degenerative changes seen at 4 dpi were largely resolved, 

although a small number of pyknotic nuclei were still present within the cellular layer (and the 

septum) in two of the five geckos. Despite the persistence of a few pyknotic nuclei, the cellular 

layer of all 3-AP treated geckos appeared repopulated with densely packed cell bodies and was 

virtually indistinguishable from uninjured controls (Fig. 6M). Using NeuN, I identified the cells 

that had repopulated the cellular layer as mature neurons (Fig. 6N).  

 Matching the reduction of pyknosis, TUNEL labeling was also largely eliminated in the 

medial cortex by 30 dpi, save two geckos where a few immunopositive nuclei were observed the 

cellular layer (Fig. 6O). Although these same two individuals also demonstrated TUNEL+ nuclei 

within the septum, the dorsomedial, dorsal, and lateral cortices, and the anterior dorsal 

ventricular ridge showed no evidence of cell death (Fig S4). Similarly, FJC staining was no 

longer detected in any of the cortices (including the medial cortex; Fig. 6P), although scattered 

FJC+ cells were present in the septum (Fig S4). Further, Iba-1+ microglia appear to have 

reverted to their original ramified morphology and pattern of distribution (Fig. 6Q). More 

specifically, Iba-1+ cells were no longer present within the cellular layer, no longer demonstrated 

the amoeboid morphology of reactive microglia, and no longer co-localized with tomato lectin 

(Fig. 6R).  

At 60 dpi, virtually all the degenerative changes observed within the medial cortex 

following 3-AP administration were resolved. None of the geckos demonstrated any pyknotic 

nuclei (Fig. 6S) or immunoreactivity for TUNEL (Fig. 6U) or FJC (Fig. 6V), although rare 

TUNEL+ nuclei were still detected in the dorsomedial cortex of one individual (Fig S5).  Similar 

to the 30 dpi brains, Iba1 immunostaining was restricted to ramified-shaped microglia within the 
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inner and outer plexiform layers, and these cells did not colocalize with tomato lectin (Fig. 6 W 

X, inset). 

 

2.3.3 Quantification of neuron loss and repopulation 

 The results of the general linear mixed model revealed that there was a main effect of 

hemisphere side (right or left) on the number of neurons within the cellular layer (F(1, 284)= 11.87, 

p=0.0007). More specifically, the right medial cortex was found to have significantly more 

neurons in the cellular layer than the left (Table 2). This asymmetry was constant for all groups 

(i.e., it was not affected by 3-AP treatment; Table 3) and was not affected by the position along 

the rostrocaudal axis of the medial cortex (Appendix 2). As a result, data for right and left 

hemisphere sides were pooled. There was also a significant main effect of section position on the 

number of neurons in the cellular layer (F(11, 284)= 26.12 p=0.0023). All three groups 

demonstrated the same rostrocaudal trend (Fig. 7), with significantly more neurons in the rostral-

most position (i.e., section 1) as compared to the caudal-most position (i.e., section 12) (Fig. S7; 

untreated, p=0.0022; 4 dpi, p<0.0001; 30 dpi, p<0.0001; See Appendix 2 for full list of 

interactions and p values). 

 The general linear mixed model further revealed that there was a significant main effect 

of treatment on the number of neurons within our region of interest (F(2, 13) = 5.4, p=0.0196) as 

well as a significant interaction between treatment and section position, indicating that the effect 

of treatment changed along the rostrocaudal axis (F(22,2840)=2.16, p= 0.0023) (Fig 6). Compared 

to untreated controls, there was a decrease in the number of neurons 4 dpi, which reached 

significance at positions 1 (p= 0.0148) and 5 (p= 0.0408). Across the entire medial cortex, the 
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average loss of neurons comparing untreated controls to 4 dpi was 15.3% (range: 4.6-22.7%; 

Table 4). Compared to untreated controls, there was an average increase in the number of 

neurons at 30 dpi, which reached significance at positions 2 (p= 0.0328), 3 (p= 0.0174), and 4 

(p= 0.0314). Across the entire medial cortex, the average gain of neurons comparing untreated 

control to 30 dpi was 17.5% (range: 3.2-25.2%; Table 4). Lastly, compared to 4 dpi, there was an 

increase in the number of neurons 30 dpi, which reached significance in all positions save for 11 

and 12 (Fig. 7; For full list of p values see Appendix 2). 

 

2.3.4  3-AP induces a transient change in gecko behaviour 

Previous research on a distantly related species of lizard (P. hispanicus) observed a 

number of temporary deficits in instinctive behaviours associated with 3-AP administration. 

These include reduced levels of spontaneous activity, difficulty capturing prey, and an increased 

frequency of tongue-flicking (Font et al., 1991). To investigate if similar behaviours could be 

used as an indirect index of medial cortex integrity, we manually scored activity levels, prey 

capture, and pupillary light reflex. Behavioural variables were not statistically analyzed.  

Prior to 3-AP treatment, all geckos demonstrated an immediate and stereotypical 

response to the enclosure being opened, and were successful at capturing live prey (mealworms) 

(Fig. 8 A, B). Further, they demonstrated a robust pupillary light reflex (Fig. 8C). However, 

within 24 hours of 3-AP treatment, geckos began to show signs of reduced spontaneous activity 

(i.e., a delayed response when the lid of enclosure was opened; Fig. 8A). Treated geckos also 

demonstrated a more sprawled posture and showed partial to complete closure of the eyelids. 

Within the first week following 3-AP administration, geckos were either non-responsive to live 
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prey or displayed a markedly impaired ability to successfully capture prey (Fig. 8B). Prey 

capture impairments were matched by a delayed or absent pupillary reflex: pupils either 

remained dilated in response to a light stimulus, or only partially constricted (Fig. 9C). 

Although these deficits largely persisted over the next two weeks, gradual improvements 

were observed in spontaneous activity and pupillary reflex by week 3 (Fig. 8). Spontaneous 

activity showed the earliest signs of recovery, and by 30 dpi all but one gecko had regained 

baseline activity levels (Fig. 8A). The timeframe for resolving prey capture behaviour was more 

variable, with four out of 8 geckos still demonstrating deficits by 30 days (Fig. 8B); however, by 

60 dpi all but one gecko showed a baseline prey capture response. Similarly, by 56 dpi, all 

treated geckos demonstrated a robust pupillary reflex in response to a light stimulus (Fig. 8C).   
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2.4 DISCUSSION 

 Although lizards are widely reported to demonstrate the greatest capacity for injury-

mediated brain repair among amniotes, evidence to date primarily comes from a handful of 

species from one taxonomic group (Lacertidae). Here, I investigated the capacity for reactive 

neurogenesis in a distantly related lizard species, the leopard gecko (Eublepharis macularius). 

Using the antimetabolite 3-AP, I observed neuronal cell death within four days of administration 

throughout the cellular layer of the medial cortex, a region of the brain homologous with the 

mammalian hippocampus. These degenerative changes were matched by the infiltration of 

activated (amoeboid) microglia within the lesioned areas, and a marked increase in cell 

proliferation throughout the ventricular zone. 3-AP administration also induced a number of 

behavioural changes, including reduced spontaneous activity, impaired capacity for prey capture, 

and an abolished pupillary light reflex. Remarkably, within 30 days I found that these 

behaviours, along with the distribution of proliferating cells, had returned to baseline, and areas 

of the medical cortex damaged by 3-AP had been repopulated by neurons. Further, I found that 

the 30 dpi brains no longer showed evidence of cell death and neuronal degeneration. Taken 

together, these findings reveal that the leopard gecko possesses an unusual capacity for neuronal 

self-repair, and represents a valuable research model for future studies of adult neurogenesis. 

Within 4 days of 3-AP administration, I observed widespread cell death within neuron-rich 

regions of the cerebral hemispheres. Although these effects were most severe within the medial 

cortex, other areas were also impacted including the dorsomedial, dorsal and lateral cortices, the 

anterior dorsal ventricular ridge and the septum. A similar sensitivity of the medial cortex to 3-

AP-induced neurodegeneration has also been reported for the lacertid P. hispanicus (Font et al., 

1991; Molowny et al., 1995; Font et al., 1997). Indeed, a 3-AP dose of 150 mg/kg (more than 
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twice that administered to the geckos) resulted in the degeneration of 97% of medial cortex 

neurons (Font et al., 1991; Font et al., 1997). Damage to cortical regions outside of the medial 

cortex affected fewer than 50% of neurons (Font et al., 1997). By comparison, our administration 

of 3-AP at a dosage of 70 mg/kg resulted in an average loss of 4.6-22.7% of neurons from the 

cellular layer of the medial cortex, depending on the position within the medial cortex being 

sampled.  

Regional sensitivity to 3-AP has also been reported in rodents, where it selectively damages 

neurons of the CA3 region of the hippocampus, as well as the inferior olivary nucleus and 

cerebellum (Coggeshall and MacLean, 1958; Anderson and Flumerfelt, 1980; Balaban, 1984). 

Based on similarities in neuromorphology, cytoarchitecture, connectivity and ontogenetic 

characteristics, the medial cortex is widely considered to be the reptilian homologue of the 

mammalian hippocampus (Font et al., 1991; Martinez-Guijarro et al., 1991; Luis De La Iglesia 

and Lopez-Garcia, 1998; Lopez-Garcia et al., 2002; Gonzalez-Granero et al., 2011). Whereas 

these brain regions also appear to share a sensitivity to 3-AP, it is worth noting that I did not 

detect any degenerative changes outside of the cerebral hemispheres in geckos, including the 

cerebellum and brainstem. 

3-AP is an antimetabolite that interferes with neuronal ATP synthesis, leading to fatal 

energy depletion (Herken, 1968; Caddy and Vozeh, 1997). Prolonged depletion of intracellular 

ATP has been shown to shift cells towards energy-independent necrotic cell death rather than the 

more coordinated, energy-dependent apoptotic pathway (Leist et al., 1997; Nicotera et al., 1998; 

Zeiss, 2003; for review see Elmore, 2007). The most common degenerative changes seen in both 

mammals and lizards treated with 3-AP are consistent with necrosis: viz. pyknotic nuclei and 

vacuolization of the neuropil (Anderson and Flumerfelt, 1980; Font et al., 1991; Lopez-Garcia et 
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al., 1994; Molowny et al., 1995; Font et al., 1997; see also Elmore, 2007). In addition to the 

histological evidence of neuronal degeneration, we also documented TUNEL labeling and 

Fluoro-Jade C (FJC) staining within the cellular layer. The TUNEL assay labels cells undergoing 

extensive DNA fragmentation (Gavrieli et al., 1992), while FJC is expressed by degenerating 

neurons regardless of the specific insult or mechanism of cell death (Schmued et al., 1997; 

Scmued et al., 2005). It is also worth noting that expression of both TUNEL and FJC was 

exclusive to cells with comparatively condensed DAPI stained nuclei, which itself can be an 

early indicator of cell death (e.g., Daniel and DeCoster, 2004; Mandelkow et al., 2017). While it 

is tempting to conclude that 3-AP toxicity induces a necrotic form of neuronal cell death, other 

studies have suggested the mechanism may be apoptotic (based in part on immunoreactivity for 

activated caspase-3; Kerr, 1972; Bredesen, 1995; Lawen, 2003; Medina et al., 2014), or a mode 

distinct from classically defined apoptosis and necrosis (Wüllner et al., 1997). 

By 30 dpi, TUNEL and FJC reactivity had largely disappeared, except for rare TUNEL+ 

nuclei in the septum and medial cortex. This persistent expression may represent evidence of 

ongoing 3-AP mediated cell death. In P. hispanicus, pyknotic nuclei were observed up to two 

months following injury (Font et al., 1995). Alternatively, ongoing TUNEL staining may 

represent the selective elimination of excess neurons generated during the reactive response. In 

mammals, it is well understood that programmed cell death plays a key role in the regulation of 

adult neurogenesis (see Kim and Sun, 2011; Ryu et al., 2016). The elimination of surplus 

neurons is essential for the establishment and maintenance of synaptic connections (Ryu et al., 

2016). Further, compared to non-neurogenic brain regions, rates of programmed cell death are 

relatively high in regions such as the olfactory bulb and dentate gyrus (Biebl et al., 2000, Winner 

et al., 2002). To better understand whether reactive neurogenesis in geckos creates a surplus of 
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neurons, future investigations should seek to colocalize markers of cell death markers with BrdU 

labelled cells, to determine whether the cells undergoing cell death at later timepoints are those 

generated after injury.  

Paralleling the occurrence of neuronal cell death at 4 dpi, I observed a distinct change in 

both the distribution and morphology of Iba-1+ microglia in the medial cortex. Microglia are the 

resident tissue macrophages of the vertebrate CNS and play an essential role in maintaining 

tissue homesostasis as well as regulating the local immune response (for review, see Kierdorf 

and Prinx, 2017). Upon infection or injury, microglia are quickly activated to a mobile, 

phagocytic phenotype (see Kreutzberg, 1996). In 3-AP treated geckos, microglia have infiltrated 

the degenerating cell layer and changed their phenotype to become larger and less ramified. 

Further, these amoeboid microglia demonstrate stronger binding for tomato lectin. Compared to 

ramified microglia, the amoeboid phenotype has higher levels of poly-N-acetyl lactosamine 

residues, the preferred site of tomato lectin binding (Acarin et al., 1994; Villacampa et al., 2013). 

Taken together, I interpret these changes as evidence for the activation of microglia to an 

amoeboid state. Microglial activation, shifting from a ramified to amoeboid morphology, is 

characteristic of many forms of brain pathology (Kreutzberg, 1996; Raivich et al., 1999; 

Bohatschek et al., 2001; see also Ohsawa and Kohsaka, 2009), including 3-AP damage to the 

brains of P. hispanicus (Font et al., 1994). Once activated, amoeboid microglia participate in the 

removal of cellular debris (Streit and Kreutzberg, 1988; Raivich et al., 1999; Bohatschek et al., 

2001; Benarroch, 2013). Whether gecko radial glia also participate in phagocytosis of cellular 

debris, as has been reported for P. hispanicus (Lopez-Garcia et al., 1994; Nacher et al., 1999a; 

Nacher et al., 1999b), remains equivocal. The absence of amoeboid microglia and a return to 

normal distribution in the medial cortex (i.e., ramified microglia are restricted to the inner 
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plexiform layer) by 30 dpi indicates that, in geckos, the activated response is relatively transient. 

In comparison, large numbers of ramified microglia persist in all layers of the medial cortex of P. 

hispanicus up to 2 months post-lesion (Lopez-Garcia et al., 1994; Font et al., 1994; Nacher et al 

1999a).  

Across vertebrates, reactive neurogenesis begins with a burst of proliferation by radial glia 

(Font et al., 1991; Font et al., 1997; Molowny et al., 1995; Zupanc and Ott, 1999; Clint and 

Zupanc, 2001; Zupanc, 2008; März et al., 2011; Kroehne et al., 2011). As has been observed 

elsewhere (e.g., Molowny et al., 1995), the exact onset of this proliferative surge varies 

taxonomically and between individuals. For example, the results of my work show that at 4 dpi 

there was an increase distribution of PCNA+ radial glia in only three of the 5 geckos sampled. 

Moreover, my BrdU pulse (administered at 2 and 3 dpi) failed to capture this surge entirely. 

Moving forward, future investigations should consider a longer BrdU pulse period (i.e., greater 

than two days) beginning no earlier than 4 days following 3-AP administration in order to more 

accurately capture the proliferative response. 

The accepted model for adult neurogenesis in lizards involves migration of radial glia-

generated neuroblasts from the ventricular zone into the cellular layer (Font et al., 1991; 

Molowny et al., 1995; McDonald and Vickaryous, 2018). Although my investigation did not 

reveal BrdU-labeled cells participating in this migration, four main observations support this 

interpretation: (1) radial glia represent the only proliferative population in the medical cortex; (2) 

radial glia proliferation becomes more widespread in response to injury; (3) the number of 

neurons within the cellular layer first decreases following 3-AP administration; and (4) within 30 

days the population of mature neurons is restored. A near identical pattern of radial glia 

proliferation/neuronal loss followed by a neuronal repopulation has also been reported for 
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several species of teleost fish (Zupanc and Ott, 1999; Clint and Zupanc, 2001; Zupanc, 2008; 

März et al., 2011; Kroehne et al., 2011).  

Complementing my histological observations, I also quantified the number of mature 

neurons before, during and after reactive neurogenesis within the medial cortex. Although my 

findings broadly agree with previous investigations (viz., 3-AP induces a transient loss of 

neurons), several important differences are worth noting. First, studies on P. hispanicus use a 

higher dose of 3-AP (150 mg/kg; Font et a., 1991; Font et al., 1997; Molowny et al., 1995) 

compared to that given to geckos (70 mg/kg). Second, whereas my study focused on 

documenting NeuN expression (indicative of mature neurons), previous work has primarily 

counted pyknotic nuclei (representing cell death) (Font et al., 1997). One disadvantage of the 

pyknotic nuclei strategy is that it is not specific to neurons and therefore may overestimate 

neuronal loss. Finally, my analysis compared the number of neurons at different positions along 

the rostrocaudal axis of the medial cortex, rather assuming uniformity of this brain region. 

Interestingly, I found that by 30 dpi the number of neurons present was significantly higher than 

the number of neurons lost (at 4 dpi) and – at least in some positions – the original number of 

neurons (i.e., in untreated geckos). In order to determine whether this increase is transient, or due 

to somatic growth, quantification of the 60 dpi brains is recommended.   

Regardless of treatment group, I found that the medial cortex of the right hemisphere had 

significantly more neurons than the left. Although presently untested, this asymmetry may be 

associated with laterality and behaviour. Like mammals, many ectotherms exhibit various forms 

of functional lateralization, most prominently visual lateralization. Visual lateralization involves 

the preferential use of a specific eye for visual monitoring, and contralateral hemisphere 

processing (see Bisazza et al., 1998; Vallortigara and Bisazza, 2002). For example, the lacertid 
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P. muralis has been shown to use left-eye biased processing when using spatial cues to explore 

new environments and while monitoring predators in the wild (Martin et al., 2010 Csermely et 

al., 2011; Bonati et al., 2013).  The functional implications of the asymmetry in the medial cortex 

of geckos is an intriguing avenue for future investigations.  

Matching previous reports (Font et al., 1991), the onset and gradual resolution of 

structural damage to the medial cortex correlates with changes various instinctive and reflexive 

behaviours, including levels of spontaneous activity, prey capture ability, and pupillary light 

reflex. It is important to note however, that these impairments most likely represent general 

symptoms of neurotoxicity and cytotoxic edema (Liang et al., 2007; see also Chen et al., 2011), 

and are not specific to damage to the medial cortex per se. Nevertheless, these behaviours 

provide a useful index for gauging the state of medial cortex integrity following 3-AP 

administration: the commencement of behavioural deficits correlates with neuropathic changes, 

while with the resumption of normal behaviours correlates with the repopulation of lesioned 

areas. At the level of the individual neuron however, it remains unclear whether newly generated 

cells are integrated into the existing circuitry, and whether this plays a role in the restoration (or 

lack thereof) of observable behaviours.  
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CHAPTER 2 TABLES 

Table 1. Summary table of optimized immunofluorescence protocols for proteins of interest 

(NeuN, Tomato lectin, BrdU, Iba-1, PCNA) 

Antigen Protocol Type Retrieval Block Primary Secondary 

NeuN Modified 

Tris buffer for 30 

minutes at 95˚C, 30 

minutes at room 

temperature in solution 

10% NGS in 

0.3% triton-x-

100 for 30 

minutes at 

room 

temperature  

1:500 in PBS + 

1% BSA 

overnight at 

4˚C  

(Abcam, 

ab104225) 

1:1000 in PBS 

for 1 hour at 

room 

temperature  

(Cy3-conjugated 

Goat 

anti-Rabbit IgG, 

111-165- 

144) 

Tomato 

lectin 
Standard 

1) Citrate buffer for 

12 minutes at 

95˚C, 20 minutes 

at room 

temperature in 

solution 

2) 0.1% trypsin in 

PBS for 20 minutes 

at 37˚C 

5% NGS in 

diluent for 30 

minutes at 

37˚C (see 

Appendix for 

recipe) 

1:50 in diluent 

overnight at  

4˚C 

(DSHB, G3G4) 

1:500 in sterile 

1XPBS 

for 1 hour at 

room 

temperature 

(streptavidin, 

AlexaFluor 

488 conjugate, 

Life 

Technologies, 

S32354) 

BrdU Standard 

1) Citrate buffer for 

12 minutes at 

95˚C, 20 minutes 

at room 

temperature in 

solution 

2) 0.1% trypsin in 

PBS for 20 minutes 

at 37˚C 

 

5% NGS in 

diluent for 30 

minutes at 

37˚C (see 

Appendix for 

recipe) 

1:100 in 

diluent 

overnight at 

4˚C  

(DSHB, G3G4) 

1:200 in PBS for 

1 hour at room 

temperature  

(Goat anti-

Mouse 

AlexaFluor 488, 

Life 

Technologies, 

A11001) 

Iba1 Standard 

1) Citrate buffer for 

12 minutes at 

95˚C, 20 minutes 

at room 

temperature in 

solution 

2) 0.1% trypsin in 

PBS for 20 minutes 

at 37˚C 

5% NGS in 

diluent for 30 

minutes at 

37˚C (see 

Appendix for 

recipe) 

1:500 in 

diluent 

overnight at 

4˚C 

(Wako 

Chemicals, 

019-19741) 

1:1000 in PBS 

for 1 hour at 

room 

temperature  

(Cy3-conjugated 

Goat 

anti-Rabbit IgG, 

111-165- 

144) 
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Table 2. Mean number of neurons in the cellular layer of the right and left hemispheres with 95% 

confidence intervals. 

Hemisphere 
Mean # of 

Neurons 

95% Confidence 

Interval 

Lower Upper 

Right 290.5 267.1 313.9 

Left 277.9 254.1 301.8 

 

 

Table 3. Mean number of neurons in the cellular layer between treatment groups with 95% confidence 

intervals.  

Group 
Mean # of 

Neurons 

95% Confidence 

Interval 

Lower Upper 

Untreated 282.5 236.8 328.2 

4 dpi 238.3 192.6 283.9 

30 dpi 331.9 290.3 373.7 

  

PCNA Standard 

1)  Citrate buffer for 12 

minutes at 95˚C, 20 

minutes at room 

temperature in solution 

2) 0.1% trypsin in PBS 

for 20 minutes at 37˚C 

5% NGS in 

diluent for 30 

minutes at 

37˚C (see 

Appendix for 

recipe) 

1:700 in 

diluent  

overnight at 

4˚C 

 

 

(Proteintech, 

24036-1-AP) 

 

1:500 in PBS for 

1 hour at room 

temperature  

(Cy3-conjugated 

Goat 

anti-Rabbit IgG, 

111-165- 

144) 
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Table 4. The number of neurons varies along the rostrocaudal length of the medial cortex, and 

changes in response to 3-AP treatment. As revealed by NeuN expression, the average number of 

neurons is highest in rostral regions of the medical cortex (e.g., position 1) and decreases in more caudal 

positions (position 12). Within 4 days post-injury (dpi), all positions demonstrated a net loss (percent loss 

in red) of NeuN+ neurons. However, by 30 dpi all positions demonstrated a net gain (percent gain in 

green). Position, section position along rostrocaudal axis. Asterisk (*) denotes significant change from 

untreated controls (p<0.05); hash/pound sign (#) denotes significant change from 4 dpi (p<0.05). 

 

Position Untreated 4 dpi 30 dpi 

1 357.4 

276.1* 392.3# 

-22.7% 9.8% 

2 304 

273.9 372.2*# 

-10.2% 22.4% 

3 301.6 

263.3 377.4*# 

-12.3% 25.2% 

4 294.6 

236 363.4*# 

-19.7% 23.5% 

5 302.3 

234.3* 353.4# 

-22.5% 16.9% 

6 290.8 

234 346# 

-19.3% 19.3% 

7 263.1 

230.1 318.1# 

-12.5% 20.9% 

8 260.5 

220.7 319.4# 

-15.4% 22.7% 

9 267.3 

232.2 300.9# 

-13.1% 12.4% 

10 256.9 

214.7 289.3# 

-16.4% 12.9% 

11 253.1 

215.7 261.4 

-15.0% 3.2% 

12 238.6 

227.2 290 

-4.6% 21.8% 

Average 282.51 

238.27 332 

-15.3% 17.6% 
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Table 5. Mean number of neurons in each section position between treatment groups with 95% 

confidence intervals. Section position, position along rostrocaudal axis of medial cortex (1, most rostral; 

12, most caudal) 

Group  Section Position 
Mean # of 

Neurons 

95% Confidence 

Interval 

Lower Upper 

Untreated 

  

1 357.4 310.8 404.0 

2 304 258.2 349.8 

3 301.6 255.8 347.5 

4 294.6 248.5 340.8 

5 302.3 256.8 347.8 

6 290.8 244.6 336.9 

7 263.1 214.8 311.4 

8 260.5 215.0 306.0 

9 267.3 221.8 312.8 

10 256.9 211.1 302.7 

11 253.1 207.0 299.2 

12 238.6 193.13 284.1 

4 dpi 

  

1 276.1 230.3 321.9 

2 273.9 227.8 320.1 

3 264.3 218.5 310.2 

4 236 189.9 282.2 

5 234.3 187.7 280.9 

6 234 188.5 279.5 

7 230.1 184.6 275.6 

8 220.7 175.2 266.2 

9 232.2 185.7 278.8 

10 214.7 168.1 261.3 

11 215.7 169.5 261.8 

12 227.2 179.6 274.7 

30 dpi 

  

1 392.3 350.5 434.1 

2 372.2 329.6 414.8 

3 377.4 335.1 419.8 

4 363.4 321.1 405.7 

5 353.4 311.0 395.7 

6 346.0 302.4 389.5 

7 318.1 275.4 360.8 

8 319.4 277.9 360.9 

9 300.9 258.9 343.0 

10 289.3 246.9 331.6 

11 261.4 219.4 303.5 

12 290.0 248.3 331.8 
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CHAPTER 2 FIGURES 

 

 

 

 

Figure 1. Schematic representation of experimental design. 

On day 0 of the experiment, 15 geckos received a single intraperitoneal injection of 3-AP (70 

mg/kg). On day 2 and 3, a subset of four 3-AP treated geckos and five untreated control geckos 

received bromodeoxyuridine (BrdU) injections twice daily (at 12-hour intervals) for two days at 

a dose of 50 mg/kg. On day 4 (12 hours following the last BrdU injection) five 3-AP treated 

geckos (including two which received BrdU) and three BrdU-treated control geckos were 

collected. On day 30, six 3-AP treated geckos were collected and on day 60, four 3-AP treated 

geckos (including two which received BrdU) and the remaining two BrdU-treated control geckos 

were collected. 
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Figure 2. Anatomy of the gecko brain and organization of the medial cortex. 

(A) Schematic representation of the gecko brain in left lateral view (adapted from McDonald and 

Vickaryous, 2018). (B) Transverse section through the cerebral hemispheres stained with 

hematoxylin and eosin [red line in (A), level of section], yellow box indicates position of (C).  

(C) The medial cortex has a trilaminar organization: the ventricular zone is separated from the 

neuron-rich cellular layer by the cell-sparse inner plexiform layer. The outer plexiform layer lies 

between the cellular layer and the pial surface of the brain.  
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Scale bar B= 200 µm, C= 50 µm; advr, anterior dorsal ventricular ridge; bs, brainstem; ch, 

cerebral hemispheres; cb, cerebellum; cl, cellular layer; dc, dorsal cortex; di, diencephalon; 

dmc, dorsomedial cortex; ipl, inner plexiform layer; lc, lateral cortex; mc, medial cortex; ob, 

olfactory bulbs; opl, outer plexiform layer; sp, septum; vz, ventricular zone. 
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Figure 3. PCNA and BrdU expression in the ventricular sulci of the untreated brain. 

(A) Transverse section through the telencephalon immunostained for PCNA and DAPI. The 

ventricular zone lining the lateral ventricle becomes pseudostratified in regions known as sulci 

(white boxes). PCNA expression in the (B) sulcus septomedialis, (C) sulcus lateralis, (D) sulcus 

ventralis, and (E) sulcus terminalis [position indicated by boxes in (A)]. (F) Schematic 

representation of bromodeoxyuridine (BrdU) pulse-chase experimental design. Untreated control 

geckos received intraperitoneal injections of BrdU twice daily for two days (the pulse), at a dose 

of 50 mg/kg. Tissues were collected 12 hours following the last BrdU injection (chase day 0). 

BrdU expression in the (G) sulcus septomedialis, (H) sulcus lateralis, (I) sulcus ventralis, and (J) 

sulcus terminalis was not qualitatively different from PCNA expression. 

Scale bar in A= 200 µm; B-J= 50µm; sl, sulcus lateralis; ssm, sulcus septomedialis; st, sulcus 

terminalis; sv, sulcus ventralis. 
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Figure 4. PCNA and BrdU expression in the sulcus septomedialis at 4 days post-injury. 

(A,B) Transverse section through the telencephalon, immunostained for PCNA and DAPI. Four 

days post injury (dpi; days following 3-AP administration), PCNA expression was increased 

throughout the ventricular zone lining the entire lateral ventricle (B) compared to uninjured 

controls (A). In the sulcus septomedialis underlying the medial cortex [position indicated by 

white boxes in (A) and (B)], PCNA expression was upregulated in the ventricular zone at 4 dpi 

(B’) relative to uninjured controls (A’). (C) Schematic representation of bromodeoxyuridine 

(BrdU) pulse-chase experimental design. Geckos received a single dose of 3-AP on day 0 of the 

experiment, followed by intraperitoneal injections of BrdU twice daily for two days (the pulse) at 

a dose of 50 mg/kg. A group of untreated control geckos were also administered BrdU on the 

same schedule. Tissues were collected 12 hours following the last BrdU injection (chase day 0; 4 

days following 3-AP treatment).  BrdU expression in the VZ of untreated control geckos (D) was 

not qualitatively different from 3-AP treated geckos at 4 dpi (E). 

Scale bar A,B= 200 µm; A’-E= 50µm; ipl, inner plexiform layer; mc, medial cortex; vz, 

ventricular zone 
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Figure 5. PCNA expression in the sulcus septomedialis transiently increases following 3-AP 

administration. 

Transverse sections through the sulcus septomedialis. (A) In uninjured geckos, PCNA expression 

is restricted to cells of the ventricular zone. (B) At 4 days post injury (dpi), PCNA expression is 

more widespread within the sulcus septomedialis. (C,D) At 30 and 60 dpi, PCNA expression 

within the ventricular zone has decreased, and is closely comparable to that seen in uninjured 

controls. 

Scale bar, 50µm; ipl, inner plexiform layer; vz, ventricular zone 
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Figure 6. 3-AP induced neurotoxicity results in a transient loss of neurons from the cellular 

layer of the medial cortex. 

Transverse sections of the medial cortex. (A-F) The uninjured brain. As revealed by (A) 

hematoxylin and eosin and (B) NeuN expression, the cellular layer is densely organized and 

dominated by mature neurons. There is no evidence of cell death using either (C) the TUNEL 

assay or (D) Fluoro-Jade C (FJC) staining. (E) Iba-1+ microglia with a ramified morphology 

(arrowheads) are present, primarily localized to the inner plexiform layer and the border of the 

cellular layer. (F) Tomato lectin does not co-express with Iba-1, but instead appears to be 

specific to blood vessels (inset: white arrowhead, tomato lectin+ blood vessel; asterisk, Iba-1+ 

microglia). (G-L) Four days following treatment with the antimetabolite 3-AP. (G) Numerous 

pyknotic nuclei (yellow arrowheads) and vacuoles (black arrows) were observed in the cellular 

layer. (H) Pyknosis was matched by the loss of NeuN expression and the appearance of 

condensed DAPI+ nuclei (arrowheads). (I) TUNEL+ nuclei and (J) FJC+ cells were widespread 

throughout the cellular layer at 4 dpi (arrowheads). TUNEL+ nuclei do not colocalize with NeuN 

(H’, arrowheads). (K) Iba-1+ microglia demonstrate an amoeboid morphology, have infiltrated 

the cellular layer (arrowheads), and (L) co-express tomato lectin (inset, yellow arrowhead). (M-

R) By 30 dpi, the cellular layer of the medial cortex has become repopulated. (M) Although 

densely packed with cell bodies, rare pyknotic nuclei are still be detected (hatched ellipse in 

inset). (N) The majority of cells express NeuN. (O) Matching pyknosis, occasional TUNEL+ 

nuclei were detected within the cellular layer of some individuals (arrowheads). (P) In contrast, 

FJC expression was no longer evident. (Q) Iba-1+ microglia (arrowheads) have returned to a 

ramified morphology, no longer infiltrate the cellular layer, and (R) no longer co-localize with 

tomato lectin. Instead, tomato lectin expression appears to be exclusive to blood vessels (white 
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arrows, blood vessel cut in longitudinal plane; arrowhead, blood vessel in transverse plane, 

asterisk, ramified Iba-1+ microglia). (S-X) By 60 dpi, the medial cortex appears virtually 

indistinguishable from uninjured controls. (S) Pyknotic nuclei are no longer be detected and (T) 

the cellular layer is rich in NeuN+ neurons. There is no longer any evidence of cell death using 

either (U) the TUNEL assay or (V) FJC staining, and (W) ramified Iba-1+ microglia 

immunostain distinct from the (X) tomato lectin+ blood vessels.  

 Scale bars, 50µm; cl, cellular layer; ipl, inner plexiform layer; opl, outer plexiform layer 
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Figure 7. Variation in number of neurons between treatment groups based on rostrocaudal 

position along the medial cortex  

(A) Quantification of NeuN+ neurons within the cellular layer across the rostrocaudal axis of the 

medial cortex. All three groups reveal the same decreasing trend, with the greatest number of 

neurons located in the rostral most positions. Black squares (   ) denote significant change 

between untreated controls and 4 dpi. Black triangles (    ) denote significant changes between 

untreated controls and 30 dpi. Hash/pound signs (#) denote significant changes between 4 dpi 
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and 30 dpi. (B) Schematic of the leopard gecko brain in lateral view. Red hatched lines denote 

the rostral and caudal margins of the medial cortex. 
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Figure 8. 3-AP induced neurotoxicity results in transient changes in instinctive and 

reflexive behaviours. 

(A) Spontaneous activity was evaluated daily while the geckos were in their home enclosures 

and scored on a scale of 1 (severely lethargic, no reaction to enclosure being opened) to 5 

(normal activity, responsive to enclosure being opened). Prior to 3-AP administration, all geckos 

demonstrated normal activity levels and received a baseline score of 5. By 24 hours following 3-

AP treatment, geckos demonstrated reduced spontaneous activity. Activity scores began to 

improve between 5 and 15 days post injury (dpi) and by 30 dpi, all but one gecko demonstrated a 

normal level of activity (score of 5). (B) Prey capture response was evaluated daily and scored 

on a scale of 1 (non-responsive to the prey item) to 5 (successfully captured prey item on the first 

or second attempt). Prior to 3-AP administration, all geckos demonstrated a baseline prey capture 

score of 5. Within 2-4 dpi, all geckos receiving 3-AP demonstrated a markedly impaired prey 

capture response. For some geckos, improvements in prey capture were first observed at 5 dpi, 

with baseline prey capture scores completely restored in three individuals by 7 dpi. However, in 

four other geckos baseline prey capture scores failed to resolve by 30 dpi. By 60 dpi all but one 

gecko consistently demonstrated a normal prey capture response. (C) Pupillary reflex in response 

to a bright light stimulus was evaluated weekly and scored on a scale of 1 (pupil failed to 

constrict and remained dilated) to 5 (robust constriction reflex). Prior to 3-AP administration, all 

geckos demonstrated a baseline pupillary reflex score of 5. By 7 days following treatment, all 

geckos demonstrated an absent or diminished pupillary reflex. Pupillary reflex began to improve 

between 21 and 35 dpi and by 56 dpi, all geckos demonstrated a normal pupillary reflex (score of 

5). Error bars represent standard error of the mean.  
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CHAPTER 2 SUPPLEMENTARY FIGURES 

 

 

 

Fig S1. BrdU incorporation is unchanged following 3-AP treatment. 

(A) Immediately following a 2-day pulse of BrdU, labelled cells are localized to the ventricular 

zone in the cerebral hemispheres. When BrdU is administered following treatment with 3-AP, 

there is no obvious observable change in the uptake or distribution of BrdU at 4 days (B) or 30 

days (C). 

 

 

 

 

 

 

 

 

 

 



 
 

66 
 

 

 

Figure S2. Ramified microglia are present throughout the parenchyma of the cerebral 

hemispheres. 

(A) Schematic of the cerebral hemispheres in transverse view. Red boxes indicate the position of 

(B) and (C). Outside of the cortical areas, Iba-1+ ramified microglia (arrowheads) are scattered 

throughout the parenchyma in the anterior dorsal ventricular ridge (B) and the septum (C). 

Scale bar, 50µm; advr, anterior dorsal ventricular ridge; dc, dorsal cortex; dmc, dorsomedial 

cortex; lc, lateral cortex; mc, medial cortex; sp, septum. 
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Figure S3. 3-AP induced neurotoxicity results in widespread pyknosis and vacuolization 

throughout the cerebral hemispheres at 4 dpi.  

(A) Schematic of the cerebral hemispheres in transverse view. Red boxes indicate the positions 

of (B-F). Four days following 3-AP treatment, pyknotic nuclei (yellow arrowheads) and 

vacuolization of the neuropil (black arrows) are can be detected in hematoxylin and eosin stained 

sections of the dorsomedial cortex (B), dorsal cortex (C), lateral cortex (D), anterior dorsal 

ventricular ridge (E) and septum (F). 

Scale bar, 50µm; advr, anterior dorsal ventricular ridge; dc, dorsal cortex; dmc, dorsomedial 

cortex; lc, lateral cortex; mc, medial cortex; sp, septum. 
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Figure S4. TUNEL and FJC expression is widespread throughout the cerebral hemispheres 

at 4 dpi. 

(A) Schematic of the cerebral hemispheres in transverse view. Red boxes indicate the positions 

of (B-F). For days following 3-AP treatment, TUNEL+ nuclei (white arrowheads) and FJC+ 

nuclei (insets, yellow arrowheads) are detected within the cellular layer of the dorsal medial 

cortex (B), the dorsal (C) and lateral (D) cortices and scattered throughout the anterior dorsal 

ventricular ridge (E) and septum (F).  
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Scale bar, 50µm; advr, anterior dorsal ventricular ridge; dc, dorsal cortex; dmc, dorsomedial 

cortex; cl, cellular layer; ipl, inner plexiform layer; lc, lateral cortex; mc, medial cortex; opl, 

outer plexiform layer; sp, septum; vz, ventricular zone. 

 

 

Figure S5. TUNEL+ and Fluoro-Jade C+ nuclei are still present within the septum of some 

individuals at 30 dpi. 

(A) Schematic of the cerebral hemispheres in transverse view. Red box indicates the position of 

(B,B’). (B) By 30 dpi, two of four individuals display persistent TUNEL+ nuclei (white 

arrowheads) scattered within the septum. (B’) Persistent TUNEL expression in these individuals 

at 30 dpi also corresponds within a similar pattern of FJC+ nuclei (yellow arrowheads) in the 

septum. 

Scale bar, 50µm; advr, anterior dorsal ventricular ridge; dc, dorsal cortex; dmc, dorsomedial 

cortex; cl, cellular layer; lc, lateral cortex; mc, medial cortex; sp, septum; vz, ventricular zone. 
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Figure S6. TUNEL+ nuclei are still detected within the dorsomedial cortex in one 

individual at 60 dpi. 

(A) Schematic of the cerebral hemispheres in transverse view. Red box indicates the position of 

(B).     (B) By 60 days following 3-AP treatment, a few TUNEL+ nuclei (white arrowheads) are 

still detected within the cellular layer of the dorsomedial cortex in one individual. TUNEL 

expression was absent from all other areas of the cerebral hemispheres. 

Scale bar, 50µm; cl, cellular layer; ipl, inner plexiform layer; opl, outer plexiform layer. 
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Figure S7. Quantification of NeuN+ neurons across the rostrocaudal axis of the medial 

cortex. 

(A) Untreated (control) geckos demonstrate a rostrocaudal trend in neuron number. The rostral 

most position (section 1) has significantly more neurons in the cellular layer than all more caudal 

positions (sections 2-12; [p<0.05]). Geckos 4 days post injury (dpi) (B) and 30 dpi (C) show a 

similar rostrocaudal trend, with the most rostral position (section 1) having significantly more 

neurons than the sections 4 through 12 (p<0.05).  
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CHAPTER 3: CONCLUDING STATMENTS AND FUTURE DIRECTIONS 

 3.1 Conclusions 

The ability to spontaneously generate new neurons and repair damaged brain tissue in 

response to injury is the gold standard of neuro-regeneration. This study sought to investigate the 

capacity for reactive neurogenesis in a captive bred species of gekkotan lizard, the leopard gecko 

(Eublepharis macularius). We determined that – similar to the Iberian wall lizard (Podarcis 

hispanicus) – the medial cortex of the cerebral hemispheres is particularly sensitive to the 

antimetabolite 3-acetylpyridine (3-AP). More specifically, we found that a single dose of 3-AP is 

sufficient to induce a rapid wave of neuronal degeneration and cell death. Neuronal degeneration 

within the medial cortex coincides with the appearance and infiltration of activated (amoeboid) 

microglia, a surge in neural stem/progenitor cell (NSPC) proliferation, and the onset of various 

behavioural impairments. Within 3 weeks, we found that the behavioural deficits began to 

improve and by 30 days damage to the medial cortex was essentially resolved, including a 

compensatory repopulation of lost or damaged mature neurons. Taken together, our findings 

reveal that the leopard gecko is fully capable of reactive neurogenesis, restoring histological 

structure as well as several instinctive and reflexive behaviours. These findings demonstrate that 

the leopard gecko is a potentially powerful model to study spontaneous brain repair.  

 Among vertebrates, one of the most celebrated examples of reactive neurogenesis comes 

from a series of studies performed on the lacertid lizard P. hispanicus. Administration of a single 

dose of 3-AP was sufficient to induce neuronal loss across the cerebral hemispheres, but 

especially within the medial cortex (Font et al., 1991; Font et al., 1997; Molowny et al., 1995). In 

addition, these studies showed that neuronal degeneration was accompanied by various 

impairments of instinctive behaviours. However, by 42 days post-administration both the 
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structural and behavioural deficits had resolved, indicating a complete repopulation of loss or 

damaged neurons had occurred. However, these studies focused on only one of the more than 

6500 recognized lizard species (Uetz et al., 2019). Therefore, it was unclear if this capacity for 

reactive neurogenesis was exceptional example or representative of a more widespread 

phenomenon. Our results suggest the latter, and provide the first evidence of reactive 

neurogenesis outside of lacertid lizards. Further, given that eublepharid geckos (such as 

Eublepharis macularius) and lacertid lizards (such as P. hispanicus) are estimated to have 

diverged from ~200 million years ago (www.timetree.org; see Kumar et al., 2017), our findings 

indicate that the capacity for reactive neurogenesis may be both taxonomically widespread and 

evolutionarily conserved among lizards.  

In order to test our hypothesis that leopard geckos are capable of reactive neurogenesis 

we sought to demonstrate that medial cortex neurons were: (1) destroyed by 3-AP; and (2) 

replaced over time. Prior to 3-AP administration we found no evidence of constitutive neuronal 

degeneration and while microglia were present, all had the resting or ramified phenotype. Within 

days following 3-AP administration, pyknosis and positive immunostaining for the markers 

TUNEL and Fluoro-Jade C were widespread throughout the medial cortex, providing 

unequivocal evidence of cell death. Concurrently, the lesioned medial cortex was rapidly 

infiltrated by activated (amoeboid) and phagocytic microglia, and we observed an obvious 

impairment in instinctive behaviours. In addition, our quantitative investigation revealed that by 

4 dpi, the number of NeuN+ mature neurons along the entire rostro-caudal length of the medial 

cortex was reduced by an average of 15.3% (range 4.6 – 22.7%).  

By 30 dpi, the cellular layer of the medial cortex closely resembled the untreated 

condition, and was essentially devoid of pyknotic nuclei, TUNEL/Fluoro-Jade C staining, and 
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amoeboid microglia. In addition, the behavioural deficits noted at 4 dpi were largely resolved, 

and the number of NeuN+ neurons had, in most positions along the medial cortex, significantly 

increased. This increase in NeuN+ neurons may be related the surge in NSPC proliferation we 

observed at 4 dpi. Whereas NSPC proliferation is normally restricted to pseudostratified regions 

of the ventricular zone (known as sulci), following 3-AP treatment we found that proliferation 

was (at least temporarily) more widespread throughout the ventricular zone. Taken together, 

these findings provide the first demonstration of reactive neurogenesis in lizards outside of 

Lacertidae, and expand the comparative framework for spontaneous brain repair into a distantly 

related group of lizards (geckos). Importantly, the sequence of reparative events, including a 

transient surge in cell death, microglial infiltration, and NSPC proliferation, followed by 

repopulation of lost or damaged neurons, closely matches previous reports from in other species 

of lizards (see Minelli et al., 1977; Font et al., 1991; Molowny et al., 1995; Romero-Aleman et 

al., 2004) and other regeneration-competent species such as zebrafish (see Kroehne et al., 2011; 

März et al., 2011; Skaggs et al., 2014).  

3.2 Future Directions 

 Taken together, our findings reveal that the leopard gecko is capable of reactive 

neurogenesis following a neurotoxic lesion. Our results also demonstrate that replacement of 

neurons in the medial cortex is matched by the resolution of behavioural deficits initiated by 3-

AP treatment. However, it is important to note that the behavioural changes observed in the 

present study are not necessarily reflective of medial cortex function. A focus of future 

investigations should be to correlate histological evidence for regeneration with more detailed 

behavioural and physiological data in order to determine whether new neurons generated after 
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injury functionally integrate into the remaining circuitry, and contribute to restoring the function 

of the medial cortex as a whole. 

 In this study, we observed a transient period of microglial activation and accumulation in 

the lesioned areas. The primary role of microglia in pathological or injury conditions is generally 

thought to be the removal of degenerating debris via phagocytosis (see Kreutzberg, 1996). 

However, microglia have also been shown to play crucial roles in neuroprotection and promoting 

neurogenesis following injury (see Aarum et al., 2003; Thored et al., 2009; De Lucia et al., 

2016). For example, following CNS injury in mice, inhibition of microglia has been shown to 

exacerbate the size of the lesion and suppress neurogenesis (Kim et al., 2009; Brennan et al., 

2018). Investigating inhibition of the microglial response following injury in the leopard gecko 

brain may reveal details about the contribution of microglia to successful neural regeneration. 

Finally, recent work has implicated other areas of the leopard gecko brain as potentially 

neurogenic, including the olfactory bulbs and the hypothalamus (McDonald, unpublished). 

Whether a similar ability to regenerate neurons following injury exists outside of the medial 

cortex is an area for future exploration. 
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APPENDICES 

APPENDIX 1: DETAILED HISTOCHEMICAL AND IMMUNOHISTOCHEMICAL 

PROTOCOLS AND SOLUTIONS 

HEMATOXYLIN AND EOSIN 

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 (5 dips) 

8. Rinse in dH2O 

9. Ammonia water (until blue, ~6 dips) 

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 

Solutions 

Acid Alcohol 

1% HCl in 70% isopropanol 

 

Ammonia Water 

5 drops ammonium hydroxide 

250mL dH2O 
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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 

 

STANDARD IMMUNOFLUORESCENCE PROTOCOL 

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. 1XPBS (15 minutes) 

6. Citrate buffer retrieval (12 minutes at 95˚C, 20 minutes at room temperature)  

7. 1XPBS (3 washes; 2 minutes each) 

8. 0.1% trypsin in 1XPBS (20 minutes at 37˚C) 

9. 1XPBS (3 washes; 2 minutes each) 

10. 5% NGS block in diluent (30 minutes at 37˚C) 

11. Tip off blocking solution 

12. Incubate in primary antibody diluted in diluent (overnight at 4˚C) 

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 (1:5000; 5 minutes) 



 
 

99 
 

17. 1XPBS (3 washes; 2 minutes each) 

18. Coverslip with fluorescent mounting media 

Solutions 

0.1% Trypsin in 1XPBS 

0.1g trypsin 

100mL 1XPBS 

 

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 

 

1% BSA, 0.5% Tween 20, 0.1% Sodium Azide Diluent 

1g BSA 

0.5mL Tween 20 

0.1mL sodium azide 

100mL 1XPBS 

MODIFIED IMMUNOFLUORESCENCE PROTOCOL WITH TRIS RETRIEVAL 

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 (15 minutes) 

6. Tris buffer retrieval (30 minutes at 95˚C, 30 minutes at room temperature)  

7. PBST (10 minutes) 

8. 1XPBS (3 washes; 2 minutes each) 

9. 10% NGS block in 0.3% triton-x-100 (30 minutes at room temperature) 

11. Tip off blocking solution 

12. Incubate in primary antibody diluted in 1XPBS + 1% BSA (overnight at 4˚C) 

13. 1XPBS + 1% BSA (3 washes; 10 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 (1:5000; 5 minutes) 

17. 1XPBS (3 washes; 2 minutes each) 

18. Coverslip with fluorescent mounting media 

Solutions 

Tris Buffer 

6.1g Tris base 

8.8g NaCl 

1000ml dH2O 

0.5ml Tween 20 

Adjust pH to 8.0 

 

0.3% Triton-x-100 in 1XPBS 

3ml triton-x-100 

100ml 10XPBS 

900ml dH2O 

PBST 
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1ml Tween 20 

1000ml 1XPBS 

 

PBS + 1%BSA 

1g BSA 

100ml 1XPBS 

 

FLUORO-JADE C  

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. 0.06% KMnO4 (15 minutes) 

6. dH2O (2 washes; 2 minutes each) 

7. 0.0002% Fluoro-Jade C (30 minutes at room temperature) 

8. dH2O (3 washes; 1 minute each) 

9. Dry slides at room temperature (~10 minutes) 

10. Coverslip with DPX mounting medium 

Solutions 

0.01% Fluoro-Jade C Stock Solution 

0.03g Fluoro-Jade C powder 

300ml dH2O 

0.0002% Fluoro-Jade C Working Solution 

2ml Fluoro-Jade C stock solution 

99ml 0.1% acetic acid  

Prepare immediately before use 
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TUNEL ASSAY 

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. 1XPBS (5 minutes) 

6. TUNEL reaction mix (60 minutes at 37 ˚C) 

7. 1XPBS (3 washes; 2 minutes each) 

8. Counterstain with DAPI (1:5000; 5 minutes) 

9. 1XPBS (3 washes; 2 minutes each) 

10. Coverslip with fluorescent mounting media  

Solutions 

TUNEL reaction mix (per tissue) 

1µl TUNEL Enzyme Solution 

45µl TMR Label Solution 

Prepare immediately  

before use 
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APPENDIX 2: RAW DATA FOR STATISTICAL ANALYSES 

Table A1. Raw cell counts for neuron quantification 

Gecko Treatment Hemisphere Section Count 

1906H UNTRTD R 1 361 

1906H UNTRTD R 2 321 

1906H UNTRTD L 2 286 

1906H UNTRTD R 3 307 

1906H UNTRTD L 3 276 

1906H UNTRTD R 4 302 

1906H UNTRTD L 4 312 

1906H UNTRTD R 5 303 

1906H UNTRTD L 5 282 

1906H UNTRTD R 6 274 

1906H UNTRTD L 6 218 

1906H UNTRTD R 7 305 

1906H UNTRTD L 7 289 

1906H UNTRTD R 8 277 

1906H UNTRTD L 8 264 

1906H UNTRTD R 9 259 

1906H UNTRTD L 9 280 

1906H UNTRTD R 10 280 

1906H UNTRTD L 10 280 

1906H UNTRTD R 11 291 

1906H UNTRTD L 11 303 

1906H UNTRTD R 12 276 

1906H UNTRTD L 12 303 

1906R UNTRTD R 1 358 

1906R UNTRTD L 1 325 

1906R UNTRTD R 2 330 

1906R UNTRTD L 2 289 

1906R UNTRTD R 3 344 

1906R UNTRTD L 3 319 

1906R UNTRTD R 4 344 

1906R UNTRTD L 4 319 

1906R UNTRTD R 5 369 

1906R UNTRTD L 5 279 

1906R UNTRTD R 6 371 

1906R UNTRTD L 6 330 

1906R UNTRTD L 7 265 

1906R UNTRTD R 8 294 

1906R UNTRTD L 8 264 
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1906R UNTRTD R 9 291 

1906R UNTRTD L 9 290 

1906R UNTRTD R 10 258 

1906R UNTRTD L 10 263 

1906R UNTRTD L 11 243 

1906R UNTRTD R 12 244 

1906R UNTRTD L 12 241 

1906P UNTRTD R 1 379 

1906P UNTRTD R 2 285 

1906P UNTRTD R 3 275 

1906P UNTRTD R 4 288 

1906P UNTRTD L 4 265 

1906P UNTRTD R 5 299 

1906P UNTRTD L 5 262 

1906P UNTRTD R 6 299 

1906P UNTRTD L 6 281 

1906P UNTRTD R 8 280 

1906P UNTRTD L 8 276 

1906P UNTRTD R 9 259 

1906P UNTRTD L 9 270 

1906P UNTRTD R 10 258 

1906P UNTRTD L 10 281 

1906P UNTRTD R 11 279 

1906P UNTRTD L 11 285 

1906P UNTRTD R 12 252 

1906P UNTRTD L 12 261 

220812 UNTRTD R 1 370 

220812 UNTRTD L 1 401 

220812 UNTRTD R 2 322 

220812 UNTRTD L 2 331 

220812 UNTRTD R 3 303 

220812 UNTRTD L 3 404 

220812 UNTRTD L 6 272 

220812 UNTRTD R 6 278 

220812 UNTRTD R 7 264 

220812 UNTRTD L 8 229 

220812 UNTRTD R 8 236 

220812 UNTRTD L 4 287 

220812 UNTRTD R 4 280 

220812 UNTRTD L 5 280 

220812 UNTRTD R 5 282 

220812 UNTRTD L 9 205 

220812 UNTRTD R 9 247 
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220812 UNTRTD R 10 198 

220812 UNTRTD L 11 167 

220812 UNTRTD R 11 237 

220812 UNTRTD L 12 183 

220812 UNTRTD R 12 199 

220825 UNTRTD R 1 340 

220825 UNTRTD L 2 271 

220825 UNTRTD R 2 301 

220825 UNTRTD R 3 266 

220825 UNTRTD L 3 270 

220825 UNTRTD L 4 262 

220825 UNTRTD L 5 310 

220825 UNTRTD R 5 324 

220825 UNTRTD L 6 279 

220825 UNTRTD L 7 256 

220825 UNTRTD R 7 208 

220825 UNTRTD L 8 265 

220825 UNTRTD R 8 233 

220825 UNTRTD L 9 279 

220825 UNTRTD R 9 302 

220825 UNTRTD L 10 231 

220825 UNTRTD R 10 303 

220825 UNTRTD L 11 191 

220825 UNTRTD R 11 234 

220825 UNTRTD L 12 202 

220825 UNTRTD R 12 239 

1906L  3AP4d R 1 367 

1906L  3AP4d R 2 390 

1906L  3AP4d R 3 333 

1906L  3AP4d R 4 294 

1906L  3AP4d L 4 159 

1906L  3AP4d R 5 322 

1906L  3AP4d L 5 182 

1906L  3AP4d R 6 309 

1906L  3AP4d L 6 194 

1906L  3AP4d R 7 241 

1906L  3AP4d L 7 307 

1906L  3AP4d R 8 285 

1906L  3AP4d L 8 204 

1906L  3AP4d R 9 288 

1906L  3AP4d L 9 206 

1906L  3AP4d R 10 292 

1906L  3AP4d R 11 266 
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1906L  3AP4d L 11 196 

1906L  3AP4d R 12 275 

1906L  3AP4d L 12 200 

1906B 3AP4d R 1 300 

1906B 3AP4d L 1 298 

1906B 3AP4d R 2 298 

1906B 3AP4d R 3 266 

1906B 3AP4d L 3 260 

1906B 3AP4d R 4 299 

1906B 3AP4d L 4 292 

1906B 3AP4d R 5 272 

1906B 3AP4d L 5 276 

1906B 3AP4d R 6 263 

1906B 3AP4d L 6 275 

1906B 3AP4d R 7 268 

1906B 3AP4d L 7 294 

1906B 3AP4d R 8 265 

1906B 3AP4d L 8 300 

1906B 3AP4d R 9 293 

1906B 3AP4d L 9 312 

1906B 3AP4d R 10 213 

1906B 3AP4d L 10 277 

1906B 3AP4d R 11 239 

1906B 3AP4d L 11 283 

1906B 3AP4d R 12 228 

1906D 3AP4d R 1 316 

1906D 3AP4d L 1 277 

1906D 3AP4d R 2 311 

1906D 3AP4d L 2 285 

1906D 3AP4d R 3 315 

1906D 3AP4d L 3 308 

1906D 3AP4d L 4 264 

1906D 3AP4d R 5 290 

1906D 3AP4d L 5 277 

1906D 3AP4d R 6 255 

1906D 3AP4d L 6 297 

1906D 3AP4d R 7 231 

1906D 3AP4d L 7 266 

1906D 3AP4d R 8 197 

1906D 3AP4d L 8 204 

1906D 3AP4d L 9 203 

1906D 3AP4d L 10 257 

1906D 3AP4d L 11 264 
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1906D 3AP4d L 12 255 

1906Q 3AP4d R 1 281 

1906Q 3AP4d L 1 333 

1906Q 3AP4d R 2 246 

1906Q 3AP4d L 2 271 

1906Q 3AP4d R 3 279 

1906Q 3AP4d L 3 317 

1906Q 3AP4d R 4 215 

1906Q 3AP4d L 4 270 

1906Q 3AP4d R 6 217 

1906Q 3AP4d L 6 257 

1906Q 3AP4d R 7 225 

1906Q 3AP4d L 7 226 

1906Q 3AP4d R 8 241 

1906Q 3AP4d L 8 246 

1906Q 3AP4d R 9 235 

1906Q 3AP4d L 9 239 

1906Q 3AP4d R 10 205 

1906Q 3AP4d L 10 226 

1906Q 3AP4d R 11 220 

1906Q 3AP4d L 11 254 

1906Q 3AP4d R 12 286 

1906Q 3AP4d L 12 239 

1906F 3AP30d R 1 439 

1906F 3AP30d L 1 345 

1906F 3AP30d L 2 359 

1906F 3AP30d R 3 357 

1906F 3AP30d L 3 338 

1906F 3AP30d R 4 355 

1906F 3AP30d L 4 302 

1906F 3AP30d R 5 302 

1906F 3AP30d L 5 294 

1906F 3AP30d R 8 315 

1906F 3AP30d L 8 303 

1906F 3AP30d R 9 277 

1906F 3AP30d L 9 274 

1906F 3AP30d R 10 318 

1906F 3AP30d L 10 264 

1906F 3AP30d R 11 300 

1906F 3AP30d L 11 264 

1906F 3AP30d R 12 332 

1906F 3AP30d L 12 271 
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1906J 3AP30d R 1 422 

1906J 3AP30d L 1 411 

1906J 3AP30d R 2 371 

1906J 3AP30d L 2 385 

1906J 3AP30d R 3 389 

1906J 3AP30d L 3 423 

1906J 3AP30d L 4 364 

1906J 3AP30d R 5 402 

1906J 3AP30d L 5 369 

1906J 3AP30d R 6 354 

1906J 3AP30d L 6 339 

1906J 3AP30d R 7 346 

1906J 3AP30d L 7 328 

1906J 3AP30d R 8 364 

1906J 3AP30d L 8 327 

1906J 3AP30d L 9 300 

1906J 3AP30d R 10 333 

1906J 3AP30d L 10 320 

1906J 3AP30d R 11 293 

1906J 3AP30d R 12 302 

1906M 3AP30d R 1 431 

1906M 3AP30d L 1 463 

1906M 3AP30d L 2 369 

1906M 3AP30d R 3 417 

1906M 3AP30d L 3 389 

1906M 3AP30d R 4 412 

1906M 3AP30d L 4 391 

1906M 3AP30d R 5 374 

1906M 3AP30d L 5 376 

1906M 3AP30d R 6 348 

1906M 3AP30d L 6 301 

1906M 3AP30d R 7 322 

1906M 3AP30d L 7 312 

1906M 3AP30d R 8 311 

1906M 3AP30d L 8 327 

1906M 3AP30d R 9 293 

1906M 3AP30d L 9 311 

1906M 3AP30d R 10 278 

1906M 3AP30d L 10 264 

1906M 3AP30d R 11 286 

1906M 3AP30d L 11 293 

1906M 3AP30d R 12 331 
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1906M 3AP30d L 12 308 

1906K 3AP30d R 1 461 

1906K 3AP30d R 2 434 

1906K 3AP30d L 2 456 

1906K 3AP30d R 3 489 

1906K 3AP30d L 3 460 

1906K 3AP30d R 4 490 

1906K 3AP30d R 5 465 

1906K 3AP30d L 5 428 

1906K 3AP30d R 6 446 

1906K 3AP30d L 6 412 

1906K 3AP30d R 7 438 

1906K 3AP30d R 8 424 

1906K 3AP30d L 8 374 

1906K 3AP30d R 9 393 

1906K 3AP30d L 9 326 

1906K 3AP30d R 10 381 

1906K 3AP30d L 10 365 

1906K 3AP30d R 11 344 

1906K 3AP30d L 11 312 

1906K 3AP30d R 12 349 

1906K 3AP30d L 12 324 

220806 3AP30d L 1 300 

220806 3AP30d R 1 325 

220806 3AP30d L 2 367 

220806 3AP30d R 2 368 

220806 3AP30d L 3 255 

220806 3AP30d R 3 316 

220806 3AP30d L 4 246 

220806 3AP30d R 4 279 

220806 3AP30d L 7 230 

220806 3AP30d R 7 255 

220806 3AP30d L 8 215 

220806 3AP30d R 8 249 

220806 3AP30d L 9 245 

220806 3AP30d R 9 264 

220806 3AP30d L 10 208 

220806 3AP30d R 10 219 

220806 3AP30d R 11 203 

220806 3AP30d L 12 226 

220806 3AP30d R 12 212 

220808 3AP30d L 1 238 
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220808 3AP30d R 1 361 

220808 3AP30d L 2 309 

220808 3AP30d R 2 312 

220808 3AP30d R 4 300 

220808 3AP30d L 4 389 

220808 3AP30d L 5 276 

220808 3AP30d R 5 353 

220808 3AP30d R 6 321 

220808 3AP30d L 6 415 

220808 3AP30d L 7 250 

220808 3AP30d R 7 299 

220808 3AP30d L 8 290 

220808 3AP30d R 8 313 

220808 3AP30d L 9 287 

220808 3AP30d R 9 303 

220808 3AP30d L 11 181 

220808 3AP30d R 11 190 

220808 3AP30d L 12 222 

220808 3AP30d R 12 277 

220807 3AP4d L 1 146 

220807 3AP4d R 1 140 

220807 3AP4d L 2 132 

220807 3AP4d R 2 178 

220807 3AP4d L 3 160 

220807 3AP4d R 3 133 

220807 3AP4d L 4 142 

220807 3AP4d R 4 148 

220807 3AP4d L 5 104 

220807 3AP4d R 5 105 

220807 3AP4d L 6 152 

220807 3AP4d R 6 139 

220807 3AP4d L 7 168 

220807 3AP4d R 7 144 

220807 3AP4d L 8 149 

220807 3AP4d R 8 131 

220807 3AP4d R 9 138 

220807 3AP4d R 10 98 

220807 3AP4d L 10 134 

220807 3AP4d L 11 125 

220807 3AP4d R 11 100 

220807 3AP4d L 12 139 
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Statistical Analyses for Neuron Quantification 

The General Linear Mixed Model: 
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Full List of TRT*SECTN Interactions: 
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APPENDIX 3: RAW BEHAVIOURAL OBSERVATION DATA  

Table A2 Activity Score 

  Gecko ID/Score 

Days post 

3-AP 190602 190606 190621 190601 190604 190615 190517 190619 190623 190603 190605 190620 

0 5 5 5 5 5 5 5 5 5 5 5 5 

0.08 5 5 5 5 5 5 5 5 5 5 5 5 

0.16 5 5 5 4 5 5 5 5 5 5 5 5 

0.25 5 5 5 4 5 4 5 5 5 4 5 5 

1 3 3 3 3 3 3 4 4 4 4 4 3 

1.5 3 3 3 3 3 3 4 4 4 4 3 4 

2 4 3 3.5 3 3 3 3 3 4 3.5 4 4 

2.5 4 3 4 2.5 3.5 3.5 3 4 3.5 4 3.5 4 

3 3 3 4 3 3.5 3 3 4 4 3.5 4 3.5 

3.5 4 3 3.5 2.5 4 3.5 3 4 4 3.5 4 3.5 

4         4 3.5 3.5 4 4 3.5 4 3.5 

4.5         4 3.5 3.5 4 5 4 5 3.5 

5         4 3.5 3.5 4 5 4 4 3.5 

5.5         4 3.5 3.5 4 5 4 4.5 3.5 

6         4 3.5 3.5 4 5 4 4.5 3.5 

6.5         4 3.5 3.5 4 4.5 4 4.5 3.5 

7         4 3.5 3.5 4 4.5 4 4.5 3.5 

7.5         4 3.5 3.5 4 4.5 4.5 4.5 3.5 

8         4 3.5 3.5 4 4.5 4.5 4.5 3.5 

8.5         4 3.5 3.5 4 4.5 4.5 4.5 3.5 

9         4 3.5 3.5 4 4.5 4.5 4.5 3.5 

9.5         4 3.5 3.5 4 4.5 4.5 4.5 3.5 

10         4 4 3.5 4 4.5 4.5 4.5 3.5 

10.5         4 4 3.5 4 4.5 4.5 4.5 3.5 

11         4 4 3.5 4 5 4.5 4.5 3.5 
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11.5         4 4 3.5 4 5 5 4.5 3.5 

12         4 4 3.5 4 4.5 5 4.5 3.5 

12.5         4 4 3.5 4 5 5 4.5 3.5 

13         4 4 4 4 5 5 4.5 3.5 

13.5         4 4 4 4 5 5 4.5 3.5 

14         4 4 4 4 5 5 4.5 3.5 

14.5         4 4 4 4 5 5 4.5 4 

15         4 4 4 4 5 5 5 4 

15.5         4 4 4 4 5 5 5 4 

16         4 4 4 4 5 5 5 4 

16.5         4 4 4 4 5 5 5 4 

17         4 4 4 4 5 5 5 4 

17.5         4 4 4 4 5 5 5 4 

18         4 4 4 4.5 5 5 5 4 

18.5         4 4 4 4.5 5 5 5 4 

19         4 4 4 4.5 5 5 5 4 

19.5         4 4 4 4.5 5 5 5 4 

20         4 4 4 4.5 5 5 5 4 

20.5         4 4 4 4.5 5 5 5 4 

21         4 4 4 4.5 5 5 5 4 

21.5         4 4 4 4.5 5 5 5 4 

22         4 4 4 4.5 5 5 5 4 

22.5         4 4 4 4.5 5 5 5 4 

23         4 4 4 4.5 5 5 5 4 

23.5         4 4 4 4.5 5 5 5 4 

24         4 4 4 4.5 5 5 5 4 

24.5         4 4 4 4.5 5 5 5 4 

25         4 4 4 4.5 5 5 5 4 

25.5         4 4 4 4.5 5 5 5 4 

26         4 4 4 4.5 5 5 5 4 

26.5         4 4 4 4.5 5 5 5 4 
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27         4 4 4 4.5 5 5 5 4 

27.5         4 4 4 4.5 5 5 5 4 

28         4 4 4 4.5 5 5 5 4 

28.5         4 4 4 4.5 5 5 5 4 

29         4 4 4.5 4.5 5 5 5 4 

29.5         4 4 4.5 4.5 5 5 5 4 

30                 5 5 5 4 

30.5                 5 5 5 4 

31                 5 5 5 4 

31.5                 5 5 5 4 

32                 5 5 5 4 

32.5                 5 5 5 4 

33                 5 5 5 4 

33.5                 5 5 5 4 

34                 5 5 5 4 

34.5                 5 5 5 4 

35                 5 5 5 4 

35.5                 5 5 5 4 

36                 5 5 5 4 

36.5                 5 5 5 4 

37                 5 5 5 4 

37.5                 5 5 5 4 

38                 5 5 5 4 

38.5                 5 5 5 4 

39                 5 5 5 4 

39.5                 5 5 5 4 

40                 5 5 5 4 

40.5                 5 5 5 4 

41                 5 5 5 4 

41.5                 5 5 5 4 

42                 5 5 5 4 
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42.5                 5 5 5 4 

43                 5 5 5 4 

43.5                 5 5 5 4 

44                 5 5 5 4 

44.5                 5 5 5 4 

45                 5 5 5 4 

45.5                 5 5 5 4 

46                 5 5 5 4 

46.5                 5 5 5 4 

47                 5 5 5 4 

47.5                 5 5 5 4 

48                 5 5 5 4 

48.5                 5 5 5 4 

49                 5 5 5 4 

49.5                 5 5 5 4 

50                 5 5 5 4 

50.5                 5 5 5 4 

51                 5 5 5 4 

51.5                 5 5 5 4 

52                 5 5 5 4 

52.5                 5 5 5 4 

53                 5 5 5 4 

53.5                 5 5 5 4 

54                 5 5 5 4 

54.5                 5 5 5 4 

55                 5 5 5 4 

55.5                 5 5 5 4 

56                 5 5 5 4 

56.5                 5 5 5 4 

57                 5 5 5 4 

57.5                 5 5 5 4 
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58                 5 5 5 4 

58.5                 5 5 5 4 

59                 5 5 5 4 

59.5                 5 5 5 4 

60                 5 5 5 4 

 

Table A3 Prey Capture Score 

  Gecko/Score 

Days post 

3-AP 190602 190606 190621 190601 190604 190615 190517 190619 190623 190603 190605 190620 

0 5 5 5 5 5 5 5 5 5 5 5 5 

2 1 1 1 1 1 1 1 1 1 5 1 1 

3 1 1 1 1 2 1 1 1 4 3 1 1 

4         1 1 1 1 1 1 1 1 

5         1 1 1 1 2 1 5 1 

6         1 1 1 1 5 5 5 1 

7         1 1 1 1 5 5 5 1 

8         1 1 1 1 5 5 1 1 

9         1 1 1 1 5 1 5 1 

10         1 1 1 1 5 5 5 1 

11         1 1 1 1 4 5 1 1 

12         1 1 1 1 5 5 5 1 

13         1 1 1 1 5 5 5 1 

14         1 1 1 1 3 5 1 1 

15         1 1 1 1 5 1 5 1 

16         1 1 1 1 5 4 5 1 

17         1 1 1 1 5 4 5 1 

18         1 1 1 1 5 5 5 1 

19         1 1 1 1 3 5 5 1 

20         1 1 1 1 3 1 3 1 
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21         1 1 1 1 5 3 5 1 

22         1 1 1 1 5 5 5 1 

23         1 1 1 1 5 1 1 1 

24         1 1 1 1 5 1 5 1 

25         1 1 1 1 5 5 5 1 

26         1 1 1 1 5 . 5 1 

27         1 1 1 1 5 5 5 1 

28         1 1 1 1 5 5 5 1 

29         1 1 1 1 5 5 5 1 

30         1 1 1 1 5 5 5 1 

31                 5 5 5 1 

32                 5 5 5 1 

33                 5 5 5 1 

34                 5 5 5 1 

35                 5 5 5 1 

36                 5 5 5 1 

37                 5 5 5 1 

38                 5 5 5 1 

39                 5 5 5 1 

40                 5 5 5 1 

41                 5 5 5 1 

42                 5 5 5 1 

43                 5 5 5 1 

44                 5 5 5 1 

45                 5 5 5 1 

46                 5 5 5 1 

47                 5 5 5 1 

48                 5 5 5 1 

49                 5 5 5 1 

50                 5 5 5 1 

51                 5 5 5 1 



 
 

123 
 

52                 5 5 5 1 

53                 5 5 5 1 

54                 5 5 5 1 

55                 5 5 5 1 

56                 5 5 5 1 

57                 5 5 5 1 

58                 5 5 5 1 

59                 5 5 5 1 

60                 5 5 5 1 

 

Table A4 Pupillary Reflex Score 

  Gecko/Score 

Days post 3-AP 190604 190615 190517 190619 190623 190603 190605 190620 

0 5 5 5 5 5 5 5 5 

7 1 1 1 1 3 2 3 1 

14 1 1 1 1 3 2 4 1 

21 4 5 4 3 2 2 2 4 

28 4 5 3 3 1 4 1 4 

35         5 5 5 3 

42         5 5 5 3 

39         5 5 5 4 

56         5 5 5 5 


