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Endogenous neural stem/progenitor cells (NSPCs) residing within neurogenic niches
have been identified across vertebrate species. Here we explore neurogenesis in an
emerging amniote model of central nervous system regeneration, the leopard gecko. We
have identified a population of NSPCs in the ventricular zone along the entire neuraxis of
the brain, and determined these NSPCs to be radial glia on the basis of their morphology
and protein expression profile. Moreover, we found mitotically active populations both
within, and independent of, the ventricular zone across the rostrocaudal extent of the
brain. Using bromodeoxyuridine pulse-chase experiments, we found proliferation to
directly contribute to neurogenesis in the medial cortex, generating new neurons which
persist long-term. Further, we established that neurogenesis is resilient to a distal central
nervous system injury, as it is unaltered by spinal cord rupture (as a result of tail loss).
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CHAPTER ONE: LITERATURE REVIEW
1.1 A BRIEF HISTORY OF NEUROGENESIS: THE CENTRAL DOGMA
OVERTURNED
Until the early 1990s, it was widely understood, and commonly taught, that
tissues of the human body could be classified based on their proliferative and
regenerative capacity. The categories of labile (e.g., glands), stable (e.g., the liver), and
perennial (e.g., the nervous system) were first established by celebrated Italian
physician and histologist Giulio Bizzozero (Bizzozero, 1893). Among adult vertebrates,
the brain was considered the quintessential example of a perennial, or post-mitotic and
non-plastic organ. Indeed, according to Santiago Ramon y Cajal, Nobel laureate and
father of modern neuroscience:
“Once the development was ended, the founts of growth and regeneration
of the axons and dendrites dried up irrevocably. In the adult centers, the
nerve paths are something fixed, ended, and immutable. Everything may
die, nothing may be regenerated.” (Ramon, 1928, p. 750).
The apparent lack of new neuron production (i.e., neurogenesis) was supported
by three key observations: (1) morphological changes in the brain from shortly after birth
to adulthood were limited; (2) the brain is responsible for controlling highly complex
functions and encoding long-term memories; and (3) the brain is essentially unable to
recover from neurological insult/injury (Dobbing & Sands, 1973; Burt, 1993; Alberts et
al., 2002). Although methodological advancements began to reveal evidence in support

1

of postnatal neurogenesis throughout the 1900s, these findings were generally viewed
with disinterest, distrust and even ridicule (Kaplan, 2001).
The initial discovery of postnatal neurogenesis began in the 1960s with the work
of Joseph Altman. Altman showed that radioactive thymidine could be incorporated into
cells the dentate gyrus of the rat hippocampus, and identified cells lining the ventricular
system as a germinal pool of precursor cells (Altman & Das, 1965). Although Altman
proposed labelled cells to be neurons, at the time their identity remained ambiguous. A
decade later, work by Kaplan confirmed the neuronal identity of new cells by coupling
radioactive thymidine administration with electron microscopy (visualizing ultrastructural
features characteristic of neurons) in the postnatal rat olfactory bulb and hippocampus
(Kaplan & Hinds, 1977; Kaplan 1981). Kaplan concluded:
“…these results indicate that the old concept that the adult mammalian
brain is largely static is no longer tenable. […] We have confirmed that
growth and plasticity, including neurogenesis and synaptogenesis, can
also occur in the mature, unoperated, mammalian brain.” (Kaplan & Hinds,
1977, p. 1093).
Surprisingly, these findings were largely overlooked (Kaplan, 2001) until the
1980s. A crucial turning point in the acceptance of postnatal neurogenesis began with a
series of elegant experiments by Nottebohm, who provided undisputable evidence that
neurogenesis occurs in the brain of songbirds (Goldman & Nottebohm, 1983; Burd &
Nottebohm, 1985; Paton and Nottebohm, 1985). With the use of [3H]-thymidine
labelling and electron microscopy, Nottebohm demonstrated that new neurons were
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generated and, most importantly, these cells were functional – mounting an action
potential in response to auditory stimuli. Although clearly demonstrating that
neurogenesis occurred within songbirds, it was not yet clear if this ability extended to
other species.
By the early 1990s, new techniques allowed for a rapid growth in postnatal
neurogenesis research across multiple species. One of the key methods was the
introduction of bromodeoxyuridine (BrdU), a synthetic thymidine analogue which can be
administered systematically and then become incorporated into dividing cells. BrdU
allows for visualization of cell proliferation and identification of labelled daughter cells
without the need for autoradiography (Kuhn et al., 1996). The introduction of BrdU
coincided with an ever increasing panel of cell-type specific markers detected by
immunostaining, permitting the co-localization of birthdate labeling (i.e., BrdU) and
neuronal markers to document evidence of neurogenesis. More recently, postnatal
neurogenesis in humans has been revealed with the use of neurosphere assays,
generating neurons and glia in vitro from neural stem/progenitor cells (NSPCs) isolated
from the human brain (Reynolds & Weiss, 1992; Weiss et al., 1996; Kukekov et al.,
1999), as well as in vivo data gleaned from the use of BrdU administration in cancer
patients (Erikkson et al., 1998). These findings have since been confirmed and
quantified by retrospectively birth-dating brain cells exposed to atmospheric 14C
released during nuclear bomb testing (Bhardwaj et al., 2006).
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1.2 THE NEUROGENIC SPECTRUM ACROSS VERTEBRATE SPECIES
1.2.1 Constitutive Neurogenesis
Constitutive postnatal neurogenesis is an evolutionary conserved phenomenon,
and has been identified in most of the major lineages across vertebrates (and even
some invertebrates; Lindsey and Tropepe, 2006; Kempermann, 2012). However, the
distribution of neurogenic stem/progenitor populations across the brain varies
considerably, as does the neurogenic capacity – the actual ability to generate new
neurons (e.g., Garcia-Verdugo et al., 2002; Lindsey and Tropepe, 2006). At one end of
the spectrum are mammals, with only a limited capacity for neurogenesis. It is widely
accepted that mammals undergo neurogenesis in only two cardinal regions: the
subgranular zone of the hippocampus, and subventricular zone of the lateral ventricle
(destined for the olfactory bulbs). It is worth noting, however, that isolates from
ventricular lining cells across the neuraxis are capable of generating neurospheres in
vitro (Weiss et al., 1996). Furthermore, there are also reports of cell proliferation and
neurogenesis in vivo in other brain regions, including the neocortex, caudate nucleus,
amygdala, hypothalamus, substantia nigra, and dorsal vagal complex of the brainstem
(Kokoeva et al., 2007; see also Gould et al., 2007; Migaud et al., 2009).
Among laboratory mice and rats, it is estimated that new neurons are added to
the brain at a rate of only 0.03% and 0.003% per day (respectively) (Lois & AlvarezBuylla, 1994; Williams, 2000; Cameron & McKay, 2001; Herculano-Houzel & Lent,
2005; see also Zupanc 2008), and this rate decreases with age (Seki & Arai, 1995;
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Kuhn et al., 1996; Rao et al., 2005; Rao et al., 2006; Nada et al., 2010). The main
targets for adult neurogenesis, the olfactory bulb and the hippocampus, demonstrate
both the addition of new cells and constant cell turn-over (Ninkovic et al., 2007;
Imayoshi et al., 2008; Spalding et al., 2013; Sakamoto et al., 2014). Nonetheless, the
overall number of new neuron production in the mammalian brain does not significantly
alter the total number of brain cells present throughout life.
Comparable to mammals, avian species also produce new neurons from
pseudostratified regions of ventricular zone of the lateral ventricle (so called “hot
spots”), which then migrate to multiple regions of the telencephalon, including the
olfactory bulbs, hippocampus, and neostriatum (Goldman & Nottebohm, 1983;
Nottebohm, 1985; Alvarez-Buylla & Nottebohm, 1988; Alvarez-Buylla et al., 1990;
Barnea & Nottebohm, 1996). Neurogenesis is best understood (and most robustly
demonstrated) in association with the higher vocal center (HVC; the major control
center for song-learning) of songbirds. The HVC, and other brain regions related to
song-learning, show seasonal plasticity (largely under the control of the neuroendocrine
system), dramatically increasing in cell number and total volume in anticipation of the
breeding season (Nottebohm, 1981; Goldman & Nottebohm, 1983; Kirn et al., 1994;
reviewed by Tramontin & Brenowitz, 2000). Following the breeding season, these
regions regress back to baseline; from spring to fall, the reduction of volume in songrelated brain regions corresponds to a 15-20% decrease the entire brain volume
(Nottebohm, 1981). This cyclic process is highly regulated by apoptosis and thus, like
the mammalian brain, the total number of brain cells throughout life is largely stable
(Larson et al., 2014).
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The greatest neurogenic abilities are attributed to non-amniotes, including teleost
fish and amphibians (urodeles and frogs). Unlike birds and mammals, in these species
neurogenic stem/progenitor cells have been reported across the entire neuraxis (Raucci
et al., 2006; D’Amico et al., 2011; Maden et al., 2013). In teleosts, there are as many as
16 distinct neurogenic regions recognized within the brain, most of which are associated
with the ventricular epithelium (or zone) lining the ventricular system (Zupanc &
Horschke, 1995; Zupanc et al., 2005; Adolf et al., 2006; Grandel et al., 2006). These
include regions homologous with those of mammals, including the telencephalic
ventricular zone (=the mammalian subventricular zone) and the dorsolateral domain
(=the subgranular zone of the hippocampus) (Adolf et al., 2006; Wulliman et al., 2012).
Notably, the greatest abundance (~75%) of new neurons are generated in the
cerebellum, from a region independent of the ventricular system (Zupanc & Horschke,
1995). In teleost fish, new neuron production within the brain occurs at a rate of 0.2% in
a 2-hour window (Zupanc & Horschke, 1995; Hinsch & Zupanc, 2007; Zupanc, 2008), or
2.4% per day, a rate at least 2 orders of magnitude higher than that observed in
mammals. Also unlike mammals, the addition of new neurons causes a net increase in
the total number of brain cells throughout life. The phenomenon of an increase in bodylength/age and neurons has been demonstrated across a number different of fish
species (Leonard et al., 1978; Birse et al., 1980; Brandstätter & Kotrschal, 1990;
Zupanc & Horshke, 1995).
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1.2.2 Reactive Neurogenesis
The degree of neurogenesis a species undergoes constitutively is thought to be
closely linked to its capacity to generate new neurons following injury – so called,
reactive neurogenesis. Intuitively, this appears to be due (at least in part) to the
availability of neurogenic stem/progenitor populations, although it must be noted that
constitutive neurogenesis alone is not necessarily an infallible predictor of regenerative
ability (Berg et al., 2010; Lois and Kelsch, 2014).
In mammals, the comparatively low constitutive neurogenic capacity appears to
correspond with the inability to restore or resolve brain lesions (Gotts & Chesselet,
2005; Sundholm-Peters et al, 2005; Yi et al., 2013; Huttner et al., 2014). The majority of
new neurons produced in response to injury either fail to migrate to the injury-site, or fail
to mature and become incorporated into existing neuronal circuits; ultimately these cells
undergo apoptosis (Arvidsson et al., 2002; Parent et al, 2002; Yi et al., 2013). Instead
of neurogenesis, mammalian species are characterized by a prominent gliogenic
response following injury, producing abundant microglia and astrocytes (Eddleston and
Mucke, 1993; Ridet et al., 1997; Davalos et al, 2005; Buffo et al. 2008). Reactive
astrocytes effectively seal off the site of injury to maintain tissue integrity and limit
inflammation, but the resulting glial scar is both a chemical and physical barrier to
neural regeneration (Eddleston and Mucke, 1993; Ridet et al., 1997). As a result, most
injuries to the central nervous system of mammals are permanent, and functionally
debilitating.
Although avian species are also thought to be largely incapable of recovering
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from central nervous system injury (Law et al. 2010; see also Feretti 2011), one
intriguing exception is following targeted photolysis ablation of neurons in the HVC
(Scharff et al., 2000). The HVC contains two distinct types of projection neurons: those
that are involved in song-production (which are added seasonally), and those that are
involved in song acquisition (which are formed exclusively in ovo). Photolysis results in
targeted neuron loss, and an associated deterioration of song production. Interestingly,
neurons that are normally replaced seasonally can be restored, returning song
production to that of untreated controls (Scharff et al., 2000). In contrast, neurons
involved in song acquisition, which are not typically generated postnatally, are not
replaced.
Among both teleost fish and urodeles, the ability to regularly produce new
neurons under homeostatic conditions is often linked to their remarkable abilities in
replacing lost neurons following injury (including chemical lesion, stab wounds, and
transections) across multiple brain regions (Okomato et al., 2007; Berg et al., 2010;
Kroehne et al., 2011; Marz et al., 2011; Baumgart et al., 2012; Maden et al., 2013). The
response to injury is robustly neurogenic. Following lesion, proliferation is upregulated
in neurogenic stem/progenitor populations. Newly generated neurons then successfully
migrate to the site of injury, and are able to persist long-term (e.g. Kroehne et al., 2011;
Baumgart et al., 2012). Compared to mammals, the inflammatory and gliogenic
response are greatly diminished, and quickly return to baseline levels (Baumgart et al.,
2012). The result is tissue restoration without long-lasting functional deficits.
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1.3 POSTNATAL NEUROGENESIS IN THE LIZARD BRAIN
1.3.1 Constitutive Neurogenesis
Lizards are generally considered to have relatively robust capacities for
neurogenesis (e.g., Font et al., 2001). However, to date constitutive neurogenesis in
the postnatal lizard brain has only been described for ~5 of the 6200 recognized species
(Gonzalez-Granero et al., 2011; Uetz et al., 2017). A more common approach is the
use of (in vivo) cell proliferation and migration experiments as a proxy for neurogenesis
(Lopez-Garcia et al., 1988; Duffy et al., 1990; Perez-Canellas & Garcia-Verdugo, 1996;
Marchioro et al. 2005; Delgado-Gonzalez et al. 2006). For most species, the primary (if
not exclusive) focus has been the telencephalon, including the main and accessory
olfactory bulbs, the anterior olfactory nucleus, each of the cerebral cortices (medial,
dorsal and lateral), the anterior dorsal ventricular ridge, the septum, striatum, and the
nucleus sphericus (Perez-Canellas & Garcia-Verdugo, 1996; Marchioro et al. 2005; see
also Font et al., 2001; Gonzalez-Granero et al., 2011). However, even within the
telencephalon the targets of most investigation vary, making cross-species comparisons
difficult.
In lizards (as for most vertebrates), cell proliferation associated with
neurogenesis in the telencephalon is restricted to the ventricular zone of the lateral
ventricle (reviewed in Font et al., 2001; Gonzalez-Granero et al., 2011; Lindsey and
Tropepe, 2006), marking this population as the most likely stem/progenitor pool. In
particular, cell proliferation is most abundant in pseudostratified regions of the
ventricular zone known as ependymal sulci, which have been proposed to represent the
remnants of embryonic progenitor populations (Yanes-Mendez et al, 1988b). Outside of
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the telencephalon, neurogenic stem/progenitor cells remain largely unexplored,
although one tritiated thymidine experiment did reveal labelled cells throughout different
regions the cerebellum (Lopez-Garcia et al., 1990). Whereas the lizard brain appears to
increase in size and cell number postnatally, which may be indicative of neurogenesis
(and a net addition of total neurons) in other brain regions, this growth plateaus later in
life (Padhi & Patnaik, 1974).
The medial cortex of the telencephalon is by far the best studied region of the
lizard brain. From a comparative perspective, it is important to note that this region is
the presumptive homologue of the mammalian dentate gyrus of the hippocampus
(Gonzalez-Granero et al., 2011). The medial cortex is located dorsomedially within the
telencephalon and shares features of connectivity (with zinc-positive axons comparable
to the mossy fibre system), and ontogeny with the mammalian hippocampus (LopezGarcia, et al., 1983; Martinez-Guijarro et al., 1991). The accepted model of medial
cortex neurogenesis is that newborn neurons are generated from the adjacent
ependymal sulci, known as the sulcus septomedialis, and then migrate radially into the
cellular layer. Based on available evidence, the timeframe for neurogenesis (from cell
production, to migration and maturation) varies across species. For example, in
Podarcis hispanicus migration begins 2-4 days following new cell generation (indicated
by movement away from the ventricular zone) and is complete by 7 days (indicated by
cells reaching the medial cortex) (Lopez-Garcia et al., 1988). In comparison, in both
Tarantola mauritanica and Tropiduris hispidus, cell migration takes 7 days to begin, and
approximately 30 days to complete (Perez-Canellas & Garcia-Verdugo 1996; Marchioro
et al. 2005). Species-specific differences also exist in the timeframe for neuronal
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maturation. Newly generated cells in Tarantola mauritanica display ultrastructural
features of mature neurons within 30 days (when they reach the medial cortex) (PerezCanellas & Garcia-Verdugo 1996). However, in Galloti gallotia, cells that have migrated
to the medial cortex within 30 days still have ultrastructural features of neuroblasts (i.e.,
immature neurons), not taking on characteristics of mature neurons until 90 days after
their generation (Delgado-Gonzalez et al. 2006). These findings provide intriguing
evidence for unequal neurogenic potential across lizard species. However, the
possibility that this variation is due to differences in methodology cannot be ruled out.
Furthermore, to date all studies have been conducted on wild-caught populations of
lizards, from a variety of different geographical locations, across multiple seasons, and
rely on estimates of lizard ages, all factors that may influence neurogenesis.

1.3.2 Reactive Neurogenesis
Although it is often reported that lizards (in the broad sense) are capable of
reactive neurogenesis, the most compelling data comes from a single species, P.
hispanicus (Font et al. 1991; Molowny & Lopez-Garcia, 1995; Font et al., 1997).
Administration of the neurotoxin 3-acetylpyramidine (3AP) is sufficient to induce
pyknotic cell-death in up to 97% of neurons in the medial cortex of this species. In other
regions of the telencephalon (including the dorsal and lateral cerebral cortices, anterior
dorsal ventricular ridge and nucleus sphericus), 3AP-induced damage also occurs but is
reportedly more variable, and typically effects with less than 50% of neurons (Font et
al., 1997). Although the mechanism behind this effect has yet to be investigated in
detail, it appears that 3AP substitutes for niacinamide in the synthesis of NADP and
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inhibits NADP-dependent metabolic pathways (Herken, 1968; Weller et al., 1992). In
the hours following injury, lizards demonstrated several behavioural deficits, including
reduced spontaneous activity, increased tongue-flicking, and impaired ability to capture
prey (Font et al., 1997). Between day 2 and 7, proliferation within the sulcus
septomedialis markedly increased, and researchers reported an abundance of PSANCAM+ neuroblasts (Font et al., 1991; Font et al., 1995; Ramirez-Castillejo et al.,
2002). However, by day 10 this increase in mitotic activity had returned to baseline,
coinciding with the reversal of behavioural changes (Font et al., 1991; Font et al., 1995).
By day 42, the medial cortex of treated lizards was nearly indistinguishable from
uninjured controls, indicative of replacement of lost cells (Font et al., 1991).
The ability to restore the brain following a physical lesion has also been explored,
with a focus on the dorsal cortex of the lizard Gallotia galloti, although the replacement
of neurons was not specifically investigated (Romero-Aleman et al., 2004). In control
lizards, proliferating cells were found only within the ventricular zone of the lateral
ventricle. In lizards receiving an incision to the dorsal cortex, proliferating immune cells
(i.e., microglia) invaded the lesion-site 1-3 days post injury. By 30 days post-injury, cell
proliferation was also upregulated within the adjacent ventricular zone, as well as within
the two closest ependymal sulci (the sulcus lateralis and sulcus septomedialis). In
addition, the ventricular zone became hyper-thickened and displayed greater
immunoreactivity for the glial marker glial fibrillary acidic protein (GFAP) (RomeroAleman et al., 2004). The marked increase in cell proliferation and GFAP reactivity in
the ependymal sulci, and invasion of microglia into the lesion, persisted for 120 days,
which was interpreted as evidence of ongoing tissue restoration.
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1.4 CELLULAR PLAYERS OF THE NEUROGENIC NICHE
1.4.1 Radial glia
During development of the vertebrate brain, all cells are produced by a
population of multi-potent stem cells lining the neural canal (i.e., the ventricular zone).
In adulthood, pools of stem/progenitor cells that persist often maintain their
periventricular arrangement. In the brain of non-mammals, including lizards, these cells
exist within the ventricular zone (Alvarez-Buylla et al., 1987; Font et al., 2001; Lindsey
and Tropepe, 2006). The ventricular zone of lizards (and birds, teleost fish, and
urodeles) is distinct from the situation in adult mammals, where the embryonic
ventricular zone separates to form two subdivisions: a ventricular zone of ependymal
cells (at the ventricular surface), and an adjacent subventricular zone harbouring
stem/progenitor cells (offset from the ventricular surface). Comparative evidence
reveals that, despite differences in distribution and nuances in cellular organization,
ventricular and subventricular zones share several important commonalities.
Stem/progenitor cells within the VZ are most frequently identified as radial glia
and are closely comparable to embryonic radial glia (Alvarez-Buylla et al., 1987; Tanaka
and Ferretti, 2009; Than-Trong and Baly-Cuif, 2015). Radial glia have a distinctive
morphology, contacting both the lumen of the central canal and, via a lengthy basal or
radial process, the pial surface of the brain, or one (or more) blood vessels. Similar to
embryonic radial glia, adult radial glial cells constitutively proliferative, undergoing
asymmetric cell division to generate new immature neurons (neuroblasts). These

13

neuroblasts then migrate along radial processes towards neuron-rich areas (Rakic,
1971). Upon arriving, the once immature neuroblast differentiates into a mature neuron
(Caley and Maxwell, 1968, Lledo et al., 2006). In mammals, stem/progenitor cells are
descendants of radial glia, but they more closely resemble stellate astrocytes (Garcia et
al., 2004; Kriegstein and Alvarez-Buylla, 2009). These so-called radial astrocytes exists
within the subventricular zone, but extend a short apical process to the ventricular
lumen.
Although the term radial glia remains commonly employed, it is important to
realize that the actual number of cell types present in the ventricular zone is
controversial. For example, various reports have identified B-cells, type-1 cells, and
tancytes within the ventricular zone, based on with differences in location, morphology
and protein expression (e.g. Kriegstein and Alvarez-Buylla, 2009). Furthermore, radial
glia share morphological and/or immunohistochemical features with several other cell
types, including ependymal cells, astrocytes and embryonic neuroepithelial cells (see
Thang-Trong & Bally-Cuif, 2015). Given the unclear distinction between many of the
cell types, for our purposes (unless otherwise noted) we have adopted the term radial
glia, with the caveat that this cell type may represent more than one subpopulation.

1.4.2 Microenvironment
The production and survival of new neurons from neural stem/progenitor cells
(NSPCs) is heavily influenced by the surrounding microenvironment. These neurogenic
niches are best understood from studies of embryonic neurogenesis in mammals,
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although available evidence suggests that many features are shared more broadly by
non-mammalian vertebrates. Neurogenic niches are most commonly located in
positions contacting the ventricular system, likely underscoring the importance of the
cerebrospinal fluid in neurogenic signaling (for review see Lehtinen and Walsh, 2011).
Related to this, the choroid plexuses are known to secrete numerous factors implicated
in regulating stem/progenitor cell proliferation, such as IGF-2, FGFs, WNTs and SHH
pathway components, and neuronal migration, e.g., SLIT2 (Hu, 1990; Hayamizu et al.,
2001; Huang et al., 2010; for review see, Bjornsson et al., 2015). Another key feature
associated with neurogenic regions both pre- and postnatally, is vasculature. Embryonic
radial glia are known to secrete factors promoting angiongenesis and stabilize newly
forming blood vessels (Ma et al., 2013), while the potent pro-angiogenic molecule VEGF
is known to promote NSPC self-renewal and neurogenesis in adulthood (Kirby et al.,
2015; Licht et al., 2016). In postnatal mammals, dividing NSPCs of the SVZ maintain a
direct physical connection to the vasculature (Shen et al., 2008; Tavazoie et al., 2008),
and neurogenesis has been observed to occur concurrently with angiogenesis and
vascular remodeling in the hippocampus (Palmer et al., 2004). Moreover, vascularderived factors are frequently potent mitogenic and neurogenic factors both in vivo and
in vitro (Jin et al., 2002; Ganz et al., 2010). In the mammalian brain, age-associated
decreases in vascular-derived factors correlates with a decrease in neurogenic activity
(Shetty at al., 2004ab). In addition, the exogenous application of angiogenic factors
helps to reverse this age-associated decline (Kang and Hebert, 2005; Licht et al., 2016).
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1.5 THE LEOPARD GECKO AS AN EMERGING MODEL
The leopard gecko (Eublepharis macularius) is an emerging model for the study
of multi-tissue regeneration. As a laboratory amenable lizard, leopard geckos offer
distinct advantages. Perhaps most notably, the leopard gecko is commercially bred and
readily available in the pet-trade. In addition, they have well-established husbandry
practices (e.g., Vickaryous and McLean, 2011), and are tolerant of routine handling and
surgical procedures (e.g., Delorme et al., 2012; Szarek et al., 2016). As a result, they
have previously been employed in numerous controlled studies ranging from the role of
the environment in sex determination (Coomber, et al., 1997; Rhen et al., 2010), to
embryogenesis (Wise et al., 2009), biomechanics (Jagnandan et al., 2014) and tissue
regeneration (McLean and Vickaryous, 2011; Delorme et al., 2012; Gilbert et al., 2013).
Furthermore, from an evolutionary perspective the leopard gecko is relatively basal
member of the clade Gekkota, itself a relatively basal group within the squamate lineage
(e.g., Zheng and Wiens, 2016). Hence, they have the potential to inform about the
evolution and phylogenetic distribution of regeneration within reptiles.
It is well-understood that the leopard gecko is able to regenerate a fully functional
spinal cord following tail loss (McLean and Vickaryous, 2011; Szarek et al., 2016;
Gilbert, unpublished, 2017). Tail loss is key adaption to allow geckos to escape
predation, and results in rupture of the spinal cord of the tail. Following tail loss,
endogenous populations of NSPCs within the remaining tail stump become activated,
changing their mitotic status and pattern of protein expression (Zhou et al., 2013;
Gilbert, unpublished, 2017). Within days, a new spinal cord begins to form as an
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outgrowth of the original. Over time, a fully functional (albeit non-identical) replacement
is generated.
Notwithstanding the regenerative capacity of the tail spinal cord, the neurogenic
abilities of the remainder of the central nervous system, and in particular the brain,
remain entirely unexplored.
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RATIONALE
Naturally evolved examples of postnatal neurogenesis provide powerful tools for
exploring the endogenous capacity for new neuron generation under constitutive and
injury-mediated conditions. Among amniotes, some of the most compelling evidence
demonstrating neurogenesis, and its ability to spontaneously restore neurons following
loss, comes from lizards. However, work to date has focused on a handful of species,
all obtained wild-caught. In addition, most studies have focused exclusively on
restricted regions of the telencephalon. Therefore, it remains unclear whether
mechanisms of postnatal neurogenesis are taxonomically widespread across species or
anatomically widespread across the brain. Finally, although many lizard species are
capable of regenerating the spinal cord following tail loss, whether this distal central
nervous system injury alters the pattern of neurogenesis observed in the brain has yet
to be investigated. Our work aimed to complete a comprehensive study of postnatal
neurogenesis in a lab-amenable lizard, the leopard gecko (Eublepharis macularius).
We hypothesized that NPSCs are widespread throughout the ventricular zone of
the leopard gecko brain, and contribute to constitutive postnatal neurogenesis.
The objectives of my study are:
1) To map the distribution of constitutively active NSPCs within the ventricular zone
across the rostrocaudal neuraxis of the brain
2) To provide an in depth characterization of neurogenesis within the medial cortex
3) To investigate whether injuries to distal locations of the central nervous system
influence neurogenesis in the medial cortex
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CHAPTER 2
Radial glia and cell proliferation across the ventricular zone of the
leopard gecko (Eublepharis macularius): An immunofluorescent atlas

2.1 INTRODUCTION
The capacity to generate new neurons from stem/progenitor populations in the
postnatal brain is widely recognized as a feature common to most, if not all, vertebrates
(reviewed in Font et al., 2001; Garcia-Verdugo et al., 2002; Kaslin et al., 2008; Paredes
et al., 2016). Among mammals, constitutively active neurogenesis is primarily (but not
exclusively; see Gould et al., 2007; Migaud et al., 2009) restricted to only two regions of
the telencephalon: the subgranular zone of the dentate gyrus (of the hippocampal
formation) and the subventricular zone of the lateral ventricles (Kaplan and Hinds, 1977;
Luskin 1993; van Praag et al., 2002; see also Lledo et al., 2006). In contrast, among
other vertebrates, the neurogenic reservoir is far more expansive, involving widespread
populations of stem/progenitor cells which exist within a persistent ventricular zone (for
review see Ferretti and Prasongchean, 2015). In teleost fish (Zupanc & Horschke,
1995; Zupanc et al., 2005; Adolf et al., 2006; Grandel et al., 2006) salamanders (Maden
et al., 2013), and frogs (Raucci et al., 2006; Almli & Wilczynski, 2007; D’Amico et al.,
2011) new neurons are produced across the entirety of the neuraxis, while in birds and
reptiles, neurogenesis has been reported in most regions of the telencephalon (see
Gahr et al. 2002; see Gonzalez-Granero et al., 2011). The great neurogenic capacity of
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the non-mammalian brain can be largely attributed to a specific population of cells within
the ventricular zone functioning as stem/progenitors, known as radial glia.
Radial glia (=radial glial cells) are ciliated, cuboidal or columnar epithelial-like
cells contacting the ventricular lumen. Characteristically, they demonstrate a lengthy
radial (= cytoplasmic, basal) process that spans the brain parenchyma to contact either
the pial surface of the brain or an intrinsic blood vessel (Howard et al., 2008; Eom et al.,
2011; González-Granero et al., 2011). Radial glia are also distinguished by their
intermediate filament composition, including glial fibrillary acidic protein (GFAP) and
Vimentin, as well as details of their ultrastructure, including the number of cilia present
(Pixley and de Villis, 1984). In the context of neurogenesis, radial glia have two
important roles. First, they constitutively proliferative, undergoing asymmetric cell
division to generate immature neurons (neuroblasts) (see Alvarez-Buylla et al., 2001;
Weissman et al., 2003). Second, their radial processes serve as scaffolds for
neuroblast migration into the surrounding parenchyma.
The availability of neurogenic stem/progenitor populations and degree of
proficiency in generating neurons as a constitutive process appears to correlate with the
ability to replace neurons following injury. Among amniotes (reptiles [including birds]
plus mammals), the most compelling evidence for postnatal neurogenesis resulting in
brain repair comes from studies of lizards. In a now classic series of experiments, wild
caught Iberian wall lizards (Podarcis hispanicus, formerly P. hispanica) were
administered the neurotoxin 3-acetlypyridine (Font et al., 1991; Molowny et al., 1995;
Font et al., 1997; see also Lopez-Garcia et al., 2002). A single dose lead to neuronal
loss across various regions of the telencephalon, but was especially significant
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(including up to 95% of neurons) in the medial cortex, the reptilian homologue of the
mammalian dentate gyrus. Remarkably, over a period of weeks, areas lesioned by the
neurotoxin were repopulated by new neuronal-like cells (Font et al., 1991; Font et al.,
1997). Using short-chase bromodeoxyuridine (BrdU) or tritiated thymidine cell labeling
experiments, these authors demonstrated that cell proliferation was largely (if not
exclusively) restricted to the ventricular zone. The homeostatic proliferative capacity of
the ventricular zone within the telencephalon has since been confirmed across a variety
of other lizard species (e.g., Garcia-Verdugo et al., 1986; Perez-Cañellas and GarciaVerdugo, 1996; Marchioro et al., 2005; Shao et al., 2012; reviewed by Font et al., 2001;
González-Granero et al., 2011).
Outside of the telencephalon, the presence of constitutively active
stem/progenitor populations has been largely unexplored, perhaps leaving the
neurogenic capacity and regenerative potential of the lizard brain underappreciated.
One intriguing exception comes from a tritiated thymidine experiment that labeled cells
throughout different regions the cerebellum (Lopez-Garcia et al., 1990). Thus, it
appears that (at least among some lizard species) the proliferative and potentially
neurogenic capacity of the ventricular zone may extend beyond the telencephalon.
Here, we perform an immunofluorescent characterization of the ventricular zone
across the entire brain of the leopard gecko (Eublepharis macularius). As a model
lizard, leopard geckos offer several advantages. Significantly, they are commercially
bred and readily available in the pet trade, with comparatively simple husbandry
requirements (Wise et al., 2009; Vickaryous and McLean, 2011). In addition, from an
evolutionary perspective, they are relatively basal members of the clade Gekkota, itself
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a relatively basal group within the squamate lineage (e.g., Zheng and Wiens, 2016).
Hence, they have the potential to inform about the phylogenetic distribution of features
related to the ventricular zone across a broad diversity of lizards.

2.2. MATERIALS AND METHODS
2.2.1 Animal Care
Captive bred Eublepharis macularius (leopard geckos; hereafter ‘geckos’) were
acquired from a commercial supplier (Global Exotic Pets, Kitchener, Ontario, Canada).
At the beginning of the experiment, all animals were sexually immature and less than
one year old, with an body mass range of 10.3g - 23.8g. Growth was monitored
throughout the experimental period by measuring mass, snout-vent length and tail
length weekly. Animal Usage Protocols (AUPs) were approved by the University of
Guelph Animal Care Committee (Protocol Number 1954) and followed the procedures
of the Canadian Council on Animal Care. Geckos were housed and maintained
following the work of Vickaryous and McLean (2011). Briefly, the gecko colony was
housed in the Hagen Aqualab at the University of Guelph, in an isolated, temperaturecontrolled environmental chamber. The environmental chamber had an average
ambient temperature of 27.5 ̊C and a 12:12 photoperiod. Geckos were housed
individually in 5 galleon 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 the tank. Each enclosure contained two hide boxes and a
water container, and was changed once weekly. Geckos were fed 3 larval Tenebrio spp.
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(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 9 individuals.

2.2.2 Tissue Collection and Preparation
Geckos were euthanized by injection of 150μL alfaxalone into the hypaxial
muscles of the neck and perfused transcardially with phosphate buffered saline,
followed by 10% neutral buffered formalin (NBF; Fisher Scientific, Waltham,
Massachusetts, USA). Brains were then dissected out, and post-fixed by submersion in
10% NBF for an additional 22 hours. Following fixation, tissues 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 infiltrated 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 60 ̊C overnight.
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2.2.3 Hematoxylin and Eosin
To investigate brain structure and tissue architecture, representative sections
were stained with Hematoxylin and Eosin. Slide-mounted sections were deparaffinized
and rehydrated to deonized to 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 with
deionized water before being dipped (5 times) in acid alcohol (1% hydrochloric acid in
70% isopropanol). Sections were then rinsed again in deionized water, blued in
ammonia water (~10 seconds), followed by a rinse in running warm 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).

2.2.4 Immunofluorescence
Standard Immunofluorescence Protocol
A standardized immunofluorescence protocol was performed to visualize SOX2, GFAP,
Vimentin, HuC/D and BrdU. Sections were de-paraffinized and rehydrated to 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
then rinsed for 15 minutes in 1X phosphate buffered saline (PBS), and subject to heat-
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induced antigen retrieval methods. Sections were submerged in citrate buffer at 95˚C
for 12 minutes, and then cooled for 20 minutes. Alternatively, some sections stained
with SOX2 were incubated for 30 minutes in 2N hydrochloric acid at 37˚C. Following
antigen retrieval, all sections were rinsed for 2 minutes in 1X PBS. 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 (SOX2 [1:50] Cell-Signalling, Whitby, Ontario, Canada;
GFAP [1:400] DAKO, Glostrup, Denmark; Vimentin [1:50] Developmental Studies
Hybridoma Bank, Iowa City, Iowa, USA; HuC/D [1:10] Molecular Probes, Rockford,
Illinois, USA; BrdU [1:200] Developmental Studies Hybridoma Bank, Iowa City, Iowa,
USA). One section on each slide served as an omission control and was incubated in
diluent without primary antibody. Slides were then rinsed in 1X PBS (3 washes; 2
minutes), and incubated in secondary antibody at room temperature for 1 hour (goat
anti-mouse alexa 488 for BrdU [1:200], Vimentin [1:200], and HuC/D [1:500], Life
Technologies, Eugene, Oregon, USA; and Cy3 goat anti-rabbit for SOX2 [1:200] GFAP
[1:1000] Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA).
Slides were rinsed in 1X PBS (3 washes; 2 minutes), and then stained with nuclear
marker DAPI ([1:5000] Life Technologies, Eugine, Oregon, USA). Once more, slides
were rinsed in 1X PBS (3 washes; 2 minutes), and then cover slipped with fluorescent
mounting media (DAKO, Glostrup, Denmark).
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Abbreviated Immunofluorescence Protocol
An abbreviated immunofluorescence protocol was performed to detect phosphorylated
histone-H3 (pHH3) and NeuN. Sections were de-paraffinized and rehydrated to water
through xylene (3 washes; 2 minutes), absolute isopropanol (3 washes; 2 minutes),
70% isopropanol (2 minutes) and deionized water (dH2O) (2 minutes). Sections then
underwent heat-induced antigen retrieval by submersion in either citrate buffer at 95˚C
for 12 minutes, and were subsequently cooled for 20 minutes. Following antigen
retrieval sections stained for pHH3 were rinsed in PBS, sections stained for NeuN were
rinsed in PBST (1% Tween-20 in phosphate buffered saline). They were then blocked
for one hour in 5% NGS in sterile PBS at room temperature. Primary antibodies were
diluted in either sterile PBS for pHH3, or PBST for NeuN, and applied to one section on
the slide (pHH3 [1:100] Cell Signaling, Whitby, Ontario, Canada; NeuN [1:500] Abcam,
Cambridge, Massachusetts, USA) for overnight incubation at 4°C. Sections were rinsed
in PBS (pHH3) or PBST (NeuN) (3 washes; 2 minutes) and then incubated in secondary
antibody for one hour at room temperature (Cy3 goat anti-rabbit [1:250] for pHH3 and
[1:1000] for NeuN, Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania,
USA). Slides were rinsed again in PBS (3 washes; 2 minutes) and counterstained using
a DAPI nuclear stain (Life Technologies, Eugine, Oregon, USA) diluted in sterile PBS
[1:5000]. Finally, slides were rinsed in PBS (3 washes; 2 minutes) and cover slipped
using fluorescent mounting media (DAKO, Glostrup, Denmark).
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2.3 RESULTS
As for other lizards, and vertebrates in general, the leopard gecko brain is broadly
organized into the forebrain (olfactory bulbs, cerebral hemispheres, diencephalon),
midbrain (tectum, tegmentum), and hindbrain (cerebellum, brainstem) (Fig. 1A-C).
Invested within these regions is a well-developed ventricular system, passing
uninterrupted from the olfactory bulbs to the large, arcing lateral ventricles of the
cerebral hemispheres (Fig. 1D). The lateral ventricles and the third ventricle join a
common ventricle within the caudal cerebral hemispheres, which is then continuous with
the fourth ventricle of the cerebellum and brainstem, and finally the central canal of the
spinal cord (Fig. 1D).
To characterize the ventricular zone, we used a panel of markers characteristic of
neural stem/progenitor cells (NSPCs), including radial glia. These include SOX2, a
hallmark transcription factor of pluripotency, the mitotic marker phosphorylated histone
H3 (pHH3), and the intermediate filaments GFAP and Vimentin. To facilitate a
comparison between the distribution of glial and neuronal populations, we also
investigated the neuronal markers NeuN, a marker of the mature neuronal phenotype,
and HuC/D, a pan-neuronal marker common to immature and mature neurons.

2.3.1 Olfactory bulbs
The paired olfactory bulbs are the rostral-most structures of the forebrain, and
include two distinct sensory organs: the main olfactory bulbs (responding to volatile
airborne chemicals inspired through the external nares) and the accessory olfactory
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bulbs (responding to non-volatile chemicals actively taken into the oral cavity during
tongue-flicking) (Schwenk, 1993). Unlike some lizard species (e.g., Varanus,
Phrynocephalus), in the leopard gecko there is no obvious macroscopic demarcation
between the rostrally located main olfactory bulbs and the caudolaterally positioned
accessory olfactory bulbs. However, each organ can be readily identified in serial
section based on the location of the olfactory bulb ventricle (OBV) and the associated
arrangement of cellular layers. Specifically, in the main olfactory bulbs the OBV is
centrally positioned and surrounded by a concentric arrangement of six
cytoarchitecturally distinct layers (granule cell, internal plexiform, mitral, external
plexiform, glomerular, and nerve fibre layers) (Fig. 2A). In the accessory olfactory
bulbs, the OBV is laterally displaced while the same six-layered arrangement projects
medially. The olfactory bulbs are continuous with the elongate olfactory peduncles,
which join with the remainder of the telencephalon.
Unlike other regions of the brain, the olfactory bulbs (main and accessory) lack
an obvious ventricular zone; instead, the cell-dense granule cell layer appears to
directly contact the ventricular lumen. Using the M phase marker pHH3, we observed
mitotically active cells distributed throughout the granule cell layer (Fig. 2B). Rare
pHH3+ cells were also found scattered within the internal plexiform, mitral, and external
plexiform layers. Next, we immunostained for the NSPC marker SOX2. SOX2
expression is largely restricted to the granular cell layer, specifically labeling a
subpopulation of cells (approximately 2-3 cell layers thick) closely associated with the
OBV (Fig. 2C). SOX2+ cells were also observed within the glomerular layer. The
innermost population of OBV-contacting cells also co-expresses the intermediate
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filaments GFAP and Vimentin (Fig. 2D). Significantly, GFAP/Vimentin immunostaining
revealed that these cells demonstrate a polarized morphology consistent with their
identification as radial glia, including a short apical process contacting the OBV and a
lengthy basal process passing towards the pial surface. Outside the granular cell layer,
cell bodies immunoreactive for GFAP and Vimentin were not observed. Finally, we
looked at expression of the mature neuronal marker NeuN. While NeuN+ cells were
widespread throughout the granular cell layer (as well all other cell layers), they were
typically absent from the subpopulation immediate adjacent to the OBV, indicating a
non-overlapping pattern of expression with radial glial cells (Fig. 2E).

2.3.2 Cerebral hemispheres
The cerebral hemispheres make up the largest portion of the forebrain, and
consist of a dorsal pallium and a more ventrally positioned subpallium (= basal ganglia)
(e.g. Jarvis, 2009; Aboitz and Zamorano, 2013). In transverse section, the lateral
ventricle is mostly invested within the pallium, bounded by the anterior dorsal ventricular
ridge (protruding into the lateral ventricle ventrally) and the cerebral cortices (dorsally
and laterally) (Fig. 3A). The trilaminar cerebral cortices include the medial cortex
(equivalent to the mammalian hippocampus), dorsal cortex (mammalian neocortex), and
lateral cortex (mammalian olfactory cortex). The lateral ventricle also invades the
subpallium, with the septum forming its ventromedial wall.
The organization of cells contributing to the ventricular zone of the lateral
ventricles varies according to location. Most of the ventricular zone is formed by a
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monolayer, termed ependymal zone (Yanes-Menez et al., 1988a). However, in four
regions the ventricular zone becomes pseudostratified, forming an ependymal sulcus
(Fig. 3B,C). These ependymal sulci – the sulcus septomedialis, sulcus lateralis, sulcus
ventralis and sulcus terminalis – are widely accepted as the most proliferative and
neurogenic regions of the lateral ventricle (e.g., Yanes-Menez et al., 1988b; Font et al.,
2001; González-Granero et al., 2011).
As expected, mitotically active (pHH3+) cells were restricted to the ventricular
zone, and were particularly abundant within the ependymal sulci (Fig. 3D,E).
Immunostaining for SOX2 revealed that virtually all cells of the ventricular zone
(including ependymal zone and ependymal sulci) were SOX2+ (Fig. 3F). Additional
SOX2+ cells were observed throughout the pallial parenchyma, including the anterior
dorsal ventricular ridge, inner plexiform layer of the cerebral cortices and nucleus
sphericus, as well as within the septum of the subpallium, adjacent to the sulcus
ventralis (Fig 3F.). Consistent with their identification as SOX2+ radial glia, all
ventricular zone cells also co-expressed GFAP and Vimentin, and demonstrated the
classic polarized morphology complete with lengthy basal processes (Fig. 4A).
Although most basal processes are radially (transversely) arranged (and typically
terminate at the pial surface), those projecting from the sulcus ventralis (and the
adjacent ependymal zone) appear to pass out of the plane of section suggesting a
tangential orientation. At no time were stellate-shaped cells conforming to the typical
astrocyte phenotype observed. In contrast to cells of the ventricular zone, various cells
within the plexiform layers and the parenchyma, and all cells within the cellular layers of
the cortices expressed the neuronal marker HuC/HuD (HuCD) (Fig.4B).
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2.3.3 Diencephalon
The diencephalon is the caudal-most region of the forebrain, situated caudal and
ventral to the cerebral hemispheres. Along its length, the diencephalon is centrally
divided by the unpaired, cleft-like third ventricle. There are four major divisions of the
diencephalon, the epithalamus (including the habenula), dorsal thalamus, ventral
thalamus, and hypothalamus (including the nucleus periventricularis and the median
hypothalamic eminence) (Butler and Hodos, 1996) (Fig. 5A). All except the ventral
thalamus contribute to the lining of the third ventricle. Although the ventricular zone
lining the third ventricle is primarily a monolayer (i.e., ependymal zone), it becomes
pseudostratified (and thus sulci-like) along its ventral floor, adjacent to the median
eminence.
To identify mitotically active cells, we first used pHH3. Surprisingly, our efforts
were met with limited success. Though we were initially able to identify pHH3+ cells in
the ventricular zone of the thalamic walls approaching the median eminence (Fig. 5B),
we were not able to detect immunoreactive cells using subsequent lots of pHH3
antibody received (and thus were unable to replicate these findings). To investigate
whether this lack of consistency was due to technical issues with the pHH3 antibody, or
if it represented a true absence of proliferating cells, we used bromodeoxyuridine (BrdU)
as an alternative proliferation marker. BrdU is a thymidine analogue that can be
injected systemically and incorporated into dividing cells during DNA synthesis
(Nowakowski et al. 1989). In experimental geckos collected immediately following an
acute BrdU experiment (for methodology see Chapter 3), we found cells of the
ventricular zone of the median eminence to take up the BrdU label, indicative that they
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had cycled (Fig. 5C). As for the lateral ventricles, cells of the ventricular zone
throughout the third ventricle ubiquitously expressed SOX2 (Fig. 5D); additional SOX2+
cells were observed within the parenchyma of the median hypothalamic eminence.
Also similar to the ventricular zone of lateral ventricles, cells lining the third ventricle
expressed GFAP, and demonstrated the stereotypical morphology of radial glia
(including a lengthy radial process) (Fig. 5E-G). However, Vimentin expression was
restricted to cell populations lining the roof and floor of the third ventricle, adjacent to the
habenula of the epithalamus and median eminence of the hypothalamus, respectively
(Fig. 5F). Interestingly, Vimentin+ ventricular zone cells adjacent to the median
eminence had a unique, highly arborized morphology. Distal to the ventricular zone,
within all divisions of the diencephalon, occasional stellate-shaped GFAP+/Vimentin+
cells resembling astrocytes were also observed (Fig. 5E). As for other brain regions,
the ventricular zone of the third ventricle is devoid of neuronal cells (as evidenced by
HuCD expression), although they were abundant within the diencephalon parenchyma
(Fig. 5G).

2.3.4 Tectum and tegmentum
The third ventricle continues caudally within the midbrain, passing between the
dorsally positioned tectum (optic tectum and torus semicircularis), and the ventrally
situated tegmentum (Fig. 6A). The optic tectum receives input from the visual and
somatosensory systems and is characterized by 14 distinct layers, which can be
clustered into superficial, central and periventricular zones (corresponding to those
observed in mammals) (Butler and Hodos, 1996). While the torus semicircularis
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receives auditory input, the tegmentum is involved in the generation and control of
motor functions (Butler and Hodos, 1996).
The ventrolateral wall of the third ventricle is made up of the torus semicircularis,
which projects dorsally. The third ventricle expands laterally to form the paired tectal
ventricles, which is roofed by the optic tectum. As observed in the diencephalon, the
ventricular zone of the leopard gecko midbrain is typically a monostratified epithelium,
although it becomes pseudostratified in regions lining the walls of the tectal ventricles.
Using pHH3, we identified scattered mitotically active cells within the ventricular
zone of the tectal ventricles, as well as within the periventricular cell layer of the optic
tectum (Fig. 6B). As for other brain regions, all ventricular lining cells (of both the optic
tectum and torus semicircularis) were SOX2+ (Fig. 6C,D). Isolated SOX2+ cells were
also observed within all cell layers of the optic tectum, and the remainder of the tectum
and the tegmentum. Likewise, all cells lining the ventricular system were GFAP+ and
demonstrated lengthy basal processes, consistent with their identification as radial glia
(Fig. 6E). However, in contrast to cells of the ventricular zone of the telencephalon,
those of the midbrain were distinctly immunonegative for Vimentin. Stellate GFAP+
cells consistent with astrocytes were also observed within each of the optic tectum,
torus semicircularis and tegmentum. HuCD+ neuronal cells were abundant within all
cell layers of the optic tectum, and as well as within the torus semicircularis and
tegmentum, but were entirely absent from the ventricular zone (Fig. 6F).
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2.3.5 Cerebellum and brainstem
The hindbrain consists of the cerebellum and the brainstem, with the continuation
of the ventricular system, the fourth ventricle, passing between (Fig. 7A). The
cerebellum projects dorsally from the brainstem, arcing over the caudal margin of the
optic tectum. As for other squamates (snakes + lizards), the cerebellum is unfoliated
and distinctively everted or ‘reversed curved’ (Butler and Hodos, 1996), with the granule
cell layer being the most superficial and molecular layer being the deepest.
Sandwiched between these laminae is the Purkinje layer. Unlike mammals (but similar
to other squamates; Aspden et al., 2015), the Purkinje cells do not align in a clear
monolayer but instead are more loosely organized. Ventral to the fourth ventricle is the
brainstem (medulla and pons) which is ultimately continuous with the spinal cord.
Unlike most regions of the brain (except the olfactory bulbs), mitotically active
(pHH3+) cells were not localized to the population lining the ventricular system, but
instead were found scattered throughout the granule cell layer of the cerebellum (Fig.
7B,C). Both SOX2 and GFAP were ubiquitously expressed by the ventricular zone, as
well as the entire periphery of the cerebellum (Fig. 7D-G). Interestingly, while the
processes of GFAP+ cells bordering the brainstem had an obvious radial (transverse)
arrangement, those bordering the cerebellum did not (Fig. 7G,H). In addition,
disorganized GFAP+ processes were observed throughout the granule layer, and were
cut perpendicular to the plane of section within the molecular layer. Taken together, it
seems that radial processes are present in the cerebellum but course longitudinally.
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In addition, isolated SOX2+ cells as well as stellate GFAP+ cells were observed
within the parenchyma of both the cerebellum and brainstem. Within the brainstem,
stellate GFAP+ cells were found at a greater abundance than elsewhere in the brain
(Fig. 7I). In contrast, Vimentin+ cells were not observed, though isolated Vimentin+
fibres were seen in the molecular layer (Fig. 7F). As for other brain regions, neuronal
HuCD+ cells were not observed in the ventricular zone. Neurons of the granule layer
also appeared HuCD-, though large HuCD+ cells were observed within the Purkinje
layer, more spaced out HuCD+ cells were observed in the molecular layer, and
numerous HuCD+ cells were observed in the brainstem (Fig. 7G-I).

2.4 DISCUSSION
Among vertebrates, postnatal (adult) neurogenesis is a taxonomically
widespread and evolutionary conserved phenomenon, with well-documented examples
known for representative species of teleost fish, urodeles, mammals, birds, and lizards
(e.g., Goldman & Nottebohm, 1983; Nottebohm, 1985; Font et al., 1991; Zupanc &
Horschke, 1995; Font et al., 1997; see also Garcia-Verdugo et al., 2002; Kaslin et al.,
2008; González-Granero et al., 2011; Maden et al., 2013; Kirkham et al., 2014).
Postnatal neurogenesis occurs from constitutively active stem/progenitor populations
which vary in distribution across vertebrate species. Although only two neurogenic
regions have been described for the mammalian brain, in non-mammalian vertebrates
the capacity for neurogenesis is more widespread. In lizards, the source of new
neurons for the telencephalon is the ventricular zone – an endogenous stem/progenitor
population lining the ventricular lumen of the lateral ventricles (Font et al., 1991; Font et
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al., 1997; see Chapter 3). Beyond the telencephalon, especially the medial cortex, less
is known (González-Granero et al., 2011). Here we conducted a systematic survey of
the ventricular zone across the entire ventricular system of the leopard gecko. Using an
M-phase marker and radial glia-specific markers, we mapped the presence of NSPClike cells across the brain. Our findings reveal that cells with a radial glia phenotype are
near ubiquitously distributed throughout the ventricular system, though they differ in
terms of intermediate filament composition and proliferative activity (Fig. 8).
The ventricular zone is the primary location of cell proliferation within the leopard
gecko brain. Mitotically active cells were most commonly observed in pseudostratified
regions of the ventricular zone, including the ependymal sulci of the lateral ventricles,
the median hypothalamic eminence of the third ventricle, and the dorsal regions of the
tectal ventricles. Within the telencephalon, the pseudostratified ependymal sulci of the
lateral ventricles are well-understood to be the most proliferative regions of the
ventricular zone (Font et al., 2001; González-Granero et al., 2011). Our findings
indicate that proliferation is also associated with pseudostratified areas of the ventricular
zone beyond the lateral ventricles, suggesting that sulci equivalents exist outside of the
telencephalon. The relationship between proliferation and pseudostratification is also
shared by neurogenic regions in the avian brain known as “hot spots” (Alvarez-Buylla et
al., 1990). In addition to these pseudostratified sulci-like regions, we also observed cell
proliferation within the granule cell layer of the olfactory bulb and the granule cell layer
of the cerebellum. Evidence for cell proliferation within the granule cell layer of the
olfactory bulb and the granule cells of the cerebellum has previously been reported for a
species of lizard (P. hispanicus, using a tritiated thymidine strategy; Lopez-Garcia et al.,
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1988), but remains poorly understood. In teleost fish, mitotically active cells within the
cerebellar parenchyma are reported to generate the greatest abundance of neurons
postnatally (Zupanc & Horschke, 1995).
Consistent with their identification as radial glia, we determined that all ventricular
zone cells expressed both the transcription factor SOX2 and the intermediate filament
GFAP. SOX2 is a hallmark transcription factor of pluripotency (Takahashi and
Yamanaka, 2006) and commonly recognized as a virtually universal characteristic of
NSPC populations (Brazel at al. 2005; Zhang and Cui 2014). Although GFAP is often
viewed as a classic marker of radial glia (Choi, 1986; Than-Trong and Bally-Cuif, 2015),
among distantly-related lizard species it demonstrates an inconsistent pattern of
expression (Ahboucha et al., 2003). In addition to leopard geckos (see also Lazzari and
Franceschini, 2005b) GFAP+ radial glia have been documented in the gekkotan
Tarentola mauritanica (Ahboucha et al., 2003), the lacertid P. hispanicus (Lopez-Garcia
et al., 1992) and the agamid Phrynocephalus vlangalii (Shao et al., 2012), but not in the
tropidurine Tropidurus hispidus (Marchioro et al., 2005). Whether this variation relates
to an evolutionary/phylogenetic signal and how it corresponds to the neurogenic
potential of the ventricular zone awaits future study. Though notably, Tropidurus
hispidus displays a comparatively longer timeframe for neuronal migration than other
species and this has been attributed to the lack of GFAP immunoreactivity (Marchioro et
al., 2005).
Curiously, while all ventricular zone cells across the brain immunostained
positive for SOX2 and GFAP, they do not appear to represent a single, uniform
population. In addition to variation in structural organization (monolayer vs.
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pseudostratified), there are also regional differences in the orientation of the lengthy
radial process. Characteristically, and across all regions of the forebrain and midbrain,
these processes are radially arranged and can be traced to the pial surface of the brain.
The notable exception is the cerebellum, where they appear to be reorganized
longitudinally. Moreover, the expression of the intermediate filament Vimentin varies
substantially along the neuraxis. Radial glia lining the olfactory bulb ventricles, lateral
ventricles of the telencephalon, and dorsal roof and ventral floor (the median eminence)
of the third ventricle of the diencephalon robustly co-labeled with GFAP and Vimentin.
However, ventricular zone cells elsewhere in the diencephalon (i.e., the thalamic walls
of the third ventricle), as well as the midbrain and hindbrain were distinctly
immunonegative for Vimentin. These findings are further complicated by previous
studies suggesting that, like GFAP, Vimentin expression differs across lizard species.
For example, Vimentin expression is reportedly restricted to the diencephalon of
Gallotia galloti (Monzon-Mayer et al., 1990), the tegmentum of P. sicula (Lazzari and
Franceschini, 2001), and appears to be entirely absent from the brain of Anolis sagrei
(Lazzari and Franceschini, 2005a). Furthermore, while our results are broadly similar to
a previous study on the leopard gecko brain (Lazzari and Franceshini, 2005b), we are
the first to demonstrate Vimentin expression within the olfactory bulbs and all regions of
the cerebral hemispheres. One possible explanation involves the age of experimental
animals. Where known, previous work has typically used wild caught, full-grown adults
(as determined by total body length; e.g., Lazzari and Franceschini, 2001; Lazzari and
Franceshini, 2005b). In contrast, our investigation focused on captive-bred subadults.
In support of this prediction, data from various ontogenetic studies of lizards and
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mammals has revealed that, over time, Vimentin appears to be progressively replaced
by GFAP (Pixley et al., 1984; Monzon-Mayor et al. 1990; Oudega & Marani, 1991;
Elmquist et al., 1994). Alternatively, Vimentin expression might be retained into
adulthood by leopard geckos, thus representing a paedomorphic characteristic.
Previous work has revealed that adult geckos retain a number of morphological features
otherwise considered to be characteristic of more immature life stages, including a
persistent notochord (Jonasson et al., 2012).
Although the entire ventricular zone is characterized by classically defined radial
glia, we also observed stellate-shaped astrocytes within brain parenchyma.
Interestingly, there appears to be an inverse relationship between Vimentin expression
(by radial glia) and the distribution of astrocytes. Whereas Vimentin expression is
ubiquitous within the forebrain (olfactory bulbs and cerebral hemispheres), more
restricted in distribution within the diencephalon, and absent from the midbrain and
hindbrain, astrocytes were absent from the forebrain, first appear within the
diencephalon, and were most abundant in the hindbrain. This pattern of distribution
parallels the ontogenetic sequence of transformation of mammalian astrocytes during
neurodevelopment (from Vimentin+ radial glia to GFAP+ radial glia, to GFAP+
astrocytes; Pixley and De Vellis 1984; Elmquist et al. 1994), and provides additional
support to the interpretation of geckos as paedomorphic lizards.
To avoid unnecessary confusion, we have opted to employ the term radial glia as
an umbrella term for SOX2+, GFAP+ cells contributing to the ventricular zone and
bearing an elongate radial process. However, we acknowledge that this interpretation
almost certainly over-simplifies the true diversity of cell types present. Among amniotes
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(mammals + reptiles [including birds]), the use of electron microscopy has revealed at
least two distinct cell types lining just the lateral ventricles: cells with multiple cilia (socalled type E cells or ependymal cells); and cells with a single cilium (type B cells, or
simply radial glia) (Garcia-Verdugo et al., 2002; González-Granero et al., 2011; Paredes
et al., 2016). Whether type E cells, type B cells or both cell types represent the
proliferative (and hence possibly neurogenic) population (González-Granero et al.,
2011), and whether other populations of radial glia within other regions of the brain
(e.g., the hypothalamus) can generate new neurons in lizards, remain important topics
for future investigations.
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CHAPTER 2 TABLES

TABLE 1: Summary table of optimized immunofluorescence protocols for proteins of interest
(pHH3, SOX2, GFAP, Vimentin, HuCD, NeuN, BrdU)

Antigen

Protocol
Type

pHH3

Abbreviated

SOX2

Standard

Retrieval

Block

Primary

Secondary

Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in 1XPBS
for 1 hour at room
temperature

1:100 in1XPBS
overnight at 4˚C
(Cell Signaling,
3377S)

1:250 in 1XPBS for 1
hour at room
temperature

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in diluent
for 30 minutes at
37˚C (see
Appendix 3 for
recipe)

OR
2N HCl, 30 minutes at
37˚C
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1:50 in diluent
overnight at 4˚C
(Cell Signaling,
2748S)

(Cy3-conjugated Goat
anti-Rabbit IgG, 111165-144)
1:200 in 1XPBS for 1
hour at room
temperature
(Cy3-conjugated Goat
anti-Rabbit IgG, 111165-144)

2) 0.1% trypsin in PBS for
20 minutes at 37˚C
GFAP

Standard

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in diluent
for 30 minutes at
37˚C (see
Appendix 3 for
recipe)

1:400 in diluent
overnight at 4˚C
(Agilent
Technologies Inc.,
Z0334)

1:1000 in 1XPBS for 1
hour at room
temperature (Cy3conjugated Goat antiRabbit IgG, 111-165144)

5% NGS in diluent
for 30 minutes at
37˚C (see
Appendix 3 for
recipe)

1:50 in diluent
overnight at 4˚C
(DSHB, H5)

1:200 in sterile 1XPBS
for 1 hour at room
temperature

5% NGS in diluent
for 30 minutes at
37˚C (see
Appendix 3 for
recipe)

1:10 in 1%BSA in
1XPBS overnight
at 4˚C (Molecular
Probes, 16A11)

2) 0.1% trypsin in PBS for
20 minutes at 37˚C
Vimentin

Standard

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

(Goat anti-Mouse
AlexaFluor 488, Life
Technologies, A11001)

2) 0.1% trypsin in PBS for
20 minutes at 37˚C
HuCD

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
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1:500 in sterile 1XPBS
for 1 hour at room
temperature
(Goat anti-Mouse
AlexaFluor 488, Life
Technologies, A11001)

NeuN

BrdU

Abreviated

Standard

Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in 1XPBS
for 1 hour at room
temperature

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in diluent
for 30 minutes at
37˚C (see
Appendix 3 for
recipe)

2) 0.1% trypsin in PBS for
20 minutes at 37˚C
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1:500 in PBST
overnight at 4˚C
(Abcam,
ab104225)

1:1000 in 1XPBS for 1
hour at room
temperature

1:100 in diluent
overnight at 4˚C
(DSHB, G3G4)

1:200 in sterile 1XPBS
for 1 hour at room
temperature

(Cy3-conjugated Goat
anti-Rabbit IgG, 111165-144)

(Goat anti-Mouse
AlexaFluor 488, Life
Technologies, A11001)

CHAPTER 2 FIGURES

Figure 1. Anatomy of the brain of the leopard gecko.
(A) Illustration of the leopard gecko (left, lateral view), depicting the position of the brain
in situ. (B-C) Schematic representations of the major brain regions, [(B) = left, lateral
view; (C) = coronal view]. The organization of the gecko brain follows the basic
vertebrate plan and is broadly comparable to that of mammals. (D) Schematic
transverse sections from representative regions of the histological series, cell dense
regions shown in grey. Note the passage of the ventricular system through all major
brain regions.
bs = brainstem, cb = cerebellum, ch = cerebral hemispheres, di = diencephalon, ob =
olfactory bulb, tc = tectum, te = tegmentum
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Figure 2. Immunofluorescent characterization of the olfactory bulb.
(A) Transverse section through the main olfactory bulb (red line = level of section),
stained with hematoxylin and eosin. The olfactory bulb is made up of 6 distinct layers
surrounding the olfactory bulb ventricle (from innermost-out): the granule cell, internal
plexiform, mitral (grey, dividing the plexiform layers), external plexiform, glomerular and
nerve fibre layers. (B) pHH3+ cells are most abundantly distributed throughout the
granule cell layer, though occasionally observed in other layers, including the internal
plexiform layer (hatched circle). (C) SOX2 is ubiquitously expressed by cells of the
granule cell layer in close contact with the olfactory bulb ventricle. (D, D’) Cells lining
the ventricle additionally co-express GFAP and Vimentin, and demonstrate a lengthy
basal process. (E, E’) In contrast, cells lining the ventricle are NeuN-, though abundant
NeuN+ cells are observed in the remainder of the granule layer.
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Scale bars=15μm; e = external plexiform layer, g = granule cell layer, i =internal
plexiform layer, hatched line = glomerular cell layer, * = olfactory bulb ventricle
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Figure 3. Phosphorylated Histone-H3 (pHH3) and SOX2 distribution in the
cerebral hemispheres.
(A) Transverse section through the cerebral hemispheres (red line = level of section),
stained with hematoxylin and eosin. The cerebral hemispheres are characterized by the
trilaminar (medial, dorsal and lateral) cerebral cortices, and a prominent anterior dorsal
ventricular ridge and septum. The ventricular zone lining the lateral ventricles varies in
thickness according to location, becoming pseudostratified in the ependymal sulci (red
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arrows). (B,C) Representative sulci [position indicated by yellow boxes in (A)], the
sulcus septomedialis and sulcus lateralis. (D,E) pHH3 is restricted to the ventricular
zone and was most abundant within the sulci. (F) SOX2 expression was ubiquitous
within the ventricular zone. Additional SOX2+ cells were observed in the cell-sparse
plexiform layers of the cortices (F’), and were particularly abundant in the septum
adjacent to the sulcus ventralis (F’’).
Scale bars B,C=20μm, F’,F’’=10μm; advr = anterior dorsal ventricular ridge, dc =dorsal
cortex, lc = lateral cortex, mc = medial cortex, pl = plexiform layer, sl = sulcus lateralis,
ssm = sulcus spetomedialis, sp = septum, sv = sulcus ventralis, vz = ventricular zone
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Figure 4. Glial fibrillary acidic protein (GFAP) and Vimentin distribution in the
cerebral hemispheres.
(A) Cells of the ventricular zone ubiquitously express GFAP and Vimentin, and have a
lengthy basal (radial) process that spans the parenchyma to terminate at the pial
surface [e.g., at the sulcus septomedialis (A’) where the radial processes traverse the
medial cortex]. An exception to this radial arrangement is seen in processes extending
from the ventricular zone of the sulcus ventralis into the septum (A’’). (B) HuCD+
neuronal cells are abundant within the cerebral cortices and parenchyma, however, no
GFAP+ cell bodies are seen outside of the ventricular zone.
Scale bars=10μm; ssm = sulcus septomedialis, sv = sulcus ventralis
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Figure 5. Immunofluorescent characterization of the diencephalon.
(A) Transverse section through the diencephalon (red line = level of section), stained
with hematoxylin and eosin. The diencephalon can be broadly subdivided into the
epithalamus, thalamus, and hypothalamus (median eminence and nucleus
periventricularis). (B) pHH3+ cells were identified in the ventricular zone approaching
the (Vimentin+) median eminence. (C) Proliferation was confirmed using
bromodeoxyuridine (BrdU), and was also present in the ventricular zone of the median
eminence. (D) All cells of the ventricular zone were SOX2+. (E) In addition, ventricular
zone cells were GFAP+ and had a lengthy radial process. Occasional stellate GFAP+
astrocytes were observed in the parenchyma (E’). (F) Unlike SOX2 and GFAP,
Vimentin expression was not universal. Vimentin+ cells of the median eminence had a
distinctly arborized morphology (F’).
Scale bars B,C,E=10μm, F=10μm; ep = epithalamus, hy = hypothalamus, me = median
eminence, npv = nucleus periventricularis, th = thalamus
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Figure 6. Immunofluorescent characterization of the tectum and tegmentum.
(A) Transverse section through the tectum and tegmentum (red line = level of section),
stained with hematoxylin and eosin. The multi-layered (periventricular, central and
superficial) optic tectum cap, the tectal ventricles, the torus semicircularis, and

52

tegmentum, make up the ventrolateral walls of the third ventricle. (B) pHH3+ cells were
absent from the ventricular zone, with the exception of the pseudostratified ventricular
zone of the optic tectum (B’). Isolated pHH3+ cells were also seen in the periventricular
cell layer (white arrow). (C,D) All ventricular zone cells were SOX2+. Additional SOX2+
cells were scattered throughout the parenchyma (C’). (E) Ventricular zone cells were
uniformly GFAP+/Vimentin+ (E’’) and had a lengthy basal process. GFAP+ cell bodies
were also located independent of the ventricular zone, in all regions of the optic tecta
and tegmentum (E’, white arrow). (F) HuCD+ neurons were absent from the ventricular
zone, but present in all other layers.
Scale bars=20μm; c = central cell layer, ot = optic tectum, pv = periventricular cell layer,
s = superficial cell layer, ts = torus semicircularis, tg = tegmentum
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Figure 7. Immunofluorescent characterization of the hindbrain (cerebellum and
brainstem).
(A) Transverse section through the cerebellum and brainstem (red line = level of
section), stained with hematoxylin and eosin. The cerebellum has three distinct layers
(granule, Purkinje and molecular). (B,C) pHH3+ cells were absent from the ventricular
zone of the fourth ventricle, and were instead, found throughout the granular layer of the
cerebellum. (D,E) All ventricular zone cells, as well as the periphery of the cerebellum,
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were SOX2+. (F,G) In addition, the ventricular zone and periphery of the cerebellum
were GFAP+/Vimentin-. (H) In contrast to those lining the cerebellum, ventricular zone
cells bordering the brainstem had an obvious transverse arrangement. (G) Neurons of
the Purkinje layer were HuCD+, though those of the granule layer were not. (I) In the
brainstem, stellate GFAP+ cells were found at a greater abundance than elsewhere in
the brain (white arrows).
Scale bars B,C=15μm, G=20μm, I=10μm; bs = brainstem, gl = granular layer, ml =
molecular layer, Pl = Purkinje layer, v = ventricular zone
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Figure 8. Summary of results
Proliferative regions (pHH3+) were observed across the neuraxis including the
ventricular zone of the cerebral hemispheres, third ventricle adjacent to the median
eminence, and tectal ventricles, as well as the granule layer of olfactory bulbs and the
granular layer of the cerebellum (indicated by red dots). All ventricular zone cells
expressed both SOX2 and GFAP. In contrast, Vimentin expression was restricted to
the forebrain, and found to have an inverse relationship with astrocyte presence.
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CHAPTER 3
An investigation of neurogenesis in the medial cortex
of the leopard gecko (Eublepharis macularius)

3.1 INTRODUCTION
The identification of neurogenic niches in the postnatal vertebrate brain overturned
the long-held belief that no new neurons are formed outside of development. In the
mammalian brain, neurogenic niches are most widely accepted to exist within the
subventricular zone of the lateral ventricle and the dentate gyrus of the hippocampus. In
contrast, they are more widespread and produce a greater abundance of new neurons
as a constitutive (physiological) process in the brains of various non-mammalian
vertebrates, including teleost fish, urodeles, and lizards. Importantly, this expanded
neurogenic distribution appears to correspond with a greater ability to restore lost
neurons following injury.
As amniotes, lizards are more closely related to mammals than either teleost fish
or urodeles. Studies of postnatal neurogenesis in the lizard telencephalon have
revealed that the medial cortex (homologous to the mammalian dentate gyrus of the
hippocampus) is a primary target for neurons generated postnatally. The most widely
accepted model for neurogenesis in the medial cortex is that radial glia lining the lateral
ventricle give rise to immature neurons (neuroblasts), that migrate radially into the
adjacent cortex. Interestingly, the timeframe to complete neurogenesis (from the
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generation of a new cell, to migration, and finally maturation) is highly variable,
indicating that neurogenic competence is taxon-specific. For example, while the Iberian
wall lizard (Podarcis hispanicus) takes 7 days to complete migration to the medial
cortex, the Moorish gecko (Tarantola mauritanica) takes 30 (Lopez-Garcia et al., 1988;
Pérez-Cañellas and García-Verdugo, 1996). Similarly, while neurons produced by
Tarantola mauritanica display ultrastructural features when they reach the medial cortex
(day 30), neurons produced by Gallot’s lizard (Gallotia galloti) migrate within the same
timeframe but are not ultrastructurally mature for at least 90 days (Pérez-Cañellas and
García-Verdugo, 1996; Delgado-Gonzalez et al. 2006). However, as the number of
lizard species studied to date remains limited (~5 out of more than 6200 currently
recognized; Uetz et al., 2017), the actual range of this variability remains unclear
(Delgado-Gonzalez et al. 2006; Duffy et al., 1990; Lopez-Garcia et al., 1988; PérezCañellas and García-Verdugo, 1996; Marchioro et al. 2005). In addition, the
incorporation of bromodeoxyuridine (BrdU) or tritiated thymidine by cells of the
ventricular zone is sometimes used as a proxy to demonstrate evidence for
neurogenesis (González-Granero et al., 2011; Shao et al., 2012). Interestingly, most
species sampled to date (with the possible exception of Anolis carolinensis; Duffy et al.,
1990) were wild-caught.
Among lizards, the regenerative abilities of the central nervous system are best
known from studies of the spinal cord following tail loss (Duffy et al. 1990; Szarek et al.,
2016; see also Jacyniak et al., 2017). Many species of lizard can autotomize (selfdetach) their tails as an anti-predation strategy. During this process, various tissues
and organs within the tail are physically ruptured, including the spinal cord. For most
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species, tail autotomy is matched with the dramatic and spontaneous ability to
regenerate a replacement. The regenerated tail is fully functional, but structurally
distinct from the original appendage. In particular, the regenerating spinal cord is devoid
of grey matter and appears to be largely (but not entirely; Zhou et al., 2013; Gilbert,
unpublished, 2017) incapable of neurogenesis.
In contrast to the spinal cord, the lizard brain appears to be remarkably proficient
at generating new neurons as an injury-mediated (reactive) process. In a now classic
series of papers (Font et al., 1991; Lopez-Garcia et al., 1992; Molowny et al., 1995;
Font et al., 1997; see also Font et al., 2001; Lopez-Garcia et al., 2002; GonzálezGranero et al., 2011), the regenerative abilities of the lizard brain were demonstrated in
wild-caught Podarcis hispanicus (formerly known as P. hispanica). Administration of a
single dose of the neurotoxin 3-acetylpyrimidine induced neuronal degeneration and cell
death across much of the telencephalon, including the dorsal and lateral cortices, the
anterior dorsal ventricular ridge, and the nucleus sphericus. However, the most
profound damage was observed in the medial cortex, homologue of the mammalian
dentate gyrus. Whereas most regions of the telencephalon suffered neuronal losses in
50% or less of the population, in the medial cortex as many as 95% of neurons were
effected. Not surprisingly, this neuronal damage was accompanied by various
behavioural changes, including impairments that suggested disruptions in spatial
memory (reported in Lopez-Garcia et al., 2002). Remarkably, these chemically-induced
lesions were not permanent. Instead, neuronal loss triggered a wave of reactive
neurogenesis from adjacent regions of the ventricular zone. Within a 7-week period,
newborn neurons replaced those that were lost, and the observed behavioural defects

59

were reversed (Font et al., 1991; Font et al., 1997). These findings remain widely
celebrated as one of the most remarkable displays of neuroplasticity among amniotes
(e.g., Kaslin et al., 2008; Tanaka and Ferretti, 2009; Paredes et al., 2016). A more
recent investigation has reported that a closely related species, G. galloti, can
regenerate a portion of the dorsal cortex following a small physical incision (RomeroAleman et al., 2004). Due to lack of available evidence it is not clear whether
regenerative competence, like neurogenic competence, is taxon-specific.
Here we conduct an in-depth characterization of constitutive neurogenesis in the
medial cortex of the leopard gecko (Eublepharis macularius). The leopard gecko is a
hardy, commercially bred species that is widely available in the pet trade. In addition,
leopard geckos have a well-documented capacity to regenerate multiple tissue types,
including the spinal cord following tail loss (Whimster, 1978; McLean and Vickaryous,
2011; Delorme et al., 2012; Szarek et al., 2016; Gilbert, unpublished, 2017). Tail loss is
a common and naturally evolved phenomenon in lizards, which elicits a local response
from the distal end of the ruptured spinal cord, providing a source of new cells for the
regenerate (Zhou et al., 2013; Gilbert, unpublished, 2017). However, it is not known if
other portions of the central nervous system are impacted. Previous work on rats has
revealed that physiological neurogenesis in the dentate gyrus of the hippocampal
formation is supressed following a distal central nervous system injury, partial
hemisection of the cervical spinal cord (Felix et al., 2012). Thus, we sought to determine
if neurogenesis in the medial cortex is altered in response to spinal cord rupture as a
result of tail loss.
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3.2 METHODS AND MATERIALS
3.2.1 Animal Care
Captive bred Eublepharis macularius (leopard geckos; hereafter ‘geckos’) were
acquired from a commercial supplier (Global Exotic Pets, Kitchener, Ontario, Canada).
At the beginning of the experiment, all animals were sexually immature and less than
one year old, with a body mass range of 10.3- 23.8g. Growth was monitored throughout
the experimental period by measuring mass, snout-vent length and tail length weekly.
Animal Usage Protocols (AUPs) were approved by the University of Guelph Animal
Care Committee (Protocol Number 1954) and followed the procedures of the Canadian
Council on Animal Care. Geckos were housed and maintained following the work of
Vickaryous and McLean (2011). Briefly, a gecko colony was housed in the Hagen
Aqualab at the University of Guelph, in an isolated, temperature-controlled
environmental chamber. The environmental chamber had an average ambient
temperature of 27.5 ̊C and a 12:12 photoperiod. Geckos were housed individually in 5
galleon polycarbonate tanks. To establish a temperature gradient, a subsurface heating
cable (Hagen Inc., Baie d’Urfe, Quebec, Canada) set to 32 ̊C was placed underneath
one end of the tank. Each enclosure contained two hide boxes and a water container,
and was changed once weekly. Geckos were fed 3 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 6 individuals. Data for cell tracking studies was obtained from
tissue samples representing 12 individuals.
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3.2.2 Bromodeoxyuridine (BrdU) Injections
All BrdU experiments were conducted using a protocol adapted from that of Wu
et al. 2013. 5-bromo-2-deoxyuridine (BrdU) is a thymidine analog that is incorporated
into DNA during the synthesis (S) phase of the cell cycle (Gratzner, 1982; Plickert and
Kroiher, 1988). Cells that cycle during BrdU administration (the pulse) will take up the
analogue, and its incorporation can be detected using immunofluorescence at
subsequent time-points (the chase). BrdU-labelled cells can continue to pass the
analogue to daughter cells until such time that the signal falls below the threshold of
immunodetection.
First, a 50 mg/mL BrdU stock solution was first prepared by diluting 50mg of
BrdU powder (Sigma- Aldrich, St. Louis, Missouri, USA) in 1mL dimethyl sulphoxide
(DMSO). A working solution (5mg/mL) 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 50 mg/kg twice daily at 12 hour intervals (9 am and 9pm) using a
0.5cc insulin syringe (Abbott Laboratories, Saint-Laurent, Quebec, Canada) into the
peritoneal cavity, at a position equidistant between the forelimbs and hindlimbs. The 50
mg/kg dosage is commonly used for studies of adult neurogenesis (Kempermann et al.,
1998; for review, see Taupin, 2007), and has been shown to be non-toxic (Miller &
Nowakowski, 1988). Left and right-sided injections were alternated at each injection
interval.
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3.2.3 Short Duration BrdU Experiment
A short duration bromodeoyuridine (BrdU) pulse-chase experiment was
performed to document proliferation, and to track the migration and fate of newly
generated cells. Experimental geckos were administered BrdU during a two-day pulse
(four injections at 12 hour intervals), and collected at three chase time points (Appendix
1). The first group of geckos (n=3) was collected 12 hours following the last BrdU
injection, chase day 0. Additional geckos were then collected at chase day 10 (n=3),
and chase day 30 (n=3).
To determine if neurogenesis is altered in response to tail loss, we conducted a
parallel short duration BrdU pulse-chase experiment, with one group of geckos induced
to autotomize (self-detach) a large portion of their tails immediately prior the first BrdU
injection. As above, tail loss geckos were administered BrdU (4 injections at 12 hour
intervals), and collected at chase day 0. To reduce group differences due to relatively
low sample size, all experimental geckos were first randomly assigned to groups, and
then groups were balanced using weight of individual geckos (as a proxy for size and
age).

3.2.4 Tail Autotomy
Tail autotomy is the voluntarily detachment of a portion of the tail, a naturally
evolved an anti-predation strategy common to many lizard species. To initiate
autotomy, geckos were first manually restrained without the use of anesthesia.
Autotomy was then achieved by applying firm and continuous pressure using the thumb
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and index finger at the base of the tail (the first tail segmentation from the pelvis). Tails
were self-detached at the level of applied pressure.

3.2.5 BrdU Uptake Analysis and Quantification
To quantify the proportion of cycling cells, brains were collected at chase day 0
from original tailed (n=3) and post-autotomy (n=3) geckos, and serially sectioned
through the medial cortex in the transverse plane. We employed two key anatomical
landmarks to define our region of interest, the sulcus septomedialis: the first
appearance of the anterior dorsal ventricular ridge (representing the rostral margin) and
the appearance of the third ventricle (the caudal margin). Each region of interest was
then longitudinally divided into four subareas, each containing an equal number of
sections, to investigate any potential differences in cell proliferation across the
rostrocaudal axis. From each subarea, three sections (between 30μm and 60μm apart)
were selected (= 12 sections/gecko). Whenever possible, both right and left sulcus
septomedialis were imaged in the same field of view using the 40x objective of an Axio
Imager D1 Microscope (Carl Zeiss Canada Ltd; Toronto, Canada) with an Axiocam MRc
5 camera (Carl Zeiss Canada Ltd; Toronto, Canada). ImageJ software was used to
perform the image analysis. The total number of nuclei in each sulcus septomedialis for
each image (as indicated by the nuclear counterstain DAPI) was counted automatically
using the ImageJ-ITCN plugin (using parameters of cell length = 17 pixels, minimum
distance = 8.5 pixels), while the number of proliferating cells (indicated by BrdU) were
counted manually.
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All analyses were performed using SAS 9.2 software (SAS Institute., Cary, North
Carolina, USA). A general linear model that included the main effects of group (original
tailed or tail loss), subarea (rostral-caudal subareas 1-4), and side of cerebral
hemisphere, as well as their interactions, was used to determine if the BrdU ratio
(BrdU+ cells to DAPI+ cells) was significantly different between levels of these factors.
No significant difference in the BrdU ratio was found due to side of cerebral hemisphere
(left or right) (p=0.91); hence consideration of side was removed in the final model.
Data was checked for normality with a Shapiro-Wilk test and examination of the
residuals, and was found to be fundamentally normal. If the overall F-test was
significant post hoc Tukey pairwise comparisons are reported. For raw statistical data
see Appendix 2.

3.2.6 Long Duration BrdU Experiment
A long duration BrdU pulse-chase experiment was performed to investigate labelretaining cells as an indicator of slow-cycling, and for documentation of long-term
survival of daughter cells. Experimental geckos were administered BrdU during a
seven-day pulse (14 injections at 12 hour intervals), and collected at two chase time
points (Appendix 1). The first group of geckos (n=3) was collected 12 hours following
the last BrdU injection (chase day 0). A second group of geckos (n=3) was collected at
chase day 140. One gecko died suddenly of unknown causes during the experimental
period, and was removed (and replaced) during the experiment.
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3.2.7 Tissue Collection and Preparation
Geckos were euthanized by injection of 150μL alfaxalone into the hypaxial
muscles of the neck and perfused transcardially with phosphate buffered saline,
followed by 10% neutral buffered formalin (NBF; Fisher Scientific, Waltham,
Massachusetts, USA). Brains were then dissected out, and post-fixed by submersion in
10% NBF for an additional 22 hours. Following fixation, tissues 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 infiltrated 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 60 ̊C overnight.

3.2.8 Hematoxylin and Eosin
To investigate brain structure and tissue architecture, representative sections
were stained with Hematoxylin and Eosin. Slide-mounted sections were deparaffinized
and rehydrated to deonized to 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 with
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deionized water before being dipped (5 times) in acid alcohol (1% hydrochloric acid in
70% isopropanol). Sections were then rinsed again in deionized water, blued in
ammonia water (~10 seconds), followed by a rinse in running warm 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).

3.2.9 Immunofluorescence
For all optimized protocols for antibodies used see Table 1.
Standard Immunofluorescence Protocol
A standardized immunofluorescence protocol was performed to visualize SOX2,
Musashi-1, GFAP, Vimentin, HuC/D, tomato lectin, BrdU and 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 one of two antigen retrieval methods: sections stained with
SOX2/Musashi-1 or SOX2/HuCD were incubated for 30 minutes in 2N hydrochloric acid
at 37 ˚C; all other sections were submerged in citrate buffer at 95˚C for 12 minutes, and
then cooled for 20 minutes. Following antigen retrieval, all sections were rinsed for 2
minutes in 1X PBS. 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
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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 (SOX2 [1:50] CellSignalling, Whitby, Ontario, Canada; GFAP [1:400] DAKO, Glostrup, Denmark; Vimentin
[1:50] Developmental Studies Hybridoma Bank, Iowa City, Iowa, USA; HuC/D [1:10]
Molecular Probes, Rockford, Illinois, USA; BrdU [1:200] Developmental Studies
Hybridoma Bank, Iowa City, Iowa, USA; tomato lectin [1:50] Sigma-Aldrich, St. Louis,
Missouri, USA; NeuN [1:125] Abcam, Cambridge, Massachusetts, USA). Slides were
then 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 stained with nuclear marker DAPI ([1:5000] Life Technologies, Eugine, Oregon,
USA). Once more, slides were rinsed in 1X PBS (3 washes; 2 minutes), and then cover
slipped with fluorescent mounting media (DAKO, Glostrup, Denmark).

Abbreviated Immunofluorescence Protocol
An abbreviated immunofluorescence protocol was performed to detect
proliferating cell nuclear antigen (PCNA), phosphorylated histone-H3 (pHH3), fibroblast
growth factor 2 (FGF2), vascular endothelial growth factor (VEGF), vascular endothelial
growth factor receptor-1 (VEGFR1) and vascular endothelial growth factor receptor-2
(VEGFR2). Sections were de-paraffinized and rehydrated to water through xylene (3
washes; 2 minutes), absolute isopropanol (3 washes; 2 minutes), 70% isopropanol (2
minutes) and deionized water (dH2O) (2 minutes). Sections then underwent heatinduced antigen retrieval by submersion in citrate buffer at 95˚C for 12 minutes, and
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were subsequently cooled for 20 minutes. Following antigen retrieval sections were
rinsed in phosphate buffered saline (PBS). They were then blocked for one hour in 5%
normal goat serum (NGS) in sterile PBS at room temperature. Primary antibodies were
diluted in sterile PBS and applied to one section on the slide for overnight incubation at
4°C (pHH3 [1:100] Cell Signaling, Whitby, Ontario, Canada; PCNA [1:100], FGF2
[1:100], VEGF [1:50], VEGFR1 [1:50], VEGFR2 [1:100] Santa-Cruz Biotechnology,
Dallas, Texas, USA). Sections were rinsed in PBS (3 washes; 2 minutes) and then
incubated in secondary antibody for one hour at room temperature. Slides were rinsed
again in PBS (3 washes; 2 minutes) and counterstained using a DAPI nuclear stain (Life
Technologies, Eugine, Oregon, USA) diluted in sterile PBS [1:5000]. Finally, slides
were rinsed in PBS (3 washes; 2 minutes) and cover slipped using fluorescent mounting
media (DAKO, Glostrup, Denmark).

3.3. RESULTS
3.3.1 Organization of the sulcus septomedialis and medial cortex
The medial cortex is a portion of the pallium situated at the dorsomedial border of
the cerebral hemisphere and is thought to play an important role in place learning and
relational memory (see Naumann et al., 2015). At the level of serial histology, the
medial cortex of the leopard gecko closely resembles that of other lizards (e.g., Smeets
et al., 1986; Font et al., 1991; Pérez-Cañellas and García-Verdugo, 1996; Shao et al.,
2012; see Chapter 2). In transverse section, it demonstrates a three-layered
organization identical to that of the dorsal and lateral cortices, consisting of a cell-dense
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cellular layer, nested between cells-sparse inner and outer plexiform layers (Fig. 1AB).
While the outer plexiform layer borders the pial surface, the inner plexiform layer adjoins
the cell population contacting the lateral ventricles known as the ventricular zone. As
for other lizards, the cellular layer demonstrates two morphologically distinct populations
of neurons, small type I cells with limited cytoplasm, and larger type II cells with
abundant cytoplasm (González-Granero et al., 2011). On the basis of these cell types,
the cellular layer is sometimes subdivided into the medial cortex (type I cells) and
dorsomedial cortex (type II cells). For the purpose of this investigation, we focused
solely on type I cells of the medial cortex.
The ventricular zone is a specialized neuroepithelium that demonstrates regional
variation in structure and thickness. Most of the ventricular zone is a monolayer,
referred to as the ependymal zone or intersucli (Yanes-Mendez et al., 1988a; GarciaVerdugo et al., 2002; González-Granero et al., 2011). However, in four areas the
ventricular zone becomes highly folded and pseudostratified, creating what are known
as ependymal sulci (Yanes-Mendez et al., 1988b). These ependymal sulci – the sulcus
ventralis, sulcus terminalis, sulcus lateralis and sulcus septomedialis – are the primary
locations of cell proliferation within the ventricular zone (Garcia-Verdugo et al., 2002;
González-Granero et al., 2011). The medial cortex is associated with the sulcus
septomedialis.
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3.3.2 Radial glia are present within the ventricular zone
To identify neural stem/progenitor cells (NSPCs) within the ventricular zone, we
first immunostained with SOX2. SOX2 is a hallmark transcription factor of stemness,
and is involved in the induction and maintenance of pluripotency (Graham et al. 2003;
Takahashi & Yamanaka, 2006; Zhang & Cui, 2014). Across species, SOX2 identifies
NSPCs within the brain during both embryogenesis and adulthood (Brazel at al., 2005;
Zhang & Cui 2014). We determined that all ventricular zone cells of the telencephalon
(and indeed, essentially all ventricular zone cells of the entire brain; see Chapter 2)
demonstrated robust SOX2 expression (Fig. 2A-C). Additional SOX2 labeling was
observed among a subset of cells in the inner plexiform layer, but very rarely within the
cellular layer. To expand our NSPC panel, we next co-localized SOX2 with the RNA
binding protein Musashi-1 (MSI-1). MSI-1 has been implicated in asymmetric cell
division and (within the brain) mitotically active stem cell populations (Sakakibara et al.,
1996; Ratti et al., 2006). Supporting their identification as an NSPC population, we
observed strong SOX2/MSI-1 co-localization by all cells of the ventricular zone (Fig. 2DF). Our data also revealed a population of SOX2+/MSI-1+ cells within the inner
plexiform layer. Adjacent to the ventricular zone these double-labeled cells were
organized into chains. However, as they approached the cellular layer, they were
oriented with their long axes perpendicular to the ventricular surface, consistent with
their identification as immature migrating neurons (i.e. neuroblasts). Next, we extended
our characterization to include the RNA binding protein HuC/HuD (HuCD), a marker
common to both immature and mature neurons (Fig. 2G-I). HuCD expression was
observed in a dynamic gradient across cell layers. In the ventricular zone, cells were
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uniformly SOX2+/HuCD-. Beginning at the interface of the ventricular zone and inner
plexiform layer, we first observed HuCD+ cells. Within the inner plexiform layer three
distinct cell types were observed: SOX2+/HuCD-, SOX2-/HuCD+, and (less commonly)
SOX2+/HuCD+. Notably, SOX2+/HuCD+ cells of the inner plexiform layer were more
fusiform and less immunoreactive for HuCD than rounded SOX2-/HuCD+ cells. In
contrast, the cellular layer was dominated by SOX2-/HuCD+ cells.
Amongst adult reptiles, NSPCs of the ventricular zone are most commonly
identified as radial glia (Font et al., 2001; Lazzari and Franceschini, 2005a,b; Tanaka
and Ferretti, 2009; González-Granero et al., 2011; Shao et al., 2012). To determine if
radial glia were present in leopard geckos, we first used a classic marker of this cell
type, the intermediate filament glial fibrillary acidic protein (GFAP). Virtually all cells of
the ventricular zone were GFAP+ (Fig. 3A). Moreover, these cells demonstrated the
characteristic bipolar morphology of radial glia, including a lengthy basal (radial)
process that spans the cortex to contact the pial surface or the perivascular membranes
surrounding blood vessels. Radial processes passed directly through the cellular layer
often bifurcating in the outer plexiform layer before contacting the pial surface. We
corroborated our findings using a second radial glia marker, the intermediate filament
Vimentin, which is most widely recognized as a neurodevelopmental marker. Cell
bodies in the ventricular zone and radial processes were strongly and ubiquitously
Vimentin+/GFAP+ (Fig. 3B,C). Although Vimentin immunostaining additionally
revealed the endothelium of blood vessels, clear contact between Vimentin+/GFAP+
end feet and Vimentin+ vessels could not be discerned. It is also worth noting we did
not observe any stellate-shaped GFAP+ or Vimentin+ astrocytes within the cortex.
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Another characteristic feature of radial glia is that they are constitutively active.
To identify proliferative activity in the gecko cerebral cortex, we used the M-phase
marker phosphorylated histone-H3 (pHH3), and the S-phase marker proliferating cell
nuclear antigen (PCNA). pHH3+ cells were restricted exclusively to the ventricular zone
(Fig. 4A). Similarly, PCNA immunostained cells were most abundant in the ventricular
zone, although several positive cells were also located in the inner plexiform layer in
close proximity to the ventricular zone (Fig. 4B). In stark contrast, pHH3+ or PCNA+
cells were never observed within the cellular layer of the medial cortex.

3.3.3 A supportive microenvironment
Next, we sought to characterize the microenvironment associated with the
ventricular zone, with a focus on vasculature. Previous studies in mammals have
revealed a relationship between blood vessels and vascular-derived factors, and
neurogenesis (e.g., Kuhn et al, 1997; Shen et al. 2008; Tavazoie et al., 2008; Tata et
al., 2016). We reasoned that a comparable vascular niche should also exist in
neurogenic regions of the gecko brain. We co-localized GFAP, a marker of radial glia,
with tomato lectin (TL), a carbohydrate binding protein common to microglia and blood
vessels. Matching our previous findings with Vimentin, we observed TL+ blood vessels
throughout the telencephalon (Fig. 5A). Blood vessels were conspicuously arranged so
that those at the pial surface were oriented radially, whereas closer to the ventricular
lumen they were cut in transverse. GFAP+ end-feet appeared to surround the lumen of
all TL+ blood vessels (Fig. 5A).
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We then explored the expression pattern of two growth factors involved in
angiogenesis: basic fibroblast growth factor (FGF2) and vascular endothelial growth
factor A (VEGF). Along with their pro-angiogenic roles, both FGF2 and VEGF are
known to maintain NSPC pools, and to be potent mitogenic and neurogenic factors in
vivo and in vitro (Kuhn et al., 1997; Raballo et al. 2000, Wittko-Schneider et al., 2013;
Kirby et al. 2015). Although the telencephalon is enriched in both FGF2 and VEGF,
expression is most pronounced within the ventricular zone of the sulcus septomedialis
(Fig. 5B,C). Both growth factors were also expressed by a subset of cells within the
inner plexiform layer, and most cells within the adjacent cellular layer. In the
mammalian dentate gyrus of the hippocampus, VEGF signalling by NSPCs occurs
primarily via VEGFR2 (Segi-Nishida et al., 2008; Kirby et al., 2015). However, in
leopard geckos, co-localization of VEGFR1 and VEGFR2 show the ventricular zone to
house a population of VEGR1+cells but to be uniformly VEGFR2- (Fig. 5D). A subset of
cells within the inner plexiform layer, and the majority of cells within the cellular layer are
also VEGFR1+/VEGFR2-.

3.3.4 Cells generated in the ventricular zone become neurons in the cellular layer
To track the fate of newly generated cells, we conducted an acute
bromodeoxyuridine (BrdU) pulse-chase experiment. BrdU is a thymidine analogue that
is incorporated into cells during DNA synthesis (Nowakowski et al. 1989).
Subsequently, cells that have incorporated the BrdU label can be visualized using
immunofluorescence. We administered BrdU (intraperitoneal injection; 50 mg/kg) twice
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daily for a 2-day pulse period. Geckos were collected at three chase time points: day 0
(immediately following the pulse), day 10 post-pulse, and day 30 post-pulse (Fig. 6A).
At day 0, BrdU+ cells were restricted to the ventricular zone, indicating that proliferation
was restricted to this population during the pulse period (Fig. 6B). At day 10, BrdU+
cells were identified within both the ventricular zone and the inner plexiform layer,
demonstrating that cells born in the ventricular zone had begun to migrate (Fig. 6C). At
day 30, BrdU+ cells were located within each of the ventricular zone, inner plexiform
layer, and their presumptive final destination, the cellular layer of the medial cortex (Fig.
6D).
To explore the identity of these BrdU+ populations we conducted a series of colocalizations using SOX2, GFAP, and the mature neuronal marker NeuN. At each
chase time point (day 0, 10, and 30) all BrdU+ cells in the ventricular zone co-localized
with SOX2 and GFAP (see Fig. 6E). At day 10, BrdU+ cells within the inner plexiform
layer were fusiform in shape, SOX2- and NeuN-, and demonstrated a close association
with GFAP+ radial processes (Fig. 6F). Specifically, the long axis of BrdU+ cells was
arranged exactly parallel to that of the GFAP+ processes. By day 30, all BrdU+ cells
present within the cellular layer of the medial cortex co-expressed NeuN (but neither
GFAP nor SOX2) (Fig. 6G).
Finally, we sought to determine if there was evidence for long-term survival of
newly generated cells. Continuous cell proliferation within the ventricular zone raises
the question of whether the newly generated cells are retained, and possibly
incorporated into the existing neurocircuitry, or if these cells routinely undergo apoptosis
and are eliminated. To identify long-term surviving cells, we used a long duration BrdU
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pulse-chase experiment. Geckos were administered BrdU (intraperitoneal injection
twice daily; 50 mg/kg) for a 7-day pulse period, and collected at day 0 (immediately
following the pulse) and day 140 post-pulse (Fig. 7A). As previously demonstrated, at
day 0 BrdU+ cells were abundant within the ventricular zone, and all co-expressed
SOX2 (Fig. 7B). In addition, likely due to the extended pulse period, a subset of BrdU+
cells were identified within the inner plexiform layer suggesting that they had begun
migration. Within the inner plexiform layer, some BrdU+ cells were additionally SOX2+
(typically those in closer proximity to the ventricular zone). By day 140, BrdU+ cells
were identified within each of the ventricular zone, inner plexiform layer and cellular
layer of the medial cortex (Fig. 7C). Moreover, all BrdU+ cells in both the inner
plexiform layer and cellular layer co-expressed NeuN.

3.3.5 Neurogenesis in the medial cortex is not altered in response to tail loss
A hallmark of postnatal neurogenesis is its sensitivity to physiological and
pathological stimuli, including central nervous system injury (Zhao et al., 2008; Ming and
Song 2011). In rats, spinal cord injury (partial cervical spinal cord hemisection) results
in suppression of forebrain neurogenesis; transient in the subventricular zone, but
chronic in the hippocampus (remaining unrecovered for at least 90 days) (Felix et al.,
2012). To determine if medial cortex neurogenesis was altered in response to a distal
spinal cord injury we took advantage of the geckos’ naturally evolved ability to selfdetach (autotomize) its tail, resulting in spinal cord rupture. Proliferation (evidenced by
BrdU uptake following a 2-day pulse) in the ventricular zone of the sulcus septomedialis

76

was compared between post-autotomy geckos (n=3) and original-tailed controls (n=3)
(Fig. 8A). The number of BrdU+ cells, as compared to total number of DAPI+ cells, in
the ventricular zone were quantified in both groups. For these analyses the medial
cortex was serially sectioned in the transverse plane, and the histological series was
divided into four equal subareas allowing for observation of any rostrocaudal differences
in BrdU uptake (Fig. 8B). The data set included three sections (between 30μm and
60μm apart) per subarea, for at total of 12 sections per gecko. The ventricular zone of
sulcus septomedialis was imaged bilaterally (one field of view per hemisphere).
Consistent with our previous findings, in all sections examined in both
experimental groups, BrdU+ cells were restricted to the ventricular zone (Fig. 8C). In
the post-autotomy group 5.26% of cells took up the BrdU label (with a 95% CI [lower
limit=0.99%, upper limit=9.54%), whereas in the original-tailed group, 3.33% of cells
took up the label (with a 95% CI [lower limit=0.95%, upper limit=7.60%]) (Fig. 8C).
Between the groups no significant difference in BrdU uptake was observed (p=0.42),
indicating that medial cortex neurogenesis is resilient to the effects of spinal cord
rupture following tail loss.
Interesting, there did appear to be rostrocaudal differences in BrdU uptake.
Overall (considering both groups simultaneously), BrdU uptake was significantly higher
in the rostral-most subarea (subarea 1) than in all other subareas (compared to:
subarea 2, p=0.002; subarea 3 and 4, p < 0.001) (Fig. 8D). To examine if there was
any effect of tail-loss specific to different subareas we conducted post-hoc Tukey
pairwise comparisons (see Appendix 2). As the most constitutively active region of the
sulcus septomedialis, it stands to reason that the rostal-most subarea may be the most
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affected following spinal cord rupture. We determined that 8.13% of cells took up the
BrdU label in the post-autotomy group (with a 95% CI [lower limit=4.89 %, upper
limit=11.37%), and 4.58% of cells took up the BrdU label in the original-tailed group
(with a 95% CI [lower limit=1.34%, upper limit=7.81%) (Fig. 8E). Consistent with the
results achieved by surveying the entirety of the medial cortex, differences in BrdU
uptake were not statistically significant (p=0.12).

3.4 DISCUSSION
This study investigated postnatal neurogenesis in a representative, commerciallybred lizard species, the leopard gecko (Eublepharis macularius). Using a BrdU pulsechase strategy and a panel of protein markers, we determined that cells from the
ventricular zone of the sulcus septomedialis constitutively proliferate and contribute new
neurons to the medial cortex, homologue of the mammalian dentate gyrus of the
hippocampus. Our data also show that the sulcus septomedialis is a neurogenic niche,
complete with an associated vascular compartment. Finally, we established that
neurogenesis in the medial cortex is not significantly altered in response to rupture of
the distal spinal cord (as a result of tail loss). Combined, our findings reveal that
leopard gecko represents a powerful new amniote model to explore the regenerative
capacity of the central nervous system.
As for other lizard species, and non-mammalian vertebrates in general, we
identified radial glia as the dominant cell type within the ventricular zone (see also
Chapter 2). Consistent with this interpretation, we determined that cells of the
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ventricular zone robustly co-express the NSPC markers SOX2 and MSI-1, as well as
the intermediate filaments GFAP and Vimentin. GFAP/Vimentin co-localization was
particularly prominent within the lengthy radial processes. These data are further
supported by a previous investigation using leopard geckos that also observed radial
processes to be immunoreactive for GFAP and Vimentin (although they did not test for
co-expression; Lazzari and Franceshini, 2005b). Across vertebrates, there is
considerable variation in Vimentin expression by radial glia. Although common to radial
glia of non-amniotes (teleost fish and urodeles; e.g. Zamara and Mutin, 1988; Zupanc
and Clint, 2002), Vimentin typically associated with developmental immaturity in
mammals and other lizards (Lazzari and Franceschini, 2005b). One possibility is that
Vimentin expression by leopard gecko radial glia is a juvenile trait retained into
adulthood (i.e., an example of paedomorphosis), as has previously been suggested for
the constitutive expression of SOX2 by ependymal cells (Gilbert, unpublished, 2017).
However, until more widespread taxonomic sampling has been conducted, the
significant of this feature remains unclear.
Another key feature of radial glia is homeostatic proliferation. Using both the Sphase marker PCNA, M-phase marker pHH3 and an acute (2-day) pulse with BrdU, we
observed that the sulcus septomedialis is the sole anatomical locus of proliferative in
the vicinity of the medial cortex. Although we did observe occasional PCNA+ cells
within the inner plexiform layer, they were always located near the ventricular zone.
Furthermore, similarly positioned cells were always immunonegative for pHH3 and BrdU
uptake. By way of explanation, we note that PCNA is present for a longer time-frame
following cell division than pHH3 (Zacchetti et al., 2003; und Halbach, 2011). These
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findings also confirm that a subventricular zone, comparable to that seen in mammals,
is absent from the postnatal lizard brain. Interestingly, although not quantified, the
relative abundance of pHH3+ cells appears to be greater than that of PCNA+ cells,
which may offer insight into cell-cycle dynamics of the ventricular zone. Previous work
has shown that embryonic lizards have a longer M-phase, and comparatively shorter Sphase, than their mammalian counterparts (Nomura et al., 2013). Mammalian NSPCs
have also been reported to show lengthening of M-phase/shortening of S-phase (as
compared to other cell types) (Arai et al., 2010; Ponti et al., 2012). This altered cellcycle may offer a mechanism for control and regulation of proliferation.
Although not entirely unexpected, our findings clearly demonstrate that radial glia
in the ventricular zone give rise to new neurons. Using a spatiotemporal approach,
including both acute (2-day pulse) and long-duration (7-day pulse) BrdU labeling, we
confirmed that new cells are born in the ventricular zone, and then migrate across the
inner plexiform layer before differentiating into immunofluorecently identifiable neurons.
The timeframe for neurogenesis in the medial cortex is 30 days, similar to that
previously reported for the gecko Tarantola mauritanica (Pérez-Cañellas and GarcíaVerdugo, 1996). As expected, BrdU labeling was exclusive to SOX2+ cells of the
ventricular zone immediately following the acute pulse period. By the end of the long
duration pulse, or following the 2-day pulse/10 chase, BrdU+ cells were additionally
observed within the inner plexiform layer. Our preferred interpretation is that the
daughter cells begin to migrating within one week. Alternatively, it is possible that rare
proliferative cells also reside within the inner plexiform layer. By 10 days (post-acute
pulse), BrdU+ cells had migrated well-within the inner plexiform layer. Based on cell
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morphology (fusiform with their long axes perpendicular to both the ventricular lumen
and the cellular layer) and a close association with GFAP+ radial glial processes, we
identify these cells as neuroblasts. By 30 days (post-acute pulse), BrdU+ cells had
reached the cellular layer of the medial cortex and expressed mature neuronal marker
NeuN. Significantly, these BrdU+Neu+ cells were still present at 140 days (post-long
duration pulse), indicating that adult-born neurons survive long-term without removal
through apoptosis. That long-term surviving BrdU+/NeuN+ cells were also observed in
the inner plexiform layer indicates that not all cells that are produced are destined for
the cellular layer, and reveals the possibility of adult neurogenesis in lizards also
generates interneurons. It is also worth noting that BrdU+ cells are retained in the
ventricular zone. The incorporated BrdU label is gradually diluted in dividing cells
(Tough and Sprent, 1994), raising the possibility that label-retaining cells in the
ventricular zone represent a relatively slow-cycling population.
Taken together, our data add new details to the existing model of lizard
neurogenesis, with important implications for all vertebrates. The ventricular zone,
particularly the ependymal sulci, is a bona fide neurogenic niche populated by radial
glia. As evidenced by a distinct panel of markers (including SOX2, MSI-1, GFAP, and
Vimentin), radial glia are NSPCs. Radial glia are both constitutively active and slowcycling, although at the level of immunostaining it is not possible to determine if this is
representative of two distinct populations. Cells newly generated in the ventricular zone
are SOX2+/MSI-1+ neuroblasts, which migrate through the inner plexiform layer along
GFAP+/Vimentin+ radial processes. During this migration, neuroblasts gradually
transition from a strongly neurogenic phenotype (SOX2+/MSI-1+/HuCD-) at the
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ventricular zone, to one that is characteristically neuronal (SOX2-/MSI-1-/HuCD+) as
they approach the medial cortex. In many respects, this neurogenic to neuronal
transformation closely parallels that observed in the rostral migratory stream of mice, as
neuroblasts migrate from the subventricular zone of the lateral ventricles to eventually
populate, as mature neurons, the olfactory bulbs (Ferri et al, 2004). Ultimately, newly
generated cells originating in the ventricular zone come to reside in either the inner
plexiform layer or the cellular layer of the medial cortex, where they persist long-term as
NeuN+/HuCD+ neurons.
The abundant neurogenic capacity and long-term survival of neurons generated
from the sulcus septomedialis are likely due, at least in part, to the supportive
microenvironment of this anatomical region. Matching the neurogenic
microenvironments observed in mammals, we determined that direct contact with
vasculature (via radial glia end feet) and pro-angiogenic growth factors are
characteristic of neuron-forming and neuron-supporting compartments in geckos (Shen
et al., 2008; Tavazoie et al., 2008; Kirby et al., 2015; Licht et al., 2016). VEGF and
FGF2 are well-described in neurogenic regions of the mammalian brain (Jin et al., 2002;
Kang and Hebert, 2005; Kirby et al., 2015), but to our knowledge this is the first report of
their expression in the lizard brain. Both the sulcus septomedialis and the medial cortex
demonstrate robust expression of VEGF and FGF2. Although their exact role remains
unclear, in mammals it has been suggest that these cytokines function in promoting
neurogenesis, either directly as a mitogen or indirectly promoting the neurogenic niche,
and as a neuroprotective factor within the neuron-dense cellular layer (Kuhn et al.,
1997; Raballo et al. 2000, Wittko-Schneider et al., 2013; Kirby et al. 2015). Our
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investigation also revealed that, unlike the dentate gyrus of mammals, the ventricular
zone of geckos is VEGFR1+ but VEGFR2-. This is suggestive that the neurogenic
compartment of the lizard brain may use a distinct form of signalling.
Finally, we investigated whether neurogenesis in the medial cortex was impacted
by spinal cord rupture as a result of tail loss. Previous work in mammals has suggested
that not only does spinal cord injury alter forebrain neurogenesis, but that the
hippocampal neurogenesis is particularly sensitive (Feliz et al. 2012). Partial
hemisection to the cervical spinal cord of the rat results in a marked reduction of
neurogenesis in the hippocampus which is not restored by 90-days post injury (though
neurogenesis in the subventricular zone returns to baseline in that time). In stark
contrast, we observed no significant difference in proliferation (evidenced by BrdU
uptake following a 2-day pulse) in the ventricular zone between geckos induced to
autotomize, and original-tailed controls. This is fairly remarkable when considering that
tail loss is typically a predator-initiated process and thus undoubtedly stressful, and that
subsequent tail regeneration is energetically taxing. Our findings likely reflect that tail
autotomy is a naturally-adapted mechanism which the leopard gecko has evolved to
tolerate. Further, it may imply a resilience of medial cortex neurogenesis to
physiological and pathological stimuli. Intriguingly, lizard retinal axons have been
previously shown to be insensitive to inhibitory environments and capable of
regenerating over non-permissive substrates (Lang et al. 1998). Taken together, this
resiliency to systemic modulation may be a common trait of the lizard central nervous
system. Our findings, in addition to the known ability to regenerate its spinal cord
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following tail loss, implicate the leopard gecko as an excellent model for future studies
of neurogenesis and neuroregeneration.

84

CHAPTER 3 TABLES

TABLE 1: Summary table of optimized immunofluorescence protocols for proteins of interest
(SOX2, Msi-1, HuC/D, pHH3, PCNA, GFAP, Vimentin, BrdU, NeuN, FGF, VEGF, VEGFR1, VEGFR2)

Antigen

Protocol
Type

SOX2

Standard

Retrieval

Block

Primary

Secondary

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in diluent
for 30 minutes at
37˚C (see Appendix
3 for recipe)

1:50 in diluent
overnight at 4˚C
(Cell Signaling,
2748S)

1:200 in 1XPBS for 1
hour at room temperature

OR

(Cy3-conjugated Goat
anti-Rabbit IgG, 111-165144)

2N HCl, 30 minutes at
37˚C

2) 0.1% trypsin in PBS
for 20 minutes at 37˚C
MSI-1

Standard

1) 2N HCl, 30 minutes at
37˚C

5% NGS in diluent
for 30 minutes at
37˚C (see Appendix
3 for recipe)
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1:100 in diluent
overnight at 4˚C
(Millipore, Cat,
MABE268)

1:100 in sterile 1XPBS
for 1 hour at room
temperature

2) 0.1% trypsin in PBS
for 20 minutes at 37˚C
HuC/D

Standard

1)2N HCl, 30 minutes at
37˚C

(Goat anti-Mouse
AlexaFluor 488, Life
Technologies, A11001)
5% NGS in diluent
for 30 minutes at
37˚C (see Appendix
3 for recipe)

1:10 in diluent
overnight at 4˚C
(Cell Signaling,
2748S)

5% NGS in diluent
for 30 minutes at
37˚C (see Appendix
3 for recipe)

1:400 in diluent
overnight at 4˚C
(Agilent
Technologies
Inc., Z0334)

1:1000 in 1XPBS for 1
hour at room temperature
(Cy3-conjugated Goat
anti-Rabbit IgG, 111-165144)

5% NGS in diluent
for 30 minutes at
37˚C (see Appendix
3 for recipe)

1:50 in diluent
overnight at 4˚C
(DSHB, H5)

1:200 in sterile 1XPBS
for 1 hour at room
temperature

2) 0.1% trypsin in PBS
for 20 minutes at 37˚C
GFAP

Standard

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

1:500 in sterile 1XPBS
for 1 hour at room
temperature
(Goat anti-Mouse
AlexaFluor 488, Life
Technologies, A11001)

2) 0.1% trypsin in PBS
for 20 minutes at 37˚C
Vimentin

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
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(Goat anti-Mouse
AlexaFluor 488, Life
Technologies, A11001)

pHH3

PCNA

Tomato
Lectin

Abbreviated

Abbreviated

Standard

Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in 1XPBS
for 1 hour at room
temperature

1:100 in1XPBS
overnight at 4˚C
(Cell Signaling,
3377S)

1:250 in 1XPBS for 1
hour at room temperature

Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in 1XPBS
for 1 hour at room
temperature

1:100 in1XPBS
overnight at 4˚C
(Cell Signaling,
3377S)

1:200 in 1XPBS for 1
hour at room temperature

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in diluent
for 30 minutes at
37˚C (see Appendix
3 for recipe)

1:50 in diluent
overnight at 4˚C
(DSHB, G3G4)

1:500 in sterile 1XPBS
for 1 hour at room
temperature

Abbreviated

5% NGS in 1XPBS
for 1 hour at room
temperature

1:50 in1XPBS
overnight at 4˚C
(Cell Signaling,
3377S)

Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution
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(Cy3-conjugated Goat
anti-Rabbit IgG, 111-165144)

(streptavidin, AlexaFluor
488 conjugate, Life
Technologies, S32354)

2) 0.1% trypsin in PBS
for 20 minutes at 37˚C
VEGF

(Cy3-conjugated Goat
anti-Rabbit IgG, 111-165144)

1:200 in 1XPBS for 1
hour at room temperature
(Cy3-conjugated Goat
anti-Rabbit IgG, 111-165144)

VEGFR1

VEGFR2

FGF2

BrdU

Abbreviated

Abbreviated

Abbreviated

Standard

Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in 1XPBS
for 1 hour at room
temperature

1:100 in1XPBS
overnight at 4˚C
(Cell Signaling,
3377S)

1:200 in 1XPBS for 1
hour at room temperature

Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in 1XPBS
for 1 hour at room
temperature

1:50 in1XPBS
overnight at 4˚C
(Cell Signaling,
3377S)

1:200 in sterile 1XPBS
for 1 hour at room
temperature

Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in 1XPBS
for 1 hour at room
temperature

1:100 in1XPBS
overnight at 4˚C
(Cell Signaling,
3377S)

1:200 in 1XPBS for 1
hour at room temperature

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in diluent
for 30 minutes at
37˚C (see Appendix
1 for recipe)

1:100 in diluent
overnight at 4˚C
(DSHB, G3G4)

1:200 in sterile 1XPBS
for 1 hour at room
temperature

2) 0.1% trypsin in PBS
for 20 minutes at 37˚C
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(Cy3-conjugated Goat
anti-Rabbit IgG, 111-165144)

(Goat anti-Mouse
AlexaFluor 488, Life
Technologies, A11001)

(Cy3-conjugated Goat
anti-Rabbit IgG, 111-165144)

(Goat anti-Mouse
AlexaFluor 488, Life
Technologies, A11001)

NeuN

Standard

1) Citrate buffer for 12
minutes at 95˚C, 20
minutes at room
temperature in solution

5% NGS in 1XPBS
for 1 hour at room
temperature

2) 0.1% trypsin in PBS
for 20 minutes at 37˚C
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1:125 in PBST
overnight at 4˚C
(Abcam,
ab104225)

1:1000 in 1XPBS for 1
hour at room temperature
(Cy3-conjugated Goat
anti-Rabbit IgG, 111-165144)

CHAPTER 3 FIGURES

Figure 1. Anatomy of the sulcus septomedialis and medial cortex.
(A) Transverse section through the telencephalon, stained with hematoxylin and eosin
(red line= level of section), yellow box indicates position of (B). (B) Location of the
sulcus septomedialis and medial cortex. The ventricular zone of the sulcus
septomedialis is separated from the neuron-rich cellular layer of the medial cortex by a
cell-sparse inner plexiform layer. The outer plexiform layer separates the cellular layer
from the pial surface of the brain.
Scale bar=20μm; cl = cellular layer, dc = dorsal cortex, dmc = dorsal medial cortex, ipl =
inner plexiform layer, lv = lateral ventricle, mc = medial cortex, opl = outer plexiform
layer, tel = telencephalon, vz = ventricular zone
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Figure 2. SOX2, Musashi-1 and HuC/D expression in the ventricular zone and
cellular layer.
(A,B,C) Ventricular zone cells ubiquitously express the NSPC marker SOX2. A subset
of SOX2+ cells are also observed within the inner plexiform, but not cellular layers
(hatched ellipse). (D,E,F) Ventricular zone cells co-express NSPC marker Musashi-1.
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SOX2+/Msi-1+ cells are also present within the inner plexiform layer, often appearing in
chains or with their long axes perpendicular to the ventricular lumen (hatched ellipses).
The shape, position, and immunoreactivity of these cells is consistent with their
identification as neuroblasts. (G,H,I) Double immunofluorescence for SOX2 and
neuronal marker HuC/D revealed that SOX2+/HuCD- (hatched ellipse), SOX2+HuCD+
(white arrows), and SOX2-HuCD+ cells reside within the inner plexiform layer. In
contrast, the cellular layer is dominated by SOX2-/HuCD+ cells.
All scale bars=15μm; cl = cellular layer, ipl = inner plexiform layer, opl = outer plexiform
layer, vz = ventricular zone
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Figure 3. Ventricular zone cells express radial glial markers glial fibrillary acidic
protein (GFAP) and Vimentin.
(A) Cells of the ventricular zone are ubiquitously GFAP+, and extend lengthy basal
processes that span the cortex to terminate at the pial surface of the brain. (B)
Ventricular zone cells and processes additionally express developmental radial glial
marker Vimentin. Vimentin staining also reveals endothelial cells of blood vessels
(white arrows). (C) GFAP+/Vimentin+ processes can be unambiguously traced from the
ventricular zone through the inner plexiform layer, to the cellular layer of the cortex,
before branching (white arrows).
Scale bar A,B=20μm, C=10μm; cl = cellular layer, ipl = inner plexiform layer, opl = outer
plexiform layer, p = pial surface, vz = ventricular zone
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Figure 4. Ventricular zone cells express proliferation markers phosphorylated
Histone-H3 (pHH3) and Proliferating Cell Nuclear Antigen (PCNA).
(A) Within the sulcus septomedialis, pHH3+ cells are restricted to the ventricular zone.
(B) Likewise, PCNA+ cells are most abundant in the ventricular zone, although
occasionally observed in close contact to the ventricular zone within the inner plexiform
layer (white arrow). Neither pHH3+ nor PCNA+ cells were ever observed within the
cellular layer. Asterisk indicates an artifact.
Scale bar A=10μm; cl = cellular layer, ipl = inner plexiform layer, vz = ventricular zone
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Figure 5. Microenvironment and associated vasculature of the ventricular zone.
(A) Tomato lectin (TL) expressing blood vessels are cut in transverse in close proximity
to the ventricular zone, and in longitudinal directed toward the pial surface. All TL+
vessels appear to be surrounded by GFAP+ radial glia endfeet (A’,A’’). (B,C) The
ventricular zone expresses both fibroblast growth factor-2 (FGF2) and vascular
endothelial growth factor (VEGF). Subsets of FGF2+ and VEGF+ cells are also
identified within the inner plexiform layer (hatched circles), and are abundant within the
cellular layer (white arrows in C). (D) Investigating VEGF receptors, we found
populations of VEGFR1+ cells within the ventricular zone, inner plexiform layer and
cellular layer. All cells were VEGFR2-.
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Scale bar A=15μm, B=10μm; cl = cellular layer, ipl = inner plexiform layer, opl = outer
plexiform layer, p = pial surface, vz = ventricular zone
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Figure 6. Cells generated by the ventricular zone become neurons in the cellular
layer.
(A) Experimental design for the acute bromodeoxyuridine (BrdU) cell tracking
experiment. BrdU was injected intraperitoneally twice daily for two days (the pulse).
Experimental geckos were collected immediately following, 10, and 30 days following
the pulse. (B,E) At day 0, BrdU+ cells were restricted to the ventricular zone and colocalized with SOX2 (hatched ellipses). (C,F) At day 10, BrdU+ cells were found in the
ventricular zone and inner plexiform layer. Those of the inner plexiform layer were
closely associated with GFAP+ apical processes (hatched ellipses). (D,G) At day 30,
BrdU+ cells were found in the ventricular zone, inner plexiform layer and cellular layer of
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the medial cortex. BrdU+ cells in the cellular layer co-localized with mature neuronal
marker NeuN (hatched ellipses).
Scale bar=15μm; cl = cellular layer, ipl = inner plexiform layer, vz = ventricular zone
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Figure 7. Newly generated neurons persist long-term.
(A) Experimental design for the long-duration bromodeoxyuridine (BrdU) cell tracking
experiment. BrdU was injected intraperitoneally twice daily for seven days (the pulse).
Experimental geckos were collected immediately following, and 140 following the pulse.
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(B) At day 0, BrdU+ cells were located in the ventricular zone and the inner plexiform
layer. All BrdU+ cells of the ventricular zone co-localized with SOX2 (B’). A subset of
BrdU+ cells in the inner plexiform layer also co-express SOX2 (B’’). (C) At day 140,
BrdU+ cells were located in the ventricular zone, inner plexiform layer and cellular layer.
All BrdU+ cells in the inner plexiform (C’) and cellular layers (C’’) were NeuN+. BrdU+
cells in the ventricular zone were NeuN-.
Scale bar=15μm; cl= cellular layer, ipl = inner plexiform layer, opl = outer plexiform
layer, p = pial surface, vz = ventricular zone
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Figure 8. Bromodeoxyuridine uptake by the ventricular zone is not altered by tail
autotomy.
(A) Experimental design to investigate alteration of medial cortex neurogenesis
following tail autotomy. Geckos were either unaltered (original-tailed) or induced to
autotomize their tails, and then injected with BrdU intraperitoneally twice daily for two
days (the pulse). All geckos were collected immediately following the pulse. (B) Brains
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were dissected out, serially sectioned through the cerebral hemispheres and divided
into four subareas. From each subarea, three sections were selected and
immunostained for BrdU. (C) A BrdU to DAPI ratio was established for each section,
and statistically analysed using SAS 9.3. (D) No significant difference in BrdU ratio was
observed between original tailed geckos and those induced to autotomize (p = 0.42).
(E) Considering original-tailed and autotomized geckos together, a rostrocaudal
difference in BrdU uptake was observed. Subarea 1 took up significantly more BrdU
than all other subareas (* p=0.0002, ** p <0.0001). (F) Looking at the level of group by
subarea, no significant differences were observed.
Scale bar=15μm
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CHAPTER 4: CONCLUDING STATEMENTS AND FUTURE DIRECTIONS
Our study sought to investigate homeostatic neurogenesis in a lab-amenable
lizard, the leopard gecko (Eublepharus macularius). To test our hypothesis that NPSCs
reside within the ventricular zone across the entire brain, and that these cells contribute
to homeostatic postnatal neurogenesis, we explored three objectives. First, we mapped
the distribution of NSPCs across the rostrocaudal neuraxis of the brain. Second, we
conducted a detailed characterization of neurogenesis within the medial cortex, the
reptilian homologue of the mammalian dentate gyrus. Third, we investigated if an injury
in a distal region of the central nervous system altered neurogenesis in the brain.
Taken together, our findings reveal that there are numerous constitutively active
neurogenic niches across the brain, and underscore the leopard gecko as a powerful
new model for the study of postnatal neurogenesis and neuroregeneration.

4.1 Are neural stem/progenitor cells present in the postnatal leopard gecko brain?
Using a panel of NSPC markers, including the hallmark transcription of
pluripotency SOX2 and the intermediate filaments GPAP and Vimentin, we identified
NSPCs across the entire rostrocaudal neuraxis of the postnatal leopard gecko brain.
We characterized these cells as radial glia. Similar to other regeneration-competent
species, leopard gecko radial glia have a distinctive morphology, with a lengthy, radially
oriented basal process that spans the brain parenchyma, and a cell body that contacts
the ventricular lumen. Matching previous reports of other species, we also determined
that radial glia in the ventricular zone are the primary source of cell proliferation within

104

the brain, as evidenced by expression of the M-phase marker pHH3. Next, we used
BrdU labeling to conduct a cell tracking experiment with a focus on the sulcus
septopmedialis, a known neurogenic niche in other lizard species. We determined that
radial glia of the sulcus septomedialis constitutively proliferate to generate new daughter
cells. The majority of daughter cells migrate along basal processes to either incorporate
into the medial cortex, or reside within the inner plexiform layer. Once they reach the
medial cortex or inner plexiform layer, these cells begin expressing markers common to
neurons, including HuCD and NeuN. Using a long-duration chase strategy, we
determined that most of these cells survive long-term, and therefore we predict that they
have differentiated into neurons, and have become incorporated into local neuronal
circuits.

4.2 Is there neurogenic potential in regions of the neuraxis outside of the sulcus
septomedialis?
Previous investigations suggest that the neurogenic potential of the brain is
primarily, if not exclusively, restricted to the telencephalon of lizards (with the possible
exception of the cerebellum; Lopez-Garcia et al., 1988; see also Gonzalez-Granero et
al., 2011). Here, we mapped the distribution of cells demonstrating a radial glia
phenotype using immunostaining. We determined that cells expressing the radial glia
markers SOX2 and GFAP envelope the entire ventricular system of the brain.
Interestingly, we also showed that there were regional differences in Vimentin
expression and cell proliferation. More specifically, we found that mitotic activity was
most commonly associated with pseudostratified loci immunoreactive for Vimentin.
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These loci included the four ependymal sulci of the lateral ventricles (the sulcus
septomedialis, sulcus lateralis, sulcus terminalis, and sulcus ventralis), the granule cell
layer associated with the olfactory bulb ventricles, and the median hypothalamic
eminence of the third ventricle. Given the clear association between Vimentin+,
mitotically active radial glia and neurogenesis in the medial cortex (see Chapter 3), we
suggest that comparable cell populations elsewhere – specifically the olfactory bulbs
and the hypothalamus – likely share a similar neurogenic potential. Two other
proliferative regions also deserve consideration: the optic tecta and the cerebellum.
Although we found cells immunopositive for SOX2, GFAP, and pHH3 within the optic
tectum, Vimentin expression was conspicuously absent. We also observed proliferating
cells in the cerebellum. However, these cells were associated with the granule cell
layer and not the ventricular zone. Taken together, these findings suggest that
neurogenesis does occur within regions located beyond the sulcus septomedialis, but
that further investigations are required to clarify the role of radial glia across the
neuraxis.

4.3 Is neurogenesis altered by central nervous system injury?
In mammals, mounting evidence suggests that injuries to the central nervous
system can impact the normal neurogenic capacity of the brain. For example, cervical
spinal cord injuries in adult rats causes a chronic reduction of neurogenesis in the
dentate gyrus of the hippocampus (Felix et al., 2012). Previous studies, as well as our
own findings, indicate that some lizard species demonstrate constitutively active
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neurogenic regions. Taking advantage of the evolved ability of leopard geckos to selfdetach (autotomize) their tail to escape predation, we sought to determine if the
proliferative capacity of these neurogenic regions was altered following spinal cord
injury. We observed no significant differences in cell proliferation across the sulcus
septomedialis comparing brains of leopard geckos with intact tails versus leopard
geckos following tail loss. One possible explanation is that the insensitivity of the gecko
brain to spinal cord injuries (as compared to mammals) is an adaption associated with
autotomy. Although arguably traumatic, autotomy (including spinal cord rupture) is well
tolerated by leopard geckos, with only minimal blood loss and no evidence of mortality
or changes in long term survival (McLean and Vickaryous, 2011; Delorme et al., 2012).
Indeed, the tail spinal cord is fully capable of regenerating following rupture. In contrast,
spinal cord injuries in mammals are typically devastating wounds that demonstrate only
a limited capacity for restoration, even with clinical intervention. We predict that the
entire central nervous system of leopard geckos (and other lizard species capable of tail
loss) demonstrates a naturally evolved resiliency to systemic modulations of neurogenic
capacity.

4.4 Future Directions
Our findings reveal that the leopard gecko is a powerful new model for future
investigations seeking to explore the biology of neurogenesis. We also demonstrate
that the neurogenic potential of this species appears to extend beyond the
telencephalon. One of the most important targets moving forward is the hypothalamus.
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Recent investigations have revealed that in mammals, the hypothalamus regulates
neurogenesis associated with feeding behaviours and energy balance (Lee et al., 2012;
Niwa et al., 2016; Paul et al., 2017). Whether these findings extend to reptiles, or if the
ventricular zone associated with the hypothalamus is itself a neurogenic niche, remains
to be determined.
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APPENDICES
APPENDIX 1. ACUTE AND LONG-DURATION BROMODEOXYURIDINE (BRDU)
COLLECTION POINTS AND EXPERIMENTAL GECKO WEIGHTS
Experiment start Sept. 14/16.
*All injections given i.p 2x daily (8am, 8pm)
Short pulse = 2 day pulse
Long pulse = 7 day pulse
All days counted from experimental day 1
E.g. Short pulse D12 = 2 day pulse, 10 day chase

Injection dose= mass x 10 microlitres
All autotomies at 8am, immediately preceding first pulse injection
All BrdU doses for autotomized geckos were calculated following tail loss

All geckos were subadult at the start of the experiment, no distinguishing sex
characteristics
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GECKO GROUP ASSIGNMENTS
Gecko

Mass (g) at
start

S-V length
(mm)

Tail Length
(mm)

Experimental Group

April 21-26

14

95

70

Short pulse D2 no tail loss

April 21-07

15.6

90

70

Short pulse D2 no tail loss

April 21-13

12.1

90

70

Short pulse D2 no tail loss

April 21-14

14.3

90

70

Short pulse D2 autotomy

April 21-09

13.5

95

80

Short pulse D2 autotomy

April 21-08

13.2

95

70

Short pulse D2 autotomy

April 21-01

15.5

95

70

Short pulse D12 no tail loss

April 21-04

13

90

70

Short pulse D12 no tail loss

April 21-10

14.9

90

70

Short pulse D12 no tail loss

April 21-24

14.1

95

80

Short pulse D32 no tail loss

April 21-19

13

85

70

Short pulse D32 no tail loss

April 21-17

15.8

100

72

Short pulse D32 no tail loss

April 21-29

13.9

90

70

Long pulse D7

April 21-30

14

90

75

Long pulse D7

April 21-12

15.7

90

75

Long pulse D7

April 21-23

14.1

90

65

Long pulse 20wk chase

April 21-25

15.9

90

68

Long pulse 20wk chase

April 21-28

13.6

85

75

Long pulse 20wk chase
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SHORT PULSE (NO CHASE) COLLECTION = SEPT.16/16
Gecko

Mass (g) at
start

Mass after tail
loss

Mass at
collection

Experimental Group

April 21-26

14

n/a

13.9

Short pulse D2 no tail loss

April 21-07

15.6

n/a

16.5

Short pulse D2 no tail loss

April 21-13

12.1

90

12.7

Short pulse D2 no tail loss

April 21-14

14.3

11.5

13.1

Short pulse D2 autotomy

April 21-09

13.5

11

11.1

Short pulse D2 autotomy

April 21-08

13.2

11.9

*10.3

Short pulse D2 autotomy

*weight loss during experimental period but otherwise normal (bright, alert, responsive,
good muscle tone)

SHORT PULSE D12 (10 DAY CHASE) COLLECTION = SEPT.26/16
Gecko

Mass (g) at
start

Mass after tail
loss

Mass at
collection

Experimental Group

April 21-01

15.5

n/a

16.8

Short pulse D12 no tail loss

April 21-04

13

n/a

15.2

Short pulse D12 no tail loss

April 21-10

14.9

n/a

16.2

Short pulse D12 no tail loss

SHORT PULSE D32 (30 DAY CHASE) COLLECTION = OCT.16/16
Gecko

Mass (g) at
start

Mass after tail
loss

Mass at
collection

Experimental Group

April 21-24

14.1

n/a

18.5

Short pulse D32 no tail loss

April 21-19

13

n/a

17.5

Short pulse D32 no tail loss

April 21-17

15.8

n/a

20

Short pulse D32 no tail loss

133

LONG PULSE (NO CHASE) COLLECTION = SEPT.21/16
Gecko

Mass (g) at
start

Mass after tail
loss

Mass at
collection

Experimental Group

April 21-29

13.9

n/a

15.3 (male)

Long pulse D7

April 21-30

14

n/a

15.2 (female)

Long pulse D7

April 21-12

15.7

n/a

16.6 (male)

Long pulse D7

LONG PULSE (20 WEEK CHASE) COLLECTION = FEB.8/17
Gecko

Mass (g) at
start

Mass after tail
loss

Mass (g) at
collection

Experimental Group

April 21-23

14.1

n/a

26.5

Long pulse 20wk chase

April 21-25

15.9

n/a

Deceased Oct.4

Long pulse 20wk chase

April 21-28

13.6

n/a

25.5

Long pulse 20wk chase

April 21-06*

24.8

n/a

32.1

Long pulse 20wk chase

* Replacement for Ap 21-25, collected March 16th
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APPENDIX 2: STATISTICAL ANALYSES
Full Model, with consideration of side of cerebral hemispheres
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136

Final model, side removed

137

138

139

140

141

142

143

APPENDIX 3: CELL COUNTS
GROUP

GECKO ID

SUBAREA

SECTION

SIDE

DAPI

BRDU

Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
TL
TL
TL
TL
TL
TL
TL
TL
TL

Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2107
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108

1
1
1
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4
4
1
1
1
1
1
1
2
2
2

85
85
86
86
92
92
94
94
101
101
110
110
112
112
124
124
126
126
130
120
143
143
148
148
149
129
36
36
39
39
42
42
56
56
58

L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L

228
217
294
167
230
187
179
156
206
166
171
124
174
170
180
156
167
192
191
197
165
174
225
201
230
175
260
155
160
191
204
224
214
191
208

13
12
10
6
7
3
4
8
5
1
2
4
9
1
5
2
5
2
4
3
4
2
2
4
1
2
7
8
4
6
6
11
4
5
2

144

TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
Og
Og

Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2108
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2109
Ap2113
Ap2113

2
2
2
3
3
3
3
3
4
4
4
4
4
4
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4
4
1
1

58
62
62
76
79
79
91
91
96
96
99
99
105
105
33
33
35
39
39
44
44
47
47
51
51
56
56
58
58
61
61
71
71
76
76
77
77
59
59
145

R
L
R
L
L
R
L
R
L
R
L
R
L
R
L
R
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R

111
273
200
164
257
219
177
175
203
255
251
182
245
225
224
222
189
232
231
238
213
232
232
234
263
237
249
192
105
222
164
176
182
215
234
199
224
211
241

1
5
3
2
3
1
1
4
5
3
8
7
3
3
21
16
11
12
19
17
11
2
6
2
12
4
7
3
8
4
1
4
9
10
7
7
15
11
17

Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL
TL

Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2113
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2114

1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4
4
1
1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
4

62
62
66
66
73
73
76
76
79
79
86
86
89
89
92
92
104
104
107
107
110
110
19
19
22
22
25
25
33
36
36
39
39
46
46
49
49
52
62
146

L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
R
L
L
R
L
R
L
R
L
L
R
L

220
146
104
245
147
180
172
156
203
155
233
211
184
189
238
184
243
219
260
127
264
139
227
180
251
205
100
170
203
177
225
224
196
194
191
185
190
215
194

7
3
8
16
3
10
9
7
10
2
12
7
12
10
10
1
10
9
12
2
14
5
29
19
20
26
25
22
21
28
24
6
18
13
13
6
14
18
17

TL
TL
TL
TL
TL
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og
Og

Ap2114
Ap2114
Ap2114
Ap2114
Ap2114
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126
Ap2126

4
4
4
4
4
1
1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4

62
64
64
67
67
168
168
171
171
174
174
148
151
151
154
154
128
128
132
132
134
134
106
106
109
109
112

147

R
L
R
L
R
L
R
L
R
L
R
R
L
R
L
R
L
R
L
R
L
R
L
L
L
R
R

201
265
217
222
203
187
196
249
186
206
166
183
124
149
204
199
190
173
200
190
159
191
155
198
145
174
169

22
20
10
15
6
3
5
14
10
9
14
3
8
5
10
15
0
3
1
4
5
4
6
3
0
3
6

APPENDIX 4: 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 (4 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
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Solutions
Acid Alcohol
1% HCl in 70% isopropanol
Ammonia Water
5 drops ammonium hydroxide
250mL dH2O
Eosin Stock Solution
10g Eosin Y
1g Phloxine B
dissolve in 1000mL 80% ethanol
Eosin Working Solution
200mL Eosin stock solution
200mL dH2O
600mL absolute ethanol
5mL glacial acetic acid

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 (5 minutes)
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6. Citrate buffer retrieval (12 minutes at 95ºC, 20 minutes at room temperature) OR
hydrochloric acid retrieval (30 minutes at 37ºC)
7. 1XPBS (2 minutes)
8. 0.1% trypsin in 1XPBS (20 minutes at 37ºC)
9. 1XPBS (2 minutes)
10. 5% NGS block in diluent (30 minutes at 37ºC)
11. Tip off blocking solution
12. Incubate in primary antibody diluted in diluent (overnight at 4ºC)
13. 1XPBS (3 washes; 2 minutes each)
14. Incubate in secondary antibody diluted in 1XPBS (1 hour at room temperature)
15. 1XPBS (3 washes; 2 minutes each)
16. Counterstain with DAPI (1:5,000; 2 minutes)
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
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Citrate Buffer Stock Solution B (0.1M Sodium Citrate dehydrate)
14.7g sodium citrate dehydrate powder
500mL dH2O
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

ABBREVIATED 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. Citrate buffer retrieval (if needed; 12 minutes at 95ºC, 20 minutes at room
temperature)
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6. 1XPBS (3 washes; 2 minutes each) OR 1XPBST (3 washes; 2 minutes each)
7. 5% normal goat serum (NGS) block diluted in 1XPBS (1 hour at room
temperature)
8. Tip off blocking solution
9. Incubate in primary antibody diluted in 1XPBS or 1XPBST (overnight at 4ºC)
10. 1XPBS (3 washes; 2 minutes each)
11. Incubate in secondary antibody diluted in 1XPBS (1 hour at room temperature)
12. 1XPBS (3 washes; 2 minutes each)
13. Counterstain with DAPI (1:5,000; 2 minutes)
14. 1XPBS (3 washes; 2 minutes each)
15. Coverslip with fluorescent mounting media
Solutions
Citrate Buffer Stock Solution A (0.1M Citric Acid)
1.92g citric acid powder
100mL dH2O
Citrate Buffer Stock Solution B (0.1M Sodium Citrate dehydrate)
14.7g sodium citrate dehydrate powder
500mL dH2O
adjust pH to 6.0
Working Citrate Buffer
1mL Solution A
5mL Solution B
44mL dH2O
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