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Angiogenesis, the formation of new blood vessels from pre-existing vasculature,
is important in post-injury scar formation but its role in scar-free regeneration remains
relatively unexplored. This study investigates vascular regeneration during tail
regeneration in the leopard gecko (Eublepharis macularius). It is hypothesized that
blood vessel regeneration follows a conserved sequence of events similar to physiological
angiogenesis. To test this hypothesis the onset and pattern of expression of common
vascular and angiogenic proteins (von Willebrand factor, α-smooth muscle actin, vascular
endothelial growth factor, thrombospondin-1 and cluster differentiation 36) was
investigated. The effect of the anti-angiogenic peptide ABT-510 on tail regeneration was
also explored by documenting changes in vascular morphology and histology of
regenerate tails. Results show that the proteins of interest are expressed in a conserved
sequence consistent with physiological angiogenesis. ABT-510 did not consistently
prevent tail regeneration, but did have some small-scale effects. These results provide
the basis for further investigations into the importance of angiogenesis during multitissue regeneration.
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CHAPTER 1: LITERATURE REVIEW - ANGIOGENESIS DURING REGENERATION

1.1 Angiogenesis
Angiogenesis is the formation of new blood vessels from a pre-existing vascular network
(Orlidge and D’Amore 1987; Good et al. 1990; Yancopoulos et al. 2000; Papetti and
Herman 2002; Carmeliet and Jain 2011). Although clearly essential during the process of
development (e.g., Flamme et al. 1997), angiogenesis also plays vital roles throughout
post-embryonic ontogeny (Baffert et al. 2006; Kamba et al. 2006; Sung et al. 2010). In
particular, angiogenesis contributes to variety of physiological events including female
reproductive cycling, placenta formation, and wound healing (Fraser and Lunn 2000; Li
et al. 2003; Chung and Ferrara 2011). Angiogenesis also participates in various aberrant
or pathological events, including inflammation, infection, retinopathies, and
tumourigenesis (Drixler et al. 2001; Takahashi and Shibuya 2005; Jain and Fukumura
2009). Regardless of the angiogenic stimulus (developmental, physiological or
pathological) the basic cellular and molecular mechanisms are currently understood to be
broadly conserved throughout ontogeny and across vertebrate species (e.g., zebrafish:
Yaniv et al. 2006; axolotl: Whited et al. 2011; newt: Rageh et al. 2002; mouse: Fernando
et al. 2011; embryonic chick: Storgard et al. 2005).
Angiogenesis is not the only mechanism of blood vessels formation. Shortly after
gastrulation, the primitive vascular network is first established by the process of
vasculogenesis. Vasculogenesis begins with the aggregation of angioblasts, endothelial
cell (EC) precursors, to form a series of cord-like structures (Breier 2000). As
angioblasts differentiate and the cord-like structures become lumenized, simple
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endothelial tubes are created. Once established, this primitive vascular network is
modified and then expanded via angiogenesis (Ellertsdóttir et al. 2010). Vasculogenesis
may also contribute to post-embryonic blood vessel formation. For example, several
studies have demonstrated that a population of presumptive ECs originating from bone
marrow is able to establish new vasculature (Asahara et al. 1999; Rafii and Lyden 2003;
Grunewald et al. 2006). Ultimately, the relative contribution of post-embryonic
neovascularization varies according to the tissue, organ and/or tumour involved, and the
source of angiogenic stimulus (Grunewald et al. 2006; Ahn and Brown 2009).
During angiogenesis new blood vessels are formed by two distinct mechanisms,
intussusception and sprouting (Patan 2000; Burri and Djonov 2002; Ellertsdóttir et al.
2010), both of which may participate simultaneously during vascular remodelling
(Djonov et al. 2003). Intussusception, or intussusceptive microvascular growth (IMG),
involves the formation of EC pillars within the blood vessel lumen, thus splitting a single
vessel longitudinally into two (Patan 2000; Burri et al. 2004; Makanya et al. 2009). IMG
begins with the protrusion of ECs from the luminal walls, which then fuse to form a
bilayer. The EC bilayer is then reorganized by perforation centrally to establish a
transluminal pillar, after which pericytes and fibroblasts invade the pillar and lay down
collagen fibrils (Djonov et al. 2003). Intussusceptive microvascular growth is a nonproliferative mechanism that mainly results in decreased density and spreading of
capillaries (Makanya et al. 2009). It is well-documented in the development of the
chorioallantoic membrane formation (CAM) of chicks (Schlatter et al. 1997) and kidney
development (Makanya et al. 2005), as well as post-embryonic vasculature remodeling in
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the rat mammary gland (Djonov et al. 2001). It is also understood to participate in human
and rat pulmonary capillary remodeling (Burri et al. 2004).
Sprouting, as the name suggests, involves the outgrowth of an existing vessel
towards an angiogenic stimulus. More specifically, ECs that line the lumen of blood
vessels are induced to migrate and proliferate to form blind-ended outpocketings
(Carmeliet and Jain 2011; Tung et al. 2012). Sprouting angiogenesis characteristically
takes place in the embryo once the primitive vascular network has been established by
vasculogenesis. It also occurs post-embryonically in response to physiological (e.g.,
wound healing) or pathological (e.g., tumourigenesis) stimuli (Jain and Fukumura 2009).
Whereas details of sprouting angiogenesis were initially investigated using the chick
CAM (Ausprunk et al. 1975; Dusseau et al. 1986; Storgard et al. 2005) and corneal
micropocket model systems (Gimbrone et al. 1974; Fournier et al. 1981; Kenyon et al.
1996), more recent studies have since explored this mechanism in a variety of other
models, including zebrafish embryogenesis, Xenopus tadpole development, and matrigel
plug assays (reviewed by Norrby 2006).
1.1.1 Tissue events of sprouting angiogenesis
Sprouting angiogenesis is typically associated with capillaries and small venules (Patan
2000; Heil et al. 2006). The basic organization of these vessels includes a monolayer of
ECs surrounded by a basement membrane forming a tubular structure. The basement
membrane is typically shared with supportive mural cells, including pericytes (commonly
surrounding capillaries and venules) and vascular smooth muscle cells (characteristic of
arterioles and larger vessels) (Jain and Fukumura 2009). For the sake of description, the
process of spouting angiogenesis is commonly summarized as three distinct phases:
3

activation; migration and proliferation, and remodelling (Zhang and Lawler 2007;
Carmeliet and Jain 2011; Chung and Ferrara 2011).
Activation:
Prior to activation, mural cells contribute to the maintenance and stabilization of
capillaries by suppressing EC proliferation and maintaining EC survival (Orlidge and
D’Amore 1987; Cursiefen et al. 2003; Armulik et al 2011; Carmeliet and Jain 2011).
More specifically, pericytes suppress EC proliferation through regulation of TGF-β
signaling (Orlidge and D’Amore 1987; Cursiefen et al. 2003), facilitate communication
between cells and maintain vessel integrity by directly contacting ECs through Ncadherin adherens junctions (Gerhardt et al. 2000; Gerhardt and Betsholtz 2003; Armulik
et al 2011), and release cell survival signals (such as VEGF and Ang-1) to preserve vessel
stability and quiescence (Carmeliet and Jain 2011; Franco et al. 2011).
In response to an angiogenic stimulus such as hypoxia, release of cytokines, or
inflammation, ECs are activated and the once stable vessel structure is disrupted.
Extracellular matrix (ECM)-bound VEGF isoforms are mobilized via proteolytic
cleavage (by matrix metalloproteinases; MMPs) to produce biologically active, soluble
VEGF isoforms (Lee et al. 2005; Zhang and Lawler 2007). Hypoxic conditions also
drive VEGF gene transcription as hypoxia-inducible factor-1 (HIF-1) accumulates in the
cytoplasm of ECs and is then translocated to the nucleus (Jain and Fukumura 2009).
Soluble VEGF produced from these two sources binds with ECs to induce the release of
MMPs, causing fragmentation of the basement membrane. Once the basement
membrane is degraded, pericytes delaminate from the capillary in response to
angiopoietin (Ang)-2 signaling (Suhardja and Hoffman 2003). Simultaneous with the
4

release of proteases, VEGF signalling also increases vessel permeability, allowing plasma
proteins to exit circulation and form an ECM scaffold for EC migration (Shibuya 2008).
Migration and Proliferation:
EC migration is facilitated by the selection and differentiation of an EC into a
leading tip cell, characterized by the formation of filopodic extensions (Eilken and
Adams 2010; Tung et al. 2012). Factors such as α and β integrin, VEGF and fibroblast
growth factors (FGF) provide a signalling gradient on the ECM surface to guide the tip
cell towards the angiogenic stimulus (Ruhrberg et al. 2002; Gerhardt et al. 2003; Eilken
and Adams 2010). Tip cells are associated with so-called stalk cells, which track the tip
cell during migration and undergo proliferation in response to VEGF signalling (Gerhardt
et al. 2003; Gerhardt 2008). This arrangement of tip and stalk cells ensures that ECs
migrate as an elongated structure rather than clumped as a large mass (Carmeliet and Jain
2011). Circulating VEGF binds to VEGF tyrosine kinase receptors (VEGFR) on ECs and
initiates the activation of kinase pathways such as PI3-kinase/Akt to promote survival of
tip and stalk cells in the absence of mural cell coverage (Gerber et al. 1998; Tung et al.
2012). As the tip cells migrate away from the original vessel, stalk cells assemble into
the tubular monolayer.
Remodelling Phase:
Immature vessels (i.e., those not associated with mural cells) are dependent on
circulating VEGF signals for cell survival (Benjamin et al. 1998). In order to become
stabilized, mesenchymal cells are recruited by platelet derived growth factor-B (PDGFB), angiopoietin-1 (Ang-1), and transforming growth factor-β (TGF-β) signalling to the
abluminal surface of the newly formed endothelial tubes and differentiate into pericytes
5

(Hirschi et al. 2003; Gaengel et al. 2009). Once differentiated, pericytes secrete VEGF to
inhibit EC apoptosis and maintain EC survival (Carmeliet and Jain 2011). Ultimately, a
new basement membrane is deposited and junctions between the EC and pericytes are reestablished (Cursiefen et al. 2003). Various studies have demonstrated that during the
lag-time between endothelial tube formation and pericyte coverage, ECs can be targeted
for apoptosis by anti-angiogenic factors such as thrombospondin-1 (TSP-1) (Jimenez et
al. 2000), resulting in vessel pruning and remodelling (Benjamin et al. 1998; Bergers and
Song 2005).
1.1.2 Molecular factors of sprouting angiogenesis
Angiogenesis is a complex morphogenetic process involving the co-ordinated interaction
of numerous endogenous molecular factors that either promote or inhibit blood vessel
formation (see Papetti and Herman 2002; Jain and Fukumura 2009; Chung and Ferrara
2011). Perhaps the best characterized pro-angiogenic factor is VEGF. Additional
commonly studied pro-angiogenic factors include basic FGF (bFGF, FGF2; stimulates
EC proliferation and migration; Montesano et al. 1986; Terranova et al. 1995; Ornitz
2000), PDGF (involved in mural cell recruitment; Papetti and Herman 2002; Lindblom et
al. 2003; Reginato et al. 2011), TGF-β1 (involved in the regulation of EC migration,
endothelial tube formation and mural cell differentiation; Merwin et al. 1991; Darland
and D’Amore 2001; Reginato et al. 2011), and Ang-1(participates in vessel stabilization;
Hayes et al. 1999; Armulik et al. 2005; Shim et al. 2007) and Ang-2 (participates in
vessel destabilization; Maisonpierre et al. 1997; Gale et al. 2002; Hammes et al. 2004;
Jain and Fukumura 2009).
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While there are many well studied endogenous pro-angiogenic proteins, to date
few endogenous anti-angiogenic proteins have been characterized. Among endogenous
anti-angiogenic factors, TSP-1 is recognized as one of the most potent. Other
endogeneous anti-angiogenic factors include tissue inhibitors of metalloproteinases
(TIMP, inhibits MMP activity; Stetler-Stevenson 1999), interleukins (inhibit EC
proliferation; Nyberg et al. 2005) and the proteolytic fragments angiostatin and endostatin
(Cao 2001). Angiostatin inhibits angiogenesis via two mechanisms: (1) by disrupting
focal adhesion contacts to indirectly cause EC apoptosis; and (2) by deactivating
downstream kinases involved in EC migration to inhibit VEGF and bFGF-mediated EC
migration (Sim et al. 2000). Endostatin is an EC-specific anti-angiogenic protein that
inhibits EC proliferation by inducing apoptosis. It does not directly inhibit VEGF or
bFGF activation of VEGFR receptors on ECs, but has been reported to inhibit the
downstream activation of kinases similar to angiostatin (Sim et al. 2000; Cao 2001).
VEGF
Part of the PDGF/ VEGF superfamily, the VEGF family is currently comprised of 7
members: VEGF-A to VEGF-E, placental growth factor (PlGF) and snake venom VEGFs
(Takahashi and Shibuya 2005; Shibuya 2008). Of these, VEGF-A (commonly known as
simply VEGF) is the most potent vascular specific growth factor for both angiogenesis
and vasculogenesis (Neufeld et al. 1999; Li and Eriksson 2001; Lang et al. 2010). In
mammals, VEGF is a 42 kDa glycoprotein with at least 9 isoforms due to alternate
splicing of the VEGF gene (Takahashi and Shibuya 2005). Less is known about the
expression of isoforms in non-mammalian species, however to date two VEGF isoforms
(VEGF121 and VEGF165) have been identified in the zebrafish (Liang et al. 1998; Gong et
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al. 2004). Under hypoxic conditions, the transcription factor HIF-1- α accumulates in the
cytoplasm of ECs and is translocated to the nucleus, driving the transcription of the
VEGF gene (Jain and Fukumura 2009). VEGF is expressed by a variety of cells
including (but not limited to) ECs, macrophages, platelets, mural cells, and fibroblast-like
cells (Jain 2003). Signaling of VEGF is largely responsible for EC activation (Chung and
Ferrara 2011), migration (Gerhardt et al. 2003; Eilken and Adams 2010) and proliferation
(Suhardja and Hoffman 2003), as well as vascular permeability (Isenberg et al. 2007).
VEGF is also critical for the survival of immature or remodelling vessels (i.e., it inhibits
EC apoptosis; Benjamin et al. 1998; Cursiefen et al. 2003). Signal transduction involves
binding to one of three VEGF tyrosine kinase receptors: VEFGR-1, -2, and -3. The
predominate receptor involved in angiogenesis-related signaling is VEGFR-2 (Takahashi
and Shibuya 2005).
In humans, VEGF121, 165, and 189 are the most active isoforms and VEGF121 is the most
common in terms of availability and biological activity (Robinson and Stringer 2001;
Shibuya 2008). These VEGF isoforms play different but complementary roles as
chemoattractants during EC sprouting. As the most soluble isoform, VEGF121 acts as a
long-range attractant, while VEGF189 is matrix bound and serves as a short-range
attractant, and VEGF165 is intermediate (Ruhrberg et al. 2002; Gerhardt et al. 2003;
Carmeliet and Tessier-Lavigne 2005; Eilken and Adams 2010). Interestingly, the
response of tip and stalk cells to this VEGF gradient is different. Tip cells respond to the
chemotractant gradient by migrating, whereas stalk cells respond by proliferating
(Gerhardt et al. 2003).
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Thrombospondins
The thrombospondin family consists of five members. Of these, TSP-1 has the best
documented role during angiogeneiss. A large (450 kDa) multimeric glycoprotein, TSP1 mediates a wide variety of tissue and cellular processes. The 180 kDa TSP-1 monomer
has a number of structural domains which are involved in angiogenesis (Simantov and
Silverstein 2003; Carlson et al. 2008; Henkin and Volpert 2011). The N-terminal
mediates VEGF uptake and clearance via direct VEGF-TSP-1 binding followed by TSP-1
binding to a low density lipoprotein receptor-related protein (Greenaway et al. 2007;
Silverstein and Febbraio 2010). The result is a reduction in soluble VEGF levels. Within
the core of the TSP-1 protein are three thrombospondin type 1 repeats (TSRs) which are
known to demonstrate anti-angiogenic functions (Tucker 2004). Consequently, these
TSRs have been used to design a number of anti-angiogenic mimetics (Gietema et al.
2006; Gordon et al. 2008; Greenaway et al. 2009). A 140 kDa fragment containing the
TSRs is highly conserved among animals, both vertebrates and invertebrates (Bonnefoy
et al. 2008). An amino acid sequence between the first and second TSR is responsible for
the activation of TGF-β, indirectly influencing angiogenesis as TGF-β modulates mural
cell recruitment to new capillaries and therefore vascular stability and maturation (Young
and Murphy-Ullrich 2004; Henkin and Volpert 2011). The TSRs also inhibit
angiogenesis by binding to CD36, a scavenger receptor expressed in ECs and mural cells
(i.e., pericytes), and mediating cell death through activation of caspases 3 and 7 (Dawson
et al. 1997; Jimenez et al. 2000). The TSRs are also reported to be potent inhibitors of
EC migration in vitro by binding to CD36 and down regulating VEGFR-2
phosphorylation, thereby antagonizing VEGF signaling (Primo et al. 2005; Zhang et al.
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2009). Lastly TSRs can bind to MMP-2 and prevent its proteolytic activation, indirectly
inhibiting the mobilization of ECM-bound VEGF and subsequent EC activation and
migration (Bein and Simmons 2000; Rodriguez-Manzaneque et al. 2001).
Similar to TSP-1, TSP-2 participates in blood vessel remodelling by binding to
CD36 and initiating EC apoptosis (Dawson et al. 1997; Koch et al. 2011). In tumour
studies (Streit et al. 1999; Koch et al. 2011) and in a rat cornea neovascularization model
(Volpert et al. 1995), TSP-2 has also been shown to be a potent inhibitor EC migration
and proliferation.
1.1.3 Angiogenesis: physiological versus pathological
Post-embryonic angiogenesis is involved in a variety of physiological and pathological
processes (Klagsbrun and Moses 1999). Although both physiological and pathological
forms are understood to share a similar complement of molecular factors (Chung and
Ferrara 2011), the ultimate morphology and organization of the resulting vasculature
differs between the two (Morikawa et al. 2002; Table 1). For example, unlike
physiological angiogenesis, the pathological process typically leads to the formation of a
tortuous and disorganized network of blood vessels with an irregular coverage of
supportive mural cells (Folkman 1985; Morikawa et al. 2002; Chung and Ferrara, 2011).
These vessels are also leaky and overall tissue perfusion is poor tissue, leading to hypoxia
and necrosis (Morikawa et al. 2002). In addition, the pathologically-derived vascular
network is often maintained in a state of dynamic growth (Bergers and Benjamin 2003;
Chung and Ferrara, 2011). For some tumours, rampant angiogenesis increases the
contribution of vascular weight to the overall mass of the cancer (e.g., from roughly 20%
of a non-diseased organ, to as much as 50% of a tumour; Folkman 1972). Tumour10

mediated pathological angiogenesis may also lead to compressed capillaries and an
abnormally high extravascular tissue pressure (interstitial hypertension) due to
insufficient lymphatic uptake (Folkman 1972).
1.2 Angiogenesis during physiological regeneration
Regeneration is a complex phenomenon that involves the repair and/or replacement of
cells, tissues, and even multi-tissue structures following loss or injury (Belairs and Bryant
1985; Carlson 2007; Stoick-Cooper et al. 2007; Alibardi 2010). Accordingly,
regeneration includes a broad spectrum of restorative events from the normal
physiological replacement of worn-out cells and tissues, to the complete re-establishment
of lost appendages due to traumatic injuries. Regardless of the regenerative stimulus,
angiogenesis is typically an important part of the process. For example, during female
reproductive cycling (a form of physiological regeneration) rapid growth and regression
of the ovarian, uterine and placental tissues necessitates a rapid fluctuation in blood
delivery (Rosenfeld et al. 1974). To accommodate these dynamic changes, ECs of the
reproductive tissues become highly proliferative, with a mitotic rate equal to or greater
than those of tumours (Gaede et al. 1985). The initiation and maintenance of follicular
growth is highly dependent on the development of associated microvasculature, and postovulatory angiogenesis is critical for the maintenance of the corpus luteum (Moor and
Seamark 1986). The vascular bed of the corpus luteum is maintained by growth factors
such as VEGF (Greenaway et al. 2004). In rats, when VEGF signalling is blocked the
number of corpus lutea decreases and many undergo central ischemic necrosis (Ferrara et
al. 1998). If conception does not occur, newly formed blood vessels of the reproductive
tissues rapidly regress suggesting that anti-angiogenic factors are upregulated (Reynolds
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et al. 1992). TSP-1 expression has been reported in the avascular granulosa cells prior to
ovulation, and in the corpus luteum shortly after ovulation has occurred (Petrik et al.
2002).
1.3 Angiogenesis during reparative regeneration
Reparative regeneration occurs in response to traumatic tissue injury ranging in severity
from the repair of a localized cutaneous wound to a large scale multi-tissue replacement,
such as damage to an organ or loss of an appendage (Carlson 2007; Stoick-Cooper et al
2007; Guo and DiPietro 2010). Although the restoration of blood vessels during tissue
and organ/multi-tissue structure repair is obviously necessary, most studies of vascular
regeneration have focused on aspects of cutaneous wound repair in mammals. To date
the details of angiogenesis during large scale reparative regeneration are largely
unreported. Despite this, available experimental information covers a phylogenetically
diverse number of vertebrates including teleost fish (most commonly zebrafish), urodeles
(axolotls, newts), mammals (mice, deer) and lizards.
1.3.1 Angiogenesis during mammalian cutaneous wound repair
Following an incisive injury to the skin, wound healing begins with the formation of a
thrombus or clot to immediately seal off the lesion, followed by inflammation,
characterized by the infiltration of inflammatory cells such as macrophages (Guo and
DiPietro 2010). Macrophages release cytokines and growth factors including VEGF,
which initiate angiogenesis via the stimulation of EC proliferation (Nucera et al. 2011).
Angiogenesis is also promoted by signals from the surrounding ECM, including low
oxygen tension and the accumulation of lactic acid (Knighton et al. 1981; Sephel and
Woodward 2001). Inflammation is followed by a period of cellular proliferation. During
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proliferation, keratinocytes from the adjacent epidermis proliferate and migrate to the
wound site to initiate re-epithelialization. As re-epithelialization occurs, fibroblasts are
recruited to the site and produce collagen, glycosaminoglycans and proteoglycans to reestablish the ECM (Gosain and DiPietro 2004; Gurtner et al. 2008). Restoration of the
ECM is essential for new capillaries to invade the wound (Arnold et al 1987; Li et al
2003). This combination of newly deposited ECM, cells (fibroblasts, myofibroblasts and
macrophages) and a dense population of proliferating blood vessels is known as
granulation tissue, a transient tissue that infills the wound site within 2-3 days post-injury
(Knighton et al. 1981; Martin 1997; Singer and Clark 1999; Sephel and Woodward
2001). The importance of VEGF to granulation tissue formation can be demonstrated by
treating wounds with a neutralizing anti-VEGF antibody: without VEGF granulation
tissue is dramatically reduced in size (Nissen et al. 1998; Howdieshell et al 2001). Once
the granulation tissue is formed, the wound site undergoes a prolonged period of
remodelling including myofibroblast induced wound contraction (Guo and DiPietro
2010). Local myofibroblasts and mural cells transiently express the proteins α-smooth
muscle actin (α-SMA) and NG-2 proteoglycan within two weeks of the wounding event
(Darby et al. 1990; Rajkumar et al. 2006). During this period of granulation tissue
remodelling, many of the newly formed blood vessels regress via EC apoptosis, mediated
at least in part by TSP-1 (Singer and Clark 1999; Gurtner et al. 2008). TSP-1 appears to
play additional roles during wound healing, although many details remain poorly
understood. It is expressed during late wound healing, possibly contributing to the
normalization of vessel numbers (Reed et al. 1993; DiPietro et al. 1996). Experimental
evidence indicates that inhibition of TSP-1 delays wound healing (DiPietro et al. 1996).
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Related to this, it has been observed that TSP-1 activates latent TGF-β during wound
healing, and that TSP-1 null mice show a decrease in TGF-β activation and a delay in
macrophage recruitment and angiogenesis (Sweetwyne and Murphy-Ullrich 2012).
Conversely, transgenic mice overexpressing TSP-1 also demonstrate delays in wound
closure, and diminished levels of EC proliferation and angiogenesis (Streit et al. 2000).
1.2.1

Angiogenesis during teleost fin regeneration

Teleosts are the largest group of ray-finned (actinopterygian) fish and include the
majority of living fish species. Fin regeneration has been documented in a variety of
species, including goldfish, trout, minnow and tilapia (reviewed by Akimenko and Smith
2007), but is best known from zebrafish, Danio rerio. In addition to fins, zebrafish are
also able to regenerate portions of the heart (Poss et al. 2002), spinal cord (Becker et al.
1997) and optic nerve (Schachner 1996). As an experimental model for the study of
angiogenesis zebrafish have several advantages, such as semi-transparent fins and the
commercial availability of transgenic lines with fluorescently labeled ECs or blood cells
(e.g., Motoike et al. 2000, Lawson and Weinstein 2002). As a result, it is possible to noninvasively visualize the morphology of regenerating blood vessels in real time, perform
haemodynamic flow assays, and importantly, observe the effects of chemical modulation
of angiogenesis during fin regeneration (Tran et al. 2007; Hasso and Chan 2011). For
example, Bayliss et al. (2006) investigated the effects of a VEGFR-2 tyrosine kinase
block, PTK/ZK, on caudal fin regeneration following amputation. They reported that
nanomolar concentrations of PTK/ZK were sufficient to effectively inhibit angiogenesis
during regeneration. Furthermore, they determined that in the absence of new blood
vessels outgrowth of the regenerative fin tissue, including cartilage, nerves and
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epidermis, was limited to approximately 1 mm (Bayliss et al. 2006). It is worth noting
that this outgrowth of tissue closely matches the size to which solid tumours can develop
before requiring neovascularization (diameter of 2-3mm; Gimbrone et al. 1972).
1.2.2

Angiogenesis during urodele appendage regeneration

Many species of urodeles are able to regenerate an exact replica of a variety of different
structures including limbs and the tail, the lens and retina, and segments of the jaw, heart
and small intestine (Grubb 1975; Brockes 1997; Poss et al. 2002; Chaar and Tsilfidis
2006). Studies targeting the role of angiogenesis during regeneration have primarily
focused on limb and tail regeneration in the Eastern newt (Notophthalmus (= Triturus)
viridescens) and axolotl (Ambystoma mexicanum). Early reports suggested that the
regenerating limb of Eastern newts was initially avascular, with angiogenesis delayed
until the skeleton started to re-develop (approximately 17-28 days post-amputation;
Peadon and Singer 1966; Smith and Wolpert 1975; Mescher 1996). It is worth noting
however, these studies identified blood vessels by injecting the dye Prussian blue. More
recent investigations using a newt-specific endothelial cell marker (BV-1) have observed
blood vessel development at a much earlier stage of regeneration, approximately 7 days
post-amputation (Rageh et al., 2002). These findings suggest that Prussian blue is unable
to visualize the small diameter vessels of the early blastema or that the small vessels of
the blastema were not perfused sufficiently (Rageh et al. 2002). Experimentally inducing
ischemia in the newt tail has demonstrated that tail regeneration is delayed if blood flow
is compromised (Tassava and Huang 2005) which suggests that the regenerating tissue
requires vascularization.
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1.2.3

Angiogenesis during mammalian digit tip and antler regeneration

Although mammals are typically understood to have limited abilities to undergo multitissue reparative regeneration, there are several notable exceptions. Perhaps the most
striking example is digit tip regeneration. Following amputation distal to the first
phalangeal joint, some rodents and primates (including humans) are able to replace the
lost appendage (Han et al. 2005). Amputations proximal to the first phalangeal joint are
typically unsuccessful (Gourevitch et al. 2009). Differences in vascular patterning
between regeneration capable and non-regeneration capable digit tip amputations have
been investigated in rats (Said et al 2004). Using India ink injections, digits amputated
proximal to the first phalangeal joint (i.e., non-regeneration capable digits) were reported
to sprout new vessels from the hypodermis and dermis. These vessels conjoined to form
a large vascular plexus at the wound site. Digits amputated distal to the first joint (i.e.,
regeneration-capable digits) did not develop this vascular plexus during regeneration.
Based on these data it was predicted that the vascular plexus may act as granulation
tissue, thereby promoting scar formation, and thus impairing or completely inhibiting
regeneration (Said et al. 2004). Using cluster differentiation 31 (CD31)
immunohistochemistry, other studies have confirmed that wound sites of nonregeneration capable digit tips are more vascularized than wound sites of regeneration
capable digit tips (Fernando et al. 2011; Rinkevich et al. 2011).
Antler formation is a cyclical, hormonally regulated physiological process that
involves the rapid production of cartilage, bone, skin, nerves and blood vessels (Li 2003;
Li 2005; Clark et al. 2006; Kierdorf and Kierdorf 2011). The remarkable rate of antler
growth, estimated to be up to 27.5mm/day in moose (Alces alces), must be matched by
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blood vessel formation (Clark et al. 2006). Evidence of the role of VEGF during antler
regeneration includes the co-localization of VEGF mRNA and α-SMA protein in
sprouting vessels invading the newly formed antler tissue (Clark et al. 2006).
Furthermore, as indicated by BrdU and Ki67 expression studies, ECs are highly
proliferative in areas adjacent to new tissue formation, (Clark et al. 2006). VEGF
immunostaining has also been reported for antler ECs, mesenchymal-like cells,
chondrocytes, and osteoblasts (Lai et al, 2007).
1.2.4

Angiogenesis in the lizard tail and placenta

As for urodeles, some lizards are able to regenerate the tail following loss due to injury or
predation (Hughes and New 1959; Bellairs and Bryant, 1985; Clause and Capaldi 2006).
However, unlike urodeles, lizards are unable to regenerate their limbs or other organs
(such as the heart and small intestine). Furthermore, the regenerated tail is not a
structurally perfect replica of the original (e.g., the bony vertebral column is replaced by
a hollow cone of cartilage; McLean and Vickaryous 2011). Although it is often reported
that newly formed arteries and veins in the regenerate tail are direct continuations of preexisting vessels from the original tail (Woodland 1920; Hughes and New 1959; Alibardi
1993, Bellairs and Bryant 1985; Alibardi 2010; McLean and Vickaryous 2011), most
details of blood vessel re-development are lacking.
An area of research concerning angiogenesis in lizards focuses on VEGF
expression during placentation. Although most lizards lay eggs, some species of skinks
are viviparous, and thus requiring the formation of a placenta and associated structures
for embryo development and growth (Murphy et al. 2010). As part of an investigation
into skink uterine angiogenesis, Murphy et al. (2010) sequenced the VEGF mRNA splice
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variants and determined that the VEGF sequence is approximately 75% similar to that of
mammals and furthermore that the splice variant VEGF189 is present in the skink tail. The
researchers suggest that it is likely the VEGF mRNA in skinks is translated into VEGF
proteins that are functionally equivalent to the mammalian VEGF participating in tissue
angiogenesis (Murphy et al. 2010), although VEGF protein expression has yet to be
investigated. Several splice variants of VEGF mRNA were detected in the skink
placenta, and there was differential expression of variants in late reproductive and nonreproductive individuals, suggesting that regulation of VEGF splice variants contributes
to the maintenance of uterine angiogenesis in the skink (Murphy et al. 2010).
The lymphatic system forms an adjunct to the blood vascular system. During tail
regeneration, angiogenesis precedes lymphangiogenesis (Daniels et al. 2003). Although
both systems are well-established within six weeks following tail loss in the gecko
(Daniels et al. 2003; see also Blacker and Orgeig 2012), blood vessels appear to be the
more numerous of the two. Reportedly, the number of blood vessels exceeds that of
lymphatic vessels by a ratio of 11:1 in the regenerate tail 3 weeks after tail loss and that
most angiogenesis occurs between zero and six weeks after tail loss (Daniels et al. 2003).
However, it should be noted that the method used to distinguish the two types of vessel
was not identified.
1.3 The Leopard Gecko
The tail of the leopard gecko (Eublepharis macularius) undergoes regeneration following
tail loss (McLean and Vickaryous 2011). As for many lizards, leopard geckos can selfdetach their tails as an anti-predation mechanism in a process known as autotomy
(Bellairs and Bryant 1985; McLean and Vickaryous 2011). Although the exact
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physiological mechanism permitting autotomy remains poorly understood, a number of
structural adaptions have been recognized. The most obvious adaptions are fracture
planes, bilayers of fibrous connective tissue that pass through most tail vertebra and
facilitate breakage (Bellairs and Bryant 1985). These intravertebral fracture planes also
subdivide muscle segments and adipose tissue (Bellairs and Bryant 1985; McLean and
Vickaryous 2011). During autotomy, the tail is detached at a fracture plane, resulting in
the splitting of the bilayer, segmenting the vertebra, musculature and fat at predetermined locations.
A second important structural adaptation for autotomy is a modification of the
caudal artery. The caudal artery is the main blood supply to the tail and passes
longitudinally throughout the length of the tail, ventral to the vertebral column.
Conspicuously, the caudal artery is characterized by a regular series of thick-walled
smooth muscle sphincters. These sphincters are distributed along the caudal artery such
that one is located immediately proximal to each fracture plane. Following autotomy, the
sphincter closest to the wound site constricts, thus limiting blood loss (Bellairs and
Bryant 1985; Delorme et al. in press). Vascular sphincters are known in other
vertebrates, such as the precapillary sphincters at the arteriole-capillary junction (Hyman
1981) and sphincters of the hepatic arterioles to control blood flow into hepatic sinusoids
(McCuskey 1966), and are associated with normal physiological processes. Those of the
caudal artery of lizards (and certain other appendage autotomizing species such as in the
hemal system of the brittlestar, Ophiocomina nigra (Wilkie 1978)) are unique in that their
primarily function is only enacted following traumatic injury. Interestingly, while arterial
sphincters are common to tail-autotomizing lizards (e.g., Woodland 1920; Bellairs and
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Bryant 1985), they are reportedly absent from the Tuatara (Sphenodon spp.) a closely
related reptile that is also capable of autotomy (Woodland 1920; Ali 1941).
Previous work on the leopard gecko has established a staging table of tail
regeneration based on the details of gross morphology and histology (McLean and
Vickaryous 2011; see also Delorme et al. in press). For the purpose of this thesis stages I
through III are broadly categorized as the wound healing phase, stages IV through early
stage V as early regeneration, and late stage V through stage VII as late regeneration.
Stage VII tails are considered to be fully regenerated. A brief summary of these stages
follows:
Wound Healing Phase (Stages I –III)
Following autotomy the site of tail loss resembles an open wound with exposed skeletal
muscle, adipose tissue and a partial vertebra protruding from the wound site. Blood loss
from this wound is minimal (i.e., less than 5 µL; Delorme et al. in press). Non-skeletal
tissues at the wound site begin to retract into the site of autotomy, and a clot of tissue
fluid is observed to cover the autotomy surface. Deep to this clot the torn epidermis
begins to proliferate starting at the lateral margins of the wound integument and then
spanning centripetally across the wound, giving rise to a wound epithelium. Deep to the
wound epithelium an aggregation of proliferating mesenchymal-like cells, the blastema,
starts to form. By the end of the wound healing phase, the exudate clot is lost thus
exposing the newly formed wound epithelium spanning the wound site.
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Early Regeneration Phase (Stages IV – Early V)
The cells of the blastema continue to proliferate, and the once flat wound surface
becomes increasingly conical in outward appearance. Most cells within the blastema are
mesenchymal-like. Overall the blastema has very little ECM but large numbers of small
blood vessels and an outgrowth of the spinal cord known as the ependymal tube. Spinal
nerves are also observed invading the blastema from the original stump of the tail.
Towards the end of the early regeneration phase, myocytes and then chondroblasts have
begun to differentiate.
Late Regeneration Phase (Late Stage V – Stage VII)
The late regeneration phase is characterized by continued differentiation of skeletal
muscle, cartilage and outgrowth of the spinal cord and spinal nerves. Larger, thicker
walled blood vessels are also present. There remain some non-differentiated cells within
the connective tissue, but the differentiation of cartilage, muscle and adipose tissue is
near completion.
Full Regeneration (Stage VII)
At stage VII of tail regeneration there is complete differentiation of tissues. By the end
of regeneration, most if not all the tissues of the new tail have differentiated and a distinct
mesenchymal-like cell-rich blastema is no longer obvious. The regenerate tail includes a
complement of capillaries and larger vessels. While there are vessels continuous with the
original caudal artery, they do not have any smooth muscle sphincters.
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Chapter 1 Tables:
Table 1: A comparison of the characteristics of physiological and pathological
angiogenesis.

Characteristic
Initiation

Physiological
Hypoxia-induced VEGF

Pathological
Hypoxia, cytokines, tumour cellinduced VEGF

Proliferation and
growth

Transient EC activation and
growth

Constitutive EC activation and
growth

Vessel pruning

Excess vessels undergo apoptosis

Irregular or absent

Vessel type

Hierarchy of arterioles, venules
and capillaries

Irregular (e.g., majority capillarylike)

Vessel
Ultrastructure

Uniform EC lining, no leaking of
plasma

Fenestrations, imperfect EC lining,
leaky

Vessel
Architecture

Organized; unidirectional blood
flow

Tortuous, uneven perfusion; zones
of ischemia/necrosis created

Mural cell
coverage

Varies between tissues; complete
coverage

Irregular to absent

Vessel survival

Mural cell-dependent

VEGF-dependent
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Rationale

Details of blood vessel formation during reparative regeneration remain poorly
understood. Evidence from non-amniote models, including zebrafish and urodeles,
suggests that regeneration-mediated angiogenesis is a highly organized and regulated
process comparable with physiological angiogenesis. To date however, the process of
angiogenesis has yet to be investigated in a regenerate-competent amniote model. The
goal of my research is to understand the process of blood vessel formation during
spontaneous multi-tissue regeneration in the representative amniote Eublepharis
macularius, the leopard gecko.
I hypothesize that blood vessel formation during tail regeneration in the leopard
gecko is comparable to physiological angiogenesis.
To test this hypothesis two objectives were investigated:
1. To characterize the onset and pattern of expression of several common vascular
and angiogenic proteins during tail regeneration in the leopard gecko using
immunohistochemistry and western blot analysis (where appropriate).

2. To investigate the role of angiogenesis during regeneration by altering the balance
of pro- and anti-angiogenic factors using an exogenous anti-angiogenic mimetic
peptide.
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CHAPTER 2: CHARACTERIZATION AND MANIPULATION OF ANGIOGENESIS DURING
TAIL REGENERATION IN THE LEOPARD GECKO

2.1 Introduction:
Angiogenesis, the formation of new blood vessels from pre-existing vasculature, is an
essential process for tissue formation and growth (Orlidge and D’Amore 1987; Good et
al. 1990; Papetti and Herman 2002; Carmeliet and Jain 2011). During embryonic
development, angiogenesis is required for remodeling the primitive vascular plexus
(Breier 2000; Ellertsdóttir et al. 2010). Following birth, angiogenesis plays an ongoing
role in various normal physiological processes (e.g., female reproductive cycling and
placenta formation; Fraser and Lunn 2000; Li et al. 2003; Chung and Ferrara 2011) as
well as during several pathological conditions (e.g., retinopathies, inflammation, and
tumourigenesis; Drixler et al. 2001; Takahashi and Shibuya 2005; Jain and Fukumura
2009). Angiogenesis is also activated in response to tissue injuries (Martin 1997).
Repair of injured tissues is a dynamic process that, at least among mammals, typically
results in the formation of scar tissue. For example, following a cutaneous injury the
repair process begins with clot formation and localized inflammation induced by
leukocytes, followed by re-epithelialization, fibroblast proliferation, extracellular matrix
(ECM) deposition, and angiogenesis (Gurtner et al 2008; Guo and DiPietro 2010).
Newly formed blood vessels invade the wound site and contribute to the formation of
granulation tissue, a highly vascularised and cell-rich transient organ (Martin 1997;
Singer and Clark 1999; Sephel and Woodward 2001). Ultimately granulation tissue
becomes remodeled and the blood vessels regress to be replaced by acellular scar tissue.
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Whereas scarification is the most common response to wounding, some vertebrates
are capable of wound healing without forming scars (Occleston et al. 2010).
Furthermore, as demonstrated by zebrafish, newts and axolotls, scar-free wound healing
is a requirement for reparative regeneration, the replacement of lost and damaged tissues
(Barber 1944; Tank et al. 1976; Harty et al. 2003). Notwithstanding the obvious
requirement for re-developing blood vessels during the regenerative program, to date few
details of this process have been reported. Available evidence indicates that angiogenesis
plays a significant role in the replacement and regeneration of lost tissues and organs
(Peadon and Singer 1966; Smith and Wolpert 1975; Huang et al. 2003). For example,
following fin amputation zebrafish are able to regenerate the appendage, including the
vasculature (Bayliss et al. 2006). If an anti-angiogenic compound is administered to the
water immediately following fin amputation, angiogenesis is inhibited and overall
outgrowth of the new fin is strongly suppressed (Bayliss et al. 2006).
Although currently untested, it is widely held that regeneration-mediated
angiogenesis is a highly organized and regulated process comparable with physiological
angiogenesis (Huang et al. 2003; Bayliss et al. 2006). Accordingly, regenerated blood
vessels are predicted to restore the vascular architecture as an evenly-distributed
hierarchy of mature, morphogenetically quiescent vessels. This process stands in contrast
to pathological angiogenesis, characteristic of tumour development. During pathological
angiogenesis the newly formed vasculature is frequently leaky, dilated, and disorganized,
with poor mural cell coverage (Folkman 1985; Morikawa et al. 2002; Chung and Ferrara,
2011). Furthermore unlike physiological angiogenesis, the pathologically-derived
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vasculature often remains in a constitutively activated state, with additional vessels
continually being added (Bergers and Benjamin 2003; Chung and Ferrara 2011).
In order to investigate the process of angiogenesis during regeneration, we used the
regeneration-competent amniote the leopard gecko (Eublepharis macularius). As for
many lizards, the leopard gecko is able to self-detach its tail (a process known as
autotomy) to avoid predation, and then regenerate a fully functional replacement
appendage (Whimster 1978; see also Bellairs and Bryant 1985). Recent studies have
demonstrated that leopard gecko tail regeneration is a relatively rapid phenomenon
(complete restoration in ~30 days) that follows a conserved sequence of morphological
events, including scar-free wound healing and new blood vessel formation (McLean and
Vickaryous 2011; Delorme et al. in press). However, details of the angiogenic process
have yet to be explored. In this study we characterize the onset and pattern of expression
of several common blood vessel and angiogenic markers throughout regeneration, and
investigate the role of angiogenesis during regeneration by altering the balance of proand anti-angiogenic factors.
To characterize regeneration-mediated angiogenesis we used immunohistochemistry
and western blotting (as appropriate) for the blood vessel markers von Willebrand factor
and α-smooth muscle actin, and the angiogenic markers vascular endothelial growth
factor A, thrombospondin-1 and the scavenger receptor cluster of differentiation 36.
von Willebrand factor (vWF) or factor VIII-related antigen, is a 350 kDa protein
commonly used as a marker to identify ECs (Pusztaszeri et al. 2006). Synthesized by
ECs and megakaryocytes, vWF is secreted into the subendothelial connective tissue and
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circulation (Bonnefoy et al. 2008). Among its various roles, vWF is involved in platelet
adhesion and aggregation at sites of vascular injury, and transports factor VIII which is
essential for the blood clotting cascade (Vischer 2006). Cellular vWF is stored in
Weibel-Palade bodies of ECs, secretory granules unique to vertebrates, including lizards
(Alibardi 1993; Huang et al. 2008), and α-granules of platelets (Bonnefoy et al. 2008). It
is also found in soluble plasma and the basement membrane of blood vessels (Wagner
1990).
Part of the smooth muscle actin isoform family, α smooth muscle actin (α-SMA) is a
42 kDa protein characteristic of mural cells (blood vessel support cells including
pericytes and vascular smooth muscle cells), and myofibroblasts (Skalli et al. 1989;
Desmoulière et al 1993; Hinz 2007). Previous research has established that α-SMAimmunopositive myofibroblasts are transiently present during wound contracture and
scar-free wound healing following tail loss in the leopard gecko (Delorme et al. in press).
Vascular endothelial growth factor-A (VEGF) is the best characterized growth factor
for both angiogenesis and vasculogenesis (Neufeld et al. 1999; Li and Eriksson 2001;
Robinson and Stringer 2001). Part of the platelet-derived growth factor (PDGF)/VEGF
superfamily, it is a 42 kDa homodimer glycoprotein expressed by a variety of cells
including (but not limited to) ECs, macrophages, platelets, mural cells, and various
fibroblast/fibroblast-like cells (Jain 2003). During angiogenesis, VEGF mediates its
effects mainly through interaction with the VEGF kinase receptor-2 (VEGFR-2),
inducing ECs to proliferate (Suhardja and Hoffman 2003; Ferrara 2005) and migrate
(Gerhardt et al. 2003; Eilken and Adams 2010), as well as enhancing vascular
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permeability (Isenberg et al. 2007; Shibuya 2008). In addition, VEGF is critical for the
survival of immature or remodelling vessels (Benjamin et al. 1998; Cursiefen et al. 2003).
Thrombospondin-1 (TSP-1) is an extracellular matrix glycoprotein released from
α-granules of platelets in response to thrombin stimulation (Good et al. 1990; Bonnefoy
et al. 2008). Although typically it is found in the ECM as a trimer, the 180 kDa monomer
and monomeric fragments are known to be expressed in vivo (Anilkumar et al. 2002).
First identified as a potent endogenous inhibitor of angiogenesis in the rat cornea (Good
et al. 1990), various fragments of TSP-1 have since been explored as anti-angiogenic
compounds for use in solid tumour therapies in both experimental and clinical trials
(Ebbinghaus et al. 2005; Rusk et al 2006a; Anderson et al. 2007; Gordon et al. 2008;
Greenaway et al. 2009; Nabors et al. 2010). In addition to platelets, TSP-1 expression
can also be induced in circulating ECs as well as those participating in vessel walls, along
with fibroblasts, mural cells, and macrophages and neutrophils (Simantov and Silverstein
2003; Bonnefoy et al. 2008). Expression of TSP-1 is upregulated by tumor suppressors
such as p53 and chemokines (Dameron et al. 1994; Yesner et al. 1996) and repressed by
oncogenes, hypoxia, and long term ischemia (Laderoute et al. 2000; Watnick et al. 2003).
During angiogenesis, TSP-1 signaling is directly involved in VEGF uptake and clearance
(Greenaway et al. 2007; Silverstein and Febbraio 2010), the indirect inhibition of
mobilization of ECM-bound VEGF and subsequent EC activation and migration (Bein
and Simmons 2000; Rodriguez-Manzaneque et al. 2001), and the activation of TGF-β1
(Young and Murphy-Ullrich 2004; Lawler and Lawler 2012). When bound to the EC
transmembrane receptor cluster of differentiation 36 (CD36), TSP-1 also mediates the
induction of EC apoptosis (Dawson et al. 1997; Jimenez et al. 2000). In addition, the
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TSP-1–CD36 complex antagonizes VEGF binding to VEGFR-2 on ECs (Primo et al.
2005; Zhang et al. 2009).
Cluster of differentiation 36 (CD36) is an 88 kDa transmembrane receptor which
binds to a sequence found on the 2nd and 3rd thrombospondin type 1 repeats (TSRs),
amino acid fragments found within the core of the TSP-1 protein (Asch et al. 1992;
Pearce et al. 1995). It is expressed by microvascular ECs, as well as mural cells,
dendritic cells, monocytes and macrophages, and specialized epithelia (Simantov and
Silverstein 2003). When TSP-1 binds with CD36 it induces EC apoptosis via the
upregulation of FasL on the EC surface (Volpert et al. 2002) and the recruitment of
intracellular Fyn to CD36. This causes the release of cytochrome c, leading to activation
of caspases-9 and -3 (Dawson et al. 1997). Once bound with TSP-1, CD36 also inhibits
EC migration (Dawson et al. 1997) and down regulates VEGFR-2 phosphorylation, thus
antagonizing VEGF signaling (Primo et al. 2005; Zhang et al. 2009).
To alter the endogenous balance of pro- and anti-angiogenic factors during
regeneration we administered the anti-angiogenic mimetic ABT-510. The ABT-510
peptide is one of series developed by Abbott Laboratories to mimic the anti-angiogenic
properties of TSP-1. More specifically, ABT-510 is a 9 amino acid fragment
representing the second TSR of TSP-1, which binds to CD36 to initiate EC apoptosis
(Dawson et al. 1999; Jimenez et al. 2000; Haviv et al. 2005). Previous research using
both tumour and female reproduction in vivo models has demonstrated that ABT-510
induces EC apoptosis, decreases microvascular density and EC proliferation, and
decreases levels of soluble VEGF (Bein and Simmons 2000; Rodriguez-Manzaneque et
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al. 2001; Primo et al. 2005; Rusk et al 2006b; Greenaway et al. 2009; Nabors et al. 2010;
Garside et al. 2010).
2.2 Materials and Methods
2.2.1 Animal Care
All E. macularius were captive bred females obtained from a commercial supplier
(Global Exotic Pets, Kitchener, Ontario, Canada). At the start of the experiment, all were
less than one year of age with an average total body length (snout to vent plus tail) of 112
mm (range 103 - 125 mm). Animal care protocols were approved by the University of
Guelph Animal Care Committee (Protocol Numbers 09R026 and 10R113) and followed
the policies and procedures of the Canadian Council on Animal Care. Animal husbandry
follows the protocol reported in Vickaryous and McLean (2011). Briefly, geckos were
housed individually in standard rat-sized polycarbonate enclosures in an isolated room
with a 12:12 photoperiod, an ambient humidity of 40-50% and a room temperature of
26°C. A temperature gradient was created using a subsurface heating cable (Zoo Med’s
Repti Heat Cable) under one end of the enclosure set to 28°C. Animals were fed daily a
diet of gut-loaded mealworms (larval Tenebrio spp.) dusted with powdered calcium and
vitamin D3 (cholecalciferol) supplement. Characterization of the onset and pattern of
expression of several common vascular and angiogenic proteins during tail regeneration
(Objective 1) involved tissue samples collected from a total of 65 individuals, with
representative regenerating tails collected at each morphological stage of regeneration
(McLean and Vickaryous, 2011). Experimental administration of ABT-510 in order to
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manipulate the balance of pro- and anti-angiogenic factors during regeneration (Objective
2) involved a total of 12 individuals.

2.2.2 Tail collection
For both objectives, tail removal involved inducing autotomy. Autotomy was achieved
by firmly grasping the tail between the thumb and index finger and applying pressure. In
the first instance a position halfway between the cloaca and tail tip was selected and
grasped as described. Geckos autotomized the portion of the tail distal to the level of
finger-applied pressure, but retained the more proximal half. Each regenerating tail was
staged daily (according to morphological criteria; McLean and Vickaryous 2011) and
then induced to autotomize a second time once the appropriate stage of regeneration was
reached. For the second autotomy event, the original tail was grasped (as described
above) at a more proximal position representing roughly the majority of the tail. This
second event resulted in the collection of newly regenerated tissue in addition to a
segment of original tail.

2.2.3 Drug administration
The TSP-1 mimetic peptide ABT-510 was supplied by Abbott Laboratories (Abbott Park,
IL). Twelve experimental animals were used, randomly assigned into one of four groups:
(1) autotomized, injected with 5% dextrose in deionized water (D5W; 200uL) alone (5n) ,
(2) autotomized, injected with D5W plus ABT-510 (100mg/kg) (5n), (3) an autotomy
control (autotomized but not injected) (1n), and (4) an unaltered control (no autotomy, no
injection) (1n). As appropriate, tails were autotomized on experimental day one,
followed by an epaxial intramuscular (IM) injection into the base of the original tail.
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Injections were then performed at the same time each day for 19 days, alternating
between the left and right sides. At day 5 one D5W-administered gecko had to be
euthanized due to an unrelated health issue. All geckos survived the ABT-510 treatment.
Once the autotomy control and the majority of vehicle injected individuals reached stage
VI (day 19), the tails were autotomized a second time and the regenerated tissue was
collected.

2.2.4 Tissue preparation
Histology
Immediately following the second autotomy, regenerated tails were fixed in 10%
neutral buffered formalin (NBF; Protocol Supplies) for ~24 hours. Following fixation,
tails were rinsed in distilled water and stored in 70% ethanol prior to processing.
Tissue prepared for serial histology was first decalcified using Cal-Ex® (Fisher
Scientific) for 30 minutes, then dehydrated to 100% isopropanol, cleared in xylene and
embedded in paraffin wax (Fisher Scientific). Sections were cut at 5µm on a rotary
microtome, mounted on charged slides (Snow Coat X-tra, Surgipath) and baked at 37°C
overnight.

Histochemistry
To investigate tissue structure, representative slides were stained using a modified
Masson’s trichrome (Witten and Hall 2003; McLean and Vickaryous, 2011). Briefly,
sections were brought to water, stained with Mayer’s hematoxylin (10 minutes), rinsed
with distilled water, blued in ammonia water (~ 10 seconds), and stained with ponceau
xylidine/acid fuchsin (2 minutes). After rinsing, sections were then stained with 0.02%
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light green (90 seconds), rinsed, dehydrated through an isopropanol series and
coverslipped with cytoseal (Fisher Scientific).

2.2.5 Immunohistochemistry
Immunohistochemistry was used to identify the location and timing of expression of the
five proteins of interest (vWF, α-SMA, VEGF, TSP-1, and CD36). Unless otherwise
noted, all immunohistochemical protocols were similar (Appendix 1). Sections were
brought to water and then quenched with 3% hydrogen peroxide in deionized H2O for 20
minutes to eliminate endogenous peroxidases. Slides were then rinsed three times with
phosphate buffered saline (PBS). To unmask antigenic sites, four antibodies required
antigen retrieval, either using a citrate buffer heated to 90°C (using a water bath, slides
incubated for 12 minutes: VEGF, TSP-1, CD36) or Proteinase K (20ug/mL; Invitrogen)
heated to 37°C (using a convection oven, slides incubated for 10 minutes: vWF). The αSMA antibody did not require antigen unmasking. Tissue was then blocked with 3%
normal goat serum (NGS) in PBS (Jackson ImmunoResearch Laboratories, Inc.) for 1
hour at room temperature. Primary antibodies were applied to tissue sections at varying
concentrations (Table 1) and incubated overnight at 4°C. Slides were rinsed with PBS (3
washes, 2 minutes each) and then incubated with biotinylated secondary antibody for 1
hour at room temperature. Slides were then rinsed again with PBS (3 washes, 2 minutes
each) and incubated with horse radish peroxidase-conjugated streptavidin (SΑ-HRP),
rinsed with PBS (2 washes, 2 minutes each), then reacted with 3,3’-diaminobenzidine
(DAB; Table 1). Subsequently, slides were rinsed in deionized water, counterstained
with Mayer’s Hematoxylin (1 minute), rinsed in deionized water, differentiated in
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ammonia water, dehydrated through absolute isopropanol (3 changes, 2 minutes each),
cleared with xylene (3 changes, 2 minutes each), and coverslipped with cytoseal.

2.2.6 Western blotting
Unless otherwise noted, all western blotting protocols were similar (Table 2). Briefly,
tissue samples representing original tail and each of regeneration stages IV, V, and VI
were collected via autotomy, flash frozen on dry ice and stored at -80°C for later use.
Aliquots were created by first thawing tail tissue samples on ice, combining these
samples with triple detergent RIPA lysis buffer (200µl/0.1g; 50mM Tris-HCl, 150mM
NaCl, 0.2% NA azide, 0.5% NA deoxycholate, 0.1% ), and mechanically homogenizing
the samples until no particulate was visible. Samples were then left on ice for 30 minutes
followed by centrifugation at 14 000 rpm at 6°C for 10 minutes. A 20µl sample was
removed for protein quantification using a DC BioRad assay. Following quantification,
20µl aliquots of each sample were made and stored at -80°C.
For each Western blot analysis, aliquots of appropriate tissue samples were
removed from the freezer and thawed on ice. Volumes of tissue sample equal to 40µg of
protein were pipetted from each aliquot and prepared with 1x sample buffer resulting in a
total volume of tissue sample and buffer of 40µl. This solution was then heated to 90°C
for ten minutes and briefly spun down in a microcentrifuge. SDS polyacrylamide (SDSPAGE) gels (5% stacking, 12% separating) were prepared. A molecular weight marker
(Bio-Rad Laboratories) and samples were loaded into a 10 well gel in a 1.5mm thickness
vertical electrophoresis system (Bio-Rad Laboratories). Proteins in the samples were
separated by molecular weight by applying electric current (100V for 90-120 minutes).
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After the desirable separation of proteins had occurred, proteins were then transferred to a
polyvinylidene fluoride (PVDF) membrane (Millipore) activated in methanol and
compressed between two sheets of thick Whatman paper and two western blotting
sponges, which had been allowed to acclimate in transfer buffer, on either side. The
membrane-gel-Whatman paper-sponge complex was placed in a blot transfer unit (BioRad Laboratories) and transferred using either the wet or semi-dry method. Following
transfer, membranes were rinsed with agitation in Tris-buffered saline with Tween
(TBST; 3 washes, 10 minutes each) and placed in blocking solution (5% skim milk in
TBST) for one hour at room temperature with agitation. The membrane was then
incubated in primary antibody diluted in blocking solution overnight at 4°C on a rocker.
On day two the membrane was rinsed with TBST (3 washes, 10 minutes each) and placed
in horse radish conjugated secondary antibody diluted in blocking solution for 1 hour at
room temperature with agitation. The membrane was then rinsed with TBST (3 washes,
15 minutes each) and TBS (1 wash, 5 minutes) and incubated with enhanced
chemiluminescence (ECL; Millipore) for 1 minute. The excess ECL was removed and
the membrane was exposed to X-ray film for various times (touch, 15 seconds, 30
seconds, 1 minute, 2 minute). The film was developed using an automated processor
(SRX-101A, Konica Minolta) and digital images of the film were obtained by scanning
into a computer.
Gray scale digital images of western blots were uploaded to the computer
program ImageJ (version 1.45s). Protein bands including the protein of interest and the
loading control in individual lanes were selected using the rectangular selections tool.
This was repeated for all bands of the western, and a profile plot of each lane was
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produced of the relative density of the bands. The straight line selection tool was used to
eliminate background noise for each peak representing a protein band. The area under
each peak was measured using the wand tool, and the values were inputted into a
Microsoft Excel spreadsheet. Density of the proteins was adjusted based on the loading
control band by dividing the sample value by the value for the loading control.

2.2.7 Blood vessel analysis and quantification
To evaluate regenerate tail vessel area and microvessel density, paraffin tissue sections
immunostained for vWF were imaged using the 40x objective and microvessel number,
density, and perimeter were quantified using a VHX-1000E Digital Microscope
(Keyence). The blood vessel density was determined by measuring the total area of all
blood vessels present in the field of view and dividing the value by the total area of the
field of view. The perimeter of blood vessels was obtained by tracing the outline of each
vessel manually and then computing the perimeter value using the VHX-1000E software.
Five fields of view per tissue section were used (n=5 per group) in a double blinded count
using two independent observers trained to identify blood vessels histologically. Blood
vessels were classified as two or more vWF-positive cells with a lumen, and with or
without the presence of erythrocytes.

2.2.8 Statistical Analysis
Blood vessel quantification results were analyzed using an analysis of covariance
(ANCOVA) followed by determination of the least squared means. A residual analysis
was performed to check the dataset for normality and determine if the model used was
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valid for the dataset. A repeatability measure was used to determine the amount of
interaction within subgroups (e.g., within the D5W-injected group), which was
determined to be negligible and therefore influence of variation within a subgroup was
removed from the statistical analysis. It was determined that the differences between
means of the data for both independent observers was insignificant (p<0.05) and there
was good correlation (r²=0.742-0.773) therefore the values were averaged between
observers and reported as one data set. A log transformation was performed on the
blood vessel number and perimeter data sets to increase the normality, therefore values
are reported as the median (aka geometric mean) with a 95% confidence interval. The
blood vessel density values are reported as the mean with a 95% confidence interval.
One outlier was removed from the analysis of the blood vessel density as it was
calculated to be 4.75 standard deviations from the normal distribution and have an
insignificant interaction with the dataset (p>0.65). Western blot densitometry results
were analysed using a one-way ANOVA and Bonferroni’s post hoc test and reported as
the mean ± standard deviation. Significant data was determined using a pairwise
comparison of the probability (p) between groups of less than 0.05 (i.e., p<0.05 was
interpreted as a significant difference between two groups).
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2.3 Results

2.3.1 Gross Morphology and Histology
To determine if blood vessel formation during regeneration is comparable to
physiological angiogenesis, we investigated the vasculature at multiple stages throughout
tail regeneration. As described elsewhere (McLean and Vickaryous 2011; see also
Delorme et al. in press), tail regeneration in E. macularius is characterized by a
conserved sequence of morphological events. Briefly, both original and fully regenerated
tails are distally tapering cone-shaped structures in dorsal/ventral and lateral views. Tail
loss via autotomy results in an open wound that resembles a transverse amputation with
numerous exposed tissues including the spinal cord, skeleton, adipose tissue and
musculature. Blood loss from this wound site is minimal. Over the next 24 hours the
exposed soft tissues are gradually capped by a large exudate clot composed of tissue
fluid, blood cells and tissue debris. The first indication of new vasculature occurs during
the wound healing phase of regeneration (Figure 1). Deep to the clot a wound epithelium
begins to form, starting at the torn edge of the original epidermis. Once the wound
epithelium is complete, the exudate clot is lost (~7-10 days post tail loss). Deep to the
wound epithelium an aggregation of proliferating mesenchymal-like cells – the blastema
– begins to accumulate. Continued growth of the blastema results in the gradual
formation of a cone-like extension from the former site of tail loss. Eventually, cells of
the blastema differentiate into the cells and tissues of the new tail (~14 to 30 days post
tail loss). As the cells of the blastema aggregate and proliferate, there is an increase in
the number of blood vessels present in the regenerate tail. These blood vessels are
positioned evenly throughout the new tissue.
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Although superficially similar, fully regenerated tails are not perfect replicas of
the original appendage (Figure 2). For example, the skeleton of the original tail is
composed of a series of vertebrae and an uninterrupted notochord; in the fully
regenerated tail the skeleton is an unsegmented cartilaginous cone and the notochord is
not regenerated. Perhaps related to this, the vascular architecture of the fully regenerated
tail differs from that of the original. Original tails are characterized by a large, unpaired
artery and vein, the caudal artery and vein, passing immediately ventral to the vertebral
column. The caudal artery is unique in demonstrating a series of smooth muscle
sphincters located at regular intervals along its length. Each sphincter is located in
advance of a potential site of autotomy (i.e., a fracture plane; Bellairs and Bryant 1985;
McLean and Vickaryous 2011). Previous studies (Bellairs and Bryant 1985; McLean and
Vickaryous 2011; Delorme et al. in press) have demonstrated that following tail loss,
these sphincters contract to minimize blood loss. Although the caudal artery and vein are
presumablycontinuous with vessels passing into the fully regenerated tail, smooth muscle
sphincters are not regenerated. Furthermore, with the replacement of the tail vertebrae by
a cartilaginous cone the position of the regenerated branch of the caudal artery relative to
the skeleton is more variable.
Notwithstanding the imperfect replication of the original tail during regeneration,
it is worthwhile noting that the basic concentric organization of tissues and organs of both
mature tails forms is comparable, including a centrally positioned spinal cord surrounded
by/enclosed within the skeleton (bony vertebrae in the original; a cartilaginous cone in
full regenerates), adipose and fibrous connective tissue, skeletal muscle and integument
(hypodermis, dermis and epidermis) (McLean and Vickaryous 2011; Delorme et al. in
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press) (Figure 2). Blood vessels are found throughout most tissues (exclusive of
cartilage) but are most dense within the adipose and fibrous connective tissue
surrounding the skeleton, and the hypodermis (Figure 2).

2.3.2 Western blot analysis
Western blot analysis was performed to confirm the identity of α-SMA and VEGF. A
single 42 kDa band, consistent with molecular weight of α-SMA, was observed in total
protein extracts of regenerating tail samples (Figure 3). This band is either absent or only
weakly immunoreactive in the lane corresponding to original tail samples. A strong
immunoreactive band is observed at 42 kDa, along with a second weak band at ~30 kDa,
in the positive control lane, protein extracts of leopard gecko small intestine.
Densitometry calculations of the three α-SMA western blot replicates (when adjusted
relative to alpha-tubulin loading control) demonstrated that the early and late phase
regenerate tail samples are 8.9-10.1 higher than the original tail (Figure 3).
Under reducing conditions, VEGF expression in the early and late regeneration
phase tails is predominately at the 42 kDa level, although there is also some expression at
~80 kDa (Figure 4). The original tail demonstrates a 42 kDa band as well as an 80 kDa
band. Gecko heart homogenate was used as a positive control for VEGF and
predominately expressed a 42 kDa and 21 kDa band. Densitometry analysis of three
VEGF western blot biological replicates when adjusted relative to alpha-tubulin loading
control demonstrated that the original tail expresses a similar amount of VEGF at 80 kDa
as the regenerate tails at 42 kDa, however the data was not statistically significant
(p>0.05) (Figure 4).
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2.3.3 Blood vessel markers
To identify elements of the vascular system before and during regeneration we used vWF
and α-SMA immunohistochemistry (Figures 5 and 6). In the leopard gecko, vWF
appears to be specific to endothelial cells (EC) as immunostaining was not observed in
any other cell type, although the potential to visualize megakaryocytes or platelets (which
were not observed) cannot be ruled out. Using vWF immunostaining, we identified
blood vessels of all size classes, capillaries to arteries/veins, throughout the majority of
tissues (exclusive of cartilage) in the original tail. Blood vessels immunopositive for
vWF appear to be concentrated within the adipose and fibrous connective tissue
surrounding the skeleton, and the hypodermis (Figure 2).
Following autotomy, vWF immunopositive EC were observed within the
developing regeneration blastema as early as 48 hours post tail loss (Figures 5 and 6). At
this point of regeneration (corresponding to stage II; McLean and Vickaryous, 2011) the
exudate clot still covers the site of autotomy and there is no external evidence that
regeneration has been initiated. Throughout the wound healing and the early phases of
regeneration, blastema growth continues matched by an increasingly complex vascular
architecture. More specifically, all serial sections of the blastema reveal multiple vWF
immunopositive vessels of varying sizes. It is worth noting however that vWF
immunostaining is absent from regions of presumptive cartilage.
By the late regeneration, the majority of blastema cells have differentiated and the
new tissues of the replacement tail have formed. During late regenerate it is observed
that some vessels are larger than 10µm, with varying thickness of vascular walls
consistent with arterioles and venules. Similar to the original tail, vWF immunopositive
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blood vessels are found throughout the various tissue types and are particularly
concentrated in the adipose and connective tissue surrounding the skeleton, and the
hypodermis. Also similar to the original tail, the vascular architecture consists of
numerous evenly spaced blood vessels of varying sizes, including capillaries,
arterioles/venules, and arteries/veins (ranging in diameter from less than 10µm to 0.3mm;
Figure 2), suggestive of a hierarchical organization.
We examined α-SMA immunohistochemistry to identify mural cell supported
mature blood vessels (Figures 5 and 6). Our data confirms previous observations that αSMA primarily marks mural cells in original tail tissues, along with some weak
immunostaining of some chondroblasts and chondrocytes in the original only. Following
tail loss, α-SMA immunostaining is first observed in various fibroblast-like cells of the
blastema. Previous work has identified at least a portion of these cells as myofibroblasts
(Delorme et al. in press). Myofibroblast expression of α-SMA is transient, and these cells
are no longer immunopositive once the regenerating tail begins to form a cone-like
outgrowth (the end of the early regeneration phase; ~stage IV, Delorme et al. in press).
Blood vessels of the regenerative blastema first express α-SMA during the wound healing
phase, indicative of the presence of mural cell coverage. During wound healing and early
regeneration there is also α-SMA immunoreactivity in the blastema cells. As
regeneration progresses α-SMA becomes less diffuse and is limited to the mural cells of
blood vessels, and there is a reduction in blastema cell/fibroblast immunostaining as
compared to the early regenerate tail. The full regenerate tail exhibits α-SMA
immunostaining in the blood vessels which closely parallels what is seen in the original
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tail. Immunostaining is seen almost exclusively in the mural cells surrounding blood
vessels, and is not present in the fibroblasts of surrounding connective tissue.
.
2.3.4 Angiogenic markers
To investigate angiogenesis we characterized the pattern of expression of the proangiogenic marker vascular endothelial growth factor A (VEGF), the endogenous antiangiogenic thrombospondin-1 (TSP-1), and the TSP-1 transmembrane receptor cluster of
differentiation 36 (CD36) (Figures 5 and 6). Each protein was investigated using
immunohistochemistry in original tissue and throughout regeneration. In original tail
tissue, VEGF immunostaining is localized to EC of the majority of blood vessels,
regardless of vessel size or type, along with some fibroblast-like cells in the
connective/adipose tissue zone and the dermis, cells contributing to the vertebral
periosteum, as well as some isolated chondrocytes in the vertebral cartilage.
During wound healing and early regeneration, VEGF demonstrates a dynamic
pattern of immunostaining throughout the newly formed tissues. Following autotomy
VEGF is observed once the blastema appears distal to the spinal cord. Immunoreactive
cell types include the majority of mesenchymal-like blastema cells and ECs.
Immunoreactivity to VEGF in chondrocytes of the original tail is more prevalent during
the wound healing period and then decreases to levels which are comparable to the
cartilage in an unaltered original tail through early and late regeneration.
Once tail tissues have begun to differentiate, VEGF immunostaining becomes
increasingly localized to EC and fibroblast-like cells throughout the regenerate tail. In
fully regenerated tails, the pattern of VEGF immunostaining closely matches that
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observed in original tails, being largely restricted to ECs and select fibroblast-like cells in
the connective tissue. The ECs of the blood vessels do not stain as intensely for VEGF in
the full regenerate tail as in the early and late regenerate phase tails. Unlike the original
tail, newly formed chondrocytes are immunonegative for VEGF, however the proximal
original tissue portion of the tail that is regenerating contains VEGF positive
chondrocytes. The level of VEGF immunostaining in these chondrocytes is similar to
that of the original non-regenerating tail than what is seen during an original tail
undergoing wound healing.
In the original tail, several cell types including isolated chondrocytes, fibroblasts
in the dermis and periosteum, and various macrophage-like cells found throughout the
fibrous connective tissues of the tail, often in close proximity to blood vessels are all
immunopositive for TSP-1. Immunostaining of CD36 occurs predominately in immunelike cells which are proposed to be macrophages or mast cells. These cells are spherical
and contain a large, rounded nucleus. They are found more numerously near blood
vessels in the original tail. Additional CD36 immunostaining occurs in some
chondrocytes of the vertebrae.
During wound healing a blastema begins to form at the distal tip of the tail. There
is very little TSP-1 present in the fibroblasts of this aggregation of cells. The ECs of
blood vessels in the regenerate tail are not positive for TSP-1. Immunostaining of CD36
in the early blastema is limited to immune-like cells which are scattered throughout the
tissue, as is seen in the original tail. As regeneration progresses and there is
differentiation of the blastema cells into new tissues (i.e., late regeneration) TSP-1
immunostaining is observed in the ECs of the regenerate tail as well as surrounding
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fibroblasts. Immunostaining of CD36 continues to be present in the immune-like cells,
however is also seen in the ECs of blood vessels and fibroblasts of the periosteal and
dermal connective tissue.
Once the tail has fully regenerated (Stage VII) there is some immunostaining for
TSP-1 occurring in the ECs of the regenerate blood vessels, although it is not as prevalent
as in the late regenerate tail. Surrounding fibroblasts of the regenerate tail were also
observed to display a decreased immunostaining of TSP-1 relative to early and late
regeneration. Similar to the late regenerate tail, in the end point regenerate, CD36 is seen
in immune-like cells, some fibroblasts of the regenerate tail, and in some blood vessels.

2.3.5 Injection Site Histology
All experimental animals which received daily ABT-510 injects tolerated the drug well
and survived to the conclusion of the experiment. There were no changes in behaviour or
eating habits of the animals, and they gained weight at the same rate as non-manipulated
geckos (see Appendix 4). Outwardly the injection sites either did not differ in
appearance from other areas of the tail, or there was some sign of minor scarring.
A portion of the original tail from representative animals that received injections
was collected and the histology was examined using Masson’s trichrome in order to
determine any potential effects of the injections on the tail tissue. Geckos which received
injections (ABT-510 or D5W) showed an increased presence in the number of localized
leukocytes at the injection sites in comparison to the original, un-manipulated tails which
were removed prior to injections (See Appendix 4, Figure 1A). There was also some
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disruption of the normal muscle architecture and increased volume of connective tissue in
the area of the muscle.

2.3.6 Gross morphology and histology of ABT-510 versus D5W treated tails
In order to investigate the effects of disrupting the balance of angiogenic factors on tail
regeneration, the anti-angiogenic peptide ABT-510 was administered to gecko tails daily.
To determine the effect of ABT-510 administration and compare the results with nontreated tails, the gross morphology of the tails throughout regeneration, and the original
and end-point regenerate histology was documented (Figure 7). The morphology and
histology of the original tails of all animals is identical to the description previously
described (McLean and Vickaryous 2011; Delorme et al. in press; Chapter 1).
Superficially, the original tail is a long tapering cone with pigmentation on the dorsal
surface. In cross-section the tissues of the tail are organized concentrically into areas of
integument, musculature, connective and adipose tissues, and the central nervous system
and surrounding skeletal components (Figure 2). Out of the four animals receiving D5W
injections three reached late regeneration (SVI, SVII) and one did not progress past
wound healing (SIII). The autotomy control also reached late regeneration (SVI).
Morphologically all D5W-injected tails which reached late regeneration are between 3
and 7mm in length. They developed the tapered cone appearance and exhibit some
scalation mostly concentrated to the proximal end of the regenerate (Figure 8).
Histologically the control regenerate tail and D5W-injected tail are identical to the
previously described full regenerate; similar to the original tail it is organized into
concentric areas of tissue types, with the most vascular dense areas concentrated to the
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dermis and the connective/adipose tissue (Figure 9). The one control tail which did not
reach the regeneration phase retained a large clot and did not develop a wound
epithelium.
Out of the five animals receiving ABT-510 treatments, one tail reached late
regeneration (SVI), two reached early regeneration (SIV, SV), and two did not progress
to a complete wound healing phase (Figure 8). Of interest is the observation that the
ABT-510 injected tails that did regenerate did so at a slower rate. For instance, on day 8
all control tails had formed a wound epithelium whereas only 2 out of 5 treated tails had.
On day 14, the early regenerate phase was reached by four out of 5 control tails but only
two out of 5 treated tails (see Appendix 4, Table 2 and Figure 7). Of all of the tails that
reached late regeneration, morphologically they were virtually identical to the control and
D5W treated tails. The tails ranged from 2 to 5mm in length, were conical, and exhibited
some scalation (Figure 8). The two tails which did not achieve full regeneration were
notably different in appearance. One tail formed a smooth epithelium over the wound
site, whereas the second regenerate was obscured by a blood clot which remained there
throughout the trial. Neither tail was able to regenerate any observable amounts of new
tissue.
In terms of the histology, the ABT-510 injected tails varied greatly. The tail
which achieved the late phase of regeneration closely resembled the D5W and control
tails in tissue organization and blood vessel location and distribution (Figure 9). The tails
which reached the early phase of regeneration also closely resembled previous
descriptions of stage IV to V tails; the tissues of the tail are organized as previously
reported but not fully differentiated (McLean and Vickaryous 2011; Delorme et al. in
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press). Of the two tails that did not regenerate past the wound healing phase, one tail was
found to contain regenerated blastema-like cells and some small blood vessels but did not
develop a blastema (Figure 9). The second tail also lacked a blastema and instead
consisted of some fibrous connective tissue interspersed with small blood vessels and
large, vacuole-like areas devoid of tissue.

2.3.7 Blood Vessel Analysis
In order to quantify the changes in blood vessel number, density and perimeter in
response to ABT-510 injection, original tails were collected from the D5W-injected and
ABT-510-injected animals prior to the start of treatment. Tissue was collected again
once control tails had reached the late phase of regeneration (Stage VI), including all
treated tails regardless of their state of regeneration. These tissues were then sectioned
and immunostained for vWF in order to label ECs. Five fields of view were selected and
three variables were quantified for each tail: 1) average number of blood vessels, 2)
average density of blood vessels relative to the area of the field of view, and 3) average
blood vessel perimeter (Figure 10). These values were averaged for the five fields of
view for each animal and analysis of covariance (ANCOVA) followed by determination
of the least squared means was performed for each variable to compare the effects of
ABT-510-injection. It was statistically determined that the variation in mean between the
original and regenerate tails of the same gecko was negligible. Values of both observers
were averaged and reported as one data set.
Using statistical analysis it was determined that there is no significant different
between the D5W-injected and ABT-510-injected groups in terms of average total
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number of blood vessel, and average blood vessel density and perimeter (Figure 10).
Although the results did not reach statistical significance, it was determined that the
average perimeter of the control animal is 1.4 times larger than the ABT-510-injected
animals, and the ABT-510-injected animals have a perimeter than is 0.88 times smaller
than the D5W-injected. Interestingly, the average number of blood vessels in the
regenerate tails overall is significantly (p<0.05) greater (approx. 1.7 times larger on
average) than the original tails.

2.4 Discussion
2.4.1 Regeneration-mediated angiogenesis: a physiological process
This study demonstrates that regeneration-mediated angiogenesis is comparable with
physiological angiogenesis. In the leopard gecko, the restoration of the vascular system
closely matches the formation of new (regenerated) tail tissue, beginning within 2 days
following tail loss (Figure 1). Blood vessels are one of the first structures to differentiate
in the replacement tail, and quickly become evenly distributed throughout the new
appendage. With subsequent tissue outgrowth and differentiation, a complex vascular
hierarchy of vessel types is established. These results are in contrast to reported
pathological angiogenesis, which includes characteristics such as disorganized, leaky
vessels that lack mural cell coverage and hierarchy (Morikawa et al. 2002). Our findings
also reveal a dynamic expression of several common angiogenic proteins, consistent with
physiological angiogenesis: an initial phase of widespread pro-angiogenic VEGF
expression, followed by a return to localization and a wave of anti-angiogenic TSP-1
expression. Ultimately, protein expression in the fully regenerated tail closely resembles
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that of the original (Figures 5 and 6). Although mixed, the results of our experimental
manipulation of anti-angiogenic factors during regeneration appear to confirm the
predicted requirement for angiogenesis during tissue restoration.
Wound Healing:
Following tail loss, the site of autotomy undergoes a period of wound healing
that, at least initially, resembles the morphogenetic events of cutaneous wound repair.
During both events (post-autotomy and post-cutaneous injury) the wound site is rapidly
sealed by the formation of a clot (Nucera et al. 2011; McLean and Vickaryous 2011).
Clot formation is critical to restricting pathogen entry and minimizing water loss (Gurtner
et al. 2008). While the clot is in place re-epithelialization is initiated, beginning at the
torn edge of the epidermis and continuing centripetally (Gurtner et al 2008; Guo and
DiPietro 2010; Alibardi 2010; McLean and Vickaryous 2011). Re-epithelization, giving
rise to a wound epithelium, takes place deep to the clot. While the wound epithelium is
being established, a mass of new tissue begins to accumulate deep to the epithelium
within the former wound site. This mass of otherwise non-differentiated tissue includes
an even distribution of new blood vessels, as evidenced by immunostaining with vWF.
Similar to cutaneous wound healing (e.g., Nissen et al. 1998; Howdieshell et al 2001) we
also observed widespread VEGF expression concurrent with the initiation of blood vessel
formation in this newly formed tissue (Figures 5 and 6).
At this stage the two healing events (post-autotomy and post-cutaneous injury)
begin to diverge. Following re-epithelialization, the mass of newly formed tissue – the
regeneration blastema – continues to expand in size as cells undergo widespread
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proliferation. Tissue outgrowth is matched by expansion of the regenerate vascular
network. During mammalian cutaneous wound healing, granulation tissue begins to
form. Granulation tissue is a combination of newly deposited ECM, cells (fibroblasts,
myofibroblasts and leukocytes) and a dense population of proliferating blood vessels
formed 2-3 days post-injury (Martin 1997; Singer and Clark 1999; Sephel and Woodward
2001). Although both structures are highly vascularized, granulation tissue differs from
the early blastema of the leopard gecko tail in two ways. Unlike in granulation tissue,
current investigations report that there are very few if any leukocytes present in the
blastema (McLean and Vickaryous 2011). Secondly, granulation tissue is transient and
within 2-3 weeks the blood vessels begin to regress, yielding an avascular, collagen-rich
scar (Singer and Clark 1999; Gurtner et al. 2008). This is in stark contrast to the tail
blastema, in which blood vessels continuously support the blastema cells as they
proliferate and differentiate to ultimately replace the lost tail complete with a vascular
network.
Regeneration:
Once the wound epithelium is complete, the blastema undergoes a period of rapid
growth, followed by differentiation and the formation of tissues of the replacement tail.
Angiogenesis matches regenerative outgrowth, with newly formed blood vessels
observed throughout the entire length and breadth of the regenerative structure. Similar
observations have been made during the study of other tail regenerating lizards (e.g.,
Woodland 1920; Hughes and New 1959; Bellairs and Bryant 1985; Alibardi 2010), as
well as fin regenerating teleosts (Huang et al. 2003; Bayliss et al. 2006) and limb
regenerating urodeles (Rageh et al. 2002). These data support the expectation that
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regenerating and recently established tissues require an efficient and effective vascular
supply, and that tissue restoration will be compromised under hypoxic conditions
(Tassava and Huang 2005).
After blood vessels have begun to form in the new tissue, the next step is the
progressive maturation of these vessels, as demonstrated by mural cell expression of αSMA. Immunostaining of α-SMA is first associated with blood vessels in the early
wound healing tail, approximately 5-7 days post-tail loss, suggesting that vessels are
rapidly matured. During cutaneous wound healing, α-SMA expression in capillaries and
venules has been reported as early as three days post-injury (Schlingemann et al. 1991).
Unlike blood vessels in pathological angiogenesis which often do not acquire a mural cell
sheath (Morikawa et al. 2002; Chung and Ferrara, 2011), the presence of α-SMA
expression provides evidence that vascular regeneration in the tail more closely
resembles physiological rather than pathological angiogenesis.
Accompanying the maturation of blood vessels during regeneration is the formation
of a hierarchical network of vasculature. Evidence of a hierarchical network in the
leopard gecko tail is first seen in the late regeneration phase (~15 days), as we
documented blood vessels of varying lumen diameters and wall thicknesses during this
time. Evidence of a vascular hierarchy is reported to occur 8 days post-amputation in the
zebrafish regenerating fin (Huang et al. 2003). A hierarchical network of blood vessels is
important for the sufficient flow of blood within a tissue and is thus characteristic of
physiological angiogenesis, whereas pathological angiogenesis is often characterized by
poor tissue perfusion (Folkman 1985).
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Our findings of blood vessel regeneration following tail loss in leopard geckos are
similar to the events reported during zebrafish fin regeneration (Huang et al. 2003;
Bayliss et al. 2006). Within 24 hours post-amputation, blood vessels of the fin stump
undergo a phase of healing where the severed ends are sealed off, followed by the
regeneration of vasculature, described as a plexus, within the regenerating fin tissue.
Blood flow is re-established to the distal end of the wound by 24 to 48 hours postamputation. Once formed, the vasculature is gradually remodeled and pruned, giving rise
to defined arteries and veins (Huang et al. 2003). This sequence of events – wound
healing followed by vascular regeneration and pruning - is characteristic of both typical
physiological angiogenesis and our results in the leopard gecko. Although we cannot
confirm that the blood vessels of the early blastema form a network or plexus without
investigating the vascular architecture, the organization of the vessels histologically
suggests that they have a similar morphology. Additionally, a vascular plexus has been
described during tail regeneration in other lizards (Hughes and New 1959). Formation of
a vascular plexus is also reported during mouse digit tip regeneration (Said et al. 2004;
Fernando et al. 2011; Rinkevich et al. 2011). However, unlike that of lizard tails and
zebrafish fins, the vascular plexus of mice digit-tip wounds appears to more closely
parallel granulation tissue, and it eventually gives rise to scar tissue and inhibits
regeneration (Said et al. 2004).
Although broadly similar to the findings reported here, previous research
investigating angiogenesis during urodele limb and tail regeneration has identitied some
notable differences. In particular, Singer and Peadon (1966) observed that in newts the
tip of the early blastema remains avascular until approximately 17 days post amputation.
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In contrast, we demonstrate that the leopard gecko blastema is pervasively vascularized,
including the distalmost tip, throughout all phases of regeneration. This disparity in the
onset of vascular regeneration is suggested to be a result of differences in ecology.
Singer and Peadon (1966) suggest that the regenerating tissues of aquatic newts may
receive adequate oxygen via diffusion from the environment, through the wound
epithelium. However, a contrasting investigation using immunohistochemical labelling
of blood vessels in the newt limb suggests that vasculature is distributed equally
throughout the blastema tissue and that the previously used techniques (i.e., Singer and
Peadon 1966) are unable to resolve distal microvessels of the tip of the early blastema
(Rageh et al. 2002).
While not the focus of the current study, evidence suggests that sprouting
angiogenesis is likely a mechanism of blood vessel formation during regeneration.
However there are some inconsistencies between the characteristics of sprouting
angiogenesis and our results. Sprouting angiogenesis is well-understood to be the
predominant form of blood vessel formation during wound healing (Sephel and
Woodward 2001; Li et al. 2003), and has also been reported to occur during appendage
regeneration in the zebrafish (Huang et al. 2003; Bayliss et al. 2006) and newt (Rageh et
al. 2002). Sprouting blood vessels are characterisically small diameter (1-3um) vessels,
possess cytoplasmic processes and lack a basement membrane (Nousek-Goebl and Press
1986; Gerhardt et al. 2003). The regenerating vasculature in the leopard gecko did not
exclusively conform to these characteristics, including the earliest regenerated vessels
(Figure 1), which were larger than described for sprouting vessels. It remains possible
that intussusception and/or the recruitment of EC precursor cells from other sources such
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as the bone marrow (i.e., vasculogenesis) participate in vascular regeneration, but have
yet to be confirmed. Future investigations employing confocal microscopy imaging
would help to further our understanding of the mechanism(s) involved.
While the exact mechanism of blood vessel formation remains uncertain, this
investigation demonstrates that regenerated vasculature becomes mature relatively early
in tail regeneration. The majority of blood vessels at all stages of regeneration are
supported by cells immunoreactive for α-SMA and many have numerous erythrocytes
located within their lumen suggesting that blow flow is re-established. Furthermore, in
transverse section blood vessels are evenly distributed throughout the various tissues in a
similar pattern to that observed in the original tail, and the luminal diameter and mural
cells coverage indicates that a predictable hierarchy of vessels is re-established.
2.4.2 Protein expression following tail loss
Overall, the onset and pattern of expression of the five proteins of interest (vWF, α-SMA,
VEGF, TSP-1. CD36) is consistent with previous results reported for physiological
angiogenesis.
von Willebrand Factor (vWF):
The EC marker vWF is expressed exclusively in ECs of blood vessels in both the
original tail and throughout regeneration in the leopard gecko (Figures 6 and 7). We
determined that vWF is a conserved and reliable cytoplasmic marker of ECs in original
tissues and at all stages of regeneration. Previous work has reported vWF expression in
the vasculature of the placenta in various species of skink (Parker et al. 2010) and also in
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the vasculature of the regenerating newt limb (Zukor et al. 2011), and zebrafish fin
(Carrillo et al. 2010) suggesting that it is highly conserved across vertebrates.
α–Smooth Muscle Actin (α-SMA):
The pattern of expression of α-SMA was observed to begin as localized to mural
cells in the original tail, then becoming widespread among different cell types during
wound healing and early regeneration, before returning to a more localized expression in
the late and full regenerate tails resembling that of the original. As previously reported,
α-SMA immunostains the majority of blood vessels in both the original tail stump and the
newly formed tissues during tail regeneration in the leopard gecko (Delorme et al. in
press). Expression is especially prominent in the thick walls of the original caudal artery
(Figure 5). Our western blot data indicates that expression of α-SMA from extracts of
original tail tissue is considerably weaker than tail extracts taken from regenerate samples
(Figure 3). As will be discussed below, we predict that these results suggest that
regenerating tails having a greater abundance of blood vessels compared to original ones
(see Section 2.4.4). Previous research has demonstrated that α-SMA is an effective
marker of mural cells (Skalli et al. 1989; Neils and Drenkhahn 1993; Gerhardt and
Betsholtz 2003) and myofibroblasts (Desmoulière et al 1993; Hinz 2007; Delorme et al.
in press). However, mural cells are often heterogeneous in their expression of proteins,
and expression of α-SMA can depend on tissue location, species, and state of the mural
cell (Nehls and Drenckhahn 1991; Gerhardt and Betsholtz 2003; Armulik et al. 2011).
For example, α-SMA is not expressed by pericytes of vertebrate CNS, capillaries in the
rat mesentery, or capillaries of the bovine retina (Neils and Drenkhahn 1991). In order to
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confirm our findings we suggest that efforts to explore additional mural cell markers,
including chondroitin sulphate proteoglycan NG-2 and PDGFR2-β, be employed.
During blastema formation, prior to the widespread differentiation of most cell
types, α-SMA expression is also seen in various fibroblast-like cells. Whereas some of
the cells are likely myofibroblasts involved in wound contracture (Desmoulière et al
1993; Hinz 2007; Delorme et al. in press), others may represent mural cell precursors
recruited to regenerating vasculature (Skalli et al. 1989; see also Hellström et al. 1999;
Hughes and Chan-Ling 2004). In addition, fibroblasts are known to expression α-SMA
in vivo (e.g., adult mouse subcuteaneous tissue; Storch et al. 2007) and in vitro
(Desmoulière et al. 1993; Arora and McCulloch 1994; Hinz et al. 2001). Regardless of
their identity, immunostaining of these fibroblast-like cells is transient, and by the late
phase of regeneration few continue to be immunopositive for α-SMA.
Vascular Endothelial Growth Factor (VEGF):
Similar to α-SMA, VEGF immunostaining is widespread in cells of the blastema
for the duration of wound healing and early regeneration before becoming more localized
in the late and full regenerate tail similar to the original tail (Figures 5 and 6). Initially
VEGF is localized to endothelial cells and some of the surrounding fibroblasts in the
original tail. However, during the wound healing and early regeneration phases, VEGF
immunostaining is widespread throughout most of the ECs and fibroblast-like cells of the
blastema. As cells of the blastema differentiate, VEGF expression becomes increasingly
localized to blood vessels and associated cells. These observations are consistent with
previous reports of VEGF expression during other examples of physiological
angiogenesis, including cuteanous wound healing and follicular development in the ovary
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(Nissen et al. 1998; Howdieshell et al 2001; Greenaway et al. 2004). Although the initial
trigger of VEGF expression remains uncertain, it is likely associated with hypoxia, as
cells of blastema undergo proliferation, and/or mechanical stimuli following loss of the
tail, as injury disrupts the ECM causing the release of ECM-bound VEGF and the release
of VEGF from immune cells and platelets (Minchenko et al 1994; Nissen et al. 1998;
McCawley and Matrisian 2001). Our immunohistochemistry data confirms that once the
vascular network is re-established (by the late regeneration phase), providing appropriate
perfusion to all the replacement tissues, VEGF expression returns to original levels. The
VEGF western blot densitometry data did not show that there was a statistically
significant difference (p<0.05) in VEGF levels between the original/regenerate/full
regenerate tails. However, there was a decrease in the expression of VEGF in the late
regenerate tissue sample as compared to the early regenerate samples (Figure 4).
Our results showed variation in the molecular weight of VEGF expressed in the
original and regenerate tails (Figure 4). It is well understood that VEGF exists in a
number of isoforms with varying molecular weight due to the process of alternative
splicing of VEGF mRNA (Robinson and Stringer 2001; Shibuya 2008). The most
commonly recognized isoforms are VEGF121 (14 kDa), VEGF 165 (23 kDa), and VEGF 189
(27 kDa) (Jackson et al. 1997). Alternative splicing can vary greatly depending on
regulators such as genetic and environmental factors (Ladomery et al. 2007; Elias and
Dias 2008). Most cell types which produce VEGF produce several isoforms
simultaneously, and each of VEGF121, VEGF 165, and VEGF 189 is known to participate in
angiogenesis (Neufeld et al. 1999). More specifically, these different VEGF isoforms
establish distinct and complimentary gradients in the ECM and are necessary to guide
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sprouting vessels during the process of angiogenesis (Robinson and Stringer 2001;
Ladomery et al. 2007). Based on reported molecular weights for the various isoforms
(Jackson et al. 1997; Stephanini et al. 2008) we suggest that the A-20 antibody is
recognizing VEGF165 in the leopard gecko Future investigations using VEGF isoformspecific antibodies would help to provide more details about the role of each isoform
during regeneration.
Our VEGF western blot results demonstrate prominent bands at 42 and 80 kDa
from total protein homogenates of original and regenerating tail tissues under reducing
conditions. Our VEGF positive control, leopard gecko heart homogenate, demonstrates
bands at 21 and 42 kDa under reducing conditions. According to the manufacturer, the
polyclonal anti-VEGF antibody used (A-20, Santa Cruz Biotechnology, Inc.) detects
VEGF at 42 kDa under non-reducing conditions and at 21 kDa under reducing conditions.
This discrepancy is believed to likely be the result of insufficient reducing conditions; the
protein samples were treated with 2’1-beta mercaptoethanol which is less potent than
other compounds such as dithiothreitol (DTT) at breaking disulphide bonds (Scigelova et
al. 2001). The temperature and duration of incubation with the reducing agent will also
have an effect on the efficiency of protein reduction (Scigelova et al. 2001). A western
blot conducted under non-reducing conditions showed a similar pattern of molecular
weights in the tails (data not shown). Although perhaps unexpected, various lines of
evidence suggest that these data are not necessarily an artifact. Previous studies using
anti-VEGF antibodies under reducing conditions also report bands at 42 kDa
(Ravindranath et al. 2001; Müller-Deile et al. 2006) and at least one other study reported
multiple bands at each of 21, 42 and 100 kDa using the same anti-VEGF antibody (A-20;
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van der Loos et al. 2010). The presence of bands at 42 kDa from both the original and
regenerate tail tissue, but at 21 kDa from the heart samples suggests different degrees of
proteolysis and/or N-glycosylation, and/or differences in the production of VEGF
isoforms in the tail versus heart tissue (Roskoski 2007). A study by Murphy et al. (2010)
characterized several isoform splice sites of VEGF mRNA in the placenta of a viviparous
lizard species, the skink. The researchers identified two transcripts with splice sites for
VEGF165 and VEGF189 and performed RT-PCR to determine which isoforms the skink
expresses in a variety of tissue types. They reported that VEGF166 and VEGF190 isoforms
are expressed in the testis, heart, kidney and liver and only VEGF190 is expressed in the
tail (Murphy et al. 2010). These findgings suggest that the leopard gecko tail may
predominantly express VEGF189/190 whereas the heart expresses VEGF165/166 and
VEGF189/190, leading to the observed differences in molecular weight.
We also observed a band for VEGF in tail tissue homogenates (original and
regenerate) at 80 kDa. This molecular weight does not correspond with any previous
reports of VEGF isoforms, and hence may be the result of non-specific binding, or a
VEGF isoform not found in mammals. Structural homology is shared between VEGF
and a number of other growth factors including PDGF, PlGF and FGF-2, suggesting that
the antibody may be detecting a related protein at 80 kDa that is not VEGF. However,
the reported molecular weights of these other growth factors do not correspond to 80 kDa
(Roskoski 2007). Another possibility is that since the reducing conditions used appeared
to be insufficient to break all disulphide bonds the 80 kDa band may represent a VEGF
multimer.
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The observed VEGF immunostaining of large vessels in the leopard gecko tail
prior to regeneration is evidence of vascular maintenance and not necessarily
angiogenesis. In addition to playing a role in blood vessel formation, it is now
understood that VEGF is also necessary for EC survival in structurally mature and
morphogenetically quiescent vasculature (Baffert et al. 2006; Kamba et al. 2006; Sung et
al. 2010). For example, VEGF is reportedly required for EC survival of pericytesupported capillaries of the tracheal mucosa (Baffert et al. 2004) and various other
microvascular populations in the mouse (Kamba et al. 2006). Evidence from both these
studies indicates EC apoptosis and vessel regression in normal tissues was increased
when VEGF signaling was blocked. Expression of VEGF has also been reported in
normal human aorta, mammary artery, and saphenous vein (Couffinhal et al. 1997), the
thoracic aorta and inferior vena cava (Maharaj et al. 2006), and various other blood
vessels (Sung et al. 2010).

In addition to its pro-angiogenic roles, VEGF also regulates

blood vessel permeability (Berse et al. 1992; Maharaj et al. 2006; Isenberg et al. 2007). It
has been suggested that low levels of VEGF expression contributes to EC survival
whereas higher levels regulate vessel permeability (Maharaj et al. 2006).

As a result, it

is hypothesized that VEGF expression by normal, structurally mature blood vessels is
required to regulate vessel permeability and maintain EC density (Berse et al. 1992).
Thrombospondin-1 (TSP-1):
In the original tail TSP-1 is found in several cell types, including ECs. However,
during regeneration TSP1immunostaining is limited in the wound healing and early
regeneration phases, becomes strongly immunopositive during late regeneration and
finally in the full regenerate tail its expression resembles the original. To our knowledge,
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this investigation marks the first time TSP-1 and CD36 protein expression has been
demonstrated in a reptile. In addition to ECs, various cell types immunostain for TSP-1
in the original tail, including some fibroblasts of the adipose/fibrous connective tissue
zone surrounding the skeleton, and various macrophage-like cells. During wound healing
and early regeneration, TSP-1 expression by cells of the regenerating tissue is limited to
some ECs and surrounding blastema cells. However, during the late phase of
regeneration many ECs and surrounding fibroblast-like cells are strongly
immunoreactive. In the full regenerate tail TSP-1 expression in ECs is decreased and
more closely resembles the original tail (Figures 5 and 6). This dynamic pattern of
expression is consistent with TSP-1 as the primary endogenous inhibitor of angiogenesis
(Good et al. 1990; Simantov and Silverstein 2003; Henkin and Volpert 2011). Whereas
VEGF is involved in the initiation and maintenance of blood vessels, TSP-1 acts to prune
immature vasculature and to suppress further angiogenic outgrowth. Vessel regression
following the formation of granulation tissue during cutaneous wound healing has been
reported to be mediated at least in part by TSP-1 signaling (Reed et al. 1993; DiPietro et
al. 1996). Other physiological examples of TSP-1 as an endogenous anti-angiogenic
include its role in maintaining avascularity of the post-embryonic cornea (Cursiefen et al.
2004) and granulosa cells of the ovary prior to ovulation (Petrik et al. 2002). It is also
expressed by basal epithelial keratinocytes in normal human skin to prevent ingrowth of
blood vessels into the dermis (Detmar 2000). This evidence suggests that TSP-1 plays a
role in maintaining the angiogenic balance in normal tissues and may be expressed in the
original tail for this purpose. It is worth noting that TSP-1 is also involved in a number
of additional functions outside of angiogenesis. For example TSP-1 plays a role in
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inflammation and immune cell activation directly and through TGFβ-1 activation (LopezDee et al. 2011), as well as cell attachment and migration through interactions with
integrins and other proteins (Lawler 2000).
Cluster Differentiation 36 (CD36):
The expression of CD36 in the tail is limited to few cell types in the original and
the regenerate tail during wound healing and early regeneration, is then seen in an
increasing number of cell types, including ECs, during late regeneration and returns to a
reduced expression in the full regenerate. In the original tail CD36 is limited to some
chondrocytes of the vertebrae and macrophage-like cells of the connective tissue. During
wound healing and early regeneration, CD36 immunostaining is limited to macrophagelike cells in the new tissue. During the late phase of regeneration, when the majority of
tissue types are becoming established, CD36 is expressed by most observed ECs as well
as some of the peri-vascular fibroblasts. Previous research has demonstrated that in
mammals post-injury apoptotic fibroblasts express a TSP-1/CD36 complex on their
surface to induce phagocytosis by macrophages (Moodley et al. 2003) which could
explain the expression of CD36 in some fibroblasts of the regenerate tail. The expression
of CD36 has been reported in a variety of other cell types. It plays an important role in
the transportation of fatty acids and is expressed in cardiac and skeletal muscle, and preadipocytes and adipocytes for this purpose (Ibrahimi and Abumrad 2002). It has also
been reported to be expressed by muscle satellite cells (Lee et al. 2011) and mouse
embryonic fibroblasts (Ring et al. 2006) in vitro. Since the tail blastema represents a
population of putatively non-differentiated cells, expression of CD36 is not entirely
unexpected.
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At this time, the absence of CD36 expression during the wound healing and early
regeneration phases remains unexplained. Expression of CD36 is commonly reported for
ECs and mural cells (Simantov and Silverstein 2003). In addition expression of CD36, as
the main receptor mediating the anti-angiogenic functions of TSP-1, was expected to be
observed in parallel with TSP-1 expression. One possible explanation is that populations
of ECs have been reported to be heterogeneous for various molecular markers, and
expression patterns canvary between different tissues and organs (Swerlick et al. 1992;
Garlanda and Dejana 1997; Chi et al. 2003). Additionally, using immunofluorescence it
has been demonstrated that CD36 expression by ECs varies with the diameter of the
source vessel. For example, whereas human umbilical vein endothelial cells (HUVECs)
are immunonegative, ECs from dermal microvessels are CD36 immunopositive (Swerlick
et al. 1992). Lastly, the molecular marker profile of a single EC can change according to
the functional needs of the cell, and its state (e.g., activated vs. quiescent; Garlanda and
Dejana 1997). For example, CD36 is expressed by ECs of microvessels and not larger
vessels as the former are capable of undergoing angiogenesis whereas the latter are not
(Swerlick et al. 1992; Simantov and Silverstein 2003). More recently, it has been
reported that CD36 expression is often dynamic – ECs are immunopositive before and
after, but not during, sprouting events (Anderson et al. 2008). Anderson et al. (2008) also
showed that the introduction of soluble VEGF165 to HUVEC cells elicites a dosedependent decrease in CD36 expression, and that this attenuated TSP-1 mediated antiangiogenic signaling. This observation fits with our results, as VEGF and CD36
expression appear to have an inverse relationship during tail regeneration.
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2.3.4

Gross morphology and histology following treatment with the anti-angiogenic,
ABT-510

Overall, the results of our ABT-510 trial experiment were mixed (Figures 7-10), but lend
tentative support to the important role of angiogenesis during regeneration. Both treated
and control leopard geckos demonstrated a range of regenerative outcomes from fully
regenerated tails to tails which did not advance past the wound healing phase. During the
experimental timeframe, two ABT-510-injected and four control (one uninjected
autotomy control, three DW5 vehicle controls) leopard geckos reached the late phase of
regeneration, while one ABT-510 treated individual reached the early phase of
regeneration, and two ABT-510 treated and one DW5 vehicle control remained in the
wound healing phase.
All tails that reached the late phase of regeneration, including control and treated
individuals, were virtually identical with one-another and with previous published
morphological and histological descriptions (e.g., McLean and Vickaryous 2011;
Delorme et al. in press): a conical morphology, with a concentric organization of tissue
types within the tail, with the central nervous system and surrounding skeleton at the
centre which is in turn surrounded by connective and adipose tissue relatively dense in
blood vessels, musculature, and the vascular-rich hypodermis and dermis. Within the area
of connective tissue surrounding the central nervous system were numerous blood vessels
of varying size and vascular wall thickness (Figure 9). Blood vessel density was also
higher in the hypodermis of the tails and vessels are distributed evenly in this area.
Similarly, the single ABT-510 treated tail that reached the early phase of regeneration
was indistinguishable from descriptions of other early regeneration phase tails.
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Initially, these data suggest one of three possibilities, although none are necessarily
mutually exclusive: (1) delivery of this peptide may have been ineffective; (2) ABT-510
was metabolized before it could activate an anti-angiogenic response: or (3) ABT-510 is
not effective as an anti-angiogenic during leopard gecko tail regeneration. However, two
of the treated tails demonstrated a profound morphological response to ABT-510
injection (Figure 8). In particular, these tails failed to complete the wound healing phase
of regeneration and the site of autotomy remained clot-covered with no evidence of
outgrowth. Deep to the clot both tails show evidence of blastema formation with
numerous capillary-sized blood vessels, but the capacity for tissue formation and
outgrowth appears to be severely limited to completely abolished. Based on these
observations, we argue that the mimetic ABT-510 is effective as an anti-angiogenic
during leopard gecko tail regeneration. Accordingly, we revise our explanation as to why
regeneration may occur following administration of ABT-510 to problems with the
peptide delivery or premature metabolism, although neither is necessarily mutually
exclusive.
Of the D5W-injected animals, one tail did not successfully regenerate and remained
in the wound healing phase (Figure 8). This outcome was entirely unexpected. In past
experiments involving more than 100 leopard geckos, tail regeneration has always
occurred without error and there is no expectation that D5W would have had a negative
influence on regeneration. We postulate that the failure of this individual to regenerate
was was due to an error in the induction of autotomy resulting in a wound site that
prevented regeneration, rather than an effect of the D5W or injections. Morphologically,
this tail acquired a wound epithelium but did not exhibit outgrowth. When the histology
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was investigated, it was observed that this tail contained numerous blood vessels and an
early blastema, superficially resembling the ABT-510-injected tails that also did not
complete regeneration. However, when the number of blood vessels was quantified, on
average the non-regenerate D5W-injected tail had approximately half as many blood
vessels as the two treated tails which did not regenerate (data not shown). This difference
between the non-regenerating individual injected with D5W versus the ABT-510 in D5W
injected individuals suggests that the mechanisms leading to the failure of regeneration
are different.
Other studies have demonstrated that preventing the establishment of a blood supply
during multi-tissue regeneration results in a profound effect on regeneration. For
example, experimentally induced ischemia in the newt tail followed by amputation leads
to the formation of a wound epithelium but no subsequent blastema formation and tail
outgrowth (Tassava and Huang 2005). Tassava and Huang (2005) also reported that
ischemia causes degradation of the rostral spinal cord and prevented outgrowth of the
central nervous system. Interestingly, Smith and Wolpert (1975) reported that in
amphibian limbs denervation of the brachial plexus before the blastema is vascularized
results in inhibition of vascularization, but denervation following blastema
vascularization has no effect on the regeneration of blood vessels or the limb. Similar
results have been reported in the newt limb (Rageh et al. 2002). In addition to the
possible use of these techniques to prevent vascular regeneration, these findings also
suggest that appendage regeneration relies on the establishment of a blood supply which
is in turn influenced by the regenerating nervous system.
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2.4.4 Blood vessel analysis
To determine the effects of ABT-510 administration on the average number, density and
perimeter of blood vessels in the regenerated tissue, histological cross-sections were
immunostained using anti-vWF antibody and blood vessels were quantified.
Interestingly, statistical analysis of the difference in average number of blood vessels
between original and regenerate tails revealed that there are significantly fewer (p<0.05)
blood vessels in the original tails compared to regenerates from all treatment groups
(Figure 10). Previous studies exploring the outcome of ABT-510 administration during
tumourigenesis in mice have reported a decrease in microvascular density and perimeter
(Greenaway et al. 2009; Campbell et al. 2010). Our results show no significant
difference in the average number, density, or perimeter of blood vessels in control (D5W
injected) compared to treated (ABT-510 injected) leopard geckos (Figure 10). However,
a comparison of the ratio of the average perimeter between D5W- and ABT-510-injected
animals shows that the ABT-510-injected animals have a perimeter that is on average
0.88 times smaller than D5W-injected animals which although not statistically significant
may be biologically significant.
There are a number of variables which may have contributed to the lack of
difference between tail groups. The most likely reason that the results did not reach
statistical significance is the limitations of the sample size. Increasing the number of
animals sampled would provide a larger data set which may result in statistical
significance between groups. Additionally, since according to the morphology of
experimental tails and their overall ability to regenerate, two ABT-510-injected tails were
unable to regenerate past wound healing (Figure 8), using average values from all ABT-
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510 injected tail to calculate the changes in blood vessels may negate potentially
significant differences seen in the two tails that did not regenerate. Another possible
explanation is that previous ABT-510 investigations focused on tumour-mediated (and
thus pathological) angiogenesis, whereas tail regeneration involves an angiogenic
program comparable with physiological angiogenesis. It is well-understood that the
vasculature of tumour is distinct from that of the rest of the body (Morikawa et al. 2002),
and hence this aberrant blood vessel architecture may react differently to ABT-510
treatment. This is supported by Campbell et al. (2010) who note that pre-existing blood
vessels in a mouse model of epithelial ovarian tumours were unaltered by ABT-510
treatments. Additional trials with a larger sample size (for each group n~10) may help to
clarify the effect of ABT-510 on the regenerate tail vasculature.

2.4.5 ABT-510 as an anti-angiogenic compound for tail regeneration
Previous work using the mimetic peptide ABT-510 has focused on the use of this
compound in reducing tumour-mediated aberrant vasculature (Anderson et al. 2007;
Campbell et al. 2010) and attenuating normal follicular development during female
reproductive cycling (Garside et al. 2010). Here we sought to use, for the first time, a
mimetic agent modeled after the endogenous anti-angiogenic molecule TSP-1, in order to
explore the role of angiogenesis during multi-tissue regeneration. Combined with the use
of a reptilian model, the leopard gecko, this novel approach creates a number of unique
challenges. Some major factors are discussed here.
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Method and route of injection:
The method of injection used in this study was a daily intramuscular injection
delivered to the epaxial muscles of the tail. Since the half-life of ABT-510 in mammals
is short (t1/2= 0.15 hours in mice intravenous, 4.5mg/kg; Haviv et al. 2005) some or all
the peptide may have been metabolized before having an effect. Use of an intramuscular
delivery for ABT-510 was based on several factors. The British Small Animal
Veterinary Association (BSAVA) Manual of Reptiles recommends an intramuscular
injection route for reptiles as it minimizes the risk of inadvertent damage to
neurovascular structures (Davies and Klingenberg 2004). In addition, intramuscular
routes are preferred over subcutaneous because of the structural properties of reptilian
skin (Davies and Klingenberg 2004). We sometimes observed leakage of injected
material out of areas of the tail distal to the injection site which may have been caused by
increased internal pressure combined with the inelastic properties of reptilian skin.
Histology of the injection site revealed some fibrosis of the epaxial muscle and
upregulation of leukocytes in the connective tissue (See Appendix 4, Figure 1A) which
may have also contributed to drug leakage by acting as a barrier to proper injection into
the muscle. Although it has been reported that intramuscular injection to the epaxial
muscles of the tail may induce the animal to autotomize the tail (Davis and Klingenberg
2004), this was not observed for any of our animals.
Drug dosage and metabolism:
All of the vehicle control and ABT-510 treated leopard geckos survived the
experiment and, with the exception of the tail, no individuals demonstrated any obvious
signs of adverse side effects. As a vehicle solution, D5W has a high reported solubility
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compared to PBS (140 mg/mL at pH 5.43; Haviv et al. 2005) which increases the ability
of a drug to be absorbed into cells of the body. In addition D5W is reported to be welltolerated, which we also found to be the case, and is rapidly absorbed by many tissues
and organs (Laeseke et al. 2005). However, almost nothing is known about predicting
the necessary or appropriate dosage of ABT-510 in reptiles. The appropriate dosage will
depend on a number of variables such as metabolism, half-life, and rate of elimination
(Jacobson 1996). None of these are known for leopard geckos and therefore we based
our trial dosages on previous studies involving mice. Mice carrying epithelial ovarian
cancer that are given 100mg/kg of ABT-510 responded favourably in terms of biological
activity of the drug, with no reported adverse effects (Greenaway et al. 2009; Campbell et
al. 2010). Other mammalian models have shown a high tolerance for the drug (e.g., rats,
dogs, monkeys, humans; see Haviv et al 2005; Rusk et al 2006b; Anderson et al. 2007;
Greenaway et al. 2009). Similarly, our experimental leopard geckos did not present any
adverse side effects from a treatment dosage of 100 mg/kg. At this time we conclude that
the treatment dosage of 100 mg/kg is well-tolerated and, at least in some instances,
sufficient to inhibit angiogenesis during regeneration in leopard geckos.
In general, ectothermic vertebrates such as reptiles have a lower metabolic rate
than endotherms such as mammals, although the exact rate will vary with environmental
factors such as ambient temperature (Jacobson 1996). For example, while detailed
information for the majority of species is rare, experimental evidence suggests that the
metabolic rate of various gecko species (although not leopard geckos specifically) at an
ambient temperature of 30°C ranges from 1.2 - 2.6 kJ/day (in other scleroglossan lizards
the range is 1.2 - 8.25 kJ/day) (Nagy et al.1999). In contrast, a wild house mouse (Mus
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domesticus) of similar body mass would have a metabolic rate of ~47.1 kJ/day (Nagy et
al. 1999). Among reptiles, it is widely assumed that drug uptake, distribution and
elimination are directly related to metabolic rate (Davies and Klingenberg 2004). It is
therefore worthwhile noting that the ambient temperature of leopard geckos participating
in this study ranged from 24-26°C, closely matching the reported optimal temperature
range of this species, 25.8°C (Werner et al. 2005). Accordingly, we predict that
metabolism of the injected ABT-510 was relatively rapid and combined with the short
half-life of ABT-510 this may have contributed to the ineffective biological activity of
ABT-510 in the experimental geckos.
Drug Elimination:
An additional complicating factor when administering drugs to reptiles is the
presence of a rental portal system (Davies and Klingenberg 2004). Blood passing from
the caudal half of the body (e.g., from the tissues and organs of the hindlimbs, lumbar
region and tail) will often pass through the kidney before entering systemic circulation
(Davies and Klingenberg 2004). As a result, it is possible that the renal portal system
will eliminate ABT-510 before it is able to reach the tail vasculature. Whereas some
studies have demonstrated that the proportion of blood directed through the kidneys is
minimal, and may even be limited to that which supplies the renal tubules (rather than
being filtered through the glomerulus) (Jacobson 1996), details for most lizards remains
undocumented.
Future Directions:
A second generation TSP-1 mimetic peptide known as ABT-898 has more
recently been synthesized by Abbott Laboratories. Compared to ABT-510, ABT-898 has
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an increased potency and slower clearance rate in primates (0.83 hours; Garside et al.
2010) and mice (4-5 hours; Campbell et al. 2011), and hence would appear to be a more
suitable candidate for a daily injection regime. Similar to ABT-510, ABT-898 increases
EC apoptosis, decreases VEGF expression, and reduces tumour vasculature density
(Campbell et al. 2011). Overall, ABT-898 shows the same effects as ABT-510, but at
10-100 fold lower concentrations (Henkin and Volpert 2011; Campbell et al. 2011). As
an alternative strategy, other anti-angiogenic molecules, such as angiostatin, could be
administered. Previous research which sought to determine if mammalian liver
regeneration is angiogenesis-dependent treated mice with an exogenous supply of the
anti-angiogenic molecule angiostatin (Drixler et al. 2002). Animals treated with
angiostatin demonstrated a significant decrease in microvascular density, and overall
liver regeneration was diminished (Drixler et al. 2002).
To effectively disrupt the balance of pro- and anti-angiogenic factors in the gecko
tail another protein such as VEGF might be targeted. VEGF is critical for the initiation
of angiogenesis, as well as the proliferation, migration and survival of ECs in the absence
of mural cell coverage (Suhardja and Hoffman 2003; Ferrara 2005; Shibuya 2008; Eilken
and Adams 2010). Because VEGF is the most potent pro-angiogenic factor the loss of its
signalling may have a more detectible effect on angiogenesis in the tail than a TSP-1
mimetic. Zebrafish are commonly used to study the manipulation of angiogenesis, often
during embryogenesis as they are able to regenerate semi-transparent fins, making it
easier to non-invasively visualize regenerating blood vessels in vivo (Hasso and Chan
2011). Bayliss et al. (2006) made use of these advantages to test the inhibition of
angiogenesis using a VEGFR-2 tyrosine kinase block (PTK-ZK) in the adult zebrafish
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fin. The researchers showed that by blocking VEGF signaling angiogenesis is inhibited
in the regenerate fin, suggesting that angiogenesis during appendage regeneration is
dependent on VEGF, much like physiological angiogenesis. They also showed that the
vasculature is needed in order for the fin to regenerate beyond 1mm (Bayliss et al. 2006).
There are a number of other ways in which angiogenesis can be inhibited through VEGFdependent pathways, for example VEGF antibodies that block VEGFR-2 binding. One
of the most successful clinical VEGF blockers is bevacizumab, a human monoclonal
antibody raised against VEGF (Kiselyov et al. 2007). Bevacizumab acts to prevent
interaction of VEGF with VEGFR-1 and -2, reduce microvascular growth, and slow
tumour metastasis (Wang et al. 2004; Kiselyov et al. 2007; Han et al. 2009).
2.5 Conclusion
This study demonstrates that angiogenesis during regeneration in the tail of the leopard
gecko is comparable with physiological angiogenesis. Following tail loss, blood vessels
are present throughout the blastema in an organized and hierarchical pattern and remain
evenly dispersed throughout the tail during regeneration. A panel of common
mammalian vascular and angiogenic markers were expressed in the tail during
regeneration in a conserved sequence consistent with physiological angiogenesis,
although the signalling mechanisms have yet to be elucidated. Furthermore, future
studies may include the examination of the architecture and morphology of regenerating
blood vessels throughout regeneration in order to more accurately characterize their
resemblance to vasculature during physiological angiogenesis.
Although the administration of ABT-510 produced mixed results, they indicate
that ABT-510 has the potential to influence the overall ability of the tail to regenerate.
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Further optimization of the ABT-510 administration protocol will help to determine if the
mixed results were a result of protocol error (i.e., insufficient amount of drug, non-ideal
injection site, and short half-life) or that angiogenesis in the gecko tail is mediated by a
different pathway. Studies such as this will increase our understanding of the importance
of angiogenesis in regeneration and contribute to our knowledge of the process of
angiogenesis and potential therapeutics.
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Chapter 2 Tables
Table 1: Summary table for the optimized immunohistochemistry protocols for proteins of interest (vWF, α-SMA, VEGF, TSP-1,
CD36)

Quench
(min)

vWF

αSMA

VEGF

TSP-1

CD36

30

20

20

20

20

Antigen
retrieval

20 min at 37°C
Proteinase K
(Invitrogen, code
25530-015) diluted in
TE buffer, cool 10
minutes in solution

No retrieval

12 min citrate buffer
(pH=6.0, 90°C), cool
20 minutes in buffer

12 min citrate buffer
(pH=6.0, 90°C), cool
20 minutes in buffer

12 min citrate buffer
(pH=6.0, 90°C), cool
20 minutes in buffer

Block

1 hr room temp, 3%
NGS in 1x PBS

1 hr room temp, 3%
NGS in 1x PBS

1 hr room temp, 3%
NGS in 1x PBS

1 hr room temp, 3%
NGS in 1x PBS

1 hr room temp, 3%
NGS in 1x PBS

Primary
antibody

1:1000 (Dako Canada
vWF code A0082)

1:500 (Santa Cruz
Biotechnology
αSMA (1A4) sc32251)

1:100 (Santa Cruz
Biotechnology VEGF
(A-20) sc-152)

1:50 (Santa Cruz
Biotechnology TSP-1
(A6.1) sc-59887)

1:100 (BD
Pharmingen code
552544)
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Secondary 1:1000, 1 hr room temp
antibody
(Biotinylated goat antirabbit, Jackson Immuno
Research Laboratories,
code 111-066-003)

1:100 , 1 hr room
temp (Biotinylated
goat anti-mouse IgG,
Vector Laboratories,
catalog BA-9200)

1:500, 1 hr room temp
(Biotinylated goat antirabbit, Jackson Immuno
Research Laboratories,
code 111-066-003)

1:500, 1 hr room temp
(Biotinylated goat
anti-mouse IgG,
Vector Laboratories,
catalog BA-9200)

1:100, 1 hr room temp
(Biotinylated goat
anti-rabbit, Jackson
Immuno Research
Laboratories, code
111-066-003)

HRP

1:200, 1 hr room temp
(Jackson Immuno
Research Laboratories,
code 016-030-084)

1:200, 1 hr room
temp (Jackson
Immuno Research
Laboratories, code
016-030-084)

1:200, 1 hr room temp
(Jackson Immuno
Research Laboratories,
code 016-030-084)

1:200, 1 hr room temp
(Jackson Immuno
Research
Laboratories, code
016-030-084)

1:200, 1 hr room temp
(Jackson Immuno
Research
Laboratories, code
016-030-084)

DAB

15 seconds, diluted in
5mL dH2O (Peroxidase
Substrate Kit, Vector
Laboratories, SK-4100)

25 seconds, diluted
in 5mL dH2O
(Peroxidase
Substrate Kit, Vector
Laboratories, SK4100)

25 seconds, diluted in
5mL dH2O (Peroxidase
Substrate Kit, Vector
Laboratories, SK-4100)

40 seconds, diluted in
5mL dH2O
(Peroxidase Substrate
Kit, Vector
Laboratories, SK4100)

40 seconds, diluted in
5mL dH2O
(Peroxidase Substrate
Kit, Vector
Laboratories, SK4100)
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Table 2: Summary table of the optimized western blotting protocols for proteins of
interest (α-SMA, VEGF)
αSMA

VEGF

Molecular Weight
(kDa)

42

42

Gel Percentage

12%

12%

Amount of Protein
Loaded (µg)

40

40

Positive Control

Gecko gut

Gecko heart

Transfer Type, Voltage
(V) and Time

Wet; 90V for 120 minutes

Semi-dry; 17V for 30 minutes

Primary Antibody

1:200 dilution (Santa Cruz
Biotechnology αSMA (1A4)
sc-32251)

1:1000 dilution (Santa Cruz
Biotechnology VEGF (A-20)
sc-152)

Secondary Antibody

1:1000 dilution (Biotinylated
goat anti-mouse IgG, Vector
Laboratories, catalog BA9200)

1:1000 dilution (Biotinylated
goat anti-rabbit, Jackson
Immuno Research
Laboratories, code 111-066003)

Exposure Method and
Time

ECL (Millipore Luminata
Crescendo HRP substrate); 1
minute

ECL (Millipore Luminata
Crescendo HRP substrate); 2
minutes
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Chapter 2 Figures

Figure 1: Immunohistochemical image using von Willebrand Factor (vWF) to identify presumptive new
vasculature in the regenerate tail at the wound healing phase in the leopard gecko (Eublepharis
macularius). (A) Sagittal section of an early wound healing phase tail (~48 hours post-autotomy)
demonstrating the torn edge of the spinal cord covered by a exudates clot (autotomy surface to the right).
(B) A magnified view of the blastema developing between the torn edge of the spinal cord and the exudate
plasma clot. Note the vWF immunopositive blood vessel carrying erythrocytes present within the blastema
(black arrow). OT = original tail, RT = regenerate tail, PC = plasma clot. Scale bar: 200um (A), 50um (B).

79

Figure 2: Histological comparison of the cross-sectional organization of an original tail (A) and a full
regenerate tail (B), including locations of high vascular density, of the leopard gecko (Eublepharis
macularius). Serial cross-section stained with Masson’s trichrome. Note the concentric organization of
each tail. The central nervous system (CNS; spinal cord, ependymal tube) is located centrally, enclosed by
the skeleton (caudal vertebrae in the original tail; cartilaginous cone in the regenerate tail). Superficial to
the skeleton is a zone of adipose and fibrous connective tissue with numerous nerves and blood vessels
(insets C and D), surrounded by skeletal muscle and integument (hypodermis, dermis, and epidermis). The
hypodermis contains a large proportion of blood vessels of varying sizes (insets E and F). Inset panels C-F
demonstrate representative blood vessels taken from the two main areas of high vascular density, the periskeletal adipose and fibrous connective tissue, and the hypodermis. Within these areas are numerous blood
vessels (black arrows) of differing sizes and vascular wall thicknesses, suggesting a hierarchal organization.
A,B scale bar: 500um, C-F scale bar: 100um.
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Figure 3: Western blot and densitometry of α-smooth muscle actin (α-SMA) protein expression from tissue
homogenates of original and regenerate tails of the leopard gecko (Eublepharis macularius). Three
biological replicates (i.e., each representing a different individual; A-C), each demonstrating a ~42 kDa
band in gut tissue and at early and late regeneration phases. α-SMA expression is weak or absent from
original tails. α-tubulin served as a loading control. Densitometry values for α-smooth muscle actin (αSMA) protein expression from tissue homogenates of original and regenerate tails of the leopard gecko
(Eublepharis macularius) (D). The early regenerate tail has significantly (p<0.05) higher expression of αSMA than the original tail. Values are expressed as mean ±SE. An asterisk indicates statistically
significant values compared to the original tail (p<0.05).

81

Figure 4: Western blot and densitometry of vascular endothelial growth factor (VEGF) protein expression
from tissue homogenates of original and regenerate tails of the leopard gecko (Eublepharis macularius).
Three biological replicates (i.e., each representing a different individual; A-C), each demonstrating a ~42
kDa band in early and late regeneration phases. The original tail demonstrates a ~42 kDa band (A) or a
~80 kDa band (B,C). Gecko heart tissue homogenate was used an internal control and demonstrates a ~42
kDa band (A) or a ~21 kDa band (B,C). α-tubulin served as a loading control. Densitometry values for
VEGF (D) the original and regenerate tails expressed varying levels of an 80 kDa and 42 kDa band, where
the original tail predominantly expressed an 80 kDa and the regenerates a 42 kDa band. Integrated
densitometry values (IDV) are shown relative to α-tubulin. Values are expressed as mean ±SE.
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Figure 5: Histochemistry and immunohistochemistry of the caudal artery or equivalent large (>100 µm)
diameter blood vessels in cross-section from the original tail and at multiple stages of tail regeneration of
the leopard gecko (Eublepharis macularius). All blood vessels (black arrows) are localized in the adipose
and fibrous connective tissue zone surrounding the axial skeleton. Columns from left to right: original,
early regenerate, late regenerate, and fully regenerated tail. Masson’s trichrome (A-D). von Willebrand
Factor (vWF) is expressed by endothelial cells (ECs) (E-H). α-smooth muscle actin (α-SMA) is initially
localized in mural cells (I), but during early regeneration (J) is also expressed by myofibroblasts (black
arrowhead). During late regeneration (K) and the fully regenerated tail (L), α-SMA is restricted to mural
cells. Vascular endothelial growth factor A (VEGF) is primarily expressed by ECs in the original tail and
throughout regeneration (M-P). VEGF also immunostains blastema cells/fibroblasts (black arrowhead)
during the early and late phases of regeneration (N, O). Thrombospondin-1 (TSP-1) is expressed by the
ECs of the original tail (Q) but not those of the early regenerate tail (R). During late regeneration, TSP-1 is
again expressed by ECs, along with blastema cells/fibroblasts (black arrowhead) (S). TSP-1 is weakly
positive in ECs of the fully regenerated tail (T). Cluster of differentiation 36 (CD36) is weakly positive in
ECs of the original tail (U) but not during the early phase of regeneration. ECs, along with blastema
cells/fibroblasts (black arrowhead) demonstrate weak CD36 staining during the late phase of regeneration
(W). Only ECs are CD36 immunopositive in the full regenerate tail (X). Scale bar: 100µm.
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Figure 6: Histochemistry and immunohistochemistry of small diameter (<100um) blood vessels in crosssection from the original tail and at multiple stages of tail regeneration in the leopard gecko (Eublepharis
macularius). All blood vessels (black arrows) are localized in the hypodermis of the integument superficial
to the musculature. Columns from left to right: original, early regenerate, late regenerate, and fully
regenerated tail. Masson’s trichrome (A-D). von Willebrand Factor (vWF) is expressed by endothelial
cells (ECs) (E-H). α-smooth muscle actin (α-SMA) is initially localized in mural cells (I), but during early
regeneration (J) it is also expressed by myofibroblasts (black arrowhead). During late regeneration (K) and
the fully regenerated tail (L), α-SMA is again restricted to mural cells. Vascular endothelial growth factor
A (VEGF) is primarily expressed by ECs in the original tail and at all stages of regeneration (M-P). VEGF
also immunostains blastema cells/fibroblasts (black arrowhead) during the early and late phases of
regeneration (N, O). Thrombospondin-1 (TSP-1) is expressed by the ECs of the original tail (Q) but not
those of the early regenerate tail (R). During late regeneration, TSP-1 is again expressed by ECs, along
with blastema cells/fibroblasts (black arrowhead) (S). TSP-1 is weakly expressed byECs of the fully
regenerated tail (T). Cluster of differentiation 36 (CD36) is weakly positive in ECs of the original tail (U)
but not during the early phase of regeneration. ECs, along with blastema cells/fibroblasts (black
arrowhead) immunostain for CD36 during the late phase of regeneration (W). Only ECs are CD36
immunopositive in the full regenerate tail (X). Scale bar: 100µm.
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Figure 7: Gross morphology of representative regenerating tails of the leopard gecko (Eublepharis
macularius) with and without ABT-510 injections. The autotomy control was not injected, vehicle controls
were injected with 5% dextrose in deionized water (D5W), and treated individuals were injected with ABT510 in D5W. Autotomy controls (A-F) demonstrated a conserved sequence of morphological events
including clot formation (A-C), the development of a wound epithelium (D) and outgrowth of new tissue
(E-F). By the end of day 19, the autotomy control was a late regeneration phase tail. Representative
vehicle controls (G-K and L-Q) demonstrated a near identical sequence of events to the autotomy control,
and were late regeneration phase tails by day 19. Treated tails (R-W and X-CC) demonstrated a variable
response to injection. One tail formed a clot at the site of autotomy but did not develop wound epithelia
and did not initiate the outgrowth of new tissue (R-W). At day 19 this tail remains in the wound healing
phase. The other representative treated tail (X-CC) did develop a wound epithelium (AA) but outgrowth of
the new tissue was delayed. At day 19 this tail was still in the early regeneration phase (CC).
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Figure 8: Gross morphology of the regenerated tails of the leopard gecko (Eublepharis macularius) with
and without ABT-510 injection at conclusion of study. The autotomy control was not injected, vehicle
controls were injected with 5% dextrose in deionized water (D5W), and treated individuals were injected
with ABT-510 in D5W. The autotomy control and two vehicle controls reached the late regeneration phase
by the end of the experiment (green), whereas one vehicle control only reached the early regeneration phase
(orange) and one remained in the wound healing phase (red) (A). Among the treated tails (B), one reached
the late regeneration phase (green), two reached the early regeneration phase (orange) and two remained in
the wound healing phase (red).
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Figure 9: Tail histology of regenerated tails of the leopard gecko (Eublepharis macularius) with and
without ABT-510 treatment at conclusion of the study (Day 19). Serial cross-sectional images of the
autotomy control (A), a vehicle control (B) and two ABT-510 treated (C, D) tails. Inset: Sample images of
the hypodermis immunostaining with anti-von Willebrand Factor (vWF) to identify blood vessels. The
control tails (A,B) and one of the treated tails (C) reached the late regeneration phase by day 19. These
tails demonstrate a conserved organization of fully differentiated tissues including muscle, cartilage, and
spinal cord. The other tail (D) remained at the wound healing phase by day 19. Unlike the control tails, the
regenerated tissue was exclusively composed of blastema tissue, without new muscle, cartilage or spinal
cord. Blood vessels were found in the regenerated tissue of all four tails (inset images); however the blood
vessels in the treated tail (D) were not as highly organized as the others. Scale bars: 400µm, Inset scale
bars: 50µm.
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Figure 10: Statistical analysis of the effect of ABT-510 injections on the mean blood vessel number,
density, and perimeter. In a blinded test blood vessels were quantified for number, density (µm2) and
perimeter (µm) for each field of view, and values were averaged across each treatment group. The blood
vessel number (A), density (C) and perimeter (D) of ABT-510 injected animals do not differ significantly
from the controls or D5W-injected animals. The number of blood vessels in the regenerate tails is
significantly greater than the original tails (B). Data for blood vessel number and perimeter was
transformed using the log to achieve normality and values are reported as geometric mean with 95%
confidence interval. The area values were not transformed and are reported as mean with 95% confidence
interval. An asterisk indicates statistically significant values (p<0.05).
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CHAPTER THREE: CONCLUDING STATEMENTS

This study sought to investigate the process of vascular regeneration in the leopard gecko
tail by determining the temporal and spatial sequence of expression of a panel of common
vascular and angiogenic proteins, and by manipulating angiogenesis through the
administration of an anti-angiogenic peptide. Previous studies of angiogenesis have
focused on blood vessel formation during pathological (e.g., tumour formation) or
physiological (e.g., cutaneous wound healing) events. The leopard gecko is a unique
model system as the tail is easily accessible for observation of morphological events and
protein expression and manipulation such as the administration of drugs, and regeneration
does not need to be induced artificially. It was hypothesized that angiogenesis in the
leopard gecko follows a conserved sequence of events similar to physiological
angiogenesis. In order to test this hypothesis two objectives were explored. The first
objective was to determine the onset and pattern of expression of a panel of common
vascular and angiogenic proteins. The second objective was to investigate the role of
angiogenesis during regeneration by altering the balance of angiogenic factors using an
anti-angiogenic peptide. Tails were collected at each phase of tail regeneration (wound
healing, early regeneration, later regeneration, full regeneration) and histochemistry,
immunohistochemistry, and western blot analysis (where appropriate) were performed to
document the morphology, histology and protein expression during regenerative
angiogenesis. In a separate study, geckos were injected with the TSP-1 mimetic peptide
ABT-510 to determine if angiogenesis in the tail can be manipulated, and if so what is the
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outcome of both vascular and tail regeneration. The findings and implications of both of
these objectives will be discussed here.
3.1 Is Angiogenesis During Tail Regeneration a Form of Physiological Angiogenesis?
Based on the morphological and histological comparison of original and full regenerate
tails and the pattern of expression of common vascular and angiogenic proteins we
conclude that blood vessel regeneration in the tail is a form of physiological angiogenesis.
Blood vessel regeneration begins early in the wound healing phase of the tail, and is
characterized by the even distribution of vasculature throughout the blastema and
evidence of a hierarchical organization of vessels, resulting in a vascular pattern that
closely resembles that of the original tail. Expression of α-SMA in vessels of the
regenerate tail indicates that the vasculature is achieving maturity, similar to
physiological angiogenesis and unlike pathological (Morikawa et al 2002).
Although blood vessel regeneration in the tail superficially resembles
physiological angiogenesis, several questions remain. The morphology of vessels in the
early regenerate blastema is not consistent with reported morphology of sprouting or
immature vessels (Nousek-Goebl and Press 1986; Gerhardt et al. 2003). To determine if
the techniques used limit the ability to visualize sprouting vessels the use of an alternative
method such as confocal microscopy may provide the resolution to identify sprouting
vessels and confirm the role of angiogenesis in the regenerate tail. Future experiments
might also include the visualization of the tail vasculature in three dimensions to
determine if the architecture of the vascular tree is patterned in an organized network. In
addition, it was not defined at what time point newly regenerated vessels gained mural
cell coverage to become mature, as all earliest vessels observed in the blastema were
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positive for α-SMA. To determine when the transition between immature and mature
vessels is occurring immunofluorescence co-localization of an EC marker such as vWF
and a mural cell marker such as α-SMA should be performed. Therefore there remain a
number of unexplored details which will confirm that the events of vascular regeneration
correspond to physiological angiogenesis.
Expression of both pro- (VEGF) and anti-angiogenic (TSP-1) proteins occurs during
tail regeneration in a sequence comparable to that of physiological angiogenesis. VEGF
is initially upregulated in ECs and surrounding blastema cells during wound healing and
early regeneration when blood vessels need to be stimulated to form new vasculature and
downregulated in these cells as the regenerate tail is completed. Although TSP-1
expression is initially minimal, by late regeneration this protein is expressed in fibroblasts
and ECs, corresponding to the presumptive onset of vascular pruning. The widespread
expression of VEGF throughout the regenerating tail tissues is consistent with the role of
this protein as a growth factor. Presumtively quiescent vessels of the original tail were
also observed to express both the pro-angiogenic factor VEGF and the anti-angiogenic
factor TSP-1. We conclude based on previous reports that this expression functions to
support ECs of the vasculature and maintain the balance of angiogenic factors (Berse et
al. 1992; Petrik et al. 2002; Cursiefen et al. 2004; Maharaj et al. 2006). The expression
of CD36 was predicted to occur in all types of blood vessels regardless of whether it is an
original or regenerating tail; however its expression was determined to be more variable.
Although it has been suggested that CD36 expression in vasculature is heterogeneous
(Swerlick et al. 1992; Anderson et al. 2008), it may warrant further investigation such as
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western blotting, considering that CD36 is the main receptor for the anti-angiogenic
peptide used here.
3.2 Does Angiogenesis Play a Critical Role in Tail Regeneration?
Treatment of regenerating gecko tails with the anti-angiogenic compound ABT-510
resulted in a mixture of outcomes, including the total abolishment of regeneration. At
this time we tentatively conclude that ABT-510 does negatively affect vascular
regeneration, which in turn inhibits overall tail regeneration. However it should be noted
that we cannot rule out the possibility that ABT-510 directly interferes with blastema
formation. Of the five tails injected with ABT-510, two did not advance past the wound
healing phase. These tails contained blood vessels, but there did not appear to be a
noticeable hierarchy of vessels, there were no differentiated tissues present, and the tails
had negligible outgrowth. The tails which did regenerate did so at a slower rate when
compared to D5W (saline)-injected animals. The average vascular density, number of
vessels, and perimeter were compared between D5W and ABT-510-injected animals.
Although the vascular density, number of blood vessels, and perimeter were overall lower
in ABT-510-injected animals, the results were not statistically significant.
Previous studies in the zebrafish have demonstrated that appendage regeneration
requires angiogenesis (Bayliss et al. 2006). By blocking angiogenesis, the zebrafish fin
was prevented from regenerating past 1 mm of tissue (Bayliss et al. 2006). This
observation strongly suggests that appendage regeneration is dependent on a blood
supply, and is consistent with the well documented observation that tumours depend on
vasculature for growth past 2mm (Gimbrone et al. 1972; Folkman 1972). It is suggested
that for continued gecko trials the sample size needs to be increased in order to further
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explore the possibility of statistically significant changes in tail vasculature. Other
factors that may have contributed to the mixed results seen here include the dosage of the
drug, the location and method of administration, and the rate of injection. Since we
modeled these variables based on what is known about general reptile metabolism and
previous studies of ABT-510 injections in mice, they may not be the optimal values for
the leopard gecko. Future trials using ABT-510 will provide further evidence that
angiogenesis is required for tail regeneration.
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APPENDICES

Appendix 1: Histochemical Protocols and Solutions
Masson’s Trichrome-modified
Protocol:
1. Absolute xylene (3 x 2 minutes)
2. Absolute isopropanol (3 x 2 minutes)
3. 70% ethanol (2 minutes)
4. Deionized water (2 minutes)
5. Mayer’s Hematoxylin (10 minutes)
6. Rinse off excess dye in running deionized water
7. Blue in ammonia water (6 dips)
8. Rinse off ammonia water in running deionized water
9. Ponceau Xylidine/Acid Fuchsin (2 minutes)
10. Rinse off excess dye in running deionized water
11. Decolourize 10 minutes in 1% phosphomolybdic acid
12. Rinse off excess phosphomolybdic acid in running deionized water
13. 2% Light Green (90 seconds)
14. Rinse in running deionized water
15. 95% isopropanol (2 minutes)
16. 100% isopropanol (3 x 2 minutes)
17. Absolute xylene (3 x 2 minutes)
18. Coverslip
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Solutions:
0.5% Ponceau Xylidine/0.5% Acid Fuchsin in 1% acetic acid
-

1.25 grams Ponceau Xlidine 2R in 250mL 1% acetic acid solution

-

1.25 grams Acid Fuchsin in 250mL 1% acetic acid solution

-

Mix together. Store at room temperature.

1% Phosphomolybdic Acid
-

10 grams phosphomolybdic acid in 1L deionized water

2% Light Green
-

2 grams Light Green Yellowish SF in 100mL 2% citric acid solution

-

Mix 1:10 with deionized water

Ammonia water:
-

5 drops ammonium hydroxide in 250mL deionized water
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Appendix 2: Immunohistochemical Protocols and Solutions
Protocol:
1. Absolute xylene (3 x 2 minutes)
2. Absolute isopropanol (3 x 2 minutes)
3. 70% ethanol (2 minute)
4. Deionized water (2 minutes)
5. Quench endogeneous peroxidases - 3% H2O2 (20-30 minutes)
6. PBS (3 x 2 minutes)
7. Citrate buffer retrieval (if not necessary, skip to step 9). 12 minutes at 90°C, Cool
for 20 minutes in solution. Or, proteinase K retrieval. 10 minutes at 37°C, Cool
for 10 minutes in solution
8. PBS (3 x 2 minutes)
9. Block 3% normal goat serum (1 hour, room temperature in humidity chamber)
10. Remove block
11. Apply primary antibody at appropriate concentration, place slides in humidity
chamber, overnight, 4°C.
12. PBS (3 x 2 minutes)
13. Apply biotinylated secondary antibody at appropriate concentration (1 hour, room
temperature in humidity chamber)
14. PBS (3 x 2 minutes)
15. Apply streptavidin conjugated horse radish peroxidase (1 hour, room temperature
in humidity chamber)
16. PBS (3 x 2 minutes)
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17. DAB for appropriate times, stop reaction by rinsing in deionized water
18. Mayers Hematoxylin (1 minute)
19. Rinse in deionized water
20. Blue in ammonia water (6 dips)
21. Rinse in deionized water
22. Absolute isopropanol (3 x 2 minutes)
23. Absolute xylenes (3 x 2 minutes)
24. Coverslip
Solutions:
Citrate Buffer:
Stock Solutions:
Stock Solution A (0.1M Citric Acid): 1.92 grams citric acid powder in 100mL deionized
water
Stock Solution B (0.1M Sodium Citrate dihydrate): 14.7 grams sodium citrate dehydrate
powder in 500mL deionized water
Mix 9 mL Solution A with 41mL Solution B. Top up to 500mL, adjust pH to 6.0.
DAB: (Vector Laboratories)
-

Mix 1 drop buffer, 1 drop H2O2 and 2 drops DAB in 5mL deionized water

131

Appendix 3: Western Blot Protocol and Solutions
Protocols:
Protein Quantification:
1. Make up the appropriate amount of RIPA lysis buffer or take appropriate amount
from the stock solution. A useful starting volume is 300ul each for stage 4, 5, 6
and 1mL for original tail. These volumes may have to be adjusted depending on
the size of the tissue.
2. Add the protease inhibitors (see table below) in the appropriate proportions to the
RIPA lysis buffer.
3. Place the tissue sample in the lysis buffer and mechanically homogenize.
4. Place tissue on ice for 30 minutes to let the bubbles settle.
5. Centrifuge the tubes at 140 000 rpm in the 6°C microcentrifuge for 10 minutes.
6. Remove the supernatant and discard the pellet. Aliquot appropriate amounts and
store aliquots at -80°C.
7. Keep one aliquot out from each tissue sample for protein quantification.
8. In a 96 well plate add the following solutions below to each well.
-

5ul sample or BSA standard

-

25ul working reagent A

-

200ul reagent B

-

NOTE: if the sample contains detergents (as with lysis buffers) you must make a
working reagent A by adding 20ul of reagent S to each mL of reagent A needed.

9. The BSA standards have concentrations of 4mg/mL, 2mg/mL,1mg/mL,0.5mg/mL
and 0.25 mg/mL.
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10. Once all standards, samples and reagents have been added place the plate on a
rocker for 15 minutes.
11. Place in the spectrophotometer and set to 630nm.
12. Calculate protein concentration values based on absorbance values.
13. If the protein concentration values are above the highest standard (4mg/mL) then
the samples can be diluted in the plate. For a 50% dilution, add 2.5ul of water to
each well then start at Step 8.
Gel electrophoresis, transfer, immunoblotting:
1. Aliquot appropriate volume of sample and buffer into microcentrifuge tube
2. Heat at 90°C for 10 minutes
3. Load samples into appropriate lanes on the gel
4. Run electrophoresis unit at 120V until samples reach the bottom of the gel
(usually between 1.5 to 2 hours)
5. Make the transfer “sandwich”- from bottom to top (1 sponge, 1 thick whatman
paper, gel, 1 PVDF membrane, 1 thick whatman paper, 1 sponge)
6. Transfer at 90V for 120 minutes if wet transfer, 17V for 30 minutes if semi-dry
transfer
7. Rinse membrane in TBST (3 x 10 minutes)
8. Block in 5% skim milk in TBST, 1 hour, on shaker at room temperature
9. Dilute primary antibody to appropriate concentration in 5% skim milk in TBST.
Apply to membrane, leave overnight, on shaker at 4°C
10. Rinse membrane in TBST (3 x 10 minutes)
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11. Dilute horse radish peroxidase linked secondary antibody to appropriate
concentration in 5% skim milk in TBST. Apply to membrane, leave at room
temperature, on shaker, 1 hour
12. Rinse membrane in TBST (3 x 15 minutes)
13. Rinse membrane in TBS (5 minutes)
14. Apply electrochemiluminescent substrate to membrane for 1 minute, remove
excess, place in x-ray film cassette
15. Expose to x-ray film for varying times (touch, 15 seconds, 30 seconds, 1 minute,
2 minutes, 5 minutes)
16. Develop film
Solutions:
RIPA lysis buffer stock (100mL):
-

10mM Tris-HCL pH 7.6 (Add 0.1576g in 90mL water then add the rest of the
reagents)

-

5mM EDTA (0.14612g)

-

50mM NaCl (0.2922g)

-

30mM tetrasodium pyrophosphate (0.7976g)

-

1% Triton X-100 (1mL)
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Protease Inhibitor

Per mL of RIPA buffer

Aprotinin stock 2.5mg/mL

Add 2ul/mL

PMSF (phenylmethanesulfony fluoride
0.0871gm/10mL)

Add 20ul/mL

Sodium Orthovanadate 0.1mM

Add 2ul/mL

NaF stock 50mM

Add 50ul/mL

Pepstatin A stock 1mg/mL

Add 1ul/mL

Leupeptin stock 2mg/mL

Add 1ul/mL

5X Tris-glycine buffer =Running buffer (1L)
-

15.1g Tris

-

72.1g Glycine

-

10mL 10% SDS

-

add water to 1L

Towbins Buffer=Transfer Buffer (1L)
-

3.02g Tris

-

14g glycine

-

200mL methanol

-

add water to 1000mL

Semi-dry Transfer Buffer (1L)
-

5.82g Tris

-

2.93g glycine

-

3.75g of 10% SDS

-

200mL methanol
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-

Add water to 1000mL

-

Store at 4°C

10x Tris Buffered Saline with Tween=TBST (1L)
-

24.2g Tris base (20mM)

-

80.00g NaCl

-

adjust pH to 7.6

-

add 10mL of Tween 20 (0.1%)

-

add water to 1L

1.0M Tris (100mL)
-

12.12g Tris base

-

added to 80mL water

-

pH to 6.8 then add water to 100mL

-

stable for 1 month at 4°C

1.5M Tris (100mL)
-

18.16g Tris base

-

added to 80mL water

-

pH to 8.8 then make to 100mL

-

stable for 1 month at 4°C
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Ammonium persulphate
-

0.1g in 1mL water

-

make up fresh each day or store at 4°C for 1 week

Sodium Dodecyl Sulphate 10%
-

10g SDS in 100mL water

-

Store at room temperature for 3 months

-

If SDS precipitates, warm to 37°C, swirling periodically

2x Reducing buffer
-

0.5mL 1M Tris HCl (1.576g Tris HCl in 8mL,pH to 6.8 then make up to 10mL)

-

4.00g SDS

-

20mL glycerol

-

Next dissolve in solution 0.10g Bromophenol blue

-

10mL β-mercaptoethanol

-

Make up volume to 100mL with milliQ water

-

Store at -20°C and dilute to 1x with milliQ water when ready for use

Blocking solution
-

5g skim milk powder in 100mL TBST

-

solution may have to be filtered to remove any insoluble particles
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Gel Recipes:
Ingredient

5% (Loading
gel recipe)

8% gel
10% gel
12% gel
(25-200 kDa) (15-100 kDa) (10-70 kDa)

MilliQ water
(mL)

5.5

9.3

7.9

6.6

4.6

30%
Acrylamide
(mL)

1.3

5.3

6.7

8.0

10.0

1.5 M TrisHCL
pH 8.8 (mL)

1.0

5.0

5.0

5.0

5.0

10% SDS
(mL)

0.08

0.2

0.2

0.2

0.2

10% APS
(mL)

0.08

0.2

0.2

0.2

0.2

TEMED
(mL)

0.008

0.012

0.008

0.008

0.008
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15% gel
(12-45 kDa)

Appendix 4: Experimental Gecko Data
Table 1: Gecko Weight, Length, and Injection Amount:

ID
54M
56D
90E
23Y
81S
14Z
49H
28K
83R
77B
11F
35W

Weight
(g)
8.2
6
6
8.2
6.5
5.7
6.5
6.5
5.5
7.3
6.8
6.5

First Autotomy - May 10, 2012
SV
Tail
Total
Length
Length
Length
(mm)
(mm)
(mm)
Injection (ul)
67
54
121
102
62
48
110 N/A
58
45
103
75
72
53
125
102
62
49
111
81
63
43
106
71
67
47
114
81
66
46
112
81
65
44
109 N/A
65
46
111
91
60
50
110
85
65
45
110
81

Week One - May 17, 2012
SV
Tail
Total
Weight
Length
Length
Length
ID
(g)
(mm)
(mm)
(mm)
Injection (ul)
54M
9
70
26
96
112
56D
6.9
68
49
117 N/A
90E
5.8
57
16
73
73
23Y
9
73
27
100
112
81S
7.2
62
20
82
90
14Z
6.2
62
19
81
78
49H EUTHANIZED
28K
7.1
62
18
80
89
83R
6.8
63
19
82 N/A
77B
8.5
71
24
95
106
11F
7.6
61
22
83
95
35W
6.4
63
19
82
80
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Removed
tail length
(mm)
32
N/A
27
30
28
30
35
33
30
30
25
30

Week Two - May 24, 2012
SV
Tail
Total
Weight
Length
Length
Length
ID
(g)
(mm)
(mm)
(mm)
Injection (ul)
54M
10.7
75
27 + 0.1
102.1
134
56D
8.6
63
50
113 N/A
90E
6.1
62
16 + 2.0
80
76
23Y
11
79
28 + 0.5
107.5
138
81S
8.5
68
22 + 1.5
91.5
106
14Z
7.2
68
21
89
90
49H EUTHANIZED
28K
8.3
70
20 + 2.0
92
104
83R
8.5
67
20 + 3.0
90 N/A
77B
10.8
71
23 + 4.0
98
135
11F
8.6
72
25
97
108
35W
6.8
67
23
90
85
Second Autotomy - May 28, 2012
SV
Tail
Total
Weight
Length
Length
Length
Removed tail
ID
(g)
(mm)
(mm)
(mm)
length (mm)
54M
11.5
73
25 + 2
100
24
56D
9.3
74
56
130 N/A
90E
6.6
66
18 + 5
89
18
23Y
11.5
76
26 + 3
105
18
81S
9.2
69
31 + 3
103
12
14Z
7.2
71
20
91
19
49H EUTHANIZED
28K
9.1
72
20 + 5
97
15
83R
9.6
71
19 + 7
97
20
77B
11.3
81
24 + 7
112
15
11F
9.6
75
26
101
13
35W
7.3
71
20
91
5
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Removed
tail weight
(g)
1.6
N/A
0.5
0.7
0.6
0.7
0.6
0.9
0.7
0.7
0.1

Table 2: Gecko Daily Staging:
ID

07-May 08-May
09-May
10-May
ACCLIMATING -----------------> Day 1
54M
Tail Loss
56D
N/A
90E
Tail Loss
23Y
Tail Loss
81S
Tail Loss
14Z
Tail Loss
49H
Tail Loss
28K
Tail Loss
83R
Tail Loss
77B
Tail Loss
11F
Tail Loss
35W
Tail Loss
ID

11-May
Day 2
SII
N/A
SII
SII
SII
SII
SII
SII
SII
SII
SII
SII

12-May
Day 3
SII
N/A
SII
SII
SII
SII
SII
SII
SII
SII
SII
SII

13-May
Day 4
SII
N/A
SII
SII
SII
SII
SII
SII
SII
SII
SII
SII

14-May 15-May
16-May
17-May 18-May
19-May 20-May
Day 5
Day 6
Day 7
Day 8
Day 9
Day 10
Day 11
54M SII
SII
SIII
SIII
SIII
SIII
SIII
56D N/A
N/A
N/A
N/A
N/A
N/A
N/A
90E SII
SII
SIII
SIII
SIII
SIII
SIV
23Y SII
SIII
SIII
SIII
SIII
SIII
SIII
81S SII
SII
SII
SII
SIV
SIV
SIV
14Z SII
SIII
SIII
SIII
SIII
SIII
SIII
49H EUTHANIZED
28K SII
SII/III
SIII
SIII/IV
SIII/IV
SIV
SIV
83R SII
SII
SII
SIII
SIII
SIV
SIV
77B SII
SII
SII
SIII/IV
SIII/IV
SIV
SIV
11F SII
SII
SII
SII
SII
SII
SII
35W SII
SII
SII
SII/III
SII
SII
SII
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ID

21-May 22-May
Day 12 Day 13
54M SIII/IV SIII/IV
56D N/A
N/A
90E SIV
SIV
23Y SIII
SIII/IV
81S SIV
SIV/V
14Z SII
SII
49H EUTHANIZED
28K SV
SV
83R SIV/V
SV
77B SIV/V
SV
11F SII
SII
35W SII
SII

23-May
Day 14
SIII/IV
N/A
SV
SIV
SV
SII

24-May
Day 15
SIV
N/A
SV/VI
SIV
SV
SII

25-May
Day 16
SIV
N/A
SV/VI
SV
SV
SII

26-May
Day 17
SVI
N/A
SV/VI
SV
SV
SII

27-May
Day 18
SVI
N/A
SVI
SV/VI
SVI
SII

28-May
Day 19
SVI
N/A
SVI
SVI
SV
SII

SVI
SV
SVI
SII
SIII

SVI
SVI
SVI
SII
SIII

SVI
SVI
SVI
SII
SIII

SVI
SVI
SVI
SII
SIII

SVI/VII
SVI
SVII
SIII
SIII

SVI/VII
SVI
SVII
SIII
SIII

ABT-510 Preparation:
Stock Solution:
1. Add 2.6g of ABT-510 solid to 32mL of 5% dextrose in deionized water (D5W)
for a concentration of 80mg/mL
2. Store in sterile vial at 4°C
Daily Injections:
-

Weigh animal to determine amount of solution needed to achieve an injection of
100mg/kg

-

E.g.,

Animal weight = 10g = 0.1kg
Therefore, 100mg/kg x 0.1kg x 1mg/80mL
= 0.125mL injection
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Figure 1A: Tail histology at the site of injection of the leopard gecko (Eublepharis macularius) in a
section of tail that has not been injected (A, B) and after ABT-510 injections (C,D) in the same animal.
Cross-sections stained with Masson’s trichrome. Prior to treatment, there is a thin septum of connective
tissue separating skeletal musculature into epaxial and hypaxial bundles (A, B). After daily epaxial
intramuscular injections for 19 days, the site of injection demonstrates some tissue damage characterized by
large numbers of extravascular leukocytes and abnormal connective tissue deposition (C, D). Scale bar:
100μm (A, C), 200μm (B. D).
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