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Abstract

The skin is a bilayered organ that serves as a key barrier between an organism and its environment. In addition
to protecting against microbial invasion, physical trauma and environmental damage, skin participates in
maintaining homeostasis. Skin is also capable of spontaneous self-repair following injury. These functions are
mediated by numerous pleiotrophic growth factors, including members of the vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), and transforming growth factor B (TGFB) families. Although
growth factor expression has been well documented in mammals, particularly during wound healing, for
groups such as reptiles less is known. Here, we investigate the spatio-temporal pattern of expression of
multiple growth factors in normal skin and following a full-thickness cutaneous injury in the representative
lizard Eublepharis macularius, the leopard gecko. Unlike mammals, leopard geckos can heal cutaneous wounds
without scarring. We demonstrate that before, during and after injury, keratinocytes of the epidermis express a
diverse panel of growth factor ligands and receptors, including: VEGF, VEGFR1, VEGFR2, and phosphorylated
VEGFR2; FGF-2 and FGFR1; and phosphorylated SMAD2, TGFB1, and activin BA. Unexpectedly, only the tyrosine
kinase receptors VEGFR1 and FGFR1 were dynamically expressed, and only during the earliest phases of
re-epithelization; otherwise all the proteins of interest were constitutively present. We propose that the
ubiquitous pattern of growth factor expression by keratinocytes is associated with various roles during tissue
homeostasis, including protection against ultraviolet photodamage and coordinated body-wide skin shedding.
Key words: cytokine; keratinocytes; lizard; scar-free wound healing; skin.

The skin is the primary interface between an organism and
its environment and serves a variety of barrier functions
related to protection against mechanical abrasion, microor-
ganisms, water loss, and ultraviolet radiation (Martin, 1997;
Singer & Clark, 1999; Seifert & Maden, 2014). In addition, skin
also participates in thermoregulation, synthesis of vitamin D,
neurosensory perception, camouflage and crypsis, and vari-
ous immune functions (Slominski et al. 1993; Singer & Clark,
1999). Underpinning the physiological and structural resi-
liency of the skin are impressive capacities for both homeo-
static self-renewal and injury-mediated self-repair. Both
processes involve a variety of cytokines and growth factors
that regulate the proliferation and differentiation programs.
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Across vertebrates, the basic structure of the skin consists
of two compartments: a superficial epidermis, dominated by
keratinocytes; and a deeper dermis, rich in connective tissues
(Fig. 1). The epidermis is a stratified squamous epithelium
that in squamates (lizards, snakes and amphisbaenians) con-
sists of five main layers: the Oberhattchen, B-keratin layer,
a-keratin layer, intermediate zone, and stratum germina-
tivum (Jensen-Jarolim, 2013; Allam et al. 2016; Fig. 1B). The
Oberhattchen, B-keratin layer, and a-keratin layer are often
combined together as the stratum corneum (Jensen-Jarolim,
2013; Pastar et al. 2014). Deep to the epidermis is the dermis
(Fig. 1C,D), a dense connective tissue network that includes
adipocytes, blood vessels, nerves, lymphatics, resident
inflammatory cells, and two types of pigment cells: xan-
thophores (yellow pigments) and melanophores (black pig-
ments) (Szydtowski et al. 2015).

The epidermis undergoes constant physiological renewal,
with cells of the stratum germinativum (= stratum basale)
serving as the progenitor source (Pastar et al. 2014). Follow-
ing proliferation, neo-keratinocytes begin migrating
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Fig. 1 Anatomy of gecko skin. (A) Skin is organized into two compartments: epidermis and dermis. (B) The epidermis is a stratified, squamous
epithelium. The most superficial layers are united as the stratum corneum (SC), and include the Oberhaltchen (*), B-keratin, and a-keratin layers.
The Oberhaltchen and portions of the B-keratin layers are frequently lost during histological preparation. Deep to the SC is the intermediate zone
(12) and then the stratum germinativum (SG). The subadjacent dermis can be divided into (C) a superficial dermis (loose connective tissue
dominated by thin bundles of collagen) and (D) a deep dermis (a more compact and densely arranged connective tissue with larger bundles of

collagen). Masson'’s Trichrome. Scale bar = 10 um

through the intermediate zone towards the stratum cor-
neum. During their migration, presumptive keratinocytes
synthesize keratin and break down their organelles (Pastar
et al. 2014). Once they reach the stratum corneum, ker-
atinocytes are terminally differentiated and characteristi-
cally squamous-shaped and anucleate. Over time, they are
desquamated and replaced by the next generation.

In addition to homeostatic renewal, the skin is also cap-
able of spontaneous self-repair. In adult mammals, the
most common mode of repair involves the formation of
scar tissue. Although scars restore tissue homeostasis and
prevent pathogen entry, they are non-specific, fibrous
replacements of the original organ. In contrast, some spe-
cies of salamanders (Lévesque et al. 2010; Seifert et al.
2012a; Godwin & Rosenthal, 2014) and fetal mammals (up
until mid-gestation; Lorenz & Adzick, 1993; Ferguson &
O’Kane, 2004; Larson et al. 2010; Satish & Kathju, 2010), as
well as zebrafish (e.g. Azevedo et al. 2011; Stewart &
Stankunas, 2012; Richardson et al. 2013) are capable of
healing without scarring. This scar-free mode of wound
healing is a tissue-specific process, substituting lost or
damaged tissues with a near-perfect restoration of tissue
architecture, pigmentation, and the re-establishment of
integumentary organs (i.e. glands, hair, scales). Recently,
scar-free wound healing has also been demonstrated in
African spiny mice (Acomys spp.; Seifert et al. 2012b;
Santos et al. 2016) and various species of lizard (Wu et al.
2014; Peacock et al. 2015).
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In mammals, both homeostatic renewal and wound-heal-
ing programs are tightly regulated processes, orchestrated
by multiple growth factors and cytokines including members
of the vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), and transforming growth factor B
(TGFB) families. VEGF is a heparin-binding protein widely rec-
ognized as a potent pro-angiogenic, involved in endothelial
cell proliferation, migration and (ultimately) blood vessel
formation, and hence is crucial for restoring vasculature to
regenerating tissues (Brown et al. 1992; Nissen et al. 1998;
Gurtner et al. 2008). In mammals, VEGF also acts in an auto-
crine manner to promote keratinocyte proliferation and sur-
vival prior to and throughout wound healing (Wilgus et al.
2005; Man et al. 2006; Yang et al. 2010; Zhu et al. 2013).
VEGF function is primarily mediated through two main
receptor tyrosine kinases, VEGFR2 (Flk-1) and VEGFR1 (flt-1),
both of which are expressed by endothelial cells and ker-
atinocytes (Brown et al. 1992; Ferrara, 2004). In the skin, the
major sources of VEGF include keratinocytes, as well as plate-
lets and macrophages (Brown et al. 1992).

Like VEGF, FGFs are also heparin-binding proteins, with
potent pro-angiogenic functions (Battegay, 1995; Tonnesen
et al. 2000). In addition, FGFs are involved in various cell
functions, including differentiation, migration, proliferation
and cytoprotective/cell survival roles following stress (Abra-
ham & Klagsbrun, 1988; Basilico & Moscatelli, 1992; Werner,
1998; Ornitz & Itoh, 2001; Werner & Grose, 2003; Yang
et al. 2010). Although all FGF ligands and receptors have
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been detected in uninjured and regenerating skin, FGF-2
(also known as basic FGF) appears to be particularly impor-
tant during wound healing, inducing granulation tissue,
re-epithelialization and tissue remodelling (Werner & Grose,
2003; Barrientos et al. 2008). For example, FGF-2 null mice
demonstrate a significant delay in re-epithelialization,
decreased collagen deposition and increased scab thickness
following injury (Ortega et al. 1998). Although less is
known about the role of FGFs in reptiles, they have been
reported during lizard tail regeneration. Previous work on
two distantly related species of lizards (Lamprophilis guiche-
noti and Podarcis sicula) has revealed that FGF-2 and FGF-1
are largely absent from the epidermis prior to injury, but
robustly expressed by keratinocytes during tail regeneration
(Alibardi & Lovicu, 2010; Alibardi, 2012).

The TGFp superfamily includes the prototypic members,
TGFB1-3, along with the activins, inhibins, bone mor-
phogenic proteins, growth differentiation factors, nodals
and myostatin (Derynck & Miyazono, 2008). TGFB1-3/activins
signal through a common canonical [Small Body and
Mothers Against Decepentaplegic Homolog (SMAD)]-
mediated] pathway (Moustakas & Heldin, 2009; Wu & Hill,
2009; Ogunjimi et al. 2012). Once activated, TGFf and activin
phosphorylate SMAD2 and SMAD3 (Ross & Hill, 2008) and
are then translocated to the nucleus to regulate gene expres-
sion (Ross & Hill, 2008). TGFB and activins have pleiotropic
effects across the body, including both tissue homeostasis
and wound healing (Werner & Grose, 2003; Gilbert et al.
2016). However, the diversity of effects are context and cell-
type dependent (Roberts, 1998). For example, although all
three TGFp isoforms are known mitogens, they also suppress
proliferation in various cell types, including keratinocytes
(Roberts, 1998). In mammals, TGFB1 (and TGFf2) is typically
considered to be pro-fibrotic (and thus associated with scar
formation) during wound healing, whereas TGFf3 has been
shown to be anti-fibrotid/pro-regenerative (O'Kane & Fergu-
son, 1997; Jarvinen & Ruoslahti, 2010). Interestingly, TGFB3 is
not expressed during tail regeneration in lizards (Delorme
et al. 2012), whereas TGFf1 is almost ubiquitously expressed
by keratinocytes before and following tail loss, with one con-
spicuous exception — it is transiently absent during the early
phase of new tail outgrowth (Gilbert et al. 2013).

Activins are dimer proteins made up of the subunits acti-
vin BA and activin BB. In combination, these subunits create
the three activin ligands: activin A (BA, BA), activin B (8B,
BB) and activin AB (BA, BB) (Werner & Grose, 2003; Werner
& Alzheimer, 2006). Within the integument, activins are
involved in skin morphogenesis, keratinocyte proliferation,
and cutaneous wound healing (Sulyok et al. 2004; Bam-
berger et al. 2005). Although little is known about their
function among reptiles, activin BA is upregulated follow-
ing tail loss in geckos (Gilbert et al. 2013).

Here, we performed a spatio-temporal characterization
of VEGF, FGF-2, TGFB1 and activin BA expression in normal
(uninjured) and healing skin of a representative lizard

Eublepharis macularius (Blyth, 1854), the leopard gecko
(hereafter ‘gecko’). We hypothesized that growth factor
expression would be dynamically regulated and would con-
tribute to the scar-free wound healing seen in geckos. Simi-
lar to some salamanders and zebrafish, geckos are capable
of spontaneous scar-free wound healing (Delorme et al.
2012; Peacock et al. 2015). We determined that gecko ker-
atinocytes, like those of mammals, express a diversity of
growth factor ligands and receptors under homeostatic and
injury-mediated conditions. Combined, the observed
expression patterns underscore roles for each of these
cytokines beyond classic pro-angiogenic functions in a spe-
cies capable of healing without forming a scar.

Methods

Animal care

Captive bred E. macularius were acquired from a commercial sup-
plier (Global Exotic Pets, Kitchener, ON, Canada). At the beginning
of the experiment, all animals were sexually immature and less than
1 year old, with a body mass range of 8.3-29.7 g. Animal Usage
Protocols were approved by the University of Guelph Animal Care
Committee (Protocol Number 2493) and followed the procedures of
the Canadian Council on Animal Care. Geckos were housed and
maintained following the work of McLean & Vickaryous (2011).
Briefly, the gecko colony was kept in an isolated, temperature-con-
trolled environmental chamber with a 12 : 12 h photoperiod and
an average room temperature of 27.5 °C. Individual geckos were
housed in 5-gal polycarbonate containers, with a subsurface heat-
ing cable (Hagen Inc, Baie d'Urfe, Quebec, Canada) set to 32 °C
placed under one end to create a temperature gradient. Geckos
were fed three to five larval Tenebrio spp. (mealworm) dusted with
powdered calcium and vitamin D3 (cholecalciferol) (Zoo Med Labo-
ratories Inc., San Luis Obispo, CA, USA) daily and had free access to
clean drinking water. A total of 20 geckos (n = 4 for each of four
time points, plus four sentinel/environmental controls) were used to
characterize the spatio-temporal expression of endogenous growth
factors throughout wound healing and regeneration. Geckos were
randomly assigned into one of five groups: sentinel; original unin-
jured tissue; biopsy and tissue collection at 2, 8 and 45 days follow-
ing injury. This work was completed in accordance with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

Biopsies

Prior to biopsy, geckos were anaesthetized using a 30 mg kg~ " intra-
muscular injection of Alfaxan (diluted to 2 mg mL™" in sterile inject-
able 0.9% sodium chloride, using a 0.5-cm? insulin syringe; Abbott
Laboratories, Saint-Laurent, Quebec, Canada). Injections were done
bilaterally into the cervical epaxial musculature. Geckos were consid-
ered to have reached the surgical plane of anaesthesia once the
righting reflex was lost (Schumacher & Yelen, 2006). A biopsy punch
tool (Integra Miltex, Burlington, ON, Canada) was then used to cre-
ate a 3-mm full-thickness (epidermis and dermis) wound into the dor-
sal skin of the tail. Each gecko received two parasagittal biopsy
wounds: one proximal (along the proximal third of the tail) and one
distal (along the middle third of the tail). Proximal and distal wounds
were on alternate sides of the midline. Each biopsy wound was
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separated by 5 cm. Excised tissue was removed with the use of both
#11 scalpel blade and forceps. Both biopsies on each tail healed in a
similar manner and as such they were both treated the same and not
as independent groups for the purposes of this study.

Tissue collection

Experimental gecko tissues were collected at four time points either
prior to (original tissue/biopsy controls) or following biopsy (2, 8 and
45 days); tissues were not collected from sentinel geckos. Geckos
were euthanized with an intra-abdominal injection of 250-500 mg
ethyl 3-aminobenzoate methane sulphonic acid (tricaine methansul-
phonate, MS222), then placed in 10% NBF (neutral buffered forma-
lin; Fisher Scientificc, Waltham, MA, USA) for approximately 24 h
(using either transcardial perfusion followed by immersion or the tail
tissues were dissected into regions of interest and these were directly
immersed). Following fixation, the tissue was then rinsed with dis-
tilled water and transferred to 70% ethanol. Regions of interest were
dissected/trimmed as necessary, before being de-calcified with Cal-
Ex® (Fisher Scientific, Waltham, MA, USA) for 30 min. Tissues were
then put in 100% isopropanol, cleared in xylene and infiltrated with
paraffin wax using an automated processor (Shandon Excelsior ES
Tissue Processor, Thermo Fisher Scientific). Tissue samples were then
embedded in paraffin blocks and sectioned at 5 um using a rotary
microtome (Shandon Finesse ME+ Thermo Fisher Scientific), before
being mounted on charged slides (Surgipath® X-tra®, Leica
Microsystems, Concord, ON, Canada), and baked at 60 °C overnight.

Haematoxylin and eosin

Representative sections from each tissue sample were stained with
haematoxylin and eosin to examine tissue structure. Briefly, slide-
mounted tissue sections were first rehydrated to water: three rinses
of xylene (2 min each); three rinses of 100% isopropanol (2 min
each); one rinse in 70% isopropanol (2 min); and one rinse in deion-
ized water (2 min). Once rehydrated, sections were stained with
modified Harris haematoxylin (Fisher Scientific) for 10 min and then
dipped 6-10 times in a solution of 1% hydrochloric acid in 70% iso-
propanol, before being rinsed in deionized water. Next, slides were
blued in ammonia water for about 15 s rinsed in deionized water,
and then dipped in 70% isopropanol six times, followed by staining
with eosin (1 min). Stained sections were dehydrated with four
rinses of absolute isopropanol (2 min each) and then cleared with
three rinses of xylene (2 min each). Finally, slides were cover-slipped
using Cytoseal (Fisher Scientific).

Masson'’s trichrome

To differentiate fibrous connective tissue, representative sections
were stained with a modified Masson’s trichrome (McLean &
Vickaryous, 2011). After rehydration (see above), slide-mounted sec-
tions were stained with Mayer’s haematoxylin (10 min), blued in
ammonia water for approximately 15 s and rinsed with deionized
water. Sections were stained in 0.5% ponceau xylidine/0.5% acid
fuschin in 1% acetic acid solution (2 min); rinsed in deionized
water; stained in 1% phosphomolybdic acid (10 min); rinsed in
deionized water; stained in 2% light green (90 s); and rinsed in
deionized water. Slides were then dehydrated [one rinse in 95%
isopropanol (2 min); three rinses in absolute isopropanol (2 min)]
and cleared with three rinses in xylene (2 min each). Finally, slides
were cover-slipped using Cytoseal (Fisher Scientific).

© 2018 Anatomical Society
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Immunohistochemistry

Immunohistochemistry was performed to identify localized protein
expression of pVEGFR2, FGF-2, FGFR1, pSMAD2, TGF1 and activin
BA (Table 1). Once rehydrated, slide-mounted sections were
quenched in 3% hydrogen peroxide (20 min), then rinsed three
times in phosphate-buffered saline (PBS; 2 min each). For three pro-
teins (oVEGFR2, FGF-2 and activin BA), heat-induced antigen retrieval
was employed to unmask the epitope of interest (citrate buffer at
90 °C for 12 min, after which the buffer was allowed to cool for
20 min). Sections were then rinsed three times in PBS (2 min each)
and blocked using 3% normal goat serum (Vector Laboratories, Bur-
lingame, CA, USA) diluted in sterile PBS for 1 h at room temperature.
Sections were then incubated with the primary antibody diluted in
sterile PBS overnight at 4 °C; omission (negative) controls were incu-
bated without the primary antibody. The next day, sections were rinsed
three times in PBS (2 min each), then incubated with the secondary
antibody diluted in sterile PBS for 1 h at room temperature. Sections
were then rinsed three times in PBS (2 min each), before being incu-
bated with horseradish peroxidase conjugated streptavidin (Jackson
ImmunoResearch Laboratories, Inc. West Grove, PA, USA, code: 016-
030-084) diluted in sterile PBS for 1 h at room temperature. Sections
were then rinsed three times in PBS (2 min each) and then 3,3'-diami-
nobenzidine peroxidase substrate (DAB; Vector Laboratories) was
applied for a time optimized to each antibody (Table 1). The chro-
mogenic reaction was stopped by immersing the sections in deionized
water, after which the sections were counterstained with Mayer’s
haematoxylin (1 min), rinsed in deionized water, blued in ammonia
water, and rinsed again in deionized water. Slides were then dehy-
drated (see above) and cover-slipped using Cytoseal (Fisher Scientific).

For activin BA, a modified immunohistochemistry protocol was
utilized to detect the epitope. There are three primary differences
between the above-mentioned immunohistochemistry protocol
and the modified protocol: (i) Tris-buffered saline with Tween20®
(TBST; Sigma-Aldrich, Oakville, ON, Canada) rinses are used in place
of PBS rinses; (ii) a blocking buffer comprising 3% bovine serum
albumin (BSA; Santa Cruz BioTechnology, Santa Cruz, CA, USA),
10% normal goat serum in TBST is used instead of the 3% NGS
block; (iii) the secondary antibody is only incubated for 30 min at
room temperature as opposed to 1 h.

Immunofluorescence

Immunofluorescence was performed to visualize PCNA, as well as to
co-localize three pairs of proteins: VEGF and VEGFR2; VEGFR1 and
VEGFR2; and VWF and o-SMA (Table 1). Once rehydrated, heat-
induced antigen retrieval was employed to unmask the epitope of
interest for all antibodies used except for VWF and a-SMA (citrate
buffer at 90 °C for 12 min, after which the buffer was allowed to
cool for 20 min). Sections were then rinsed three times in PBS (2 min
each), and blocked using 3% normal goat serum (Vector Laborato-
ries) diluted in sterile PBS for 1 h at room temperature. Sections were
then incubated with the primary antibodies diluted in sterile PBS
overnight at 4 °C; omission (negative) controls were incubated with-
out either primary antibody. The next day, sections were rinsed three
times in PBS (2 min each), then incubated with the secondary anti-
bodies diluted in sterile PBS for 1 h at room temperature. Sections
were then rinsed three times in PBS (2 min each) before being incu-
bated with 4’-6'-diamidino-2-phenylindole (DAPI; Life Technologies,
ThermoFisher Scientific, D1306) diluted 1 : 10 000 in PBS (2 min).
Sections were then rinsed three times in PBS (2 min each) and cover-
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slipped with Dako Fluorescent Mounting Medium (Dako Canada
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representing the stratum germinativum, the intermediate
zone, and the basal-most layers of the stratum corneum
(Supporting Information Fig. S2A); the more superficial lay-
ers of the stratum corneum were generally lost during tis-
sue processing. As evidenced by immunostaining, cell
proliferation (visualized with PCNA) within the epidermis
was restricted to the stratum germinativum (Fig. S2B). The
dermis was invested with structurally mature blood vessels
co-expressing the endothelial marker von Willebrand Factor
(VWF) and the mural cell marker o-smooth muscle actin
(a-SMA) (Fig. S20).

Following excisional injury, a program of scar-free wound
healing was initiated. Restoration began with the forma-
tion of an exudate clot, followed by re-epithelization
(Fig. S2D). At 2 DPW the WE was present along the wound
margins, spanning centripetally. Although PCNA* cells were
present within the tongue-like epithelial outgrowth
(Fig. S2E), there was no evidence of blood vessels within the
sub-adjacent wound bed (Fig. S2F).

By 8 DPW, re-epithelialization was complete and the WE
had achieved its maximal preserved thickness, 6-10 cell lay-
ers (Fig. S2G). This increased thickening of the WE is consis-
tent with previous investigations of cutaneous wound
healing in lizards (Peacock et al. 2015; see also Wu et al.
2014). Furthermore, it closely resembled the transient thick-
ening of the WE observed following tail loss (e.g. Whimster,
1978; McLean & Vickaryous, 2011; Delorme et al. 2012). In
addition to the stratum germinativum, there were large
numbers of PCNA* cells within the intermediate zone of
the WE (Fig. S2H). Blood vessels were also found to be pre-
sent within the wound bed and were characteristically
mural cell-supported (Fig. S2I).

By 45 DPW, the epidermis was restored to its original
organization (preserved as three to four cell layers thick;
Fig. S2J), and the pattern of small scales had re-developed.
Both the distribution of PCNA* cells (restricted to the stra-
tum germinativum; Fig. S2K) and the structural maturity of
blood vessels within the dermis (Fig. S2L) matched that of
the original skin.

Keratinocytes of the original epidermis and WE
express VEGF

Although VEGF is best known as a potent pro-angiogenic
factor and mitogen of endothelial cells, in mammals it is
also constitutively expressed by keratinocytes (Weninger
et al. 1996) and is upregulated during periods of wound
healing (Brown et al. 1992; see also Frank et al. 1995). Using
immunostaining, we determined that prior to injury, virtu-
ally all gecko keratinocytes (Fig. 2A-C; see also Supporting
Information Fig. S3) and many fibroblasts of the dermis
(data not shown), robustly co-localized with both VEGF and
VEGFR2. This widespread pattern of VEGF/VEGFR2 expres-
sion was largely maintained throughout wound healing
(Fig. 2D-F). Prior to the completion of re-epithelialization,

neo-keratinocytes did not uniformly express VEGF/VEGFR2,
but both the ligand and receptor were still detected in the
wound margin (WM) as well as the leading edge (Fig. 2D).
By 45 DPW, the original near-uniform pattern of overlap-
ping expression had returned (Fig. 2F).

Next, we sought to determine whether VEGFR1, another
high-affinity VEGF receptor, was expressed by gecko ker-
atinocytes. Prior to injury, cells of the original epidermis
demonstrated widespread VEGFR1 immunoreactivity, often
revealed to co-localize with VEGFR2 (Fig. 2G-1). Although
VEGFR1 and VEGFR2 were strongly co-localized in the WM
at 2 DPW, VEGFR1 (but not VEGFR2) was conspicuously
absent from keratinocytes at the leading edge (Fig. 2J).
However, by 8 DPW (once re-epithelialization of the wound
was complete) co-expression of both receptors throughout
the WE had resumed (Fig. 2K). Once wound healing was
complete (45 DPW), the expression pattern of VEGFR1 and
VEGFR2 by keratinocytes closely resembled that of the origi-
nal epidermis (Fig. 2L).

Most VEGF functions take place when VEGF binds to its
main receptor, VEGFR2. This results in phosphorylation of
tyrosine receptor residues and the activation of various
downstream cellular signals (Clegg & Gabhann, 2015). Using
an antibody raised against tyrosine residues Y1054 and
Y1059, we investigated VEGFR2 phosphorylation before,
during and after creating the cutaneous biopsies. Most ker-
atinocytes in the uninjured gecko epidermis expressed
phosphorylated VEGFR2 (pVEGFR2) (Fig. 2M). At 2 DPW,
there were comparatively few pVEGFR2-positive cells
(Fig. 2N), but by 8 DPW there was a marked increase in the
number of labelled cells (Fig. 20). By 45 DPW, the pattern
of pVEGFR2 expression was virtually identical to that of the
original epidermis (Fig. 2P).

Keratinocytes of the original and
epidermis express FGF-2

regenerating

To expand our characterization, we then investigated the
expression pattern of FGF-2 and TGFp. Like VEGF, FGF-2 is
involved in regulating angiogenesis and cell proliferation
(Kottakis et al. 2011). In mammals, FGF-2 is also reported to
play roles in self-renewal of stem/progenitor populations
and DNA repair of keratinocytes following radiation-induced
damage (Harfouche et al. 2010). Furthermore, exogenous
treatment with FGF-2 stimulates keratinocyte migration
in vitro (Sogabe et al. 2006). Prior to injury, keratinocytes of
the gecko epidermis demonstrated strong immunoreactivity
for FGF-2 (Fig. 3A). Prior to wound closure (2 DPW), FGF-2
expression was only observed among individual neo-kerati-
nocytes (Fig. 3B), but once wound closure was complete (8
DPW), FGF-2 expression resumed throughout the WE
(Fig. 3C). By 45 DPW, the pattern of FGF-2 (Fig. 3D) expres-
sion had returned to baseline and closely resembled that of
the original epidermis. We then investigated FGFR1, a high-
affinity receptor for FGF-2. In the uninjured epidermis, FGFR1
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Fig. 2 VEGF ligand and receptor expression by keratinocytes. Prior to injury, expression of VEGF (A) and VEGFR2 (B) by keratinocytes is wide-
spread. As evidenced by the merged image (C), these markers are frequently co-localized. At the start of wound healing (2 DPW), VEGF and
VEGFR2 are detected in both the wound margin (WM; inset, bottom left-hand corner) as well as the leading edge (LE), although this expression is
not uniform (D). By 8 DPW, VEGF and VEGFR2 are strongly co-localized and are expressed by nearly all keratinocytes (E). After wound healing is
complete, the expression at 45 DPW resembles that of the original epidermis (F). Keratinocytes also express a second VEGF receptor, VEGFR1, in
the original epidermis (G). VEGFR1 and VEGFR2 (H) are also frequently co-localized (I). Prior to re-epithelialization (2 DPW), VEGFR1 and VEGFR2
are co-localized in the wound margin (inset, bottom left-hand corner), but VEGFR1 is notably absent in the leading edge (J). However, the two
receptors show co-expression following re-epithelialization at 8 (K) and 45 days (L) following injury. Phosphorylated VEGFR2 (pVEGFR2) was
assessed to determine pathway activation. We noted constitutive expression of pVEGFR2 in the uninjured epidermis (indicated by the black arrow-
heads; M), as well as throughout wound healing (N-P). Dashed line indicates the junction between the overlying epidermis and the deeper dermis.
Omission controls = insets, bottom right hand corner. See Fig. S3 for negative controls. Scale bar: 10 um.

was ubiquitously expressed (Fig. 3E), but at 2 DPW, FGFR1
was conspicuously absent (Fig. 3F). At 8 DPW, FGFR1 expres-
sion had returned, although immunopositive cells were pri-
marily restricted to the outermost layers of the WE (Fig. 3G).
By 45 DPW, FGFR1 immunoreactivity had returned to its pre-
injury appearance (Fig. 3H).

TGFp signalling detected in keratinocytes of the
original and regenerating epidermis

Next, we investigated TGFpB, focusing on the intracellular
mediator phosphorylated SMAD2 (pSMAD2), and the
ligands TGB1 and activin BA. Phosphorylation of SMAD2 is
considered to represent a readout of canonical TGFp activa-
tion (Penn et al. 2012). Prior to injury, pSMAD2 expression
was observed throughout the epidermis (Fig. 4A). Two days
following the biopsy (2 DPW), pSMAD2 expression was
restricted to only a few scattered neo-keratinocytes across
the wound site (Fig. 4B). However, following wound clo-
sure (8 DPW), pSMAD?2 was strongly expressed by most ker-
atinocytes of the WE (Fig. 4C). Once wound healing was
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complete (45 DPW), the widespread pattern of pSMAD2
expression closely resembled that of the original (uninjured)
epidermis (Fig. 4D).

Given our evidence for canonical TGFB signalling, we
shifted our investigation to two important ligands: TGFp1
and activin BA. As with pSMAD2, TGFB1 was strongly
expressed by the keratinocytes of the uninjured epidermis
(Fig. 4E). Prior to re-epithelialization (2 DPW), protein
expression of TGFB1 was limited and no longer observed as
widespread among keratinocytes (Fig. 4F). However, fol-
lowing re-epithelialization (8 DPW), TGFB1 immunostaining
was again demonstrated by most keratinocytes (Fig. 4G)
and by 45 DPW it closely resembled that of the uninjured
epidermis (Fig. 4H).

Matching the pattern of distribution for pSMAD2 (and
TGFB1), activin BA demonstrated a near ubiquitous pattern
of expression within the uninjured epidermis (Fig. 4l). Prior
to re-epithelialization (2 DPW), keratinocytes expressing
activin BA were limited (Fig. 4J). By 8 DPW, a non-uniform
pattern of protein expression was observed, with some
regions of the WE expressing a near ubiquitous pattern of
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Uninjured

FGF-2

FGFR1

Fig. 3 FGF-2 ligand and receptor expression by keratinocytes. Prior to injury, expression of FGF-2 (A) by keratinocytes is widespread. This robust
pattern of expression is maintained by keratinocytes at the wound margin (WM; inset, bottom left-hand corner) and throughout the WE before (B)
and following (C, D) wound closure. Although FGFR1 is robustly expressed by keratinocytes prior to injury (E), it is notably absent from the 2 DPW
wound epithelium (F), including the wound margin (inset, bottom left-hand corner). FGFR1 expression resumes by 8 DPW (G) and resembles its
pre-injury pattern of expression by day 45 (H). Dashed line indicates the junction between the overlying epidermis and the deeper dermis. Omission

controls = insets, bottom right hand corner. Scale bar: 10 pm.

activin BA expression, whereas adjacent regions were com-
pletely devoid of immunoreactivity (Fig. 4K). At 45 DPW,
activin BA has returned to its pre-injury expression profile
of widespread expression (Fig. 4L).

Discussion

Our data reveal that normal (uninjured) and regenerating
gecko epidermis robustly expresses a diverse panel of
growth factor ligands and receptors: VEGF and its receptors
VEGFR1, VEGFR2 and pVEGFR2; FGF-2 and its receptor
FGFR1; as well as pSMAD2, TGFB1 and activin BA. Curiously,
only VEGFR1 and FGFR1 are dynamically expressed, and
only so during the earliest phases of re-epithelialization
(Fig. 5). Otherwise, our proteins of interest were constitu-
tively present. Among mammals, a comparable pattern of
protein expression has been documented for keratinocytes
in rodents and humans (Vrabec et al. 1994; Weninger et al.
1996; Mildner et al. 1999; Steiling & Werner, 2003; Man
et al. 2006; Zhu et al. 2012). Combined, our data point
towards both homeostatic and injury-mediated roles for
each of these cytokines.

VEGF signalling

Prior to and throughout the wound healing program, we
documented robust co-localization of VEGF/VEGFR2, along
with an overlapping pattern of expression of pVEGFR2, by
virtually all keratinocytes of the normal epidermis and WE. In
addition, most keratinocytes prior to and following injury

also co-express VEGFR1/VEGFR2. A comparable pattern of
VEGF receptor and ligand expression has also been reported
for humans (Weninger et al. 1996; Mildner et al. 1999; Zhu
et al. 2012) and mice (Man et al. 2006). In mammals, VEGF
signaling by keratinocytes is most commonly interpreted as
functioning in a paracrine manner to regulate vascular
homeostasis in the dermis, and to induce neo-vascularization
during wound healing and tumour formation (Brown et al.
1992; Lauer et al. 2000; Zhang et al. 2004). Although a similar
function cannot be excluded for geckos, we did not observe
the induction of exuberant neovascularization or the forma-
tion of granulation tissue. Instead, as has been previously
reported (Peacock et al. 2015), the density of newly formed
blood vessels during wound healing was comparable to the
original (uninjured) dermis, despite the widespread evidence
for VEGF signalling. Moreover, most newly formed blood ves-
sels observed are structurally mature (i.e. mural cell-supported),
and likely no longer VEGF-dependent (Alon et al. 1995; Banks
et al. 1998). Combined, these data indicate that VEGF may be
functioning in a role beyond angiogenesis.

VEGFR1 is noticeably absent from the leading edge of the
WE at 2 DPW. In contrast, when mice receive cutaneous
wounds, VEGFR1 expression is necessary for keratinocyte
proliferation and rapid wound closure (Wilgus et al. 2005).
Whether these differences in VEGFR1 expression represent
a fundamental distinction between scar-free and scar-form-
ing repair programs remains to be determined. It is also
worth noting that many stimulatory effects of VEGF are
mediated through VEGFR2, whereas VEGFR1 is
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Fig. 4 TGFB1 and activin BA expression by keratinocytes. Phosphorylated SMAD2 (pSMAD?2), a readout of TGFp signalling, is widely expressed by
keratinocytes prior to injury (A). Following injury, pPSMAD2 expression is present within the wound margin (inset, bottom left-hand corner) but
otherwise rare among cells of the WE (2 DPW; indicated by black arrow heads; B). However, as the WE thickens (8 DPW) there is a marked
increase in pSMAD2 expression (C). At 45 DPW, pSMAD?2 expression resembles that of the original epidermis (D). We also observed a similar pat-
tern of expression for both TGFB1 (E-H) and activin BA (I-L). Dashed line indicates the junction between the overlying epidermis and the deeper
dermis. Omission controls = insets, bottom right hand corner. Scale bar: 10 pum.

hypothesized to participate in a more regulatory capacity
(Gerber et al. 1999; Rahimi et al. 2000; Zeng et al. 2001a,b;
Roberts et al. 2004).

Our demonstration of VEGF/VEGFR2 co-expression, and
overlapping pVEGFR2 expression, by keratinocytes points
towards autocrine signalling. Among mammals, autocrine
VEGF signalling promotes keratinocyte survival and prolifer-
ation (Johnson & Wilgus, 2012), and attenuates ultraviolet
(UV) radiation damage (Zhu et al. 2012). UV irradiation is a
well-known mutagen and damaging stressor of the skin,
leading to erythema, inflammation and carcinogenesis
(Brauchle et al. 1996; Johnson & Wilgus, 2012). Various
in vivo and in vitro investigations have demonstrated that
VEGF and VEGFRs are widely expressed by keratinocytes in
mammals (Brauchle et al. 1996; Wilgus et al. 2005; Man
et al. 2006; Zhu et al. 2012), and that exposure to UV radia-
tion activates VEGFR-mediated pro-survival (anti-apoptotic)
mechanisms in these cells (Zhu et al. 2013). Paradoxically,
UV irradiation (at low doses) of the epidermis is beneficial,
promoting vitamin D3 (cholecalciferol) photobiosynthesis
(Brauchle et al. 1996). Indeed, for many reptiles — including
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nocturnal and/or crepuscular species — cutaneous vitamin
D3 synthesis and metabolism is an essential physiological
process (Holick, 1995; Carman et al. 2000; Acierno et al.
2008). In the absence of UV (especially UVB; spectrum range
290-315 nm) exposure or dietary supplementation, reptiles
may develop metabolic bone disease, a complex spectrum
of disorders that includes rickets, lethargy and anorexia
(Klaphake, 2010). Perhaps not surprisingly, species with less
exposure to UV, such as those active at dawn and dusk (i.e.
crepuscular taxa), appear to have more sensitive mecha-
nisms for photobiosynthesis of vitamin D3 compared with
diurnal species (Carman et al. 2000). We propose that con-
stitutive VEGFR expression by gecko keratinocytes may par-
ticipate in attenuating photodamage while maximizing
optimal photobiosynthesis.

FGF signalling

Like VEGF, FGF-2 is robustly expressed by gecko ker-
atinocytes prior to injury and throughout the process of
wound healing. In mammals, FGF-2 has a well-documented
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role in stimulating keratinocyte proliferation (Vrabec et al.
1994; Steiling & Werner, 2003) and may also play a protective
role by regulating DNA repair and maintaining genomic
integrity in keratinocyte progenitor populations (Harfouche
et al. 2010). Treatment of keratinocyte progenitor cells with
exogenous FGF-2 prior to irradiation not only increased the
rate of double-strand break repair but also demonstrated a
pro-survival effect (Harfouche et al. 2010). Although we
were unable to co-localize FGF-2 with its receptor FGFRI1,
data from adjacent sections clearly demonstrate that both
proteins are detected in most keratinocytes (except prior to
re-epithelialization). Hence, FGF-2/FGFR1 are almost certainly
co-expressed, indicating that FGF signalling may be acti-
vated. The absence of FGFR1 expression during re-epitheliza-
tion (at 2 DPW) suggests that FGF-2 could be signalling
through another one of its other receptors, possibly FGFR2
(for which it has the highest binding affinity after FGFR1;
Mansukhani et al. 1992; Ornitz et al. 1996).

In contrast to previous studies investigating FGF expression
in lizard skin (L. guichenoti and P. sicula; Alibardi & Lovicu,
2010; Alibardi, 2012), we determined that FGF-2 is robustly
expressed in the normal epidermis, as well as during cuta-
neous wound healing. Although this may represent a taxo-
nomic difference, it may also relate to the ability of geckos to
heal scar-free. Across lizard species there is a spectrum of
cutaneous wound healing responses, from scarring to scar-
less (Wu et al. 2014). Whereas L. guichenoti and P. sicula are
capable of regenerating their tails, it remains unclear if their
scar-free capabilities include wounds restricted to the skin.

TGFp signalling

TGFB is a multi-functional cytokine superfamily with numer-
ous roles related to tissue homeostasis and wound healing
(Penn et al. 2012). We determined that the canonical TGFp/

were constitutively expressed throughout
scar-free wound healing.

activin signalling pathway is activated in the gecko epider-
mis, based on the near ubiquitous expression of pSMAD?2 in
the uninjured skin as well as during scar-free wound heal-
ing. We investigated two key factors known to play a role
in this signalling pathway: TGFB1 and activin BA. In mam-
mals, TGFB1 is known to limit keratinocyte proliferation in
normal skin (Ramirez et al. 2014). Curiously, although
TGFB1 is localized to the uppermost layers of keratinocytes
in human epidermis (Gold et al. 2000), we found it
expressed throughout all epidermal strata in the original
and fully regenerated epidermis. One possible explanation
is that geckos, as squamate reptiles, undergo coordinated
body-wide skin-shedding or ecdysis events (Maderson,
1964, 1965). This periodic process requires the synchroniza-
tion of stratum germinativum proliferation and ker-
atinocyte differentiation to duplicate the epidermis,
resulting in an inner and outer epidermal generation
(Fig. 6; see also Maderson, 1964, 1965). During ecdysis, the
outer generation is sloughed off while the inner generation
is retained. We propose that constitutive expression of
TGFB1 could play a role in coordinating ecdysis by restrict-
ing keratinocyte proliferation. TGFB1 also participates in
wound closure by promoting keratinocyte migration. More
specifically, TGFB1 drives epithelial-to-mesenchymal transi-
tions (Rasanen & Vaheri, 2010; Weber et al. 2012; Lamouille
et al. 2014), and increases the expression of, while acting
on, the integrins (Gailit et al. 1994; Li et al. 2006; Mar-
gadant & Sonnenberg, 2010).

Compared with TGFB1, less is known about the function(s)
of activin in the epidermis although a role in resolving the
epidermal defect is indicated (Wankell et al. 2001). Activin,
and the closely related inhibin, are dimer proteins best
known for their roles in reproductive organs. Activin BA
contributes to one homodimer, activin A (BA, BA), and one
heterodimer, activin AB (BA, BB) (Werner & Alzheimer,
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Fig. 6 Synchronized body-wide epidermal shedding, and a possible role for TGFp/activin signalling. Geckos, along with other squamates and tua-
tara, undergo discontinuous episodes of ecdysis, resulting in the coordinated sloughing of large patches of the epidermis (A). Coordinated ecdysis
requires the synchronization of stratum germinativum proliferation to duplicate the epidermis, creating an inner and outer epidermal generation.
The outer generation (B) is eventually sloughed off. We hypothesize a role for TGFB1 in coordinating body-wide ecdysis. TGFB1 is known to inhibit
keratinocyte proliferation and prevent hyperproliferation during wound healing. As evidenced by pSMAD2 expression, the canonical TGFp/activin
signalling pathway is constitutively activated, suggesting that it may participate in the suppression of continuous shedding. Haematoxoylin & eosin.

Scale bar: 10 pm.

2006); therefore, one or both could be expressed in geckos.
Human (unpublished, but cited in Werner & Alzheimer,
2006) and gecko (Gilbert et al. 2013) keratinocytes upregu-
late activin /A in response to injury, whereas mouse ker-
atinocytes upregulate activin fA and activin B and
express activin A (Werner & Alzheimer, 2006). In mammals,
inhibiting activin (using a transgenic mouse line that over-
expresses the antagonist follistatin) delays wound healing
but also reduces the amount of granulation tissue formed,
resulting in a smaller scar (Wankell et al. 2001). Outside of
mammals, the importance of activin BA expression during
wound healing has also been demonstrated in zebrafish
(Jazwinska et al. 2007).

Conclusions

Our findings provide important new evidence about nor-
mal and injury-mediated growth factor expression by
keratinocytes, and expand the comparative framework
of keratinocyte biology to include a reptilian species cap-
able of scar-free wound healing. Although the func-
tional implications of these expression patterns remain
poorly understood, roles beyond angiogenesis are
strongly indicated. We propose that constitutive expres-
sion of growth factor ligands and receptors by ker-
atinocytes may participate in photo-protective and skin-
shedding functions, in addition to re-epithelialization.
Moreover, our data provide evidence of autocrine sig-
nalling by reptilian epidermal cells.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Macroscopic sequence of scar-free wound healing. (A-D)
Biopsy wounds (3 mm diameter; indicated by black hatched
lines) were created on the dorsal surface of the tail. Four time
points were collected: uninjured (original) skin; day 2 (prior to
re-epithelialization); day 8 (following re-epithelialization); day
45 (after wound healing is complete). Note: this panel repre-
sents four different individuals.

Fig. S2. Histology of scar-free wound healing. At each sampled
time point, representative sections were stained with haema-
toxylin and eosin (H&E) to visualize structure and morphology.
(E-H). Prior to injury, proliferating cell nuclear antigen (PCNA)
immunostaining is primarily restricted to the stratum germina-
tivum. There is very little proliferation at day 2 (indicated by
white arrowhead), but by 8 DPW there is evidence of cell prolif-
eration within multiple layers of the epidermis. At 45 DPW, pro-
liferation returns to pre-injury levels and is largely confined to
the stratum germinativum. (I-L). Scale bar: 10 um.

Fig. S3. Negative controls for immunofluorescent figures. Top
row: vascular endothelial growth factor A (VEGF) expression is
absent in the omission control (OC), and in the trial applying
both the blocking peptide and the primary antibody (P+Ab).
Middle row: VEGF receptor 2 (VEGFR2) expression is absent in
the omission control (OC). Bottom row: VEGFR1 expression is
absent in the omission control (OC). Scale bar: 10 um.
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