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Abstract: Skin grafting is the routine standard of care to manage third degree burns and problematic skin defects.
Several commercially available dermal substitutes and biologic skin equivalents are placed in the wound bed to
facilitate the healing process of the skin grafts, as well as to provide mechanical support for the cells to grow and to
delay the contracture. To study pathology and develop new therapies, an immune-competent rat model is required.
We have created two different skin graft animal models to mimic the clinical skin grafting operation, the dorsum
skin grafting (DG) and inguinal skin grafting (IG). To create a recipient site, a full-thickness, round excision wound
was created on the dorsum between rats’ scapular angles, covered with DG or IG. Graft contraction was quanti-
fied and tissue was harvested on predetermined time points for analysis. Histologic staining was performed to
differentiate between DG and IG. Collagen deposition was assessed with Masson’s trichrome staining. Mast cells
were detected with Toluidine blue. Macrophages were stained with CD68 immune. Vascularity was assessed with
functional vessels numbers. Cell proliferation was assessed with Ki67 immune. This model has all the advantages
of murine models, such as an abundance of genetic variants and applicable tools, low cost, and practical housing
techniques, all of which will promote the development of new therapies and testing new biologic skin equivalents

and dermal substitutes.
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Introduction

Wound repair and regeneration is a complicat-
ed process. Problematic wound healing often
results in contraction and scarring, excessive
contraction lead to contracture which may
causes unfavorable complications such as dis-
figurement, pain, itching, psychological compli-
cations, and restriction of movement. These
complications are devastating to both the
patient and the physician and can negatively
impact the quality of life. Compared to normal
skin, these contractures are characterized by
an aberrant color, local incrassation, irregular
surface area, and a poor elasticity, which may
require many corrective revision surgeries.

For patients where skin flap and full thickness
skin graft (FTSG) anatomical harvest sites are

limited, split thickness skin graft (STSG) has
been used as an alternative. Split thickness
skin graft (STSQ) is still considered the stan-
dard therapy for full-skin defects caused by
trauma or surgical procedures [1, 2]. The sur-
vival of STSG includes several stages. Within
three days after transplantation, the skin graft
is mainly viable by oxygen and nutrients dif-
fused from the underlying wound bed. After five
days, angiogenesis and new blood vessels
formed from the deep tissue make the skin
graft remove debris and maintain the original
structures. Various factors for improving STSG
survival and delaying contracture have been
introduced, such as autologous stem cells,
growth factors, and synthetic agents. Although
some success has been achieved, there are a
lot of unsatisfying problems resulted from con-
tractures. Therefore, the development of favor-
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able methods to improve skin wound healing
would still be the research focus in the field of
biomedical materials [3]. This trend requires a
reliable and effective animal model to evaluate
their safety and efficacy, including biological
compatibility, antigenicity, and their ability to
repair dermal defect and accelerate re-epitheli-
zation and basement membrane formation [4,
6], as well as assessing novel therapies to
improve the healing process.

In some studies, tests are performed in a por-
cine animal model with autologous split-thick-
ness skin [7, 10]. It is well known that the study
of the characteristics of an animal model is
important to understand the advantages and
limitations of this model, and to foster the
development of superior models [11].

Conventionally, models to study contractures
and dermal substitutes were performed in
immune-deficient animals, in which several
models have been used. In athymic rat model,
the results showed that proliferating fibroblast
was diminished when compared to human
scars. Other models such as rabbits and mice,
particularly genetic mutants, have been used
to evaluate new therapeutic means. The rabbit
ear excisional hypertrophic scar contracture
(HSc) model was widely used for elucidating
molecular pathways in HSc. Other animal mod-
els like chemically-induced hypertrophic scars
in guinea pigs, show that the scar development
was inconsistent and unpredictable between
animals.

Large animals like pigs are expensive and chal-
lenging to house and handle, and thus are lim-
ited in the ability to test dermal substitutes.
Animal models like rabbits and immune-defi-
cient mice are also used in evaluating dermal
substitutes, but own immunodeficiency make
them vulnerable to infections and with high a
degree of morbidity and mortality, limiting them
as animal models, and the process of wound
healing between immune deficient animals and
human is significantly different.

Being the most widely used animals for biologic
and biomaterial research, the rats are commer-
cially available and are appropriate to provide a
suitable platform of skin for wound studies.
They have become a fundamental, low-cost
research tool in numerous applications and
their wound healing features have been widely
acknowledged after years of effort.
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In the current study, we have developed a novel
rat skin graft model to simulate human skin
grafting and evaluate dermal substitutes and
biologic skin equivalents. This animal model is
reproducible, convenient to maintain and can
be useful to directly to test new therapies and
drugs. The aim of this study was to set up a
autologous skin graft model with a normal
immune system. This model has the advantag-
es of small animal models and can serve as a
tool to study skin grafting, and scar contrac-
tures aiming to develop and test new
therapies.

Materials and methods
Rats

Male Sprague-Dawley (SD) rats, weighing 180-
200 gm, were obtained from the Laboratory
Animal Center of Sun Yat-sen University. All rats
in the study were monitored for signs of morbid-
ity including significant unexpected loss of body
weight, irritability, tachypnea and dyspnea. The
animals were divided into three groups accord-
ing to the different subsequent treatments of
their wound bed: Tegaderm dressing (no skin
graft), Dorsum graft (DG), and Inguinal graft
(IG). The rats were randomized into one of the
three groups (n = 20 per group). All rats were
housed under the animal protocols approved
by the Institutional Animal Care and Use
Committee of the First Affiliated Hospital of Sun
Yat-sen University.

Procedures

All rats were anesthetized using gas anesthesia
(isoflurane, 2%, 0,, 2 L/min). Each rat was
shaved with metallic clippers after induction of
anesthesia.

Excisional wounds

Scrubbed by Betadine Veterinary Surgical
Scrub with 70% alcohol, the dorsal skin of the
rat was prepared for surgery. A diameter of 20
mm round full-thickness excisional wound was
made on the dorsum of the rat using iris scis-
sors under aseptic condition. For Tegaderm
group, the wounds were covered by transparent
Tegaderm film dressing (3M Health Care, St.
Paul, MN, USA).

DG and IG transplantation

DG donor skin was created through excision the
skin, and dissected away the deep partial der-
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mis and the panniculus carnosus layer. The
inguinal skin of the rat was sterilized by 70%
alcohol, and a diameter of 20 mm round full-
thickness excisional wound was made on the
rat inguinal skin, which was the same as DG.
The 1G was obtained from the excised inguinal
skin by getting rid of the deep partial dermis
and the panniculus carnosus. By using a sharp
tipped scalpel, evenly distributed fenestrations
were created on the grafts for secretion drain-
age. The grafts were stitched to adjacent wound
margin with interrupted sutures. Then a bolster
dressing was placed on the top of the skin
grafts to provide proper compression.

Postoperative care and gross examination

All rats were singly housed after surgery. For
Tegaderm group, dressings were changed daily
for the first 2 days and then removed on day 3.
For DG and IG group, dressings were changed
on day 3 postoperatively and removed by day
7. Those wounds/grafts were observed sepa-
rately on days O, 3, 7, 14, 21, and 28 postop-
eratively. The relative skin wounds/grafts size
were calculated by gravitational planimetry
using the following formula:
Remaining skin wound/graft size

i i ize o = X 0,
Relative skin wound/graft size % Original skin wound/graft size 100%

Tissue specimen collection

All animals were euthanized at the predeter-
mined time points. The grafts/wounds and sur-
rounding tissues were collected and divided
into two parts along the center line. All speci-
mens were immersed in 10% formalin and fixed
at room temperature, and then dehydrated
through a graded series of ethanol wash and
clearing agent, finally embedded in paraffin.
Prior to staining, tissue sections were dewaxed
and rehydrated.

Histology

All sections were stained with hematoxylin and
eosin (HE), Masson’s Trichrome stain, and
Toluidine blue stain following the manufactur-
er’'s (Sigma-Aldrich, Inc. t. Louis, MO, USA) stan-
dardized protocols.

Immunohistochemistry (IHC) CD68 and Ki67
staining

Immersed in 3% hydrogen peroxide (H,0,) for
10 min to inhibit endogenous peroxidase, tis-
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sue sections were putted into citrate pH 6
antigen retrieval solution (Target Retrieval
Solution, Dako North America Inc. Carpinteria,
CA, USA) and placed into a 98°C water bath for
10 min, followed with 30 min cooling down at
room temperature. After rinsing sections with
deionized water and 1X tris-buffered saline
(TBS, TBS Automation Washing Buffer, Bio-
care Medical, Concord, CA, USA), sections were
blocked with Background Buster (Background
Buster, Innovex BiosciencesRichmond, CA,
USA) for 45 min at room temperature. This pro-
cedure is used to block non-specific antibody
binding. Anti-CD68 (1:800 dilution, Bio-Rad
Laboratories, Hercules, CA, USA) or anti-Ki67
antibody (1:200 dilution, Thermo Fisher Scien-
tific, Waltham, MA, USA) was incubated for 1 h
and then washed with TBS, the slides were
stained following the manufacturer’s standard-
ized protocols of DAKO EnVision™ Detection
System (Agilent Technologies, Santa Clara, CA,
USA) for 30 min at room temperature. The
nuclei were then blued by quickly dipping the
slides in hematoxylin solution. The sections
were then rinsed in tap water for 30 min.

Imaging and analysis

Hair follicles at low magnification were quanti-
fied by use of Imagel software. Measurements
of epidermal thickness [12], and microvessels
and cell counting [13-15] in high-power field
(HPF) were obtained by ImagelJ software. The
collagen deposition level was computed as col-
lagen index which is equal to (=) (B + G)/(2R + B
+ Q) for each pixel within the image (where R, B
and G represent the red, blue, and green pixel
values, respectively). The value of the collagen
index ranged from O for extremely red objects
to 1 for completely blue-green objects [16, 17].
Four stained sections in each group for each
time point were visualized by an magscanner
KF-PRO-005 (Konfoong Biotech International
CO., LTD, NingBo, CN). In each section three
random fields were selected for quantitative
assay.

Statistical analysis

The results were statistically expressed as
means + standard deviations. Inter-group com-
parison was performed using the one-way
ANOVA or the Student’s t-test when appropri-
ate. *P<0.05 was considered statistically
significant.
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Figure 1. Contraction of different skin grafts: DG, IG. A. Morphology of skin
grafts over 28 days post-surgery. B. Quantification of relative skin graft size.
*P<0.05. Grafts of DG groups had contracted to 26% of their original size by
day 28, whereas |G group remained 65% of the initial graft size.
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Figure 2. The modification of skin appendages in different grafts. A. HE

staining of epidermis section showing hair follicles, sebaceous glands. B.
Quantification of hair follicles, *P<0.05.

Results

healing process, and this also
allows for wide usability of the
model. Skin grafts were used
from the same rat (autografts)
to represent the same prac-
tice that is done in human skin
grafting. Split-thickness skin
graft are usually harvested us-
ing a dermatome in humans.
We have tried to do the same
in the rats in this study, but
found the harvested layers
to be inconsistent in quality
and thickness. Using a gauze
package as a pressure dress-
ing is important for the skin
graft survival, the bolster is
used regularly in human skin
grafting. The skin grafts were
found to go through a variety
of changes before they finally
well taken (Figures 1A, 2A).

Skin grafts survived without
disappearing

Gross clinical observation
of the grafts demonstrated
that on 28, the DG contracted
to 25.90+1.39%, while (P<
0.05) IG contracted to 65.18+
13.30% of the original wound
size (Figure 1B). Wounds with
no skin grafts have closed on
14 forming a visible scar (rela-
tive skin size: 12.87+1.56%).
Qualitative gross assessment
of the grafts revealed that the
IG maintained better appear-
ance with no visible ulceration
in contrast with the DG which
have demonstrated skin ulce-
ration.

Alterations of skin append-
ages

The number of hair follicles in
the skin grafts is demonstrat-
ed in Figure 2B. Small num-
bers of hair follicles (6.67+

0.88) were observed in the DG group at day 14.

The hair follicles in the IG group were more pre-

Skin graft survival

served when compared to the DG grafts

(P<0.05). Although hair follicles and sebaceous

We have used immunocompetent rats in the
study, because the immune system effect the
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glands were still rare in all groups on day 28,
DG grafts demonstrated higher numbers of
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Figure 3. Characterization of epidermis thickness in different grafting
groups. A. HE staining of epidermis. B. Thickness of epidermis on each ob-
servation point. *P<0.05.
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Figure 4. Characterization of Ki67 positive cells in epidermis of different
grafting groups. A. Ki67 staining of epidermis. Brown: Ki67 positive cell. B.
Proliferation cell number of epidermis on different time point. *P<0.05. The
IG group had the more proliferation cells by the day 14 and day 21.

skin appendages (17.00+£0.58) than the num-
ber in the IG grafts (14.67+0.33) (P<0.05).
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Epidermal changes in the
skin grafts

We have characterized the
morphology of the epidermis
in Figure 3. On the 7th day
after the operation, the epi-
dermis of the DG group was
regenerative and thin (34.00+
2.42 pym). While the IG gro-
ups demonstrated a thicker
epidermal layer (70.48+6.51
um). On day 14, the reepitheli-
alization was completed in all
grafting groups. A noticeable
increase was found in the epi-
dermal thickness of all grafts
(DG: 110.35+6.30 um, IG:
78.30+£2.45 pm). Starting day
14 to day 28 the epidermal
thickness of the DG group
was more than the IG groups
(P<0.05), while the epidermis
thickness of IG did not change
significantly. The cellular pro-
liferation in the epidermis was
assessed with using Ki67
immune stain, which repre-
sents the nuclear antigen the
is expressed in cells which are
proliferating, the findings are
demonstrated in Figure 4A.
Compared to DG, IG demon-
strated increase in the num-
ber of proliferating cells at all
time, however the changes
was statistically significant on
days 14 and 21 (P<0.05)
(Figure 4B).

Collagen index showed in-
creased degree of deposition
inlG

Compared to the DG, Mass-
on’s trichrome stain analysis
of IG showed overall increases
in collagen deposition (Figure
5A), by the day 14, day 21, day
28, we can see the statistical
significance over the two
groups (D14: IG 0.66+0.008,

DG 0.59+0.007, P<0.05; D21: IG 0.67+0.01,
DG 0.59+0.001, P<0.05; D28 IG 0.76+0.01,

Am J Transl Res 2018;10(6):1600-1610
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Figure 5. Collagen deposition in the skin graft and normal skin. A. Masson’s
trichrome staining on post operation day 14, day 21, day 28 and normal
skin. B. Quantification of collagen intensity in the image. *P<0.05. The mor-
phology and intensity of collagen fibers in IG are closer to that of skin scar
tissue.
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Figure 6. Characterization of angiogenesis of the skin grafts. A. HE staining
displaying microvessels (indicated by yellow arrows) in the grafts at day 7,
14, 21 and 28. *P<0.05. B. In the day 7 and 28 post-surgery, the I1G group
showed higher microvessel number.

DG 0.60+0.01, P<0.05) (Fig-
ure 5B).

Skin grafts demonstrated in-
creased vascular density

The rapidity of grafts vascular-
ization is important in protec-
tion against infection. The mi-
crovascular density was clear-
ly evident in all grafts (Figure
6A). Analysis showed increas-
ed number of blood vessels at
all time points of the skin
grafts, reflecting an increase
in vascular density. The incre-
ases were statistically signifi-
cant on day 7 and day 28 (day
7. DG 4.33+0.88, 1G14.00+
2.08, P<0.05; day 28: DG
31.33+1.53, IG 37.00+1.53,
P<0.05) (Figure 6B).

Skin grafts demonstrated
increased macrophages and
mast cells

Our analysis has demonstrat-
ed increased macrophage in-
filtration in all grafting groups
(Figure 7A). Compared to the
DG, an increased number of
CD68 positive macrophages
at all the time points was
observed in the IG (day 7: DG
36.20+4.49, 1G 75.00+£12.21,
P<0.05; day 14: DG 43.40+
5.71, 1G 76.8048.43, P<0.05;
day 21: DG 25.60+1.21, IG
40.20+4.15, P<0.05; day 28
DG 17+2.70, 1G 35.00+3.65,
P<0.05) (Figure 7B). The anal-
ysis of the Toluidine blue
stained-sections demonstrat-
ed increased numbers of mast
cells in most time points in the
skin grafts compared with the
normal skin (Figure 8).

Discussion

Skin grafts are commonly us-
ed under unfavorable condi-
tions causing skin loss, and in
wounds with moderate infec-
tion or compromised blood
supply which is not sufficient
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Figure 7. Presentation of CD68 positive cells of the granulation tissue un-
derneath the skin graft. A. CD68 staining of macrophage cells. Blue: cell
nucleus; brown: CD68 positive cell. B. Quantification of macrophage cells
at day 7, day 14, day 21 and day 28. *P<0.05. The IG group showed more
severe inflammation throughout the wound healing process.
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Figure 8. Infiltration of mast cells in the granulation tissue beneath the skin
grafts. A. Toluidine blue staining of granulation tissue. Blue: nucleus; vio-
let: mast cell. B. Quantification of mast cells at day 7, day 14, and day 21.
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*P<0.05. The IG group showed
more severe inflammation at day
7, day 14, and day 21.

enough to support wound
healing [18]. Extensive tissue
damage and skin loss caused
by third degree burns is usu-
ally treated by escharecto-
my and skin grafting. These
wounds often heal by forming
scars and contractures, when
used alone. Dermal substi-
tutes are sometimes placed in
the wound bed to facilitate the
wound healing process, as
well as to provide mechanical
support for the cells to grow
and to increase the skin grafts
survival. Continuous efforts
are ongoing to develop new
dermal substitutes and bio-
logic skin equivalents; there-
fore, there is a need to have
a validated, easy and cost-
effective animal model to
study new therapies. Porcine
model is the preferred model
in skin wound healing studies
[19, 20]. The structure of the
epidermal and dermal layer of
porcine skin closely matches
that of the human skin [21]
and wounds with size similar
to human beings can be acqu-
ired by using this model. How-
ever, swine models require ex-
tensive animal research tech-
nical experience, impose high
cost of housing and mainte-
nance of the pig, and also pigs
lack lots of the analytic tools
available for smaller animals,
which impacts their wide-
spread application. On the
other hand, the rodent re-
mains widely used animal for
scientific research because of
its ease of operation, cost
advantage, and abundance of
mouse-specific reagents and
genetic tools. Also, it is more
effective and simple to use
smaller animals as research
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models before moving forward to bigger ani-
mals such as porcine. Our aim was to develop
and validate a rat model of STSG that could be
used to provide research direction for wound
healing mechanism, and to test novel therapies
and biologic skin equivalents to improve the
outcomes of these procedures.

Immune system plays a critical role in wound
repair [22, 23], so we chose immune compe-
tent rat to develop an STSG model in this study
to simulate human wound healing processes
with the associated inflammatory and immune
response [24].

We have tried using harvesting the skin graft
donor tissue from multiple anatomical sites of
the rat, and we found that the most suitable
skin grafts are those harvested from the dorsal
and inguinal skin. To prepare the harvested
skin to use as a skin graft, deep partial dermis
and the panniculus carnosus were removed by
using iris scissors to attain STSG grafts (DGs
and 1Gs). These two grafts were uniform and
their thickness can be compared with human
skin split-thickness grafts. A sharp tipped scal-
pel was then used to create evenly spaced fen-
estrations on the grafts. To prepare the recipi-
ent site, full-thickness, round excisional wounds
(20 mm in the diameter) were prepared in the
dorsum of the rats, then skin grafts were trans-
planted and dressed with bolster like what is
used in human skin graft procedures.

Skin graft contraction measurement started on
post-operative day 7, after removing the bolster
and followed up till day 28 post-operatively, this
is because it has been reported before that the
grafted wounds tend to stabilize within 4 weeks
after the operation [25].

At the end of the study, we harvested skin
grafts specimens and our histological analysis
has demonstrated more reaction in the IG
compared to the DG, as characterized by in-
creased inflammatory response, neovascular-
ization, proliferation and collagen deposition.

Harvested STSG does not carry its own blood
supply. It passively absorbs the nutrients dif-
fused from the wound bed initially [26, 27],
then, its survival relies on new blood vessels
from the recipient wound bed. The lower
microvessel number in the DG group at an early
stage (postoperative day 7) implied a slow

1607

progress of vascularization. This phenomenon
could be the result of integrative action of
inflammation provoked by necrotic cells (Figure
2) and constituents of the dermis preserved in
DG grafts (skin stem cells and extracellular
matrix) [28-30]. As opposed to its early stage,
a higher density of microvessels has been
observed in the IG grafts (Figure 6), in the
meanwhile, we also observed a higher inflam-
matory cell density as demonstrated by the
increased infiltration of macrophages and mast
cells (Figures 7, 8). Although it is understood
that increase in vascularity will contribute to a
good IG take, prior studies have indicated that
increased vascularity could account for the
ongoing high inflammatory cell density and may
eventually lead to skin fibrosis or hypertrophic
scaring [31, 32].

Seven days after operation, the number of skin
appendages, especially sebaceous glands, sig-
nificantly decreased in DG and |G grafts (Figure
2). Such a pathologic condition was probably
caused by the implantation operation and inad-
equate blood flow to the grafts. The graft struc-
ture and appendages of the IG group were bet-
ter noticed in the early days post grafting. By
day 14, new skin appendages started to appear
again in both types of grafts, but they then
gradually disappeared along with the deposi-
tion of collagen fibers.

Inflammatory cells, microvessels and fibro-
blasts are three major constituents of a criti-
cally important transitional connective tissue
called granulation tissue [33]. Fibroblasts are
actibated and differentiate in to contractile and
secretory myofibroblasts (secrete extracellular
matrix, ECM). Overgrowth of vascularized and
collagenous granulation tissue is known to be
associated with graft fibrosis [34, 35]. Along
with the persistence of abundant inflammatory
cells and granulation tissue in IG group, we
observed excessive deposited, densely packed
collagen fibers (Figure 5). The inflammatory
stimulus also tends to unduly influence the pro-
liferation resulting in a pro-fibrotic response.
The initial high epiderm proliferation (Figure 4)
and hyperplastic dermis in the 1G group persist-
ed through the end of study. Our results are
similar to previous reports [36].

Ibrahim et al, has introduced a similar skin
grafting murine model immune-competent
mice. They created a third-degree burn on the

Am J Transl Res 2018;10(6):1600-1610
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dorsum of mice and excised the injured tissue
three days later. However, they have used ears
from another donor mouse to graft, which
makes the murine model non-autologous skin
graft model with much smaller wound sizes
[37]. The current rat model was developed to
mimic larger-size wounds requiring autologous
skin grafts and/or dermal substitutes. As a rea-
sonable model for human skin grafting, many
characteristics of our rat skin grafting model
are similar to that of human in clinical practice.
Human skin grafts are usually harvested
through using a dermatome, which is not the
case for our model, because our attempts to
harvest skin grafts using a dermatome in rats
was technically challenging and unreliable. The
rate of rat skin graft (both DG and IG) contrac-
tion was significantly faster than what is report-
ed in human [38]. Additionally, the scarred
grafts in our model was flat with close to nor-
mal appearance.

We have introduced a novel, validated, immune
competent, rat skin graft model which has
been closely modeled after standard of human
skin grafts and procedure. This autologous
skin graft model has all the advantages of mice
models and can be used in the research and
development of new therapies and testing
new biologic skin equivalents and dermal
substitutes.
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