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Objective: Hypertrophic scar (HTS) is a dermal form of fibroproliferative
disorder that develops following deep skin injury. HTS can cause deformities,
functional disabilities, and aesthetic disfigurements. The pathophysiology of
HTS is not understood due to, in part, the lack of an ideal animal model. We
hypothesize that human skin with deep dermal wounds grafted onto athymic
nude mice will develop a scar similar to HTS. Our aim is to develop a repre-
sentative animal model of human HTS.
Approach: Thirty-six nude mice were grafted with full thickness human skin
with deep dermal scratch wound before or 2 weeks after grafting or without
scratch. The scratch on the human skin grafts was made using a specially
designed jig that creates a wound >0.6 mm in depth. The xenografts were
morphologically analyzed by digital photography. Mice were euthanized at 1,
2, and 3 months postoperatively for histology and immunohistochemistry
analysis.
Results: The mice developed raised and firm scars in the scratched xenografts
with more contraction, increased infiltration of macrophage, and myofibro-
blasts compared to the xenografts without deep dermal scratch wound. Scar
thickness and collagen bundle orientation and morphology resembled HTS.
The fibrotic scars in the wounded human skin were morphologically and his-
tologically similar to HTS, and human skin epithelial cells persisted in the
remodeling tissues for 1 year postengraftment.
Innovation and Conclusions: Deep dermal injury in human skin retains its
profibrotic nature after transplantation, affording a novel model for the as-
sessment of therapies for the treatment of human fibroproliferative disorders
of the skin.

INTRODUCTION
Skin wound healing is an ex-

tremely complex process that in-
volves the reactions and interactions
of inflammatory cells, growth factors,
and cytokines.1 This orchestrated
process can be divided into four over-
lapped phases starting with hemo-
stasis, followed by inflammation and
proliferation, and ending by matura-
tion, including collagen remodeling to
restore the damaged skin integrity
through formation of a mature scar.1–3

Hypertrophic scar (HTS) is a dermal
form of fibroproliferative disease
(FPD) that develops after burns and
deep skin injuries or even planned
surgical wounds.4 It presents as a
hyperemic, elevated firm scar not
exceeding the boundaries of the
original site of injury.5 These scars
often cause contracture deformities
leading to permanent disabilities,
aesthetic disfigurement, and pro-
longed period of hospitalization
and rehabilitation.6 Increased cell
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proliferation, excess blood vessel formation, colla-
gen deposition, and thin disorganized collagen
fibers in the dermis in addition to the presence of a-
smooth muscle actin (a-SMA)–expressing cells are
the main histological features of HTS. Imbalance in
the synthesis and degradation of extracellular
matrix (ECM) components by fibroblast leads to the
development of dermal fibrosis typical of HTS.7

Despite many proposed treatments to date,
there are still few, if any, reliable efficient forms of
therapy for HTS. In addition, the current treat-
ments of HTS require prolonged periods to be ef-
fective and tend to be expensive with considerable
side effects.8,9 One major investigative hurdle in
dermal FPD is the lack of an ideal animal model,
which responds to injury similar to humans.10,11

Dunkin et al. have described a progressively deep
dermal injury in the lateral thigh skin of 113 human
volunteers, which heals without scar in the super-
ficial regions of the wound.12 However, in the deeper
regions of the progressively deep injury, a red raised
HTS develops when the wounds exceed 0.56 mm in
depth. Honardoust confirmed these findings and
described increased transforming growth factor-b
(TGF-b), large molecular weight proteoglycans, and
less decorin and type II TGF-b receptors in the
deeper tissues typical of immature human HTS.13

Fibroblasts from these deeper layers of the skin
have been found to possess many or most features of
the HTS fibroblasts compared to superficial dermal
fibroblasts and site-matched normal skin fibroblasts.
In contrast, considerable evidence supports the im-
portance of bone marrow-derived monocytes and fi-
brocytes in the development of HTS.14 However, it is
unclear on the relative importance of resident fibro-
blasts in the deep dermis of the skin versus infil-
trating immune cells in the development of HTS and
their persistence in the remodeling scar over time.

CLINICAL PROBLEM ADDRESSED

Unfortunately, few representative animal mod-
els of HTS exist currently, and many investigators
have questioned the value of therapies developed
and tested in rabbits and pigs, which do not appear
to translate into effective therapies for dermal fi-
brosis in humans.15,16 Thus, by creating wounds in
human skin, which are known to reliably develop
HTS, and transplanting the skin to athymic mice,
we seek to answer questions about the quantitative
importance of deep dermal fibroblasts resident in
human skin and to clearly identify bone marrow-
derived cells in the fibrotic tissues and their role in
the developing scar. Thus, it is our goal to develop
this model to improve our understanding of dermal

fibrosis and allow for the development of novel and
safe antifibrotic treatments that will reliably
translate into effective therapies for fibrotic disor-
ders in human skin.17

MATERIALS AND METHODS
Preparation of skin grafts

Full thickness human skin samples were ob-
tained from female patients who underwent elective
abdominoplasty procedure following informed
written consent. Full thickness skin grafts were
obtained from the lower abdominal skin, avoiding
the damaged areas that contained stretch marks.
Excessive subcutaneous fat was removed manually
with curved iris scissors before cutting it into
3.0 · 1.5 cm grafts with a scalpel. Thereafter, a
scratch wound was made on each graft using a No.
11 scalpel blade in a specially designed modification
of a jig originally described by Dunkin et al.12 as
illustrated in Fig. 1. The modified jig creates a 2 cm
long wound that is >0.6 mm deep in each of the
grafts. Thereafter, the grafts were stored in sterile
normal saline at 4�C until the time of grafting.

Transplantation of skin grafts
All animal experiments were performed using

protocols approved by the University of Alberta
Animal Care and Use Committee meeting the
standards of the Canadian Council on Animal Care.
The mice were housed in a virus antibody-free bio-
containment facility for the entire experiment and
conditioned for 2 weeks before experimentation.

Thirty-six male athymic nude mice at 4 weeks of
age weighing *25 g were purchased from Charles
River Laboratories International, Inc. (Wilming-
ton, MA). The animals were divided into the fol-
lowing three groups: mice grafted with human skin
without scratch wound, mice grafted with human

Figure 1. The jigsaw used to make scratch wound on human skin grafts.
To see this illustration in color, the reader is referred to the web version of
this article at www.liebertpub.com/wound
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skin with scratch wound before grafting, and mice
that were anesthetized before performing the
scratch procedure in the engrafted human skin at 2
weeks after transplantation. Within each group,
the mice were euthanized at 1, 2, and 3 months
after grafting and there were four mice in each time
point and each experimental group.

In the prone position under isoflurane anes-
thetic (Halocarbon Laboratories, River Edge, NJ),
the dorsal skin surface was disinfected with iodine.
A 3.0 · 1.5 cm skin area was marked using a pre-
fabricated plastic template as previously de-
scribed.18 The full thickness skin was excised using
surgical scissors, leaving the panniculus carnosus
intact. Then, full thickness human skin grafts with
or without scratch wound were transplanted and
sutured with 4-0 silk suture (Ethicon, Somerville,
NJ) using a tie-over bolus dressing technique with
a nonadherent petrolatum (Xeroform�; Covidien,
Mansfield, MA) and dry gauze to ensure adherence
of the graft to the wound bed as previously de-
scribed.18–20 All animals received narcotic analge-
sia (Hydromorphone HP 10 diluted to 0.05 mg/mL;
Sandoz, Boucherville, QC) subcutaneously for pain
management following grafting. The dressing and
the stitches were removed 2 weeks after the sur-
gery. At this time, a scratch wound was made in the
xenografted human skin tissue in four mice using
the previously described jig for each of the three
time points. The graft morphology was monitored
weekly by digital photography using standardized
conditions, in which the distance from the animal,
lighting, and exposure was constant. Animals were
euthanized at 1, 2, and 3 months postgrafting to
harvest the human skin xenografts for histology
and immunohistochemistry analysis.

In a separate experiment, two athymic nude
mice were grafted with skin samples from an Af-
rican American female patient who underwent an
elective abdominoplasty. Scratch wounds using the
above-mentioned technique were made before
grafting onto the back of nude mice to clinically
observe the persistence of the dark melanin con-
taining keratinocytes and dermal elements of the
scratched grafts for 1 year after transplantation.

Histologic analysis of human skin xenografts
Biopsies were harvested from xenografts’ un-

scratched skin or skin xenografts with scratch
wound before or after transplantation at all three
time points. Each was divided into two parts. The
first part was fixed in 10% formalin (Zinc Formal-
Fixx�; Thermo Scientific, Pittsburgh, PA) for 24 h,
processed, and embedded in paraffin. These blocks
were cut to 5 lm sections, mounted on glass slides,

and subjected to hematoxylin and eosin (H&E),
Masson’s trichrome, a-SMA, toluidine blue, and
picrosirius red staining. The second part was
embedded and frozen in CryoMatrix (Shandon
Cryomatrix�; Thermo Scientific). The frozen
blocks were cut into 10 lm sections and mounted on
glass slides that were used for macrophage and
human leukocyte antigen (HLA)-ABC staining.

Measurements of the wound area
As described previously20 using the weekly

photographs taken with a ruler in standardized
conditions to document wound healing and scar
formation, ImageJ software (National Institutes of
Health, Bethesda, MD) was used to measure the
graft area in the photos to assess the wound area
over time.

Histological analysis of graft thickness
Graft thickness was evaluated in H&E staining

viewed under 100· magnification using bright field
microscopy. The distance from the stratum corneum
to the dermal–fat junction was measured using
ImageJ software (National Institutes of Health) in
five random high-power fields in sections from each
time point. Graft thickness measurement is ex-
pressed as the mean fold change by calculating the
ratio of the graft thickness (final value) to the nor-
mal human skin thickness before grafting (initial
value).

Immunohistochemical analysis
of macrophages

As previously reported,19 frozen sections were
warmed at room temperature for 30 min, fixed in
ice-cold acetone for 5 min, then air-dried for 10 min.
After blocking with 10% bovine serum albumin
(BSA; Sigma-Aldrich, Inc., St. Louis, MO) for 1 h,
the endogenous peroxidase activity was quenched
with 3% hydrogen peroxide. Sections were incu-
bated with primary antibodies of rat anti-mouse F4/
80 (eBioscience, San Diego, CA) at 1:100 dilution in
1% BSA overnight at 4�C. Thereafter, the secondary
antibody, biotinylated rabbit anti-rat immunoglob-
ulin G (IgG; Dako, Glostrup, Denmark), was applied
at 1:500 dilution in 1% BSA for 30 min at room
temperature. Secondary detection was done after
incubation with VECTASTAIN� Elite avidin–biotin
complex (ABC reagent) for 30 min and washing the
slides with peroxidase substrate and 3, 3¢-
diaminobenzidine (DAB; Vector Laboratories, Inc.,
Burlingame, CA). Finally, counterstaining was
performed using hematoxylin and the sections were
dehydrated through five changes of increasing
concentrations of ethanol before mounting the slides
with permount (Fisher Scientific Company, Fair
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Lawn, NJ) and covering with glass coverslips. For
negative controls, staining with the primary anti-
body was replaced with 1% BSA. F4/80-positive
macrophages were counted in five random HPFs
under ·200 magnification in all sections. Macro-
phage numbers are expressed as the mean fold
change by calculating the ratio of number of mac-
rophages in the grafts (final value) to the number of
macrophages in normal mouse skin before grafting
(initial value).

Immunohistochemical staining
for a-SMA–expressing myofibroblasts

Paraffin-embedded human xenograft sections
were used to stain for a-SMA as previously re-
ported.18,20 Sections were deparaffinized and rehy-
drated in five decreasing gradients of ethanol and
then treated for antigen retrieval with 0.05% tryp-
sin before blocking with 10% BSA for 1 h. There-
after, sections were incubated with primary
antibody of rabbit anti-aSMA (Millipore, Billerica,
MA) and 1:1,000 dilution in 1% BSA overnight at
4�C. The secondary antibody of goat anti-rabbit IgG
(Dako) was applied at 1:500 dilution in 1% BSA for
30 min at room temperature. The Vectastain Elite
ABC Kit (Vector Laboratories, Inc.) was applied for
30 min and washed with peroxidase substrate DAB
(Vector Laboratories, Inc.) before counterstaining
with hematoxylin. Dehydration through five chan-
ges of increasing gradient ethanol was made before
mounting the slides with permount (Fisher Scien-
tific Company) and glass coverslips. Staining with
primary antibody was omitted for staining control
resulting in negative staining. Brown positively
stained cells were counted in five random HPFs
under ·200 magnification in all sections. a-SMA–
expressing myofibroblast numbers are expressed as
the mean fold change by calculating the ratio of
the cell number in the grafts (final value) to the
cell number in normal human skin before grafting
(initial value).

Toluidine blue staining for mast cells
Toluidine blue staining was used to detect mast

cells as previously described.18,19 Paraffin sections
were deparaffinized and rehydrated through five
changes of decreasing gradient ethanol. Sections
were then incubated with toluidine blue (Toluidine
Blue O; Fisher Scientific Company) solution for 2
to 3 min, followed by washing in distilled water.
Finally, sections underwent dehydration by five
changes of increasing gradient ethanol before
clearing them with two changes of xylene and
mounting with permount (Fisher Scientific Com-
pany) and glass coverslips. Positively stained red-
purple mast cells were quantified in five random

HPFs in all sections. Mast cell numbers are ex-
pressed as the mean fold change by calculating the
ratio of the cell number in the grafts (final value) to
the cell number in normal human skin before
grafting (initial value).

Masson’s trichrome staining for collagen
bundle

Masson’s trichrome staining was used to detect
collagen bundles in the dermis. Paraffin-embedded
sections of human HTS, human normal skin, and
skin graft biopsies from mice were deparaffinized and
rehydrated before staining in Weigert’s iron hema-
toxylin, Biebrich scarlet acid, and phosphomolybdic–
phosphotungstic acid for 10 min each. The sections
were then transferred directly to aniline blue and
stained for 10 min further. After rinsing in distilled
water and differentiating in 1% acetic acid for 5 min,
the sections were dehydrated and mounted. Collagen
fibers were visualized in green, nuclei in black, and
keratin in red under the bright field microscope.

Picrosirius red staining for collagen
orientation

Using paraffin-embedded sections as previously
described,18,21 picrosirius red staining was used to
assess the birefringence of the collagen fibers of
human HTS, human normal skin, and human xe-
nograft biopsies from mice. Briefly, sections were
deparaffinized and rehydrated through five changes
of decreasing gradient ethanol before incubating
them in Sirius red (Sigma-Aldrich, Inc.) and picric
acid (Sigma-Aldrich, Inc.) solution for 1 h at room
temperature. Thereafter, sections were washed in
two changes of acidified water, dehydrated in 100%
ethanol, and cleared in xylene. The slides were then
mounted with permount (Fisher Scientific Com-
pany) and covered with glass coverslips, then ex-
amined using a polarizing microscope (Axio Imager.
A1; Carl Ziess MicroImaging, Inc., Thornwood, NY).

Human HLA-ABC staining for evaluation
of human skin survival in the mouse body

To assess the human skin survival as previously
reported,18 frozen sections were warmed at room
temperature for 30 min, fixed in ice-cold acetone for
5 min, then air-dried for 10 min. After blocking with
10% BSA, sections were incubated overnight at 4�C
with FITC-labeled anti-human HLA-ABC antibody
(Accurate Chemical & Scientific Corp., Westbury,
NY) diluted to 1:50 in 1% BSA. Samples were wa-
shed with Tris-buffered saline before mounting.
The mounted slides were stained with the ProLong
Gold antifade reagent with DAPI (Life Technolo-
gies, Carlsbad, CA), sealed with coverslips, and
examined with the fluorescence microscopy Zeiss
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AxioImager M2 instrument (Jena, Germany). The
primary antibody was omitted resulting in negative
staining.

Statistical analysis
Four mice for each time point and each group

were used. Statistical analysis was performed us-
ing analysis of variance with Tukey multiple com-
parison in Prism 6 for Mac (GraphPad Software,
Inc.). Data are expressed as mean – standard error,
with significance set at p-value £0.05

RESULTS
Morphological observations

The transplanted human skin grafts were clini-
cally viable throughout the experiment. After re-
moving the dressing from the mice, the xenografts
were soft and pink and the scratch area started to
heal. At 2 weeks, the scratch area was completely
closed and the whole xenograft had started to be-
come elevated and hardened compared to the sur-
rounding mouse skin. Furthermore, at 2 months
after the procedure, the xenografts started turning
red, raised, and indurated more than the normal
mouse skin. These features persisted to the end of

the study showing features of HTS, and the scrat-
ched area over the grafts healed similar to adjacent
grafted human skin. Nevertheless, the scratch
wound grafts, whether before or after grafting, con-
tracted more than the nonscratch wound grafts (Fig.
2). The two scratched xenografts from an African
American skin sample healed in the same manner,
and the scratched wounds healed with same color of
the adjacent human skin and were viable for 1 year
after grafting (Fig. 3). This showed a morphological
evidence of human cell viability and the contribution
in the development of the fibrotic xenografts.

The total wound area of engrafted tissues as
quantitated and displayed in Fig. 4 suggested that
the wound area of the grafts continued to contract in
all the groups over time. There was no significant
difference between the three groups at the first
month post-transplantation. However, the scratch
wounds before and after grafting resulted in more
graft contraction compared to the nonscratched skin
grafts at2 months post-transplantation (1.83 – 0.073
and 1.88 – 0.054 cm2 vs. 2.51 – 0.011 cm2, respec-
tively p < 0.05) and at 3 months post-transplantation
(1.68 – 0.076 and 1.63 – 0.15 cm2 vs. 2.12 – 0.07 cm2,
respectively p < 0.05).

Figure 2. Morphological observation of the graft development over time showing the red elevated grafts compared to the mouse skin. The scratch in the
grafts made wound contract more than the ones without scratch. To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/wound
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Scratched grafts developed similar histologic
characteristics of HTS

Quantification of xenografted human skin tissue
showed a gradual increase in xenograft thickness of
all the groups over time. The thickness of xenografts

from mice grafted with the scratched human skin
performed either before or after grafting peaked at 2
months and then decreased, while the nonscratched
xenografts continued to show a steady increase in
thickness (Fig. 5). The skin grafts in the deep dermal
scratch performed before and after grafting the mice
were thicker at 2 months compared to the intact
nonscratched grafts (2.15– 0.15 and 2.27– 0.1 vs.
1.3 – 0.12 mean fold change, respectively p < 0.05)
postengraftment. Nevertheless, the presence of a
deep dermal injury in the skin grafts, whether per-
formed either before or after grafting, resulted in no
significant difference in dermal thickness and fi-
brosis compared to intact nonscratched grafts at 1
and 3 months postengraftment.

Dermal collagen organization and accumulation
were assessed using Masson’s Trichrome stain in
xenografts from all time points (Fig. 6), which
demonstrated that the normal basket-weave pat-
tern of the collagen fibers seen in normal human
skin was replaced with thin collagen fibers that
were oriented parallel to the skin surface in all the
grafts, which is similar to human HTS. Using pi-
crosirius red staining and polarized light micros-
copy, collagen fibers in the human skin grafts
appeared thin with yellow-orange birefringence
similar to human HTS in contrast to the collagen
fibers in the normal human skin, which are thicker
with a basket-weave morphology (Fig. 7).

Figure 4. Representative image of the wound area and the quantification of
the wound areas over time after grafting measured using ImageJ software.
No scratch grafts (circle), scratch before grafting (square), and scratch after
grafting (triangle). #p < 0.05 compared between the scratch before grafting
and no scratch group in the same time point. *p < 0.05 compared between the
scratch after grafting and no scratch group in the same time (n = 4). To see
this illustration in color, the reader is referred to the web version of this article
at www.liebertpub.com/wound

Figure 3. The graft survived, and the scratch in it healed preserving the color of
the human skin for 1 year after grafting. To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/wound

Figure 5. Fold changes in dermal thickness of the grafted skin, the distance was
measured from the stratum corneum to the dermal–fat junction in five randomly
selected sites/field. No scratch grafts (circle), scratch before grafting (square),
and scratch after grafting (triangle). #p < 0.05 compared between the scratch
before grafting and no scratch group at the same time point. *p < 0.05 compared
between the scratch after grafting and no scratch group at the same time (n = 4).
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Figure 6. Representative images of Masson’s trichrome staining tissue sections of human normal skin, human hypertrophic scar (HTS), and xenografts from
all time points. Showing basket-weave collagen bundle in normal skin in contrast to the whorled collagen bundle of xenografts that are consistent with HTS.
Scale bar = 100 lm. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

Figure 7. Representative images of a picrosirius red stained section of human normal skin, human HTS, and xenografts from all time points. Showing
randomly oriented, thick with basket weave pattern collagen fiber in normal human skin compared to the thin fibers that are oriented parallel to the skin
surface of the xenografts similar to HTS. Scale bar = 50 lm. To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/wound
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Scratching the grafts increase
a-SMA–expressing myofibroblast formation

Immunohistochemistry staining for a-SMA de-
tected and quantified myofibroblast formation in
xenografts at all time points (Fig. 8A). A high den-
sity of spindle-shaped cells was present in the
xenografts at each time point, similar to human
HTS but different from normal human skin, where
the a-SMA–expressing cells appeared to be vascu-
lar smooth muscle cells associated with the endo-
thelium.8 Quantification of the numbers of the
a-SMA–expressing cells in the scratch wounds

before or after grafting, respectively, demonstrated
significantly increased a-SMA–expressing cells at 2
months compared to nonscratched wound xeno-
grafts (3.64 – 0.16 and 3.52 – 0.24 vs. 2.4 – 0.23
mean fold change, respectively p < 0.05), which may
be related to the higher contractility of the skin
grafts seen in the scratch wound grafts, which was
significantly different at the peak of contraction at
2 months post-transplantation. Furthermore, the
scratch after grafting xenografts showed more
a-SMA–expressing cells than nonscratched xeno-
grafts at 3 months post-transplantation (2.12 – 0.19

Figure 8. (A) Representative image of an a-smooth muscle actin (a-SMA) stained section of human normal skin, HTS, and transplanted xenografts at all time
points showing a positive brown staining, indicating the presence of myofibroblasts throughout the dermis consistent with HTS. Normal human dermis stains
positive only around blood vessels. Scale bar = 50 lm. (B) Fold changes in a-SMA–expressing cells, measured in five randomly selected site/field. No scratch
grafts (circle), scratch before grafting (square), and scratch after grafting (triangle). #p < 0.05 compared between the scratch before grafting and no scratch
group in the same time point. *p < 0.05 compared between the scratch after grafting and no scratch group in the same time (n = 4). To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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vs. 1.35 – 0.11 mean fold change, p = 0.014) and
there was no significant difference between the
scratched before group (2.0 – 0.11) and nonscratch
group at 3 months (Fig. 8B).

Retention of human skin cells
post-transplantation

Staining for HLA-ABC was used for the detec-
tion of the surviving of human cells in the skin
grafts on the back of the mice where HLA-ABC
antigens were used to detect nucleated human
cells. Using direct immunofluorescent staining for
HLA-ABC in skin grafted tissues at all time
points, retention of green staining patterns in the
epidermal and dermal cells of the grafts was
similar to the staining seen in fresh human skin
compared to the negative control mouse skin
where little or no staining was present. This con-
firms the retention of viable human cellular ele-
ments in the tissues engrafted for several months
post-transplantation even in the grafts, which
sustained the deep dermal scratch performed be-
fore or at 2 weeks post-transplantation (Fig. 9)
rather than a gradual replacement of human cells
in the skin grafts with mouse cells infiltrating
from the wound bed.

Scratch wounds increase macrophage
infiltration in human xenografts

Immunohistochemistry staining for F4/80 was
used to detect macrophages in all tissue sections
from all time points (Fig. 10A), where increased
density of F4/80-expressing cells was apparent in
all grafts from all time points compared to the
normal mouse skin. Quantification of the macro-
phage number in xenografts revealed that within
the first month, the xenografts with the deep der-
mal scratch wounds performed before or after
grafting had higher macrophages than the non-
scratch wound grafts (3.8 – 0.5 and 4.1 – 0.4 vs.
2.3 – 0.3 mean fold change, respectively p < 0.05).
At 2 months after grafting, macrophages showed
the highest number in all groups; however, there
was no significant difference between them. At 3
months after grafting, macrophages in the scratch
wound xenografts whether before or after trans-
plantation were higher than the nonscratch wound
xenografts (3.4 – 0.22 and 3.4 – 0.5 vs. 2.0 – 0.2
mean fold change, respectively p < 0.05) (Fig. 10B).
This suggests a persistent inflammatory response
caused by the deep dermal scratch wound, which
was a feature fibroproliferative disorder, such as
human HTS.2,5

Figure 9. Representative images of anti-human FITC human leukocyte antigen-ABC antibody stained sections confirm survival of transplanted human
xenografts at all time points. Showing positive staining with green, net-like, immunofluorescent staining pattern that is consistent with normal human skin
compared to normal mouse skin, which has no visible green staining (negative control). To see this illustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/wound
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Mast cells in the human skin xenografts
Increased mast cell density has been reported in

human HTS22 as well as in animal models of
HTS,18,19 which has been suggested to account for
the pruritus and pain in fibrotic tissues associated
with mast cell degranulation.23 Using toluidine blue
staining, mast cells were significantly increased in
xenografts at all time points (Fig. 11A) compared to
the normal human skin. Mast cells peaked at 2
months, then significantly decreased at 3 months
for all the groups. The mast cell mean fold changes
for the nonscratch group were 2.2 – 0.4, 3.5 – 0.17,
and 1.55 – 0.34, respectively, after 1, 2, and 3
months compared to the scratch before the grafting
group with the deep dermal scratch performed be-
fore transplantation (2.4 – 0.5 and 3.2 – 0.23 and

1.6 – 0.13) and the deep dermal scratch after trans-
plantation (3.3 – 0.17 and 4.5 – 0.11 and 2.05 – 0.52).
However, there was no significant difference in the
mast cells between the scratch wound grafts, whe-
ther before or after grafting, and the nonscratched
grafts in all time points (Fig. 11B).

DISCUSSION

Despite considerable research in skin wound
healing, the pathogenesis of dermal fibrosis is still
poorly understood.3 The lack of an ideal animal
model representative of human dermal fibrosis
limits our understanding on the underlying mech-
anisms of fibrosis and hinders the accuracy and
applicability in testing the effectiveness and safety

Figure 10. (A) Immunohistochemistry staining using an anti-F4/80 antibody showing macrophages in normal mouse skin and transplanted xenografts in all
time points. Scale bar = 50 lm. (B) Fold changes in macrophages, measured in five randomly selected site/field. No scratch grafts (circle), scratch before
grafting (square), and scratch after grafting (triangle). #p < 0.05 compared between the scratch before grafting and no scratch group in the same time point.
*p < 0.05 compared between the scratch after grafting and no scratch group in the same time (n = 4). To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/wound
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of novel antifibrotic therapies. Unfortunately, HTS
develops only in human and not animal skin, which
makes the reliability of therapies effective in animal
tissues using commonly used models of scarring to
date such as the rabbit ear15 or the dorsum of the red
Duroc pig, of questionable translational value for
human fibroproliferative disorders.24

Various reports attempt to describe the animal
models of HTS, including the rabbit ear model,15 by
making a deep incision overlying the ear cartilage
of the rabbit that developed inflamed and hyper-
trophied scar. The ability of making many scars in
each ear and using multiple treatments are the
main advantages of this model.25,26 The wound
environment in this model is different from that of
the dermal fibrosis, in which the ear cartilage, as
well as the dermis, undergoes hypertrophy, which

contributes to scar thickness but is not truly
representative of dermal scarring in humans
where perichondral hypertrophy is not present in
the scar that humans develop.

Because pig skin has been found to more closely
resemble human tissues in terms of the lack of
contraction due to an absence of panniculus carno-
sus and the dependence on external sources of Vi-
tamin C to support collagen metabolism, the female
red Duroc pig has been used to develop a HTS-like
model by making deep wounds onto the back of the
animal, which results in a thick scar.24 However,
this scar is not erythematous and raised, typical
features of human HTS, but instead depressed,
making it morphologically dissimilar to human HTS
in addition to being an expensive and more difficult
to handle model, which limits its use.

Figure 11. (A) Representative images of a toluidine blue stained section of human normal skin, HTS, and transplanted xenografts at all time points showing an
increased density red purple staining of mast cells similar to human HTS compared to fewer mast cells seen in normal human skin. Scale bar = 50 lm. (B) Fold changes
in mast cells, measured in five randomly selected site/field. No scratch grafts (circle), scratch before grafting (square), and scratch after grafting (triangle). To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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Recently, the use of subcutaneous osmotic
pumps in nude mice delivering bleomycin has re-
sulted in the development of a fibrotic scar over the
back of the animals,27 which has some features
similar to human HTS. However, the need for
continuous delivery of bleomycin for the develop-
ment of fibrosis, which resolves quickly after dis-
continuing the drug, makes the model worthy of
consideration but the tissues affected are murine,
the morphologic features differ significantly from
human HTS, and the testing of antifibrotic thera-
pies will be complicated and difficult in this model.

The athymic nude mouse model was established
by Yang et al.28 by transplanting full thickness
human skin onto the back of the mice. This proce-
dure developed a graft that had features similar to
that of human HTS. This model has been modified
more by transplanting a split thickness skin graft
that also developed similar characteristics of hu-
man HTS.18,19 Because HTS occurs after injury to a
critical depth in the dermis of human skin,12 we
attempted to test the deep dermal scratch model
validated in humans to develop a reproducible
typical HTS to the skin when the injury exceeds
0.56 mm in depth in the dermis, to similarly injured
human skin either before or after transplantation
onto the athymic nude mouse. Deep dermal injury
to the human skin either before or after trans-
plantation successfully engrafts and subsequently
developed thickened raised scars, which persisted
beyond 1 year. Reepithelialization occurs by mi-
gration of adjacent human epithelial cells in the
engrafted human skin similar to human skin in-
juries.29 The raised thickened dermal scar that
develops after deep dermal injury in the trans-
planted human skin contains substantial number
of fibroblasts, mast cells, myofibroblasts, and
macrophages very typical of human HTS,30 and
while some of these cells stained for human ABC
antigen in the skin, others may arise from the bone
marrow of the mouse, which is yet to be conclu-
sively determined.

In the past, bone marrow-derived cells such as
fibrocytes, macrophages, and mast cells have been
confirmed to be present in the healing human skin
engrafted on the nude mice, which likely play an
important regulatory role in scar formation.31 While
many of these immunologic cells are likely derived
from the mouse, murine immunology is well char-
acterized compared to other animal species and re-
sembles human immune responses, which further
adds to the unique features of the model that are
similar to human responses to injury.30

Prolonged inflammation is highly associated with
dermal scarring.30 Inflammatory cells infiltration is

essential for wound repair; however, increased
amounts and activity of the macrophage, especially
in the maturation phase, could cause an increase in
ECM deposition and lead to fibrotic scar.32 In this
study, increased macrophage infiltration was ob-
served in all the grafts compared to normal skin,
which is consistent to our previous observation.19

However, scratching the grafts before and after
transplanting induced more macrophage infiltra-
tion to the grafts that were significantly observed at
3 months, indicating prolonged inflammation where
the increased numbers of macrophages likely lead to
increased ECM deposition through paracrine cyto-
kine production similar to human HTS.33 The mac-
rophage is an important immune cell in wound
healing. It has multiple functions during skin re-
pair, including phagocytosis, antigen presenting,
and cytokine and chemokine production, which
promote angiogenesis, fibroblast proliferation, and
collagen synthesis.34 It is a key cell that coordinates
the wound healing process throughout the multiple
phases.32,35 It has been found that mice genetically
engineered to produce nonfunctional macrophages
at different stages of healing have inadequate
wound repair due to a delay in reepithelialization
and neovascularization in addition to improper
granulation tissue formation after depletion of
macrophages during the inflammatory phase of
wound healing.35,36 Depletion of macrophages dur-
ing the maturation phase did not show any signifi-
cant delay in wound repair.37 However, alternative
techniques exist for timely depletion of macrophages
such that the role of macrophage function during
different phases of scar formation after deep dermal
injury to the human skin transplanted onto athymic
mice as described herein will be helpful to under-
stand more their effects in HTS formation as well as
to test novel drugs targeting macrophages.

Other bone marrow-derived cells that are impor-
tant in fibrotic disorders include mast cells, which
were increased significantly in all three types
of xenografts by 2 months post-transplantation
compared to normal skin. However, there was no
significant difference among the scratched and
nonscratched grafts at all time points. Mast cells
have several roles in wound healing. They release
many mediators from their granules after being
stimulated by skin injury.23 They promote inflam-
mation, reepithelialization, and increased vascular
permeability and angiogenesis.38 Moreover, hista-
mine increases fibroblast proliferation and its dif-
ferentiation into the contractile myofibroblast.39

Several studies have shown mast cell involvement in
scar formation by affecting collagen maturation and
remodeling40,41 Although increased mast cell num-
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ber and activity occurs in HTS,42 lower mast cell
numbers have been found in scarless regenerative
wound healings such as fetal wounds and oral mu-
cosal wounds.43,44 It has been reported that wounds
in mast cell-deficient mice heal with minimal scar
tissue compared to the wild type, suggesting that a
significant role of mast cells exists during fibrotic
scar formation in this model.43,45

An important unique feature of the deep dermal
scratch in this model is the significantly increased
number of a-SMA–expressing myofibroblasts ob-
served at 2 months post-transplantation compared
to the intact human skin without the deep dermal
injury. This finding correlates with the increase in
wound contraction and reduced graft area observed
compared to the nonscratched model. The increase
in scar thickness also suggests an increase in the
synthesis and deposition of ECM.46 Myofibroblasts
have an important role in wound healing by
inducing wound closure, collagen secretion, and
reorganizing ECM.47 They may originate from
several cell types, such as pericytes, chondrocytes,
osteoblasts, and circulating fibrocytes; however,
most appear to arise from local connective tissue
fibroblasts.48 The differentiation of myofibroblasts
from the local fibroblast is likely induced by the
TGF-b1, which has been reported to increase the
expression of myofibroblasts; whereas, reduction in
TGF-b inducible early gene (TIEG) knockout mice
decreases both wound contraction and myofibro-
blast infiltration in tissues supporting the impor-
tance of TGF-b1 for myofibroblast differentiation,
wound contraction, and fibrotic matrix accumula-
tion.49 Previously, we have described increased
bone marrow-derived fibrocytes in the trans-
planted human skin in the nude mouse model,
which can be an additional source of TGF-b for in-
direct stimulation of myofibroblast differentia-
tion,19 or also directly forming the myofibroblastic
phenotype from fibrocytes recruited to the site of
tissue injury.50 In normal wound healing, the
myofibroblasts undergo apoptosis and disappear
from the granulation tissue after wound closure;
however, in HTS, these cells fail to undergo apo-
ptosis and continue to be present in the fibrotic
tissue similar to our findings. This persistent
expression of a-SMA myofibroblasts in all the time
points in the mouse model is a consistent feature of
human HTS.51

Thus, the presence of increased numbers of bone
marrow-derived macrophages, mast cells, and
fibrocytes associated with the increase in dermal
fibrosis in the deep dermal scratch model suggests
that an important role exists for systemically
derived cells in the fibrosis in human skin. This is

in addition to the local activation of unique HTS-
like fibroblasts present in the deep dermis, which
we have previously shown to very closely resemble
the fibroblasts found in HTS compared to fibro-
blasts found in the upper layers of the dermis or in
site-matched normal skin.13,14 Bone marrow-
derived cells appear to be contributed to the injured
tissue in this model and they may promote angio-
genesis and cytokine and chemokine production,
and ECM deposition as described in other models
of wound healing.52,53 In the future, this model
may permit ongoing investigation into the relative
importance of locally derived fibroblasts versus
bone marrow-derived cells in human fibrosis so
that more effective antifibrotic strategies can be
developed.53 The deep dermal scratch will facili-
tate topical application of antifibrotic agents to
determine the effectiveness of local versus sys-
temic antifibrotic therapies. The creation of the
deep dermal scratch in the human skin performed
before transplantation results in fibrosis very
similar to that, which occurs following deep der-
mal scratch after the human skin has been suc-
cessfully grafted. This will increase the usefulness
of the model, where the deep dermal scratch cre-
ated ex vivo before transplantation is much easier
to perform, safer than injuring the mice in vivo,
and avoids the need to burn or create other
injuries to the animals in vivo, thereby minimiz-
ing the suffering of animals used to study human
fibrotic disorders.

In conclusion, we observed that human skin
grafts transplanted to athymic mice with a deep
dermal injury, created either ex vivo or in vivo, de-
veloped a thickened contracted fibrotic scar with
similar morphologic and histologic features of hu-
man HTS. In addition, human cellular elements are
retained in the fibrotic tissues for at least 1 year after
transplantation. Compared to the nonscratched

KEY FINDINGS

� We compared the fibrotic scar formation in athymic mice
in relation to deep dermal injury of the grafted human
skin created before or after transplanting it and without
deep dermal injury.

� Deep dermal injury to human skin grafts transplanted to
athymic mice made either before or after transplantation
developed similar morphologic and histologic features of
human HTS.

� Human cellular elements are retained in the scratched
xenografts for 1 year after transplantation.

� This model would aid the researches of both local topical
and systemic novel antifibrotic therapies.
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model of human skin on the transplanted in the
athymic model previously described,19 the deep
dermal injury had increased wound contraction,
scar thickness and fibrosis, and prolonged inflam-
matory cell infiltration, including macrophages,
mast cells, and a-SMA–expressing myofibroblasts.

INNOVATION

The deep dermal injury in the transplanted
human skin either before or after transplantation
led to very similar degrees of fibrosis, creating deep
dermal injury to human skin ex vivo before trans-
plantation will afford a representative, affordable,
ethical, and practical model for studying the local
and systemic factors involved in scarring in human
skin tissues in the future. The fibrosis, which
develops and persists in human skin in this animal
model will also facilitate the investigation of both
local topical and systemic novel antifibrotic thera-
pies with likely improved translational effectiveness
in human dermal fibrotic conditions, including HTS.
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ECM ¼ extracellular matrix
FPD ¼ fibroproliferative disease

H&E ¼ hematoxylin and eosin
HLA ¼ human leukocyte antigen
HTS ¼ hypertrophic scar
IgG ¼ immunoglobulin G

TGF-b ¼ transforming growth factor-b
TIEG ¼ TGF-b inducible early gene

DERMAL FIBROTIC MOUSE MODEL 313


