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Animal Models of Excessive

Healing in Cutaneous Wounds
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Abstract

Hypertrophic scars and keloids are disfiguring fibro proliferative disorders that can significantly impair
the quality of life of affected individuals. Their treatments are challenging given how little is known about the
mechanism underlying their development. The lack of in vivo preclinical animal models has greatly hindered
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research efforts aimed at improving our understanding of these diseases and developing new therapeutic

approaches. This review aims to provide an overview of current preclinical models of hypertrophic scars
and keloids in murine, rabbits, porcine, guinea pigs, dogs, and horse. In showing their strengths, limitations,
and distinct utilities, we hope that investigators can utilize a model that is appropriate to their research
endeavor. In addition, this paper urges researchers to complement their investigations in animal studies

* Rabbit

* Porcine

* Keloids

¢ Hypertrophic scars

with those conducted with clinical samples, a strategy that must be employed until more suitable preclinical

models are developed.

ABBREVIATIONS

HS: Hypertrophic Scars; ECM: Extracellular Matrix; SSc:
Systemic Sclerosis; TGF-f: Transforming Growth Factor Beta;
CTGF: Connective Tissue Growth Factor; Akt: Protein Kinase B;
CAPNZ2: Calpain-2; SEI: Scar Elevation Index; TGFf1: Transforming
Growth Factor Beta 1; COL1al: Type 1 Collagen Alpha 1; KL:
Keloid Lesion; IL-1B: Interleukin-1f; TGF-f2: Transforming
Growth Factor-Beta 2; EGT: Exuberant Granulation Tissue.

INTRODUCTION

Cutaneous wound healing is an essential physiological
process that re-establishes the skin barrier and repairs damaged
tissue following an injury. Whereas a wound may successfully
heal under optimal circumstances, interruptions of the sequential
processes involved in healing by local and systemic factors can
derail proper progression, temporally and spatially, and lead to
impaired wound healing or even non-healing.

Although the exact physiological processes that underlie
excessive healing remain poorly wunderstood, recent
investigations have yielded significant information on factors
that affect the excessive healing process: upregulation of genes
that encode for pro-inflammatory cytokines in the dermis causes
chronic inflammation in the wound tissue, resulting in excessive
fibroblast proliferation and extracellular matrix (ECM) deposition
[1], as well as abnormal vascularization [2]. Patients with these
conditions experience a lower quality of life due to restrictions
in mobility, poorer appearance, and psychological impairments
such as depression and loss of self-confidence [3].

Incidence of hypertrophic scarring following surgery is
roughly 60% [4], with the highest rate occurring following
full-thickness burn injuries [5]. Individuals of African descent

are significantly more susceptible to keloids, with occurrences
ranging from 6-16% [6].

Hypertrophic scars often develop in areas of high tension
(such as the shoulder, knee, and ankle) commonly following a
burn injury, are hard in texture, appear red or pink, remain within
the wound margins, and tend to regress [7]. They are raised up to
4 mm from the wound bed and contain primarily type III collagen
[8,9]. They also have nodules containing myofibroblasts and
mucopolysaccharide [6].

Unlike hypertrophic scars, which remain within the wound
margins and tend to regress, keloids extend beyond the wound
margin and rarely subside [10]. Keloids tend to occur in areas of
excisions and appear shiny with brown or purple coloration that
may reflect hyperpigmentation [6]. They protrude prominently
from the surrounding skin and are composed of irregularly
branched and abnormally thick type I and III collagen bundles
with no myofibroblast-containing nodules [6,8].

Given the etiological differences between hypertrophic scars
and keloids, recent studies have developed distinct animal models
to better represent their respective pathophysiology. At the same
time, however, major differences between animal skin anatomy
and its immune system with that of humans continue to make it
difficult to identify the factors responsible for the formation of
hypertrophic scars and keloids in humans. In addition, genetic
predisposition plays an active role in the development of both
healing types, yet this characteristic cannot be considered in
animal models except for, potentially, in the red Duroc pig. Hence,
such disparities must be recognized when drawing conclusions
from experiments using these animal models.

This review aims to present the common and most promising
models of excessive healing wounds—both hypertrophic scars
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and keloids—developed in murine, rabbits, pigs, guinea pigs, and
dogs with the hope that future studies will continue to improve
and develop new models (Figure 1).

Hypertrophic scar models

Normal wounds heal without excessive scarring. Several
strategies have been developed to bring about excessive
healing, which leads to hypertrophic scars (HS). These strategies
include the use of genetically modified animal strains, repeated
application of mechanical force, burn injuries, and the rabbit ear,
which has a natural propensity to over-scarring (Table 1). Pre-
clinical relevance of these models should be assessed by their
morphological and histological similarities to human HS. These
scars contain primarily rounded whorls of immature collagen
consisting of mostly-type III collagen fibrils, small blood vessels,
abundant mucopolysaccharide, and nodules that express alpha-
smooth muscle actin and contain myofibroblast [9,11].

Mouse and Rat models

Amongst the earliest development of a possible HS model in
mice, investigators created full-thickness 2 cm? excision wounds
on a tight-skin mouse (Tsk/+) strain [12]. Because Tsk/+ mice
have a hypodermis that is firmly adherent to the underlying
muscle tissue, they are very similar to human skin and do not
contract during wound healing [12]. Aside from the noted
delayed wound closure in the Tsk/+ mice, histological analysis
also showed hyperplastic granulation tissue under the epidermal
layer. In addition, swirls of collagen fibrils were apparent, as is the
case in human HS [12,13]. While the Tsk/+ mouse strain shows

fibrosis that is prevalent in HS, the model still fails to properly
recapitulate the pathophysiological process. Nevertheless, the
model has been extensively used for studies on systemic sclerosis
(SSc), an autoimmune disease that develops excessive fibrosis in
many different organs and tissues and causes alterations in the
microvasculature and inflammatory response [14-16].

Another model for hypertrophic scars was created by
transplanting full-thickness human skin grafts onto full-
thickness excision wounds created on the dorsum of athymic
nude mice [17]. Grafts turn black, shedding the epidermis and
the upper portion of the dermis approximately 1 month after
the transplant and before forming hypertrophic scars. Gross
observation showed redness and thickening of the grafted skin,
while histological examination showed dense and disorganized
collagen fibers, all characteristics of hypertrophic scars [17].
Interestingly, partial- thickness human skin engrafted onto full-
thickness excisions in athymic nude mice developed more scar
than full-thickness grafts and showed increased expression of
Transforming growth factor beta (TGF-f), connective tissue
growth factor (CTGF), type I collagen, and heat shock protein 47,
all indicators of fibrosis [18]. When investigators harvested skin
biopsies of the nude mice grafted with partial-thickness human
skin, they found that the biopsies were histologically, immune-
histochemically, and morphologically consistent with human
hypertrophic scars [19] this was further validated by other
groups [18]. The increased scar formation from partial- thickness
grafts compared to full-thickness grafts may be attributed to how
the tissue itself is prepared. The use of a dermatome may initiate
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Table 1: Models for Excessive Wound Healing Studies.
Type of scar Animal Type of model Overview Limitations Use
Involves transplant of e Difficult to access human scar
human-hypertrophic scar grafts
tissue in full-thickness e Human scar grafts are often . .
. e Evaluating the effects of topical
Hvpertrophic excision wounds older and thus, scar development application of drues. This has
yp P Murine Skin grafts generated in cannot be studied PP 8s- .
Scars : . been done more commonly in the
immunodeficient e Transplanted scars are usually rabbit ear model
mice. Tissue may also be devoid of the epidermis ’
transplanted in sandwich- |  Effects of the immune system
island flap. cannot be studied in nude mice
Involves delivery of force on L . . . -
Mechanical linear incision w};unds in o Significant mechanical loading | ¢ Evaluating role of specific genes
loadin immunocompetent and /or may stimulate process not found | if knockout mouse strains are
g Kknockout mi?e strain in human hypertrophic scarring | used
. e Scar formation over avascular
Ian)l.ves full-thickness . cartilage bed is not . e . )
Rabbit Ear wound excision wounds on rabbit representative ¢ Evaluating anti-fibrotic efficacy
ear that extended to P . of various drugs and therapies
cartilage of human hypertrophic scar
g development
Involves full-thickness Housing Red Duroc pigs is .
excision wounds on dorsum ;ostl ’ P » May be clinically relevant model
Porcine Excision wound L . y . . for hypertrophic scars but further
of Red Duroc or Mini Bama | « Mini Bama pig model is not yet | . L .
. . investigation is required
pig well-established
Involves inserting human-
keloid scar tissue into the
subcutaneous pocket of o Effects of the immune system
. immunodeficient mice or cannot be studied in the case of o
Keloid o ) ) - . ¢ Limited use because the model
transplant sandwich-island flap in rat. | immunodeficient mice. is still under development
Murine P Involves inserting keloid- e Creating sandwich-island flap . P '
Engineered . . - . . . e Limited use because the model
tissue implants derived skin substitutes in a | requires extensive surgery. is still under development
Keloid p subcutaneous pouch or « Effects of the immune system P ’
on full-thickness excision cannot be studied.
wounds in immunodeficient
mice
Exuberant - . ¢ Shows delayed re-
. Studies involve comparing . e .
Eauine granulation Equine EGT to human epithelialization e Limited use because the model
q tissue (EGT) Keloid tissue ¢ Difficult to find EGT sample is still under development.
development ’ e Warrants further study

an injury response in the skin, and this could be responsible
for the increased expression of proinflammatory cytokines
and profibrotic growth factors in partial-thickness compared
to full-thickness skin grafts. Consequently, this enhances the
recruitment of leukocytes and local fibroblast activities. Similar
observations have been made in the clinic whereby wounds
covered with partial-thickness skin grafts exhibit greater fibrosis
and contraction than those with full-thickness grafts [19].

A burn model was developed in immune-competent mice
to specifically study hypertrophic scar development, a painful
condition experienced by about 67% of burn injury victims [5,20].
This model showed many phenotypic similarities to human
HS [20]. Third-degree burns were generated on the dorsum of
C57BL/6 mice and three days later, were excised and grafted with
ear skin. By day 14, skin grafts were significantly contracted and
had increased vascular density, granulation tissue, macrophages
and mast cell populations, and collagen maturation as measured
by immunohistochemically and histology studies. Furthermore,
skin grafts had the same elasticity as human HS.

Yet other thermal burn models to evaluate HS formation
used two different methods in rats: (i) thermal burns created via
a 1470 nm laser light and (ii) chemical burns created through
topical application of sodium hydroxide (NaOH). Excision
wounds created using a punch biopsy were used for comparison
with normal healing. All groups showed an extensive increase in
fibroblast and collagen fibers that were denser and more oriented
than normal skin [21].

However, the chemical burn model, while having the largest
initial lesion size and least axial damage along tissue depth
following wounding, formed skin that was twice as thick as that in
the thermal burn and punch biopsy wounds [21]. Based on these
observations, the investigators suggested that shallow but wide
wounds may help maximize collagen generation after healing.

Other models of hypertrophic scars have been developed
in immune-competent mice by mechanical loading. In one such
study, tension was applied on 2 cm linear incision wounds created
in C57BL/6 mice via a mechanical loading device constructed of
expansion screws and Luhr plate supports [22]. The resulting
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scars showed near-identical histopathology to that of human
HS with dramatic increases in volume and cellular density.
This was accompanied by a decrease in cellular apoptosis and
increased activation of the pro-survival marker Akt. Akt is an
important mediator in the transition between the proliferative
and remodeling phase of wound healing by promoting cell
survival, migration, and collagen production. Among its
pathways, Akt accomplishes this by increasing anti-apoptotic
Bclll and inhibiting p53-mediated apoptosis. To clarify the role
of apoptosis in HS development, wounds were generated in
mice with altered apoptotic pathways. Wounds on proapoptotic
Bclll-null mice displayed reduced cellular density and scar
hypertrophy. Conversely, in p53-null mice with downregulated
cellular apoptosis, wounds showed significantly greater cellular
density and scar hypertrophy. These results suggest that early
mechanical loading promotes HS formation by inhibiting cellular
apoptosis through Akt-dependent pathways [22]. Full-thickness
excisions generated on the dorsum of CXCR3 knockout mice
also resembled many aspects of human hypertrophic scars [23].
During the healing process, two chemokines IP-9 and IP-10
bind to the chemokine receptor CXCR3. Signaling through this
receptor blocks growth factor-induced motility in fibroblast and
endothelial cells by suppressing activation of Calpain-2 (CAPN2).
At the same time, IP-9 promoted keratinocyte migration through
its activation of calpain. Researchers utilized mice lacking either
CXCR3 or the IP-9 ligand as models to evaluate maturation of
excisional wounds in the absence of this signaling pathway.
Wounds from the knockout mice showed thick scarring,
compared to negligible scarring in wild-type mice, in addition to
lower tensile strength likely due to the disorganized alignment
of collagen fibers and an increase in collagen I, collagen II,
and decorin. Histological analysis revealed thickening of the
epidermis and dermis; the dermis showed long and thick collagen
fibers and excessive collagen content [23].

Recently, a novel model of hypertrophic scar development in
the rat tail was developed that showed considerable similarities
with human hypertrophic scarring. An excisional wound was
created using a scalpel and iris scissors on the tail of rats and
the wounds were exposed to mechanical stretching by wrapping
the tail around a steel ring. Rat tails left over 24 weeks showed
significantly increased scar area, scar height, vessel density,
distorted collagen arrangement, and expression of molecules
related to hypertrophic scarring [24].

All these models have their merits and limitations. For
example, immune deficient models, although very informative,
do not provide information within an immune background.
The knockout mice are valuable and can provide important
mechanistic information, but it is the absence of a molecule,
rather than the presence of a molecule. The rat tail model does
not have a dermis, which is representative of most areas of the
human skin, butitis nonetheless useful for studies of keratinocyte
migration and wound closure. Therefore, much work needs to be
done to develop a mouse model that more closely mimics HS in
humans.

Rabbit models

An important model of hypertrophic scars was developed
by Mustoe’s laboratory and continues to find much success to

date. It involves using a trephine to create 6-mm diameter full-
thickness excision wounds on the ventral surface of the rabbit
ear, that extends to the bare cartilage, followed by covering of the
wound with an occlusive polyurethane dressing for 12 days post-
wounding. To quantify scarring, the group also developed a Scar
Elevation Index (SEI), a ratio of the scar height over that of the
surrounding skin [25]. This model was subsequently improved
by creating 7-mm diameter wounds as opposed to the previous
6-mm, to show much more scarring [26]. Unpublished data from
the group showed that 5-mm wounds failed to generate HSs,
and 6-mm wounds appear to be less hypertrophic than 7-mm
wounds due to faster epithelialization [26]. Moreover, whereas
it was originally postulated that removal of the perichondrium
is primarily responsible for the delayed re-epithelization and
persistence of elevated hypertrophic scars, a subsequent study
omitted excision of the perichondrium and used a 10-mm punch
biopsy to create more extensive hypertrophic scars [27]. These
wounds showed high similarities to human hypertrophic scars,
had a higher SEI, and occurred as early as 3-4 weeks, persisting
for more than 60 days [26]. The scars appeared as firm papules,
and histological evaluation showed excessive accumulation of
horizontally arranged collagenous fibers, inflammatory cells,
and increased vascularization, all of which are characteristic of
human hypertrophic scars [28]. Furthermore, omitting excision
of the perichondrium facilitates not only the development
of hypertrophic scars but also reduces the risk of cartilage
desiccation and wound infection [27].

The great success of Mustoe’s model can be attributed to its
widespread implementation in studies of hypertrophic scars,
mostly aimed at understanding the effects of various therapies on
hypertrophic scar development. Their model has been repeatedly
used to test the efficacy of potential treatments of hypertrophic
scars, including inhibitors [29,30], growth factors [31], stem cells
[32,33], and radiation [34].

Despite the advantages of the rabbit ear, it must be noted that
the resulting healing occurs on an avascular cartilage base [35],
which is contrary to the normal wound healing environment in
human skin. Nonetheless, given the reproducibility and relative
ease of generating hypertrophic scars, the rabbit ear remains an
effective model for studying the pathogenesis of hypertrophic
scar formation and for evaluating anti-fibrotic therapies.

Porcine models

Recently, researchers developed hypertrophic scars in
the red Duroc pig by creating wounds of 8 x 8 cm dimensions
on the dorsum of the pig using a dermatome [36]. Hair growth
and pigmentation are similar to that of humans as are several
histological aspects, such as an absence of elastin and the
presence of collagen that is disorganized [36]. However,
although significant scarring was observed, it did not resemble
some of the visual aspects of human hypertrophic scarring. For
example, human hypertrophic scars are red and have abruptly
raised edges, whereas those in the Duroc pig were not red and
had gradual edges. Although no true collagen nodules were seen
in these studies using young pigs, a subsequent study reported
the formation of distinct nodules in 5-month-old Duroc pigs [37].
This is probably because young age skin is more regenerative
than scarring. Other investigators have further validated the
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model, noting increased numbers of myofibroblasts, mast cells,
microvessel density, collagen nodules, area of the scars, and
TGF-B1 mRNA and protein, as is seen in humans [37,38]. In the
case of microvasculature, a comparison between hypertrophic
scars developed in the red Duroc pig and those in the Yorkshire
pig showed that the latter have significantly less microvasculature
and do not mimic human hypertrophic scars [38]. Moreover, it is
suggested that shallow wounds (those created with a dermatome
setting of 0.015” to 0.030") are markedly different from deep
wounds (created with the setting of 0.045"” to 0.060"). Indeed
only deep wounds resembled human hypertrophic scars [39].

A recent study compared hypertrophic scarring in the
red Duroc pig with that in the Guangxi Mini Bama pig and
observed similar trends in shape, epidermal thickening, and
collagen deposition [40]. The smaller size of the mini pig may
make it advantageous over the Duroc pig, serving as a possible
replacement. Moreover, an earlier study that used Bama mini-
pigs as a model for hypertrophic scars, inflicted full-thickness
burn wounds extending through the dermis, as opposed
to excision wounds [41]. Hypertrophic scars formed seven
weeks after the burn and were characterized as dark purple,
raised, firm, increased epidermal and dermal thickness, dense
fibroblast populations, and excessive collagen deposition [41],
characteristics present in burned patients. The Bama mini
pig thus warrants further investigation as a possible model of
hypertrophic scars.

Guinea Pig and Dog models

In addition to those in mice, rats, rabbits, and pigs, an HS
model has also been developed in albino guinea pigs. Amongst
the various procedures tested, a research group showed that
some guinea pigs with excisional wounds treated with coal tar
followed by removal of the panniculus carnosus developed
hypertrophic scarring [42]. Scars were considered hypertrophic
given that they presented histological and clinical features similar
to those of human hypertrophic scars, such as erythema and scar
elevation. However, this guinea pig model lacked consistency in
HS development given that only one-third of animals developed
HS [42]. In addition, 20% of the animals died during treatment
with coal tar given its toxicity.

Another model uses hairless dogs to create a model of
HS. Full-thickness excision wounds were generated on the
lumbar region of hairless dogs [43]. Compared to dogs with
hair, these animals showed the typical characteristics of HS:
presenting thicker scars with hypervascularization and more
fibroblasts and inflammatory cells, in addition to higher collagen
organization and collagen nodules [43,44]. Repaired skin showed
hyperpigmentation and thickening of the epidermis and stratum
corneum. Unlike the model in red Duroc pigs, wounds showed
more erythematous and prominent elevation above the wound
margin [43].

KELOID MODELS

Mouse models

Transplant ofkeloid tissue: A promising keloid mouse model
was first developed by transplanting keloid tissues from humans
into a subcutaneous pocket made by a 1 cm incision down to the

panniculus carnosus on the dorsum of athymic nude mice [45].
At various times ranging from 7 to 60 days post-transplantation,
the keloid tissue was removed from the mice and examined
microscopically. No changes were observed in morphology
when compared to the original keloid specimen. Furthermore,
both the original keloid tissue source and the transplanted
keloid tissue had similar distributions of glycosaminoglycans,
specifically chondroitin-4-sulfate and hyaluronic acid levels [45].
A subsequent report confirmed that no rejection occurred in this
model even after 246 days and vascular anastomosis between the
host and the transplanted tissue was observed [46]. The authors
suggested that 16 days after transplantation was the best time
to conduct experiments on this model [46]. In an initial study,
penicillamine, acetylcysteine, colchicine, and triamcinolone
acetonide were administered to the keloid transplants using this
model [47]. The authors noted initial growth of the keloid tissue
reaching a peak in growth at 4 weeks post-treatment followed
by a regression in size. Following the regression, no difference
was observed between the control and experimental groups [47].
Although the use of athymic nude mice for modeling keloids is
problematic given that it is well-known that the immune system
plays a significant role in excess wound healing, this model may
be used to explore treatments that could reduce and/or abolish
the keloid tissue.

More recently, a group of investigators reported a very
promising model in which human- keloid tissue was transplanted
into a subcutaneous pocket created between the panniculus
carnosus and the anterior rectus sheath, a fascia anterior to the
rectus muscle, of immune- competent mice [48]. Surprisingly, the
fibrotic nature and volume of the keloid transplants remained
preserved for the entirety of the four-month experiment [48].
Unfortunately, the authors provided very few experimental
details, making reproducibility difficult for other groups.

Implants of engineered keloid-like tissue: Stem cells
were isolated from the dermal layer of keloids (keloid-derived
precursor cells), placed in hydrogel carriers, and implanted
subcutaneously into the dorsum of immunocompromised mice
[49]. The results showed the development of keloid-like benign
tissue that displayed aggressive dermal growth resembling that
of tumors [49]. This model, however, lacks keloid epidermal
cells and thus does not have dermal-epidermal interactions. In
contrast, another model was developed with the presence of
both keloid dermal and epidermal cells [50]. These investigators
grafted skin substitutes composed of six combinations of
keloid-derived cells including normal Kkeratinocytes, keloid
keratinocytes, normal fibroblasts, deep keloid fibroblasts, and
superficial keloid fibroblasts into athymic nude mice. Skin-
substitutes containing deep or superficial keloid fibroblasts
showed abnormal organization of collagen fibers, whereas those
containing keloid keratinocytes and deep Kkeloid fibroblasts
showed thicker skin and elevated expression of type 1 collagen
alpha 1 (COL11) [50]. However, macroscopic examination of the
grafted-substitute tissue failed to show morphological features of
human keloid tissues.

Another model involved the implantation of cultured
human keloid fibroblasts into subcutaneous pouches of athymic
nude mice [51]. Before implantation, keloid fibroblasts were
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transferred to a poly (lactic-co-glycolic acid) copolymer and
cultured in a rotary cell culture system for one week. The control
group was implanted with only the copolymer and the implants
were collected 30-180 days after surgery. At collection, the weight
and size of the implants continued to increase as opposed to the
control group, which decreased in size. Histological staining of
the “keloid” implants showed that the human keloid fibroblasts
were still present, and the collagen had the characteristics of
keloids. Fibroblasts in the implants also had elevated levels of
rough endoplasmic reticulum, as is seen in human keloids [51].
Similar procedures were used to create another promising model
of keloids [52]. Human keloid fibroblasts were seeded on sponge-
like scaffolds, allowed to populate the sponges in a rotary cell
culture system, and then implanted subcutaneously in athymic
nude mice. Given the excessive deposition of collagen fibrils in
keloids, an inhibitor of collagen fibril formation was injected into
the constructs and resulted in a significant decrease in collagen
content [52].

Another model was developed in which a porous polyethylene
ring that supported a keloid-derived epidermal-dermal skin
substitute was implanted on the dorsum of athymic nude mice
[53]. These investigators showed that the model contained key
features ofkeloid tissue, including nodular morphology, increased
and abnormal collagen organization, epidermal hyperplasia, and
disrupted dermal-epidermal junctions [53].

Other investigators using nude mice, have focused more on
recreating distinctive features of keloids, such as the presence of
excessive deposition of versican [54]. Mesenchymal cells derived
from keloid lesions showed elevated versican production in
culture. Hence, keloid lesion (KL) cells or normal fibroblasts
(as control) were seeded in collagen sponges and implanted
subcutaneously in the mouse. After one month, both sponges were
retrieved, and their weights were compared. Sponges seeded
with KL cells presented significantly greater weight increase than
those seeded with normal fibroblast. Furthermore, IL-1f3, shown
to suppress the expression of versican genes in vitro, was injected
in KL-seeded sponges. These sponges showed reduced implant
growth, showing an apparent therapeutic potential of IL-1f in
inhibiting keloid formation [54]. Hence, this model has promise
for investigations into treatments for versican0- containing
keloids.

There are several limitations of the skin-transplant model for
keloid studies. First, transplanted human keloids are often older
and more mature tissue because only freshly excised keloid tissue
can be used. This, consequently, does not allow for modeling of
the early keloid development [55]. Second, transplanted keloid
tissue is usually devoid of the epidermis therefore, dermal-
epidermal interactions cannot be investigated [55]. Third, since
immunodeficient models must be used for the transplants to
prevent rejection, immune system involvement in the process of
keloid development cannot be studied [55].

Rat models

The small size and short lifespan of the nude mouse, in
addition to the necessity of using only small transplants and
biopsies, make the nude mouse model not optimal for studying
keloid biology. This limitation was overcome by the development

of a breeding colony of athymic nude rats [56], followed by
studies ascertaining the feasibility of human skin transplants
in these rats. Soon after, it was reported that these nude rats
could be used in developing and maintaining hypertrophic scars
and keloids [57]. An improved model was described whereby
a superficial inferior epigastric pedicle flap was generated and
human-keloid or hypertrophic scar specimens were sutured on
the inner surface of flap [58]. Three weeks later, a sandwich-island
flap was created where the flap was raised and isolated with its
pedicle while a catheter was placed on the flap and sandwiched
by it to allow for the subcutaneous application of substances. The
flap was then tunneled to the ipsilateral flank and isolated from
the surrounding host tissue. The flap’s isolated pedicle and its
position separate from the surrounding host tissue guaranteed
the survival of the explant. Histological characteristics of
fibroblasts and epithelial cells of the explanted tissue remained
unchanged and the disorganized pattern of collagen bundles,
typical of keloids and hypertrophic scars, remained visible for
up to 12 months [58]. At the same time, however, culture of
fibroblasts derived from both hypertrophic scars and keloid
explants showed less aggressive growth as compared to those
from the original specimen [58]. This model was used to perfuse
TGF-B2 or anti-TGF-B2 antibodies via the catheter [59]. Results
from immunohistochemical analyses showed that there was
increased production of endogenous TGF- (2, collagen I, and
collagen III following perfusion of exogenous TGF-B2 but the
opposite occurred with perfusion of anti-TGF-$2 antibody [59].

Equine Exuberant Granulation Tissue Development
Model: Wounding in horses often involves the loss of large
amounts of tissue that require healing with second intention
which relies on granulation tissue development followed by re-
epithelialization and wound contraction [60]. This makes them
susceptible to ulceration and fibro proliferative conditions,
such as exuberant granulation tissue (EGT) development that
occurs on the distal limb of horses. Due to the high frequency of
extensive tissue loss and contamination at this location, these
wounds must heal by second intention. However, a persistent
yet weak inflammatory response, in addition to local hypoxia and
ischemia, contributes to the development of EGT [60]. It should
also be noted that the only known mammals to naturally develop
excessive granulation tissue during wound healing are humans
and horses [61]. Equine EGT resembles human keloids both
grossly and histologically: fibro proliferation extends beyond the
margins of the wound and appears raised, they behave clinically
like benign tumors, there is occlusion of the microvasculature,
and there is an overproduction of extracellular matrix and in
particular collagen deposition [61,62]. A comparison of equine
EGT and human keloid tissues showed disorganized collagen
fibers (although it was not the standard keloid-collagen
arrangement), increased fibroblast populations, and minimal
vascularity. However, EGT tissue has a more pronounced
inflammation with increases in myofibroblasts and polymorph
nuclear cells and delayed re-epithelialization and wound closure
[60,61]. Nevertheless, the equine EGT model certainly warrants
more attention as a possible model for keloids.

CONCLUSION

There is no doubt that animal models are a critical component
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in biological research since they provide investigators with a
stepping-stone through which in vitro and in vivo studies in
model organisms may be translated to clinical research. However,
this necessitates that animal models be created in ways that
render them clinically relevant. Although there has been much
progress in the development of animal models of wound healing,
significant advancements are still required to be made in models
that replicate excessive healing wounds, especially keloids.A
critical obstacle in the development of appropriate models is a
lack of reproducibility.

For consistent studies to occur, researchers must describe
protocols in detail and pay close attention to established
guidelines. Lastly, we recommend that forthcoming models of
excessive healing wounds—or of any type of wound for that
matter—be scrutinized and their similarity with human wounds
be compared before ensuing publication [63]. This will ensure
that experimental data is clinically relevant, ultimately facilitating
the development of treatments for impaired healing wounds.
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