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Abstract

Severe cutaneous wounds expose the body to the external environment, which may lead to impairments in

bodily functions and increased risk of infection. There is a need to develop skin substitutes which could

effectively promote complete skin regeneration following an injury. Murine models are used to test such skin

substitutes, but their healing involves contraction of the dermis not found in human wounds. We have

previously described a device called a dome, which comes in two models, that is used to prevent skin

contraction in mice. One model provides a physical barrier to minimize contraction, and the other model has

additional perforations in the barrier to allow cellular contribution from the surrounding intact skin. Taking

advantage of an enhanced version of these two models, we compared granulation tissue formation, the extent

of vascularization, and the transition to myofibroblastic phenotype between the models. We enhanced the

dome by developing a twist open cap dome and applied the two models of the dome into the excisional

wound biopsy in mice. We demonstrate that the dome can be used to prevent skin contraction in mice. The

control model prevented skin contraction while barricading the contribution of surrounding intact skin. When

not barricaded, the intact skin enhances wound healing by increasing the number of myofibroblasts and

neovascularization. Using a novel model of inhibition of skin contraction in rodents, we examined the

contribution from the surrounding intact skin to granulation tissue formation, myofibroblastic differentiation,

and neovascularization during the course of skin healing in mice.
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Introduction

Wound repair is an intricate process that involves multiple

interconnected pathways important for adequate healing.

Disruption in these pathways and impaired wound healing

continue to be clinical challenges (Bielefeld et al. 2013;

Amini-Nik et al. 2017). Some of the challenges include

limited skin grafts availability, high costs, and large wound

sizes. Thus, skin substitutes are used for extensive wounds

such as those found in burn injuries. Skin substitutes can

provide quick wound coverage while decreasing the extent

of scarring (Lee, 2000; Shores et al. 2007; Jeong et al. 2017;

Monsuur et al. 2017; Sheikholeslam et al. 2018). However,

there are still limitations to current skin substitutes due to

prolonged inflammatory phases and inadequate regenera-

tion in larger wounds (Bello et al. 2001; Nyame et al. 2014;

Shahrokhi et al. 2014). Furthermore, although skin substi-

tutes are more available than skin grafts, they are costly

and can be more expensive than cadaveric allografts (Jones

et al. 2002; Debels et al. 2015; Nicholas et al. 2016; Jeschke

et al. 2017; Hakimi et al. 2018). Thus, novel skin substitutes

are being developed and tested in order to improve the

outcomes of healing while maintaining lower costs.

Studying wound healing in animal models is crucial to

understanding the mechanisms of skin regeneration and

comparing the effectiveness of various treatments, includ-

ing newly developed skin substitutes. Murine models are

inexpensive and are readily available but show different

wound healing to that of humans, mainly due to rapid skin

contraction not seen in humans via an ancillary muscle

called the panniculus carnosus (Lorenz et al. 1992; Sorg

et al. 2007; Amini-Nik et al. 2011; Wong et al. 2011; Nal-

daiz-Gastesi et al. 2018; Zomer & Trentin, 2018). Due to this
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muscle, quick wound closure occurs with minimal scarring

or deformities. In humans, reepithelization and granula-

tion tissue formation are the main processes behind

wound closure, which render wound-healing studies in

rodents troublesome due to potential confounding factors

(Sullivan et al. 2001). In addition, rapid contraction seen in

murine models prevent tested skin substitutes from allow-

ing regeneration to occur in the excised area, as closure

often occurs before the skin substitute has time to inte-

grate into the wound. Porcine models are widely used in

wound repair studies as they have been shown closely to

mimic the mechanisms of healing found in humans, and

have similar skin compositions and thickness (Sullivan et al.

2001; Seaton et al. 2015; Hakimi et al. 2018). However,

these models tend to be expensive to maintain, have high

risks of infection, and are not easily accessible. Therefore,

there is a need for easily accessible animal models such as

murine models with minimal wound contraction which

better resemble wound healing found in humans.

We have previously described and validated a surgical

device, a dome, that is used to prevent skin contraction

while allowing the housing of a synthetic skin graft (Jeschke

et al. 2017). When using skin substitutes on wounds in

humans, cells and other factors from the surrounding intact

skin and the wound bed infiltrate the skin substitute for

wound closure (Poon et al. 2009; Bielefeld et al. 2011, 2013;

Sadiq et al. 2018). However, the extent of contribution from

the neighboring skin to wound healing is not yet clear.

Here, we present for the first time an enhanced version of

the dome device where the dome has a cap, allowing the

healing area to be opened and skin substitutes to be added,

monitoring their integration. Using this enhanced model of

the dome and by comparing the two models, we evaluate

the interaction between the wound and the surrounding

intact skin found around the wound. We characterize and

verify the effect of surrounding skin on myofibroblast

differentiation, vascularization, and granulation tissue

formation in comparison with the barricaded model.

Materials and methods

Manufacturing enhanced version of the dome

The dome was developed at the Sunnybrook Research Institute

Department of Design and Machining Services. The new version

allows researchers to open the dome cap to apply skin substitutes

or the desired molecules for further evaluation (Fig. 1).

Physical properties of the dome

The domes used are made of Accura� ClearVueTM, which is a clear

plastic developed using Viper SI by 3D Systems. The two types of

domes used in the study were either perforated or non-perforated

as previously shown (Jeschke et al. 2017). The domes are used to

prevent wound healing in order to test the effects of the grafted

skin substitutes alone. The new domes were modified from the

previous study where bigger holes on top and the sides of the

dome were designed (1.02 mm each) using SolidWorks. The dome

included 15 perforations on the sides of the dome instead of 30

holes seen in the previous models, and the cap included six holes.

Furthermore, the new design had a removable cap to allow for skin

substitute insertions or delivery of growth factors or drugs.

Experiment

Dome preparation

The domes were fabricated in the Department of Design and

Machining Services at the Sunnybrook Research Institute. To pre-

pare the dome for the experiments, the domes were incubated in

70% ethanol for 5 min and air-dried in a tissue culture biosafety

cabinet. The dome was sterilized by UV radiation for 30 min

before usage.

Wound excisions and placing the dome

The preparation of wound was performed as previously described

(Jeschke et al. 2017). Briefly, the mice were anesthetized with 1–

2% isofluorane + oxygen until unconscious, and the eyes were

protected using eye gel. The hair on the back of the mouse was

shaved, and the skin in the middle of the back was pinched so

that a biopsy punch through the pinched skin penetrated

through both skin layers to make two holes of equal size. Perfo-

rated and nonperforated domes were inserted under the

wounded skin on the left and right sides, respectively. The sides

of both dome prototypes were embedded into the dermal area

to separate the surrounding skin from the wound area (Fig. 2).

The wounds were then harvested with the dome after 11 days

and fixed in 10% formalin.

Animal model ethical approval

Mice were obtained from Jackson Laboratory under the guidelines

of the Sunnybrook Research Institute and Sunnybrook Health

Sciences Animal Policy and Welfare Committee of the University of

Toronto. Animal procedures were reviewed and approved by Sun-

nybrook Research Institute and Sunnybrook Health Sciences Centre

at the University of Toronto animal care and use committee.

Imaging and quantification

The samples were embedded in paraffin and placed on slides. Mas-

son’s trichrome staining was performed for histological studies as

previously described (Jeschke et al. 2017). Immunohistochemistry

was performed to characterize the cellular composition of the har-

vested wounds. The slides were heated at 60 °C for 30 min and

treated with citrosol to deparaffinize the samples. The samples

were then rehydrated using 100, 95, and 70% ethanol. Biocare

Medical Antigen decloaker solution and the decloaking ChamberTM

NxGen were used for heat-induced epitope retrieval (HIER). For

imaging, five different hpf areas from each sample at 409 magnifi-

cation were used to quantify the ratio of positive cells to total cell

number (~ 70–100 cells per hpf).

Results

Development of twist open cap dome for studying

skin substitutes in rodents

It is important to monitor the grafted skin substitutes in

wound healing studies and, therefore, a clear top with
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twist-open cap is desirable. Moreover, it would be bene-

ficiary to be able to apply skin substitutes after dome

insertion when the surgical procedure is complete. We,

therefore, advanced the previous version of the dome

and developed twist-open cap domes for both models of

perforated and non-perforated domes. Moreover, we

have modified our previous design of the dome models

to make bigger holes to prevent the holes from clog-

ging. The new design has six holes (1.02 mm diameter)

on top and 15 openings on the side (in the perforated

model). Furthermore, the new design included a remov-

able cap to monitor wound closure and to allow for

potential delivery of materials or skin substitutes. Both

models have twist-open caps allowing air exchange and

liquid discharge (Fig. 1).

Excisional wound biopsy was used to inflict wounds in

wild-type mice. Domes were administered to the wound to

prevent and minimize the effect of contraction on wound

healing. Thus, we were able to study alternative methods

of recovery of granulation and epithelization of the wound

Fig. 1 Enhanced dome with twist open cap.

The dome was manufactured using Viper SI

from 3D Systems, designed using SolidWorks.

(A) Side view of the perforated dome model

is shown (there are 15 holes,

diameter = 1.02 mm) and (B) non-perforated

dome model. (C) Top view of the dome

showing where materials and skin substitutes

could be delivered (diameter of

dome = 8 mm). (D,E) The perforated dome

cap is shown (six holes,

diameter = 1.02 mm).

© 2019 Anatomical Society

Role of intact skin in wound healing, M. E. Aljghami et al. 525



(Galiano et al. 2004; Fahie & Shettko, 2007). We have devel-

oped two models of the dome, perforated and nonperfo-

rated, the latter of which prevents contribution of the

surrounding tissue to the healing wound. Histological stud-

ies were performed to validate the two dome models.

Surrounding intact skin contributes to and enhances

wound healing

It is believed that cells from the wound bed area and the

surrounding intact skin migrate to the void excised skin

(Bielefeld et al. 2011, 2013; Yousuf & Amini-Nik, 2017).

However, the extent of this contribution is not yet verified.

This is important to verify because, for large wounds, heal-

ing mainly relies on the wound bed contribution. To under-

stand this process, we subjected mice to excisional wound

biopsy and used two models of domes, a perforated model

to allow for the contribution of surrounding intact skin and

a non-perforated model to prevent this interaction as a con-

trol group (Fig. 2). The harvested wounds were sectioned

onto slides and Masson’s trichrome staining was performed

for histological analysis (Fig. 3). Wounds with perforated

domes showed increased skin thickness (701.0 � 13.75 lm,

P < 0.01) compared with non-perforated domes (477.6 �
6.625 lm) 11 days post-surgery, demonstrating an

increase in granulation tissue formation in domes with

holes. In the focused area of the formed granulation tis-

sue, we did not observe any significant differences in

the extent of cellularity. These data show that wounds

start to heal and form granulation tissue without the

contribution of surrounding intact skin, but the wounds

that could communicate with intact skin showed a larger

granulation tissue formation and thicker tissue com-

pared with control.

Fig. 2 Infliction of wound and administration of dome. (A) Excisional biopsy punches were inflicted to produce one wound on each side of the

mouse of equal diameter size. The nonperforated dome was added to the right-side wound while the perforated domes were added to the

left-side wound on each mouse. The shoulders of the dome were placed for 11 days under the surrounding skin, preventing contraction. The

wounds were harvested for analysis. (B) Insertion of the dome into the skin after punch biopsy and formation of the granulation tissue, which

mainly comprises vascular connective tissue.
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Surrounding intact skin contributes to the increased

number of myofibroblasts in the wound

During the wound healing process, fibroblasts differenti-

ate into myofibroblasts, which function to contract the

edges of the wound for proper wound closure, a dis-

tinct phenomenon from the wound contraction observed

in mice due to panniculus carnosus (Skalli & Gabbiani,

1988; Grinnell, 1994; Berry et al. 1998; Nedelec et al.

2000; Desmouli�ere et al. 2005). At the end of wound

healing, these myofibroblasts are lost by undergoing

apoptosis and the failure of this process is associated

with hypertrophic scarring and/or keloid formation (Des-

mouliere et al. 1995; Moulin et al. 2004). Although there

have been previous indications that myofibroblasts dif-

ferentiate from local fibroblasts in the skin, the extent

of the contribution of the intact skin surrounding the

wound is still unclear (Chang et al. 2002; Darby & Hewit-

son, 2007). Using our two models of domes, we were

able to test the effect of the surrounding skin on myofi-

broblastic differentiation compared with the effects of

the wound bed. Immunohistochemistry staining for a-

smooth muscle actin positive (a-SMA+) cells, which is a

marker for myofibroblasts, was performed on the wound

sections showing a higher number of a-SMA+ cells in

the wounds provided with perforated domes in zone 4

(center of the wound), as indicated in Fig. 4. However,

no differences were seen in the number of a-SMA+ cells

adjacent to the wound in zone 1, as shown in Fig. 4.

These findings suggest that the intact skin play a role in

signaling for myofibroblastic differentiation and migra-

tion into the wound.

Fig. 3 Newly formed granulation tissue is thicker in wounds with a perforated dome. (A) Masson’s trichrome staining was performed on cross-sec-

tional slices of the harvested wounds. Representative images of the formed granulation tissue after 11 days can be seen in (C). Brackets indicate

the measured thickness of the skin. (B) No significant differences in cellularity were observed between the non-perforated and perforated dome

groups. (D) Skin thickness was significantly higher in the perforated group compared to the barricaded model (n = 3, P < 0.05, unpaired t-test).
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Surrounding intact skin contributes to an increase in

vascularization of the wound

In the proliferative phase of wound healing, neovascular-

ization occur, where endothelial cells migrate into the

wound to form blood vessels in the wound, allowing for

healthy healing of the tissue (Martin, 1997; Demidova-Rice

et al. 2012). Experiments were performed with the two

dome models to examine the effect of the neighboring

intact skin on vascularization of the wound. Tissue samples

collected from the wound areas were stained with CD31, a

marker for endothelial cells (Fig. 5). In wounds where per-

forated domes were placed, more blood vessel formation

was observed compared with non-perforated domes, sug-

gesting that cellular and/or cellular cues that initiate neo-

vascularization (e.g. migration of endothelial progenitor

cells) are enhanced when the surrounding intact skin con-

tributes. The area of blood vessels in the perforated domes

was slightly higher, although not significant, compared

with domes with no holes, suggesting that surrounding

cues has less effect on maturation of blood vessel. These

results suggest that the surrounding skin likely plays an

important role in the initiation of vascularization of the

wound either by a direct cellular contribution or through

signaling cues beneficiary in neovascularization.

Discussion

The use of animal models is crucial for studies on wound

healing, and the effects of treatments and therapeutic tech-

nologies such as skin substitutes. However, rapid skin con-

traction in murine models may prevent skin substitutes

from adhering to the wound bed, creating challenges in

testing the efficacy of newly developed substitutes. Our

enhanced dome models allow for the prevention of the

inflicted wounds from rapid contraction while simultane-

ously allowing for the evaluation of the contribution of the

surrounding skin to wound healing.

The role of myofibroblasts in wound closure and contract-

ing the wound edges has already been shown, and several

hypotheses have been proposed on the source of these

cells, which are not typically found in the healthy intact skin

(Grinnell, 1994; Darby & Hewitson, 2007). Some of the pro-

posed sources of myofibroblasts include local fibroblasts,

circulating fibrocytes, and resident cells which have under-

gone epithelial-mesenchymal (EMT) transition (Hinz et al.

2004, 2007; Mori et al. 2005; Zeisberg et al. 2007; Moeller

et al. 2009; Acharya et al. 2012). However, the extent of the

contribution of each source is unclear, and several of these

experiments were not focused on skin wound healing. We

took advantage of our dome models to show that the

Fig. 4 Cells in newly formed granulation tissue showed higher levels of myofibroblastic cells when the perforated dome was used. Different zones

of the tissue as shown in (A) were compared for number of myofibroblasts. Unlike zone 4, which makes up the wound area, no significant differ-

ences were seen in zone 1 (B), which comprises the surrounding intact skin (similar results were found for zones 2 and 3). (C,D) A higher number

of myofibroblasts were seen in the perforated dome group than in the non-perforated dome. The arrow indicates an example of a-SMA+ cells

(n = 3, P < 0.05, unpaired t-test).
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surrounding skin plays a significant role in the contribution

of wound healing to several key stages such as myofibrob-

last differentiation, neovascularization, and granulation

tissue formation. The dome model with perforations, which

allowed for interactions with the neighboring skin, showed

a larger granulation tissue formation and thicker dermal

component, a higher number of myofibroblastic cells, and

blood vessel formation. These findings suggest that the

healing wound most likely receives signaling cues from the

periwound to increase myofibroblastic differentiation,

which assists in wound contraction for wound closure

(Amini-Nik et al. 2011, 2014; Shah & Amini-Nik, 2017; You-

suf & Amini-Nik, 2017; Sadiq et al. 2018). Future studies are

needed to determine whether this primary contribution of

the surrounding skin is through direct myofibroblastic

migration from the periwound or through the sprouting of

blood vessels into the wound area.

The observed increased number of blood vessels might

also be due to either signaling cues from the surrounding

skin or to the higher chance for the cells to migrate into the

wound from the periphery of the wound. Neovasculariza-

tion is a complex phenomenon and pinpointing a single

factor that contributes to the enhanced neovascularization

is not possible with current models (Thomas et al. 2017).

However, our data highlight the extent of the contribution

of surrounding skin and suggest that surrounding intact

skin is essential for initiation of vascularization. It would be

ideal to use transgenic reporter animals where endothelial

cells are permanently labeled with fluorescent markers

(Kisanuki et al. 2001; Amini-Nik et al. 2011, 2014; Sarkar

et al. 2012) in order to evaluate the extent of contribution,

their lineage, and fate during healing and to compare the

two models. These findings raise the possibility that the

cells contributing to wound healing primarily come from

the surrounding skin rather than from the wound bed or

the cells in circulation. These two models allow researchers

to determine whether the grafted skin substitute is able to

initiate the process of neovascularization without the con-

tribution of surrounding intact skin. This is essential

because, for large wounds, the extent of the contribution is

limited, as wounds rely mainly on their bed rather than sur-

rounding skin. Our studies do not discuss the mechanisms

by which these diverse types of cells affect wound healing.

Cell lineage studies using reporter mice (for the host

Fig. 5 Cells in newly formed granulation tissue have a higher number of blood vessels in the non-perforated dome group. (A) Representative

image of the vascularization formed in the healing tissue in wounds harvested with perforated vs. non-perforated dome (the arrows indicate blood

vessels in the tissue). (B) Graphical representation showing a higher number of blood vessels in perforated domes compared with non-perforated

domes. (C) A trending increase, though not significant, can be seen in the area of blood vessels (n = 3, P < 0.05, unpaired t-test).
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animal) or applying labeled cells to the skin substitutes are

necessary to address the contribution of each of these dif-

ferent cell types to wound healing and tissue repair.
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