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Abstract

Pathological scars might cause a distorted appearance and restricted mobility, and the study of
scar pathophysiology has been hindered by the absence of a reliable model. In this study, we
introduce a model with a modified device to induce controlled tension on a wound healing by
secondary intention to overcome the shortcomings of the model generated by Aarabi et al. We
investigated and recommend an induction of 0.1 N/mm? tension on day 7 for 14 days to mimic
the characteristics of human scars. A 3.5-fold increase in scar tissue and a 2-fold increase in
collagen production were induced by the modified model. Histologically, the modified method
increased scar thickness. However, no significant difference was found in cell density between the
two groups. This modified procedure significantly increased scar tissue, which could be used for
further cellular and biomolecular research. The mechanical force applied to the wound became
measurable and controllable. This method is more convenient for researchers to observe in real-

time and for providing timely adjustments of the tension used in this modified model.
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Background

Pathological scar formation is a common complication fol-
lowing trauma, surgical incision and burn injuries (1) that
often leads to distortion and restricted mobility (2). Since
its pathophysiology remains poorly understood, none of the
main treatments can completely prevent scar formation; the
patient outcomes have shown significant differences among
individuals (3, 4). Compared to similar diseases, targeted ther-
apies for scar progressed slowly (5, 6). A major reason may
be the current lack of a proper in vivo model to simulate the
formation of human scars to test potential new treatments (7).

Various animal models mimicking the wound healing of
humans have been established over the past half-century
(8-10). However, the skin structures of humans and animals
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are different. As reported, the resting tension of murine skin
is lower than that of normal human skin (11-13). Thus, the
application of these models may lead to misunderstandings
about the wound repair process of the human body. To solve
this problem, Aarabi ef al. first reported that a murine model
with a healing wound on the dorsum produced pathological
scars when additional mechanical force was applied (14).
Since the same procedure could be conducted on gene knock-
out mice, this model may contribute to a more in-depth
understanding of the pathophysiological mechanisms of scar
formation.

However, the first reported method (15) induced few scar
tissues for further study. The method to create mechanical
force was difficult for researchers to operate, and thereby
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Figure 1. Previously reported and modified devices for the scar model. (a) previous stretching device: an expansion screw (2) was rotated to stretch two stainless
steel plates (1). (b) Modified stretching device: a fixed plate (1) and a movable plate (1') were to be sutured at both sides of the healing wound. The movement
of the nut (3) compressed the spring (4) and pushed the movable plate (1’) to apply skin tension, which was visualized as the total compression of the spring

obtain reproducible results. The measurement of the applied
force was done after murine skin specimens were obtained,
and mouse skin was analysed ex vivo to determine the amount
of force required to create a level of stress equivalent to that
experienced by human skin in vivo. As a result, the applied
force was uncontrollable in real-time and caused significant
individual differences in the induced scars.

To overcome the above limitations, we modified the previ-
ously reported scar model with controlled tension to normal-
ize the force applied to each animal and changed the healing
wound from a primary closed wound to a secondary wound
to obtain more tissue identical to human scars. We assessed
the model by examining the histopathological characteristics
of scars induced by this method.

Methods

Animals

Animal procedures were all approved by the Committee on
the Ethics of Animal Experiments of Shanghai Jiao Tong
University School of Medicine. Male C57BL/6 mice of specific
pathogen-free grade, 6 weeks old and weighing 25 + 3 g were
purchased from the Shanghai Experimental Animal Center.
All procedures were completed under strict aseptic manipula-
tion. Mice were sacrificed at designated time points, and scar
tissue was fixed in 10% formalin for histological staining or
incubated overnight at 4°C in an acid-pepsin extraction for
soluble collagen assay.

Previous procedure

The previous scar model from Aarabi et al. was to create a 2-
cm, linear full-thickness incision on the dorsum of the mouse,
then reapproximate the wound with 6-0 nylon sutures. The
sutures were removed on day 4 post-incision. Subsequently,
the incisional scar was challenged with stretching force via a
skin-stretching device (Fig. 1a). According to the description
of the authors (10), the expansion screws need to be stretched
by 2 mm on day 4 post-incision and by 4 mm every other day
thereafter to maintain the force from the natural elongation
of skin.

Modified procedure

In our study, the linear incision was modified to a 2 x 0.5 cm
full-thickness wound on the dorsum of the mouse, and a
silicone splint was applied around the wound. The splint was
fixed with cyanoacrylate adhesives and consolidated with 6—
0 nylon sutures. After granulation tissue filled the wound in
7 days with minimal contracture, the wound was ready for
additional skin tension. On day 7 post-incision, the silicone
splint was removed and two stainless steel plates were fixed
to both sides of the granulation tissue (Fig. 2). There were
two different plates, one fixed with the screw and the other
removable (Fig. 1b). The nut was adjusted to be away from
the fixed plate and compress the spring, with the removable
plate forming a controllable mechanical force on the skin.
The tension was estimable and manageable by adjusting
the nut. In total, the tension was applied to the skin for
14 days.

To determine the time of loading, one group of mice per
day were sacrificed to study the histological changes. To
decide the accurate mechanical force used to induce addi-
tional scar formation, mice were sacrificed to observe changes
of scars with different tensions after 14 days.

Biomechanical analysis

On day 7, after granulation tissue mostly filled the wound, the
induced scar was removed from animals and was measured
to study the thickness and width of granulation. Since we
made a 2 x 0.5 cm full-thickness wound, the length of the
granulation was known. Based on the first batch of mice
that were executed, we were able to discern an average value
of the thickness of granulation. The tension (cross-sectional
area tension = [length of spring compression x the elastic
coefficient of the spring x 2]/[thickness of granulation x
length of granulation]) applied to murine wounds by our
device was readable by researchers in real-time.

Histology
On designated days after wound stretching, the induced scar
was removed from animals.
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Figure 2. Illustration of the modified scar model. (a) A 2 x 0.5 cm full-thickness
wound was created with scissors and the surrounding skin was fixed with a
splint. (b) Granulation filled the wound within 7 days. (¢) The stretching device
was fixed to the surrounding skin with 3-0 silk thread sutures immediately
after the remove of the splint. (d) The nut was adjusted to compress the
spring and thus push the movable plates away. (e) The mechanical force was
maintained for 14 days until the re-epithelialization of the granulation and
scar remodeling

Samples of human hypertrophic scars were harvested
from Shanghai Ninth People’s Hospital. All procedures were
followed and ethical approval from the Human Research
Ethics Committee of Shanghai Jiao Tong University School of
Medicine was obtained. Sections (5 #m thick) were prepared,
using hematoxylin and eosin and picrosirius red staining to
assess the produced collagen. Differences in the histological
architecture and scar thickness, as well as the width of

the scars induced by the modified and previous procedure
induced scars were assessed using an upright microscope
(Nikon ECLIPSE Ni, Japan) with polarizer accessories.
Nuclear staining with 6-diamidino-2-phenylindole was
performed. Data were expressed as cell counts and cellular
density per 0.1 mm?.

Images were collected and then evaluated blindly by two
independent researchers using Image] (NIH Image, USA)
image analysis software, and no difference was found in
their data. The results are presented as the mean + standard
deviation (SD).

Sircol™ Soluble Collagen Assay

The Sircol ™ Soluble Collagen Assay Kit (Biocolor, Carrick-
fergus, UK) was used to determine the total collagen content
of scars. Manufacturer’s instructions were strictly followed in
all procedures. Data were expressed as the collagen content
of the entire scar.

Statistical analysis

Each treatment group consisted of 6 mice. GraphPad Prism
7 (GraphPad Software, La Jolla, CA 92037 USA) was used
to analyse the data. Comparisons were made using two-
tailed Student’s unpaired #-test. Values are presented as the
mean = SD. Significance was set at p < 0.05.

Results

Time of loading and tension to induce scar

To induce scars on a secondary healing wound, wound dehis-
cence after the load of mechanical force should be avoided.
We established a 2 x 0.5 cm full-thickness wound fixed with
a splint and studied the histological changes of granulation
thickness and epithelial gap over time (Fig. 3). We found the
granulation mostly filled the wound in 7 days with minimal
wound contraction.

To determine the precise mechanical force used to induce
additional scar formation, we observed changes in the colla-
gen content of the scars with different tensions for 14 days.
Scars induced with 0.05 N/mm?, 0.1 N/mm? and 0.2 N/mm?
of tension produced significantly higher collagen. Then, we
tested if the murine skin was sustainable under such tension.
During the entire procedure, devices were checked every
12 hours and refixed if they became detached from the skin.
A total of 0.2 N/mm? skin tension caused unstable results
because of the injuries induced by high-tension sutures.

Modified model showed more obvious

histopathological characteristics of scar

We modified the scar model from that reported by Aarabi
et al. The linear incision was changed to a 2x 0.5 cm
full-thickness wound to obtain more scar tissue, and the
mechanical force was loaded for 14 days in both the previous
and modified methods (Fig. 4). The mice were sacrificed for
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Figure 3. Time of loading and tension to induce scar. (a) The thickness change of the granulation after the wound was created. The granulation mostly filled the
wound in 6 days. (b) The change of epithelial gap after the wound was created. After the first 6 days, the wound contracted dramatically. (¢) The wound was
challenged with different tension for 14 days and harvested for the measurement of collagen. (d) Times needed to refix the mechanical device. With 0.2 N/mm?,

times researchers needed to refix the device are significantly more

histological analysis immediately after completion of 14-
day force loading and were photographed under the same
condition. The surface area of each scar was measured. We
found a 3.5-fold increase in scar tissue was induced by the
modified method. Histologically, human hypertrophic scars
include features of raised scars and a loss of rete pegs, adnexa
and hair follicles. Scars induced by this modified method
showed obvious and classic features of human hypertrophic
scars (Fig. 5). Scar thickness and collagen density both are
important characteristics of scars. The modified method
increased scar thickness and produced a 2-fold greater
content of collagen. However, no significant difference was
found in cell density between the groups.

Discussion

Wound repair is a complex pathophysiological process
composed of three consecutive and overlapping stages (15),
and pathological scars are caused by an abnormal wound
repair response secondary to trauma, burns and surgeries (1).
During the inflammation phase, massive inflammatory cells
infiltrate the wound and secrete multiple growth factors
(16). During the proliferation phase, excessive deposition

of extracellular matrix proteins and persistent activation of
fibroblasts is apparent (17). During the remodeling phase,
apoptosis is reduced. Given these abnormalities and the
fact that animals are physiologically different from humans,
mimicking human scars in animal models remains a major
challenge for scientists and physicians.

At present, the in vivo model of scar can be roughly divided
into three categories. The first category is to transplant a
normal human skin graft (or keloid dermal graft) onto the
back of a nude mouse (18). Nude mice are characterized
by a deficiency in functionally mature T cells and lack of a
thymus (19, 20). Although they exhibit an innate immune
response and can mount a robust inflammatory response,
their immunodeficiency means that they are unable to pro-
duce a normal response to specific antigens; inflammation is
of great importance to scar formation. The second category
is to inject profibrotic drugs subcutaneously, for example,
the bleomycin-induced scar model. This model was first
created by a daily injection of bleomycin subcutaneously
(21). Alexander et al. modified this model by inserting an
osmotic pump filled with bleomycin into a pocket between
the skin and muscle layers to avoid daily injection (22). Many
researchers have demonstrated that the epidermis plays a role
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Figure 4. The modified model showed more obvious histopathological characteristics of pathological scars. The previous model is shown in the left column
and the modified model is shown in the right column. (a-¢c) Mice were photographed to measure the surface area of each scar. The modified method produced
significantly increased scar tissue than the previous method. (d—f) The histological sections were photographed and the scar thickness was measured as one
of the major characteristics of pathological scars. The modified method slightly increased the thickness of the scars. (g-i) The sections were stained with picric
acid-Sirius and photographed with microscope and polarizer accessories. The modified method produced scars with 2-fold greater collagen density. (j-1) Cell
counting was undertaken by nuclear staining with 6-diamidino-2-phenylindole and measured with ImageJ. Scale bar: 500um. There was no significant difference

in cell density between the two groups

in the formation and progression of a scar (23, 24). Thus,
drug injection models are restricted to studying the crosstalk
between the epidermis and dermis. The final category pro-
vides additional mechanical force to reduce wound contrac-
ture and mimic scar formation. In the wound-splint model,
full-thickness wounds are generated on the dorsum of the
mouse, then silicone splints are fixed to the skin (13, 25). In
another similar model, full-thickness and circular wounds to
the depth of the surface of cartilage were generated on the ears
of rabbits (26). Due to the presence of subdermal cartilage,
the wounds healed clinically and were histologically similar to
those of humans. However, the resting tension of skin between
humans and animals is different, and these models could not

provide sufficient mechanical force to completely reproduce
human scars.

Aarabi et al. described a murine model established with
mechanical force applied to a healing wound. A linear
full-thickness incision on the dorsum of the mouse was
made and then reapproximated with sutures. After 4 days,
the sutures were removed, and the incisional scar was
challenged with a stretching force provided by a skin-
stretching device. Additional expansion was needed to
maintain the force from the natural elongation of skin.
With this model, a scar could be reproduced. Aarabi et al.
utilized the key initiator of human scar formation, which
is mechanical force, to create an ideal model. The same
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Human

Mouse

Figure 5. The modified model produced scars histologically identical to human hypertrophic scars. (a) Human hypertrophic scars are raised and demonstrate a
loss of rete pegs, adnexa, and hair follicles. (b) The model mouse possesses similar classic histological features of human scars. Scale bar: 200pm

procedure could also be conducted on gene knockout mice;
thus, this murine model helped researchers make a big step
forward in the study of scars. However, in this model, the
mechanical force applied to the wound was unmeasurable
and nearly unmanageable in real-time, and tissues obtained
from the wound were insufficient. Dozens of studies
have used this method, but few studies have improved it.

Here, we described a modified model from Aarabi et al.
with controlled tension on secondary wound healing in mice.
Our modified procedure mainly consists of the following two
parts. One was to change the healing wound from a primary
closed wound to a secondary wound. We modified the linear
incision to a 2 x 0.5 ¢m full-thickness wound with a silicone
splint applied around the wound to avoid contracture. This
procedure significantly increased the scar tissue obtained,
meaning that sufficient material may be available for analysis
by biomolecular techniques and flow cytometry methods.
This method would also avoid the conditions of either wound
dehiscence or no effect on scar formation that the previous
model sometimes suffered. The other modified element of
the procedure was to change the skin-stretching device from
expansion screws to a device with two stainless steel plates.
There were two different plates, one fixed with the screw and
the other one movable. The nut was adjusted to be away from
the fixed plate and compressed the spring, then the movable
plate formed a controllable mechanical force on the skin.
With this improvement, the mechanical force applied to the
wound become measurable and controllable, making it more
convenient for researchers to observe in real-time and provide
timely adjustment of the tension.

It seems complicated to conduct these procedures on mice
to complete this newly created model, but there are several
things researchers can do to prevent models from being
inaccurate. At the beginning of the experiment, mice should
be fed separately to prevent the sabotage of the device, and
observers need to check the devices every 12 hours and refix
them if they detach from the skin.

Although the modified model generated increased scar
area and increased scar thickness compared to the previous
model, two weeks of observation was not enough, as murine

wounds may contract without mechanical stress and the
histological features may change. However, the goal of the
current study was to modify the method created by Aarabi
et al. to improve the stability and repeatability of the murine
model. Therefore, the long-term results of force-induced scars
were not observed.

Conclusions

The modified model we describe in this study has great
potential to be applied in the study of the pathological and
molecular mechanisms of scars. In vivo studies of new drugs
and therapies designed to inhibit scar formation could also
use this model. Furthermore, skin expansion (a potential
application area of this model) is an important method in
plastic surgery, and it is also a research focus valued by plastic
surgeons. Unlike conventional expanders, this mechanical
stress device would be fixed on the skin to avoid the for-
eign body reaction caused by the insertion of a traditional
expander.
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