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Abstract
Skeletal muscle injuries are a serious cause of disability in the military and civilian
populations. Compartment syndrome (CS) is a secondary injury, proceeding any primary
injury that results in swelling and edema within the muscle fascicle compartment, which
leads to occlusion of the tissue vasculature and, if left untreated, tissue necrosis and
potential loss of limb. The current standard of care for CS is surgical fasciotomy which
involves an incision through the muscle fascia to relieve compartmental pressure. This
may save the limb, but often results in scarring and reduced muscle function. Our group
previously developed a rat model of CS for exploring the pathophysiology of the
condition and for testing potential treatment methods. We sought to improve upon this rat
model by better matching it to the clinical condition. CS was induced on the hindlimb of
adult male Lewis rats, followed by fasciotomy surgery (n=10). A number of rats had a
silicone spacer inserted at the fasciotomy site and left in for either 3 (n=24) or 6 (n=12)
days. Functional and histological data from these groups were analyzed. No changes
were found in functional data from the fasciotomy or silicone spacer groups at 7 or 14
days post injury. We found significant increases in fibrosis in the silicone spacer groups
over the previous model of CS. Rats with the silicone spacer left in for 3 days developed
a maximal amount of fibrosis 7 days post injury. Additionally, fewer rats had measurable
function on day 7 with the silicone spacer insertion for 3 days compared to other groups.
Silicone spacer insertion in the rat model of CS leads to an increase in fibrosis, which
better matches the clinical condition.
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Background
Skeletal muscle biology
The human musculoskeletal system encompasses 40% of the human body, acting
to generate movement and force in response to a physiological stimulus, in addition to a
variety of other important physiological functions, such as serving as a glucose sink and
generating heat through shivering (Yoseph and Soker; Boron and Boulpaep). Muscle
trauma can lead to a significant decrease in quality of life, with severe untreated muscle
injury leading to loss of limb, or death. Furthermore, muscle function decreases as we
age, making research into maintenance and repair critical to improving quality of life for
the aging population.
In the United States, 1 in 2 adults are affected by some kind of musculoskeletal
condition, accounting for a cumulative cost of over $800 billion annually, or over 5% of
the GDP (United States Bone and Joint Initiative). These costs are expected to rise as
Americans continue to live longer and healthier lives through advances in medicine.
Thus, there is an increasing need to research these conditions and new treatments for
them. However, these various musculoskeletal conditions currently receive significantly
less funding than other diseases from the NIH (United States Bone and Joint Initiative).
Of additional importance, these conditions are of increased frequency for members of the
military, due to additional risk factors associated with the underlying trauma.
Skeletal muscle is one of three types of muscle that exist in the body (the other
two being cardiac and smooth muscle) and is responsible for voluntary movement.
Skeletal muscle displays a very organized pattern that is necessary for proper movement.
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The smallest functional unit of skeletal muscle is the myofiber, or the actual muscle cell
(Boron and Boulpaep). Myofibers are elongated and multinucleated, with several
important contractile proteins within the cell that are responsible for force generation.
The two main contractile proteins are actin and myosin, which complex together in a
process called cross-bridge cycling. Motor neurons have a precise connection in a 1:1
ratio to these myofibers to stimulate contractions by releasing acetylcholine into the
neuromuscular junction between the nerves and the myofibers (Cisternas et al.). Binding
of acetycholine onto nicotinic receptors on the myofibers will lead depolarize the
myofiber, leading to an increase in intracellular Ca2+ concentration, which is necessary,
along with ATP, for the contractile proteins actin and myosin to undergo cross-bridge
cycling, and therefore generate force (Boron and Boulpaep). The calcium can come from
intracellular sources, i.e. the sarcoplasmic reticulum, or from extracellular sources, in
order to increase the cytoplasmic concentration of Ca2+ , which will allow contraction to
occur (Boron and Boulpaep). To stop the contraction and cause relaxation, Ca2+ is both
re-sequestered into the sarcoplasmic reticulum by a Ca2+-ATPas (SERCA) type pump,
and pumped back out of the cell Na-Ca exchanger (Boron and Boulpaep). The overall
force can be summed spatially or temporally. When myofiber depolarization and
subsequent repolarization and relaxation occurs, the force that develops is known as a
twitch. If depolarization is initiated before full relaxation, the force will be summed to
produce greater force than a single twitch. This increase in the frequency of contractions
leads to temporal summation of force. When myofibers are stimulated at a frequency
such that individual twitches cannot be distinguished, tetany occurs, leading to the
maximal contractile force of that myofiber. Additional force can be generated through
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spatial summation, in which multiple myofibers are stimulated simultaneously. Often,
both spatial and temporal recruitment are used in conjunction to generate increasing force
in an organism. In order to transmit this force, the myofibers must be bound together
though.
Individual muscle fibers are surrounded by a connective tissue coating called the
endomysium. When groups of myofibers are aligned linearly, they are bundled together
by a coating of connective tissue called the perimysium to make up a muscle fascicle
(Boron and Boulpaep). Groups of fascicles are bound by yet another connective tissue
coat called the epimysium to make up one muscle (Boron and Boulpaep). Thus, in order
for proper contraction to take place, all of these elements must be preserved and multiple
myofibers must be stimulated in order to produce sufficient force for movement. This
organization can be disrupted due to trauma, disease, and aging. There are a number of
supportive cells such as fibroblasts and satellite cells that reside between fascicles that
play a critical role in muscle physiology (such as muscle growth, repair, and extracellular
matrix formation), as well as pathophysiology (such as in injury, trauma, and aging)
(Yoseph and Soker; Chapman et al.). Trauma leads to degradation of the damaged
myofiber via macrophages and leukocytes, a process which is disrupted with aging (Zhou
et al.; Yoseph and Soker). In order for proper regeneration to occur, resident satellite
cells must become activated, migrate along the extracellular matrix and collagen fibers to
the site of injury, and mature into myofibers (Zhou et al.).
Fibrosis
In healthy skeletal muscle, fibroblasts reside between muscle fibers and serve to
produce the extracellular matrix (ECM) which is important for mechanical stability,
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structural integrity, and longitudinal and lateral force transmission (Chapman et al.). An
excessive production of the ECM within skeletal muscle is called fibrosis, and will lead
to muscle weakness and decreased range of motion (Chapman et al.). The ECM is made
up of collagen types I and III primarily, with collagen type IV also found in skeletal
muscle, connecting the basement membrane to the endomysium (Chapman et al.). After
injury, satellite cells play an important role in skeletal muscle regeneration by leading to
new myofiber formation (Yoseph and Soker). Within one week post-injury, satellite cells
will differentiate and fuse to form new myofibers, at the site of injury (Yoseph and
Soker). If this process is impaired or disrupted, as may happen with very severe injuries
or with aging, then excess ECM and collagen accumulate at the site of injury (Yoseph
and Soker). This may lead to the formation of fibrotic lesions, which will impair muscle
function, contraction, and regeneration (Yoseph and Soker). Compartment Syndrome is
one such severe injury that can lead to the development of excess fibrosis
One such musculoskeletal condition in need of further research and treatment
options is Compartment Syndrome (CS). CS is defined as swelling of a muscle group
leading to excessive intramuscular pressure following a primary injury, such as a fracture,
burn, or gunshot wound (Criswell et al.). The hallmark indicator of CS is an intracompartmental pressure of 20 -30 mmHg, as measured with a needle manometer (Kirk
and Hayda). This edema peaks around 24-48 hours after the primary injury, with the
other hallmark indicators of CS being pain, palpably tense muscle compartments,
paralysis, paresthesia, and pulselessness (Wade et al.). This excessive
intracompartmental pressure, if left untreated, can lead to tissue necrosis, which results
in loss of limb or death, within only a few hours post-threshold pressure (Wade et al.).
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Currently, patients presenting with compartment syndrome will undergo a surgery
called a fasciotomy, during which the binding fascia keeping the muscle compartments
together are cut away to relieve the pressure. This alleviates the pressure and saves the
patient’s life and typically the limb, but not without complications, as tissue damage may
build up prior to diagnosis and surgery. This is of particular concern for soldiers on the
battlefield. The fasciotomy should be performed as soon as possible to improve the
chances that tissue necrosis has not occurred, however, many soldiers will face the added
challenge of an evacuation risk, leading to over 12 hours of irreversible muscle and nerve
damage accumulation before the fasciotomy can be performed (Wade et al.; Kirk and
Hayda). Even if done within the first 12 hours of elevated pressure, normal function
resumes in only 68% of patients (May and Cooper). If the fasciotomy is performed more
than 12 hours after elevated intracompartmental pressure, only 8% of patients will have
normal function restored (May and Cooper). Thus, particularly for military members
which have to be extracted from the battlefield, finding treatment options that can help
preserve muscle function or restore it after fasciotomy is critical. Evacuation from a
battlefield to a surgical center, at the soonest, can occur from 12-24 hours post injury
(Kirk and Hayda).
Soldiers and civilians are at risk if the fasciotomy is performed incorrectly.
Proper fasciotomy must release all affected compartments over their full length, and
should be sufficiently deep enough to release the deep compartments of the muscle group
affected, utilizing as many incisions as required (Wade et al.). Some researchers have
found that at least 90% of the fascia must be released in order to achieve the best clinical
outcomes (Mathis et al.). After the fasciotomy is performed, the site of injury is left open
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until the excess pressure is resolved passively, which can take over a week (Janzing and
Broos). While various techniques have been explored to help close the fasciotomy more
quickly, one study exploring closure techniques still reported an average closure time of 9
days, with a standard deviation of 3.5 days (Janzing and Broos). Another study exploring
fasciotomy closure in pediatric CS patients found an average time to closure of 8.8 days,
with a range of 2 to 34 days (Shirley et al.). This same study also reported that anywhere
from 2 to 4 surgeries were required to close the wound (Shirley et al.). A large
retrospective study of 458 patients found that, when using a vacuum-assisted closure
device on fasciotomies, the time to closure was still 7.1 days, or 9.6 days without the
device (Zannis et al.). Furthermore, while the wound remains open, debridement of
visible fibrotic scar tissue is needed every 48 to 72 hours, until the pressure resolves and
the wound is closed (May and Cooper). This lends additional support to the need for
more research into CS and its treatment strategies.
Description CS Injury Model
Criswell et al. established a rat model of CS in 2011 to better study cellular,
biological, and pharmacological treatments for CS. In this model, CS is induced using a
blood pressure cuff wrapped around the hind limb of the rat, and inflated to 120-140
mmHg for 3 hours, under anesthesia (Criswell et al.). In this model, maximal swelling
and therefore CS induction occurs 24-48 hours post cuff removal, mimicking the clinical
condition. However, rats display a robust regenerative response, with young rodents
significantly recovering muscle form and function between 14 and 28 days post CS injury
(Zhou et al.). Adult rats proved to be a better model as they recover from injury slower
than young rats, similar to that found in people (Zhou et al.).
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In order to make the model more applicable to patients, a fasciotomy procedure
was developed and characterized for the existing rat model. Silicone spacers were used
to separate the muscle compartments in the injured rat muscles to mimic the open wound
in clinical patients. Silicone is commonly used as an implantable surgical material due to
its relatively safe and inert properties. It is currently clinically accepted that silicone is
chemically inert, noncarcinogenic, and nonallergenic, though it may have mild
inflammatory or fibrotic responses associated with its use, due to the presence of a
foreign body (França, de Castro, Soubhia, Tucci, et al.). We found that, by inserting a
silicone spacer to the fasciotomy site, we were able to see similar functional deficits as
seen in the previous model of CS, while increasing the amount of fibrosis at 3, 7, and 14
days post CS. Additionally, a number of the rats measured at day 7 showed no detectable
muscle function, mimicking the functional deficits seen clinically. This updated model
provides us with a better match to the human clinical condition.

Materials and Methods
Compartment Syndrome Injury Model
All animal experiments were reviewed and approved by the Wake Forest
Institutional Animal Care and Use Committee (IACUC) and Department of Defense
Animal Care and Use Review Office (ACURO). Adult (10-12 month old) male Lewis
rats (Envigo, Huntingdon, UK; Charles River, Wilmington, MA) were habituated for a
minimum of 72 hours as per IACUC protocols prior to use in experiments. CS was
induced utilizing a previously established model in which a neonatal size 2 blood
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pressure cuff (Welch Allyn, Skaneateles Falls, NY) was wrapped around the left hind
limb of an isoflurane-anesthetized rat, and inflated to 120-140 mmHg for 3 hours, as
previously described (Criswell et al.). Each animal received 3 mg/kg ketoprofen (Zoetis,
Kalamazoo, MI) prior to induction of CS and 1 mL of saline each hour that they were
anesthetized. Rats were closely monitored for signs of physiological function (i.e.
heartbeat and respiration) to ensure viability. Animals were euthanized 3, 7, or 14 days
after injury.
Fasciotomy Procedure
To perform the fasciotomy, the incision site was first sterilized with ethanol and
beta-iodine. An incision was made in the skin over the tibialis anterior (TA) muscle with
a #15 scalpel. Forceps were used to pull back the skin, and sterilized gauze was used to
absorb any blood. A thin incision was then made through the TA using sterilized gauze
to stop any bleeding. The skin was then stapled close over the incision site. A number of
animals also received a silicone spacer inserted into the site of the fasciotomy. In both
experimental groups, the staples were left in until the time of sacrifice, to ensure that
wound was maximally closed. The staples were removed prior to collection of the TA
muscles. A timeline of this experimental procedure can be seen in Figure 1 A.
The initial silicone spacers were cut from platinum-cured MasterFlex silicone
tubing (Cole-Parmer Instrument Co, Vernon Hills, Il) to the size of 1.5 x 0.3 cm. These
spacers were sterilized using ethylene oxide gas prior to implantation in rats. Second
generation spacers were created using a pourable platinum-cured silicone (Smooth-Sil
950, Smooth-On, Macungie, PA) and a 3D printed mold, which casts spacers at 1.5 cm x
0.3 cm x 0.3 cm, and giving them depth. After casting, the silicone was vacuum
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degassed, and left to cure for at least 24 hours. Spacers were sterilized with ethylene
oxide gas in the same manner as previously described. Silicone type was selected based
on its cure time and material hardness, with recommendations that implants should be of
shore 50 or 55 A (França, de Castro, Soubhia, Tucci, et al.; Ugurbas et al.; França, de
Castro, Soubhia, de Aguiar, et al.)
The spacers were inserted 24 hours after CS muscle injury, beneath the layer of
fascia covering the incision in the muscle, such that the fascia would hold it into place.
The skin was then stretched over the surgery site and stapled together. Ketofen was
given just prior to the surgery, in the same dose as previously described. A timeline of
this silicone implantation can be seen in Figure 1 B.
For 3 days following CS muscle injury, fasciotomy surgery, spacer implantation,
or spacer removal, rats were checked for signs of pain using the Rat Grimace Scale, with
any score over 0 requiring administration of ketoprofen. All rats were observed to be
walking after injury or surgery with only mild favoring of the injured limb. With few
exceptions of excessive swelling observed in some animals, all animals did not appear to
be in pain as per scale rankings.
Muscle Function
In vitro muscle function was performed as previously described (Criswell et al.).
Briefly, rats were anesthetized with 2% isoflurane. The left hind limb was attached to a
foot pedal (Aurora Scientific, Aurora, ON, Canada). A pair of needle electrodes (Grass
Technologies; West Warwick RI) were passed across the peroneal nerve in order to
stimulate contraction (Criswell et al.). Twitch, summation, and tetanus were analyzed by
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increasing shock frequency in a stepwise fashion utilizing the following shocks: 1, 10, 20,
30, 40, 50, 60, 80, 100, 125, 150, 200 Hz. This was done with a 400 ms train of 0.05-0.1
ms pulses, and 1.8-2.2 V shocks. The resulting force was measured using custom
software (provided by the US Army Institute of Surgical Research, Houston, TX). The
resulting maximal isometric torque at each stimulation frequency was recorded. Muscle
function was assessed no more than 7 days prior to injury for baseline values, and 7 and
14 days post CS injury.
Histology
Injured and control TA muscles were collected and weighed at the time of
sacrifice and dehydrated in formalin for at least 48 hours. Tissues were then fixed in
paraffin and cut at 8 µm slices on a Leica microtome. Slides were fixed and stained with
Picrosirius Red, Hematoxylin and Eosin (H&E), and Masson’s Trichrome. Images were
obtained using an Olympus Cellsense software (Olympus Corp, Shinjuku, Tokyo, Japan)
and either an Olympus DP80 camera and Olympus BX63 upright microscope (Olympus
Corp, Shinjuku, Tokyo, Japan) or an Olympus DP73 camera with a Leica DM 4000B
upright microscope (Leica Microsystems, Wetzlar, Germany).
Fibrosis Analysis
The amount of fibrosis present in the TA muscle was determined using picrosirius
red and trichrome staining. Representative whole-tissue slices were taken at 1.25x and
2x magnification for macroscopic qualitative observation. Representative images of the
tissue were taken at 10x magnification of the tissue, for fibrosis analysis using ImageJ
software (NIH). This was done through threshold analysis of the single-color component
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separation of the images, selecting for collagen. Percent fibrosis was calculated based on
number of pixels from the threshold analysis/ total tissue area. A minimum of 10 images
were used per tissue. All images were taken and analyzed by the same investigator, with
blinding to the treatment groups. The data were categorized after the blinded analysis.
Statistical Analysis
All functional and histological comparisons were made using GraphPad Prism
Software (GraphPad Software, San Diego, CA) and Microsoft Excel (Redmond, WA).
One-way ANOVAs were run to determine differences between percentages of fibrosis.
Two-way ANOVAs were run to determine changes in skeletal muscle function.

Results
One week after CS injury, no significant difference can be seen between the CS
injury alone group and those that received the CS injury with the fasciotomy surgery
(n=10) (Figure 2 A). However, both groups show significant decrease in force
production, compared to the uninjured control data, as expected. Two weeks after injury
(Figure 2 B), no significant difference was observed between the CS injury group and
the CS injury with fasciotomy surgery. However, both groups had significantly lower
force than the uninjured control group, again as expected. The data trended to an
increased muscle function when pairing the fasciotomy surgery to the CS injury model,
which was expected given that the fasciotomy surgery is the current clinical treatment.
Histological analysis of the tissue was assessed visually using Masson’s
trichrome staining for gross morphological analysis and picrosirius red staining for
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fibrosis analysis. Gross morphological damage can be seen in Figures 3 A, C, E (at 2x
magnification) and in Figures 3 B, D, F (at 10x magnification). These data are
quantified in Figure 3 G. As expected, increased collagen deposition can be seen in both
the CS injury and CS injury with fasciotomy, compared to the uninjured control in
Figure 3 A. Additionally, CS injury followed by fasciotomy surgery lead to a significant
increase in the amount of fibrosis over CS injury alone. These data agree with previously
published data in adult rodents at 2 weeks post CS injury, at which most of the fibrosis
has been resolved (Zhou et al.).
The experimental groups with spacers left in for either 3 (n= 24) or 6 (n= 12)
days showed significant reductions in muscle function, compared to the uninjured
baseline groups. However, neither group differed significantly from the CS injury alone
group. All injury groups showed a dramatic reduction in function at 7 days post injury
(Figure 4 A). At 14 days post CS injury (Figure 4 B), both experimental groups showed
a significant reduction in force production compared to uninjured controls. No
significant differences were observed between either experimental groups, or between
that of the CS with no fasciotomy group at day 14.
Previous data from our group has shown that many rats do not show measurable
function at day 7 post-injury (Table 1). Therefore, this parameter can be used to indicate
injury severity. All rats had detectable baseline function. The experimental group with
CS injury alone had 25% of the animals with no detectable function whereas the group
with combined CS injury and fasciotomy had only 10% of rats with no detectable
function. When the silicone spacers were paired with the injury model and left in for 6
days, 25% of the injured muscle group had no detectable function 7 days after injury,
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similar to CS injury alone. However, in the group of animals that had the spacer left in
the injured muscle for 3 days, 81% of the rats demonstrated no detectable function. These
data suggest that fasciotomy can decrease the severity of damage after CS in our rat
model and that the addition of the silicon spacer can lead to a time-dependent injury
enhancement. All rats had measurable function by day 14.
Signification fibrosis was observed in the earlier time points of silicone spacer
implantation (Figure 5). Quantification of the percent of fibrosis can be seen in Figure
6. All of the experimental groups using silicone spacers and at all time points showed a
significant increase in percent fibrosis over both uninjured control and CS injury alone.
When the spacer was implanted for 3 days, a significant increase in fibrosis at day 7
compared to days 3 and 14 was detected.

Discussion
This study sought to establish a more clinically relevant rat model of CS. The
previously established rat model involved pressure-induced CS, which did mimic the
condition, however, young and adult rats would eventually fully recover without
intervention. A pig model exists as well, with an excellent match to the human condition,
however, given the cost involved in these experiments, it provides a poor and not very
cost effective screening tool for new potential regnerative medicine treatment strategies
(Cone et al.; Patil et al.; Wilkin et al.; Percival et al.). This porcine model would be best
used after initial proof-of-concept studies with a rat model. Therefore, a more accurate,
and cheap, rat model was developed to fill this niche. We chose adult (11-12 month old)
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male Lewis rats based on previous research in our lab (Zhou et al.; Criswell et al.). The
previously established rat model did not utilize or account for the current standard of
care: the fasciotomy surgery. Additionally, in clinical CS, the fasciotomy incision is left
open for a significant length of time, until pressure naturally resolves. Since the
pathology of the condition in rats is inherently different, we sought to better account for
this, by introducing silicone spacers to the fasciotomy site. This would separate the ends
of the cut muscle, and, we anticipated, inhibit functional recovery. Furthermore, this
would simulate the extended time that the fasciotomy surgery is left open in the clinic,
which is typically longer than one week (Janzing and Broos; Shirley et al.). Many types
of silicone have been shown to have excellent biocompatibility (França et al.). By using
this, we can therefore study the effect of leaving the muscle open, while minimizing the
effect of an implant material on the function or microenvironment. After initial
experiments with the spacers cut from silicone tubing, we set out to create a more
consistent shape for future silicone implantations, and therefore 3D printed a mold.
Unexpectedly, the pourable silicone came in a blue color, which made finding and
extracting them easier than extracting the clear silicone spacers cut from the tubing.
When we paired the fasciotomy surgery with the CS injury, we found that muscle
function was just as impaired as with the CS injury alone (Figure 2 A and B). This was
extended out for the two weeks of muscle function that was measured. Important to this
condition is not just the level of impairment, but, perhaps more so, the extent of recovery.
The addition of the fasciotomy surgery, trended towards a decrease in impairment at two
weeks post injury, though this was not significant (Figure 2 B). Given that the
fasciotomy surgery is used to relieve pressure and therefore preserve muscle function, we
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predict that, at further time points, the fasciotomy surgery combined with CS injury
would lead to quicker recovery in force.
We expected that the muscle spacer groups would show more sustained
reductions in force compared to CS alone, which was not observed (Figure 4 A and B).
Furthermore, we expected that, by performing an additional surgery to remove the spacer
at day 3, the muscle function would be maximally inhibited, and more closely reflect the
data seen at day 7. We did see a similar reduction in force to that seen in CS injury alone
and to that seen in the CS with fasciotomy model. We witnessed no significant
improvement in function by day 14 post CS injury. While our changes to the injury
model resulted in no significant reductions in recorded force, we did see changes in the
number of rats we were able to record from on day 7.
Also of particular importance to the conversation of functional deficits is the
number of rats with no measurable function on day 7. With regards to the previous CS
injury model, it does occasionally occur that no function is detectable 7 days post injury.
We had not previously quantified this data, however, we noticed a trend in the new
models of an increased number of rats without recordable function at day 7. We were
able to record muscle function on all rats at baseline. In our current study, we were able
to record from 75% of rats with CS injury alone, 90% of rats with CS injury and
fasciotomy, 75% of rats with CS injury and silicone spacers left in for 6 days, and only
19% of rats with CS injury and silicone spacers left in for 3 days (Table 1). While what
we could record from the other rats was not significantly different, we observed a marked
increase in the number of animals with no detectable function on day 7 when we left the
spacer in for 3 days. This is therefore a better reflection of clincial CS, since only 68%
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patients will regain full function of their limb after CS injury, even when a fasciotomy is
performed within the first 12 hours of elevated intercompartmental pressure (May and
Cooper). Furthermore, it would be interesting to observe the severity of functional
deficits at 21 and 28 days post injury to determine if our new model increases the time
until full recovery in rats. Given the severity of the injury with the silicone spacer
implantation, we anticipate that recovery would be impaired at these time points.
As previously described, the current rat model of CS does not best reflect the
histological changes observed in the clinic. In humans, fibrotic buildup is seen, with
signficant scar tissue formation that needs to be debrided prior to closure of the
fasciotomy surgery, which is often done several times prior to wound closure. Therefore,
our model also seeks to replicate this increase in skeletal muscle fibrosis. Furthermore,
rats heal extremely quickly, and will even fully recover from CS injury on their own. We
also sought to cause further tissue damage, as is observed in clinical CS. By adding in
the fasciotomy surgery with the CS injury, we did see a significant increase in fibrosis at
day 14, however, the tissue architecture was left relatively intact. Based on our
previously published data, adult rats will rapidly develop fibrosis, with its peak 7-days
post injury (Zhou et al.). This almost completely recovers by day 14, with even less
fibrosis at day 28 (Zhou et al.). By adding in the fasciotomy surgery, we were able to
induce significant fibrosis to the animal model, on day 14. As previously published, the
CS injury model is expected to continue reducing fibrosis levels over the next 7 days,
until below baseline levels (Zhou et al.). We expect that the levels of fibrosis will
continue to be reduced in the CS with fasciotomy model as well.
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Also important to the discussion of muscle injury is the length of time the spacer
was inserted and its impact on the tissue microenvironment. With regards to functional
deficits, we saw no significant differences between having the spacer in for 3 vs 6 days.
We expected that, by performing an additional surgery to remove the spacer at day 3, the
muscle function would be maximally inhibited, and more closely reflect the data seen at
day 7. This was not observed, but would be more appropriately evaluated in later time
points. However, there was a change in histology with spacer time course.
When the spacer was implanted for 3 days, there was a significant increase in
fibrosis at day 7 compared to days 3 and 14, suggesting that the injury is still progressing
at this time. This maximal amount of fibrosis on day 7 after leaving the spacer in for 3
days suggests a more accurate rat model, when compared to the CS injury alone, to better
match the scar tissue deposition and muscle fibrosis seen in the clinical condition. Even
at day 14, there was increased fibrosis compared to the CS alone condition, suggesting
that the silicone spacer is indeed a useful tool to create a more accurate model. This
allows us to have a higher degree of injury, particularly at day 7, and therefore, an
excellent window to test potential treatments that can improve or preserve function, as
well as repair the tissue architecture.
While these data suggest that the use of silicone spacers updates the rat model of
CS to better match the clinical condition, there are several other parameters worth
looking into. Of note would be to measure blood vessel density, as well as count the
number of degenerating and regenerating fibers. Additionally, it would be wise to
characterize the full time course of injury recovery by looking at functional and
histological changes at 21 and 28 days post injury. While these other parameters would
xxiii

provide additional interesting information, our current data provide evidence that silicone
spacer insertion into the fasciotomy site in a rat model of CS provides a more severe
injury than the previous rat model, which better mimics the clinical condition.
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Figures

A

B

Figure 1. Experimental timeline. Timeline of experimental procedures for the addition
of the fasciotomy surgery to the rat model of CS (A) and for the addition of the silicone
spacer implantation to the rat CS model with fasciotomy surgery (B).
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Figure 2. Isometric force production in injured rats after CS injury and fasciotomy
surgery. In vivo isometric torque was determined as described in methods. Muscle
function was assessed at (A) 7 days after CS injury and (B) 14 days after CS injury.
*p<0.05 vs uninjured control.
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Figure 3. Muscle tissue fibrosis in CS injury animals after fasciotomy. Masson’s
trichrome stain was performed to observe collagen deposition and fibrosis, as well as
gross morphological changes in the tissue (A-F). Tissue samples were taken 14 days
after CS injury induction. Original magnification for A, C, E was 2x, with the scale bar
representing 500 µm. Original magnification for B, D, F was 10x, with the scale bar
representing 100 µm. (G) The percent fibrosis seen in A-F was quantified using
picrosirius red staining and ImageJ software as previously described. *p<0.05 vs
uninjured control, &p<0.05 vs CS.
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Figure 4. Isometric force production in injured rats with silicone spacer implantation
after CS injury. In vivo Isometric torque was determined as described in methods.
Muscle function was assessed at (A) 7 days after CS injury and (B) 14 days after CS
injury. *p<0.05 vs uninjured control.
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Figure 5. TA muscle tissue fibrosis after CS injury. Masson’s trichrome stain was
performed to detect fibrosis, as well as gross morphological changes in the tissue, as
described in the methods. scale bars represent 500 µm and 100 µm on 2x magnification
images and 10 x magnification images, respectively.
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Figure 6. Quantification of fibrosis in TA muscle after CS injury. Picrosirius red
staining was performed to determine the percentage of fibrosis, using ImageJ software for
analysis, as described in methods. * p<0.5 vs uninjured control. & p<0.05 vs CS.
@p<0.05 vs 3-Day Silicone + CS; Day 7.
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Table 1. Quantification of the number of rats with muscle function 7 days after CS
injury.
Baseline CS Injury
No. of Rats With
Detectable Force
Total No. of Rats in
group
Percent of Rats with
Detectabel Force

CS +
Fasciotomy

CS + Fasciotomy +
Silicone Spacers
(left in for 6 days)

CS + Fasciotomy +
Silicone Spacers
(left in for 3 days)

60

3

9

9

3

60

4

10

12

16

100

75

90

75

18.75
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