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Abstract

Severe injuries to the extremities often result in muscle trauma and, in some cases, significant
volumetric muscle loss (VML). These injuries continue to be challenging to treat, with few
available clinical options, a high rate of complications, and often persistent loss of limb function.
To facilitate the testing of regenerative strategies for skeletal muscle, we developed a novel
quadriceps VML model in the rat, specifically addressing functional recovery of the limb. Our
outcome measures included muscle contractility measurements to assess muscle function and gait
analysis for evaluation of overall limb function. We also investigated treatment with muscle
autografts, whole or minced, to promote regeneration of the defect area. Our defect model resulted
in a loss of muscle function, with injured legs generating less than 55% of muscle strength from
the contralateral uninjured control legs, even at 4 weeks post-injury. The autograft treatments did
not result in significant recovery of muscle function. Measures of static and dynamic gait were
significantly decreased in the untreated, empty defect group, indicating a decrease in limb
function. Histological sections of the affected muscles showed extensive fibrosis, suggesting that
this scarring of the muscle may be in part the cause of the loss of muscle function in this VML
model. Taken together, these data are consistent with clinical findings of reduced muscle function
in large VML injuries. This new model with quantitative functional outcome measures offers a
platform on which to evaluate treatment strategies designed to regenerate muscle tissue volume
and restore limb function.
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Introduction

Extremity injuries comprise the majority of combat wounds in recent US conflicts, 53% of
which are penetrating soft-tissue wounds involving extensive damage to the muscle, also
known as volumetric muscle loss (VML) (Owens et al., 2007). Sixty-four percent of all
soldiers found unfit for duty are soldiers with extremity injuries, accounting for the majority
of the $170 million in projected disability costs (Masini et al., 2009). 12% of civilian
patients that had lower extremity trauma experienced VML, and these subsequent treatments
resulted in a mean cost of $65,735 (MacKenzie et al., 2000; MacKenzie et al., 2007).
Despite the high prevalence and societal cost of VML injuries to the extremities, no tissue
engineering treatments are currently available.

Coverage of VML wounds with autogenic muscle flaps is known to be critical in reducing
early complications to the healing of soft tissue defects and is the current clinical gold
standard (Fischer et al., 1991; Godina et al., 1986). Muscle flap type is a significant
predictor of short-term complications (Gopal et al., 2000; Pollak et al., 2000), and muscle
coverage aids bone regeneration by increasing bone blood flow (Richards and Schemitsch,
1989; Schemitsch et al., 1997). Other treatment options include the use of sophisticated
bracing that allows for physical therapy, but no tissue engineering strategies are available in
the clinic thus far (Grogan and Hsu, 2011).

The current treatment options do not take into account structural restoration of muscle, and
this is evident in the fact that large muscular defects often lead to persistent functional
deficits. High-energy trauma to soft tissues were significantly correlated with poor physical
Sickness Impact Profile (SIP) scores—a measure of self-reported physical limitations
(MacKenzie et al., 2005). Thirty percent of patients with extensive soft tissue injury reported
problems with motility and chronic pain 7-10 years post-injury (Castillo et al., 2006;
Giannoudis et al., 2009). An increasing number of VML patients requested late amputations
due to functional deficits of the limb (Huh et al., 2011). This persistence of functional
deficits highlights the need for functional tissue engineering of VML injuries as well as
animal models to quantitatively evaluate regenerative strategies.

Various preclinical VML models have recently been developed to test tissue engineering
strategies. Many cell types, such as satellite cells and mesenchymal stem cells, and both
natural and synthetic scaffolds have been tested in VML models and shown moderate
success in recovering some of the functional deficit caused by the muscle injury (Merritt et
al., 2010a; Merritt et al., 2010b; Page et al., 2011; Sicari et al., 2012). The associated studies
have used a variety of outcome measures; however, standardized and consistent techniques
are not established. As we move forward in refining rat VML models, we seek to increase
the relevance to clinical outcomes, in which functional biomechanical testing is critical.
Further, many of these models utilize relatively small VML defects in a single muscle — an
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injury that may heal without an intervention. In order to further tissue engineering research
in VML and to facilitate the translational aspect of these regenerative strategies, there is a
need for preclinical models that mimic the complexity and severity of VML injuries
observed in the clinic where there is a significant volume of muscle affected including injury
to multiple muscles.

Accordingly, our objective was to develop a severe skeletal muscle defect model in the rat
incorporating quantitative analysis of muscle regeneration and restoration of limb function.
We hypothesized that a full thickness defect through the quadriceps would result in a
significant loss of muscle strength and limb function. We further used our model to
quantitatively evaluate treatment with muscle autograft, a strategy that has previously been
tested in mouse models and shown to improve muscle regeneration (Bierinx and Sebille,
2008). Thus, we hypothesized that an autograft, whether whole or morselized, will
significantly increase muscle functional capacity and result in tissue regeneration. We
present a very challenging muscle defect rat model that can be used by the scientific
community for two important purposes: 1) to further understanding of VML with
quantitative measures of the healing process, and 2) to evaluate the success of different
muscle regeneration strategies.

Materials and Methods

Surgical Procedure

All surgical procedures were conducted in accordance with guidelines set by the Georgia
Tech IACUC (protocol #09039). 13-week-old female Sprague-Dawley rats (Charles River)
were randomly assigned to three treatment groups: empty untreated defect (n=12), whole
autograft (n=12), and morselized autograft (n=12). For all groups, the muscular injury was
performed on the left leg while the right leg served as a non-surgical contralateral control.
Muscle defects were created in the quadriceps femoris as previously described (Willett et al.,
2013). Briefly, the full-thickness muscular defect comprised of an 8-mm diameter biopsy
punch through the medial anterior portion of the quadriceps, affecting parts of all four
muscles (Figure 1A, top). In the whole autograft group, the biopsied muscle (Figure 1B,
bottom) was placed back into the defect. In the morselized autograft group, biopsied muscle
graft was cut into cubes 2 mm in length. All animals were divided into 2 recovery groups: 2-
week (n=6 per group) and 4-week (n=6 per group).

Gait Analysis

Gait analysis was performed on all animals pre-surgery (baseline) and at 2 weeks post-
injury. Only the 4-week recovery group animals were measured at 4 weeks (Figure 1D).
Using the CatWalk 7.1 system (Noldus Information Technology, The Netherlands),
quantitative gait measurements were collected. The CatWalk system has previously been
validated for assessment of functional limb recovery after sciatic nerve injury (Bozkurt et
al., 2008; Deumens et al., 2007; Uhrig et al., 2012) and spinal cord contusion (Hamers et al.,
2001). For each data collection, three uninterrupted runs per rat were conducted when
possible. Runs that traversed at least half the walkway length were analyzed.
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Magnetic Resonance Imaging (MRI)

Three additional animals received empty muscle defects and underwent MR imaging at days
2, 4,7, and 14 post-injury (Figure 1D); no autograft-treated animals underwent MR imaging.
MRI has been shown to be useful in characterizing hematoma or edema formation after
muscle injuries (Duda et al., 2008; Lee et al., 2011; Winkler et al., 2011). Images were taken
in a 7-tesla MRI system (Pharmascan 7T, Bruker Corp.) and processed in ParaVision 5.1
(BrukerBioSpin, Bruker Corp.). A radiofrequency coil (Doty CP Litzcage coil, 60-mm inner
coil diameter) was used for transmitting and receiving signal. T1-weighted images (axial)
were taken using a FLASH sequence (TR/TE: 379.5/6.0ms) with 1mm slice thickness. T2-
weighted images (axial) were taken using a RARE sequence (TR/TE: 3435.3/52.2ms, rare
factor: 6, flip angle: 30 degrees) with 1mm slice thickness. Thirty slices were taken of each
leg.

Images were analyzed using ImageJ v1.45 (National Institutes of Health). The volume of
interest was determined by using well-defined anatomical structures visible in the T1-
weighted images (Figure 2A). VOIs were overlaid on corresponding T2-weighted images
(Figure 2B). For uninjured quadriceps femoris muscles, the mean and standard deviation of
T2-weighted voxel intensities were used to calculate a threshold value (mean + 2*SD). T2-
weighted images of injured muscle were then thresholded (Figure 2B), and voxels with
intensities above the threshold indicated hematoma or edema. The volume (V) of hematoma

) ) o ) , A1+A,
or edema was determined using the trapezoidal interpolation: V= Z 5 ) h)
where h is the distance between axial sections and A; and A; are areas with edema/
hematoma of consecutive images.

Measurements of Peak Isometric Contraction Torque about the Knee

At respective recovery time points, 2-week and 4-week rats underwent peak isometric
strength measurements, a terminal procedure, to assess the functional capacity of the
quadriceps (Figure 1D). An in vivo system similar to those used extensively to assess lower
leg muscle function was custom fabricated for assessing torque production about the knee
(Lowe et al., 1995; Warren et al., 2004) . Briefly, a nerve cuff was used to stimulate the
femoral nerve as a force transducer was used to measure maximal isometric torque
production about the knee. Rat movement was restrained (Figure 1B), and the rat ankle was
attached to a force transducer (Figure 1C). The nerve was stimulated with progressively
increasing voltages to determine the maximum torque.

To assess the fatigability of the quadriceps femoris muscles, the muscle group was subjected
to the standard Burke fatigue protocol (Burke et al., 1973). This entailed isometric muscle
stimulation with a train consisting of 13 pulses at 25-ms intervals; the train was repeated
every second for 2 minutes. The endurance index was calculated as the torque produced at
the 1 minute into the protocol divided by the highest torque produced during the protocol.
The highest torque was used because varying degrees of potentiation occurred among
animals during the first few contractions. Calculation of the endurance index in this manner
yielded more reliable values.
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Directly following the measurements of muscle functional capacity, rats were euthanized
and underwent perfusion fixation with 10% neutral-buffered formalin (EMD Chemicals,
Gibbstown, NJ). The mass of the excised quadriceps was recorded, and the muscle was
additionally submersion-fixated in 10% neutral-buffered formalin for 48 hours. Paraffin-
processed samples were cut into 5-um sections using a Microm Microtome (Thermo
Scientific, Germany). Hematoxylin and eosin (H&E) staining and Masson’s trichrome
staining were performed on these sections.

Statistical Analyses

Results

All data are presented as mean + standard error of the mean. Peak isometric muscle torque
and muscle mass were analyzed by a two-way ANOVA (3 treatment groups x 2 time
points). Independent t-tests with Bonferroni correction were used to identify within-group
differences of recovery time points.

Characterization of early VML with Magnetic Resonance Imaging

Magnetic resonance images were taken at days 2, 4, 7, and 14 post-injury to characterize the
muscle injury at early time points. Within the first week of injury, the total muscle volume,
quantified by axial T1-weighted images, showed no significant difference between the
injured left leg and the contralateral control right leg (Figure 2C). Axial T2-weighted
images, in which fluid exhibits increased signal intensity, clearly showed edema/hematoma
in the left quadriceps at days 2 and 4 (Figure 2E/F/G/H). This fluid was quantified and
comprised the majority of the muscle volume at day 2 post-injury (Figure 2D). This steadily
decreased from day 2 to day 14 (Figure 2D).

Measurements of Muscle Functional Capacity

A representative measurement of muscle isometric tetanic torque about the knee is shown in
Figure 3A. In all treatment groups, the maximum tetanic torque about the knee from the
injured leg was significantly less than the contralateral uninjured leg strength (Figure 3B). A
two-way ANOVA on the ratio of injured muscle torque to that of uninjured muscle showed
no significant differences between treatment groups or time points; there was no significant
recovery of muscle strength in any autograft-treated group from 2 to 4 weeks post-injury
(Figure 3C).

Muscle fatigue measurements showed no significant changes in fatigue characteristics
between these treatment groups (Supplementary Figure 1). Endurance indices for 2-week
fatigue measurements were 0.37 + 0.08, 0.28 + 0.13, 0.34 + 0.08, and 0.26 + 0.11 for empty,
morselized autograft, whole autograft groups, and contralateral controls respectively while
4-week endurance indices were 0.32 £ 0.08, 0.31 £ 0.08, 0.38 £ 0.04, and 0.29 + 0.08.

Muscle Mass Measurements

Injured muscle from all treatment groups lost a significant amount of muscle mass; the
injured muscle had 70-90% of the muscle mass of contralateral controls (Figure 4A). Muscle
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mass data of injured muscles normalized to contralateral control muscles showed no
significant change in muscle mass between the two time points in any treatment groups
(Figure 4B). There was no significant difference in muscle mass between the empty defect
group and the treatment groups. Histological cross-sections of muscle tissue at 4 weeks post-
injury qualitatively confirmed that injured muscles were similar in size and slightly smaller
than a control muscle (Figure 4C). Muscle mass measurements were found to significantly
correlate with muscle strength measurements (Supplementary Figure 2) with a correlation
coefficient of 0.52.

Measurements of Limb Functionality

Hind paw print area was measured to quantitatively determine limb function in each
treatment group. The empty defect group showed a significant decrease in print area ratio
(injured to uninjured) compared to baseline control while autograft-treated groups did not
show a significant change (Figure 5A). The duty cycle—measurement of the time a paw is
contact with the ground as compared to the stride duration—also decreased significantly at 2
and 4 weeks post-injury compared to baseline control (Figure 5B). The whole autograft
treated group had a decreased duty cycle at 2 weeks post-injury, compared to the baseline
measurements from the same group. Paw print area and duty cycle ratios were found to
significantly correlate at weeks 2 and 4, with correlation coefficients of 0.74 and 0.70
respectively (Supplementary Figure 2). 2-week print area and duty cycle ratios and 4-week
duty cycle ratios were also found to significantly correlate with the injured leg isometric
maximal tetanic torque (Supplementary Figure 2 C, D, F).

Muscle histology

Transverse histological sections were taken from all groups and all time points (Figure 6).
Sections stained with H&E showed regenerating muscle fibers with centrally-located nuclei
at both time points in all groups. However, sections stained with Masson’s trichrome
showed extensive fibrotic tissue formation (indicated by blue staining of collagen) near or
surrounding the regenerating muscle fibers. At 4 weeks, the morselized autograft treated
group had dispersed fibrotic tissues in small spaces between muscle cells (stained in blue),
compared to the large sections of fibrosis seen in the untreated and whole autograft-treated
groups.

Discussion

This is, to our knowledge, the first rat model of above-the-knee volumetric skeletal muscle
loss. Our model was quantitatively characterized by early analysis of edema and hematoma
in the injured muscle using MRI, peak isometric torque produced by the quadriceps femoris,
and functional limb analysis as determined by gait. Given the thorough analyses of
functional biomechanical outcomes, our model presents a useful platform in which tissue
engineering and regenerative medicine strategies can be tested and quantitatively analyzed
for efficacy in muscle regeneration.

Our results showed a large decrease in muscle functional capacity, as hypothesized;
however, this decrease in muscle function is not wholly explained by the relatively smaller
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decrease in muscle mass. One possible explanation is illustrated by Masson’s trichrome
staining, which showed a large area of blue-stained collagen fibers, indicative of fibrosis of
the muscle. Presumably, much of the injured muscle tissue was replaced by fibrotic scar
tissue resulting in decreased tissue quality. This non-functional scar tissue in the muscle may
account for part of the large functional deficit we see in our model.

Peripheral nerve damage is a likely co-morbidity in our large VML injury. This possible
nerve damage further complicates the model and may contribute to the lack of muscle
recovery. Denervated muscle flaps have been shown to result in muscle atrophy (Oswald et
al., 2004; Yoshitatsu et al., 2008; Zhang et al., 1997). Our model did not exhibit extensive
atrophy, suggesting that though peripheral nerve damage may occur, it does not account for
the majority of the functional deficit. Nevertheless, reinnervation of motor nerves may
enhance muscle regeneration and function (Kaariainen and Kauhanen, 2012) and should be
taken into account when developing a treatment strategy for VML.

Clinically, thin muscle flaps that cover large muscle defects are not always effective for
functional tissue engineering; thus, we examined the regenerative potential of autografts,
which consist of a higher amount of tissue than a muscle flap. Contrary to our hypothesis
that this treatment would improve muscle regeneration and function, our VML model
showed little to no improvement with autograft treatment. These results seemingly
contradict previous literature; the mouse extensor digitorum longus and the rat triceps surae
muscles that had been excised, minced, then placed back into its muscle bed regenerated
within 2 weeks with little fibrosis (Bierinx and Sebille, 2008) (Carlson and Gutmann, 1972).
However, our data showed no significant improvement in muscle function between any
treatment groups at any recovery time point. A key difference between the morselized
autograft in our model and the minced murine muscle is size. While smaller muscles were
able to regenerate with minimal scarring, the larger quadriceps muscle did not reach the
same regenerative potential. This is further illustrated in the clinic, where thin muscle flaps
are used to cover VML injuries, providing only a small amount of tissue for regeneration
with and often resulting in functional deficit.

Another distinct possibility for the lack of functional recovery of the muscle with autograft
treatment is related to the muscle extracellular matrix (ECM). In recent years, an increasing
number of studies have demonstrated the importance of the ECM in muscle function (Gillies
and Lieber, 2011; Meyer and Lieber, 2011). The muscle autografts used in our experiments
were not specifically aligned with the muscle fibers within the injury bed, and our VML
encompasses parts of all four muscles of the quadriceps, further complicating the orientation
of our autograft treatment. This juxtaposition of randomly aligned graft ECM on the muscle
ECM may have yielded inefficient functional recovery of the muscle. This lack of recovery
with misaligned ECM and the importance of muscle ECM on muscle function suggest that
tissue engineering strategies that incorporate structure alignment may result in a more
organized tissue and thus a higher chance of functional recovery.

Vascular reconstruction, which is widely used clinically to maintain vascular perfusion in a
muscle flap, was not performed in our autograft treatment. The success of muscle flap
treatments in the clinic rely heavily on blood supply to the flap. This, again, alludes to the
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inversely proportional relationship between VML size and the regenerative potential of the
muscle. Research investigating muscle flap treatment of open fractures shows that muscle
flaps that are constructed too large suffer from ischemia-induced necrosis (Zahir et al.,
19984, b; Zahir et al., 1998c). Additionally, vascularized muscle flaps that have
reconstructed nerve connections served as better wound coverage than disconnected flaps,
suggesting that vascularization and nerves play a role in survival of the graft (Kaariainen
and Kauhanen, 2012). The autografts used in our model may have necrosed from lack of
intact vessels, leading to an inflammatory environment that may have deterred any healing
response from stem cells or extracellular matrix proteins in the autograft. This suggests that
regenerative approaches that facilitate vascular growth may increase the survival rate of
implanted or migrated endogenous cells in the center of the VML defect.

As mentioned before, our minced and whole autograft treatments of the VML defect
illustrated the importance of differences in mass and nutrient transfer that arise from the size
scale of the muscle defect and the animal model . While minced and whole autografts did
not result in functional regeneration in our rat quadriceps defect model, another group has
demonstrated some success of this therapy in the tibialis anterior muscle of the rat, in which
a smaller, single-muscle VML was created (Corona et al., 2013). Additionally, while ECM
treatment has had moderate success in regenerating muscles in rodent models, the same
treatment used in the dog gastrocnemius muscle resulted in little recovery in the muscle
function after 3 months (Turner et al., 2012; Turner et al., 2010). This, again, highlights the
need for a large, challenging regenerative environment in preclinical models to maximize
translational potential of therapies.

Various tissue engineering strategies have been tested in preclinical models of VML that
have shown promising effects on muscle regeneration. Small intestinal submucosa
extracellular matrices (SIS-ECM) have been tested in a mouse quadriceps VML, and host
skeletal muscle cells infiltrated the ECM, indicating possible muscle regeneration though no
muscle function was tested (Sicari et al., 2012). Other groups have decellularized the rat
gastrocnemius muscle and then recellularized this ECM with mesenchymal stem cells
(MSCs). When implanted in a rat gastrocnemius defect, this treatment showed significant
functional recovery compared to ECM or injury alone (Merritt et al., 2010a; Merritt et al.,
2010b). Other promising interventions have used muscle-derived stem cells or satellite cells
seeded on fibrin microthreads or hyaluoronic acid hydrogel respectively; both studies
showed functional recovery when implanted in a mouse tibialis anterior muscle VML model
(Page et al., 2011; Rossi et al., 2011). These regenerative strategies clearly have potential for
the functional healing; however, the VML used to test these treatments were relatively
small. Given the size considerations of VML models, it would be beneficial to test strategies
such as these in our challenging VML in order to rigorously filter preclinical treatments
prior to investigating their potential in even larger animal models or humans.

Conclusion

We have successfully established a novel model of VML in the quadriceps femoris of a rat
with quantitative functional outcome metrics. Contrary to our hypothesis, neither minced nor
whole autografts resulted in any significant recovery of muscle function. This is consistent
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with clinical outcomes, in which autogenic muscle flap treatments of VML injuries often
result in functional deficits. The large deficit shown by our model demonstrates the lack of
functional recovery, emphasizing the need for translational regenerative strategies for VML.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Methods
A. Representative images showing the muscle defect surgery (top) and excised 8-mm

diameter muscle (bottom). B. Representative diagram of the top-down view of muscle
strength measurements. C. Representative diagram of the side view of muscle strength
measurements. D. Timeline of longitudinal in vivo (MRI, Catwalk) and ex vivo (muscle
torque, muscle mass, histology) measurements, with samples sizes, for the whole study.
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Figure 2. MRI Visualization of the Extent of Muscle Injury
A. Representative selection of region of interest using T1-weighted image. B.

Representative superposition of ROl on thresholded T2-weighted image. Dark pixels
indicate pixels with intensities above threshold. C. Total muscle volume, measured using
axial Tq-weighted MRI images. D. Percentage of the left leg muscle that was inflamed, as
determined by edema in the quadriceps area visualized by T,-weighted images. E-H.
Representative T,-weighted images at days 2 (E), 4 (F), 7 (G), and 14 (H) days are shown,
with inflamed areas indicated by white arrows. *p<0.05, n=3, ANOVA with Bonferroni
correction.
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Figure 3. Quantitative Measures of Muscle Function
A. Representative graph of tetanic muscle torque measurement for empty defect (dotted),

morselized autograft (dash), whole autograft (dash-dot-dash), and unoperated control (solid)
groups. B. Maximum isometric tetanic torque of the quadriceps muscle in the injured left leg
() and contralateral control right leg (C). C. Muscle torque expressed as a ratio of the
injured leg to contralateral control (I/C). *p<0.05, n=6 per group per time point.
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Figure 4. Muscle Mass and Representative Cross-Sectional Images of Muscle
A. Post-mortem muscle mass of the quadriceps muscle from the injured left leg (1) and

contralateral control right leg (C). B. Post-mortem muscle mass expressed as a ratio of the
injured leg to contralateral control (I/C). C. Representative H&E stained transverse (cross-
sections) images of muscles from all treatment groups and control. *p<0.05, n=6 per group
per time point.
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Figure 5. Quantitative Measures of Gait and Limb Recovery
A. Print area, a static gait parameter, at baseline (measured prior to surgery), 2 weeks, and 4

weeks post injury. Representative paw prints are shown on the right. B. Duty cycle, a
dynamic gait parameter that measures the time a paw is in contact with the ground as
compared to stride duration. *p<0.05, n=12 at 2 weeks, n=6 at 4 weeks
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Figure 6. Fibrosis and regenerating fibers, visualized in histology
Fibrosis can be seen in Masson’s Trichrome stained sections (collagen fibers stain blue).

Regenerating muscle fibers, in which nuclei are centrally located, can be seen in H&E
stained sections (indicated by black arrows). Images were taken at 10x magnification, scale
bars: 100um.
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