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Abstract

Atrophy is thought to be a primary mode of muscle loss in neuromuscular injuries. The differential effects of central and
peripheral injuries on atrophy and degeneration/regeneration in skeletal muscle tissue have not been well described. This
study investigated skeletal muscle atrophy and degeneration/regeneration in an animal model of traumatic brain injury
(TBD). Eight 8-month-old wild-type C57BL6 mice underwent either a sham craniotomy or TBI targeting the motor cortex.
Atrophy (fiber area; FA) and degeneration/regeneration (centralized nuclei proportions; CN) of the soleus and tibialis
anterior (TA) muscles were measured 2 months post-injury. Injured soleus FAs were smaller than sham soleus (p=0.02)
and injured TA (p<0.001). Mean CNs were higher in the TBI-injured TA than in other muscles. Differential TBI-induced
atrophy and degeneration/regeneration in lower limb muscles suggests that muscle responses to cortical injury involve
more complex changes than those observed with simple disuse atrophy.
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Introduction

M USCLE ATROPHY is thought to be a key phenotype underlying
the loss of functional contractile tissue in neuromuscular
injury and may result from any number of changes in neuromus-
cular activity and connectivity, including disuse, denervation, or
inhibition of muscle activity secondary to altered motor drive or
pain.! Muscle degeneration (e.g., myophagocytosis, membrane,
and cytoplasmic disruption) and subsequent regeneration (cen-
tralization of myonuclei), are processes that are distinct from at-
rophy, and have been observed in human musculoskeletal
degenerative conditions that manifest with functional deficits.>
Human muscle biopsy data in these conditions demonstrate that
an overwhelming majority of muscle regions show signs of fi-
ber degeneration, even in the absence of atrophy.” However, the
stimuli inducing atrophy versus degenerative/regenerative phe-
notypes remain unclear. In particular, it is unknown whether these
degenerative phenotypes are a result of localized or peripheral
inflammation, denervation, or impaired motor drive from the
central nervous system (CNS).

Current experimental models for comparing the differential ef-
fects of CNS, peripheral nervous system, and peripheral tissue in-
jury on skeletal muscle are sparse.> There is a wealth of data
describing independent effects of various peripheral tissue adap-
tations and injury models on skeletal muscle (i.e., immobilization,4
tenotomy,” cardiotoxin,®” lengthening contraction exercise®?), and
similarly, the effects of peripheral nerve injury (i.e., denervation,'®!!
botulinum toxinlz). However, few studies assess the effect of CNS

injury on degeneration/regeneration in skeletal muscle; most are
limited to measuring and reporting atrophy and/or fiber type shifts in
conditions such as stroke and spinal cord injury.'*'* These com-
parisons are important because few models of peripheral muscle and/
or nerve injury reproduce the human muscle degenerative phenotype
observed in chronic musculoskeletal pathology, suggesting that in-
ducing degeneration may require a combination of both central and
peripheral injuries to the muscle and/or nerve over time. Therefore,
identifying key atrophy and degeneration/regeneration-related mor-
phological features after CNS injury, and comparing these features
with those resulting from peripheral nerve or direct muscle injury
is important in understanding if and how CNS injury causes mus-
cle degeneration. This is an important precursor to understanding
the mechanisms contributing to degenerative muscle changes, their
functional sequelae, and ultimately the appropriate treatments to
reverse muscle loss.

Traumatic brain injury (TBI) is a CNS injury in which external
mechanical forces on the brain induce focal and/or diffuse neuronal
injuries. Similar to other models of CNS injury, TBI ultimately
leads to long-term muscle impairments, which often are associated
with pain and result in poor functional recovery. The TBI model
of CNS injury has been well developed in animals,'>' and this
injury model is known to induce secondary alterations in peripheral
tissues due to disuse and altered motor drive.'”'® Simulated TBIs
have successfully been used to mimic the muscle functional losses
(i.e., weakness) observed in humans following injuries to the motor
cortex.'> However, muscle morphological phenotypes following
TBI and other CNS injuries are currently not well described. The
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purpose of this study was to investigate skeletal muscle-related
changes (atrophy and degeneration/regeneration) resulting from
controlled cortical impact in a mouse model of TBI. We hy-
pothesized that traumatic injury to the motor cortex would induce
atrophy, but not degeneration/regeneration in lower limb skeletal
muscles (soleus and tibialis anterior).

Methods
Animals

Eight 8-month-old male wild-type C57BL6 mice were used in
this experiment.

Controlled cortical impact model

A craniotomy over the right primary and secondary motor cortex
and parietal-temporal cortex (+1 to —4 anterior-posterior from the
bregma, 4 mm laterally from the sagittal suture) was performed on
anesthetized mice fixed to a stereotactic frame.'® A 3-mm diameter
piston was centered over the motor cortex at approximately +0.5 to
—2.5mm bregma and 3 mm lateral to the sagittal suture. Using a
stereotaxic impactor (Impact One; myNeuroLab.com), the piston
was accelerated at a speed of 3 m/sec to an impact depth of 1 mm
below the cortical surface. Severity of motor functional deficits and
behavioral changes using this injury model are quantified else-
where.'® Four mice were subjected to either sham (craniotomy
only) or controlled cortical impact (CCI). Two months later, mice
were euthanized and the soleus (Sol) and tibialis anterior (TA)
muscles contralateral to the CCI were dissected, pinned at in vivo
length and flash frozen in liquid nitrogen cooled isopentane, and
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stored at —80° until histological analysis. All procedures were ap-
proved by the institutional animal care and use committee. He-
matoxylin and eosin stains were used to visualize overall tissue
morphology, and wheat germ agglutinin with 4’6-diamidino-2-
phenylindole to visualize muscle basal lamina and nuclei for
measurements of fiber cross-sectional areas (FA) and centralized
nuclei (CN; Fig. 1)."

Statistical analysis

Separate two-way analyses of variance were performed (inju-
ry X muscle) to compare FA and CN means between experimental
groups. Post hoc Fisher’s least significant difference comparisons
(uncorrected t-tests) were performed when main/interaction effects
were found to be significant. The p values were considered signifi-
cant at <0.05. All statistics were performed in PRISM 7.0 (GraphPad
Software, Inc., 2017).

Results

There was no main effect of injury on FA (p=0.29), but there
was a significant interaction (p=0.02) with smaller injured Sol
fiber FAs in the TBI group (887.90+62.89 um?), compared with
both sham Sol (1173.77+77.11; p=0.02) and TBI injured TA
(1371.69+152.08 ,umz; p<0.001) muscles (Fig. 2). There were
higher CN percentages in the TBI injured (23.21 £21.28%), com-
pared with the sham (8.841+4.92%; p=0.02) groups. There was
also a significant interaction (p=0.01) driven by the high per-
centage of CN in injured TA muscles (38.29 +£20.44%), compared
with sham TA (7.43+3.59%; p=0.002), sham Sol (10.25+6.18%;

TBI

Hematoxylin and eosin—stained sections of the tibialis anterior (TA) muscle (A, B; top row) and soleus (Sol) muscle (C, D;

bottom row) in Sham-injured mice (A, C; left column) and traumatic brain injury (TBI) mice (B, D; right column). Several centralized
nuclei (black arrows) can be seen in the injured TA muscle (B), and smaller fiber areas can be appreciated in the injured Sol muscle (D),
compared with sham-injured animals. Micrographs were obtained at 20 X magnification. Scale bar is 100 um.
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FIG. 2. Mean fiber area (left) and centralized nuclei (right) measurements for the soleus.

p=0.004), and injured Sol (8.12%+5.76%; p=0.003) muscles
(Fig. 2).

Discussion

These data provide the first morphological evidence for skeletal
muscle degeneration/regeneration following CNS injury, created
using an in vivo mouse model of TBI. CCI to the motor cortex
induced muscle degeneration/regeneration but not atrophy in the
TA, and atrophy but not degeneration/regeneration in the Sol. The
evidence of degeneration/regeneration in muscle without periph-
eral nerve or direct muscle injury is novel. The concurrent presence
of high levels of CN in the injured TA without evidence of atrophy
may indicate a highly successful regenerative process for this
muscle.

The differential presence of CN and atrophy between muscles
may be a result of the different fiber type proportions in the mouse
TA and Sol. The soleus of a rodent is almost completely composed
of type I, or oxidative, fiber types, whereas the TA is primarily
composed of type II, or fast-glycolytic, fiber types.?° The effects of
injury on muscles with different fiber type compositions may
suggest that muscles with higher proportions of type II fibers
are more responsive (degeneration and regeneration) to CNS in-
jury, compared with muscles with primarily type I fiber composi-
tion. In humans, clinical studies of muscle in patients with stroke
and chronic hemiplegia demonstrate shifts towards type II fi-
bers.>'~>* However, the overall effect of these fiber type changes
on muscle protection from atrophy or recovery from degeneration
are unknown.

Comparisons to peripheral injury models

Peripheral denervation injuries result in rapid decreases in
muscle fiber areas, with conflicting evidence of muscle degenera-
tion/regeneration.’* These injuries induce selective atrophy of type
11 fibers, as well as fiber-type shifting.?> In muscle disuse models,
loss of contractile protein content via the ubiquitin-proteosome
pathway is often observed, such as in the case of immobiliza-
tion.*?” In contrast, direct muscle injury results in immediate ac-
tivation of an inflammatory response, with large-scale muscle fiber
necrosis, and high levels of nuclear migration coupled with high
satellite cell activation in the cases of cardiotoxin, tenotomy, and
lengthening contraction exercise.”?®? These changes are consistent
with an active degeneration/regeneration response, and are distinct
from peripheral denervation in that robust recovery occurs within 1—
3 weeks of injury and no long-term changes in muscle size or fiber
type are observed.>® Our CCI injury model induced different phe-
notypes between lower limb muscles, in that the phenotype observed

in the TA was similar to that typically observed with direct muscle
injury (degeneration/regeneration without atrophy), but the Sol was
similar to the phenotype seen with disuse (atrophy without degen-
eration/regeneration).

In conclusion, our data support the presence of muscle-specific
degeneration/regeneration or atrophy in response to CNS injury
via TBI, demonstrating that muscle degeneration/regeneration can
occur independent of a direct injury to the peripheral tissues. Al-
though preliminary in nature, these findings have important im-
plications for our understanding of initiating factors and mechanisms
of muscle degeneration/regeneration, as well as motor rehabilita-
tion following TBI, and highlight the need for future research with
larger sample sizes and in a variety of neurological conditions.
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