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Abstract

Anterior cruciate ligament (ACL) injuries are associated with significant loss of strength in knee
extensor muscles that persists despite physical therapy. The underlying mechanisms responsible
for this protracted muscle weakness are poorly understood; however, we recently showed
significant myofiber atrophy and altered muscle phenotype following ACL injury. We sought to
further explore perturbations in skeletal muscle morphology and progenitor cell activity following
an ACL injury. Muscle biopsies were obtained from the injured and non-injured vastus lateralis of
young adults (n=10) following ACL injury, and histochemical/immunohistochemical analyses
were undertaken to determine collagen content, abundance of connective tissue fibroblasts,
fibrogenic/adipogenic progenitor (FAP) cells, satellite cells, in addition to indices of muscle fiber
denervation and myonuclear apoptosis. The injured limb showed elevated collagen content
(p<0.05), in addition to a greater abundance of fibroblasts and FAPs (p<0.05) in the injured limb.
Fibroblast content was correlated with increased accumulation of extracellular matrix in the
injured limb as well. A higher frequency of interstitial nuclei were positive for phospho-SMAD3
in the injured limb (p<0.05), providing some evidence for activation of a fibrogenic program
through transforming growth factor p following an ACL injury. The injured limb also displayed
reduced satellite cell abundance, increased fiber denervation and DNA damage associated with
apoptosis (p<0.05), indicating alterations within the muscle itself after the ligament injury. Injury
of the ACL induces a myriad of negative outcomes within knee extensor muscles, which likely
compromise the restorative capacity and plasticity of skeletal muscle, impeding rehabilitative
efforts.
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Introduction

Methods

Over 200,000 anterior cruciate ligament (ACL) tears are estimated to occur annually in the
United States®: 2. The injury is associated with profound loss in quadriceps strength which
may not fully recover despite surgery and extensive physical therapy3-14. The persistent
quadriceps weakness impairs the patient’s ability to return to their prior physical activity
levels® 1516 To date, little is understood of the underlying alterations in muscle physiology
as the result of having an ACL tear. We have recently shown that muscle satellite cell
abundance declines and there is an expansion of the extracellular matrix (ECM) after an
ACL tearl’”. However, it remains unknown whether these changes are accompanied by
myonuclear apoptosis or fiber denervation. Additionally, greater characterization of the
ECM composition and the effect of ACL tear on muscle interstitial cells responsible for
ECM biosynthesis has not yet been defined.

Examining the effect of ACL injury on collagen accumulation in the connective matrix and
myonuclear turnover will provide crucial information on the plasticity of skeletal musclel8.
These deleterious alterations diminish muscle adaptation and may hinder recovery following
ACL injury. Fibroblasts contribute to the excessive production of ECM components that can
perpetuate into pathological muscle fibrosis!®. Muscle connective tissue fibroblasts can be
identified by their expression of the Tcf4 transcription factor8: 20, and are observed in areas
of ECM accumulation within the muscle. Additionally, the pathological accumulation of
connective tissue has recently been linked to mesenchymal-derived fibrogenic/adipogenic
progenitors (FAPs)2L: 22 which express the platelet-derived growth factor receptor a
(PDGFRa) surface marker23, In conjunction with myonuclear apoptosis and our previous
report of reduced satellite cell abundance, these maladaptations can contribute to a negative
environment for muscle growth’. Therefore, the purpose of this study was to define the
incidence of myonuclear apoptosis, as well as alterations in the ECM due to FAPs and
fibroblasts in the injured and non-injured limbs of human subjects with an ACL tear. We
hypothesized that the ACL tear would result in greater frequency of fiber denervation,
increased collagen content, increased fibroblast and FAP abundance, and increased
myonuclear apoptosis.

Study Design

Subjects provided their written informed consent from a protocol approved by the
institutional review board at the University of Kentucky in accordance with the standards set
by the latest revision of the Declaration of Helsinki. This is a case-control study, indicative
of level 3 evidence. To qualify for the study subjects could not have undergone ACL
reconstruction or had any previous ACL reconstructions or tears other than the current
injury. Subjects were excluded if they had a total knee dislocation. The diagnosis of the ACL
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injury was made by one of two orthopedic surgeons using routine physical examination and
magnetic resonance techniques. We have previously used the same cohort to investigate the
effect of an ACL injury and reconstruction on muscle fiber type and atrophyl’. Based upon
the finding of our initial report, it led us to conduct additional analyses on fibrogenic cell
expansion and fiber denervation in the same subjects; however, data presented here have not
previously been reported.

Muscle biopsies from the injured and non-injured limbs were collected during the same visit
for each subject. Percutaneous muscle biopsies were then sampled from the m. vastus
lateralis using a Bergstrom 5 mm muscle biopsy needle with suction. Samples were
dissected free of connective tissue, oriented properly, mounted in tragacanth gum on cork
and flash frozen in liquid nitrogen-cooled 2-methylbutane. Samples were then transferred to
storage at —80°C until processing.

Histochemistry and immunohistochemistry

Seven pm thick sections were cut in a cryostat (HM525, ThermoFisher, Waltham, MA), and
sections were allowed to air dry for 1 h. Immunohistochemical techniques were conducted
as previously described8: 24: 25 For collagen staining, slides were fixed 1 h at 56°C in
Bouin’s fixative then incubated in picro-sirius red, washed in 0.5% acetic acid, dehydrated,
equilibrated with xylenes and then mounted with cytoseal XYL (Thermo Scientific).

For Tcf4/wheat germ agglutinin staining (WGA), slides were fixed in 4% paraformaldehyde
followed by epitope retrieval using sodium citrate (10 mM, pH 6.5) at 92°C for 20 min.
Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in PBS for 7 min.
Slides were incubated overnight in anti-Tcf4 (#2569; Cell Signaling, Danvers, MA) and
AF488-conjugated WGA (#W11261; ThermoFisher). The following day, slides were
incubated in goat anti-rabbit biotin secondary antibody (#111-065-003; Jackson Immuno
Research, West Grove, PA) for 1 h, and reacted with streptavidin-horseradish peroxidase
and AF555 tyramide included with the TSA kit (#T20935, Life Technologies). Slides were
co-stained with DAPI prior to being mounted with fluorescent mounting media.

For PDGFRa/WGA, slides were fixed in 4% paraformaldehyde, and incubated overnight in
anti-PDGFRa (#AF-307-NA; R&D Systems, Minneapolis, MN) and AF488-conjugated
WGA. The following day, slides were incubated in rabbit anti-goat AF555 (#A-21431,
ThermoFisher), co-stained with DAPI, and then mounted with fluorescent mounting media.

For PDGFRa/Tcf4, slides were fixed in 4% paraformaldehyde followed by epitope retrieval
using sodium citrate. Endogenous peroxidase activity was blocked with 3% hydrogen
peroxide, and slides were incubated overnight in anti-Tcf4 and anti-PDGFRa.. The following
day, slides were incubated in donkey anti-rabbit biotin secondary antibody (#711-065-152;
Jackson Immuno Research) and chicken anti-goat AF594 (#A-21468; ThermoFisher) for 1
h, and reacted with streptavidin—horseradish peroxidase and AF488 tyramide included with
the TSA kit (#T20932, Life Technologies). Slides were co-stained with DAPI prior to being
mounted with fluorescent mounting media.
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For p-SMAD3/dystrophin, slides were fixed in 4% paraformaldehyde followed by epitope
retrieval using sodium citrate (10 mM, pH 6.5) at 92°C for 20 min. Slides were incubated
overnight in anti-p-SMAD3 (#9520; Cell Signaling) and anti-dystrophin (#VP D505; Vector
Laboratories, Burlingame, CA). The following day, slides were incubated in goat anti-rabbit
AF555 (#A-21429) and goat anti-mouse AF488 (#A-21121), both from ThermoFisher, then
co-stained with DAPI and mounted with fluorescent mounting media.

For terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)/dystrophin
staining, slides were fixed in 4% PFA for 10 min and then incubated in the In Situ Cell
Death Detection Kit (#11684817910; Roche, Indianapolis, IN) per manufacturer
instructions. Slides were then blocked in 2.5% normal horse serum (#S-2012; Vector Labs)
and incubated in anti-dystrophin (#VP-D505; Vector) overnight. The following day, slides
were incubated in goat anti-mouse AF555 (#A-21127; ThermoFisher) and then co-stained
with DAPI prior to being mounted with fluorescent mounting media.

For CD56 (Neural Cell Adhesion Molecule [NCAM])/MyHC type 1/laminin staining, slides
were fixed for 10 min in ice-cold acetone, and then slides were incubated overnight in anti-
laminin (#L9393; Sigma Aldrich, St. Louis, MO) and anti-myosin heavy chain (MyHC) type
1 antibodies (#BA.D5; 1gG2b, Developmental Studies Hybridoma Bank, lowa City, 1A) at
4°C. The next day, slides were incubated in goat anti-rabbit AF488 (#A-11034;
ThermoFisher) and goat anti-mouse 1gG2b, AF647 (#A-21242; ThermoFisher) for 1 h and
then blocked for 1 h in 2.5% normal horse serum (#S-2012, Vector). Slides were incubated
overnight at 4°C in anti-CD56/NCAM antibody (#555514; BD Biosciences, San Jose, CA),
followed by goat anti-mouse AF555 (#A-21127, ThermoFisher). Slides were co-stained with
DAPI prior to being mounted with fluorescent mounting media.

Image acquisition and analysis

Images were captured at 100 — 400x total magnification at room temperature with a Zeiss
upright microscope (Axiolmager M1, Oberkochen, Germany) and analysis carried out using
the AxioVision Rel software (v4.9). Image analysis was performed in a blinded manner,
where the assessor did not know if the image was from the injured or non-injured limb.
WGA and picro-sirius red staining were quantified to measure expansion of the extracellular
matrix and collagen between muscle fibers using the thresholding feature of the AxioVision
software, and the area occupied by WGA and collagen was expressed relative to the total
muscle area (mm?). Fibroblasts were identified as Tcf4+ / DAPI+ and residing within the
interstitial space between fibers. FAPs were identified as PDGFRa+ / DAPI+ and residing
within the interstitial space between fibers. Fibrogenic cells were additionally analyzed for
dual expression of PDGFRa. / Tcf4 in addition to a co-stain with DAPI. A subset of Tcf4+
cells concurrently expressed PDGFRa., while other Tcf4+ cells were PDGFRa—. Myonuclei
undergoing apoptosis were identified as TUNEL+ / DAPI+ and residing within the
dystrophin border. p-SMAD3+ myonuclei and interstitial cells were identified as p-
SMAD3+ / DAPI+. A nucleus was identified as a myonucleus if it met one of the following
criteria: 1) it was clearly located within the dystrophin boundary; 2) it was on the boundary
facing inside the fiber; or 3) >50% of the area fell inside the dystrophin boundary, as
previously reported?®. Fiber type-specific satellite cell abundance was assessed using CD56
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staining in conjunction with MyHC type I/laminin, and only those loci that were scored as
CD56+ and DAPI+ within the laminin border were counted. Fiber types were scored as
MyHC Type 1+ (Type 1) or MyHC Type 1- (Type 2). NCAM+ denervated fibers were
quantified by ubiquitous expression of NCAM (CD56) throughout the fiber.

Statistical analysis

Results

Data are presented as mean £ SEM. Paired samples student’s t-tests were performed to
compare each dependent variable (Injured vs Non-injured) with P < 0.05. Comparison of
outcomes by injury status and fiber type or injury status and PDGFRa/Tcf4 staining were
analyzed using a two factor ANOVA with P < 0.05. Assumptions for the student’s t-test and
ANOVA were met (normally distributed data and approximately equal variance) with the
exception of TUNEL/dystrophin staining results (data were not normally distributed).
TUNEL/dystrophin results were analyzed using a Wilcoxon signed-rank test with P < 0.05.
Simple correlations were tested by assessing the existence of a linear fit between appropriate
outcome measures (Tcf4+ fibroblastssPDGFRa+ FAPs and ECM). All analyses were
performed with SigmaPlot 12.0 (Systat Software, San Jose, CA).

Subject characteristics

Eight males and two females (average: age 23+5 yr, weight 78+13 kg, and height 1.77+0.08
m) with ACL tears completed the study. The average time from injury to completing the
biopsies was 59+67 days. There was no significant relationship between the time from injury
to biopsy and any of the outcome variables (data not shown). Time from injury to biopsy
displayed a trend for a positive linear relationship with NCAM+ fiber frequency (R? = 0.28,
p =0.08).

Alterations in muscle connective tissue and fibrogenic cell abundance following ACL

injury

Skeletal muscle collagen content was determined through picro-sirius red staining and
demonstrated increased accumulation in the injured limb (p < 0.05, Figure 1). Collagen
content was approximately two fold greater in the interstitial space between fibers in the
injured compared to the non-injured limb. In addition to increased collagen accumulation,
histological examination suggested cellular infiltration within the ECM in the injured limb.
As the observed mononuclear cells appeared to be embedded in the ECM, Tcf4
immunohistochemistry was performed to identify muscle fibroblasts (Figure 2A-B). Tcf4+
fibroblasts were located in the extracellular space surrounding muscle fibers, specifically in
areas of collagen accumulation (Figure 2B). Within the injured limb, the number of muscle
fibroblasts was higher (p < 0.05) (Figure 2C), consistent with the increase in muscle
collagen deposition. Additionally, Tcf4+ fibroblast abundance correlated strongly with ECM
accumulation within the injured limb (Figure 2D).

The pathological accumulation of connective tissue has recently been linked to fibrogenic/
adipogenic progenitor (FAP) cells?1, which express the PDGFRa surface marker23: 27,
Immunohistochemical quantification of PDGFRa+ cells (Figure 3A-B) demonstrated
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elevated abundance within the muscle of the injured limb compared to the non-injured limb
(p < 0.05, Figure 3C). As with Tcf4+ fibroblasts, the abundance of FAPs was positively
correlated with ECM accumulation within the injured limb (Figure 3D). PDGFRa.-
expressing cells also expressed Tcf4, but not all Tcf4+ cells expressed PDGFRa. (Figure
4A-D). We observed an interaction (p < 0.05) between ACL injury and PDGFRa/Tcf4
staining. Specifically, the relative proportion of Tcf4+ cells that did not express PDGFRa
was greater in the injured limb muscle (p < 0.05, Figure 4E).

Both fibroblasts and FAPs increase biosynthesis of ECM components, including collagens,
following exposure to transforming growth factor (TGF) B, which transduces its activity
through phosphorylation of the transcriptional co-activator SMAD3 to regulate gene
expression. To assess the activity of the TGF-B — SMAD3 signaling pathway, we used p-
SMAD3 immunohistochemistry and DAPI staining to identify myonuclei and interstitial
nuclei that were positive for p-SMAD3 (Figure 5A). Within the injured limb muscle, there
was a trend for an increased proportion of p-SMAD3+ myonuclei (p = 0.06, Figure 5B) and
a statistically significant increase in the proportion of p-SMAD3+ interstitial nuclei (p <
0.05, Figure 5C).

Increased myonuclear apoptosis, reduced satellite cell abundance and increased
frequency of fiber denervation following an ACL injury

Inactivity and improper activation following injury burdens muscle fiber homeostasis and
may lead to DNA damage within myonuclei. DNA damage associated with apoptosis was
detected immunohistochmically with TUNEL and dystrophin staining (Figure 6A-D). An
increased frequency of myonuclear apoptosis (TUNEL+ myonuclei residing within the
dystrophin-labeled sarcolemma) was observed in the muscle of the injured limb compared to
the non-injured limb (p < 0.05, Figure 6E-F).

We have previously shown reduced abundance of Pax7+ satellite cells following an ACL
injuryl”. Human muscle satellite cell content is also commonly assessed with CD5628: 29,
and we determined CD56+ satellite cell content in a fiber type-specific manner in the current
study (Figure 7A-E). We observed a main effect of the ACL injury on reduced CD56+
satellite cell abundance in both MyHC type 1 and 2 fibers, in addition to a main effect of
fiber type on CD56+ satellite cell content (p < 0.05, Figure 7F). Pooling CD56+ satellite
cells irrespective to fiber type demonstrated a ~40% reduction in number in the injured limb
(p < 0.05, Figure 7F), similar to previous reports using Pax7 to quantify satellite cellsl’.

In addition to serving as a marker for satellite cells, CD56 or NCAM has also been used to
identify denervated muscle fibers in animals®® and humans2®: 31, NCAM+ muscle fiber
frequency (Figure 7A-E) demonstrated a main effect of ACL injury in both MyHC Type 1
and 2 fibers (p < 0.05, Figure 7G). Skeletal muscle in the injured limb had a higher
frequency of NCAM+ fibers when pooled irrespective to fiber type as well (p < 0.05; Figure
7G).
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Discussion

Anterior cruciate ligament tears result in a significant loss of quadriceps strength which may
not fully recover. Our findings extend what is known by showing that soon after an ACL tear
the vastus lateralis muscle has elevated collagen content, increased fibroblast and FAP
abundance, in addition to a greater frequency of p-SMAD3 positive nuclei. A concurrent
reduction in satellite cell abundance and increased indices of muscle fiber denervation and
myonuclear apoptosis were also observed in the injured limb muscle. These results show
that that an ACL tear is associated with negative alterations that impede the muscles’ ability
to regenerate and maintain strength.

We have previously reported that there is an expansion of the ECM following an ACL
injuryl’. Our current results show that the observed expansion of the ECM is the result of
greater collagen deposition. Collagen accumulation likely increases the stiffness of the ECM
surrounding muscle fibers, potentially limiting muscle fiber hypertrophy32. Increased
collagen content may be potentially beneficial for the transmission of force to the tendon
encapsulating the muscle fibers; however, excess fibrotic material may hinder muscle fiber
hypertrophy and/or retard the ability of satellite cells to leave the basal lamina and enter the
fiber during repair/growth32. Additionally, the expansion of the ECM and increased matrix
stiffness can negatively affect satellite cells through reduced proliferation and self-
renewal33-38. This could be one potential factor contributing to long term strength
reductions following an ACL injury. Consistent with the expansion of the ECM we found a
significant elevation of PDGFRa+ FAPs2’. FAPs have been shown to be elevated in other
more severe musculoskeletal diseases characterized by pathological fibrosis such as
Duchenne muscular dystrophy3’. To the best of our knowledge, this is the first report
showing elevated FAP content in association with a moderate expansion of the ECM,
providing support for a role for FAPs in skeletal muscle following a variety of injuries.
Resistance training promotes proliferation of FAPs38, and interaction between FAPs and
satellite cells stimulates myogenesis3?, which would promote positive adaptations following
injury. While genetic overexpression of PDGFRa can drive systemic fibrosis in a number of
tissues?3, the interaction of FAPs and satellite cells is critical in the regenerative response
following an acute injury3°. Proper regulation of FAP activity is likely crucial in the
homeostatic maintenance of skeletal muscle ECM, preventing overproduction and
accumulation of ECM components which could adversely affect muscle architecture and
function. The acute activation of FAPs following injury can be beneficial, with ECM
biosynthesis providing scaffolding for muscle formation; however, chronically elevated FAP
content likely reduces muscle quality and must be kept in check. Our results provide
evidence for a prolonged elevation in FAP content within the injured limb muscle, which
may be contributing to the accumulation of intramuscular collagen.

Concurrent with elevated FAP content, we also observed greater abundance of Tcf4+ muscle
connective tissue fibroblasts within the injured limb. The Tcf4 transcription factor has been
used as a marker of connective tissue fibroblasts in murine skeletal musclel8: 20: 40 and we
show that Tcf4 labels mononuclear cells residing in the interstitial space between muscle
fibers in human skeletal muscle. We observed an accumulation of Tcf4+ cells within areas
defined by greater ECM density in the vastus lateralis following ACL injury and
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reconstruction. While an in-depth profile of human Tcf4+ cells was not performed in the
current study;, it is likely that the Tcf4 transcription factor specifies a population of
connective tissue fibroblasts, as it does in murine muscle. Tcf4+ fibroblasts contribute to
muscle adaptation, during both regeneration?? and hypertrophy!8. Prolonged expansion or
unchecked proliferation of the Tcf4+ fibroblast pool can have deleterious effects on both
regeneration and hypertrophy through expansion of the ECM that likely impedes
myogenesis and muscle fiber growth18: 20, Indeed, Tcf4+ fibroblast content was positively
correlated with ECM accumulation in the injured limb muscle, providing support for an
integral role of connective tissue fibroblasts in the biosynthesis of ECM components.
Increases in fibroblast content and ECM accumulation likely limit muscle plasticity and may
negatively impact rehabilitative efforts, contributing to the protracted muscle weakness that
is associated with ACL injury.

Recent work in mouse skeletal muscle following injury shows that both FAPs and Tcf4+
fibroblasts express PDGFRa, suggesting that these populations might be overlapping®!.
However, a direct relationship between PDGFRa+ progenitors and Tcf4+ fibroblasts has not
been definitively demonstrated2. We show in human muscle that cells expressing PDGFRa
concurrently express Tcf4, but a larger subset of Tcf4+ cells do not express PDGFRa.
Additionally, cells positive for Tcf4 only were elevated in the injured limb. This may
indicate a preferential transition to a more fibroblast-like phenotype from the progenitor FAP
following ACL injury. Future experiments are needed to explicitly compare the relationship
between Tcf4+ fibroblasts and PDGFRa+ FAPs following an ACL injury.

TGF-B can promote the proliferation and enhance ECM biosynthesis in both connective
tissue fibroblasts*® and FAPs2L. In the current study, we utilized nuclear co-localization of p-
SMADS3, a downstream effector of TGF-B, as a proxy for TGF-p activity within interstitial
cells, some of which are likely fibroblasts and FAPs. The frequency of interstitial nuclei
(those residing outside of the dystrophin border) that were positive for p-SMAD3 was
elevated in the injured limb compared to the non-injured control. The increase in p-
SMAD3+ interstitial nuclei provides some evidence for TGF-p-mediated stimulation of
fibrotic cell proliferation and increased collagen content within the muscle. Future research
will explore the contribution of TGF-f in the development of connective tissue accumulation
and fibrotic cell abundance following an ACL injury and reconstruction.

Our previous work identified a reduction in Pax7+ satellite cells following ACL
reconstructionl’, and these results are confirmed in the current study, as CD56+ satellite cell
abundance is reduced in the injured limb following ACL injury. Following injury or during
adaptation, myonuclear addition within muscle fibers is accomplished solely through the
activation and fusion of satellite cells#% 45, Reductions in satellite cell abundance may
mitigate muscle fiber hypertrophy and impede rehabilitation of the injured limb. While
genetic models have shown that short-term muscle hypertrophy can occur independently of
satellite cell fusion4 46, long term growth is attenuated!8, supportive of satellite cell-
mediated contributions to muscle adaptation. Additionally, satellite cells interact with Tcf4+
fibroblasts during hypertrophy and regeneration after injury to regulate proper ECM
remodeling, and reductions in satellite cell content have been shown to promote Tcf4+
fibroblast expansion and ECM accumulation18: 20: 47 The observed decline in satellite cell
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abundance following ACL injury and reconstruction may promote fibroblast proliferation
and subsequent collagen accumulation within the injured limb muscle. While the cause of
the satellite cell decline is not readily apparent, it also can reduce the regenerative capacity
of the injured limb muscle. If rehabilitative efforts induce damage to the muscle, adequate
repair and recovery may be compromised, stymieing rehabilitative efforts.

We have previously reported a shift in myosin heavy chain expression following ACL
reconstructionl’, and in the current study, we show that following an ACL injury a small, but
significant elevation in the frequency of NCAM+ muscle fibers is observed in the injured
limb. NCAM expression has been used to quantify fiber denervation in both rodents3° and
humans3L. Fiber denervation status is modulated by inactivity2® and resistance training®® in
humans, and results from the current study would indicate that an ACL injury may increase
the frequency of denervated muscle fibers. Increased fiber denervation may contribute to
knee extensor weakness following ACL injury, in addition to reported muscle atrophy?’.
ACL injury may also promote myonuclear turnover, as indicated by the frequency of
TUNEL+ myonuclei observed in the current study. Four of our ten subjects displayed
evidence for myonuclear apoptosis which may promote muscle atrophy and likely places
patients at a disadvantage when attempting to rehabilitate knee extensor muscles in the
injured limb. Myonuclear accrual is a key predictor of muscle fiber growth?9 50, and future
work will determine if myonuclear accrual following ACL reconstruction is predictive of
positive rehabilitation outcomes.

A limitation of this study was that we studied patients at a single time point following their
ACL injury using immunohistochemical analyses. Longitudinal analysis of the
maladaptations that occur within skeletal muscle would provide greater detail than the single
point captured in the current manuscript allows. Understanding the time course of
deleterious changes that occur in the muscle following an ACL tear would help to establish
the progression of physiological adaptations and provide greater detail regarding potential
mechanisms. Future studies will also seek to distinguish phenotypic differences in Tcf4+
and PDGFRa+ cells, as well as biochemical assessment of alterations within the muscle
ECM. Additionally, inactivity and unloading have been shown to induce a program of
deleterious morphological adaptations within skeletal muscle?8: 51: 52, While subjects’ were
completely weight-bearing at the time of data collection in the current study, we cannot
completely eliminate a potential contribution of inactivity/loading on the observed muscle
adaptations following ACL injury.

In conclusion, injury and reconstruction of the ACL induces a myriad of negative outcomes
within knee extensor muscles, including collagen accumulation, increased fibroblast and
FAP content in addition to reduced satellite cell abundance. Alterations in the interstitial
environment surrounding muscle fibers and a reduced satellite cell pool likely compromise
the restorative capacity of skeletal muscle and impede rehabilitative efforts. A greater
understanding of skeletal muscle maladaptation following ACL injury will hopefully
improve rehabilitation and lead to the development of therapies that directly target protracted
muscle weakness.
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Figure 1. Increased muscle collagen accumulation following ACL injury

(A-B) Representative images showing collagen (red) staining in the non-injured (A) and
injured (B) limb skeletal muscle. Scale bar = 50um. C) Quantification of muscle collagen
content presented as mean percentage of total muscle area + SEM. N = 10 subjects. NI =
non-injured; I = injured. * Significantly different from the non-injured limb (p < 0.05).
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Figure 2. ACL injury inducesincreased connective tissue fibroblast abundance in skeletal muscle
(A-B) Representative immunohistochemical images demonstrating Tcf4+ connective tissue

fibroblasts (white arrowheads, red), muscle connective tissue (green), and DAPI (blue) in the
non-injured (A) and injured (B) limb skeletal muscle. Scale bar = 50um. (C) Quantification
of Tcf4+ fibroblasts presented as mean number of fibroblasts per muscle area (mm?) + SEM.
(D) Correlation of the number of fibroblasts per mm? with percent area of muscle connective
tissue in the injured limb. N = 10 subjects. NI = non-injured; | = injured. * Significantly
different from the non-injured limb (p < 0.05).
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Figure 3. Elevated number of fibrogenic/adipogenic progenitor (FAP) cellsin the muscle
following an ACL injury
(A-B) Representative immunohistochemical images demonstrating PDGFRa+ FAPs (white

arrowheads, red), muscle connective tissue (green), and DAPI (blue) in the non-injured (A)
and injured (B) limb skeletal muscle. Scale bar = 50um. (C) Quantification of PDGFRa.+
FAPs presented as mean number of FAPs per muscle area (mm?2) + SEM. (D) Correlation of
the number of FAPs per mm? with percent area of muscle connective tissue in the injured
limb. N = 9 subjects. NI = non-injured; | = injured. * Significantly different from the non-
injured limb (p < 0.05).
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Figure 4. PDGFRa+ and Tcf4+ co-localization is affected by ACL injury
Representative images of PDGFRa (A), Tcf4 (B) and DAPI (C) staining in ACL injured

muscle. (D) Merged immunohistochemical image demonstrating a PDGFRa+ / Tcf4+ cell
(white arrow) and a PDGFRa.— / Tcf4+ cell (yellow arrow). Scale bar = 50um. (E)
Quantification presented as mean relative frequency of cells staining for both PDGFRa and
Tcf4 versus Tcf4 alone = SEM. * Significantly different from the non-injured limb (p <
0.05); t Significant effect of PDGFRa-staining status (p < 0.05).
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Figure5. Increased frequency of p-SMAD3+ nucle in the skeletal muscle following ACL injury
(A) Representative immunohistochemical image demonstrating p-SMAD3 (red), dystrophin

(green), and DAPI (blue) in the non-injured limb skeletal muscle. A white arrowhead
denotes a p-SMAD3- myonucleus, a yellow arrowhead denotes a p-SMAD3+ myonucleus,
a white arrow denotes a p-SMAD3- interstitial nucleus and a yellow arrow denotes a p-
SMAD3+ interstitial nucleus. Scale bar = 20um. (B) Quantification of the frequency of p-
SMAD3 myonuclei, expressed as mean percentage of p-SMAD3+ myonuclei = SEM. (C)
Quantification of the frequency of p-SMAD3 interstitial nuclei, expressed as mean
percentage of p-SMAD3+ interstitial nuclei + SEM. N = 10 subjects. NI = non-injured; | =
injured. * Significantly different from the non-injured limb (p < 0.05).
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Figure 6. Myonuclear apoptosisincreasesfollowing ACL injury
Representative images of dystrophin (A), TUNEL (B) and DAPI (C) staining in ACL injured

muscle. (D) Merged immunohistochemical image demonstrating a TUNEL+ myonucleus
(white arrow). Scale bar = 50um. (E) Quantification presented as mean percentage of fibers
with a TUNEL+ myonucleus = SEM. (F) Quantification of individual subject TUNEL+
myonuclei fiber frequency data. N = 10 subjects. NI = non-injured; | = injured. *
Significantly different from the non-injured limb (p < 0.05).
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Figure 7. Reduced satellite cell abundance and increased frequency of muscle fiber denervation
following ACL injury

(A-D) Representative images of myosin heavy chain type 1 (A), laminin (B), CD56/Neural
Cell Adhesion Molecule (NCAM) (C) and DAPI (D) staining in ACL injured muscle. (E)
Merged immunohistochemical image demonstrating a CD56+ satellite cell (yellow
arrowhead) and a NCAM+ muscle fiber (yellow arrow). Scale bar = 50um. (F)
Quantification of fiber type-specific and pooled CD56+ satellite cell content, expressed as
mean CD56+ satellite cells per fiber + SEM. (G) Quantification of fiber type-specific and
pooled NCAM+ fibers, expressed as mean percentage of fibers positive for NCAM + SEM.
N =10 subjects. NI = non-injured; | = injured. * Significantly different from the non-injured
limb (p < 0.05); T Significant effect of fiber type (p < 0.05).
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