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Abstract

Background—Irreversible muscle changes following rotator cuff tears is a well-known negative
prognostic factor after shoulder surgery. Currently, little is known about the pathomechanism of
fatty degeneration of the rotator cuff muscles after chronic cuff tears.

Hypothesis/Purpose—The purposes of this study were: 1) to develop a rodent animal model of
chronic rotator cuff tears that can reproduce fatty degeneration of the cuff muscles seen clinically,
2) to describe the effects of tear size and concomitant nerve injury on muscle degeneration, and 3)
to evaluate the changes in gene expression of relevant myogenic and adipogenic factors following
rotator cuff tears using the animal model.

Methods—Rotator cuff tears were created in rodents with and without transection of the
suprascapular nerve. The supraspinatus and infraspinatus muscles were examined 2, 8, and 16
weeks after injury for histological evidence of fatty degeneration and expression of myogenic and
adipogenic genes.

Results—Histological analysis revealed adipocytes, intramuscular fat globules, and
intramyocellular fat droplets in the tenotomized and neurotomized supraspinatus and infraspinatus
muscles. Changes increased with time and were most severe in the muscles with combined
tenotomy and neurotomy. Adipogenic and myogenic transcription factors and markers were
upregulated in muscles treated with tenotomy or tenotomy combined with neurotomy compared to
normal muscles.

Conclusions—The present study describes a rodent animal model that produces fatty
degeneration of the rotator cuff muscles similar to human muscles after chronic cuff tears. The
severity of changes was associated with tear size and concomitant nerve injury.
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INTRODUCTION

Rotator cuff disease is a degenerative condition that leads to significant shoulder pain,
muscle atrophy, and tendon rupture, severely limiting upper extremity function. Rotator cuff
repair to treat shoulder pain and restore function is one of the most common orthopedic
surgical procedures, with over 75,000 repairs performed each year in the United States3®.
However, rotator cuff tendon healing is unpredictable, with short to mid-term failure rates
ranging from 30-94%.10:14 The majority of rotator cuff disease is related to chronic
degeneration of the cuff tissues.1®24 Degenerative changes can lead to massive, irreparable
rotator cuff tears through attritional changes in the tendons and fatty degeneration of the
rotator cuff muscles.1% To date, most rotator cuff experimental studies have used acute
injury and repair animal models (i.e., a healthy muscle and tendon is injured and then
immediately repaired).318:33.35.37.38 These studies, while valuable to answer certain
questions, are only relevant to a small percentage of the rotator cuff tear cases seen
clinically.

Clinical observations of chronic rotator cuff tears show significant changes in the muscle
such as atrophy, fat accumulation, and fibrosis.®13 Muscle degeneration has a highly
negative influence on the outcome of a rotator cuff repair, and can often render a tear
irreparable. In some clinical settings, early repair is recommended before irreversible
muscular damage takes place.13 Most of the clinical literature refers to this muscle damage
as “fatty infiltration” in the affected rotator cuff muscle(s). However, it is unclear if the
presence of fat in these atrophied muscles is due to infiltration of adipocytes, differentiation
of muscle satellite cells, or transdifferentiation of local cells. A number of animal models
have been proposed for the study of chronic rotator cuff disease.2>:11:12.29.30 A rodent
model of chronic rotator cuff tears would provide investigators the opportunity to study the
mechanism of irreversible muscle degeneration - potentially using genetically modified mice
- in an inexpensive and highly efficient model system.

The purposes of this study were: 1) to develop a rodent animal model of chronic rotator cuff
tears that can reproduce fatty degeneration of the cuff muscles seen clinically, 2) to describe
the effects of tear size, tear duration, and concomitant nerve injury on muscle degeneration,
and 3) to evaluate the changes in gene expression of relevant myogenic and adipogenic
factors following rotator cuff tears using the animal model. We hypothesized that; 1)
surgically created chronic rotator cuff tears in rodents would produce muscle fatty
degeneration similar to the degeneration seen after chronic rotator cuff tears in humans, 2)
the severity of muscle degeneration would be related to cuff tear size and concomitant
muscle denervation, and 3) the expression of myogenic and adipogenic genes would be
upregulated following surgically created rotator cuff tears.

MATERIALS AND METHODS

Animal Model — Rats

The institutional Animal Studies Committee approved this study. Forty-five Sprague-
Dawley rats were assigned to three treatment groups and three time points (n=5 per group).
The first group of rats underwent tenotomy of the supraspinatus tendon at the greater
tuberosity of the humerus to simulate a small cuff tear (“SS” group). A second group of rats
underwent tenotomy of the supraspinatus and infraspinatus tendons to simulate a large cuff

J Shoulder Elbow Surg. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 3

tear (“SS/IS” group). A third group of rats underwent suprascapular nerve neurotomy in
addition to tenotomy of the supraspinatus and infraspinatus tendons to simulate a large cuff
tear complicated by suprascapular neuropathy (“SS/IS Neurotomy” group). A group of five
normal rats were used as a non-surgical control group (“Normal” group). The rats were
sacrificed 2, 8, and 16 weeks after the procedure, and the Normal group rats were sacrificed
10 weeks after their arrival at our institution. Gene expression analysis was performed at all
three timepoints and histological analysis was performed only at 8 and 16 weeks.

Animal Model — Mice

In order to validate the experiments performed in rats and provide the opportunity for future
studies using transgenic animals, a subset of groups and assays were examined in a small
number of mice. Six adult CD1 mice were divided into two groups. CD1 mice were chosen
to provide consistency with prior studies examining the effect of loading on the development
of the shoulder.”-17:36 One group of mice (n=3) underwent unilateral surgical detachment of
the supraspinatus and infraspinatus tendons at the greater tuberosity of the humerus to
simulate a large rotator cuff tear (“SS/IS” group). The other group of mice (n=3) underwent
unilateral tenotomy of the supraspinatus and infraspinatus and also underwent suprascapular
nerve transection at a location just proximal to the suprascapular notch (“SS/IS Neurotomy”
group). The mice were sacrificed 8 weeks after the procedures.

Surgical Procedure

Histology

For detailed surgical methods, see Supplemental Document. The procedure for surgical
detachment of the supraspinatus and infraspinatus tendons was identical in mice and rats.
The supraspinatus and infraspinatus tendons were sharply detached from the greater
tuberosity using a surgical blade. For the SS group rats, only the supraspinatus tendon was
detached. For the animals assigned to the Neurotomy group, the suprascapular nerve was
transected using microsurgical scissors at a location just anterior to the suprascapular notch.
The animals were allowed normal cage activity postoperatively. The infraspinatus muscles
of the animals in the SS group were not harvested at the time of dissection as it was
expected that the infraspinatus would show minimal changes following tenotomy of only the
supraspinatus.

For detailed histology methods, see Supplemental Document. The rat muscle specimens
were processed for frozen sections and stained with Hematoxylin and Eosin (H & E) and Oil
Red O; whereas the mouse specimens were processed with paraffin embedding and stained
only with H & E. Specimens were sectioned in the longitudinal (coronal) plane at 10m
thickness. Intramyocellular fat “droplets” and intramuscular fat (i.e., fat globules between
muscle fibers) were visualized using Oil red O stain, in which fat (triglyceride) was stained
in distinct red color. Counter-staining with Hematoxylin was performed to visualize nuclei.
The amount of intramuscular fat was graded semi-quantitatively with a 5-scale system (0, 1,
2, 3, or 4), where a grade 0 = no fat deposits and 4 = numerous fat deposits. The amount of
intramyocellular fat droplets was graded similarly with a 5-scale system (0, 1, 2, 3, or 4),
where a grade 0 = no fat droplets in muscle fibers and 4 = fat droplets found in most fibers.
H & E stained histology was graded semi-quantitatively for the amount of intramuscular
adipocytes, inflammatory cells in the endomysium, and atrophy of muscle fibers. Muscle
atrophy was identified based on a few suggestive findings, such as the decreased muscle
fiber size, an angular shape of muscle fibers as opposed to a round shape, decreased distance
between myonuclei, centralization of myonuclei, etc. The muscle fiber size was not
measure. Sections were graded by two independent investigators (an orthopaedic surgery
fellow and a pathologist). The H & E histology grading scales are shown in Table | with the
histology results. Mouse muscle sections were examined for intramuscular adipocytes,
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inflammatory cells in the endomysium, and muscle fiber atrophy, but no formal histology
grading was performed on the mouse specimens.

Gene Expression

For detailed gene expression methods, see Supplemental Document. Only rat specimens
were used for gene expression analysis. The supraspinatus and infraspinatus muscles were
harvested immediately post-mortem and total RNA was isolated using the TRIspin
method.28 RNA extraction and DNase treatment was performed using the RNeasy mini-kit
and DNase | (Qiagen, CA, USA). RNA yield was quantified using a NanoDrop
spectrophotometer (Thermo Scientific, DE, USA). Five hundred nanograms of RNA were
reverse-transcribed to cDNA using Superscript I11 RT kit (Invitrogen, CA, USA). Real-time
PCR reactions were performed using Sybr Green chemistry on a 7300 sequence detection
system (Applied Biosystems, CA, USA). A number of quality control steps were taken to
ensure that results were accurate (see Supplemental Document. The target genes examined
were: myogenic transcription factors (Myogenin, MyoD1, and Myf5), muscle fiber type
markers (Myh4, fast myosin heavy chain type Ilb isoform, and Myh7, slow myosin heavy
chain type | isoform), adipogenic transcription factors (C/EBPa, CCAAT/enhancer binding
protein alpha, and PPAR~y2, Peroxisome Proliferator-Activated Receptor gammaz2),
adipogenic marker (Leptin), and myostatin. GAPDH was used as a housekeeping gene.
Primers were purchased from Qiagen (Valencia, CA, USA). Results were expressed as fold
differences relative to GAPDH and were calculated using the Delta Ct method.31

Statistical Methods

RESULTS

Muscle weight was compared between groups using an unpaired t-test. For gene expression
data, groups were compared using a two-factor ANOVA (factors: time, injury group)
followed by a least-square differences post-hoc test when the ANOVA demonstrated
significance. Statistical significance was set at p < 0.05. Statistical analysis was not
performed for the histology results, as they were semi-quantitative in nature.

Gross observation at dissection

Histology

All detached tendon stumps were found retracted medially at the time of dissection. In most
animals from the SS/IS group, the tendon stumps were found adhered to the perimeter of the
glenoid. In the animals from the SS group, the supraspinatus tendon stumps were found
adhered to the glenoid with its end located slightly lateral to the glenoid. There was fibrous
tissue filling the gap between the great tuberosity and the retracted tendon stump in all
animals. Both the supraspinatus and infraspinatus muscles showed severe atrophy when
there had been both tenotomy and neurotomy in that shoulder. The atrophy was less severe
when there had been only tenotomy. None of the normal group animals showed muscle
atrophy. Changes were similar when comparing mouse to rat. The mean supraspinatus
muscle weight at 8 weeks was 0.64 + 0.13g for the normal group, 0.58 +0.08g for the SS
group, 0.58 + 0.05¢ for the SS/IS group, and 0.38 £ 0.09g for SS/IS Neurotomy group. The
mean infraspinatus muscle weight was 0.64 £ 0.08g for the normal group, 0.55 * 0.05g for
the SS/IS group, and 0.33 = 0.05g for the SS/IS Neurotomy group. Both muscles showed a
significant weight decrease in the SS/IS Neurotomy group compared to the other groups (p <
0.01).

Mouse muscle histology—~Frank adipocytes with the characteristic signet-ring shape
were observed in both the supraspinatus and infraspinatus muscles of all mice that had
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received tenotomy of the supraspinatus and infraspinatus with/without suprascapular
neurotomy (Figures 1 and 2). The adipocytes were found as clusters between muscle fibers.
The amount of adipocytes was greater in the infraspinatus than in the supraspinatus and
greater in the SS/IS Neurotomy group than in the SS/IS group. Atrophy and degenerative
changes (e.g., inflammatory cells in the endomysium, centralization of myonuclei, etc) were
also observed in these muscles, which were found to be more severe in the infraspinatus
than in the supraspinatus and more severe in the SS/IS Neurotomy group than in the SS/IS
group. There was no apparent trend for the distribution of adipocytes when comparing the
lateral to the medial portion.

Rat muscle histology—In H & E stained histology, adipocytes were observed in the
infraspinatus of the SS/IS group and in the infraspinatus of the SS/IS Neurotomy group
(Table 1). The 16-week specimens appeared to have more adipocytes than the 8-week
specimens. Atrophic muscle fibers and increased endomysial inflammatory cells were also
observed in the tenotomized and neurotomized muscles. Based on semi-quantitative grading,
the SS/IS Neurotomy group had more severe changes than the SS and SS/IS groups, the
infraspinatus had more severe changes than the supraspinatus, and the 16-week specimens
had more severe changes than the 8-week specimens.

In Oil red O stain histology, positive staining for fat was observed in all of the muscles that
received tenotomy only or tenotomy plus neurotomy (Figure 3). The quantity of fat was
greater in the 16-week specimens compared to the 8-week specimens. The normal group
showed no staining for fat. Therefore, there was an absolute increase in fat rather than a
relative increase in fat. The positive staining occurred in two distinct distributions -
intramuscular fat (i.e., fat located between muscle fibers) and intramyocellular fat droplets
(i.e., fat located inside muscle fibers). There were more intramuscular fat globules in the
infraspinatus than in the supraspinatus in the SS/IS group. This phenomenon was also
observed in the SS/IS Neurotomy group. Intramyocellular fat droplets within muscle fibers
were consistently found in the muscles that had received tenotomy only or tenotomy plus
neurotomy (Figure 4). There were more intramyocellular fat droplets in the supraspinatus
than in the infraspinatus within each animal. There were more intramyocellular fat droplets
in the 16-week specimens than in the 8-week specimens. There was no apparent trend for
the distribution of adipocytes or fat when comparing the lateral to the medial portion.

Gene expression

Myogenic markers—The myogenic transcription factors MyoD1, myogenin, and Myf5
were significantly upregulated at 2 weeks in the supraspinatus and infraspinatus muscles of
the SS/IS Neurotomy group compared to the other groups (p < 0.05) (Figure 5). Myf5 was
also significantly upregulated in both muscles at 8 weeks in the SS/IS and SS/IS Neurotomy
groups compared to the normal and SS groups (p < 0.05) (Figure 5). Myostatin, a negative
regulator of muscle development, was significantly down-regulated in both muscles at most
time points in the SS/IS Neurotomy group (p < 0.05) (Figure 6). Initially, Myh4 (fast twitch
muscle fiber isoform) was found significantly upregulated in the SS/IS Neurotomy group
compared to the other groups at 2 weeks (p < 0.05), but this trend was reversed at the later
time points showing significant downregulation at 8 and 16 weeks (p < 0.05). On the other
hand, Myh7 (slow twitch muscle fiber isoform) was found initially significantly down-
regulated in the supraspinatus of the SS/IS Neurotomy group compared to the other groups
at 2 weeks (p < 0.05). This trend was reversed at the later time points showing slight
upregulation in the supraspinatus (p > 0.05) and significant upregulation in the infraspinatus
(0 <0.05) at 8 and 16 weeks (Figure 6).
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Adipogenic markers—Adipogenic transcription factors were upregulated in the muscles
of the SS/IS and SS/IS Neurotomy groups (Figure 7). PPARy2 was significantly
upregulated in both muscles at all time points in the SS/IS Neurotomy group (p < 0.05). C/
EBPa was significantly upregulated in both muscles at 2 and 8 weeks in the SS/IS
Neurotomy group (p < 0.05). Expression of leptin was increased at the later time points in
most groups, but these increases were not statistically significant compared to the normal
group (p > 0.05).

DISCUSSION

The present study investigated the feasibility of a rodent animal model for fatty degeneration
of the rotator cuff muscles following chronic rotator cuff tears. We hypothesized that rotator
cuff tears in rodents would result in muscle fatty degeneration and that the severity of
muscle degeneration would be related to tear size and concomitant muscle denervation. The
results of the present study supported both hypotheses, demonstrating that unloading a
healthy adult rotator cuff through tenotomy and denervation leads to muscle degeneration
that is similar to the atrophy and fatty degeneration seen clinically and that these changes are
more severe in larger tears and tears complicated with a nerve injury.

Given the negative impact of fatty degeneration on the functional and anatomical outcomes
following shoulder surgery!3, understanding the mechanisms leading to degeneration is
critical in order to develop effective prevention and treatment interventions. In this regard,
animal models have been developed to reproduce rotator cuff muscle degeneration. These
studies were performed on sheep, dogs, and rabbits, and various surgical methods were used
including barriers wrapping the detached tendon stumps to prevent spontaneous healing and
detachment of the subscapularis rather than the supraspinatus or infraspinatus.>: 28: 29. 30 |p
contrast to other animals, rodent have important advantages for studying rotator cuff disease
because they have a similar anatomy to humans32, are easy to handle, are inexpensive, and
most importantly, have the potential for targeted genetic manipulation. Attempts have been
made to extend the rat rotator cuff model to include chronic degeneration.211.12 However,
fatty degeneration, the hallmark of chronic degeneration seen clinically, has not previously
been demonstrated.

In our study, adipocytes with the characteristic signet-ring shape were observed in the
mouse supraspinatus and infraspinatus muscles following detachment of the tendons. These
adiopocytes were found as clusters between muscle fibers and did not appear to have a
specific distribution pattern within a muscle. Muscle fiber atrophy and inflammatory
changes in the endomysium were also observed. All these changes were more severe when
there was concomitant denervation of the muscle. The rat supraspinatus and infraspinatus
muscles also showed adipocytes, but fewer than the mouse muscles. Although no
quantitative comparison was made between the mouse and rat specimens, it appeared that
the mouse muscles developed more severe changes than the rat muscles at the 8-week time
point.

Fatty degeneration in the human rotator cuff is most commonly observed in large tears and
is seldom observed in small tears with minimal retraction. In the present study, the small
tears involving only the supraspinatus showed no adipocytes, suggesting that tear size and
subsequent muscle unloading is associated with the development of fatty degeneration.
Additionally, there is a growing amount of clinical evidence that suprascapular neuropathy
may be associated with large rotator cuff tears.621 Based on this, the presence of a nerve
injury in the setting of a massive tear might play important roles in the development of
intramuscular adipocytes.
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The infraspinatus had more severe fatty degeneration and more intramuscular fat globules
than the supraspinatus following tendon detachment and denervation. We do not have clear
explanation for this, but it may be that each muscle has a different reaction pattern to tendon
and nerve injuries. For instance, the amount of mesenchymal stem cells capable of
adipogenesis and myogenesis may be different between muscles. It was also noted that the
supraspinatus had more intramycellular fat droplets than the infraspinatus following tendon
detachment and denervation. The mechanism for this phenomenon is unclear. According to
the study of Barton et al2, the rat infraspinatus is almost exclusively composed of fast twitch
fibers whereas the supraspinatus has a mixture of fast and slow fibers. Slow fibers are
known to primarily use an oxidative pathway for their energy metabolism and have more
intracellular fat than fast fibers, which use a glycolytic pathway.1920.34 Thus, the rat
supraspinatus may have a higher propensity for fat droplet accumulation than the
infraspinatus following tendon and nerve injuries.

Myogenic transcription factors are upregulated and the negative regulator, myostatin, is
down-regulated after tendon detachment, especially when combined with denervation.
MyoD1 and Myogenin showed a dramatic increase at 2 weeks and returned close to normal
levels at the later time points. Myf5 showed a relatively consistent increase throughout the
time points. The downregulation of myostatin may be related to the upregulation of the
myogenic factors as myostatin is known to downregulate myogenic factors. The increase of
the myogenic factors Myf5 has been reported after tenotomy in a sheep animal model
study.® The upregulation of the myogenic transcription factors associated with tenotomy
may indicate a failed attempt at muscle repair in the injured tissue (i.e., although myogenic
factors are increased at the mRNA level, the muscle tissue atrophies overall). The
adipogenic transcription factors (PPARy2 and C/EBPa) were also found to be upregulated,
especially in the muscles with both tendon detachment and denervation. Our findings are
consistent with those of Frey et al who reported the upregulation of PPARy following
detachment of the infraspinatus tendon in sheep.8

The present study showed that the gene expression of muscle isoforms changed in a certain
pattern following tendon detachment and denervation. At the early time points, the gene for
the fast twitch fiber (Myh4) was upregulated while the gene for the slow twitch fiber (Myh7)
was down-regulated. This trend was reversed at later time points showing downregulation of
the fast fiber gene and upregulation of the slow fiber gene. This finding is consistent with
our observation that the content of intramycellular fat droplets increased substantially at the
later time points because slow fibers have more intracellular fat than fast fibers.19:20.34 |t has
been reported in the literature that skeletal muscles undergo a fiber type shift from slow to
fast type following muscle unloading such as disuse, weightlessness, tenotomy, or
denervation.16:23.25 Qur finding is slightly different in that the initial slow-to-fast shift was
reversed to the fast-to-slow shift at the later time points. Further investigation is necessary to
determine whether the changes in gene expression reflect true fiber type changes or simply
the changes of gene expression levels without actual fiber type changes.

Fat accumulated within the injured rotator cuff muscles via two distinct mechanisms.
Intramyocellular fat droplets increased within the sarcoplasma, and fat globules appeared
outside the muscle cells. These processes, while occurring simultaneously, are likely due to
different mechanisms. Intramyocellular fat is known to be a source of energy for muscle
cells via the oxidative pathway, which is the primary method of energy production in slow
twitch fibers. This fat also accumulates pathologically in the setting of a high fat diet,
contributes to insulin insensitivity, and is seen in lipid storage diseases. Therefore, the
accumulation could be due to an alteration in metabolism or a shift in muscle isoform in
response to unloading. Adipocytes outside the muscle cells may be present secondary to
differentiation of cells.
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There are several important limitations to our study. First, the histological analysis was
semi-quantitative. Because of the qualitative and descriptive nature of histological outcome
measures, it was not appropriate to treat our grading scales as quantitative for statistical
analysis. To minimize the potential for incorrect conclusions, two investigators with
extensive experience in muscle histopathology independently reviewed the histology
specimens, blinded to groups and time points. Second, because the equivocal time points
between rodents and humans are uncertain, it is not known how the time points that we
examined relate to temporal changes seen in humans. Clinically, the definition of an acute
vs. chronic rotator cuff tear is debatable and unclear. Regardless, knowledge of the
degeneration process and associated pathology will contribute to the information base
relevant to the treatment of muscle disorders. Third, although little is known clinically about
the contribution of suprascapular neuropathy to rotator cuff disease, there has been a surge
of interest and evidence to support a role. The nerve injuries we created in the present
animal study were acute transections of the nerve immediately following tendon
detachment. Thus, the neurotomized muscles in our study may not have undergone the same
degenerative process as human rotator cuff tears with concomitant nerve injuries. Fourth, the
effect of neurotomy alone was not investigated in this study, and this may make it difficult
to interpret the more severe degenerative changes seen in the muscles with both neurotomy
and tenotomy. However, there have been a number of studies that reported the radiographic
absence of fatty degeneration in patients with isolated suprascapular neuropathy.14.22:27,40
Typically, patients with suprascapular neuropathy show only atrophy of the cuff muscles
without fatty degeneration unless there is a concomitant large rotator cuff tear. Fifth,
functional assessment of the muscle was not performed. Although muscle atrophy and fatty
degeneration relate directly to muscle function’, further study is necessary to determine how
rotator cuff degeneration affects muscle contractile ability. Future studies will examine the
passive mechanics and the electromyographic activity of the muscles. Sixth, we did not
include age-matched controls for the three different injury time points. Based on ethical
considerations and available resources, a single adult time-point was used for the normal
controls. However, we expect that muscle histology and muscle gene expression remains
relatively unchanged during this time period, as the rats were neither adolescent nor aged.
Seventh, while most degenerative rotator cuff tears in humans are chronic and gradual in
nature, tenotomy and neurotomy of the present study represent an acute and complete event.
Thus, there may be some differences between the fatty degeneration observed in the present
study and the fatty degeneration seen in human rotator cuff tears. Lastly, the results of this
study included a limited sample size and focused on a predetermined set of genes. This
necessitates future studies with a larger sample size and expansive gene expression analysis

CONCLUSION

In summary, the present study describes a rodent animal model that produced fatty
degeneration of the rotator cuff muscles similar to the fatty degeneration seen in torn human
rotator cuffs. Fatty degeneration was evidenced by the histological observation of apparent
adipocytes, intracellular and extracellular fat accumulation, atrophy, and inflammatory cells
in the endomysium. Mice developed more severe fatty degeneration, in a shorter time, than
rats. Adiopocytes were observed only in large tears involving both the supraspinatus and
infraspinatus while no adipocytes were observed in small tears involving only the
supraspinatus, suggesting the association of tear size with fatty degeneration. Fatty
degeneration appeared more severe in tears with both tendon detachment and denervation
than those with only tendon detachment, suggesting a possible role of nerve injury in fatty
degeneration. This new animal model provides the opportunity for studying the
pathomechanisms of rotator cuff disease in a highly efficient system. In particular, the use of
transgenic mice in future studies provides the opportunity for mechanistic studies of the
degenerative process.
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Figurel.
(A) A mouse supraspinatus muscle at 8 weeks following tenotomy of both the supraspinatus

and infraspinatus tendons shows several clusters of adipocytes within the muscle. (B)
Adipocytes with the characteristic signet ring shape are clearly seen in a magnified view of
the outlined area in (A). The muscle fibers show atrophy and degeneration, as evidenced by
the small fiber size, centralized myonuclei, and rouleaux formation of myonuclei. [10X
objective used in (A) and 40X objective used in (B); H & E stain.]
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Figure 2.

(A) A mouse supraspinatus muscle at 8 weeks following tenotomy of the two tendons and
neurotomy of the suprascapular nerve shows a substantial amount of adipocytes formed
within the muscle with a substantial decrease of muscle fiber size. (B) A mouse
infraspinatus muscle following tenotomy and neurotomy shows severe fatty degeneration
with adipocytes occupying most of the space within the muscle. There are only a small
number of degenerative muscle fibers left. [10X objective; H & E stain.]

J Shoulder Elbow Surg. Author manuscript; available in PMC 2013 July 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kim et al.

Page 14

8 weeks 16 weeks

w

M Supraspinatus

I M Infraspinatus
0 r

Normal SS Ss/Is Ss/Is Normal SS Ss/Is Ss/IS
Neurotomy Neurotomy

Intramuscular fat
grading (0-4)

Figure 3.

(A) A normal rat supraspinatus muscle stained with Oil red O showing very few
intramuscular fat deposits and intramyocellular fat droplets. The supraspinatus tendon can
be seen at the center of the muscle (arrow) and the muscle fibers can be seen above and
below the tendon. (B) The infraspinatus muscle of a rat 16 weeks following tenotomy of the
supraspinatus and infraspinatus tendons. There are high numbers of fat deposits (seen as red
dots). (C) The infraspinatus muscle of a rat 16 weeks following tenotomy plus neurotomy
showing high levels of intramuscular fat. [10X objective; Oil red O stain.] (D) Histology
grading results are shown for intramuscular fat on Oil red O stained histology sections.
Normal muscles showed no fat. After tenotomy of the supraspinatus and infraspinatus
tendons, the infraspinatus muscle had more intramuscular fat than the supraspinatus muscle.
The 16-week specimens had more intramuscular fat than the 8-week specimens within each

group.
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Figure 4.

(A) The supraspinatus muscle of a rat at 16 weeks following tenotomy of the supraspinatus
tendon showed a number of muscle fibers stained with Oil red O. However, there was
almost no intramuscular fat observed. (B) A micrograph of the supraspinatus muscle of a rat
at 16 weeks following tenotomy of the supraspinatus and infraspinatus shows higher levels
of intramyocellular fat droplets in the muscle fibers. (C) A higher magnification of (B)
shows fine, granule-shaped fat droplets within muscle fibers. A subset of muscle fibers
showed high levels of fat droplets (arrows), making them appear as darkly stained fibers at
low magnification. [10X objective used in (A), 20X objective used in (B), and 40X objective
used in (C); Oil red O stain.] (D) Histology grading for intramyocellular fat droplets on Oil
red O stained sections is shown. The normal muscles showed no fat droplets while the
muscle that had received tenotomy only or tenotomy plus neurotomy showed
intramyocellular fat droplets. The supraspinatus muscle had more fat droplets than the
infraspinatus muscle when there had been tenotomy of both tendons. Overall, the 16-week
specimens showed more fat droplets than the 8-week specimens.
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Figure5.

The myogenic transcription factors MyoD1, myogenin, and Myf5 were upregulated at 2
weeks in supraspinatus and infraspinatus muscles of the SS/IS Neurotomy group compared
to normal muscles and the muscles in the SS and SS/IS groups. Myf5 was also upregulated
in both muscles at 8 weeks in the SS/IS and SS/IS Neurotomy groups. Means and standard
deviation error bars are shown. Results are reported as fold-changes relative to the
expression of the housekeeping gene GAPDH. [*p < 0.05 compared to normal; horizontal

lines above bars indicate p < 0.05 between groups.]
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Figure®6.

Myostatin was down-regulated in both muscles at most timepoints in the SS/IS Neurotomy
group. At the earliest timepoint, Myh4 (fast twitch muscle isoform) was upregulated and
Myh7 (slow twitch isoform) was down-regulated in the SS/IS Neurotomy group. This trend
was reversed at the later timepoints. Means and standard deviation error bars are shown.
Results are reported as fold-changes relative to the expression of the housekeeping gene
GAPDH. [*p < 0.05 compared to normal; horizontal lines above bars indicate p < 0.05
between groups.]
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Figure7.

Adipogenic transcription factors were upregulated in the muscles of the SS/IS and SS/IS
Neurotomy groups. PPARy2 was upregulated in both muscles at all timepoints in the SS/IS
Neurotomy group. C/EBPa was significantly upregulated in both muscles at 8 and 16 weeks
in the SS/IS Neurotomy group. Expression of leptin was increased at the later timepoints in
most groups, but these increases were not statistically significant. Means and standard
deviation error bars are shown. Results are reported as fold-changes relative to the
expression of the housekeeping gene GAPDH. [*p < 0.05 compared to normal; horizontal
lines above bars indicate p < 0.05 between groups.]
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Table 1

Grading of H & E stained histology for rat rotator cuff muscles
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8 weeks
Groups Muscle Adipocytes (grade 0-3)" | Atrophy (grade0-4)T | Endomysial inflammatory cells (grade 0-3)8
Normal Supraspinatus | 0 0 0
Infraspinatus | 0 0 0
SS Tenotomy Supraspinatus | 0 0 0
Infraspinatus | 0 0 0
SS/IS Tenotomy Supraspinatus | 0 0 0
Infraspinatus | 0 0.8 0
SS/IS Neurotomy | Supraspinatus | 0 1.6 0.8
Infraspinatus | 0.6 2 0.8
16 weeks
Groups Muscle Adipocytes (grade 0-3)* | Atrophy (grade 0-4)7 | Endomysial inflammatory cells (grade 0-3)5
Normal Supraspinatus | 0 0 0
Infraspinatus 0 0 0
SS Tenotomy Supraspinatus | 0 1.2 0.4
Infraspinatus 0 0 0
SS/IS Tenotomy Supraspinatus | 0 1 0.6
Infraspinatus 04 1.7 0.5
SS/IS Neurotomy | Supraspinatus | O 14 0.5
Infraspinatus 13 2.6 1.6

*
Adipocytes grading: Grade 0 = no adipocyte, 1 = a few (< 5 in the entire field), 2 = some (5 to 20), 3 = many (> 20)

fAtrophy grading: Grade 0 = no atrophy, 1 = minimal atrophy, 2 = mild atrophy, 3 = moderate atrophy, 4 = severe atrophy

§Endomysia| inflammatory cell grading: Grade 0 = no inflammatory cell, 1 = some, 2 = many, 3 = numerous

Data are shown as the means of the two investigators’ grading scores.
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