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Abstract
STUDY DESIGN—Descriptive cadaveric laboratory study.

OBJECTIVE—To identify the fiber type composition of the rotator cuff and teres major muscles
in human subjects.

BACKGROUND—THhe rotator cuff is commonly injured in athletics and is a major focus of
sports medicine. Although the anatomy and architecture of each muscle has been described in
great detail, these muscles have never been fiber typed using immunohistochemistry or gel
electrophoresis. Fiber typing is important in modeling function, exercise training, and
rehabilitation.

METHODS AND MEASURES—We harvested tissue samples for all 4 rotator cuff muscles, as
well as the teres major muscle from cadavers. Tissues were frozen in liquid nitrogen and
sectioned. Cryosections were labeled with commercially available antibodies against fast and slow
isoforms of myosin heavy chain (MHC). We also harvested fresh (unembalmed) tissue from
deceased subjects and labeled tissue sections with antibodies against fast or slow MHC and wheat
germ agglutinin. Gel electrophoresis followed by silver staining was also used to identify and
quantify MHC isoforms in fresh tissue samples.

RESULTS—AII of the muscles were of mixed fiber type composition. As a whole, 44% of
rotator cuff fibers labeled positively for slow MHC, with slow MHC content of 54% in
supraspinatus, 41% in infraspinatus, 49% in teres minor, 38% in subscapularis, and 40% in teres
major. Mixed MHC isoform distribution was confirmed by SDS-PAGE, which also indicated that
the Ila and IIx isoforms were roughly equally present across the muscles.

CONCLUSIONS—Human rotator cuff muscles, at least in older subjects, have a mixed fiber
type. Because we only examined older subjects, we must limit our interpretation to this
population.

Keywords
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The human rotator cuff consists of 4 muscles (supraspinatus, infraspinatus, subscapularis,
and teres minor) that fuse to form tendons enclosing the humeral head. In addition to
contributing to humeral movement, the rotator cuff functions to provide dynamic stability to
the glenohumeral joint. Rotator cuff pathology is a frequent contributor to acute and chronic
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shoulder pain.** While there is no consensus on the optimal management of rotator cuff
pathology, exercise aimed at restoring muscular function is a common intervention, with
demonstrated benefits in patients with symptomatic shoulders (for recent review, see
Ainsworth and Lewis, 2007). Many of the factors that contribute to the muscular function,
including the size of the muscle (cross-sectional area), the attachment of each muscle
relative to the axis of movement (moment arm), and the arrangement of the fibers within a
muscle (muscle architecture), have been described in great detail for the human rotator
cuff,4” but fiber type has not.

Using physiologic methods, skeletal muscles and even individual motor units can be
classified as type | (slow-twitch) or type II (fast-twitch).3 Type I fibers have slower
maximum shortening velocities and are more resistant to fatigue when compared to type Il
fibers. Maximum shortening velocity of a single fiber is proportional to the myosin
adenosine-triphosphatase (ATPase) activity (the rate at which myosin ATPase can hydrolyze
ATP).2 Therefore, fibers can be identified based on histological staining for myosin
ATPase.8 Most human muscle tissue samples are limited to those commonly biopsied due to
accessibility (eg, vastus lateralis, gastrocnemius), so cadaveric muscle offers the obvious
advantage of studying any muscle. Using cadaveric samples and ATPase staining, only 1
study to date has systematically examined the fiber type composition of human rotator cuff
muscles.3? Using such methods, type 11 fibers can be divided into subtypes (eg, type lla, 11x)
on the basis of differences in staining. ATPase staining is a useful technique in healthy
skeletal muscle; but the classification of each muscle fiber is based on the sensitivity of
ATPase to pH and, therefore, ATPase staining may not be an accurate reflection of ATPase
activity rates.3% ATPase staining might also be less accurate in analysis of cadaveric muscles
due to postmortem changes that affect the pH-sensitive nature of ATPase activity.18
Talmadge and Roy#! developed a method of separating the predominant isoforms myosin
heavy chain (MHC) using sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). While this method allows for the determination of relative percentages of MHC
isoforms, it does not provide any morphological information, nor does it work with
embalmed tissue. More recently, immunohistochemistry has been used to label muscles
fibers with antibodies for specific myosin isoforms (eg, MHCI and MHCII) in cadaveric
muscle.24

Muscle architecture (muscle fiber arrangement and length within a muscle, cross-sectional
area, moment arm of the muscle, etc) is by far the most important predictor of force
generation.22 However, the fiber type composition of a muscle can affect a muscle’s speed
of contraction,! power,42 fatigability,}1 and metabolism,112° and is associated with muscle
stiffness, 28 rate of atrophy,243 and even susceptibility to injury.2346 Furthermore,
differences in fiber type distribution are associated with differences in performance of a
number of functional tasks. For example, slow fiber type in the lower extremities is
significantly associated with exercise economy and functional performance during
walking.416 Muscle fiber type affects muscle fiber conduction velocity,®33 a parameter that
can have significant influence on surface electromyography-based (EMG) estimates of
neural strategies during movement and exercise, including motor unit recruitment and
derecruitment.10 Thus, clinicians and researchers working with the rotator cuff would
benefit from knowing the fiber type of the muscles they are rehabilitating or studying. Our
aim was to identify the fiber type composition of human rotator cuff muscles, and the
closely positioned teres major muscle, using 2 methods not yet applied to these muscles:
immunohistochemistry and SDS-PAGE.
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METHODS

Tissue Preparation

Fixed tissue was harvested from the proximal and distal aspects of the supraspinatus,
infraspinatus, teres minor, subscapularis and teres major muscles of 6 cadavers (3 male, 3
female; mean + SD age, 65 + 12 years) that were embalmed using standard procedures of
the State Anatomy Board of Maryland. Briefly, the cadavers were perfused via the brachial
artery (in) and femoral artery (out) under pressure (34 kPa), with a mixture of the following
chemical proportions: methanol (33%), phenol (27%), glycerin (34%), and formaldehyde
(6%). Unfixed (unembalmed) tissue was harvested from proximal and distal aspects of
muscles of 3 cadavers (2 male, 1 female; ages 72, 87, and 60 years) within 24 hours of
death. We selected subjects that did not have long-term diseases or known myopathies. All
harvested tissue was frozen liquid nitrogen-cooled isopentane and stored at —80°C until
needed.

Immunofluorescent Labeling

Immunofluorescent labeling was performed on all 9 cadavers as previously described?5 to
assess fiber type composition. Sections of frozen muscles (10 um thick) were cut on a
cryotome (2800 Frigocut; Reichert-Jung, Arnsberg, Germany) and collected onto glass
slides (Superfrost Plus; VWR, West Chester, PA). Sections were washed for 10 minutes in
100 mmol glycine phosphate-buffered saline (glycine PBS), blocked for 1 hour in 1%
bovine serum albumin PBS (BSA-PBS), then incubated for 2 hours with primary antibodies
diluted to 2 mg/ml in BSA-PBS monoclonal antibody to fast (M8421) or slow (M4276)
myosin (Sigma, St Louis, MO). The tissue sections were then washed 3 times with 1% BSA-
PBS for 10 minutes before incubation, with species-specific secondary antibodies coupled to
Alexa dye 568 (Invitrogen, Carlsbad, CA) (dilution of 1:100). Unfixed tissue samples were
double-labeled with primary and secondary antibodies to myosin as described, as well as
fluorescein succinylated wheat germ agglutinin (M0208; Vector Laboratories, Burlingame,
CA). All samples were mounted in VECTASHIELD (Vector Laboratories) and covered with
glass cover slips (No 1, VWR), before examination under epifluorescent optics (Zeiss
Axioskop 50; Carl Zeiss, Poughkeepsie, NY). Sections from both proximal and distal
portions of the muscles were viewed at 20x and random pictures were taken from different
fields. Each optical field contained an average = SD of 61 + 4.9 fibers, and at least 20 fields
were counted per muscle (mean + SD, 16.5 + 1.5 fields from proximal portions and 15.5
1.5 fields from distal portions). The number of positively labeled fibers for slow myosin
were counted per field and presented as the mean + SD.

SDS-PAGE and Silver Staining

Because our immunofluorescent labeling could discriminate only fast and slow myosin, it
was possible that all of the fast-labeled fibers for a given muscle could have been of a single
type Il isoform (ie, type Ila or type I1x). To investigate this possibility, we performed SDS-
PAGE, which allows identification of distinct subtypes of type Il isoforms in humans,3® on
the subjects from whom unfixed tissue was available.

Portions of the unfixed muscles were processed as described by Talmadge and Roy,*! with
modifications for human samples.! Muscle tissue was homogenized in ice-cold buffer (pH
6.8) containing sucrose (250 mmol), KCI (100 mmol), EDTA (10 mmol), and Tris (20
mmol). The resulting homogenate was centrifuged at 10 000 x g for 10 minutes at 4°C. The
supernatants were discarded and the pellets were rehomogenized in a refrigerated wash
buffer containing KCI (175 mmol), EDTA (2.0 mmol), Tris (20 mmol), plus 0.5% (Triton
X-100). Centrifugation was repeated and the final pellet was suspended in a buffer (pH 7) of
KCI (150 mmol) and Tris (20 mmol). Total protein of the final suspension was determined
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using the Bradford Assay (Bio-Rad, Hercules, CA). Samples were diluted 1:1 with glycerol
and stored at —20°C until used for SDS-PAGE.

Minigels were prepared according to Talmadge and Roy,*! with stacking and separating gels
containing 4% and 7% acrylamide:Bis, respectively, and both stacking and separating gels
containing 30% glycerol. Stored samples were thawed at 4°C and diluted in 2x sample
buffer (Bio-Rad, Hercules, CA). Gel lanes were loaded with 0.5 pg of total protein, and
samples were run at 125 V for 22 to 28 hours at 4°C. The gels were subsequently stained
using commercially available kits (Silver Stain Plus, Bio-Rad, Hercules, CA) per the
manufacturer’s instructions. Stained gels were fixed, scanned, and analyzed
densitometrically using Scion Image (Scion Corporation, Frederick MD) to determine the
relative content of the 3 human myosin heavy chain isoforms.1

Statistical analyses were performed using SPSS Version 15.0, with the threshold for
significance set at A<.05. Differences in slow MHC fibers among the 5 muscles were
evaluated using 1-way, repeated-measures analyses of variance (ANOVAS). In the event of
a significant main effect of muscle, post hoc comparisons were made using the sequential
Bonferroni test. Statistical evaluations of the SDS-PAGE data were precluded by the small
number of unfixed samples available (n = 3).

RESULTS

Labeling for myosin isoforms works well in embalmed tissue,2* likely because of the high
natural abundance of myosin in each muscle fiber. Labeling with antibodies against fast and
slow myosin worked well in our fixed (embalmed) tissue samples (FIGURE 1). Fibers in the
fixed tissue that did not label were readily visible by increasing the gain on the microscope
(FIGURE 1), but it is desirable to have some labeling around each cell to ensure that
unlabeled fibers are not missed when counting the total number of fibers per field. Labeling
the cell membranes or extracellular matrix proved unfeasible with fixed tissue, as none of
the antibodies against these molecules work in embalmed tissue. Because it was necessary to
obtain fresh tissue to perform gel electrophoresis, we tried, successfully, to label a second
molecule, wheat germ agglutinin, a carbohydrate-binding protein that selectively recognizes
sialic acid and sugar residues, which are predominantly found on the plasma membrane
(FIGURE 2).

Based on immunofluorescent labeling from all 9 subjects, all muscles displayed a mixed
fiber type (FIGURE 3). We analyzed multiple sections from each muscle (approximately 40
sections per muscle, with an average + SD of 61 + 5 fibers per field). On average (+SD) for
all muscles, 44% * 7% of fibers labeled positive for slow myosin. Specifically, average +
SD slow myosin content was 54% + 6% in supraspinatus, 38% = 8% in subscapularis, 41%
+ 8% in infraspinatus, 49% = 8% in teres minor, and 40% + 10% in teres major. The
percentage of slow MHC fibers in supraspinatus was significantly greater than those of the
infraspinatus, subscapularis, and teres major. The number of slow MHC fibers in the
subscapularis was also significantly less than that of the teres minor (FIGURE 3). No
differences were found when comparing the proximal versus distal portions of the muscles
(data not shown), so the data from the 2 portions were combined in the analysis.

Gel electrophoresis and staining of the subsample of muscles from the 3 unembalmed
subjects revealed that all of the subjects expressed all 3 human MHC isoforms in each of the
muscles tested (FIGURE 4). Although no statistical analyses were performed on the SDS-
PAGE data, these findings suggest that it is extremely unlikely that the fast-labeled fibers
from the muscles of the embalmed subjects were of a single type Il isoform.
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DISCUSSION

Our main finding is that all of the rotator cuff muscles and the teres major have a mixed
fiber type distribution, consistent with findings in other human muscles.3:14:40 We are
aware of only 1 other study that has examined the fiber type of rotator cuff muscles.3® That
study included only male cadavers (n = 4) of ages 17, 51, 57, and 75 years; but only their
subscapularis and teres major data included samples from all 4 specimens.® Thus, the data
reported here represent a marked increase in the available information related to the fiber
type composition of the human rotator cuff. Despite the differences in methodologies
(ATPase staining versus immunofluorescence and SDS-PAGE), intersubject variability, and
small sample sizes, the fiber type proportions reported in the present study are roughly
equivalent to those found in the ATPase study. The proportion of slow fibers found in the
samples here ranged from 40% to 54%, whereas it ranged from 37% to 50% in the earlier
study. Because of the small subset used in the SDS-PAGE experiments, comparisons
regarding type Ila and 11x composition between the 2 studies are more problematic, but
remain within the range of variability observed in both studies (for a muscle-by-muscle
comparison).®

Muscle architecture is a very important determinant of muscle function. The architecture of
skeletal muscle refers to the “arrangement of muscle fibers within a muscle relative to the
axis of force generation.”22 Architectural differences between muscles are notably variable.
Architectural parameters (ie, fiber pennation and fiber length), together with muscle size,
can be used to accurately predict muscle function (reviewed by Lieber and Friden22). The
architecture of a particular muscle is consistent between individuals of the same species,?2
suggesting that it is difficult to alter; however, it can change with age.2” Even so,
architecture of the human rotator cuff is not the focus of this work and has been well
described elsewhere.*

Rotator cuff muscles and the teres major are integral to proper shoulder function, as they
contribute to both internal and external humeral rotation and function dynamically to
stabilize the humeral head on the glenoid fossa. Failure of stabilization can lead to
impingement due to superior migration of the humeral head.> As the muscles of the rotator
cuff are frequently damaged, particularly the tendon of the supraspinatus,*’ therapists must
often design rehabilitation protocols to restore their function. An optimal rehabilitation
protocol should make use of the physiological, as well as biomechanical, characteristics of
the involved musculature. This study is among the first to provide data regarding a
physiological muscle parameter/muscle fiber type in the muscles of the rotator cuff.

Different fatigue properties are associated with the 3 primary human MHC isoforms, with
fatigability increasing in the following order: type I, type lla, and type 11x.14 Given that
Ellenbecker and Roetert’ reported greater fatigue of external compared to internal rotators in
elite tennis players, it was somewhat surprising that we found that the subscapularis
contained type I myosin in amounts comparable to the infraspinatus and less than the teres
minor, the main external rotators in the rotator cuff. However, fiber type composition is
influenced by the physical activity of the individual. For example, muscle disuse is typically
associated with a type | to type I shift.14:30:37 Conversely, increased muscle activity is
generally associated with a fast-to-slow transition, characterized by an increase in type lla
fibers, with a decrease in type 11x fibers.14:30:37 Multiple studies in animal models (for
review, see Pette & Vrbova)3! and recent data in humans,38 however, suggest that, if an
endurance exercise protocol is followed for sufficient time, a further shift resulting in an
increase in type | fibers can occur. In any case, the habitual use or exercise of specific
muscles is associated with an overall shift from more fatigable to less fatigable isoforms.
Thus, it may be that the demands of elite tennis training and competition stress the internal
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more than the external rotators, leading tennis players to adapt by increasing the type | fiber
content of the subscapularis to a greater extent than the other rotator cuff muscles.
Alternatively, the discrepancies between functional fatigue and fiber type may suggest that
parameters such as metabolic enzyme activity are greater determinants of fatigue than fiber
type, as suggested by Gregory et al.13 Likely, both fiber type and these other factors are
major contributors.

In addition to losing muscle mass and strength, injured or postoperative rotator cuff muscles
are likely to be more fatigable, due to fiber type changes that occur with disuse atrophy.
Fatigue of these muscles markedly compromises normal glenohumeral and scapular
kinematics.8 Protocols to restore muscular endurance, as well as strength, are, therefore,
likely necessary to restore optimal function. Furthermore, fiber type composition can affect
susceptibility to muscle injury during active lengthening (eccentric contractions), with type
I1 fibers more likely to be damaged.2346 Individuals, such as base-ball pitchers, who subject
their rotator cuff muscles to frequent, high-intensity lengthening contractions may enhance
their resistance to injury through endurance exercise to facilitate type 1l to type | fiber
transitions.

The results of this study have implications for other tools that could be used to assess
shoulder muscle function. Recently, interest has grown in using T2*-weighted imaging to
assess muscle activation in rehabilitation.38 Such measurements, however, have been shown
to be markedly influenced by intramuscular factors, including metabolic profiles and fiber
type. Generally, fast, glycolytic muscles exhibit greater T2 and T2* changes for a given
degree of muscle activity than do slow, more aerobic muscles,324° although no study has
linked training-induced changes in fiber type to directional changes in T2. The more
frequently used technique of electromyography (EMG) is also employed to assess the degree
to which different rotator cuff muscles are active during selected tests or exercises.2® Each
fiber type, however, exhibits a different muscle conduction velocity,?33 which is a key
factor in the EMG signal.10 Although not demonstrated here, the present data suggest that
EMG signals from the different rotator cuff muscles are, on the whole, unlikely to be
differentially influenced by fiber type composition, although specific intraindividual
differences are always a possibility. However, due to the changes in fiber type associated
with activity and training noted above, differences in EMG following various exercise
interventions that might be attributed to neural mechanisms could be due to adaptations in
the muscles themselves. Although our findings must be interpreted with caution due to the
small sample size, the mixed nature of the rotator cuff muscles reported here and
elsewhere3? indicates that there is room for such confounding fiber type changes to occur.
By contrast, a muscle that had a very high type | content prior to a training program would
be unlikely to become markedly more type | dominant.

Some limitations of the present study must be noted. First and foremost, only a small
number of subjects were studied, particularly with regard to the SDS-PAGE data.
Nevertheless, the 5 male and 4 female subjects examined here represent a 225% increase in
the existing data (4 subjects total, to our knowledge) in the area. Second, our subjects were
relatively advanced in age. An overall type Il to type I shift in MHC appears to occur in
some, 1720 put not all,1>21 muscles with aging; although this effect is typically stronger with
regard to percent fiber type area rather than percent fiber type number. This phenomenon
has not been studied in the rotator cuff, but if similar age-related changes in MHC occur in
the rotator cuff muscles, one might expect that younger subjects would exhibit even greater
type 1l MHC content than that reported here. In addition, the habitual physical activity and
training status of the subjects is not known, and could have affected the results reported
here. Of note, one of the few studies to evaluate the effects of age on fiber type in an upper
extremity muscle, the biceps brachii, found no age-related differences.1® A third limitation is
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that we only had access to commercial antibodies that identified type I or type 11 MHC.
These antibodies, unlike those developed by Schiaffino et al,3* do not distinguish between
type lla and lIx MHC. We attempted to address this limitation by performing SDS-PAGE
and silver staining to assess the relative percentages of the 3 predominant human MHC
isoforms in a small subset of muscles from unembalmed cadavers. Both type Ila and I1x
MHC were detected in each muscle from each unembalmed cadaver.

CONCLUSION

Using 2 separate, complementary techniques to determine fiber type in skeletal muscle, we
found that the rotator cuff muscles in humans have a heterogeneous fiber type composition.
These findings have implications both for clinical rehabilitative exercise protocols designed
for these muscles and for the interpretation of research studies using EMG and imaging to
assess neuromuscular changes following various interventions.
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FIGURE 1.

Representative labeling of cross-sections from (A) a fixed supraspinatus muscle labeled with
antibodies against fast myosin heavy chain and from (B) a fixed teres major muscle labeled
with antibodies against slow myosin heavy chain. Scale bar is 50 pm.
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FIGURE 2.

Representative cross-section of labeling from an unfixed subscapularis muscle labeled with
antibodies to (A) fluorescein succinylated wheat germ agglutinin and (B) fast myosin. The
overlay of wheat germ agglutinin (green) and fast myosin (red) labeling is shown in color
(C). Asterisks are placed to show muscle fibers not labeled for fast myosin (ie, slow fibers).
Scale bar is 50 pm.

J Orthop Sports Phys Ther. Author manuscript; available in PMC 2012 December 18.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X31-){Jewtsremg

Lovering and Russ Page 13

Percent of Slow MHC

100

80 -

60 -

40 -

20 -

O -
SSP SSC 1S TMin  TMaj

FIGURE 3.

Histogram showing mean + SD of slow myosin heavy chain (MHC) fiber type determined
from immunofluorescent labeling of cross-sections from all 9 subjects. Abbreviations: IS,
infraspinatus; SSC, subscapularis; SSP, supraspinatus; TMaj, teres major; TMin, teres
minor. *Significantly less than SSP; 8Significantly less than TMin.
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FIGURE 4.
Myosin heavy chain (MHC) fiber type distribution from each individual from whom unfixed
muscle tissue was obtained (n = 3) (top). Each color (orange, blue, and green) represents a
different subject: A =type |, B = type lla, @ = type IIx. Separation of MHC isoforms into 3

distinct bands on representative gels (bottom). Abbreviations: 1S, infraspinatus; SSC,
subscapularis; SSP, supraspinatus; TMaj, teres major; TMin, teres minor.
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