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Abstract
Purpose—A common treatment for motility disorders of the extraocular muscles (EOMs) is a
resection procedure in which there is surgical shortening of the muscle. This procedure results in
rotation of the globe toward the resected muscle, increased resting tension across the agonist–
antagonist pair, and stretching of the elastic components of the muscles. In the rabbit, due to orbital
constraints and limited rotation, resection results in more significant stretch of the surgically treated
muscle than the antagonist. This surgical preparation allows for the examination of the effects of
surgical shortening of one rectus muscle and passive stretch of its ipsilateral antagonist.

Methods—The insertional 6 mm of the superior rectus muscles of adult rabbits were resected and
reattached to the original insertion site. After 7 and 14 days, the animals were injected
intraperitoneally with bromodeoxyuridine (BrdU) every 2 hours for 12 hours, followed by a 24-hour
BrdU-free period. All superior and inferior rectus muscles from both globes were examined for BrdU
incorporation, MyoD expression, neonatal and developmental myosin heavy chain (MyHC) isoform
expression, and myofiber cross-sectional area alterations.

Results—In the resected muscle and in the passively stretched antagonist muscle, there was a
dramatic increase in the number of myofibers positive for neonatal MyHC and in the number of
BrdU- and MyoD-positive satellite cells. The addition of BrdU-positive myonuclei increased from
1 per 1000 myofibers in cross sections of control muscles to 2 to 3 per 100 myofibers in the resected
muscles. Single myofiber reconstructions showed that multiple BrdU-positive myonuclei were added
to individual myofibers. Addition of new myonuclei occurred in random locations along the myofiber
length of single fibers. There was no correlation between myofibers with BrdU-positive myonuclei
and neonatal MyHC isoform expression.

Conclusions—Both active and passive stretch of the rectus muscles produced by strabismus
surgery dramatically upregulated the processes of satellite cell activation, integration of new
myonuclei into existing myofibers, and concomitant up-regulation of immature myosin heavy chain
isoforms. Understanding the effects of strabismus surgery on muscle cell biological reactions and
myofiber remodeling may suggest new approaches for improving surgical outcomes.

Skeletal muscle is a complex tissue composed of thousands of individual multinucleated
myofibers. It is considered postmitotic, in that the myonuclei residing within these myofibers
do not divide in adult muscle.1,2 Residing outside the sarcolemma but within the basal lamina
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of individual myofibers is a population of cells that are responsible for muscle repair and
regeneration, the satellite cells.3 When a muscle is injured, this specialized cell population
becomes activated, divides, and either repairs damaged fibers or forms new myofibers.

There are a number of factors that initiate myofiber remodeling in adult skeletal muscles.
Among these are hypertrophy induced by synergist ablation,4 low-frequency stimulation,5 and
eccentric exercise.6 These manipulations result in satellite cell activation and proliferation,
which in turn are responsible for muscle repair and regeneration. Irradiation treatment, which
eliminates satellite cells from these muscles, prevents the compensatory hypertrophy in these
types of experiments.4

Another stimulus that activates satellite cells is stretching of the muscle.7–9 In fact, passive
stretching alone can activate limb muscle satellite cells.10 Even more compelling is a recent
study that subjected individual quiescent satellite cells isolated from adult limb muscle to
stretching in vitro, and showed that direct stretching of the satellite cells themselves results in
activation and bromodeoxyuridine (BrdU) incorporation.11 In a similar study, stretching was
shown to activate satellite cells on individually isolated myofibers in vitro that had been
prepared by using a method that maintains satellite cell quiescence.12 In animal models that
induce significant amounts of stretching, particularly limb lengthening procedures that result
in distraction-induced muscle stretching, muscle growth is a critical factor in the success of
these procedures clinically.13,14

Strabismus surgery is a common procedure used to restore binocular alignment. One procedure
typically used for an underacting muscle is surgical resection of the affected extraocular muscle
(EOM). Resection procedures do not significantly alter the axial position of the globe in the
orbit. Instead, resection rotates the eye in the direction of the resected muscle around a relatively
fixed axis of rotation. This increases the resting tension and therefore stretching of both the
resected muscle and its antagonist. In a previous study, resection of an extraocular rectus muscle
induced fiber hypertrophy—presumably a response to the increased load created by the
surgery.15 However, the mechanism of fiber hypertrophy in resected EOM is unknown and
cannot be inferred directly from limb muscle studies because of significant differences known
to exist between limb muscle and the EOMs.16 The effect of resection of the EOMs on satellite
cell activation, myonuclear addition, and myosin heavy chain (MyHC) isoform expression has
not been examined. This study was designed to determine the effects of this common strabismus
treatment on the EOM of adult rabbits.

MATERIALS AND METHODS
Adult New Zealand White rabbits were obtained from Bakkon Rabbitry (Viroqua, WI) and
housed in the University of Minnesota AALAC-approved animal facility. All procedures were
approved by the Animal Care and Use Committee at the University of Minnesota and adhered
to the guidelines for use of animals in research prepared by the National Institutes of Health
and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Surgical resection of EOMs was performed on 12 normal adult rabbits. The rabbits were
anesthetized with an intramuscular injection of ketamine and xylazine (1:1; 10 mg/kg to 2 mg/
kg, respectively). One randomly selected superior rectus muscle in each animal was detached
from the sclera. A 5- to 6-mm section was removed, and the muscle was sutured to the original
insertion using Vicryl 7-0 (polyglactin 910; Ethicon, Somerville, NJ). Because of the size of
the resection, the resected segment included both insertional tendon and distal muscle and
involved both the orbital and global layers. Although some myofibers would be cut by this
method, many myofibers do not run tendon-to-tendon in the EOM. This means that most of
the myofibers would not be physically sectioned by this method. The resection resulted in
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significant muscle stretching in the resected muscle. As is typical of rabbits, minimal rotation
of the globe occurred in the surgically treated eyes despite the large resection. As a
consequence, there was less substantial stretch of the antagonist inferior rectus muscle than
that which was induced in the resected superior rectus muscle. This allowed us to compare the
effects of differing amounts of stretch in the same eye. One week after surgery, eight rabbits
received intra-peritoneal injections of BrdU in sterile saline at a dose of 50 mg/kg body weight.
The rabbits received an injection every 2 hours for 12 hours, followed by a 24 hour BrdU-free
period. Two weeks after surgery, an additional four rabbits received the same series of BrdU
injections. The muscles from four additional normal rabbits labeled similarly with BrdU were
also used as control specimens. After the BrdU-free period the rabbits were reanesthetized,
and the muscles were prepared for immunohistochemical examination of myonuclei and
satellite cells that were positive for BrdU. The superior and inferior rectus muscles were
removed from both orbits, embedded in tragacanth gum, and frozen in methylbutane chilled
to a slurry on liquid nitrogen. The muscles were serially sectioned at 12 μm. The odd-numbered
sections of all the muscles were immunostained for expression of BrdU (1:100; Chemicon,
Temecula, CA) and dystrophin (1:20; Novocastra-Vector Laboratories, Burlingame, CA) to
ascertain whether the labeled nuclei were within the muscle sarcolemma and therefore were
myonuclei. Every 10th even-numbered section was immunostained for both BrdU and laminin
(1:20; Sigma-Aldrich, St. Louis, MO), to quantify BrdU-labeled nuclei in the satellite cell
position. Every 30th section was stained with hematoxylin and eosin for counting centrally
placed nuclei. Of the sections that remained, every second, fourth, sixth, or eighth one was
immunostained for one of the following: neonatal myosin, developmental myosin, insulin-like
growth factor (IGF)-1, or MyoD. For double-labeling experiments, tissue sections were
quenched with hydrogen peroxide, incubated with blocking serum followed by biotin-avidin
blocking reagent (Vector Laboratories) and incubated in primary antibody to either dystrophin
or laminin. The sections were rinsed in phosphate-buffered saline (PBS), followed by
incubation, using the peroxidase ABC kit (Vectastain; Vector Laboratories). The peroxidase
was developed with 3,3′-diaminobenzidine (DAB) and hydrogen peroxide without heavy metal
intensification. The sections were rinsed in PBS. For the BrdU localization, the sections were
incubated in 2 N HCl for 1 hour at 37°C, followed by neutralization in borate buffer and a PBS
rinse. The sections were incubated in the primary antibody to BrdU. The sections were rinsed
in PBS, incubated using reagents from the alkaline phosphatase ABC kit (Vector Laboratories)
and reacted with the alkaline phosphatase black substrate kit. All BrdU myonuclear counts
were performed on BrdU-dystrophin–labeled sections. The dystrophin or laminin
immunostained brown and the BrdU-positive nuclei were black. BrdU labeling and the number
of myofibers were quantified with the aid of a morphometry system (Nova Prime; BioQuant
Inc., Nashville, TN).

Immunostaining for visualization of neonatal and developmental myosin heavy chain (MyHC),
MyoD, and IGF-1 were performed as described for the dystrophin procedure, except that the
antibodies were prepared as follows: neonatal and developmental MyHC at 1:20 (Novocastra-
Vector Laboratories), MyoD at 1:25 (Dako Corp., Carpinteria, CA), and IGF-1 at 1:50 (R&D
Systems, Minneapolis, MN). Alterations in the expression patterns of the neonatal and
developmental myosin heavy chain isoforms, IGF-1, and MyoD in these muscles were
examined. The total number of BrdU- or MyoD-labeled nuclei was determined as a percentage
of the total number of myofibers in the microscopic fields counted. The percentages of centrally
nucleated, neonatal MyHC, developmental MyHC, and MyoD-positive cells were determined
as the number positive compared with the number of myofibers counted per cross section.
Cross-sectional areas were determined on the BrdU-dystrophin–stained sections by manual
tracing of myofibers using morphometry software (Nova Prime; BioQuant). For all
measurements, counts and area measurements were made in a minimum of four random fields
within both the orbital and global layers of four rectus muscles and four control muscles from
a minimum of four rabbits for the resected treated muscles. Sections were chosen to include
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both the insertional tendon and the midbelly region of the analyzed muscles. In addition, the
tissue sections were examined for inflammatory cell infiltrate by using hematoxylin and eosin
staining and immunostaining for cd11b (1:10; Serotec, Raleigh, NC), which identified
neutrophils, macrophages and lymphocytes. All data are presented as the mean ± SEM.

The percentage positive was compared between the orbital and global layers and analyzed for
statistical significance using either an unpaired two-tailed t-test or an analysis of variance
(ANOVA) and the Dunn multiple-comparison tests (Prism and Statmate software; GraphPad,
San Diego, CA). An F-test was used to verify that the variances were not significantly different.
Data were considered significantly different at P < 0.05.

A second set of sections was prepared from both the stretched and control superior rectus
muscles in which all the even sections were immunostained with either developmental MyHC
or neonatal MyHC. This second set of sections allowed us to determine how many BrdU-
positive myonuclei were found within single myofibers and also whether myofibers with BrdU-
positive myonuclei were positive or negative for one of the immature myosin heavy chain
isoforms. Thus, single myofibers from the rectus muscles were reconstructed from serial cross-
sections. A myofiber with a BrdU-positive myonucleus was located. These were selected to
be randomly located in the muscle length and cross-section. The locations of BrdU-positive
myonuclei and BrdU-positive satellite cells and whether the fiber was positive or negative for
expression of developmental or neonatal MyHC were recorded along the length of each
reconstructed myofiber by using morphology analysis software (Nova Prime; BioQuant).
Three-dimensional reconstructions were built in a second program (Topographer Program;
BioQuant).

Western blot analysis were performed on the nuclear fraction obtained from resected and
normal EOMs. The muscles were weighed and homogenized with buffer from a kit (Buffer C;
Compartmental Protein Extraction Kit; Chemicon). The samples were spun at 110,000 rpm for
20 minutes at 4°C. The pellets were placed in buffer W and spun a second time at 110,000 rpm
for 20 minutes at 4°C. The pellets were placed in buffer N, rotated, and spun again as just
described. Aliquots of the supernatant containing nuclear proteins were removed to determine
protein concentration using the bicinchoninic acid (BCA) assay (Pierce Biotechnology,
Rockford, IL). Nuclear proteins were separated on 4% to 20% Tris-HCl mini-gels (Bio-Rad,
Hercules, CA) run at 120 V. After approximately 1 hour, the gels were removed into 80% Tris,
glycine, SDS transfer buffer and 20% methanol and transferred onto nitrocellulose membranes
at 350 mA for approximately 1 hour. Duplicate gels with the same amount of protein loaded
were run and stained with Coomassie blue solution to monitor consistency in protein loading.
The nitrocellulose membranes were placed overnight into blocking solution consisting of
0.015% NaN3, 1 × Tris–buffered saline (TBS) and 20% goat serum. The membranes were
incubated with a primary antibody to MyoD (1:200, Santa Cruz Biotechnology, Santa Cruz,
CA), washed three times in TBS containing 0.05% Tween-20, and incubated in secondary
antibody at a 1:1000 dilution (Sigma-Aldrich). They were washed again and reacted with a
reaction substrate consisting of the 5-bromo-4-chloro-3-indoyl phosphate/nitroblue
tetrazolium (BCIP/NBT) substrate system for membranes (B3804; Sigma-Aldrich). To
determine the relative content of MyoD in the immunoblots, densitometric analysis was
performed (SigmaScan; SPSS Science, Chicago, IL). Preliminary experiments determined that
1 to 20 μg of protein produced a linear signal. Thus, 10 μg protein was used to load the gels
for semiquantitative Western blot analysis. All lanes were compared to a lane of purified MyoD
protein (Santa Cruz Biotechnology) included in each Western blot.
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RESULTS
Resection resulted in remodeling of the operated superior rectus muscles. One week after
surgery, a large number of myofibers of small cross-sectional areas was seen microscopically,
a number of which had centrally located nuclei (Figs. 1A, 2, 3). Myofibers with extremely
large cross-sectional areas also were evident (Fig. 1A), and in some cases the dystrophin
staining was disrupted around the sarcolemmal periphery. These were most often localized to
the lateral edges of the resected muscle. In cross section, the percentage of myofibers with
central myonuclei was 11.9% ± 3.2% (P < 0.05) and 5.7% ± 1.5% (P < 0.05) in the orbital and
global layers of the stretched muscles at 7 days after stretching compared with 0.3% ± 0.08%
and 0.15% ± 0.03% in the orbital and global layers of the control muscles. The presence of
myofibers with centrally located nuclei remained elevated at 2 weeks, with 7.39% ± 1.6% and
5.04% ± 1.5% in the orbital and global layers.

BrdU was used to follow addition of new myonuclei into the stretched myofibers. In the
resected superior rectus muscles, an average of 1.23% ± 0.3% and 2.1% ± 0.4% of the myofibers
in orbital and global layer cross sections, respectively, contained BrdU-positive myonuclei 1
week after stretch (Fig. 4). This represents a 10- and 200-fold increase over control superior
rectus muscles, where approximately 0.18% ± 0.06% and 0.01% ± 0.01% had BrdU-positive
myonuclei. New myonuclei were found in both layers, contrary to their preferential addition
in the orbital layer myofibers in the normal EOM.17 Individual myofibers were reconstructed
from the serially stained rectus muscles, and, in all cases, multiple BrdU-positive myonuclei
were found within these myofibers after this 24-hour period after BrdU-labeling (Fig. 5, Table
1). Thus, surgically induced stretch not only increased the overall number of BrdU-positive
myonuclei added to the muscles, but significantly increased the number of myonuclei added
per individual myofiber. In all myofibers reconstructed from the resected superior rectus
muscles, the BrdU-positive myonuclei were found in apparently random locations along the
length of the individual myofibers.

The unoperated, passively stretched inferior rectus muscle ipsilateral to the resected superior
rectus muscle showed increases over control to that seen in the resected muscle 1 week after
surgery. There was a significant increase in BrdU-positive myonuclei in the orbital and global
layers, 1.89% ± 0.3% and 0.52% ± 0.08%, respectively, compared with the normal control
muscles (Fig. 4).

In the resected superior rectus muscle, 2 weeks after resection, the number of BrdU-positive
myonuclei remained elevated, with an average of 0.34% ± 0.07% and 0.3% ± 0.03% of the
myofibers in orbital and global layer cross sections, respectively, of the surgically treated
superior rectus muscle containing BrdU-positive myonuclei—still a significant increase over
the control muscles. By 2 weeks after surgery, only the global layer showed a significant
increase in myonuclear addition in the passively stretched inferior rectus.

The number of BrdU-positive satellite cells both 1 and 2 weeks after surgery was significantly
increased over that in the normal adult EOMs. One week after resection, 6.1% ± 1.3% and
7.0% ± 1.0% of the myofibers in the orbital and global layer cross sections of the resected
muscles, respectively, were associated with a BrdU-positive satellite cell. This upregulation
of BrdU-positive satellite cells in the resected superior rectus muscle remained significantly
elevated at 2 weeks, with increases of 2.2% ± 0.3% and 2.4% ± 0.3% in the orbital and global
layers, respectively (Fig. 4). In the inferior rectus muscle ipsilateral to the resected superior
rectus muscle 1 week after surgery, the number of BrdU-positive satellite cells was elevated
over control levels at 1 week, and this significant elevation was maintained only in the global
layer at 2 weeks after the passive stretch associated with resection of the superior rectus.
Myofibers in both orbital and global layers in control muscles had 0.5% ± 0.08% of myofibers
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with BrdU-positive satellite cells associated with them. The number of BrdU-positive satellite
cells within the resected muscles was fourfold higher than the number of BrdU-positive
myonuclei.

The number of satellite cells positive for the myogenic regulatory factor MyoD in the resected
muscles was determined (Figs. 1B, 6A). Both 1 and 2 weeks after resection, the number of
MyoD-positive satellite cells was significantly elevated over control levels in both the
surgically stretched superior rectus (Fig. 6A) and the passively stretched inferior rectus in the
same orbit. In the resected superior rectus muscles, 8.17% ± 1.5% of the myofibers in the orbital
layer and 11.43% ± 1.9% of the myofibers in the global layer were associated with a MyoD-
positive satellite cells, compared with 4.27% ± 0.9% and 3.1% ± 0.6% in orbital and global
layers of the control EOMs, respectively. In the inferior rectus muscle ipsilateral to the resected
superior rectus muscle 1 week after surgery, there was a threefold increase in MyoD-positive
satellite cells compared with the normal control: 15.27% ± 0.9% and 10.3% ± 1.4% in the
orbital and global layers, respectively. These increases remained significantly increased over
the control at 2 weeks for the resected superior rectus muscles and for the orbital layer of the
inferior rectus. This differential increase of MyoD expression compared with control EOMs
was semiquantified by using Western blot analysis at 1 week after resection. The resected
muscles showed significantly elevated levels of MyoD compared with normal adult EOMs
(Figs. 6B, 6C). Leg muscle is essentially MyoD-negative.18

In the resected EOM muscles, there were significant increases in the percentage of myofibers
positive for the neonatal MyHC isoform in both orbital and global layers and the developmental
MyHC isoform in the global layers of the resected superior rectus muscles (Fig. 7). The orbital
layers are almost completely developmental MyHC–positive in the rabbits, and no change was
seen in expression of this isoform with this surgical intervention. The passively stretched
inferior rectus muscle on the operated globe did not show increased expression of either
neonatal or developmental MyHC by 1 week, and only in neonatal expression 2 weeks after
this passive stretch. The presence of a BrdU-positive myonucleus did not appear to be
predictive of expression of neonatal MyHC (Fig. 8), where approximately 40% ± 10% of the
myofibers were positive for neonatal MyHC and BrdU-positive myonuclei.

The muscles were examined for inflammatory cell infiltrate using CD11b, an antibody that
identifies neutrophils, monocytes, and macrophages. None of the resected muscles showed
evidence for inflammatory cell infiltrate using this antibody at any of the postsurgical intervals
(not shown).

The effect of resection on expression of IGF-1 was quite striking. Normally, the cytoplasm of
a large percentage of the myofibers is IGF-1-positive (Fig. 9). After stretching caused by
resection, the IGF decreased its cytoplasmic localization and appeared to have moved to the
basal laminar/sarcolemmal boundary. Current studies are under way to clarify the changes in
IGF-1 localization with resection.

DISCUSSION
EOM resection significantly increased both satellite cell activation and apparent fusion of these
cells into existing myofibers, as evidenced by increased BrdU-positive myonuclei in individual
myofibers within the resected superior rectus muscles. In addition, evidence for myofiber
degeneration and regeneration was present, as there was an increased number of myofibers of
small cross–sectional area with centrally located nuclei. These changes in satellite cell
activation and addition of myonuclei are not simply the result of surgical trauma, as increased
numbers of both activated satellite cells and BrdU-positive myonuclei are present in the inferior
rectus muscle ipsilateral to the resected superior rectus. This muscle was subjected to passive
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stretching due to rotation of the globe from shortening of its antagonist muscle. This passive
stretch resulted in significant upregulation of myonuclei, albeit less pronounced than that in
the resected muscle. In addition, a generalized inflammatory reaction did not develop, as
evidenced by the lack of inflammatory cell infiltrate in hematoxylin and eosin and cd11b
immunostaining.

Unlike limb skeletal muscles, the normal EOM in adults maintain a population of activated
satellite cells.17,18 These activated satellite cells appear to fuse into existing myofibers in adult
EOMs, and the myofiber population undergoes a continuous process of myonuclear addition
throughout life.17,18 This process continues even in the EOM of elderly individuals.19 Using
the same 12-hour BrdU exposure followed by a 24-hour BrdU-free period as was used in the
present study, we found in an earlier study that approximately 1 per 1000 myofibers had BrdU-
positive myonuclei.17 After resection of the superior rectus muscle, there were 20 per 1000
myofibers in cross section with BrdU-positive myonuclei. In addition, in individually
reconstructed myofibers from normal adult EOMs, only one new myonucleus was found in
those myofibers with BrdU-positive myonuclei. In contrast, after resection, multiple BrdU-
positive myonuclei were found in the reconstructed myofibers. The apparently random location
of the BrdU-positive myonuclei, which presumably represent satellite cells that have fused into
existing myofibers within the stretched muscle,20,21 occurs after other muscle injuries that
result in repair of existing myofibers. For example, limb lengthening by standard orthopedic
methods resulted in BrdU-positive nuclei randomly along the length of desmin-positive leg
muscle fibers.13 This type of segmental repair of existing myofibers occurs in muscular
dystrophy as well.22,23

In an earlier study, approximately 0.54% ± 0.08% of myofiber profiles in cross section in
normal, uninjured EOMs were associated with a BrdU-positive satellite cell 24 hours after a
12-hour BrdU-labeling regimen.17 The results of the present study indicate that, after resection,
this was increased 10-fold in the resected muscle to 6.1% ± 1.3% and threefold in the passively
stretched ipsilateral antagonist muscle, to 1.88% ± 0.28%. This upregulation in satellite cell
activation occurs in other models of stretching, including wing-weighting8 and mechanical
stretching of single fibers in vitro.11,12 In fact, even a single eccentric contraction can result
in a measurable, albeit short-lived, increase in satellite cell activation.24 Single myofibers
exposed to stretch and labeled with BrdU showed that this activation stimulus does not trigger
activation of the entire population of satellite cells along that stretched fiber.12 This implies
that the control of this process is very local along the fiber length. There is strong evidence of
local gene regulation in both myonuclei and satellite cells along the length of individual
myofibers, despite uniform protein composition.25,26 In addition, there is a great deal of
evidence that suggests significant heterogeneity in the satellite cell population itself.27,28

The stretched muscles showed an increased heterogeneity in myofiber cross-sectional area,
with very small and very large myofibers present, presumably representing both new fibers
and hypertrophied fibers. Heterogeneity in cross-sectional area occurs in limb muscle subjected
to eccentric exercise, where cross-sectional areas can reach three times their normal size.29,
30 These large muscle fibers were thought to represent segmental areas of muscle fiber
hypercontraction, and these fibers became more pronounced as the time after eccentric
contraction injury increased. This was certainly true in the present study, as these were more
prominent by 14 days after stretching than by 7 days. In addition, these large myofibers showed
disruption in dystrophin staining of their sarcolemma.

The presence of increased numbers of myofibers with centrally located myonuclei and small
cross-sectional areas in the resected muscles can be explained by several very distinct
mechanisms. However, it should be noted that very few of the centrally located myonuclei
were BrdU-positive. Centrally located nuclei could indicate that (1) new myofibers were being
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formed de novo, (2) stretched myofibers in the process of elongation by addition of new
myonuclei have less cytoplasm, or (3) disruption of the internal myofibrillar order results in
myonuclear translocation. Interestingly, an increased number of centrally located myonuclei
in stretched hindlimb muscle was found in regions of myofibrillar disruption.31 Other studies
have correlated myonuclear translocation to alterations in desmin after a stretch injury.32 It
appears that resection may turn on both fiber regeneration and fiber repair mechanisms, and
passive stretch in the antagonist muscle in the same orbit increases the number of myonuclei
and satellite cell activation, albeit to a lesser extent.

Resection resulted in increased expression of MyoD in both satellite cells and myonuclei in
the stretched EOMs. Stretch-overloaded limb skeletal muscle in quails increased their
expression of both MRF4 and MyoD mRNA,33 although in this case the effect was independent
of satellite cell proliferation.34 In a study of eccentric contraction in limb skeletal muscle,
myostatin, MyoD, and myogenin transcripts were rapidly and transiently elevated. Although
cellular localization of these myogenic regulatory factors was not performed, eccentric
contraction induced expression of these myogenic and differentiation pathways in limb muscle.
35 Particularly interesting is the fact that passive stretching of the soleus muscle resulted in
significant increases in MyoD, myf5, and MRF4 along the entire muscle length.10

In the resected superior rectus muscles, there was a significant increase in the number of
myofibers expressing the neonatal MyHC isoform in orbital and global layers and in
developmental MyHC isoform in the global layer compared with normal adult EOMs. These
changes were not confined just to the myotendinous regions. The passively stretched inferior
rectus muscle on the surgical globe did not show a compensatory change in expression of either
of these two isoforms. Several studies have examined the effect of stretch and/or eccentric
contractions on MyHC isoform switching. In an in vitro stretch paradigm of single–skinned
fibers from limb muscles, type 1 and 2 MyHC isoform switching was observed.36 Expression
of embryonic MyHC was not examined. Eccentric exercise of the rat hindlimb resulted in a
significant increase in the expression of the embryonic MyHC isoform.35 It appears that
although changes in myofiber size may correlate with increases in immature MyHC expression,
the two processes are most likely under different mechanisms of control. The lack of correlation
between expression of neonatal MyHC expression and BrdU-positive myonuclei in the
stretched EOM supports this hypothesis.

The alteration in IGF-1 localization after resection suggests that IGF-1 may be involved in
signaling after resection. Further studies are needed to confirm or refute this hypothesis.
However, one well known regulator of satellite cell activation and muscle hypertrophy induced
by stretch is mechanogrowth factor, a splice variant of IGF-1.37 Both IGF-R and IGF-1
continue to be expressed in normal adult EOMs.38,39 In a stretch model of muscle injury,
increases in IGF isoforms correlate with increases in MyoD expression and satellite cell
activation.40 Locally produced IGF-1 is increased in both stretch-activated muscles40,41 and
in functionally overloaded muscles.42 The role of IGF in the initiation and/or control of eye
muscle responses to resection is currently being studied.

Strabismus is a disorder of binocular alignment that affects 3% to 5% of the children in the
United States. A common treatment for this disorder is surgical resection, a procedure that
involves removing several millimeters of the insertional end of the muscle and then resuturing
the muscle back to the sclera. The goal of resection is to strengthen an underacting muscle and
to alter the rotational position of the globe. However, the surgical failure rate of this surgery
is high and is dependent on the original ocular deviation. Failure rates in patients with
strabismus who have large angle deviations, as reported in the literature, range from 11% to
70%.43,44 The failure rates increase as the postsurgical period increases, such that by 3 years
after surgery, more than 55% are no longer adequately aligned.45 The increasing failure rate
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over time suggests, in part, that some ongoing process occurs within the strabismic muscles to
counteract the surgical shortening. It is certainly reasonable to hypothesize that in EOMs, the
regenerative response to muscle stretch and its ongoing ability to remodel individual myofibers
throughout life may play some role in surgical outcomes for strabismus. If true,
pharmacological manipulation or immunomodulation of myonuclear turnover and satellite cell
activation could be used as a therapeutic intervention to improve long- and short-term results
of surgery in patients with strabismus.
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Figure 1.
(A) Cross section from a superior rectus 1 week after resection induced stretch immunostained
for dystrophin. Although most myofibers were within normal cross-sectional area ranges,
myofibers with extremely large cross-sectional areas were present occasionally, and in some
cases the dystrophin staining was disrupted around their sarcolemmal periphery (*). Arrow: A
BrdU-positive nucleus. (B) Cross section from a superior rectus 1 week after resection
immunostained for MyoD. (*) Same fiber in (A). Arrow: A MyoD positive nucleus. Bar, 50
μm.
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Figure 2.
Cross section of the orbital and global layers of a resected superior rectus muscle 2 weeks after
resection. Arrows: myofibers with centrally located nuclei. Bar, 50 μm.
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Figure 3.
Cross-sectional areas of global fibers from resected and control superior rectus muscles. Cross-
sectional areas of myofibers from the global layer of a resected superior rectus muscle (▤) and
a control superior rectus muscle (□) separated into cross-sectional area bins 200 μm in size.
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Figure 4.
Effect of resection on myonuclear addition and satellite cell division. Quantification of (A)
BrdU-positive myonuclei and (B) satellite cells 1 and 2 weeks after resection of the superior
rectus (SR), the inferior rectus ipsilateral to the resected superior rectus muscle (IR), the
superior rectus from the contralateral side to the surgical site (SR contra), and from the superior
rectus of control animals, which did not undergo surgery (SR control). *Statistical significance
compared with normal control levels (P < 0.05).
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Figure 5.
Reconstructions of five myofibers from serially sectioned (12 μm) resected muscle
immunostained for BrdU and dystrophin. Each circle represents a single cross-sectional area.
Red: BrdU-positive satellite cells; green: BrdU-positive myonuclei. Arrows: each BrdU-
positive myonucleus. The total length is indicated for each reconstructed myofiber.
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Figure 6.
Effect of resection on MyoD expression. (A) Quantitative analysis indicates that resection of
the superior rectus muscle resulted in an increased number of MyoD-positive satellite cells 1
week (SR) and 2 weeks after resection compared with normal superior rectus muscle (SR
control). In the inferior rectus ipsilateral to the resected muscle (IR), there was also a significant
increase in MyoD-positive satellite cells compared with the control *Statistically significant
compared with control levels (P < 0.05). (B) Densitometric scans of Western blots prepared
from resected superior rectus muscles and contralateral nonsurgical control muscles. The y-
axis represents arbitrary units. *Statistical significance compared to control levels (n = 5; P <
0.05). (C) Representative Western blot of total MyoD expression in a resected muscle 1 week
after surgery and in the contralateral control muscle from the same rabbit. 50, molecular mass
marker (kDa).
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Figure 7.
Effect of resection on neonatal and developmental MyHC expression. (A) Effect of resection
on myofiber expression of the neonatal MyHC isoform in the orbital and global layers of control
and resected superior rectus (SR) and inferior rectus (IR) muscles from surgically altered orbits.
(B) Effect of resection on myofiber expression of developmental MyHC isoform in the orbital
and global layers of control and resected superior rectus (SR) and inferior rectus (IR) muscles.
*Significant difference from control levels (P < 0.05).
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Figure 8.
(A) Cross section of a superior rectus muscle 1 week after resection, immunostained for BrdU
and dystrophin. {*) Myofibers with BrdU-positive myonuclei. (B) Serial section of the same
superior rectus muscle immunostained for neonatal myosin heavy chain isoform. *The same
fibers indicated in (A), with BrdU-positive myonuclei. Bar, 50 μm.
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Figure 9.
(A) Immunohistochemical staining for the presence of IGF-1 in myofibers from control a
superior rectus muscle. O, orbital layer; G, global layer. Arrow: Example of a positive myofiber
in the global layer. (B) Immunohistochemical staining for the presence of IGF-1 in myofibers
from a superior rectus muscle 1 week after resection. Arrow: positive myofiber. Bar, 50 μm.
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Table 1
Reconstructions of Individual Myofibers after Stretch

Myofiber Length (mm) Number of BrdU-Labeled Myonuclei Number of BrdU-Labeled Satellite Cells

2.544 3 8
1.56 2 3
0.852 3 1
2.064 4 17
0.624 3 4
2.688 4 7
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