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Botulinum Toxin Treatment of Extraocular Muscles in Rabbits
Results in Increased Myofiber Remodeling
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Department of Ophthalmology, University of Minnesota, Minneapolis, Minnesota.

Abstract

Purpose— Botulinum toxin A (Botox) is commonly used for strabismus treatment. Although other
muscles atrophy after intramuscular injection with Botox, extraocular muscles (EOMs) do not. A
continuous process of myonuclear addition in normal uninjured adult myofibers in rabbit EOMs was
studied. In this study, the effect of Botox-induced muscle paralysis on myofiber remodeling in adult
EOMs was examined.

Methods— The superior rectus muscles of adult rabbits were each injected with 5 units of Botox.
The contralateral muscle received injections of saline only. Bromodeoxyuridine (BrdU) was
administered for various periods after Botox treatment, followed by various BrdU-free periods.
Myonuclear addition, the number of BrdU-positive satellite cells, and the number of MyoD-positive
satellite cells were quantified, as were alterations in expression of immature myosins.

Results— Intramuscular injection of Botox resulted in a significant increase in both the number of
BrdU-positive myonuclei and satellite cells. MyoD expression in both satellite cells and myonuclei
was significantly increased after Botox injection in EOMs. In Botox-treated EOMs, an increased
number of myofibers positive for the neonatal myosin heavy chain (MyHC) isoform was detected in
the orbital layer.

Conclusions— Botox-induced EOM paralysis resulted in a significant short-term increase in
satellite cell activation and myo-nuclear addition in single myofibers in adult rabbit EOMs compared
with control muscles. The appearance of MyoD-positive myonuclei suggests that protein synthesis
becomes upregulated after Botox injection, and this, in turn, may help explain the minimal effects
on myofiber size in EOMs after Botox injection. Understanding the effect of Botox on satellite cell
activation and myonuclear addition in existing myofibers may suggest new ways to maximize the
clinical effectiveness of Botox in patients with strabismus.

The direct intramuscular injection of botulinum toxin A (Botox) is a common treatment for
numerous muscle contractility disorders, from cervical dystonia and blepharospalsmll2 to
spasticity in patients with cerebral palsy.3 Botox, however, was initially developed as a
treatment for strabismus and focal dys'[onias,“‘6 and it remains an effective and widely used
treatment for these conditions. A single injection of Botox results in a temporary paralysis of
the neuromuscular junctions. Previous studies have demonstrated that, in the short term,
paralysis with Botox results in terminal sprouting of the motor nerves.’=9 The time course of
this nerve sprouting is muscle-dependent. In several botulinum-treated muscles, despite the
return of muscle activity, the resultant new terminals are retained for more than a year.7’9 In
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other muscles, recovery of function at the original neuromuscular junction results in retraction
of the sprouts and restoration of normal function to the original nerves.10 The duration of
paralysis also seems to vary, lasting from 3 to 12 months,11 although the mean duration in
most long-term studies is approximately 3 months.12-14 ¢ appears that intrinsic differences
between skeletal muscle types alter their responsiveness to and recovery from the effects of
Botox injection.

The extraocular muscles (EOMSs) appear to be unique in their response to Botox injection. In
one study, reduction of force generation, particularly at low-frequency stimulation, is
significant, although not complete, by 18 hours.1® Of note, no changes in muscle contraction
velocity characteristics are evident, suggesting a functional effect on all muscle fiber types in
the treated EOMSs. Furthermore, in contrast to limb skeletal muscles, where muscle atrophy
develops after Botox injection,lﬁv17 little evidence of muscle atrophy is seen after Botox
injection into the EOMs, 18 despite evidence of the muscles’ rapid paralysis after treatment.
1 Only the orbital singly innervated fiber type shows a structural change as a result of the
Botox injections, and in fact these fibers are hypertrophied.18 A recent report demonstrated a
long-term loss of only the EOM-specific myosin heavy chain (MyHC) isoform in rat ex-
traocular muscle as a result of Botox injection. 9 In addition, the proportion of other MyHC
isoforms changes during the time of EOM muscle paralysis, with an initial shift toward slower
isoforms and a slow return of faster isoforms. However, it appears that there are few long-
lasting changes in the EOMs after Botox treatment.

The EOMs have several unique molecular and physiologic properties compared with other
skeletal muscles and, in fact, have been considered a distinct aIIotype.20 One novel feature is
the presence of activated satellite cells within adult, uninjured EOMs of rabbits, mice, monkeys,
and humans.21-23 These satellite cells, unlike those of limb skeletal muscles, continuously
divide in the normal, uniné'ured adult EOM and become randomly and stably integrated into
existing EOM myofibers. Litis possible that all skeletal muscles share this trait of continuous
remodeling, but the EOMSs appear to represent the most active end of this continuum. This
process of myonuclear addition is balanced by a continuous process of myonuclear apoptosis,
as visualized with TUNEL staining, and segmental cytoplasmic remodeling, as visualized by
the presence of activated caspase-3 within defined cytoplasmic domains.24 We hypothesize
that the minimal changes seen in EOMs after Botox treatment and the hypertrophy of specific
fiber typesls’19 can be accounted for by increases in satellite cell activation and myonuclear
addition. The purpose of this study was to determine the effect of Botox treatment on myofiber
remodeling.

Materials and Methods

Adult New Zealand White rabbits were obtained from Bakkon Rabbitry (Viroqua, WI) and
housed with Research Animal Resources at the University of Minnesota. All studies were
approved by the Institutional Animal Care and Use Committee, and followed the guidelines
of the National Institutes of Health and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

The rabbits were anesthetized with an intramuscular injection of ketamine and xylazine (1:1;
10 mg/kg and 2 mg/kg, respectively). Proparacaine drops were placed in the conjunctival cul-
de-sac to reduce blinking. In the first group of rabbits, 5 units of Botox was injected under
direct visualization into the belly of one superior rectus muscle. Injections were randomized;
half of the Botox-injected muscles were on the right side and half on the left side. The
contralateral muscle received an injection of an equal volume of saline only to serve as a control.
A minimum of four muscles were examined for each experimental injection protocol.
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Bromodeoxyuridine (BrdU) immunolabeling was used to visualize DNA synthesis and mitosis
in adult EOMs. To compare this labeling with that in our previously published work,21 three
postinjection BrdU-labeling protocols were used (Table 1, referred to in the text figure legends
as, e.g., 3,8,10).

BrdU, insterile isotonic saline, was injected intraperitoneally at a dose of 50 mg/kg body weight
at the postinjection times and days indicated in Table 1. The rabbits were killed after the
specified BrdU-free period, with an overdose of barbiturate anesthesia. The superior, lateral,
medial, and inferior rectus muscles were removed, frozen in methylbutane chilled to a slurry
in liquid nitrogen, and serially sectioned at 12 um. The even-numbered sections were processed
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. The odd-numbered sections were
immunostained for BrdU and laminin (1:20; Sigma-Aldrich, St. Louis, MO) to ascertain
whether the BrdU-labeled nuclei were within the muscle basal lamina and were satellite cells.
For double-labeling experiments, sections were quenched with hydrogen peroxide, incubated
with blocking serum, followed by biotin-avidin blocking reagent (Vector Laboratories), and
every other section was incubated in primary antibody to either dystrophin or laminin. After a
rinse in phosphate-buffered saline (PBS), the sections were reacted with a peroxidase avidin-
biotin complex (ABC; Vectastain; Novacastra-Vector Laboratories). The peroxidase was
developed with diaminobenzidine, and the sections were rinsed in PBS. For BrdU localization,
the sections were incubated in 2 N HCI 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 and incubated in 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 in a masked fashion with the aid
of a morphometry system (Bioquant Systems, Nashville, TN), by methods described
previously.zl’24 Briefly, the overall percentage of BrdU-positive myonuclei or cells in the
satellite cell position that expressed BrdU, as identified by location between the dystrophin-
positive sarcolemma and the laminin-positive basal lamina in serial sections, was determined
as a percentage of all myofibers in cross-section. Cross-sections through control and treated
EOMs from four rabbits were analyzed, to determine the labeling index for each of these
antigens. These were calculated as percentages of the total number of labeled myonuclei or
total number of labeled nuclei in the satellite cell position divided by the total number of
myofibers counted. Counts were made in a minimum of four random fields in the orbital and
global layers of four injected and four control muscles from each rabbit. Between 500 and 1500
myofibers were included in the total number of myofibers in cross-section, and four sections
were counted for each muscle. Sections were chosen at random distances from the insertional
tendon to the midbelly region of the analyzed muscles. 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; Graph-Pad, San Diego, CA). An F-test was
used to verify that the variances were not significantly different. Data were considered
significantly different if P <0.05. Counts are expressed as the mean + SEM.

Activated satellite cells were identified with an antibody to MyoD (1:25; Dako, Carpinteria,
CA), according to standard methods of immunohistochemical localization. The number of
MyoD-positive satellite cells was determined by counting four random fields in three cross
sections of each muscle in both the orbital and global layers of Botox-treated and control
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muscles. Muscles from four rabbits were analyzed for each post-Botox injection interval. Data
were analyzed as described for the EOM sections.

Immunohistochemical localization of neonatal and developmental myosin heavy chain
isoforms (neonatal and developmental MyHC: 1:20; Novocastra-Vector Laboratories) was
performed on randomly selected sections through the middle of the muscle and the tendon
ends, using standard methods. Four fields in both the orbital and global layers were counted
in sections prepared from four rabbits at each post-Botox interval. The data were analyzed as
described for the EOM sections.

Several BrdU-labeling periods were used to examine the relatively short-term changes in
satellite cell activation and myonuclear addition that might occur after Botox injection into the
EOM. In the first group of animals, daily intraperitoneal injections of BrdU were begun 1 week
after a single injection of Botox into the superior rectus muscle, followed by euthanasia on day
15 (7,7,1). In these animals, there was a 2.5-fold increase in new myonuclei and a 4.5-fold
increase in BrdU-positive satellite cells in both the orbital and global layers of Botox-treated
EOM myofibers compared with saline-injected control specimens (Figs. 1, 2).

To visualize the activation of satellite cells starting at an earlier time point after the Botox
injection, BrdU was injected every day for 8 days starting 3 days after a Botox injection,
followed by a 10-day BrdU-free period (3,8,10; Fig. 3). In these muscles, the number of BrdU-
positive myonuclei in the orbital layer was unchanged compared with the noninjected control.
However, in the global layer the number of BrdU-labeled myonuclei increased compared with
the contralateral control. When BrdU-incorporation began 3 days after Botox injection, satellite
cell division was elevated in both the orbital and global layers compared with the contralateral
control muscles (Fig. 3).

To give BrdU-labeled satellite cells a longer opportunity for potential fusion into existing
myofibers, BrdU was injected every day for 7 days beginning 1 week after Botox injection,
followed by a BrdU-free period of 7 days (7,7,7; Fig. 4). Satellite cells were significantly
upregulated compared to the saline-injected control muscle. Of note, only the global layer
showed a significant increase in myonuclear addition.

Botox treatment of EOMSs resulted in a significant increase in the percentage of activated
satellite cells, as evidenced by expression of the myogenic regulatory factor MyoD. When
compared with normal adult EOMs, there was a 9.3% and 7.3% increase in MyoD-positive
cells in the orbital and global layers respectively (Figs. 5, 6). These cells tended to be randomly
distributed throughout the treated muscle in much the same random distribution as in the normal
control rectus muscles. In contrast to normal EOMs, MyoD-positive myonuclei were present
(Figs. 5, 6).

Alterations in expression of the two immature MyHC isoforms, developmental and neonatal,
were examined in the Botox-treated EOMSs. The only significant alteration of MyHC isoform
expression in the EOMSs was an increase in neonatal MyHC expression in the orbital layer in
the middle region of the Botox-treated rectus muscles, where the percentage of positive went
from 8.4% + 2.4% in control muscles to 45.34% + 9.15% after Botox treatment. No significant
difference was seen in expression of developmental MyHC.

Discussion

A single injection of Botox resulted in a significant short-term increase in satellite cell
activation and myonuclear addition in adult rabbit EOMs. Concomitant with this, myonuclear
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expression of MyoD occurred. Few changes were seen in expression of neonatal and
developmental MyHC 14 or 21 days after a single Botox injection in the EOMs; the orbital
layer only showed an increase in neonatal myosin expression.

The effect of Botox on EOM activity is initiated very rapidly. 15,25,26 jyst 18 hours after an
intramuscular injection of Botox into EOM muscle force generation decreases to 93%
compared with contralateral controls Clmlcal doses of Botox result in paralysis of all
myofiber types in the EOMs equally Presynaptlc axonal sprouting is initiated soon after
Botox exposure and neuromuscular Junctlon paraIyS|s One study demonstrated that axonal
sprouting begins within 24 hours of muscle |nact|V|ty By 8 days after Botox injection,
evidence of renewed muscle activity due to neurite sprouting from the affected nerve is present.

30 Thus, although muscle activity is reduced significantly after Botox administration, some
small level of muscle activity appears to be retained almost continuously in the postinjection
period. The rapid initiation of myonuclear addition and satellite cell activation in the present
study correlates well with the rapid reaction of muscle to Botox. The initiation of sprouting
within 24 hours of Botox administration may play a role in activating the satellite cells, as they
are preferentially associated with myoneural junctions.31

Denervation results in upregulation of many cellular processes, presumably due to increased
expression and release of various myogenic growth factors including hepatocyte growth factor
(HGF), fibroblast growth factor gFGF) insulin-like growth factor (IGF), and ciliary
neurotrophic factor (CNTF) In fact, experimentally induced upregulation of IGF-I
accelerates muscle and motor neuron regeneration.:“}3 There are a large number of growth
factors that are normally upregulated in adult EOMs compared with adult limb muscle. These
myogenic growth factors may play a role in the short-term satellite cell activation that has been
documented after Botox treatment.2%:3% Previous work has demonstrated that IGF activates
satellite cells as the mechanism for muscle growth.36 A possible explanation for the lack of
atrophy in the EOMs after Botox administration may be that growth factor release, known to
cause muscle growth, would upregulate satellite cell activation and allow fiber size to be
maintained. Studies are ongoing to examine the effect of total nerve removal on these processes.
It may well be that this response will be similar with interventions, such as axotomy. It is
possible that these activated satellite cells may enter the cell cycle but ultimately apoptose.
A;)optosis is known to occur in a number of degenerative central nervous system disorders.
It is also possible that some of the activated satellite cells return to quiescence.

As identified by MyoD immunoreactivity, control EOMSs contain approximately five activated
satellite cells per 100 myofibers in cross section.21,23,24 Paralysis by Botox significantly
increases the population of activated satellite cells within the 2 weeks after injection so that
there are 20 to 30 activated satellite cells per 100 myofibers in cross section, an increase of
five- to sixfold over control. From these numbers, it is clear that there is more than a sufficient
number of activated satellite cells to account for the BrdU-positive myonuclei seen as a result
of Botox treatment. Because Botox treatment is known to result in rapid initiation of neurite
sprouting from the paralyzed nerves, 39t may be that the stimuli for both these processes are
related. Surgical denervation of limb muscle also results in the u regulation of MyoD
expression, 0 and this increase is irrespective of myofiber type. 1 However, the alteration in
MyoD is activity independent. The presence of the denervated nerve in a spinal cord isolation
model of i |njury is sufficient to retain MyoD expression in satellite cells in the limb muscles
examined.V Both MyoD and myogenin mRNA are significantly increased 7 days after Botox
treatment of adult rat triceps muscle, but protein expression was not examined in this study.
42 Botox treatment results in a significant increase in MyoD expression in the functionally
denervated EOM, and this study showed that a population of these activated satellite cells
become integrated into existing myofibers. These newly added myonuclei become stably
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integrated into the existing myofibers, and these labeled myonuclei are present 60 days after
BrduU Iabeling.21

Botox treatment of the EOM s resulted in the appearance of MyoD-positive myonuclei, which
are not present in normal EOMs. The upregulation of MyoD-expression in myonuclel is seen
after hypertrophy induced by both muscle stretch and functional overload.#3-45 In a model
of stretch-induced muscle hypertrophy, the appearance of myonuclear MyoD correlates with
increased protein synthesis in the stretched muscles.#3 This upregulation of myonuclear MyoD
in stretch-activated hypertrophy is independent of satellite cell activation and division. 46 \When
growing limb muscle is treated with Botox, there are increased numbers of MyoD-positive
nuclei, some of which appear to be myonuclei based on their published photomicrographs.
47 This upregulation of MyoD-positive nuclei occurs even though significant myofiber atrophy
occurred in these Botox-treated immature muscles. However, these Botox-treated muscles in
growing rats are unchanged in terms of myonuclei per millimeter myofiber length, suggesting
that myonuclear number and myofiber size may be under different control mechanisms.

Intramuscular Botox injection results in myofiber atrophy in almost all the muscles thus far
examined. 172948 The only known exception appears to be the extraocular muscles, and the
short-term absence of significant Botox-induced myofiber atrophy in the EOM has been clearly
documented.18:19 In fact, in the first 35 days after injection of Botox into monkey medial
rectus, there is an increase in the mean muscle fiber cross-sectional area specifically in the
orbital singly innervated fiber type 18 |1 another study, the mean cross-sectional diameters are
unchanged in the global layer at any time after Botox |nJect|on 19 This implies that the EOMs
retain some mechanism that allows them to maintain myofiber cross-sectional area when
functionally denervated. We hypothesize that the up-regulation of satellite cell activation,
increased myonuclear addition, and upregulation of MyoD expression in myofiber nuclei may
be responsible for maintenance of myofiber size in these muscles. As previously noted, MyoD-
positive myonuclei appear in the Botox-treated muscles. If, as has been shown in other studies,
upregulation of MyoD expression in adult myonuclei is associated with increased protein
synthesis,4 46 this, in turn, would help maintain myofiber cross-sectional area in the
extraocular muscles.

Few studies have examined alterations in MyHC isoform expression after Botox treatment in
the EOMs. In one study, the EOM responded to Botox injection by short-term alterations in
MyHC isoform expression, increasing the number of fibers positive for the slower isoforms.

By 8 months after Botox injection, the proportion of myofibers expressing fast MyHCs
increases, although they do not return to normal. The only long-term difference in the Botox-
treated EOMs is the complete absence of expression of EOM-specific MyHC.19 In laryngeal
muscles, which are very similar to EOMs in MyHC expression patterns, Botox injection results
in an increased number of myofibers positive for the fast MyHC isoforms. 49 Ina study of
gracilis muscle that is surgically denervated, increased expression of developmental MyHC
and MyoD expression in satellite cells is seen; however, these changes were not quantified.

No clear pattern of MyHC isoform changes has emerged from the studies thus far. In the
present study, expression of only the developmental and neonatal MyHC isoforms was
examined. The process of satellite cell activation and myonuclear addition suggested that there
are modifications to other properties in the EOMs that are considered to be more
“developmental” in nature. It is interesting that little significant change in the expression of
these molecules was observed at the time points examined. As we have seen after EOM
stretching, however, increased expression of the immature MyHC isoforms does not correlate
with increased myonuclear addition in the single myofibers examined (Christiansen S, et al.
IOVS 2004;45:ARVO E-Abstract 1585). It may be that signals controlling myonuclear addition
are distinct from those controlling MyHC isoform composition, and the changes may be a result
of denervation alone.
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In summary, paralysis of extraocular muscle, as a result of Botox treatment, resulted in a
significant short-term increase in satellite cell activation and myonuclear addition and
expression of MyoD in myofiber nuclei within single myofibers in adult rabbit EOM compared
with normal noninjected eye muscles. No concomitant changes in expression of immature
MyHC isoforms were seen except in the orbital layer, suggesting that the mechanisms that
control these two processes are distinct. Because functional denervation results in significantly
increased myofiber remodeling compared with control EOMs, the upregulation of these
processes may explain the minimal histologic and morphometric changes that occur after Botox
administration in the extraocular muscles compared with limb muscles. Future studies will
examine other possible factors, including release of trophic factors from nerves.
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Figure 1.

Photomicrographs of a superior rectus muscle labeled with daily BrdU for 7 days 1 week after
a single injection of Botox. BrdU is immunostained black and dystrophin, which demarcates
the sarco-lemma, is immunostained brown. Horizontal arrow: a BrdU-positive myonucleus;

vertical arrow: BrdU-positive cell in the satellite cell position. Bar, 50 um.
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Effect of Botox on Myonuclear Addition
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Figure 2.

Quantification of (A) myonuclear addition (B) and satellite cell activation, as measured by
BrdU incorporation. Botox was administered on day 0, BrdU was administered daily from days
7 to 14 after the Botox injection, and the animal was euthanatized on day 15 (7,7,1) *Significant
difference from the saline-injected control.
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Effect of Botox on Myonuclear Addition
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Figure 3.

Quantification of (A) myonuclear addition (B) and satellite cell activation, as measured by
BrdU incorporation. Botox was administered on day 0, BrdU was administered daily from days
3to 8 after the Botox injection, and the animal was euthanatized on day 21 (3,8,10) *Significant
difference from the saline-injected control.
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Effect of Botox on Myonuclear Addition
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Figure 4.

Quantification of (A) myonuclear addition and (B) satellite cell activation, as measured by
BrdU incorporation. Botox was administered on day 0, BrdU was administered daily from days
7 to 14 after the Botox injection, and the animal was euthanatized on day 21 (7,7,7) *Significant
difference from the saline-injected control.
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Figure 5.

Injection of normal adult superior rectus with Botox resulted in a significant increase in the
number of MyoD-positive satellite cells (arrowheads) compared with the normal EOM.
Normally, the myonuclei in adult skeletal muscle are negative for MyoD expression. However,
Botox treatment resulted in the appearance of MyoD-positive myonuclei, which were randomly
located throughout the treated muscle (arrows).
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MyoD Expression After Botox
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Figure 6.

The number of MyoD-positive satellite cells and myonuclei was quantified in the rectus
muscles. *Significant increase compared with the noninjected controls. **Essentially no
MyoD-positive myonuclei in control superior rectus muscle.
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Table 1
BrdU-Labeling Protocols
Days Since Botox Injection Days of BrdU Days BrdU-Free Total Days Since Botox
Injection

3 8 10 21
7 7 7 21
7 7 1 15
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