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PURPOSE.Mutations in the fibroblast growth factor (FGF) receptor can result in strabismus,
but little is known about how FGFs affect extraocular muscle structure and function.
These were assessed after short-term and long-term exposure to exogenously applied
FGF2 to determine the effect of enhanced signaling.

METHODS. One superior rectus muscle of adult rabbits received either a series of three
injections of 500 ng, 1 μg, or 5 μg FGF2 and examined after 1 week, or received sustained
treatment with FGF2 and examined after 1, 2, or 3 months. Muscles were assessed for
alterations in force generation, myofiber size, and satellite cell number after each treat-
ment.

RESULTS. One week after the 5 μg FGF2 injections, treated muscles showed signifi-
cantly increased force generation compared with naïve controls, which correlated with
increased myofiber cross-sectional areas and Pax7-positive satellite cells. In contrast,
3 months of sustained FGF2 treatment resulted in decreased force generation, which
correlated with decreased myofiber size and decreased satellite cells compared with naïve
control and the untreated contralateral side.

CONCLUSIONS. FGF2 had distinctly different effects when short-term and long-term treat-
ments were compared. The decreased size and ability to generate force correlated with
decreased myofiber areas seen in individuals with Apert syndrome, where there is
sustained activation of FGF signaling. Knowing more about signaling pathways critical for
extraocular muscle function, development, and disease will pave the way for improved
treatment options for strabismus patients with FGF abnormalities in craniofacial disease,
which also may be applicable to other strabismus patients.
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S trabismus is a common and serious eye disorder, affect-
ing about 2% to 6% of the population worldwide.1–3

Although some of these patients can be treated with
prescription glasses and/or patching, many of these patients
require strabismus surgery for definitive treatment of their
eye misalignment via surgical manipulation of the extraocu-
lar muscles. The success of strabismus surgery can be highly
variable, with failure rates as high as 50% to 80% in long-
term studies.4–8 There are a few limited alternatives for stra-
bismus treatment in addition to surgery. Botulinum toxin
and, more recently, bupivacaine are pharmacologic agents
that are injected into extraocular muscles, to either weaken
or strengthen over or underacting extraocular muscles.9,10

However, studies have not shown that these agents are more
successful than strabismus surgery, unless used in conjunc-
tion with strabismus surgery.11

There is a need to discover effective therapies for stra-
bismus. Neurotrophic growth factors are pharmacologic
agents that have been studied as a potential treatment
for strabismus. Mostly in research settings, neurotrophic
growth factors, such as insulin-like growth factor I and

II (IGFI, IGFII), brain-derived neurotrophic factor, and
glial cell-line derived neurotrophic factor (GDNF), have
been studied as a possible treatment for strabismus with
the potential for more effective weakening or strength-
ening for overacting or underacting extraocular muscles.
Because neurotrophic factor levels were decreased in stra-
bismic extraocular muscle samples from human subjects
compared with age-matched controls, the reintroduction of
these factors has been proposed as a possible treatment.12,13

These neurotrophic factors have varying effects on extraoc-
ular muscle contraction properties, force generation, and
relaxation rates, as well as extraocular muscle cross-sectional
areas.14–19 Sustained local administration of IGFI on extraoc-
ular muscle partially reversed eye misalignment in a non-
human primate model of strabismus.20 It is possible that
the abrupt changes in the visual world and as well as the
direct changes to muscle tension resulting from strabismus
surgery or toxin administration trigger compensatory mech-
anisms that drive the oculomotor system back to presur-
gical ocular misalignment. We propose that the sustained
local release of growth factors on extraocular muscle may
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allow the oculomotor system sufficient time to overcome
the mechanisms that essentially push the system back to
the “pretreatment” condition21,22 and would also allow for
slow adaptation of the visual and ocular motor systems to
changes in eye alignment to result in increased treatment
success. The mechanisms of neurotrophic growth factor
effects on extraocular muscle contraction and histology and
strabismus are still not well-understood. However, because
these neurotrophic factors are normally retrogradely and/or
anterogradely transported within the axons of their inner-
vating cranial motor neurons,23–26 it is likely that they not
only have a direct muscle effect, but are likely to alter the
physiologic properties of the motor neurons as well.

Fibroblast growth factor (FGF) is a promising candidate
to treat at least some forms of strabismus. FGFs, especially
FGF2 (basic FGF), have been studied extensively in limb
skeletal muscle for their essential role in muscle precur-
sor cell renewal, muscle repair, regeneration, and reinnerva-
tion, as well as muscle maintenance.27–30 FGF2 is normally
transported anterogradely by motor axons, and this trans-
port is upregulated after motor nerve injury.23 FGF signal-
ing mediates muscle satellite cell activation and proliferation
during development and in response to injury in limb skele-
tal muscle.31–36 The role of FGF signaling in the extraocular
muscle is unclear, although one study showed that zebrafish
extraocular muscle regeneration was impaired by blocking
FGF signaling after injury.37 Studies in another craniofa-
cial muscle, the laryngeal muscle thyroarytenoid, showed
a significant regenerative response to FGF2 when injected
locally after denervation.38,39 This finding suggests that FGF2
signaling, through its exogenous addition into the extraocu-
lar muscles, would have the potential to modify muscle force
generation, possibly through precursor cell proliferation and
alteration in muscle size, similar to the role of FGF2 in limb
skeletal muscle.

The premise of this study was to analyze the effects of
FGF2 on extraocular muscle force generation and morphol-
ogy and to investigate possible mechanisms of action by
studying the effects of FGF signaling on extraocular muscle
precursor cells.

METHODS

Adult New Zealand white rabbits used for these studies were
purchased from Bakkam Rabbitry (Viroqua, WI). The rabbits
were singly housed under the care of Resource Animal
Resources in the AALAC-approved facility at the University
of Minnesota. All studies were approved by the Institutional
Animal Care and Use Committee. All experiments followed
animal use guidelines of the National Institutes of Health
and ARVO.

All surgery and muscle injections were performed after
ketamine:xylazine anesthesia (10 mg/kg:2 mg/kg intramus-
cularly) under sterile conditions. One cohort of rabbits
received injections of selected doses of FGF2 in a randomly
selected superior rectus muscle, with the contralateral side
receiving an injection of a similar volume of saline only.
FGF2 (Peprotech, Inc., Rocky Hill, NJ) was prepared as
a solution in 100 μL sterile isotonic saline at the follow-
ing doses: 500 ng (3 rabbits), 1 μg (5 rabbits), and 5 μg
(5 rabbits). Using sterile technique, a small incision was
made through the conjunctiva anterior to the location of
the superior rectus muscle. The superior rectus muscle was
exposed, and the superior oblique muscle was cut and
allowed to retreat into the orbit. Using a 30G needle, the

saline or FGF2 plus saline was slowly injected into the
body of the superior rectus muscle. The needle was left
in place for 30 seconds to minimize leakage. The conjunc-
tiva was closed, and a tobramycin/dexamethasone oint-
ment (Tobradex, Alcon, Forth Worth, TX) was placed in
the conjunctiva cul-de-sac to minimize inflammation. Each
animal received a sequential series of injections over the
course of 3 days, and all were examined 1 week after the
first injection. An additional five rabbits received a sequen-
tial series of injections of 5 μg FGF2 once per day over the
course of 3 days, and were examined 2 weeks after the first
injection.

A second cohort of rabbits was treated with a sustained
release pellet containing FGF2 (Peprotech, Inc.) to release
2 μg/day over a period of 90 days. The pellets were custom-
made by Innovative Research of America (Sarasota, FL) and
came with verification of their release profile. Four rabbits
received unilateral placebo pellets to assess whether the
surgical placement of the pellets was sufficient to alter
muscle force development. The rabbits were anesthetized
with ketamine:xylazine, as above. One FGF2-containing
pellet was placed between the sclera and the superior rectus
muscle on a randomly selected side, and the contralateral
side received a placebo pellet made of just the carrier mate-
rial but no FGF2. The pellets are quite sticky and do not
move from the original implantation site.17,40,41 The conjunc-
tiva was closed and tobramycin/dexamethasone ointment
placed in the conjunctival cul-de-sac. One set of control
rabbits (n = 4) received placebo pellets on both the right
and left superior rectus muscles, and force generation was
examined similar to the FGF2-treated muscles.

At the end of 1 week for the injected muscles and after 1,
2, or 3 months for the pellet-implanted muscles, the rabbits
were deeply anesthetized, and both superior rectus muscles
were dissected out from the sclera to as far back in the apex
as possible. In addition, six surgically naïve control superior
rectus muscles were examined for force production in a simi-
lar manner.Muscle force was assessed in these muscles using
our standard in vitro procedure using the Aurora Scientific
Isolated Muscle System (Aurora, Ontario, Canada).16 In brief,
the superior rectus muscles were attached to a lever arm
using a suture, which in turn is connected to a calibrated
force transducer. During the programmed stimulation proto-
col, the muscles were immersed in a double-walled glass
tissue bath, which contained oxygenated Ringer’s solution
maintained at 30 °C with a circulating water bath. In brief,
the muscles were stimulated using two flanking electrodes.
Isometric length–tension curves were produced after stimu-
lation at supramaximal intensity, and the resting length was
varied over a range of 0.5 to 10.0 g. Once the optimal length–
tension curves were generated, to ensure that a maximal
isometric twitch force was generated, the actual testing was
performed at this calculated optimal preload. Two minutes
of rest were provided between each stimulus. Force genera-
tion was measured at single pulse (twitch) (0.5 second pulse
duration), followed by 10, 20, 40, 100, 150, and 200 Hz stim-
ulations with a 500 ms train duration. Forces measured in
grams were converted to mN/cm2 by dividing muscle mass
(g) by the product of muscle length (cm) times a muscle
density of 1.056 g/cm3.16 These values were averaged for
each stimulation frequency for an average of six rabbits per
treatment type for both the treated muscles and for the supe-
rior rectus muscles on the contralateral side. All analyses
were performed masked relative to the treatment until data
were graphed.
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All the superior rectus muscles were subsequently
embedded in tragacanth gum and frozen using 2-
methylbutane chilled in liquid nitrogen. All blocks were
stored at −80 °C until sectioned at 12 μm using a Leica
cryostat. Slides were air-dried and stored at −30 °C. One
set of slides was stained with hematoxylin and eosin using
standard protocols and was used for measurement of the
cross-sectional areas. A second set of slides was stained for
the presence of either Pax7. For immunostaining of Pax7,
slides were rinsed in 0.01 M PBS followed by an incuba-
tion in 3% hydrogen peroxide in 0.1 M phosphate buffer to
remove endogenous peroxidase. The slides were then rinsed
in PBS and blocked in 10% normal horse serum in antibody
body consisting of 0.01 M PBS containing 0.1% Triton X-100.
Without rinsing, the sections were blocked for avidin/biotin
nonspecific binding using the Vector kit (SP-2001; Vector
Laboratories, Burlingame, CA) following the package direc-
tions. After a PBS rinse, the slides were incubated with an
antibody to Pax7 (1:50 in antibody buffer; Hybridoma Bank
Pax7c; University of Iowa, Iowa City, IA) for 1 hour at room
temperature. After a PBS rinse, the slides were incubated
with secondary antibody using the Elite mouse IgG kit (PK-
1602, Vector Laboratories) following the package directions.
After a PBS rinse, the slides were incubated in diaminoben-
zidine with heavy metal intensification, rinsed in PBS, dehy-
drated in a series of increasing alcohol concentrations, incu-
bated in xylene, and coverslipped with Permount mounting
medium (Fisher Scientific, Waltham, MA).

All morphometric analyses were performed masked rela-
tive to the treatment of the rabbits from which the slides
were prepared. Morphometric analyses were performed
using Bioquant software (Bioquant, Nashville, TN) and a
Leica microscope. For cross-sectional areas, three sections
approximately 1.50, 1.75, and 2.00 mm from the beginning
of muscle fibers at the insertional ends were counted. Fibers
were traced manually from number coded slides, and a mini-
mum of 200 myofibers in both orbital and global layers were
measured. The averages of the means from each slide were
determined per each rabbit muscle analyzed, and the means
from each rabbit were used to determine overall mean for
a specific treatment paradigm. For Pax7 counts similarly,
the number of myofibers in a given area was determined
and the number of Pax7-positive nuclei was determined.
This allowed measurement of Pax7-positive nuclei/myofiber
calculated as a percent for both orbital and global layers,
with similar numbers as described for fiber areas. Means
from each rabbit were used to determine overall means per
muscle per animal and were used to generate overall means
for any given treatment type and duration.

Graphing and statistical analyses were performed using
GraphPad Prism software (GraphPad, San Diego, CA). Data
are presented at mean ± SEM. ANOVAs were performed,
followed by Tukey’s post hoc multiple comparison tests for
any data that were significantly different, defined as P <

0.05.

RESULTS

Force generation was examined after direct injection of
FGF2 into one superior rectus muscle, at doses of either
500 ng, 1 μg, or 5 μg (Fig. 1). Direct injection of 500 ng
of FGF2 did not result in a significant alteration in force
between the treated muscles compared with the saline-
injected contralateral superior rectus muscles at any of the
stimulation frequencies (Fig. 1A). However, a 500 ng FGF2

injection resulted in significantly increased force compared
with naïve control rabbits at all stimulation frequencies (Fig.
1A). These were differences of 82.4% (P < 0.008), 43.0% (P
< 0.01), 58.7% (P < 0.02), 71.5% (P < 0.04), 92.6% (P <

0.02), 91.3% (P < 0.03), and 97.3% (P < 0.03), at each of the
stimulation frequencies, respectively.

After treatment with 1 μg FGF2 for three sequential days,
force, in mN/cm2, was significantly increased in the FGF2-
treated muscles compared with the naïve control muscles
(Fig. 1B). These treatments significantly increased force
generation by 56.5%, 48.5%, 47.6%, 62.1%, 75.9%, 69.2%, and
71.1% (all P < 0.01), at each of the stimulation frequen-
cies respectively. When the forces generated by the FGF2-
treated muscles were compared with the forces generated
by the superior rectus on the contralateral side, these forces
were only significantly different at the lowest 3 stimulation
frequencies, with a 59.6%, 46.8%, and 42.8% increase in force
(all P < 0.01), respectively (Fig. 1B).

Direct injection of 5 μg FGF2 for three sequential days
resulted in the most significant differences in generated
force of the three injected dose series. Compared with naïve
control superior rectus muscles, all treated muscles showed
a significant increase in force at all stimulation frequencies
(Fig. 1C). These represented force increases of 124%, 83.1%,
87.6%, 108.8%, 103.8%, 93.7%, and 96% (P < 0.001 for all
comparisons), at each of the stimulation frequencies respec-
tively. In addition, the superior rectus muscles injected with
FGF2 generated significantly more force than the contralat-
eral superior rectus muscles at the following stimulation
frequencies: twitch (39.2% more force; P < 0.01), 10 Hz
(31.2% more force; P < 0.01), 20 Hz (32.4% more force; P <

0.006), and 40 Hz (27.6% more force; P < 0.016). It should
be noted that the muscles contralateral to the FGF2-treated
muscles showed a significant increase in force compared
with the naïve control muscles at all stimulation frequen-
cies except 10 Hz, with increases of 60.9% (P < 0.03), 41.7%
(P < 0.03), 64.6% (P < 0.003), 75.3% (P < 0.003), 67.2% (P
< 0.01), and 66.7% (P < 0.01), at each of the stimulation
frequencies, respectively. A separate group of rabbits was
injected with 5 μg FGF2 and assessment of force was exam-
ined 2 weeks after the first injection (Fig. 1D). There were
no significant differences in the normalized force generated
between the 5 μg FGF2-injected superior rectus muscles
and the contralateral saline injected muscles 2 weeks after
treatment. Surprisingly, both these muscles produced signif-
icantly increased forces compared with the naïve control
superior rectus muscles, but only at the highest three stim-
ulation frequencies of 100 Hz, 150 Hz, and 200 Hz (P <

0.001).
One week after FGF2 treatment, the dose–response to

the three concentrations of FGF2 was calculated with all the
controls pooled (Fig. 2). After 1 μg FGF2 injections, force
generation was significantly increased over naïve controls
(P < 0.01). After 5 μg FGF2 injections, force generation was
significantly increased compared with naïve controls and
compared with saline-injected muscles contralateral to the
FGF2-treated muscles (P < 0.0001). There was also a signif-
icant increase in force generation when treatment with 1 μg
FGF2 was compared with treatment with 5 μg FGF2 (P <

0.039).
As a result of the significant changes seen with the

short-term FGF2 studies, sustained treatment with FGF2 was
performed. Force generation was compared between FGF2
treated muscles, placebo-treated superior rectus muscles on
the contralateral side, and naïve control superior rectus
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FIGURE 1. Force generation (mN/cm2) was quantified for the superior rectus muscles of naïve control, placebo injection control, and FGF2-
treated muscles one week after (A) 500 ng FGF2 injections for 3 consecutive days, (B) 1 μg FGF2 injections for 3 consecutive days, (C) 5 μg
FGF2 injections for 3 consecutive days, and (D) 2 weeks after injection of 5 μg FGF2 injections for 3 consecutive days. * Statistical difference
from naïve control superior rectus muscle. # Statistical difference from contralateral saline-injected control superior rectus muscle.



Fibroblast Growth Factor in EOM IOVS | July 2021 | Vol. 62 | No. 9 | Article 34 | 5

FIGURE 2. Dose response of force generation for the 10 Hz stimulation frequency after the injection of saline only, 500 ng, 1 μg, or 5 μg
FGF2 compared with naïve control superior rectus muscles. * Statistical difference from naïve control superior rectus muscle. # Statistical
difference from saline injected superior rectus muscle. @ Significant difference from 5 μg FGF2.

muscles. In contrast with the results with short-term treat-
ments after FGF2 injection, 1 month of sustained treat-
ment resulted in significantly decreased force genera-
tion compared with naïve control superior rectus muscles
(Fig. 3A) at 10 Hz, 20 Hz, and 100 Hz, with decreased forces
of 46.5% (P< 0.02), 42.6% (P< 0.03), and 38.2% (P= 0.035),
respectively. Although all the other stimulation frequencies
resulted in a trend toward decreased force generation after
1 month of FGF2 treatment compared with naïve control
muscles, none were significantly different (twitch, 36.2%
decrease [P < 0.07]; 40 Hz, 40.5% decrease [P < 0.06]; 150
Hz, 32.2% decrease [P< 0.11]; and 200 Hz, 30.3% decrease [P
< 0.13]). As seen in other studies of long-term neurotrophic
factor treatment,16 after 2 months of sustained treatment
there were no significant differences between any of the
muscles at a given stimulation frequency (Fig. 3B). However,
3 months of sustained FGF2 treatment resulted in signif-
icantly decreased force generation between FGF2-treated
and naïve control superior rectus muscles at the four high-
est stimulation frequencies (Fig. 3C). Decreased forces were
significantly different at 40 Hz (33.9% decrease [P < 0.02]),
100 Hz (27.3% decrease [P< 0.035]), 150 Hz (21.8% decrease
[P < 0.046]), and 200 Hz (19.4% decrease [P < 0.048]). In
addition, a series of rabbits received unilateral or bilateral
placebo-only pellet implantation, and there were no signif-
icant differences seen at any of the stimulation frequencies
(Fig. 4; unilateral data not shown).

The potential bases for these changes in force between
short-term and long-term treatment were investigated
further by measuring the mean cross-sectional areas after
each of these treatments. For the superior rectus muscles
injected with 1 μg FGF2, there were no significant differ-
ences in the mean myofiber cross-sectional areas compared
with naïve control muscles or when the treated and
contralateral sides were compared (Fig. 5). For the superior
rectus muscles injected with 5 μg FGF2 and examined after 1
week, the one-way ANOVA showed a significant difference
(P < 0.0134; F = 8.495); thus, a post hoc Tukey’s multi-
ple comparisons test was performed. For the superior rectus
muscles treated with injections of 5 μg FGF2, the mean cross-
sectional areas of the orbital layer fibers were 27.4% signif-
icantly larger than the orbital layers fibers on the contralat-
eral side (P < 0.009) (Fig. 5). The FGF2-treated orbital fibers
were 16.02% larger than the naïve control myofibers, but
this difference was not significant. The mean cross-sectional
areas of the global layer fibers in the FGF2-treated muscles

were significantly larger than both the naïve control global
layer fibers, at 16.5% (P < 0.01), and the global fibers on the
side contralateral to treatment, at 17.7% (P < 0.0.005). Thus,
short-term injection of FGF2 into the superior rectus muscle
resulted in a rapid mean increase in the mean cross-sectional
areas of the treated myofibers.

A very different picture was seen in the presence of
sustained pellet FGF2 treatment (Figs. 6, 7). The one-way
ANOVA for the 1-month time period was significant (1
month, P < 0.0132; F = 7.27); thus, a post hoc Tukey’s
multiple comparison test was performed. After 1 month of
sustained FGF2 pellet treatment, the mean cross-sectional
areas of both the orbital and global layers were signifi-
cantly decreased compared with the naïve control superior
rectus muscles (Figs. 6, 7), with a 40.7% decrease in the
orbital layers and a 58.0% decrease in the global layers (P
< 0.0074 and P < 0.0001, respectively). The mean cross-
sectional areas of the global fibers on the contralateral side
to the FGF2 treatment were also significantly smaller than
the naïve control fibers, showing an 18% decrease (P <

0.02). The global layer fibers of the FGF2-treated superior
rectus muscles were also significantly smaller than those
in the superior rectus muscle on the contralateral side,
showing a 29.2% decrease (P < 0.0085). After 2 months
of FGF2 pellet treatment, the mean cross-sectional areas of
only the global layers were significantly decreased compared
with the naïve control superior rectus muscles, with a
15.4% decrease (P < 0.02) (Fig. 7), and the mean cross-
sectional areas on the contralateral side were also signifi-
cantly decreased compared with the naïve control fibers at
a 21.3% decrease (P < 0.003). In contrast with 1 month after
treatment, there was no significant difference between the
treated and contralateral myofiber cross-sectional areas. The
one-way ANOVA for the 3-month time period was signif-
icant (3 months, P < 0.0001; F = 30.16); thus, a post
hoc Tukey’s multiple comparison test was performed. After
3 months of FGF2 pellet treatment, both the orbital and
global layer myofiber cross-sectional areas were significantly
smaller than both the naïve control muscles and the fibers
on the contralateral side (Figs. 6, 7). After the 3 months
of pellet treatment, the orbital layer fibers were 55.4%
(P < 0.0001) smaller than the naïve fiber areas and 22.3%
(P < 0.012) smaller than the orbital myofibers on the
contralateral side. The orbital fiber areas on the side
contralateral to treatment were not significantly different
from those in the naïve control muscles (P< 0.067). A similar
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FIGURE 3. Force generation (mN/cm2) was quantified for the superior rectus muscles of naïve control, placebo-pellet treated control, and
FGF2-pellet treated muscles (A) after 1 month, (B) after 2 months, and (C) after 3 months. * Statistical difference from naïve control superior
rectus muscle. # Statistical difference from contralateral superior rectus muscle.

picture was seen for the global layer fibers, which were
significantly 52.9% smaller than the naïve control fibers (P <

0.0001) and significantly 34.2% smaller than the global fibers
on the contralateral side (P < 0.024). In addition, the global
layer fibers on the side contralateral to the FGF2 treatment
were 28.4% smaller than those in the naïve control muscles
(P < 0.005). To summarize, prolonged FGF2 treatment—

particularly after either 1 month or 3 months—resulted in
an imbalance in the mean myofiber cross-sectional areas on
the treated side compared with the side contralateral to the
treatment.

Decreased myofiber cross-sectional areas suggest that
short-term or long-term exposure of the muscles to FGF2
would affect the Pax7-positive satellite cells within the
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FIGURE 4. Effects of 3 months of bilateral placebo pellet treatment on force generation (mN/cm2) in the superior rectus muscles.

FIGURE 5. Mean cross-sectional areas (μm2) were determined one week after (A) 1 μg FGF2 and (B) 5 μg FGF2 injections. * Statistical
difference from naïve control superior rectus muscle. # Statistical difference from saline injected superior rectus muscle.

FIGURE 6. Photomicrograph of hematoxylin and eosin stained representative sections of superior rectus muscles from (A) naïve control,
(B) placebo-pellet treated control, and (C) FGF2-containing sustained release pellets 3 months after treatment. Please note the heterogeneity
of the myofibers including very small fibers in C. orb. orbital layer; glob, global layer. Bar is 50 μm.
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FIGURE 7. Mean cross-sectional areas (μm2) were determined after treatment with sustained release FGF2 pellets after (A) 1 month,
(B) 2 months, and (C) 3 months. * Statistical difference from naïve control superior rectus muscle. # Statistical difference from pellet-treated
superior rectus muscle.
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FIGURE 8. Photomicrograph of representative sections from superior rectus muscles immunostained for Pax7 3 months after treatment with
either (A) a placebo pellet or (B) sustained release of FGF2. Bar is 20 μm. Arrows indicate Pax7-positive cells.

FIGURE 9. Quantification of Pax7-positive muscle satellite cells from (A) short-term treatment with either 1 μg or 5 μg FGF2 and (B) long-
term treatment with sustained release FGF2 pellets after 1 month, 2 months, and 3 months. * Statistical difference from naïve control superior
rectus muscle. # Statistical difference from pellet-treated superior rectus muscle.

extraocular muscle, which are more numerous in the
extraocular muscles compared with limb skeletal muscles.42

Pax7-positive cell number as a percent of myofiber number
was determined in all the treated superior rectus muscles
compared with the contralateral untreated superior rectus
muscles, as well as naïve control muscles (Figs. 8, 9). In
the superior rectus muscles that received injections of 1 μg
FGF2, no significant differences were seen in the number of
Pax7-positive cells per myofiber number in either the orbital

or global layers compared with naïve controls (Fig. 9) or the
muscles on the contralateral side (data not shown). For the
superior rectus muscles injected with 5 μg FGF2 and exam-
ined after 1 week, the one-way ANOVA showed a signifi-
cant difference (P < 0.0033; F = 12.69); thus, a post hoc
Tukey’s multiple comparisons test was performed. In the
superior rectus muscles treated with injections of 5 μg FGF2,
the Pax7-positive cell population was significantly increased
in both the orbital and global layers compared with both
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naïve controls (orbital, 123% increase [P < 0.0048]; global,
170.7% increase [P< 0.0033]) (Fig. 9) and to the muscles that
had received the 1 μg FGF2 dosing (orbital, 85% increase
[P < 0.013]; global, 107.5% increase [P < 0.01]) (Fig. 9). In
the superior rectus muscles that received injections of 5 μg
FGF2, after two weeks no significant differences were seen
in the number of Pax7-positive cells per myofiber number
in either the orbital or global layers compared with Pax7-
positve cells on the contralateral side (data not shown).

The Pax7-positive cell population was also examined in
the superior rectus muscles that had received 1 month, 2
months, or 3 months of sustained FGF2 treatment (Figs. 8, 9).
The one-way ANOVA showed a significant difference (P <

0.0008; F = 9.848); thus, a post hoc Tukey’s multiple compar-
isons test was performed. After 1 month of sustained treat-
ment, there was a significant decrease in the percentage of
myofibers with an associated Pax7-positive cell compared
with the naïve controls in the global layer (49% decrease;
P < 0.0047) and a trend that was not significant in the
orbital layer (43.5% decrease; P = 0.058). After 2 months of
sustained FGF2 treatment, there were no significant differ-
ences between the number of Pax7-positive cells in either
the orbital or global layers compared with the naïve control
muscles (orbital, P = 0.48; global, P = 0.06). However, after
3 months of sustained FGF2 treatment, both the orbital and
global layers showed a significant reduction in the numbers
of Pax7-positive cells compared with naïve controls (orbital,
52.2% decrease [P < 0.0128]; global, 56% decrease [P <

0.0008]) (Figs. 8 and 9). Pax7-positive cells were significantly
lower in the orbital layer at both 1 month and 3 months
compared with 2 months of FGF2 sustained treatment (2
months vs 1 month, 53.9% increase [P < 0.007]; 2 months
vs 3 months, 61% decrease [P < 0.0016]). To summarize,
short-term treatment with FGF2 resulted in an increase in the
Pax7-positive population of satellite cells, whereas sustained
FGF2 treatment resulted, by the end of 3 months, in a signif-
icant decrease in these muscle precursor cells.

DISCUSSION

Exogenous addition of FGF2 to the extraocular muscles
of adult rabbits had two distinctly different effects based
on the duration of treatment. Short-term treatment resulted
in an increase in force generation, which was associ-
ated with increases in satellite cell numbers and myofiber
cross-sectional areas. In contrast, extended treatment of
the extraocular muscles resulted in an overall decrease
in muscle force generation, decreased myofiber size, and
decreased Pax7-positive satellite cells. These differential
effects of FGF2 on extraocular structure and function were
unexpected.

FGF2 has well-described effects on development and
regeneration of limb skeletal muscle.35,43 During regener-
ation in crush injured skeletal muscle, FGF2 expression
was shown to increase,28 levels of FGF2 increased during
regeneration in dystrophic muscle,27,44 and FGF2 levels also
increased in animal models of skeletal muscle hypertro-
phy.45 In these studies, increased FGF2 levels resulted in
the maintenance of or an increase in the overall skeletal
muscle mass in injury and disease. These studies corre-
lated with those that showed that loss of FGF receptor
signaling resulted in decreased skeletal muscle mass.46 In
addition, the exogenous addition of FGF2 into both limb
and thyroarytenoid muscles resulted in increased muscle

mass.39,47 We hypothesized that treatment with FGF2 would
result in increased muscle size and, concomitantly, increased
muscle force production.48 In the short term, this hypothe-
sis proved to be true, with force generation increasing by
almost 100% at the highest dose of treatment, depending on
the stimulation frequency. These changes in force genera-
tion capacity correlated well with known effects of FGF2 on
increasing muscle size and satellite cell proliferation.31,39,47

More surprising were the effects of sustained treatment of
FGF2 on the superior rectus muscles, where force-generating
capacity, myofiber cross-sectional areas, and the number of
Pax7-positive muscle precursor cells were all significantly
decreased as the duration of exposure to FGF2 increased.
There are several hypotheses that could explain this signif-
icant difference in response with duration of exposure.
FGF2 is known to stimulate the proliferation of satellite
cells while also inhibiting myofiber differentiation.35,49 It
may be that, in the continued presence of high levels of
FGF2 and delayed differentiation of the myogenic precur-
sor cells in the extraocular muscle, these precursor cells
could not survive or integrate into the existing myofibers
as a part of the normal process of myofiber remodeling.50

Studies of changes in FGF isoform levels at different time
points after injury suggested there was likely to be a tempo-
ral sequence necessary for proper myofiber maintenance,29

which would have been disrupted owing to the sustained
level of FGF2 above normal. It would also be interesting
to test intermittent periodic injections for efficacy in this
system.

It is important to note the compensatory changes in
the muscles on the side contralateral to the FGF2 treat-
ment, which speaks to how important it is to have naïve
control specimens for statistical analyses. These types of
compensatory changes in the yoked but untreated muscles
is a common phenomenon in the ocular motor system after
surgical or growth factor interventions and is consistent with
Hering’s law.40,41,51,52 In addition, we have found that these
types of fiber size imbalances are usually associated with
the development of strabismus in our non-human primate
disease models.20,41

FGFs and Extraocular Muscle

Despite extensive studies in limb skeletal muscle, little is
known about the role of FGF2 in extraocular muscle devel-
opment or maintenance of normalcy in the adult. Using
a zebrafish injury model, FGF was important for normal
muscle regeneration after injury of the lateral rectus muscle;
FGF was also important for maintaining activated caspase
3 expression after injury to the lateral rectus muscles in
these fish.37 FGF was shown to increase within extraocular
muscles after recession surgery in a rabbit model of strabis-
mus.53 There is also only one study that demonstrated, using
in situ hybridization, that FGFR2 is specifically expressed on
the extraocular muscles in human fetal specimens.54 Despite
few studies of normal expression patterns, FGF signaling has
been implicated in a number of syndromes where strabismus
is common.55,56

Strabismus in Common FGFR-Associated
Craniosynostosis Syndromes

Despite this rather significant dearth of information about
the normal expression levels of FGF isoforms and their
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receptors, the known FGF receptor mutations that result
in craniosynostosis syndromes support the view that FGF
signaling is critical for normal formation of both the bony
orbit57 and the extraocular muscles.58,59 Apert syndrome
is one of the most common craniosynostosis syndromes,
with a high rate of strabismus in the affected individ-
uals, and is caused by one of two mutations in the
gene for FGFR2.60 Other FGFR2-related craniosynostosis
diseases are also highly associated with strabismus.55,56 The
three most common craniosynostosis syndromes, namely,
Crouzon, Apert, and Pfeiffer syndromes, are all thought to be
caused by a gain-of-function mutation in FGFR2 that results
in increased ligand affinity and prolonged FGF signaling in
the affected tissues.61,62 Individuals with Crouzon syndrome
have a reported prevalence of strabismus that ranges in the
literature from 39% to 75%.63,64 A majority of patients with
Pfeiffer syndrome have mutations in the gene for FGFR1 or
FGFR2.65,66 One study reports a prevalence of strabismus of
55% in individuals with Pfeiffer syndrome.67 In clinical prac-
tice, it is clear that patients with FGFR2-related craniosynos-
tosis syndromes have a high rate of strabismus,68 which can
be difficult to manage.69 The similarity between changes in
the superior rectus muscles after sustained FGF2 treatment
in the present experiment with those seen in muscles from
individuals with Apert syndrome59 sheds light on the poten-
tial biological mechanism and functional consequences of
this aberrant signaling in the extraocular muscles from these
syndromic individuals.

Other Neurotrophic Factors

A number of myogenic growth factors have been described
in the literature as involved in muscle development, and
they are also upregulated during muscle regeneration. These
include, but are not limited to, FGF2, hepatocyte growth
factor, epidermal growth factor, cardiotrophin-1, GDNF, and
ciliary neurotrophic factor.70 The treatment of denervated or
atrophic muscle by one or more of these factors prevented
decreases or restored muscle size and/or force generation.70

Either single growth factors or a cocktail of several growth
factors, including cardiotrophin-1, IGFI, GDNF, and brain-
derived neurotrophic factor, were injected into the orbits of
chicks, and these treatments resulted in altered force gener-
ation of the extraocular muscles examined.15,71 Contrast-
ing effects of different neurotrophic factors on extraoc-
ular muscle function demonstrates the complexity with
which these act on structure and function. Using similar
approaches, sustained IGF-1 treatment resulted in increased
extraocular muscle force generation in rabbit superior rectus
muscles,17 whereas GDNF resulted in decreased force gener-
ation.72 The roles played by the altered signaling of these
varied neurotrophic factors in the development and main-
tenance of strabismus are not understood, but gene studies
of muscles from strabismic individuals compared with age-
matched controls have implicated a number of these factors
as playing a role in producing or maintaining eye misalign-
ment.12,13

In summary, extraocular muscles treated with FGF2
had a completely different response to short-term injec-
tions compared with sustained exposure over a period of
3 months. These responses correlated with increased or
decreased myofiber cross-sectional areas. The effects of
sustained FGF2 signaling in these studies suggest a potential
mechanism for why strabismus may be a common finding in

craniosynostosis syndromes where FGFR mutations result in
abnormal and prolonged signaling of FGF.
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