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Purrose. To determine whether neurotrophic factors and innervation in extraocular
muscles (EOMs) were altered in different types of concomitant esotropia, and to explore
the possible association between neurotrophic factors and innervation of EOMs in
humans.

MerHoDps. Patients with concomitant esotropia who required strabismus surgery were
recruited from January to December 2022. Lateral rectus EOMs were obtained from
patients, and controls were obtained from deceased organ donors. Immunofluorescence
(IF) was performed to detect innervation of EOMs (neurofilament and
synaptophysin), and immunohistochemistry (IHC) was used to detect the neurotrophic
factors insulin-like growth factor-1 (IGF-1), brain-derived neurotrophic factor (BDNF),
glial cell-derived neurotrophic factor (GDNF), and neurotrophin-3 (NT-3). The positive
IHC results were further verified using western blotting (WB). One-way ANOVA followed
by a Dunnett’s multiple comparison post hoc test was used for continuous variables
and the x? test for categorical variables. Spearman correlation analysis was used for the
correlation analysis.

Resurrs. We collected lateral rectus EOM samples from acute and chronic types
of concomitant esotropia and controls. Consistent with IHC, WB showed that
IGF-1 was significantly increased in patients with acute acquired comitant esotropia
or essential infantile esotropia compared with controls. In IF, synaptophysins were
significantly increased only in acute acquired comitant esotropia compared with controls.
Furthermore, Spearman correlation analysis showed that the correlation between IGF-1
and synaptophysin was borderline (P = 0.057) for patients with acute acquired comitant
esotropia.

Concrusions. Our study highlights the role of IGF-1 and altered innervation of EOMs in
acute acquired comitant esotropia, suggesting that an effect of increased IGF-1 on nerve
innervation may temporarily cause a compensatory increase in the strength of lateral
rectus muscles.
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oncomitant esotropia is a manifest convergent misalign-

ment of the visual axes.! The estimated global preva-
lence of esotropia is 0.77% (0.59%-0.95%).2 Its major
types include essential infantile esotropia, accommodative
esotropia, and nonaccommodative esotropia, all of which
involve an imbalanced strength of lateral and medial rectus
extraocular muscles (EOMs). EOMs undergo continuous
remodeling and plasticity throughout life> and are rich in
innervation, with features of producing faster contraction
rates and resistance to muscle fatigue.>* They are innervated
by ocular motor neurons that branch off numerous nerve
fibers that form neuromuscular junctions.” The innervation
of EOMs may have inherent plasticity at both the muscle
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and the motor neuron levels to maintain eye alignment.
Unlike incomitant esotropia, in which the underlying etiol-
ogy can be attributed to paralysis of the ocular motor system,
the underlying molecular and neurophysiological basis of
concomitant esotropia is extremely complex and heteroge-
neous, influenced by genetic and environmental factors.®’
The innervation of EOMs can be regulated by changes
in signaling molecules, which may be determined by EOM-
specific gene expression® Gene expression was found
to be altered in strabismic human EOMs and tendons,’
including the expression of neurotrophic factors that regu-
late the frequency and strength of muscle contractions
by modulating the number of nerve fiber branches and
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the density of neuromuscular junctions.” Neurotrophic
factors®!® are a family of proteins that are identified
and produced in the neurons and muscles, including
glial cell-derived neurotrophic factor (GDNF), brain-derived
neurotrophic factor (BDNF), insulin-like growth factor-1
(IGF-1), neurotrophin-3 (NT-3), and nerve growth factor
(NGPF). They play a critical role in regulating the survival
and development of both neurons and muscle fibers and
can be transported in either anterograde or retrograde direc-
tions between neurons and EOMs.® EOMs express GDNF
and IGF-1, and the expression levels of BDNF, NT-3, and
NGF are higher compared with facial, buccinator, tongue,
and limb muscles.”"'°"12 The effects of neurotrophic factors
on EOM contraction profiles and patterns of innervation are
diverse. Abnormal signaling by neurotrophic factors may be
one possible cause of strabismus.!? In individuals with stra-
bismus, GDNF was downregulated, IGF-1 expression was
inconsistent, and BDNF expression was not changed.” In
previous non-human primates studies,'*'> the number of
nerve fibers and the density of neuromuscular junctions
can be regulated by exogenously applied GDNF, leading to
eye alignment changes; however, the sustained delivery of
2 pg/day BDNF for 3 months to EOMs did not induce stra-
bismus in infant monkeys.'®

Previous research on neurotrophic factors in strabis-
mus has mostly focused on the detection of gene expres-
sion in human EOMs, as well as on functional studies in
animal models. However, to our knowledge, little research
has assessed various neurotrophic factors at the protein
level in different types of concomitant esotropia and their
effects on the innervation of EOMs. Our study proposed a
hypothesis that there may be abnormal protein expression
of neurotrophic factors and innervation of EOMs in patients
with concomitant esotropia and that a potential relationship
may exist between them. Thus, our study aimed to determine
whether neurotrophic factors and innervation in EOMs are
altered in different types of concomitant esotropia and to
explore possible associations between neurotrophic factors
and innervations of EOMs in humans.

METHODS
Sample Collection

A prospective study was conducted from January 2022 to
December 2022, with ethics approval from the Institutional
Review Board of Beijing Tongren Hospital, Capital Medi-
cal University (TREC2022-KY042). Informed consent was
obtained from each adult or parental/guardian. The trial
registration ID was ChiCTR2100053717. This study complied
with the tenets of the Declaration of Helsinki.

Patients with concomitant esotropia who required stra-
bismus surgery were recruited, including acute type (acute
acquired comitant esotropia [AACE]) and chronic types
(essential infantile esotropia [EIE], partially accommoda-
tive esotropia [PAE], and nonaccommodative esotropia
[NAED. Information on age, gender, and history of previous
ophthalmic and systemic diseases was recorded. Ophthalmic
examinations were conducted, including best-corrected
visual acuity, refractive status, slit-lamp biomicroscopy,
fundus photography, and prism cover and uncover tests.
Patients were excluded if they met any of the following crite-
ria: previous history of intracranial and systemic diseases,
history of eye surgery, amblyopia, nystagmus, paralytic or
non-paralytic EOM disorder with abnormal eye movement,
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or esotropia accompanied by vertical strabismus. We used
lateral rectus EOMs, as resection can only be performed on
the weakened horizontal muscles in patients with concomi-
tant esotropia. Lateral rectus EOMs of the controls were
obtained from deceased organ donors who had no record of
meeting any of the above exclusion criteria. Briefly, lateral
rectus muscles were resected behind the muscle insertion
in patients with concomitant esotropia (8.64 + 1.53 mm in
AACE, 8.88 + 1.28 mm in EIE, 8.02 + 1.91 mm in NAE,
and 7.75 + 1.94 mm in PAE), and in the controls with the
range of 8 to 9 mm. EOM samples were separated from
tendons tissues, divided into fractions, and stored at —80°C
or embedded in paraffin.

Immunohistochemistry and Immunofluorescence

Prior to immunostaining, hematoxylin and eosin staining
was performed to test and verify that EOMs were obtained,
and then deparaffinization and rehydration were performed.
Antigen retrieval was performed for all antibodies using
EDTA antigen retrieval buffer or citrate buffer heated to
100°C. Sections were stained with the following antibodies
and dilutions for immunohistochemistry (IHC): Anti-IGF-1
(ab106836, 1:300; Abcam), which is goat polyclonal to IGF-
1 and recognizes human; Recombinant Anti-BDNF antibody
[EPR1292] (ab108319, 1:500; Abcam), which recognizes
mouse, rat, and human; Anti-GDNF antibody (ab119473,
1 pg/mL; Abcam),which recognizes rat and human; NT-3
Polyclonal antibody (18084-1-AP, 1:100; Proteintech), which
recognizes human, mouse, and rat; NF-H/NF200 Polyclonal
antibody (18934-1-AP, 1:200; Proteintech); and Synapto-
physin Monoclonal antibody (60191-1-Ig, 1:200; Protein-
tech).

Sections were then incubated with primary antibodies
at 4°C in the indicated blocking buffer dilutions overnight.
For IHC, sections were stained with horseradish peroxidase
(HRP)-labeled Goat Anti-Rabbit IgG H&L (ab6721, 1:1000;
Abcam; BDNF, GDNF, and NT-3) or HRP-labeled Donkey
Anti-Goat IgG (H+L) (A0181, 1:100; Beyotime, Jiangsu,
China; IGF-1) for 60 minutes at 37°C. After the sections were
washed with PBS, 3,3'-diaminobenzidine (DAB) substrate
solution (ZLI-9017; ZSGB Biotech, Beijing, China) was added
to the slides, which were subjected to Mayer’s hematoxylin
staining (G1080; Solarbio Life Science, Beijing, China).

For IF, the secondary antibodies of the corresponding
species of the primary antibody were successively added
and incubated in the dark for 1 hour: 1:500 Goat Anti-
Rabbit IgG H&L (Alexa Fluor 488) (ab150077; Abcam)
and 1:500 Goat Anti-Mouse IgG H&L (Alexa Fluor 594)
(ab150116; Abcam). The sections were mounted with an
anti-fluorescence quenching mounting medium. Further-
more, in control tissue, except for normal control repre-
senting samples from the deceased organ donors, a blank
control was designed for the omission of the primary anti-
bodies to rule out any cross-reactions with the secondary
antibody.

Based on a previous study,'® where a-bungarotoxin was
used to visualize neuromuscular junctions, we stained with
double-labeling synaptophysin and e-bungarotoxin to ascer-
tain that all a-bungarotoxin-labeled neuromuscular junc-
tions in the EOM specimens colocalized with presynaptic
components. Therefore, in addition to synaptophysin,
a-bungarotoxin (00005-100UG, 1 pg/mL; Biotium, Fremont,
CA, USA) was added to assist in demonstrating neuromuscu-
lar junctions. Furthermore, Anti-beta III Tubulin antibody -
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Neuronal Marker (ab18207, 1 pg/mL; Abcam) was also used
for co-staining to verify that the signal expression colocal-
ized with neurofilament.

Sections were observed under an ECLIPSE Ti confo-
cal microscope (Nikon, Tokyo, Japan), and images
were collected. The nuclei stained with 4',6-diamidino-
2-phenylindole (DAPI) were blue under the excitation
of ultraviolet, the positive expression of neurofilament
was fluorescein-labeled green, and synaptophysin was
fluorescein-labeled red. Image J software (National Insti-
tutes of Health, Bethesda, MD, USA) converted the values
into IntDen or integrated optical density and semiquanti-
tatively analyzed the relative expression. Six visual fields
were randomly taken across the sections and the grayscale
value was averaged for IHC. In the morphometric analy-
ses of neurofilament, density was calculated as the number
of labeled bright-green—positive nerve fibers per square
micrometer of cross-sections. In the entire cross-sections
from three slides, positive staining was counted and aver-
aged to determine statistical significance. Similarly, synapto-
physin density was also determined and reported as number
of labeled bright-red-positive neuromuscular junctions per
cross-sectional area (pmz).

Western Blot

The positive results obtained from IHC were further veri-
fied using western blotting (WB). Radioimmunoprecipitation
assay (RIPA) buffer (R0010; Solarbio Life Science) contain-
ing protease inhibitors was added for homogenization. The
supernatant was obtained after centrifugation at 14,000g at
4°C. Protein concentration was detected using a BCA Protein
Assay Kit (PC0020; Solarbio Life Science). The sample (20
pg/pl) was added to SDS-PAGE gel for electrophoresis sepa-
ration of proteins; after protein separation, it was trans-
ferred to a cellulose membrane (ISEQ00010; EMD Millipore,
Burlington, MA, USA) for imprinting. After the transfer was
completed, the protein-adsorbed membrane was blocked
with 5% skim milk at room temperature for 1 hour, and then
IGF-1 primary antibody (ab9572, 1:300; Abcam) and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH; ab8245,
1:5000; Abcam) were added for overnight incubation at 4°C.
After the primary antibody incubation was completed, a
1:1000 diluted secondary antibody (A0208; Beyotime) was
added for 1 hour at room temperature, and the membrane
was washed three times, after which it was transferred to a
Gel Doc XR imaging system (Bio-Rad, Hercules, CA, USA).
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An enhanced chemiluminescence (ECL) solution (PO018FM;
Beyotime) was then added, and Image]J was used to compare
the densities of the bands in the WB.

Data Analysis

Continuous variables, such as age, amount of deviation, and
the expression of neurotrophic factors, were expressed as
mean £ SD. For the comparisons of continuous variables
among patients with concomitant esotropia and the controls,
one-way ANOVA followed by Dunnett’s multiple compari-
son post hoc test was used to determine significance. The
one-way ANOVA can only reveal that there is a difference
in the overall comparison among the means of all groups
and does not specify which particular groups have differing
means. To identify these specific differences, further post
hoc testing is needed. There are many methods for multi-
ple comparisons. Of them, Dunnett’s multiple comparison
post hoc test is suitable for comparing a specific group with
other groups. In this study, we employed Dunnett’s test to
compare different types of esotropia with the controls. The
x? test was used for categorical variables. Spearman corre-
lation analysis was used to evaluate the correlation between
neurotrophic factors and innervation of EOMs in concomi-
tant esotropia patients and the controls. The correlations
between age and the expression of neurotrophic factors
were also analyzed. Statistical analysis was performed with
SPSS Statistics 26.0 (IBM, Chicago, IL, USA). A two-sided
P value of less than 0.05 was considered to be statistically
significant.

REsuLTS
Basic Characteristics

All of the samples were lateral rectus EOMs resected
from patients with concomitant esotropia and the controls,
including 18 patients with AACE, 16 patients with EIE, 27
patients with NAE, 20 patients with partially accommoda-
tive esotropia, and 21 controls (Table 1).

Immunofluorescence Analysis

Immunofluorescence (IF) was performed to detect the
expression of neurofilament and synaptophysin in lateral
rectus muscles. Neurofilament represents nerve fibers,
and synaptophysin demonstrates neuromuscular junction.

TasLe 1. Basic Characteristics of Controls and Patients With Concomitant Esotropia

Variables AACE EIE NAE PAE Controls P
Age (y) 18.17 £+ 15.10 9.50 £ 15.95 12.70 + 12.06 4.10 £ 1.21 49.0 + 13.21 <0.001"
Sex (female/male), n 5/13 8/8 12/18 10/10 4/17 0.155
Deviation, 33 cm (PD) 65.29 + 19.96 65.33 £+ 19.32 62.59 + 17.62 61.25 + 19.19 — 0.887
Deviation, 6 m (PD) 65.29 + 19.96 63.00 + 17.30 61.48 + 17.20 59.75 + 18.74 — 0.820
SE OD (D) -2.59 + 391 0.28 + 2.86 -0.10 + 2.98 2.7 £ 1.57 — <0.001"
SE OS (D) -2.46 + 3.87 0.65 + 2.55 -0.23 + 2.88 2.81 + 1.84 — <0.001"
History (y) 1.80 + 1.80 9.5 + 1595 5.03 + 6.16 2.07 £ 1.19 — 0.030"
Recession (mm) 7.03 £+ 2.53 6.53 4+ 2.99 6.33 4+ 1.99 6.88 & 2.44 — 0.780
Resection (mm) 8.64 + 1.53 8.88 + 1.28 8.02 + 1.91 7.75 + 1.94 — 0.172
n 18 16 27 20 21 —

Unless otherwise indicated, the data are shown as mean £+ SD. One-way ANOVA was used to determine the significance of continuous
variables. OD, right eye; OS, left eye; PD, prism diopters; SE, spherical equivalent.
" A two-sided P value of less than 0.05 was considered to be statistically significant.
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TaBLE 2. One-Way ANOVA Followed by Multiple Comparisons for
Neurotrophic Factors and Innervation in EOMs

Multiple Comparisons

Variable F P With Control P
GDNF 0.929  0.451 AACE vs. C 0.961
EIE vs. C 1.000
NAE vs. C 0.977
PAE vs. C 0.485
BDNF 1.732  0.151 AACE vs. C 0.336
EIE vs. C 0.686
NAE vs. C 0.392
PAE vs. C 0.963
IGF-1 3371 0.013" AACE vs. C 0.040"
EIE vs. C 0.015
NAE vs. C 0.380
PAE vs. C 0.995
NT-3 0.942  0.444 AACE vs. C 0.981
EIE vs. C 1.000
NAE vs. C 0.971
PAE vs. C 0.414
NEFH 3318 0.014" AACE vs. C 1.000
EIE vs. C 0.776
NAE vs. C 0.208
PAE vs. C 0.385
SYN 9.096 <0.001" AACE vs. C <0.001"
EIE vs. C 0.829
NAE vs. C 0.992
PAE vs. C 0.540
NEFH-to-SYN 5.007 0.001" AACE vs. C 0.603
ratio
EIE vs. C 0.717
NAE vs. C 0.025
PAE vs. C 1.000

One-way ANOVA followed by a Dunnett’s multiple comparison
post hoc test was used to determine significance of continuous vari-
ables. C, control; F, ANOVA analysis statistic; NEFH, neurofilament,
heavy polypeptide; SYN, synaptophysin.

" A two-sided P value of less than 0.05 was considered to be
statistically significant.

Synaptophysin is a presynaptic protein located in synaptic
vesicles that can be used as a marker of the neuromuscular
junction.'®!” With one-way ANOVA, synaptophysin density
appeared to be significantly different in all types of esotropia
(P < 0.001), but further Dunnett’s post hoc tests showed
that the difference was significant only in AACE (P < 0.001).
Moreover, one-way ANOVA showed that, among patients
with all types of concomitant esotropia and the controls,
there were significant differences in the density of neuro-
filament structures (P = 0.014) and the ratio of neurofil-
ament to synaptophysin structures (P = 0.001). Further-
more, according to Dunnett’s multiple comparison post hoc
test, compared to the controls, neurofilaments in patients
with all types of concomitant esotropia were not expressed
at levels that were significantly different. For patients with
NAE compared to the controls, the ratio of neurofilament to
synaptophysin was significantly higher (P = 0.025), but their
neurofilaments and synaptophysin levels were not signifi-
cantly different (Table 2, Fig. 1). Furthermore, when verify-
ing the position of the neuromuscular junction and muscle
fiber under a confocal microscope, where synaptophysin
and «-bungarotoxin display co-staining, the signals were
almost similar in controls, as well as co-staining with neuro-
filaments and beta-III tubulin (Fig. 2).
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IHC Analysis

One-way ANOVA showed that, among patients with all types
of concomitant esotropia and the controls, there was a signif-
icant difference in IGF-1 signal (P = 0.013) when followed
by a Dunnett’s multiple comparison post hoc test compared
with the controls; only the IGF-1 signal was significantly
increased in patients with AACE (P = 0.04) and EIE (P =
0.015). However, no significant differences in neurotrophic
factors were found between other types of concomitant
esotropia and the controls (Table 2, Fig. 3).

WB Analysis

Based on the positive results from IHC, further IGF-1 analy-
sis was performed using WB for AACE (z = 13), EIE (12 = 106),
and controls (n = 14). One-way ANOVA showed that, among
patients with the two types of concomitant esotropia and the
controls, there was a significant difference in IGF-1 content
(P < 0.0001). Furthermore, results of a Dunnett’s multi-
ple comparison post hoc test showed that, compared with
the controls, the IGF-1 signal was significantly increased in
patients with AACE (P < 0.0001) and EIE (P = 0.023). These
data were consistent with the THC results (Fig. 4).

Association Between IGF-1 and Innervation of
EOMs

Because of the findings of significantly increased IGF-1
in AACE, as well as significantly increased synaptophysin,
the potential relationship between IGF-1 and synaptophysin
was further analyzed in AACE. Figure 2 confirms the exis-
tence of IGF-1 and synaptophysin in the EOM specimens
in AACE (Figs. 2G-2D. In a non-human primate model,'®
it was shown that a continuous release pellet of IGF-1
resulted in an increased density of neuromuscular junctions.
Although Spearman correlation analysis showed the corre-
lation between IGF-1 and synaptophysin was borderline (7
= 17; P = 0.057) for patients with AACE, we suggest that,
within a certain range, there could be a possible connection
between increased IGF-1 and increased synaptophysin in the
acute type. However, there were no significant differences
in synaptophysin for other chronic types of concomitant
esotropia compared to controls, indicating that this hypoth-
esis cannot be extended to other chronic types of esotropia.

DISCUSSION

Neurotrophic factors are essential for neuronal survival
during development, and they mediate synaptic and
morphological plasticity.”” Neurotrophic factors are present
in axons and dendrites of growing neurons and in pre-
and postsynaptic terminals of neurons.!” In a previous stra-
bismus animal model, multiple slender nerve fibers were
connected to a neuromuscular junction, and the number
increased from 4.2% to 21.3% in neuromuscular junctions
with more than one axon due to the effects of neurotrophic
factors.' The findings on neurotrophic factors also indi-
cated its involvement in trophic signaling alterations in the
EOMs,*® which can trigger a microcascade of plasticity at the
muscle and motor neuron levels.® It has been demonstrated
that continuous treatment with a neurotrophic factor has the
potential to correct eye alignment in a sustained manner,
which may override compensatory mechanisms in the ocular
motor system. #1821
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Ficure 1. The expressions of neurofilament (green), synaptophysin (red), and nucleus (blue) in patients with concomitant esotropia
compared with controls by immunofluorescence staining. The Y-axes of the graphs, from left to right, represent the expression of neuro-
filament and synaptophysin and the ratio of neurofilament to synaptophysin. From left to right on the X-axis of each graph, the displayed
histograms correspond to the figure parts: AACE (n = 17) (A), EIE (n = 16) (B), NAE (n = 25) (C), PAE (# = 20) (D), normal control (r =
21) (E). The blank control shows omission of the primary antibodies (F). The blue arrowhbeads in the figures indicate neurofilament (green),
and the yellow arrowbeads indicate synaptophysin (red). IntDen, integrated density. The standard deviations are shown as error bars in the

histograms. *P < 0.05.

IGF-1 is synthesized from multiple sources, including the
EOM itself, the systemic circulation, innervating motoneu-
rons, and Schwann cells within nerves, which may be the
most prominent source of IGF-1 for EOMs.?? In a previ-
ous study, the mRNA expression level of IGF-1 in EOMs
was 21 times higher than that in other skeletal muscles.®
In a study of strabismic human EOMs, microarrays showed
that IGF-1 gene expressions did not change but was signif-
icantly upregulated 5.3-fold, based on the method of quan-
titative PCR (qQPCR),* but other studies have demonstrated
mixed results based on qPCR or PCR arrays.”?* Such results
obtained by different methods demonstrate the complexity
of IGF-1 expression. It is still controversial whether IGF-
1 enhances neurite growth. IGF-1 may play an important
role in synaptic maintenance and synaptic plasticity.?* It
was thought that, in developing EOMs and regenerating
nerves, IGF-1 increased neurite growth.?>?® However, the
effect of exogenous IGF-1 on innervation density was not
thought to extend beyond an adjustment of innervation to
match the increased myofiber size in infant monkey and
adult EOMs.!>'® Animal experiments!'?-!® have shown that
continuous IGF-1 treatment results in muscle fiber enlarge-
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ment and altered innervation density, that neuromuscular
junctions can be increased by 55%, and that the area of
the neuromuscular junction is expanded. After injection of
5 pg IGF-1 into EOMs, the contraction force of EOMs can
be increased by 81%, whereas reduced IGF-1 in EOMs can
weaken the force by 34%,” highlighting the role of IGF-1
in enhancing the strength of EOMs. However, besides the
species differences, it is worth noting that various potentially
confounding parameters may contribute to the complexity of
possible scenarios. Among them, age is an important predic-
tor of neuromuscular recovery after peripheral nerve injury,
although IGF-1 was reported to increase axon number, diam-
eter, and density in regenerated nerves of both young and
aged animals.?®

Until now, most of the previous studies have exam-
ined increased levels of exogenous IGF-1, and less is
known about the levels and effects of endogenous IGF-1.
In our study, endogenous IGF-1 was significantly increased
in lateral rectus muscles in patients with AACE and EIE
compared with controls. Significantly increased synapto-
physin was only detected in AACE; however, the increased
synaptophysin was not detected in other chronic types of
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(A-C) Through immunofluorescence staining in controls, ¢-bungarotoxin was used for co-staining to verify the signal colocalized

with synaptophysin. (D-F) Beta-III tubulin was double-labeled with neurofilament to test the colocalized signal expression. (G-I) Double-
labeling of IGF-1 and synaptophysin confirmed the existence of two components in the EOM of the AACE. The blue arrowbeads indicate the
positive synaptophysin, beta-III tubulin, and synaptophysin in panels B, E, and H, respectively. The yellow arrowhbeads indicate the positive

a-bungarotoxin, neurofilament, and IGF-1 in panels C, F, and I, respectively.

concomitant esotropia. This finding reflects the complexity
of pathogenesis and reveals differences in the underlying
molecular and neurophysiological bases of eye misalign-
ment. AACE is a special type of esotropia that occurs
suddenly, and the pathogenesis of AACE is still unclear. The
medical history for AACE in our study was 1.80 + 1.80 years,
which was obviously shorter than other chronic types of
concomitant esotropia (EIE, 9.5 + 15.95 years; NAE, 5.03
+ 6.16 years; PAE, 2.07 £ 1.19 years). This suggests that
the acute imbalance between horizontal rectus muscles may
cause an increase in endogenous IGF-1, thereby promoting a
possible temporary increase in synaptophysin and thereby a
compensatory enhancement of lateral rectus muscle strength
to overcome esotropia. This temporarily elevated synapto-
physin may return to its original level over time, as in other
types of concomitant esotropia.

The pathogenesis of concomitant esotropia is still unclear.
Our study could not determine whether endogenous IGF-1
may be involved in the original development of the misalign-
ment or is part of a secondary response that maintains the
misalignment. Yet unknown factors ultimately weaken the
strength of lateral rectus muscles relative to the medial rectus

Downloaded from abstracts.iovs.org on 05/02/2024

muscle, resulting in concomitant esotropia. One hypothesis
is that, for the innervation of EOMs, the sudden imbalance
between medial and lateral rectus muscles may secondarily
stimulate IGF-1 to enhance neuromuscular junction density
in AACE. The effect of increased IGF-1 on nerve innervation
in lateral rectus muscles may temporarily cause a compen-
satory increase in muscle strength.

Except for IGF-1, this study did not find significant
changes in protein levels of GDNF, BDNF, and NT-3 in EOMs
of patients with esotropia. In a previous study, neurotrophic
factors were clearly shown to be present in the EOM?%;
however, the roles of GDNF, BDNF, and NT-3 in the devel-
opment of concomitant esotropia remain controversial. The
effects of neurotrophic factors on ocular motor neuronal
function vary in development as well as in the maintenance
and plasticity of the adult ocular motor system.® GDNF is
present in EOMs, and the mRNA expression of GDNF is 26-
fold higher in EOMs than that in other skeletal muscles.?
Overexpression of GDNF by muscle greatly increased the
number of motor axons innervating neuromuscular junc-
tions in neonatal mice.?® In a previous study, the mRNA
expression of GDNF was reduced in concomitant strabismus
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Ficure 3. The expression of neurotrophic factors (BDNF, GDNF, IGF-1, and NT-3) in patients with concomitant esotropia compared with
controls by immunohistochemistry staining. The Y-axes of the graphs displayed from fop to bottom show the expression levels of IGF-1,
BDNF, GDNF, and NT-3. The histograms on the X-axis of each graph correspond to AACE (A), EIE (B), NAE (C), PAE (D), normal control (E).
The blank control shows omission of the primary antibodies (F). Positive staining is shown in brown. The corresponding sample numbers
were n = 18, 15, 25, 17, and 20 for IGF-1; n = 16, 12, 24, 18, and 18 for BDNF; n = 16, 12, 24, 16, and 19 for GDNF; and n = 16, 14, 25,
15, and 20 for NT-3. IOD, integrated optical density. The standard deviations are shown as error bars in the histograms. *P < 0.05.
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Ficure 4. Increased expression of IGF-1 in AACE (A1-A4) and EIE
(B1-B4) compared with the controls (C1-C4) as revealed by western
blotting.

by qPCR.?° Endogenous GDNF can alter the contraction of
EOMs,’ leading to faster contraction,® and reducing GDNF
expression in EOMs can decrease the frequency of muscle
contraction.” Another important subgroup of neurotrophic
factors is the neurotrophin family, including BDNF and NT-
3, which are implicated in different aspects of the myogenic
process.!® In a primate animal model, unilateral oversup-
ply of exogenous BDNF to horizontal EOMs did not induce
strabismus but showed a significant increase in myofiber
size in the slow myosin heavy chain-expressing fibers.'®
Exogenously applied BDNF and NT-3 could restore affer-
ent synapses on the injured motor neurons and differentially
regulate firing patterns in these neurons.!?** NT-3 was found
to be involved in muscle regeneration,'® and NT-3 increases
muscle fiber diameter in the neurogenic muscle from the
Trembler-J mice.>

Our study had some limitations. First, the age of the
controls was obviously older than that of patients with
esotropia, as control samples were collected from deceased
organ donors. However, in a previous study, it was reported
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that the effect of age was not significant and that medial and
lateral rectus muscles displayed similar changes in protein
and gene expression.” We further analyzed the relationship
between neurotrophic factors and age in different types of
concomitant esotropia, and no significant correlations were
found (all P > 0.05). Second, medial rectus muscles cannot
be obtained from patients with esotropia due to ethical
considerations. Only lateral rectus muscles can be obtained,
because this enhances the strength of the weakened muscles
in patients with concomitant esotropia, which, to some
extent, restricts the evaluation of neurotrophic factors and
analysis of innervation in medial rectus muscles in concomi-
tant esotropia patients. Third, the interval between death
of the organ donors and fixation of EOM samples was
within 4 hours. According to a previous study,’! care must
be taken to ascertain the effect of postmortem intervals on
protein levels. Although in most studies such intervals may
be adequate to quantitate the total levels of many proteins,
care is required in the interpretation of phosphoprotein
levels and the activity of enzymes regulated by phosphoryla-
tion. Our study largely dealt with morphology, and the post-
mortem interval has a major impact on the levels of proteins
in the phosphorylated state. Fourth, the study by Zhou
et al.*? showed that the intramuscular nerve-dense regions
were at a position between 31.69% + 0.67% and 56.01%
+ 0.63% of the lateral rectus muscle belly length, where
the branches formed an overlapping innervation region at
the center of the muscle belly. Due to the limitation of
resected muscle length within a certain range during stra-
bismus surgery, the center of the nerve-dense region could
not be evaluated in this study. Last but not least, six areas
of each EOM sample were randomly chosen and examined
throughout the entire cross-sections, including both orbital
and global layers. For our analyses, muscle cross-sections
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were generally uniform but the orbital and global layers
were not analyzed separately. In future studies, different
layers could be analyzed separately for layer-specific infor-
mation.

CONCLUSIONS

This study found that IGF-1 was significantly increased
in patients with AACE and EIE, and synaptophysins were
significantly increased in the EOMs of patients with AACE.
We hypothesize that there may be a possible connection
between increased IGF-1 and increased synaptophysin in the
acute type but not in chronic types of concomitant esotropia.
Further mechanistic research is warranted to explore the
effects of IGF-1 on the innervation of EOMs in different types
of concomitant esotropia.
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