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ABSTRACT

Purpose: To compare the localization and density of collagens I, 1V, VI, and elastin, the major protein components of connective
tissue, in the inferior oblique muscle of patients with overelevation in adduction and in controls and to characterize changes that
develop following surgery. Biomechanical studies suggest that the connective tissue matrix plays a critical role in extraocular muscle
function, determining tensile strength and force transmission during contraction.

Methods: Prospective laboratory-based case-control study of inferior oblique muscle specimens from 31 subjects: 16 with primary
inferior oblique overaction, 6 with craniofacial dysostosis, and 9 normal controls. Collagen I, 1V, VI, and elastin were localized and
quantified using immunohistochemical staining. Densities were compared using analysis of variance and post hoc comparisons.

Results: In primary inferior oblique overaction, all connective tissue components in unoperated specimens were elevated compared to
controls (P<.0001). Previously operated muscles showed normal levels of collagens IV and VI (P>.27) but increased collagen 1. In
unoperated craniofacial dysostosis specimens, only elastin was elevated (P=.03), whereas density of collagens IV and VI was lower in
previously operated vs unoperated specimens (P=.015).

Conclusions: Elevated collagen and elastin levels in the cohort with primary inferior oblique overaction are consistent with the clinical
finding of muscle stiffness. Contrarily, normal connective tissue densities in craniofacial dysostosis support the hypothesis that
overelevation in this group reflects anomalous muscle vectors rather than tissue changes. Surgical intervention was associated with
changes in the connective tissue matrix in both cohorts. These results have ramifications for treating patients with overelevation in
adduction.
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INTRODUCTION

For many clinical diagnoses of strabismus, the relationship between the pattern of abnormal ocular alignment and possible
abnormalities in the extraocular muscles at the molecular level remains poorly understood. In fact, there are a myriad of distinct
clinical entities that result in a similar abnormal eye position commonly described as inferior oblique muscle overaction. These
include such different conditions as Duane syndrome, superior oblique palsy, dissociated vertical divergence (DVD), globe rotation in
craniofacial dysostosis, and mechanical restriction of the inferior rectus muscle.*? This thesis tests the hypotheses that the connective
tissue phenotype of inferior oblique muscles differs between patients with overelevation in adduction and controls, and that inferior
oblique surgery alters the connective tissue phenotype.

As Burton Kushner pointed out: “When an eye moves excessively into the field of action of an extraocular muscle on version
testing, that muscle is typically described as being overacting. Because terminology influences understanding, the use of the term
overacting can be misleading. . . . In many circumstances, an excessive movement of an eye may in fact be in the field of action of a
muscle that is not actually responsible for the abnormal movement.”

The inferior oblique muscles serve to extort, elevate, and abduct the eyes,® and the elevating action of the inferior oblique is
greatest in the adducted position. Excessive elevation of the eye in adduction has traditionally been termed inferior oblique
overaction.>* Primary inferior oblique overaction develops commonly in individuals with infantile esotropia (often after surgical
treatment of the original horizontal strabismus), as well as in some children with accommodative esotropia, or intermittent exotropia.’
Wilson and Parks® estimated the incidence at 72% among individuals with infantile esotropia and greater than 30% in those with
acquired esotropia or intermittent exotropia. Primary inferior oblique overaction has been reported to represent 16.7%’ of
hypertropias. Other, less common types of strabismus that may demonstrate overelevation in adduction include superior oblique
palsy®; V-, Y-, or X-pattern exotropia®; Duane syndrome with upshoot’; and ocular deviations associated with craniosynostosis.***?

The term inferior oblique overaction may in some cases be misleading,* as it suggests that hypertrophy or hypercontractility
causes the muscle to “overact.” However, superior oblique weakness, co-contraction of the horizontal rectus muscles (Duane
syndrome), restriction of rectus muscles, aberrant innervation of the extraocular muscles, or anomalies in the insertion of other
extraocular muscles may result in overelevation in adduction.? In patients with craniosynostosis, excyclorotation of the globes and
orbits alone may cause apparent overaction of the inferior oblique muscles because the medial rectus muscles elevate as well as adduct
the globe. Regardless of the cause of overelevation in adduction, traditional surgical management has often included weakening of the
inferior oblique. Variations of inferior oblique weakening are myriad, from simple recession to combinations of recession with
alterations of the normal muscle pathway, including anterior transposition***® or anterior nasal transposition.®**'® Additional surgical
procedures include myectomy of the temporal portion of the muscle and denervation and extirpation.*'"*® Recently, it has been shown
that nasal myectomy™ as well as fixation of the inferior oblique to the orbital wall®® are effective techniques to weaken the action of
the muscle.

From the Department of Ophthalmology, University of Texas Southwestern Medical Center, Dallas, and Pediatric Ophthalmology & Adult Strabismus,
PA, Plano, Texas (Dr Stager); Departments of Ophthalmology and Visual Neurosciences, and Department of Neuroscience, University of Minnesota,
Minneapolis (Dr McLoon); and the Retina Foundation of the Southwest, Dallas, Texas, and Department of Ophthalmology, University of Texas
Southwestern Medical Center, Dallas (Dr Felius).

Trans Am Ophthalmol Soc / 111 /2013 119



Stager, McLoon, Felius

Although each of these procedures has been shown to effectively decrease overelevation in adduction, residual or recurrent
overelevation often occurs.?? In particular, the most common inferior oblique weakening procedures (simple recession, anterior
transposition, and myectomy) are known to be followed by recurrent overelevation. Secondary procedures designed to further weaken
the muscle include re-recession, nasal transposition, nasal myectomy, and denervation and extirpation. These procedures may be
technically challenging, particularly after primary myectomy, which may unpredictably alter muscle anatomy. The high recurrence
rate of overelevation after inferior oblique weakening, along with the possibility that the inferior oblique muscle is not the primary
cause of the problem, has led to a heightened interest in the anatomy®* and histology of this muscle.

To date, few studies have attempted to correlate the histology of the inferior oblique muscle with specific clinical diagnoses.
Antunes-Foschini and colleagues® reported substantially increased numbers of activated satellite cells in inferior oblique muscle
specimens from a series of subjects with inferior oblique overaction. These results suggest that there is active modulation of individual
myofibers within the inferior oblique of these subjects that is increased over the level seen in normal inferior oblique muscles. The
investigators acknowledge that overelevation in adduction may have multiple causes and describe their cohort as highly
heterogeneous.” Indeed, there were wide variations in the density of muscle precursor cells in the muscle segments removed among
their subjects. Nonetheless, the percentages were greater than normal in the muscles from every subject analyzed.

The results of Antunes-Foschini and colleagues® confirm that extraocular muscles, in contrast to most other skeletal muscles,
maintain a process of continuous myofiber remodeling, and that the rate of this remodeling appears to change in patients with inferior
obligue overaction. Metabolic labeling studies have demonstrated that there is a continuous and ongoing level of myofiber remodeling
in the extraocular muscles.**?” This phenomenon involves both the addition and removal of single myonuclei in single myofibers,
which suggests that segmental regions of individual myofibers undergo local cytoplasmic remodeling as well.?® This process appears
to occur in all species examined thus far,”*?"%° even in aging humans.? The rate of this process is modulated by a number of factors,
including thyroid hormone, myogenic growth factors, stretch, and functional denervation.*** One prediction from these studies is that
alterations in satellite cell number in muscles from subjects with strabismus (compared to normal) reflect the muscle’s attempt to
modulate the number or size of myofibers in order to adapt to local cues or to cues derived from the central nervous system.>* Beyond
these descriptions of the satellite cell density in patients with inferior oblique overaction, little is known about other potential
adaptions of the involved muscles and what role these adaptions might play in the abnormal function of these muscles when ocular
motility is disturbed.

It is clear that the inferior oblique muscles from patients with overelevation in adduction are not all the same. Forced duction
testing will confirm that inferior oblique muscles from different patients do not have the same passive stiffness or range of motion.
Thus, in clinical examination, muscles are described as being either normal, stiff, tight, or slack.*® These differences are actually
considered to be a property of the connective tissue matrices within the muscles.*® There is a paucity of information available about
the composition of various connective tissue matrix molecules in extraocular muscles and even less in patients with strabismus.

In skeletal muscles and tendons, the extracellular matrix and the connective tissue elements it contains are critical for defining the
tensile properties of muscle function. They play a critical role in transmission of force required for movement during muscle
contraction. Myofascial force transmission is more important at lower forces,®” emphasizing the critical role the connective tissue
matrix plays, particularly in muscles that operate under lower forces, such as the extraocular muscles. The major protein component of
connective tissue is collagen. This structural protein can represent 1% to 10% of the dry weight of skeletal muscle.® Recent studies
have demonstrated that the connective tissue matrix within skeletal muscles represents a highly ordered and massively interconnected
network including both endomysium® and perimysium.*® These mechanical properties result in a significant transmission of the force
during movements. These studies and others have shown that both the active and passive mechanical properties of muscle are
significantly influenced by the composition of the extracellular matrix. The changes in the isoforms of collagen expressed in a muscle
would have significant consequences in its function. Almost all muscle pathologies are associated with some degree of fibrosis, and
this transformation has been linked to the microenvironment within the muscle tissue.** Based on these studies, it is clear that clinical
examination of the passive range of motion and stiffness in skeletal muscles is actually a reflection of the connective tissue
composition.

In addition to the role collagen and extracellular matrix molecular composition plays in determining muscle stiffness and
mechanical properties, collagen and related extracellular matrix molecules also play an important role in the sequestration and release
of a number of growth factors that control both connective tissue and muscle fiber cell signaling processes. Adaptations of skeletal
muscle and its connective tissue components occur rapidly after changes in mechanical load or as a result of disease or injury.”>*® In
fact, these changes in connective tissue can occur without affecting myofibrillar protein synthesis.** Loading or unloading skeletal
muscles results in changes in expression of a number of growth factors, including transforming growth factor-p1 **“ and insulin-like
growth factor 1.4*® These factors lead to modulation in collagen isoform expression.”** It is becoming increasingly evident that the
connective tissue components within skeletal muscles are critically important in both disease and in their response to manipulation.

Few studies have been performed examining connective tissue composition within the extraocular muscles. An examination of the
tendon of normal superior oblique muscles showed that they expressed collagens 111, V, and VI, with local patches of collagen 11.%
Relative to changes after surgical intervention, a study of scar remodeling in stretched scars after strabismus surgery demonstrated that
the tendons contain collagen 111.°* In another study, a “moderate amount” of connective tissue in the endomysial and perimysial
compartments was noted.>

The aim of this study was to investigate whether different diagnostic groups display identifiably different connective tissue
phenotypes in their inferior oblique muscles despite their apparent similarity in ocular misalignment patterns. Three collagen isoforms
were chosen from the larger collagen superfamily of proteins to represent three of the major collagen types found in skeletal muscle
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(Kovanen, 2002**: Gelse et al, 2003%°; Ricard-Blum and Ruggiero, 2005°%). Collagen I is in the group of fibril-forming collagens and
is a predominant isoform in skeletal muscle. It is considered to provide tensile strength and rigidity to muscle. Collagen IV is the
major basement membrane collagen in the body, and it forms the skeleton of the basement membranes in muscles. Collagen VI is a
microfibrillar collagen and forms beaded filaments that are known to extend from the endomysium into myotendinous junctions.
Collagen VI plays a role in maintaining muscle contractile strength (Irwin et al, 2003°"). In addition, elastin was also examined within
the inferior obliqgue muscle specimens. Elastin is the main structural protein responsible for tissue resilience and extensibility,
counteracting the stiffness that is provided by collagen. While there are other structural molecules within the extracellular matrix of
skeletal muscle, understanding their expression in the inferior oblique muscles from normal and strabismic subjects has the potential
to shed light on the different properties seen in these specimens.

Two hypotheses are tested. First, this thesis tests the hypothesis that the connective tissue phenotype of inferior oblique muscles
differs between patients with overelevation in adduction and controls. The second hypothesis is that inferior oblique surgery alters
connective tissue phenotype. Specific molecular components of the endomysial and perimysial connective tissue matrix were
quantified in normal control inferior oblique muscles. These were compared with the connective tissue expression patterns in inferior
obligue muscles from patients who had no prior surgery and from patients who had prior inferior oblique surgery. These muscles were
also compared to inferior oblique muscles removed from patients with craniofacial dysostosis, including those who did and did not
have prior inferior oblique muscle surgery.

MATERIALS AND METHODS

The Institutional Review Board (IRB) of the University of Texas Southwestern Medical Center approved collection of tissue samples
under exempt status (approval date April 2009) and approved review of human subjects” medical records in compliance with the
Health Insurance Portability and Accountability Act (HIPAA) guidelines (under file No. 112005-027). This study adhered to the tenets
of the Declaration of Helsinki.

Study specimens were collected from patients scheduled to undergo temporal or nasal myectomy of one or both inferior oblique
muscles for primary or secondary overaction. Control specimens were obtained from patients at the time of enucleation for other
diagnoses.

Inferior oblique muscle tissue was collected at the time of surgery. Four groups of inferior oblique specimens were collected: (1) 9
samples with primary inferior oblique overaction with no prior inferior oblique surgery (NPS) (Table 1); (2) 7 samples with recurrent
inferior oblique overaction after previous surgery (Table 1); (3) 6 samples from patients with craniofacial dysostosis (Apert syndrome)
and overelevation in adduction (2 patients who had previous surgery and 4 who were naive to surgical intervention) (Table 2); and (4)
9 control samples removed by an ophthalmologist at the time of enucleation (Table 3).

Mean patient ages were 6.9 years (standard deviation [SD], 4.9) for patients without prior surgery and 7.3 years (SD, 5.1) years for
patients with previous surgery. In the craniofacial dysostosis group, the 2 patients who had previous surgery to the inferior oblique
muscle had a mean age of 6 years (range, 4-8), and the 4 patients that were naive to surgical intervention had a mean age of 4.4 years
(SD, 2.1) (Table 2). The normal control group had a mean age of 25.2 years (SD, 28) and included 5 children and 4 adults. None of the
control subjects had a history of strabismus, and none had undergone prior extraocular muscle surgery.

The severity of overelevation in adduction for each patient was quantified using the grading system outlined by Elliott and Parks>®
(Tables 1 and 2).

The 9 patients with previous inferior oblique surgery on the temporal portion of the muscle (7 from group 2 and 2 from group 3)
underwent nasal myectomy™® of the inferior oblique muscle. This procedure was performed unilaterally in 6 cases and bilaterally in 3
cases (Table 1). For this surgical procedure,”® the patient was placed in the supine position under general anesthesia. An inferonasal
cul-de-sac incision was made and carried down to the bare sclera. The inferior rectus muscle was isolated from its nasal border, the
eye was rotated superiorly, and the inferior oblique muscle was identified. The insertion of the inferior oblique was exposed, and
temporal traction was placed on the muscle while retracting its capsule nasally. The nasal segment of the inferior oblique was
visualized nasal to the inferior rectus where the inferior oblique muscle narrows abruptly (Figure 1). The nasal portion was then
isolated with 2 muscle hooks and stretched. Hemostats were placed across the muscle near the lateral border of the inferior rectus
muscle and approximately 5 mm nasal to that point. The portion of the inferior oblique muscle between the 2 hemostats was excised.
The muscle was cauterized near both hemostats; cauterization was particularly heavy on the side of the muscle nearest the
neurofibrovascular junction. The distal segment of the muscle was repositioned posteriorly. Any opening in the Tenon capsule was
sutured to prevent fat protrusion. The conjunctiva was closed, and a tobramycin and dexamethasone ophthalmic suspension solution
(Alcon Laboratories, Inc, Fort Worth, Texas) was instilled.

The 13 patients who had no prior surgery to the inferior oblique underwent a standard temporal myectomy (9 from group 1 and 4
from group 3). This procedure was similar to the one described above, except that the temporal portion of the inferior oblique muscle
(temporal to the neurofibrovascular junction) was isolated and a 4- or 5-mm section myectomized. This procedure was performed
unilaterally in 9 cases and bilaterally in 4 cases (Tables 1 and 2).

Control inferior obliqgue muscles from 9 individuals were removed by an ophthalmologist at the time of enucleation due to
intraocular retinoblastoma (n=3), orbital exenteration for a malignant neoplasm in the posterior aspect of the orbit (n=1), or
enucleation for corneal donation (n=5; Table 3).

Four connective tissue molecules were examined: collagen I, collagen 1V, collagen VI, and elastin. They were chosen to represent
specific types of common connective tissue matrix molecules found within muscle. Collagen | is the major fibrillar collagen in the
group of five fibril-forming collagens,®® providing tensile stiffness to tissues. Collagen IV is the major collagen of basement
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membranes.® In contrast, collagen VI is a microfibrillar collagen that forms an independent microfibrillar network in virtually all
connective tissue. It is found in the perimysium and in the endomysium just external to the collagen IV—containing basement
membrane. Elastin is an extracellular matrix protein that provides strength and flexibility to connective tissue and was previously
shown to be expressed in extraocular muscle.*

TABLE 1. DEMOGRAPHIC AND KEY CLINICAL CHARACTERISTICS OF THE 16 PATIENTS WITH PRIMARY
INFERIOR OBLIQUE OVERACTION WHOSE INFERIOR OBLIQUE MUSCLE SPECIMENS WERE STUDIED

SUBJECT GENDER AGE AT  VISUAL ACUITY 10 OVERACTION SPECIMEN PREVIOUS 10
SURGERY (0D, 0S) & UNDERACTION* COLLECTED SURGERY
(YEARS) (OD OR OY)
1 M 2 GCM, GCM +2 LIO (ON) Recession
2 M 3 GCM, GCM +2 LIO 0S Recession
3 F 5 GCM, GCM +2 LIO 0S Recession
4 F 6 20/25, 20/20 +3 LIO oD Recession
5 M 9 20/30, 20/30 +2 RIO oD Recession
6 M 9 20/20, 20/20 +3 LIO oD Recession
7 M 17 20/25, 20/25 +2 RIO, +2 LIO OD and OS Myectomy
8 M 4 GCUM, GCM +3 RIO oD NPS
9 F 4 GCM, GCM +2 RIO, +2 LIO OD and OS NPS
10 M 4 20/30, 20/70 +4 RIO oD NPS
11 F 4 GCUM, GCM +3 RIO, +2 LIO OD and OS NPS
12 M 5 20/40, 20/50 +3 RIO, +3 LIO OD and OS NPS
13 M 6 GCM, GCM +3 LIO 0S NPS
14 M 7 20/40, 20/50 +3LI0 0S NPSt
15 M 9 20/20, 20/20 +2 LIO 0S NPSt
16 M 19 20/25, 20/25 +3LI0O 0Ss NPS

F, female; GCM, good, central, maintained; GCUM, good, central, unmaintained; 10, inferior oblique muscle; L10O, left inferior
oblique muscle; M, male; NPS, no prior surgery; OD, right eye; OS, left eye; RIO, right inferior oblique muscle.

*According to the Elliott and Parks grading scale.®®

TTwo patients in the NPS group had previous 10 surgery in the contralateral eye.

All muscles were chilled and embedded in tragacanth gum, snap-frozen in 2-methylbutane chilled to a slurry on liquid nitrogen,
and stored at -80°C. The muscles were sectioned at 12 um and processed for expression of collagen I, 1V, and VI (1:1,000; Abcam,
Cambridge, Massachusetts) and elastin (1:2,500; Sigma, St Louis, Missouri) immunohistochemically using the Vectastain Elite ABC
Kit and colorized using diaminobenzidine with heavy metal intensification (Vector Laboratories, Burlingame, California).

DATA ANALYSIS

The sections were analyzed for percent of extracellular matrix molecule per muscle area using the Bioquant Image Analysis System
(Biogquant, Nashville, Tennessee) and its autothresholding mode. Thresholds of staining intensity were used to determine all the elastin
or collagen in square micrometers (um?) compared to the nonstained regions and calculated as a percent. The data were examined
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statistically by analysis of variance (ANOVA) and Dunn’s multiple comparison tests using Prism software (Graphpad Software Inc,
La Jolla, California) for multiple group comparisons. Results were considered statistically significantly different if P<.05.

TABLE 2. DEMOGRAPHIC AND KEY CLINICAL CHARACTERISTICS OF THE 6 PATIENTS WITH
CRANIOFACIAL DYSOSTOSIS (APERT SYNDROME) WHOSE INFERIOR OBLIQUE
MUSCLE SPECIMENS WERE STUDIED

SUBJECT GENDER AGE AT VISUAL 10 OVERACTION SPECIMEN PREVIOUS IO
SURGERY ACUITY & COLLECTED SURGERY
(YEARS) (OD, 0S) UNDERACTION* (OD OR 09)
1 F 4 GCM, GCM N/A OD and OS Anterior nasal

transposition

2 M 8 HM, 20/50 +3RI0, +4LI10 OD and OS Nasal myectomy
(bilateral)

3 F 2 GCUM, GCM +3RIO, +3 LIO OD and OS NPS

4 F 3 GCM, GCM +3RIO, +3LIO oD NPS

5 F 5 20/40, 20/50 +3LIO oD NPS

6 F 7 20/25, 20/25 +2RIO 0s NPS

F, female; GCM, good, central, maintained; GCUM, good, central, unmaintained; 10, inferior oblique muscle; LIO, left inferior
oblique muscle; M, male; NPS, no prior surgery; OD, right eye; OS, left eye; RIO, right inferior oblique muscle.
*According to the Elliott and Parks grading scale.*®

TABLE 3. DEMOGRAPHIC AND KEY CLINICAL CHARACTERISTICS OF
THE 9 CONTROL SUBJECTS WHOSE INFERIOR OBLIQUE MUSCLE
SPECIMENS WERE STUDIED

SUBJECT GENDER AGE AT REASON FOR AVAILABILITY
SURGERY
(YEARS)

1 M 0.8 Intraocular retinoblastoma
2 M 2 Intraocular retinoblastoma
3 M 7 Intraocular retinoblastoma
4 F 7 Cornea donation

5 F 11 Cornea donation

6 F 41 Cornea donation

7 M 59 Cornea donation

8 M 74 Cornea donation

9 F 75 Orbital exenteration

F, female; M, male.
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FIGURE 1

Gross anatomy of the inferior oblique muscle, which is isolated
with a muscle hook. The inset shows characteristic narrowing of
the nasal portion of the muscle.

RESULTS

Analysis of the normal inferior oblique muscle pattern of collagen | expression shows that it is primarily located surrounding
individual myofibers (left panel in Figure 2); however, a low level of collagen | was found in the perimysial regions of the muscle
cross-sections. Collagen IV was located in the basement membrane region surrounding each individual myofiber. It was absent in the
perimysial connective tissue in the control muscles (middle panel in Figure 2). Collagen V1 appeared to be the densest of the collagen
isoforms examined, with intense immunostaining surrounding individual myofibers and significant immunostaining in the perimysial
(as shown in right panel in Figure 2) and epimysial (not shown) connective tissues. Each individual myofiber in the inferior oblique
muscles is completely surrounded by a basement membrane and endomysium composed of multiple collagen isoforms.

FIGURE 2
Immunohistochemical visualization of collagen in normal inferior oblique
muscles from children. Collagen I in control subject 5 (left); collagen 1V in

control subject 3 (center); and collagen VI in control subject 3 (right)
(stained for collagen I, 1V, and VI; bar = 50 um).

COLLAGEN I

Collagen | immunostaining showed clear increases in the amount of this isoform in the inferior oblique muscles from patients with
primary inferior oblique overaction, whether or not they had prior surgery (center and right panels in Figure 3), when compared to the
control muscles (left panel in Figure 3). Collagen | appeared to be much more prominent in the perimysial connective tissue in the
patients with primary inferior oblique overaction with and without prior surgery, with especially intense expression in the inferior
oblique muscles on which prior strabismus surgery had been performed. The collagen | levels in the inferior oblique muscles from
patients with no prior surgery were 28.0 (standard error £1.7) (density units; percent of tissue area), a 37.5% mean increase (P<.0001)
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compared to the normal control muscles (17.5+1.2 percent of tissue area). Mean collagen | density in previously operated inferior
oblique muscles was 40.8+7.3, over twice the density compared to normal control inferior oblique muscles (P=.004) (Figure 4). The
muscles from both groups of patients with craniofacial dysostosis showed no difference in the collagen | density compared to the
normal inferior oblique muscles (P=.93 and P=.14) (Figure 4).

-

FIGURE 3

Expression of collagen | in inferior oblique muscles. Left, normal (control
subject 3). Center, a patient who had no prior strabismus surgery (primary
inferior oblique overaction subject 10). Right, a patient who had prior
strabismus surgery (primary inferior oblique overaction subject 7) (stained
for collagen I; bar = 50 um).
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FIGURE 4

Mean density of collagen | in inferior oblique muscles. Data is expressed as percent
expression of collagen | per muscle area and presented as the mean +1 standard error of the
mean (SEM). Asterisk (*) indicates significantly different from control values at P<.05.
CFD, craniofacial dysostosis; 10, inferior oblique; IOOA, inferior oblique overaction; NPS,
no prior surgery.

COLLAGEN IV

Immunostaining of the inferior oblique muscles naive to surgery demonstrated more collagen 1V around the individual myofibers.
Collagen IV also was located in the perimysial connective tissue, as seen in Figure 5. When quantified, the collagen 1V content in
muscles from patients who had no prior inferior oblique surgery was increased to twice that in the control group (52.7+1.4 in patients
with primary inferior oblique overaction, vs 25.1+1.6 in controls; P<.0001; Figure 6). In the inferior oblique muscles where the
patients had previous surgery, the collagen 1V levels were not different from control values (26.8+4.1; P=.70). The muscles from the
patients who had craniofacial dysostosis and no prior surgery had similar levels of collagen IV to control muscles (Figure 6). In the
muscles from the craniofacial dysostosis patients who had prior inferior oblique surgery, the collagen IV levels were reduced by
approximately 37% compared to the naive muscles and control muscles. Prior surgical intervention was associated with reduced
collagen IV levels in those muscles regardless of the basal levels in the two groups seen in muscles from patients who had not been
operated on previously.
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FIGURE 5

Expression of collagen IV in inferior oblique muscles. Left, normal (control
subject 1). Center, a patient who had no prior strabismus surgery (primary
inferior oblique overaction subject 10). Right, a patient who had prior
strabismus surgery (primary inferior oblique overaction subject 8) (stained
for collagen IV; bar = 50 um).
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FIGURE 6

Mean density of collagen IV in inferior oblique muscles. Data is
expressed as percent expression of collagen IV per muscle area and
presented as the mean +1 standard error of the mean (SEM). Asterisk (*)
indicates significantly different from control values at P<.05. CFD,
craniofacial dysostosis; 10, inferior oblique; 100A, inferior oblique
overaction; NPS, no prior surgery.

COLLAGEN VI

Collagen VI immunostaining showed a similar pattern to that seen in immunostaining for collagen IV (Figure 7). In the muscles from
patients without previous inferior oblique surgery, collagen VI levels were 45.2+2.5, approximately 38% more dense than control
muscles (27.8+2.1; P<.0001; Figure 8). Those muscles from patients who had previous surgery were not different than controls
(P=.44). Examination of the muscles from the craniofacial dysostosis patients also showed a similar trend to that seen with collagen
IV. The muscles from patients who had no prior surgery (25.1+4.2) were no different than controls (P=.27). But, in the muscles from
patients who had prior surgery, levels of collagen VI were significantly less than control muscles with a density of collagen VI 36%
less at 17.8+1.8 (P=.015), as summarized in Figure 8. A number of patients had asymmetric overelevation. Collagen VI levels in the
inferior oblique muscle from the side with the larger deviation were significantly greater than those in control muscles and also greater
than levels from the side with the smaller deviation (Figure 9). The collagen VI density was also compared in muscles where eye
misalignments of the two eyes were similar, and no differences were seen.
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Expression of collagen VI in inferior oblique muscles. Left, normal (control
subject 5). Center, a patient who had no prior strabismus surgery (primary
inferior oblique overaction subject 11). Right, a patient who had prior
strabismus surgery (primary inferior oblique overaction subject 5). (stained
for collagen VI; bar = 50 pm).

Collagen VI Density as a Percent of Tissue Area
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FIGURE 8

Mean density of collagen VI in inferior oblique muscles. Data is expressed
as percent expression of collagen VI per muscle area and presented as the
mean *1 standard error of the mean (SEM). Asterisk (*) indicates
significantly different from control values at P<.05. CFD, craniofacial
dysostosis; 10, inferior oblique; IO0OA, inferior oblique overaction; NPS,
no prior surgery.
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FIGURE 9

Mean density of collagen VI in inferior oblique muscles. Results are
compared from controls, patients whose angle of misalignment varied in
their two eyes, and those where similar angles of misalignment were seen.
Data is expressed as percent expression of collagen VI per muscle area and
presented as the mean +1 standard error of the mean (SEM). Asterisk (*)
indicates significantly different from control values at P<.05; # sign
indicates significantly different from contralateral side at P<.05. 10, inferior
oblique; IOOA, inferior oblique overaction; NPS, no prior surgery.
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ELASTIN

Elastin was found in and around individual myofibers in the control inferior oblique muscles (Figure 10). It ran in both longitudinal
and circumferential directions relative to myofiber length. As sections moved progressively toward the muscle that had been in the
more nasal position (approaching the origin at the nasal lacrimal crest), increased elastin density was seen (not shown). In both groups
of muscles from the patients with primary inferior oblique overaction, elastin levels were significantly elevated compared to control
muscles (3.18+0.35), with those with no prior surgery showing a density of 12.2+1.2 (P<.0001) and those with prior surgery showing
a density of 9.05+0.68 (P<.0001) (Figure 11). Patients with craniofacial dysostosis also showed increased elastin density compared to
the normal control muscles, at 4.7+0.9 for those with no prior surgery (P=.03) and 4.8+0.62 for those with prior surgery.

FIGURE 10

Expression of elastin in inferior obliqgue muscles. Left, normal (control
subject 5). Center, a patient who had no prior strabismus surgery (primary
inferior oblique overaction subject 12). Right, a patient who had prior
strabismus surgery (primary inferior oblique overaction subject 3) (stained
for elastin; bar = 20 pm).

Density of Elastin in Human Inferior Oblique Muscles
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FIGURE 11

Mean density of elastin in inferior oblique muscles. Data is expressed as
percent expression of collagen VI per muscle area and presented as the
mean x1 standard error of the mean (SEM). Asterisk (*) indicates
significantly different from control values at P<.05. CFD, craniofacial
dysostosis; 10, inferior oblique; IOOA, inferior oblique overaction; NPS,
no prior surgery.

DISCUSSION

What does it mean when an extraocular muscle is slack or tight or stiff? While active contraction of the muscle as controlled by the
corresponding motor neurons is responsible for the ultimate position of the eye, passive properties and resistance to any given
movement are specifically related to the connective tissue components within the muscle. While many studies have focused on the
extraocular muscles themselves, little is known about the connective tissues in normal extraocular muscles, and less is known about
potential differences in muscles from patients with strabismus.

Several important conclusions can be made from the data presented here. First, significant increases were observed in the levels of
the 4 connective tissue molecules—collagens I, 1V, and VI, and elastin—within the inferior oblique muscles of the patients in the
diagnostic group consisting of primary inferior oblique overaction without prior strabismus surgery when compared to the normal
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control muscles. These results are consistent with clinical reports of stiff inferior oblique muscles in this condition.*®® Second, the
density of collagens IV and VI was decreased in those muscles that had prior inferior oblique muscle surgery and was similar to
control levels of these connective tissue elements despite the fact that the patients still had overelevation in adduction sufficient to
require a second surgery. This finding suggests that collagen and elastin levels are not the sole factor responsible for inferior oblique
overaction. Third, the density of collagen | was significantly increased in the inferior oblique muscles that had been subjected to prior
surgery to treat the patients’ overelevation in adduction. This finding indicates that each of these connective tissue components is
individually controlled in the extraocular muscles. Fourth, the patients in the craniofacial dysostosis diagnostic group did not have
overexpression of elastin or any of the 3 collagens examined in this study in either the naive or previously operated muscle. Thus, a
similar motility disturbance, overelevation in adduction, does not equal a similar phenotype relative to the type I, IV, and VI collagens
and elastin levels examined in this study. In Apert syndrome (craniofacial dysostosis), the overelevation is likely to result from the
rotation of the orbits. Further research will be necessary to determine if other strabismus diagnoses featuring overelevation in
adduction (e.g., superior oblique palsy) result in phenotypical similarities at the connective tissue level. Finally, while collagen IV and
VI levels were similar to controls in the naive muscles of the craniofacial dysostosis cohort, prior surgery was associated with a
reduction of these levels as was observed in the cohort of inferior oblique overaction patients who had surgery.

Examination of control inferior oblique muscles showed that these muscles express collagens I, 1V, and VI in overlapping
locations. Collagens | and VI were found in both the basement membrane and perimysial locations in the normal inferior oblique
muscles, and collagen IV was located in the basement membrane region around individual myofibers. Collagen I is the major fibrillar
collagen in the group of five fibril-forming collagens,” providing tensile stiffness to tissues.*® Collagen IV is the collagen of basement
membranes, playing an important structural role integrating laminins, nidogens, and other components of the basement membrane.>®
Collagen VI is a microfibrillar collagen that forms an independent microfibrillar network in virtually all connective tissue. It is found
in the endomysium just external to the collagen 1V—containing basement membrane and in the perimysium.®* It plays an important role
anchoring the basement membrane to the sarcolemma of the muscle fibers. Collagen VI is highly expressed in skeletal muscle,®
where it plays a role in tissue remodeling and fibrosis in diseases such as Duchenne muscular dystrophy.®® Its mutation results in
myopathy.®*

The increased collagen in the cohort of patients with primary inferior oblique overaction without prior inferior oblique muscle
surgery would result in muscles that are stiffer than control muscles. It is unclear whether this is a primary effect or is secondary to
overexpression of fibrogenic factors such as transforming growth factor-p by the muscle cells, fibroblasts, or nerves. It could also be
compensatory due to some other yet-to-be-discovered factor. The sequelae in terms of inferior oblique muscle function, however, are
clear. There is increased innervation in the inferior oblique muscles of these patients (McLoon LK, et al. IOVS 2013;54:ARVO E-
Abstract 1303). This, in turn, could result in increased release of growth factors into the muscle from the nerves or increased release
from the muscle fibers into the connective tissue that would increase fibrogenesis. Fibrogenic factors could include, for example, IGF-
1% or TGF-B1.% Studies are ongoing to assess the levels of these fibrogenic factors in extraocular muscles. In studies of repeated
muscle strain, where all other aspects of muscle and nerve function were normal, fibrosis occurs.?® It is also known that mechanical
load, as \ﬁflsn a muscle contracts with increased force, results in release of these factors with resultant increases in collagen
synthesis.™

Unloading skeletal muscle can have the opposite effect on collagen density, specifically collagen 1V.*° The surgery for treating
primary inferior oblique overaction unloads the muscle. Thus, it is interesting that prior surgery in diagnostic groups 2 and 3 resulted
in decreased density of collagen types IV and VI and elastin. This finding would be expected based on the published literature. It is
also interesting, however, that collagen | levels were significantly increased in the muscles from the patients who had prior surgery to
treat their overaction compared to the levels in the muscles from the nonsurgical group. It is known that the factors that control
transcription vary for the different collagen isoforms® and the enzymes that remodel the extracellular matrix, such as
metalloproteinases, are collagen isoform specific.®’

In the patients with primary inferior oblique overaction, elastin levels were markedly elevated over control levels. Elastin is an
extracellular matrix protein that provides strength and flexibility to connective tissue. Previous work examined elastin expression in
cow extraocular muscle and showed that elastin is located around all extrafusal fibers, with some gaps in staining, and extended into
the perimysium and epimysium.® Examination of both cross-sections and longitudinally oriented sections showed that the elastin
courses along the myofiber length and also circumferentially around individual myofibers. This type of network is not normally
described in skeletal muscle. While increased collagen levels would make the patient muscles “stiffer,” increased elastin would make
the patient muscle “tighter.” All patient muscles had elevated levels of elastin in their connective tissue matrices compared to control
values. This finding suggests that these muscles would be “tighter” in forced duction tests. As with the other connective tissue
elements, surgery in the patients with primary inferior oblique overaction resulted in a decrease of elastin density, which suggests that
alteration of the muscle length and tension by the surgery modulates the connective tissue matrices of these muscles in a manner that
makes them move toward normalcy.

There were significant differences in the connective tissue changes seen in the muscles from the primary inferior oblique
overaction diagnostic group compared to those with craniofacial dysostosis, where no collagen up-regulation over control levels was
seen. It is surprising that collagen levels are no different than control levels because one common cause of the syndrome is a mutation
in the fibroblast growth factor receptor 2 gene, resulting in decreases in glycosaminoglycan and fibronectin content and increases in
collagen | content.?® However, the transcriptional control of the various extracellular matrix molecules is clearly tissue specific. Thus,
the effects in the extraocular muscles are not necessarily predicted by the effects on bone or cartilage precursor cells. Additionally,
despite known orbital dystopia associated with the syndrome, the types of ocular motility disturbances found in these patients suggest
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that mechanical factors are not the sole cause of their strabismus.® It is important to stress that a similar phenotype, overelevation in
adduction, does not mean similar changes within the connective tissue elements within these muscles. It is also important to stress,
however, that the same types of changes that occur to collagen isoforms after surgery in the primary inferior oblique diagnostic group
also are seen, albeit to a more moderate extent, in the muscles from the craniofacial dysostosis diagnostic group. Although only 2
inferior oblique muscles were available for analysis in the subgroup of craniofacial dysostosis with prior surgery, both showed
differences in collagen I, 1V, and VI levels that paralleled the differences seen between the patients with primary inferior oblique
overaction with and without prior surgery.

CONCLUSIONS

The normal density of connective tissues found within extraocular muscles in control inferior oblique muscles is significantly altered
in the muscles of patients with primary inferior oblique overaction naive to surgery. This finding supports the role of increased muscle
stiffness as a factor in their strabismus. In contrast, in patients with craniofacial dysostosis, overelevation in adduction was not found
to be associated with altered levels of connective tissue elements. In these patients, the overelevation is likely a direct result of
abnormal muscle vectors due to the rotation of the orbits. Prior surgery on inferior oblique muscles of patients with overelevation in
adduction is associated with a decreased density of collagen IV and VI. For collagen I, an increase is observed. Thus, individual
isoforms of collagen are individually regulated in the muscles of these patients.

It has long been observed that muscles differ in their stiffness and tightness. Knowing what is happening within the connective
tissue elements within these muscles suggests new approaches for treating strabismus. Future treatment modalities could be directed at
the transcriptional control of overexpression of these molecules. This thesis represents the first systematic examination of the
connective tissue milieu of normal extraocular muscles and muscles obtained from two specific diagnostic groups. These results are
also the first to detail how strabismus surgery alters the content of these molecules.
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