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Abstract
Objective—To test the hypothesis that the extraocular muscles (EOMs) of patients with infantile
nystagmus have muscular and innervational adaptations that may have a role in the involuntary
oscillations of the eyes.

Methods—Specimens of EOMs from 10 patients with infantile nystagmus and postmortem
specimens from 10 control subjects were prepared for histologic examination. The following
variables were quantified: mean myofiber cross-sectional area, myofiber central nucleation,
myelinated nerve density, nerve fiber density, and neuromuscular junction density.

Results—In contrast to control EOMs, infantile nystagmus EOMs had significantly more
centrally nucleated myofibers, consistent with cycles of degeneration and regeneration. The EOMs
of patients with nystagmus also had a greater degree of heterogeneity in myofiber size than did
those of controls, with no difference in mean myofiber cross-sectional area. Mean myelinated
nerve density, nerve fiber density, and neuromuscular junction density were also significantly
decreased in infantile nystagmus EOMs.

Conclusions—The EOMs of patients with infantile nystagmus displayed a distinct
hypoinnervated phenotype. This represents the first quantification of changes in central nucleation
and myofiber size heterogeneity, as well as decreased myelinated nerve, nerve fiber, and
neuromuscular junction density. These results suggest that deficits in motor innervation are a
potential basis for the primary loss of motor control.

Clinical Relevance—Improved understanding of the etiology of nystagmus may direct future
diagnostic and treatment strategies.

Infantile nystagmus syndrome is an eye movement disorder characterized by uncontrolled
bilateral oscillatory eye movements, with a prevalence of approximately 2 per 1000
people.1,2 The oscillatory movements associated with infantile nystagmus syndrome are
usually horizontal and conjugate, with characteristic jerk or pendular waveforms.3 The cause
of infantile nystagmus syndrome is poorly understood. Often, nystagmus is associated with
reduced visual acuity occurring early in life secondary to structural abnormalities in the
afferent visual pathways. 3 In these cases, the nystagmus may be due to abnormal
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development of 1 or more areas of the brain that control eye movements and gaze stability.4

Even less is understood about the cause of infantile nystagmus occurring in the absence of
such sensory deficits. The genetic association of some forms of nystagmus with mutations in
proteins known to cause changes in nerve growth patterns5 suggests that infantile nystagmus
may be caused by a dysregulation of innervation. This observation supports the hypothesis
that infantile nystagmus may be due to hypoinnervation, misrouting of the nerves that
innervate the extraocular muscles (EOMs), or both. Hypoinnervation in this context is
defined as a decreased density of nerves based on the mean muscle cross-sectional area or
mean myofiber number. Hypoinnervation, with the accompanying reduced neuromuscular
junction density, would, in turn, lead to a decrease in myofiber size, myofiber number, or
both in the EOMs of these patients. Nystagmus might then be a result of the inability of the
brain to compensate for insufficient functional muscle or insufficient adaptability in the
residual EOMs to allow the normal exquisite control over eye position and eye movements.

This study tested the hypothesis that the EOMs in patients with infantile nystagmus would
display a decrease in myofiber size and a decrease in overall motor nerve density,
demonstrated by decreases in total myelinated nerve, nerve fiber, and neuromuscular
junction density. Discarded EOMs were obtained from patients with infantile nystagmus
without known sensory deficits after standard surgical resection procedures for the treatment
of their disorder. These EOMs were compared with control EOMs of the same approximate
distal tendon length obtained during eye bank removal of eyes or as cadaveric material.

METHODS
All control material was obtained with informed consent for research use from either
cadaveric material or during University of Minnesota Eye Bank harvesting of human eyes.
Five medial rectus, 3 superior rectus, and 2 inferior oblique muscles were obtained from
control muscle donors aged 7 to 74 years, with a mean (SD) age of 34.8 (6.6) years. All
tissue was kept on ice or refrigerated until frozen. The interval from time of death to muscle
harvesting ranged from 4.5 to 24 hours, with a mean of 7 hours. Only 10 control muscles,
those that showed no histologic evidence of postmortem degeneration, were included. The
10 control muscles selected for this analysis were all histologically normal in appearance.
Specifically, normal sarcomeric integrity was evident in the control samples analyzed for
this study, and the muscles showed no evidence of sarcolemmal dissolution, loss of nuclear
staining, or kinking.6 Two muscles (medial rectus and inferior oblique) obtained from a 7-
year-old child whose death was not related to head trauma were also included in the control
group. These 2 child muscles were fixed in 10% formalin and paraffin embedded. This
treatment results in shrinkage of approximately 10%, which was calculated into the
measurements made on this tissue.7 An additional muscle was obtained as surgical waste
from a 4½-year-old child diagnosed as having hypertropia at the time of resection surgery.
Only the distal 6 to 10 mm from all control and patient muscles were analyzed to ensure that
similar regions of control and patient muscles were compared.

The EOM specimens from patients with infantile nystagmus were obtained as discarded
surgical material from scheduled surgery for patients being treated at either the University of
Minnesota or Children’s Hospital Boston. Patients with previous EOM surgery were
excluded. In addition, none of the patients had known sensory defects. Patient age,
diagnosis, clinical synopsis with all personally identifiable health information removed, and
muscle identification were transmitted along with the specimen. All the patient EOMs,
except the noted exception, were embedded in tragacanth gum and frozen in methylbutane
chilled to a slurry on liquid nitrogen. This research received institutional review board
approval from the University of Minnesota and Children’s Hospital Boston and adhered to
the Declaration of Helsinki for the use of human tissue in research. All the work was Health
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Insurance Portability and Accountability Act compliant. The primary diagnosis of each
patient, patient age at the time of surgery, and muscles resected are listed in the Table. The
mean (SD) age of the patients was 11.1 (4.6) years, with an age range of 4 to 52 years. In
some cases, analysis of the young donor muscle was presented separately. Although it could
not be used for statistical purposes, the separate analysis performed was important to
demonstrate potential alterations that might be age specific.

One normal juvenile monkey medial rectus muscle was also obtained at the time of animal
euthanasia from another investigator (with Institutional Animal Care and Use Committee
approval), frozen, and processed for immunohistochemical visualization of neuromuscular
junctions. This procedure was performed to obtain a muscle that more closely resembled the
chronological age of the human child infantile nystagmus muscle and whose length was not
altered by fixatives. Connective tissue density changes in EOMs with age, and this could
also affect the calculated density of neuromuscular junctions.

Ten infantile nystagmus EOMs (Table) and 10 control EOMs were examined. The muscles
were sectioned longitudinally at 12 μm, air-dried onto slides, and processed for histologic
and morphometric examination. Because all the muscles had sections that were in both
longitudinal and cross-sectional orientations, it was also possible to analyze cross-sectional
material. Tissue sections were processed using several methods. Hematoxylin-eosin–stained
EOMs were used to determine the percentage of myofibers in cross section with central
nucleation. Myofiber cross-sectional areas were measured, and the mean cross-sectional area
for each population was calculated. A histogram of myofiber area measurements in patients
and controls was created in 100-μm increments.

Additional sections were immunostained for Schwann cell myelin (1:50) (Cosmo Bio Co
Ltd) or neurofilament protein (1:1000) (Covance), followed by incubation using the
Vectastain Elite ABC Kit (Vector Laboratories) and reacted using the diaminobenzidine
procedure with heavy metal intensification. Sections were analyzed for area positive for
Schwann cell myelin or nerve fibers as a percentage of total muscle area per cross section
examined.

For neuromuscular junction density measurements, longitudinal sections were
immunostained using an antibody to the α-1, α-3, and α-5 subunits of the nicotinic
acetylcholine receptor (1:500) (Sigma-Aldrich Corp) conjugated to Alexa Fluor 488 (1:200)
(Invitrogen). The neuromuscular junctions were quantified using image analysis software
(Topographer program of Bioquant NovaPrime; Bioquant) using a video camera mounted to
a microscope (Leica DMR; Leica Microsystems).8 First, the entire cross-sectional area of
the muscle in longitudinal section was determined at ×1.5 magnification. This was followed
by visualization at ×20 magnification and recording of each neuromuscular junction that was
located. Approximately every 10th slide that contained longitudinal sections of muscle was
analyzed. The Bioquant Topographer program records the x and y coordinates and can
reconstruct the area outlines and neuromuscular junction locations and determine junctional
density, calculated as the number of neuromuscular junctions per square millimeter.

For statistical purposes, the adult control and child control data were pooled. The mean
cross-sectional areas, percentage central nucleation results, and neuromuscular density
comparisons were analyzed using the unpaired t test, with the Welch correction for unequal
variances, using the Prism and Stat-Mate programs (GraphPad Software, Inc). A statistical
comparison was performed between both distributions of the binned myofiber cross-
sectional areas using the Levene test for equality of variances. Data were considered
statistically significantly different at P ≤ .05.
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RESULTS
The EOM mean myofiber cross-sectional area was not significantly different in patients with
infantile nystagmus compared with in controls, including adult and child muscles (Figure 1
and Figure 2). However, myofiber heterogeneity was increased in muscles from patients
with infantile nystagmus when single muscles were compared (Figure 3A) and when the
muscles were pooled (Figure 3B). The primary source of heterogeneity was the increase in
numbers of very small and very large myofibers in muscles from patients with infantile
nystagmus (Figure 3A). The variances between the 2 populations were significantly
different (P < .001).

Central nucleation is usually seen in patients whose muscles are undergoing cycles of
degeneration and regeneration. Mean (SE) levels of central nucleation were elevated 10-fold
in infantile nystagmus muscles (23.77% [1.99%] of myofibers) compared with in control
muscles (1.9% [0.34%] of myofibers; and 0.42% [0.2%] of myofibers in the child muscle)
(Figure 4).

Based on the elevated numbers of myofibers with central nucleation, nerve density was
assessed using an antibody to Schwann cell myelin. Examination of immunostained tissue
sections suggested that there was a decreased density of myelinated nerves in infantile
nystagmus muscles compared with control muscles (Figure 5A and B). The specificity of
this effect is magnified compared with the myelinated nerve content in a muscle from a
patient with vertical strabismus (Figure 5C).9 When quantified as a percentage of total
muscle area, mean (SE) myelinated nerve density was reduced 10-fold in muscles from
patients with infantile nystagmus (0.10/μm2 [0.01/μm2]) compared with those from controls
(1.13/μm2 [0.1/μm2]) (Figure 5D).

To confirm that the density changes were not due to loss of myelination, the density of nerve
fibers per muscle area was assessed using sections immunostained for neurofilament protein.
Mean (SE) nerve fiber density in control muscles was 1.69/μm2 (0.21/μm2) compared with
0.31/μm2 (0.06/μm2) in muscles from patients with infantile nystagmus, more than a 5-fold
reduction (Figure 6).

The hypoinnervated phenotype was confirmed further using immunostaining for
visualization of neuromuscular junctions, which were quantified in longitudinal muscle
sections (Figure 7). Three-dimensional reconstructions showed the relative paucity of
neuromuscular junctions in infantile nystagmus EOMs compared with the distal one-third of
a normal monkey EOM (Figure 7A and B). The mean (SE) neuromuscular junction density
in muscles from patients with infantile nystagmus was reduced 6-fold (1.1 [0.45] junctions/
mm2) compared with that in muscles from controls (6.9 [1.13] junctions/mm2) (Figure 7C).

In the surgical control specimen from the child with vertical strabismus, myofiber
heterogeneity and central nucleation were similar to those observed in postmortem controls
(data not shown), whereas nerve density was significantly elevated compared with that of
control muscles (Figure 5C). These findings support the view that surgical specimens from
patients with different diagnoses have distinct phenotypes, and these can also be distinct
from those of control EOM samples.

COMMENT
In this study, EOMs removed during corrective surgery for infantile nystagmus were
compared with control EOMs removed 4.5 to 24 hours postmortem. We are confident that
the differences observed are not secondary to postmortem artifact for several reasons. First,
in muscles that show other histologic evidence of postmortem degeneration, to our
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knowledge, there is no published evidence that demonstrates changes in myofiber
heterogeneity, central nucleation, or density of myelinated nerves, neurofilament-positive
axons, and neuromuscular junctions.10,11 As these are all active processes, it would be
unlikely that these types of changes would occur artifactually. Second, the present data
include a nystagmus specimen obtained from a 52-year-old that demonstrated the same
phenotype as the nystagmus specimens from children and was notably different from the
EOMs of controls. Third, the muscle resection specimen obtained intraoperatively from a
young child without nystagmus had values for most of the previously mentioned variables
that were within the range of values observed in controls.

Although infantile nystagmus is often considered idiopathic, it can be associated with
afferent sensory defects, including optic nerve hypoplasia, albinism, retinal dystrophies,
aniridia, and Leber congenital amaurosis.12,13 As indicated in the Table, all the infantile
nystagmus patients in the present study were considered “idiopathic” and their nystagmus
unrelated to known afferent sensory abnormalities. Ongoing studies will determine whether
the same phenotype is seen in muscles from patients with infantile nystagmus with abnormal
sensory components.

All infantile nystagmus muscles examined displayed the same phenotype: increased
myofiber cross-sectional area heterogeneity, increased central nucleation, decreased overall
myelinated nerve density and nerve fiber density, and concomitant decreased neuromuscular
junction density compared with postmortem and surgical controls. These findings support
the working hypothesis that infantile nystagmus syndrome is associated with
hypoinnervation compared with normal EOM. This observation suggests that these
differences would most likely result in increased motor unit size, although this was not
testable in the patient muscles.

Mammalian EOMs, including human EOMs, are known to undergo continuous remodeling
in normal adults.14-16 However, this process normally maintains the typical pattern of
peripheral nucleation of adult EOM myofibers. Central nucleation has long been associated
with muscle disease and muscle injury and regeneration.17,18 Based on the increased
percentage of centrally nucleated myofibers, the EOMs from these patients seem to be
undergoing more rapid cycles of degeneration and regeneration than are those of controls.
Although a dynamic process cannot be assessed from histologic specimens, the presence of
central nucleation was a consistent finding in the patients’ muscles, suggesting that this
indeed may be the case. The cause of this process is unknown. There is little documentation
of percentage changes in centrally nucleated myofibers in normal aging skeletal muscle,
although its incidence increases in diseased aging muscle.19 Thus, control EOMs would
potentially overrepresent the number of centrally nucleated myofibers in healthy EOMs,
therefore underrepresenting the true difference between patient and control EOMs. This
finding is supported further by the scarcity of centrally nucleated myofibers in the muscle
from the 7-year-old control. It may also be possible that congenitally decreased
innervational density may result in delayed or arrested development. Future laboratory
experiments are needed to test this hypothesis.

The FRMD7 gene associated with infantile nystagmus is known to affect axon outgrowth
during development.20 Thus, the results of the present study are aligned with known
sequelae of the effects of abnormal axonal development. Because genetic testing is not
currently part of the normal medical care of patients with infantile nystagmus, the presence
of FRMD7 gene mutations is unknown in the present population. Despite their unknown
genetic status, it is possible that some of the patients had mutations in the FRMD7 gene; in a
Chinese cohort of patients with infantile nystagmus, 47% had a mutation in the FRMD7
gene locus.21 It is unclear from these specimens whether the changes in the EOMs are
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secondary to innervational problems in development. The FRMD7 studies support the
hypothesis that other forms of infantile nystagmus syndrome are also likely to have nerve
maldevelopment as their primary cause. Future genetic studies are needed to clarify this
issue.

Several studies22,23 have examined EOMs from patients with ocular motility disorders,
including EOMs from patients diagnosed as having infantile nystagmus, but these studies
focused on EOM ultrastructure and pathologic characteristics at the single-fiber level.
Several abnormalities were described in these studies, including myofibrillar disruption and
abnormal mitochondria. Similar changes were described in EOMs from patients with
strabismus, but the same features also were seen in control EOMs.24 Thus, care must always
be taken when interpreting electron micrographs from EOMs as they have many histologic
characteristics distinct from other skeletal muscles.25 The present analysis focused on
changes that were quantifiable and clearly visible using standard light microscopy. Changes
in innervation, fiber size heterogeneity, and central nucleation were seen in all the surgically
resected EOMs from the 10 patients with infantile nystagmus. We are continuing to collect
and analyze muscle specimens from patients with infantile nystagmus and other ocular
motility disorders. Future studies, which will include examination of genetic mutations, may
allow more accurate determination of nystagmus subtypes.

In conclusion, all the EOMs from patients with infantile nystagmus displayed similar
histologic alterations, including increased myofiber cross-sectional area heterogeneity,
increased central nucleation, hypoinnervation, and reduced neuromuscular junction density.
These results support the hypothesis that deficits in motor innervation may be a primary
cause of the inability of the oculomotor system to control eye position and movements in
infantile nystagmus. An improved understanding of the pathogenesis of infantile nystagmus
should permit the exploration of more targeted treatment methods in the future.
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Figure 1.
Light microscopic examination of control and patient extraocular muscles stained with
hematoxylin-eosin. Comparison of hematoxylin-eosin stains of muscles from adult controls
(A), the child control (paraffin embedded) (B), and patients with infantile nystagmus (C).
Arrows indicate myofibers with centrally located myonuclei. Bar is 20 μm.
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Figure 2.
Quantification of the mean myofiber cross-sectional area in normal rectus muscles compared
with all the muscles from patients with infantile nystagmus. The mean values are not
statistically significantly different. Mean myofiber area for the child control muscle is
displayed separately for comparative purposes. Because there were only 2 such muscles,
both from 1 donor, no comparative statistics were performed. However, the mean values
overlap, strongly suggesting that there is no difference between the aggregated control
muscles and the control muscles from the child donor. Error bars represent SE.
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Figure 3.
Histograms of myofiber size demonstrating increased heterogeneity of myofiber cross-
sectional areas in muscles from patients with infantile nystagmus. A, Histogram of myofiber
cross-sectional areas from medial rectus muscles from 1 control (case 2) and 1 patient with
infantile nystagmus (patient 5). The y-axis is in log10. B, Histogram of aggregated myofiber
cross-sectional areas from extraocular muscles from controls and patients with infantile
nystagmus. The y-axis is in log10.
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Figure 4.
Central nucleation in controls and in patients with infantile nystagmus. A, Hematoxylin-
eosin–stained cross section obtained from the medial rectus muscle of a patient with
infantile nystagmus (patient 10). Arrows indicate myofibers with central nucleation. Bar is
20 μm. B, Quantification of the percentage of myofibers with central nucleation in normal
rectus muscles compared with muscles from patients with infantile nystagmus. The 2
muscles obtained from the 7-year-old control are depicted separately to demonstrate their
similarity with data from the adult control muscles; however, for statistical analysis, all the
control muscles were pooled. *P≤.05. Error bars indicate SE.
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Figure 5.
Sections from controls, patients with infantile nystagmus, and a patient with vertical
strabismus that have been immunostained for the presence of Schwann cell myelin. A,
Typical appearance of muscle from a patient with infantile nystagmus showing extremely
sparse innervation (n=10). B, Typical appearance of myelinated nerve fiber content in
control extraocular muscles (n=10). C, Typical appearance of myelinated nerves from a
patient with vertical strabismus (n=1). Bars are 20 μm. D, Quantification of mean Schwann
cell area per total muscle area from controls (n=10), a child control (n=1), and patients with
infantile nystagmus (n=10). The 2 muscles obtained from the 7-year-old control are depicted
separately to demonstrate their similarity with data from the adult control muscles; however,
for statistical analysis, all the control muscles were pooled. *P≤.05. Arrows indicate
Schwann cell–positive nerve bundles; error bars, SE.
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Figure 6.
Quantification of mean nerve fiber area per total muscle area from controls (n=10) and
patients with infantile nystagmus (n=10). The 2 muscles obtained from the 7-year-old
control are depicted separately to demonstrate their similarity with data from the adult
control muscles; however, for statistical analysis, all the control muscles were pooled. *P≤.
05. Error bars represent SE.
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Figure 7.
Immunostaining for visualization of neuromuscular junctions. Three-dimensional
reconstructions of the neuromuscular junctions from the rectus muscles of a patient with
infantile nystagmus (A) and a control monkey (B), with the monkey muscle having the same
length as the human muscle selected. Each red dot represents 1 neuromuscular junction.
Every 10th section was analyzed morphometrically. C, Quantification of the density of
neuromuscular junctions from rectus muscles from controls (n=10) and patients with
infantile nystagmus (n=10). *P≤.05. Error bars represent SE.
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Table

Characteristics of 10 Patients With Infantile Nystagmus Without Associated Conditions

Patient No./Sex/Age at Surgery, y Nystagmus Diagnosisa Muscles Harvested

1/F/4½ Horizontal pendular RLR, LMR

2/F/7 Left-beating jerk LLR, RMR

3/M/5 Right-beating jerk RLR, LMR

4/M/52 Left-beating jerk with chin-up head posture RSR, LSR

5/F/6 Horizontal LMR, RLR

6/F/6 Horizontal jerk with head turn LLR, RMR

7/F/5 Horizontal jerk RLR, LMR

8/F/12 Horizontal jerk with head posture LLR, RMR

9/M/6 Left beating LLR, RMR

10/F/7 Right beating RLR, LMR

Abbreviations: LLR, left lateral rectus; LMR, left medial rectus; RLR, right lateral rectus; RMR, right medial rectus.

a
No patients had diagnosed associated sensory afferent defects.
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