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PURPOSE. Myoblast determination protein 1 (MYOD) is a critical myogenic regulatory
factor in muscle development, differentiation, myofiber repair, and regeneration. As the
extraocular muscles significantly remodel their myofibers throughout life compared with
limb skeletal muscles, we hypothesized that the absence of MYOD would result in their
abnormal structure and function. To assess structural and functional changes in the
extraocular muscles in MyoD−/− mice, fiber size and number and optokinetic nystag-
mus reflex (OKN) responses were examined.

METHODS. OKN was measured in MyoD−/− mice and littermate wild-type controls at 3,
6, and 12 months. The extraocular muscles were examined histologically for changes in
mean myofiber cross-sectional area, total myofiber number, and nuclei immunostained
for PAX7 and PITX2, markers of myogenic precursor cells.

RESULTS. The MyoD−/− mice developed nystagmus, with both jerk and pendular wave-
forms, in the absence and in the presence of moving visual stimulation. At 12 months,
there were significant losses in mean myofiber cross-sectional area and in total number
of orbital layer fibers in all rectus muscles, as well as in global layer fibers in the superior
and inferior rectus muscles. Haploinsufficient mice showed abnormal OKN responses.
PITX2-positive cell entry into myofibers of the MyoD−/− mice was significantly reduced.

CONCLUSIONS. This study is the first demonstration of the development of nystagmus in
the constitutive absence of expression of the muscle-specific transcription factor MYOD.
We hypothesize that myofiber loss over time may alter anterograde and/or retrograde
communication between the motor nerves and extraocular muscles that are critical for
maintaining normalcy of extraocular muscle function.

Keywords: nystagmus, optokinetic nystagmus, extraocular muscles, morphometry

The extraocular muscles have a number of properties
that make them structurally and functionally different

from most other skeletal muscles. In contrast to most other
skeletal muscles, the extraocular muscles undergo continu-
ous myofiber remodeling throughout life.1–5 The myogenic
precursor cells within the extraocular muscle divide and
fuse into existing myofibers, and this process results in
significant myonuclear turnover throughout life, a process
demonstrated by timed bromodeoxyuridine studies1,4 and
timed studies using a Pax7-reporter mouse.5,6 This process
depends on the two main myogenic precursor cell popu-
lations within the extraocular muscles: PAX7-positive cells,
which are elevated in number compared to limb skele-
tal muscle,7 and PITX2-positive cells, which are uniquely
elevated in the extraocular muscles.8

Myoblast determination protein 1 (MYOD) is a tran-
scription factor that plays an important role in myogenic
cell determination and differentiation.9,10 Both the PITX2

and PAX7 myogenic precursor cells activate MYOD, as
MYOD is one of the first molecular steps toward myogenic
differentiation. MYOD-positive cells are common during
muscle development but gradually decrease in number in
normal limb skeletal muscle unless injured or diseased.11

However, MYOD-positive cells are easily identified in the
adult extraocular muscles,1–4 including human extraocular
muscles from elderly individuals.3 WhenMyoD−/− mice were
developed, interestingly there was no overt muscle pathol-
ogy in the limb skeletal muscles that were studied.12 Further
study showed that mice with a deletion of MYOD in limb
skeletal muscles had a differentiation-defective phenotype
in vitro,13,14 as well as a regeneration deficient phenotype
in vivo.15,16 The effect of loss of MYOD expression has not
been examined in the extraocular muscles. In light of the fact
that the extraocular muscles have continuous and life-long
myonuclear addition and turnover,4,5 we hypothesized that
loss of MYOD in skeletal muscle would result in abnormal
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extraocular muscle structure and function compared with
normal. One way to analyze extraocular muscle function
and integrity is by measuring the optokinetic nystagmus
(OKN) response, which works very effectively in humans,
as well as in mice, to determine normal and abnormal eye
movements.17,18 We examined the OKN response in the
MyoD−/− mice to assess if their eye muscles were function-
ing normally compared with wild-type littermate controls.
Additionally, we determined myofiber cross-sectional areas
and total myofiber number in the extraocular muscles from
the MyoD−/− mice compared with their littermate controls
at 3, 6, and 12 months of age to determine if the absence
of MYOD expression would alter these characteristics in a
muscle with such a high rate of myofiber remodeling.

As studies have shown that both myogenic precursor
cell populations normally express MYOD before fusing into
existing myofibers,19 we hypothesized that, in the absence
of MYOD, the ability to maintain myofiber size and number
might be impacted, resulting in altered muscle function and
nystagmus. To assess if the absence of MYOD expression
affected muscle precursor cell populations in the extraoc-
ular muscles of the MyoD+/+ and MyoD−/− mice, expres-
sion of two transcription factors was assessed. PAX7-positive
nuclei were analyzed to identify quiescent satellite cells.7

PITX2-positive nuclei, which identify a second population
of muscle precursor cell with myogenic potential, were
analyzed with respect to their position relative to dystrophin
immunostaining, based on its localization to the cytoplasmic
face of the sarcolemma.8

METHODS

MyoD+/− mice were used to produceMyoD+/+,MyoD+/−, and
MyoD−/− littermates.12 The mice were housed and main-
tained by Research Animal Resources (St. Paul, MN, USA).
All experiments were approved by the Institutional Animal
Care and Use Committee at the University of Minnesota and
adhered to the animal use recommendations of the National
Institutes of Health and the Association for Research in
Vision and Ophthalmology. Animals were maintained in a
12-hour light/dark cycle with food and water ad libitum.

OKN responses were measured using a custom-built
device (ISCAN, Woburn, MA, USA). Mice received surgically
implanted head posts to stabilize the head during testing.
Head posts were implanted by first inserting 000 × 3/32′′

self-tapping screws into the mouse skull on the top of
the head. Geristore dental cement (DenMat Holdings LLC,
Lompoc, CA, USA) was placed on top of the screws and
surrounding skull area to create a cap in which to insert
the head posts. M3 × 0.5 nylon pan head slotted screws,
with the screw head removed, were placed vertically into
the Geristore cement before it dried; this created posts on
the mouse head for stabilization during experiments. When
the mice had recovered from the head-post surgery, their
eye movements were recorded by placing them in a dark
room and immobilizing them with a clamp attached to the
head posts and a tube around their bodies. During test-
ing, the mice were surrounded by a white circular drum
with black bars projected onto the white background. The
black bars moved left to right across the mouse’s vision field
with varying spatial frequencies and varying contrasts, and
eye movements tracking these rotating bars were recorded
using a camera and the ISCAN program. The ISCAN program
measures horizontal and vertical components of the move-
ments of the mouse pupil, using a corneal reflection created

by a red light near the camera aimed on the mouse eye.
Calibration for each mouse was done prior to recording
eye movements using both no stimuli and stimuli in the
ISCAN program to set the detection of the whole pupil
and the corneal reflection. To analyze the data from the
ISCAN program, raw files of horizontal and vertical move-
ment components were uploaded into a custom program in
R (R Foundation for Statistical Computing, Vienna, Austria),
where the raw pupil trace was filtered by subtracting the
raw corneal reflection trace. The average vertical and hori-
zontal positions were calculated for each trace. The graphs
for each horizontal trace were centered at zero using this
average, and the vertical trace was centered at –20 for ease
of graphic representation. OKN responses were character-
ized based on published waveform analyses.18

MyoD−/− mice and MyoD+/+ control littermates were
euthanized, and the globes and attached extraocular muscles
were removed as one tissue block. These were embedded in
tragacanth gum oriented with the tendon end as the cutting
edge and then frozen in 2-methylbutane chilled on liquid
nitrogen. Blocks were sectioned at 10 μm. Representative
sections, at 400 and 500 μm from the start of muscle in the
cross-sections, were stained with hematoxylin and eosin to
be used for morphometric analyses.

Mean cross-sectional areas and total fiber numbers
were determined by manual tracing using the Bioquant
Imaging Program (BIOQUANT Image Analysis Corporation,
Nashville, TN, USA). A minimum of three sections were used
to determine areas in each of the four rectus muscles from a
minimum of five mice at each of the three ages: 3 months, 6
months, and 12 months. Means per muscle were determined
for each mouse, and these means were used to determine
the overall mean cross-sectional diameters of the individual
rectus muscles.

PAX7-positive and PITX2-positive nuclei were assessed
by morphometric analysis. Three sections per mouse from
each MyoD−/− and MyoD+/+ control littermates at each of
the three ages were immunostained for the expression of
PAX7 and PITX2 using our standard protocols.4,8 Briefly,
slides were quenched to remove endogenous peroxidase by
incubation in 2% hydrogen peroxide in 0.01-M phosphate-
buffered saline (PBS), rinsed in PBS, and fixed in ice-cold
acetone for 10 minutes. After rinses in PBS, the sections
were blocked with 10% horse serum in PBS containing
1% Triton X-100 (antibody buffer), followed by incuba-
tion with avidin/biotin blocking reagents to eliminate non-
specific binding (SP-2001; Vector Laboratories, Burlingame,
CA, USA) using the vector kit instructions. After a PBS
rinse, the slides were incubated for 1 hour with a PAX7
antibody (1:50 in antibody buffer; Hybridoma Bank PAX7c;
University of Iowa, Iowa City, IA, USA) at room tempera-
ture in a humid chamber. The slides were rinsed in PBS
and incubated with the secondary antibody using a VECTAS-
TAIN Elite ABC system (HRP Kit, Peroxidase [Mouse IgG];
PK-6102; Vector Laboratories), followed by incubation in
diaminobenzidine with heavy metal intensification. Sections
were dehydrated, incubated in xylene, and coverslipped
with Permount mounting medium (Thermo Fisher Scien-
tific, Waltham, MA). For PITX2 immunostaining, sections
were treated with blocking solution (20% goat serum, 0.2%
bovine serum albumin in antibody buffer), followed by incu-
bation in PITX2 antibody (1:150 in antibody buffer; PA-
1020-100; Capra Science, Ängelholm, Sweden) for 1 hour
at room temperature. After a PBS rinse, the sections were
treated with blocking solution, followed by incubation in
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Alexa Fluor 488 AffiniPure Goat Anti-Rabbit IgG (H+L)
(1:1000; 111-545-144; Jackson ImmunoResearch Laborato-
ries, West Grove, PA) for 30 minutes. The sections were
rinsed and incubated with 10% rabbit serum, followed by
overnight incubation at 4°C in AffiniPure Fab Fragment Goat
Anti-Rabbit IgG (H+L) (1:100 in antibody buffer; 111-007-
003; Jackson ImmunoResearch Laboratories). After a PBS
rinse, the slides were treated with blocking solution for
10 minutes, followed by incubation for 1 hour at room
temperature in antibody against dystrophin (1:150; ab15277;
Abcam; Cambridge, UK). After a PBS rinse, the slides were
again treated with blocking solution, followed by incuba-
tion for 30 minutes at room temperature with Rhodamine
Red-X (RRX) AffiniPure Goat Anti-Rabbit IgG (H+L) (1:1000
in antibody buffer; 111-295-144; Jackson ImmunoResearch
Laboratories). Dystrophin localizes to the cytoplasmic face
of the sarcolemma and thus allows for distinction between
myonuclei and nuclei that are outside the cell. After rins-
ing in PBS, the slides were coverslipped with VECTASHIELD
Mounting Media (Vector Laboratories) and stored in the
dark.

Analyses of these sections were performed on three slides
from 3 animals each of the genotypes at each of the three
ages by counting all positive nuclei in each microscopic field
as a ratio of all myofibers in that field. If possible, a minimum
of 200 myofibers were included in the analysis to ensure that
representative numbers were obtained. The percent positive
for each mouse was averaged for the three slides, and these
averages were used to determine the percent positive nuclei
per myofiber number for each genotype at each age. These
analyses were performed for both transcription factors. All
counting was performed in a masked manner. Data were
analyzed using Prism (GraphPad Software, San Diego, CA,
USA), with analysis of variance (ANOVA), and if a significant
interaction was seen then post-hoc Tukey’s multiple compar-
ison tests were performed. Significance was defined as
P ≤ 0.05.

RESULTS

Effects of Loss of MYOD Expression on
Extraocular Muscle Function

Extraocular muscle function was tested using the OKN
response. In normal mice, regardless of age, the OKN
response was normal (Figs. 1A, 1B). In the absence of
stimuli, the eyes were relatively unmoving in the normal
mice. In the presence of the rotating black and white bars,
a normal slow and fast phase characteristic of a normal
OKN response was present. In the majority of MyoD−/−

mice that were tested for OKN response, abnormal eye
movements were present in the absence of visual stimuli
(Figs. 1C, 1E, 1G, 1I). There was no connection between age
of the mice and waveform abnormalities. These waveform
abnormalities were present in all ages examined, even at the
earliest age tested (3 months). In the absence of visual stim-
uli, 82% of the MyoD−/− mice examined had baseline jerk
nystagmus mixed with asymmetric pendular movements,
and generally they were characterized by erratic and irregu-
lar waveforms (Figs. 1G, 1I).18 The other 18% of theMyoD−/−

mice had pendular nystagmus in the absence of visual stim-
uli with occasional jerk-type movements (Figs. 1C, 1E). In
the presence of the optokinetic stimuli, 50% of the MyoD−/−

mice had pendular-like waveforms (Figs. 1D, 1F, 1H, 1J),

even if they previously had a jerk-like waveform in the
absence of stimuli (Figs. 1G–1J). There was no clear connec-
tion between pendular-type waveforms or jerk-type wave-
forms relative to age of the mice.

When mice that were haploinsufficient for MyoD+/– were
tested, in the absence of optokinetic stimuli there were
either occasional jerk movements or extended periods of
jerk nystagmus (Figs. 2A, 2C). In the first example (Fig.
2A), in the absence of stimuli, there were only occasional
jerk-like movements. In the presence of the OKN stimulus,
the waveform was largely normal; however, there were flat-
tened sections indicating extended foveation.18 The second
example shows that in the absence of stimuli oculomo-
tor instability changes over time in an inconsistent pattern
(Fig. 2C). In the presence of the OKN stimulus, although
they again showed some normal tracking, they also showed
intermittent interspersed jerk nystagmus-like movements
(Figs. 2B, 2D).

Mean myofiber cross-sectional areas and total muscle
fiber number were determined for each of the four rectus
muscles compared with littermate control mice at 3, 6, and
12 months (Figs. 4, 5). At 3 months, the ANOVA indicated
a significant interaction, but in the post hoc Tukey’s multi-
ple comparisons tests only the orbital layer fibers of the
inferior rectus muscles were significantly smaller in mean
cross-sectional area compared with controls (P = 0.0355)
(Fig. 4A). At 6 months, although there were trends for
decreased myofiber cross-sectional areas, the ANOVA did
not show a significant interaction of the data between the
MyoD−/− mice and controls (Fig. 4B). This is likely due to
the increased variability over time in the absence of MYOD
expression. For 12 months of age, the ANOVA showed a
significant interaction based on genotype between the mean
myofiber cross-sectional areas of the MyoD−/− mice and
controls. The post hoc Tukey’s multiple comparison tests
demonstrated that the orbital layer myofibers of the supe-
rior and inferior rectus muscles were significantly smaller
than the controls (P = 0.0074 and P = 0.0009, respec-
tively), and similarly the global layer myofibers of the supe-
rior and inferior rectus muscles were significantly smaller
than the controls (P = 0.0064 and P = 0.0025, respectively)
(Figs. 3, 4C).

Total myofiber numbers were also calculated for the four
rectus muscles in both the orbital and global layers of
the MyoD−/− mice and compared to the littermate controls
(Figs. 3, 5). In the 3-month-old MyoD−/− mice, the ANOVA
showed there was a significant difference. However, post
hoc t-tests showed that there were significantly fewer total
numbers of myofibers only in the orbital medial rectus
muscle (P = 0.0001) and in the global layers of the infe-
rior and medial rectus muscles (inferior, P = 0.0298; medial,
P = 0.0015) (Fig. 5A). Despite the downward trends for fiber
number in all of the rectus muscles of the MyoD−/− mice at
6 months, none of the data was significantly different (Fig.
5B). By 12 months, however, ANOVA showed that the data
were significantly different (Figs. 3, 5C). The post hoc t-tests
showed that the orbital layers of all four rectus muscles from
theMyoD−/− mice had significantly fewer myofibers than the
littermate control mice (superior, P = 0.0007; inferior, P =
0.0007; medial, P = 0.0007; lateral, P = 0.0242) (Figs. 3, 5C).
There were also significantly fewer global layer myofibers
in the superior, inferior, and medial rectus muscles of the
MyoD−/− mice compared with the littermate controls (supe-
rior, P = 0.0022; inferior, P = 0.0065; medial, P = 0.046)
(Figs. 3, 5C).
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FIGURE 1. OKN responses forMyoD−/− compared withMyoD+/+ (WT control) littermate controls. The graphs show eye position in horizontal
(blue line) and vertical (red line) components as a function of time for 20 seconds. OKN was recorded using an ISCAN device. Eye movements
were analyzed using a video camera to capture movements during no stimuli (A, C, E, G, I) and during stimuli of moving black bars on a
white background with a spatial frequency of 0.12 and a contrast of 100 (B, D, F, H, J). MyoD+/+ mice were used as a control and exhibited
normal OKN (A, B) compared with MyoD−/− mice with differing waveforms of nystagmus (C–J). WT, wild-type.

PAX7-Positive Nuclear Analysis

The population of PAX7-positive nuclei based on myofiber
number showed no significant differences in either the
orbital or global layers at 3 and 6 months (Fig. 6). However,
at 12 months, there was a significantly greater number of
PAX7-positive cells, as percent of total myofiber number, in
the global layer (P = 0.0087) of theMyoD−/− mice compared
with their littermate WT controls, representing a 157.2%
increase compared with controls.

PITX2-Positive Nuclear Analysis

PITX2-positive nuclei were identified as internal or external
to dystrophin immunostaining, as the latter localizes to the

cytoplasmic face of the sarcolemma (Fig. 7.) At 3 months,
there was a significant alteration in location of the PITX2-
positive nuclei, with a significant 63% decrease in the PITX2-
positive myonuclei in the orbital layer of the extraocular
muscles from the MyoD−/− mice (P = 0.044) and a signifi-
cant 344.2% increase in the number of PITX2-positive nuclei
outside the dystrophin immunostain (P = 0.0006) (Fig. 8).
Similarly, there was a trend toward decreased myonuclei
positive for PITX2 in the global layer of the extraocu-
lar muscles from the MyoD−/− mice (51% decrease). Anal-
ysis showed a significant 196.7% increase in the PITX2-
positive nuclei outside the dystrophin immunostain in the
MyoD−/− mice (P = 0.048). A similar picture was seen at
6 months, with a significant 80.4% decrease in the PITX2-
positive myonuclei in the orbital layer of the extraocular
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FIGURE 2. OKN responses for MyoD+/− mice. The graphs show eye position in horizontal (blue line) and vertical (red line) components
as a function of time for 20 seconds. OKN was recorded using an ISCAN device. Eye movements were analyzed using a video camera to
capture movements during no stimuli (A, C) and during stimuli of moving black bars on a white background with a spatial frequency of
0.12 and a contrast of 100 (B, D). In A, green and black arrows show flattened sections indicating extended foveation; in B, black arrows
illustrate waveform variations within the normal OKN movements.

FIGURE 3. Photomicrographs of the superior rectus muscles of MyoD+/+ and MyoD−/− mice at 12 months of age stained for hematoxylin
and eosin. (A) Superior rectus muscle from a normal littermate MyoD+/+ mouse. (B–D) Superior rectus muscles from MyoD−/− mice. Note
that the orbital layer is thinner in these muscles than in the control, as well as the almost complete loss of the orbital layer in D. Scale bar:
50 μm. O, orbital layer; G, global layer.
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FIGURE 4. Mean myofiber cross-sectional areas of the superior rectus (SR), inferior rectus (IR), medial rectus (MR), and lateral rectus (LR)
muscles from MyoD+/+ (control) and MyoD−/− mice in both the orbital (orb) and global (glob) layers. Data represent animals at 3 months
(A), 6 months (B), and 12 months (C). Asterisks indicate significant difference from the control fibers in the same layer of the muscles
(P < 0.05).
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FIGURE 5. Mean total fiber numbers of the SR, IR, MR, and LR muscles from MyoD+/+ (control) and MyoD−/− mice in both the orbital and
global layers. Data represent animals at 3 months (A), 6 months (B), and 12 months (C). Asterisks indicate significant difference from the
control fibers in the same layer of the muscles (P < 0.05).
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FIGURE 6. PAX7-positive nuclear numbers as a percent of total myofibers in extraocular muscles from MyoD+/+ (control) and MyoD−/−
mice. Asterisks indicate significant difference from the control fibers in the same layer of the muscles (P < 0.05). mon, month.

FIGURE 7. Photomicrograph of PITX2-positive nuclei in the extraocular muscles from (A) MyoD+/+ (control) and (B) MyoD−/− mice at
6 months. Horizontal arrow indicates PITX2-positive myonucleus. Vertical arrows indicate PITX2-positive nuclei outside the dystrophin
immunostaining.

muscles from the MyoD−/− mice (P = 0.01) (Figs. 7, 8)
and a significant 346.9% increase in the number of PITX2-
positive cells external to the dystrophin immunostain (P =
0.046). Similarly, there was a significant decrease in myonu-
clei positive for PITX2 in the global layer of the extraoc-
ular muscles from the MyoD−/− mice (79.7% decrease; P =
0.01) and a significant 205.7% increase in the PITX2-positive
nuclei outside the dystrophin immunostain in the MyoD−/−

mice (P = 0.043). At 12 months of age (Fig. 8), there was
a significant 85.9% decrease in the PITX2-positive myonu-
clei in the orbital layer of the extraocular muscles from the
MyoD−/− mice (P = 0.0001) (Fig. 8) and an 53.6% increase
in the number of PITX2-positive cells outside the dystrophin
immunostain, but this was not significant (P = 0.066). There
was a significant decrease in myonuclei positive for PITX2 in
the global layer of the extraocular muscles from theMyoD−/−

mice (76.9% decrease; P = 0.006) and a significant 137.5%
increase in the PITX2-positive nuclei outside the dystrophin
immunostain in the MyoD−/− mice (P = 0.049).

DISCUSSION

In the absence of expression of the transcription factor
MYOD, all of the knockout mice developed some form
of nystagmus. The presence of nystagmus correlated with
significantly smaller myofiber cross-sectional areas and
decreased total myofiber numbers in the MyoD−/− extraoc-
ular muscles over time. We hypothesize that, in the absence
of normal myogenic precursor cell progression from quies-
cence to activation and myogenic differentiation during
myofiber remodeling in the extraocular muscles in the
MyoD−/− mice, the extraocular muscles would have a
decreased ability to maintain their normal level of myofiber
remodeling.1,4 We also hypothesized that the sequelae to
this would be a loss of either myofiber size or myofiber
number. As previous studies showed a number of structural
differences between the muscles of individuals with infantile
nystagmus and age-matched controls,20,21 we hypothesized
that this would result in abnormal eye movements.
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FIGURE 8. PITX2-positive nuclei as a percent of total fibers in extraocular muscles from MyoD+/+ (control) and MyoD−/− mice at
(A) 3 months, (B) 6 months, and (C) 12 months of age. “In” refers to PITX2-positive myonuclei, as defined by their location internal to
the dystrophin immunostaining, and “out” refers to PITX2-positive nuclei outside the dystrophin immunostaining. Asterisks indicate signifi-
cant difference from the control levels in the same layer of the muscles (P < 0.05).
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Normally, MYOD functions to direct the commitment
and ultimate differentiation of quiescent myogenic precur-
sor cells into skeletal muscle during both development
and regeneration.22 In the absence of MYOD, limb skele-
tal muscle developed normally, with no clear morphological
abnormalities.12 Although other myogenic regulatory factors
such as MYF5 are upregulated during embryonic develop-
ment in the absence of MYOD expression,12 in adult muscle
MYOD plays a more critical role after muscle injury. Further
study of the adultMyoD−/− mice showed them to be regener-
ation deficient, both in vitro13,14 and in vivo.15 Although no
study examined the extraocular muscles in adult MyoD−/−

mice prior to the current study, abnormal function was seen
in the diaphragm muscles with decreased force generation
and decreased contraction velocity.23 Diaphragm also under-
goes a significant level of myofiber remodeling compared to
limb skeletal muscles, similar to that seen in the extraoc-
ular muscles.5 This hypothesis is supported by the signif-
icant changes in the PITX2-positive population, which are
thought to be critical for the significant level of myofiber
remodeling seem in the extraocular muscles compared with
limb skeletal muscles.5,8 Our hypothesis is that the cells with
the PITX2-positive nuclei, being unable to express MYOD
and begin fusing into myofibers, accumulate on the outside
of the sarcolemma. Similarly, by 12 months, the cells with
PAX7-positive nuclei also begin to accumulate. We hypoth-
esize that these changes are likely to have resulted in the
decrease in both mean myofiber cross-sectional areas and
total myofiber number as the animals aged.

Although there is no known association between MyoD
mutations and eye movement disorders, it is interesting to
note that recessive gene mutations of another myogenic
regulatory factor, myf5, causes external ophthalmoplegia
due to the complete absence of the extraocular muscles,
along with an assortment of bony abnormalities.24 Recently,
MYOD was shown to be expressed in the cerebellum during
development, where it played a role as a tumor suppres-
sor gene in medulloblastoma.25 When the cerebella of the
MyoD−/− mice were examined, importantly no abnormali-
ties were seen. Preliminary data from our laboratory exam-
ining the motor behavior of theMyoD−/− mice showed these
mice to have normal levels of grip strength and normal levels
of limb muscle coordination as examined using rotarod
running of the MyoD−/− mice, even when they became quite
old.

Classically, nystagmus is seen as a disturbance in central
nervous system oculomotor pathways. Often, nystagmus is
a clinical finding revealing an underlying central nervous
system disease, and it may be the only manifestation of
an insidious pathologic process in the brain.26,27 Known
genes associated with idiopathic infantile nystagmus inde-
pendent of abnormal vision include the FERM domain-
containing 7 gene (FRMD7). The FRMD7 protein is asso-
ciated with neurite outgrowth and neuronal actin dynamics
in growth cones, which suggests a role in axon guidance
during neurodevelopment.28,29

In addition to central nervous system anomalies, a few
studies have examined the extraocular muscles as a source of
pathology in patients with infantile nystagmus. The extraoc-
ular muscles of patients with infantile nystagmus were found
to have significantly decreased neuromuscular junctions
and nerve fiber density in addition to abnormal extraocu-
lar muscle findings, including signs of increased myofiber
turnover rate, although the myofiber cross-sectional areas
were not different from non-nystagmus extraocular muscle

controls.20 A case study reported abnormal extraocular
muscles in a patient with nystagmus, which was an inciden-
tal surgical finding during scleral buckle placement for reti-
nal detachment repair.30 The etiology of idiopathic congen-
ital motor nystagmus is still unclear, although most studies
focus on anomalies in the brain, with few studies implying
there could be instances in these children of an abnormal
change in the extraocular muscles and their innervation. The
impact of the development of nystagmus caused by lack of
MYOD expression on the developing visual system will be
important for future studies to address.

It is interesting to note that the presence of nystagmus has
been seen in individuals with congenital heart defects.31,32

Because part of the heart muscle is derived from cranial head
mesoderm,33 it will be important for future genetic studies
in children with infantile nystagmus syndrome to assess for
genes related to head mesodermal development.

The results of this study demonstrate that nystagmus
resulted from loss of expression of the protein MYOD due to
a mutation in the MyoD gene. Even haploinsufficiency was
sufficient to result in abnormalities in the OKN responses.
Whether there is a correlate in human patients with idio-
pathic infantile nystagmus syndrome will require additional
studies and genetic analyses, but these data support the
possibility of such a mutation. As noted previously, muta-
tions in FRMD7 are associated with approximately 25% of
cases of infantile nystagmus,34 and specifically appear to
regulate the length and branching of neurite outgrowth.27

The hypothesized sequelae to this would include abnor-
mal innervation of the extraocular muscles, which was
shown by examination of surgical waste muscles from
individuals having nystagmus surgery for improvement of
head posture.20,21 The muscle fibers from these children
with infantile nystagmus had an increased presence of
centrally nucleated myofibers, evidence of cycles of dener-
vation/reinnervation, and decreased overall density of nerve
fibers and neuromuscular junctions within the muscles
compared with age-matched controls. Not only were the
neuromuscular junctions smaller in the muscles in the surgi-
cal rectus muscle specimens, but there were also increased
numbers of neuromuscular junctions with the immature
gamma subunit on fast myofibers.21 These previous stud-
ies support the view that the motor nerve–muscle feed-
back loops can be perturbed, and this perturbation corre-
lates with the presence of nystagmus in both idiopathic
infantile nystagmus and nystagmus associated with albinism.
They also demonstrate that anterograde and/or retrograde
communication between the motor nerves and the extraoc-
ular muscles are likely to be critical for maintaining normalcy
of extraocular muscle function.
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