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PURPOSE. To determine if extraocular muscles (EOMs) from mice with nystagmus show
abnormalities in myofiber composition and innervation, as seen in EOMs from human
nystagmus patients, and to determine when in development those changes occur.

METHODS. Balb/c albino mice were crossed to pigmented mice to generate heterozygous
mice, which were mated to create experimental litters containing albinos and wild-type
controls. Orbits were harvested from adult animals (12 weeks old); on postnatal day
(P)0, P10, P14, and P21; and from 6-week-old animals. EOM sections were collected
from the intraorbital portion of the muscles. Sections were immunostained for slow and
fast myosin and for neuromuscular junctions (NMJs). The proportion of each myofiber
subtype and the density and size of NMJs were quantified. Initial innervation patterns
were assessed using whole-mount immunostaining of embryonic day (E)13.5 embryos
expressing IslMN:GFP.

RESULTS. Adult albino EOMs display an increased proportion of slow myofibers, larger
slow myofibers, and a decreased density of NMJs—similar to human nystagmus patients.
The percentage of NMJs on slow myofibers is also lower in albino animals. The initial
innervation pattern of the incoming ocular motor neurons is normal in E13.5 albino
embryos. Differences in the proportion of slow and fast myofiber subtypes are present
as early as P14, and a lower percentage of NMJs on slow myofibers is present by P21.
There is a lower density of NMJs on albino EOMs as early as P10, prior to eye opening.

CONCLUSIONS. Changes in NMJ development observed before eye opening indicate that
nystagmus is not solely secondary to poor vision.

Keywords: nystagmus, neuromuscular junction, albinism, development, extraocular
muscle

Nystagmus is an involuntary, rhythmic oscillation of one
or both eyes, often characterized by an initial slow

movement followed by a fast, jerk refixation movement.
Infantile nystagmus syndrome (INS) begins before 6 months
of age, affects approximately one in 800 children,1 and is
often accompanied by conditions involving afferent visual
deficits such as optic nerve hypoplasia, aniridia, retinal
dystrophies, or albinism.1–3 Eye movements are coordinated
by six extraocular muscles (EOMs), which are innervated
by three cranial motor nerves.4 The EOMs are a unique
muscle group based on their molecular composition and
function.5 They are composed of several different myofiber
types, which express different types of myosin heavy chains
(MyHCs). The simplest way to classify them is to divide them
into two broad categories (slow and fast) based on the type
of MyHC they express. Fast myofibers have one concentrated
area of motor endplates where they receive neuromuscu-
lar junctions (NMJs) from fast-firing ocular motor neurons
(OMNs) and are thus known as singly innervated fibers

(SIFs).6,7 Slow myofibers, in contrast, are multiply inner-
vated fibers (MIFs) exhibiting multiple motor endplates from
slow-firing OMNs along the length of one fiber. The slow
and fast subtypes of OMNs originate from different areas
of the cranial motor nuclei and have different premotor
inputs. It has thus been proposed that SIF and MIF motor
neurons control distinct types of eye movements,8,9 but
recent recordings from cats indicate that both motor neuron
types contribute to all types of eye movements, although
with differing physiologic properties, indicating that they
may serve different functions.10,11

Studies of EOMs from human nystagmus patients (taken
during eye muscle surgery) show evidence of decreased
innervation; nerve fiber density, mean myelinated nerve
density, NMJ area, and NMJ density are all decreased. In
addition, the number and size of slow myosin fibers are
increased.12,13 The EOMs of patients with nystagmus also
exhibited a 10-fold increase in levels of central nucleation,
consistent with cycles of degeneration and regeneration.12

Copyright 2022 The Authors
iovs.arvojournals.org | ISSN: 1552-5783 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

mailto:mary.whitman@childrens.harvard.edu.
https://doi.org/10.1167/iovs.63.10.4
http://creativecommons.org/licenses/by-nc-nd/4.0/


Impaired EOM Innervation in Mice With Nystagmus IOVS | September 2022 | Vol. 63 | No. 10 | Article 4 | 2

However, these EOM specimens were taken years after the
onset of nystagmus,12,13 so it cannot be determined whether
these changes are the cause or the result of INS. In order
to study the development of these changes, we propose the
use of Balb/c albino mice as a model to study development
of nystagmus.14

The albino Balb/c mouse strain (and other albino strains)
displays spontaneous nystagmus and an abnormal optoki-
netic response when viewing a moving grating, making this
mouse a good animal model for nystagmus.14 Our aim was
to determine whether albino mice recapitulate the changes
seen in human nystagmus EOMs and then to determine
when in development these changes are first evident. We
compared muscle fiber composition and NMJ development
between control and albino mice EOMs and showed that
albino mice do recapitulate the EOM phenotypes. We further
show that decreases in NMJ density occur first, as early as
postnatal day (P)10, before eye opening.

MATERIALS AND METHODS

Animals

Balb/c albino mice (Jax 000651; Tyrc/c point mutation
in tyrosinase which eliminates enzyme function15) were
crossed to transgenic wild-type IslMN:GFP reporter mice,
which express farnesylated green fluorescent protein (GFP)
in the membranes of motor neurons and axons, to visualize
the nerves during development.16 Mice that were heterozy-
gous for albinism and expressed IslMN:GFP were crossed to
each other to generate experimental litters that contained
albino and wild-type littermate controls. The number of
animals used at each age for each experiment is provided
in the figure legends. All experiments were performed in
compliance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and were approved by
the Boston Children’s Hospital Institutional Animal Care and
Use Committee.

Tissue Collection and Processing

P0 and P10 mouse heads were collected and fixed
overnight with freshly prepared 4% paraformaldehyde (PFA)
(15710; Electron Microscopy Sciences, Hatfield, PA, USA)
in phosphate-buffered saline (PBS; pH 7.4). P14 and older
animals were anesthetized with ketamine/xylazine and tran-
scardially perfused with 4% PFA in PBS. The heads were
bisected, and orbits were collected. After overnight fixa-
tion with 4% PFA in PBS, the orbits were washed three
times with PBS and were transferred to 30% sucrose solu-
tion until they sank. The orbits were frozen using NEG50
(6502; Epredia, Kalamazoo, MI, USA) in a cryomold (Tissue-
Tek O.C.T. Compound, 4566; Sakura-Finetek, Torrance, CA,
USA). Then, 20-μm sections were cut on a cryostat, oriented
so the muscles were in cross section. We focused specifically
on the lateral rectus (LR) and medial rectus (MR) muscles for
this study, and all results are from those muscles.

Immunohistochemistry

Muscle sections were fixed with 4% PFA for 10 minutes at
room temperature (RT) and washed three times with PBS
at RT. Then, the sections were incubated with a blocking
solution comprised of 2% normal goat serum in 0.2% Triton
X-100 in PBS (PBS-T), for 1 hour at RT. They were incu-

bated with a primary antibody, Anti-Myosin Antibody, slow
muscle, clone NOQ7.5.4D (1:200, MAB1628; MilliporeSigma,
Burlington, MA, USA) to detect slow myofibers. They were
then soaked in blocking solution overnight at 4°C, washed
three times with PBS-T, and incubated with fluorescent-
conjugated anti-mouse Alexa Fluor 647 secondary antibody
(1:1000; The Jackson Laboratory, West Grove, PA, USA) and
washed with PBS-T. Then, to detect fast myofibers, the
sections were blocked and incubated with a second anti-
body, Anti-Myosin (Skeletal, Fast) antibody, mouse mono-
clonal (1:300, M1570; Sigma-Aldrich, St. Louis, MO, USA),
overnight at 4°C, washed, and incubated with fluorescent-
conjugated anti-mouse Alexa Fluor 488 secondary antibody
(1:1000; The Jackson Laboratory) and Invitrogen Alexa Fluor
594-conjugated α-Bungarotoxin (1:500, B13423; Thermo
Fisher Scientific, Waltham, MA, USA) for 1 hour at RT to
label acetylcholine receptors (AChRs). The sections were
washed and mounted with Invitrogen Fluoromount-G (00-
4958-02; Thermo Fisher Scientific). To ensure there was no
cross-reactivity between the antibodies, the procedure was
performed without the addition of the second primary anti-
body. In those cases, there was no staining of the second
secondary antibody (not shown).

Hematoxylin and Eosin Staining

Sections were treated with hematoxylin solution (HHS16;
Sigma-Aldrich) and rinsed in distilled water until the water
was colorless. Sections were washed with tap water, dipped
in 70% ethanol–hydrogen chloride, and washed with tap
water and distilled water. Next, the sections were treated
with eosin Y solution (HT110316; Sigma-Aldrich), rinsed
in distilled water, dehydrated through an ethanol series,
soaked with xylene, and mounted with Permount Mounting
Medium (17986-01; Electron Microscopy Sciences). Central
nuclei were counted by hand by an observer blinded to
genotype.

Whole-Mount Immunostaining and Clearing of
Tissue

Whole-mount immunostaining was performed on embry-
onic day (E)13.5 wild-type and albino IslMN:GFP mouse
embryos (which express GFP in the motor neurons) using
the iDisco+ method, as previously described.17,18 Briefly, the
embryos were fixed overnight in 4% PFA and dehydrated
with a methanol series of 20%, 40%, 60%, 80%, and twice
with 100% for 1 hour each at RT. Then, the embryos were
bleached with 5% hydrogen peroxide in methanol overnight
at 4°C, rehydrated with a methanol series in a reverse order,
and further washed twice with PTx.2 solution (2% TritonX-
100 in PBS). The embryos were transferred to permeabi-
lization solution (20% dimethyl sulfoxide [DMSO] and 306-
mM glycine in PTx.2 solution) and incubated at 37°C for
2 days on a rotating shaker. The embryos were then incu-
bated with blocking solution (6% donkey serum and 10%
DMSO in PTx.2 solution) for an additional 2 days at 37°C.
They were then incubated with primary antibodies, includ-
ing mouse anti-actin, α-smooth muscle-Cy3 (1:750; Millipore-
Sigma) and rabbit anti-GFP (1:500; Thermo Fisher Scientific),
in a solution of 0.2% Tween-20 and heparin in PBS (PTwH),
5% DMSO, and 3% donkey serum for 7 days at 37°C. They
were washed with PTwH for 1 day at RT and incubated
with a secondary antibody, rabbit anti-GFP-Alexa Fluor 647
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(1:500; Thermo Fisher Scientific), diluted in a solution of
PTwH with 3% donkey serum, for 7 days at 37°C. They were
washed with PTwH solution for 1 day at RT. For clearing,
the embryos were dehydrated with a methanol series and
incubated with a solution of 66% dichloromethane (Sigma-
Aldrich) and 33% methanol (Sigma-Aldrich) for 3 hours at
RT. Finally, the embryos were transferred to dibenzyl ether
solution (Sigma-Aldrich) for imaging.

Image Acquisition and Analysis

Whole-mount embryos were mounted with coverslips in a
special chamber with dibenzyl ether and imaged using an
inverted Zeiss LSM 710 laser scanning confocal microscope
(Carl Zeiss MicroImaging GmbH, Gottingen, Germany).
Images were acquired using Zeiss ZEN software and viewed
and quantified in three dimensions using Imaris software
(Bitplane, Zurich, Switzerland). The diameter of CN3 was
measured at four different points: before entering the orbit
and before making a branch on the superior rectus (SR), MR,
and inferior oblique (IO).

The muscle sections were imaged using the Zeiss LSM
710 microscope. All images were quantified by an exam-
iner blinded to genotype. Total myofiber number and slow
and fast MyHC-positive myofibers were quantified for each
image, and the percentages of slow and fast myofibers were
calculated. We imaged every fifth section along 500 to 700
μm of muscle length, comprised of the portion of muscle
from the posterior edge of the eyeball to the muscle origin.
Using Fiji for ImageJ (National Institutes of Health, Bethesda,
MD, USA) with a particle size analyzer tool, we quantified
the mean cross-sectional area of slow muscle fibers, as well
as the number, size, and average area of NMJs, for each
muscle. We also calculated the percentage of NMJs on slow
myofibers.

Statistical Analysis

Statistical analysis of all raw data was performed using Prism
9 (GraphPad, San Diego, CA, USA). All data on the graphs are
represented as mean ± standard error of the mean (SEM).
Data presented in the text are reported as mean ± standard
deviation (SD). Student’s t-test was performed to compare
the data between genotypes in adults. To compare across age
and genotypes, two-way ANOVA was performed followed by
Sidak’s multiple comparisons testing.

RESULTS

Albino Mice EOMs Recapitulate the Phenotype
Seen in Human Nystagmus EOMs

To determine whether the changes seen in nystagmus
patients’ EOMs are also present in albino mice, we quanti-
fied the proportion of slow and fast MyHC-expressing fibers
in EOMs of 12-week-old albino mice and littermate controls.
In control EOMs, fast MyHC was expressed in the majority
of the myofibers, and slow MyHC was expressed in 14.1% ±
2.1% of myofibers (Fig. 1A). In albino EOMs, the percentage
of slow myofibers was significantly higher (20.0% ± 2.6%; P
= 0.0013) (Figs. 1B, 1C), and, consequently, fast myofibers
were significantly reduced in albino EOMs (Fig. 1D).
The slow myofiber cross-sectional area was increased in
EOMs of albinos compared with littermate controls (189.4 vs.
159.8 μm2; P= 0.03) (Fig. 1E). The total number of myofibers
was not significantly different (320.7 ± 33.2 vs. 273.8 ± 13.6;
P = 0.22), nor was the total muscle area (113884 ± 3231 vs.
112766 ± 7622 μm2; P> 0.99).We assessed for central nucle-
ation of muscle fibers on hematoxylin and eosin (H&E)-
stained tissue and found a significant increase in central
nucleation in albinos (6.736% ± 1.02% vs. 3.351% ± 0.43%;

FIGURE 1. Slow and fast myosin expression in EOMs of adult albino and control mice. (A, B) Confocal images of LR muscles from 12-
week-old albinos (B) and littermate controls (A) immunostained for fast MyHC (green) and slow MyHC (red). Images in A and B are from
similar portions of the LR. (C) Quantification of the percentage of slow myofibers showed a significant increase in albinos compared with
control muscles. (D) Quantification of the percentage of fast myofibers showed a significant decrease in albinos compared with controls.
(E) Quantification of mean cross-sectional area of slow myofibers showed a significant increase in albinos. (F, G) Confocal images of control
(F) and albino (G) LR immunostained for fast MyHC (green), slow MyHC (cyan), and acetylcholine receptors (α-bungarotoxin, red). Images
in F and G are from similar portions of the LR. (H) NMJ density quantification showed a significant decrease in albinos compared with
controls. (I) Average NMJ size did not differ between albinos and controls. (J) Analysis of the percentage of NMJs on slow myofibers showed
a significant decrease in albinos. Data are represented as mean ± SEM. *P < 0.05, **P < 0.001, ***P < 0.0001 (n = 6 animals per genotype).
Scale bar: 100 μm (A, B, F, G).
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FIGURE 2. Increased central nucleation in albino EOMs. (A, B) Brightfield images of EOMs from 12-week-old albinos (B) and littermate
controls (A) stained with H&E. Blue arrows indicate central nuclei. (C) Quantification of the percentage of myofibers with central nucleation
showed a significant increase in albinos compared with control muscles. Data are represented as mean ± SEM. **P < 0.001 (n = 5–6 animals
per genotype). Scale bar: 100 μm.

P = 0.0096) (Fig. 2). We found that the density of NMJs
was significantly reduced in EOMs of albinos compared to
littermate controls (71.68 vs. 168.9 NMJs/mm2; P = 0.0004)
(Figs. 1F–1H). Furthermore, the percentage of NMJs on slow
myofibers was significantly reduced in albinos (17.76% vs.
25.93%; P= 0.003) (Fig. 1J). The average size of NMJs did not
differ between albino and control mice (21.2 vs. 24.3 μm2;
P = 0.255) (Fig. 1I). We analyzed each of these parameters
in the LR and MR separately and obtained similar results
(data not shown). These results indicate that albino mice
show EOM and innervation changes similar to those seen in
the EOMs of patients with nystagmus and can therefore be
used to evaluate development of the oculomotor system in
nystagmus.

Initial Embryonic Innervation of the EOMs Was
Normal in Albinos

We next examined whether the initial routing of the OMNs to
the EOMs is disturbed in albino mice. OMNs in the brainstem
are born between E9.5 and E11.5 and extend axons toward
the orbit beginning at E10.0, with branches to each EOM
established by E13.5.18–22 From heterozygous matings, we
generated E13.5 litters with wild-type and albino embryos
that express GFP in the motor neurons (IslMN:GFP) and
prepared whole mounts. CN3, CN4, and CN6 axonal trajec-
tories developed normally onto EOMs in albinos and in
controls (Figs. 3A, 3B). To quantify the size of the nerve,
the diameter of CN3 was measured at four different branch

FIGURE 3. Initial motor neuron axon outgrowth was normal in E13.5 albino embryos. (A, B) Maximum intensity projections of whole-mount
images from E13.5 wild-type (A) and albino (B) embryos. Lateral views into the orbit: midbrain is to the left, eye and orbit to the right. Motor
neurons were genetically labeled with GFP under the Isl1MN promoter (green), and muscles and arteries were labeled with anti-α-smooth
muscle actin (red). In both albino and control embryos, CN3 axon trajectories are normal on the SR, MR, IR, and IO, and CN4 nerve axons
are innervating the SO. The green staining superiorly in each image shows midline brain structures that also express IslMN:GFP (ectopically).
Scale bar: 500 μm. (C) Quantification of CN3 diameter at four different points: near anterior carotid artery (1), before branching to SR (2),
before branching to IR and MR (3), and branch to IO (4). These points are labeled on the control image (A). Data are represented as mean
± SEM (n = 7–13 embryos per genotype).
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FIGURE 4. Differences in myofiber subtypes as early as P14. (A) EOM sections from P0, P10, P14, P21, 6-week-old, and 12-week-old control
and albino mice were immunostained for slow (red) and fast (green) MyHC. Images at each time point are from similar portions of the
muscle. The orbital and global layers are outlined on the P10 control image. (B, C) Quantification of the percentage of slow myofibers (B)
and fast myofibers (C) showed significant differences from P14 to adulthood. (D) The slow myofiber cross-sectional area was significantly
larger in albino EOMs from P14 to adulthood. (E) The percentage of myofibers not expressing fast or slow myosin was similar at all ages.
(F, G) Albinos had an increased percentage of slow myofibers in both the orbital layer (F) and global layer (G), starting at P14. (H, I) The
total muscle area and total number of myofibers were similar at all ages. Scale bars: 50 μm (P0) and 100 μm (P10–12 weeks). Data are
represented as mean ± SEM (n = 5–10 animals per genotype at each time point). *P < 0.05, **P < 0.001, ***P < 0.0001.
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FIGURE 5. Differences in NMJ density and size first seen at P10. (A) EOM sections from P0, P10, P14, P21, 6-week-old, and 12-week-old
control and albino mice were immunostained for slow MyHC (cyan), fast MyHC (green), and AChRs with α-bungarotoxin (red). (B) NMJ
density was significantly lower in albinos from P10 through adulthood. (C) The percentage of NMJs on slow myofibers was lower in albinos
starting at P21. (D) NMJ size increased transiently at P10 in wild-type animals, then decreased. This increase was not seen in albinos, leading
to significant differences in NMJ size at P10 and P14 but not at other ages. Scale bars: 50 μm (P0) and 100 μm (P10–12 weeks). Data are
represented as mean ± SEM (n = 5–10 animals per genotype at each time point). *P < 0.05, **P < 0.001, ***P < 0.0001, ****P < 0.00001.

points, and we found no difference between the controls and
albinos (Fig. 3C), suggesting that early motor neuron axonal
growth was normal in albino mice.

Slow and Fast Muscle Fiber Proportion
Differences as Early as P14

To investigate when in development EOM changes first
occur, we examined slow and fast MyHC expression in EOM
sections covering the entire muscle length from P0, P10,
P14, P21, 6-week-old, and 12-week-old albino and litter-
mate control mice. In wild-type mice at P0, 22.3% ± 4.5%
of the myofibers were slow myofibers. The proportion of
slow myofibers decreased from P0 to P14 and then remained

steady into adulthood (Figs. 4A, 4B). Similar results were
observed in both the MR and LR (data not shown). In albino
EOMs at P0, the proportion of slow myofibers (23.2% ±
7.7%) was similar to that of controls, but the proportion
of slow myofibers remained relatively constant from P0
to adulthood, without the decrease seen between P0 and
P14 in controls. This led to significant differences between
albinos and controls at P14, P21, 6 weeks, and 12 weeks
(Figs. 4A, 4B). Conversely, in controls, the proportion of fast
myofibers increased gradually from P0 until P14 and then
became stable. In albinos, the proportion of fast myofibers
was similar to that of controls at P0. There was an increase in
the proportion of fast myofibers from P0 to P14, but it was
slower than that seen in controls (Fig. 4C). These results
are consistent with published data indicating that slow
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MyHC-positive myofibers are expressed at high levels at
birth and decrease gradually.23 We also quantified the
percentage of myofibers that express neither fast nor slow
myosin at each age and found no differences between the
genotypes (Fig. 4E). We examined the orbital and global
layers of the muscle separately at each age and found
that both layers showed an increased percentage of slow
myofibers starting at P14 (Figs. 4F, 4G).

We next examined the cross-sectional area of the slow
myofibers. At P0, slow myofibers were similar in size
between controls and albinos (70.0 ± 8.3 vs. 69.4 ± 5.8 μm2).
There was a gradual increase in size of slow myofibers from
P0 to adulthood in controls. The increase was faster in albi-
nos, leading to significantly larger slow myofibers in albi-
nos from P14 until adulthood (Fig. 4D). Total EOM muscle
area did not differ at any age (Fig. 4H). The total numbers
of myofibers were also similar (Fig. 4I). Two-way ANOVA
showed a significant effect of both age and genotype, but
at no age were the results significant after multiple compar-
isons testing.

Neuromuscular Junction Density Was Reduced as
Early as P10

We next examined NMJs in EOMs of P0, P10, P14, P21,
6-week-old, and 12-week-old albinos and littermates. We
examined sections along the entire muscle length and quan-
tified those in which NMJs were present. In control mice,
there was a sharp reduction in NMJ density between P0 and
P10, after which it remained relatively stable. In albino mice,
however, there was an even sharper reduction between P0
and P10, and NMJ density remained significantly lower at all
older ages (Figs. 5A, 5B).

Neuromuscular Junction Loss Higher on Slow
Myofibers

In control mice, there was an increase in the percentage of
NMJs on slow myofibers from P0 to P10 and then steady
levels to adulthood. In albino mice, however, the percent-
age of NMJs on slow myofibers was similar to controls
until P14 but then decreased and was significantly lower
than controls at P21, 6 weeks, and 12 weeks (Figs. 5A, 5C).
The albino mice had an increased proportion of slow
myofibers, but fewer of the NMJs were on slow myofibers
and there was a lower density of NMJs overall, indicating
that there was a particular deficit of the NMJs on slow
myofibers.

NMJs in Albino EOMs Did Not Show the Normal
Increase in Size in Early Postnatal Development

Although we did not find a difference in NMJ size in adults,
we examined NMJ size during postnatal development. In
control EOMs, there was an increase in NMJ size between
P0 and P10, then a gradual decrease in size. In albinos, this
increase did not occur, leading to significantly smaller NMJs
at P10 and P14 but not at other ages (Figs. 5A, 5D). Together,
these findings suggest that there are NMJ structural develop-
ments that occur normally in early postnatal development
that are not occurring in albinos.

DISCUSSION

We demonstrated that Balb/c albino mice with nystagmus
have changes in EOM myofiber subtype and innervation
similar to those previously seen in human samples, provid-
ing further evidence that they are a good model for studying
the pathophysiology of nystagmus. We further demonstrate
that the onset of changes in EOMs and their innervation is
during the second postnatal week in albino mice, with the
earliest changes (in NMJ density) evident as early as P10,
before eye opening in mice.

Relatively little is known about the underlying patho-
physiology of INS. Because afferent visual dysfunction of
many different types is associated with INS, it has been theo-
rized that there is vision-dependent control of the oculomo-
tor system, the disruption of which leads to nystagmus. It
was not known whether the EOM abnormalities reported
in humans with nystagmus were the cause or the effect of
long-standing nystagmus. We show here, however, that EOM
changes are first evident in early postnatal development in
a mouse model. In albino mice, there are underlying abnor-
malities of EOM innervation even before eye opening which
cannot be caused by poor vision. There are likely other
aspects of oculomotor development that are influenced by
poor vision, but we provide evidence that INS, at least in
albinos, may not solely be secondary to poor vision. The
age of onset of nystagmus in mice is not known and cannot
be determined with currently available methods, but we
presume it is not before eye opening.

Balb/c mice have the Tyrc point mutation in tyrosinase,
which causes a cysteine-to-serine mutation at amino acid
103.24 These mice have no tyrosinase activity and thus no
melanin in their pigment cells, but the pigment cells are
present.15 Although the mutation eliminates tyrosinase activ-
ity, the gene is expressed normally.25 In mice, Tyr expres-
sion is limited to two cell types—retinal pigment epithe-
lium and neural crest derived melanocytes (which migrate
during development to multiple areas of the body, includ-
ing skin, hair bulbs, choroid, and cochlea.)26 Expression in
the retinal pigment epithelium begins at E10.5 and in skin
melanocytes at E16.5.25 Tyr is not expressed in developing
or adult brain.27

In both skeletal muscles and EOMs, at birth myofibers
transiently receive multiple motor neuron axon terminals
on end plates (postsynaptic sites) and during the second
postnatal week most of these terminals retract, resulting in
single innervation on fast myofibers.28–30 The loss of the
axon terminals also causes the pruning of postsynaptic sites
on the myofibers (i.e., AChRs).29,31 The decrease in NMJ
density between P0 and P10 is more pronounced in albino
mice, suggesting that there may be excessive pruning of the
nerve terminals.

In skeletal muscles, it has been reported that the neuro-
muscular junctions are simple structures at P7, which
expand into complex, branched AChR clusters and become
mature by P21.28 During the second postnatal week, NMJ
reorganization takes place by stabilizing the AChRs, forming
subsynaptic infoldings of membrane, and recruiting muscle
nuclei beneath the postsynaptic membrane.32,33 We found
that NMJ size on EOMs increases between P10 and P14 in
control animals but not in albinos, suggesting that NMJs
are not maturing properly. Abnormal development of the
NMJs may affect efficiency of synaptic transmission or post-
synaptic receptor stability and signaling and thus the trophic
support provided to muscles by their innervating neurons
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(see below). In humans, decreased NMJ size in nystagmus
samples was seen in a mixed population of children and
adults, whereas in mice we found only a developmental
change, with normal NMJ size in adulthood. This may reflect
differences in NMJ maturation between the species or may
be because the population of humans studied varied in age.
Tyrosinase is not expressed in developing motor neurons or
in EOMs.27 Precisely how the absence of tyrosinase activ-
ity leads to abnormalities of NMJ development will require
further study.

Albino mice EOMs also display a shift of muscle fiber type
toward slow myofibers in both the orbital and global layers,
despite underlying differences in slow myofiber percentages
between the layers.34 Changes in myofiber type composi-
tion in skeletal muscles have been seen in neurodegener-
ative mouse models35,36 and in muscle atrophy.37 Muscle
atrophy associated with denervation and immobilization is
associated with slow-to-fast fiber-type shifts, whereas atro-
phy associated with fasting, cachexia, and aging is associ-
ated with fast-to-slow fiber-type shifts.37 In skeletal muscles,
muscle fiber type specification is regulated by trophic
factors, including brain-derived neurotrophic factor (BDNF),
which modulates the shift from fast to slow myofibers and
AChR disassembly.38,39 Muscle fiber-type specification is also
influenced by a variety of miRNAs, muscle-derived proteins,
and membrane proteins.40–43 Several studies have reported
that muscle-derived neurotrophic factors provide retrograde
signals to motor neurons and are required for NMJ develop-
ment, maintenance, and remodeling.38,39,42,44,45 VEGF block-
ade at the lateral rectus causes reductions in the firing
rate, sensitivity, and afferent synaptic inputs in abducens
motoneurons, similar to those seen with axotomy.46

After axotomy, retrograde delivery of VEGF restores
these parameters.47 Interestingly, EOMs from humans with
albinism show low levels of BDNF expression,13 suggest-
ing a role for BDNF in NMJ development and EOM
specification.

NMJ density and size differences between albinos and
controls are present earlier than are the changes in propor-
tion of myofiber subtypes, suggesting that changes in inner-
vation may influence myofiber subtype specification. Slow
and fast myofibers are innervated by different types of motor
neurons, which have different function properties.8,10,11,48

EOMs and OMNs are dependent on each other for trophic
support. Muscle-derived cues promote OMN survival,49 and
cell death significantly increases in the absence of normal
muscle targets,19 consistent with the theory that muscles
provide trophic support for developing motor neurons.50

EOMs also influence axon guidance during early devel-
opment.19,22,51 How motor neuron subtypes are matched
with the proper myofiber subtype is not fully understood,
although there is evidence in skeletal muscles of a retro-
grade influence of myofiber subtype on motor neuron spec-
ification.44 An imbalance in the proportion of slow and fast
motor neurons or abnormalities in NMJ development of
one type of OMN could underlie the differences in propor-
tions of myofiber subtypes seen in albinos. The data from
humans with nystagmus were collected before the discovery
of a novel type of multiterminal motor endplate in human
EOMs, which is present on myofibers that do not express
fast or slow MyHC but instead express the EOM-specific
form of MyHC.52 It is therefore unknown whether this type
of myofiber is altered in nystagmus. In mice, we found
myofibers that do not express slow or fast myosin in high
numbers at P0 and a much lower percentage at older ages.

At no age was there a difference between control and albino
in these negative fibers.

In conclusion, we have shown here that EOMs from
albino mice show the same changes in EOM subtype propor-
tion and NMJ density as seen in human patients with nystag-
mus. Furthermore, we have shown that the NMJ changes are
present as early as P10, before eye opening and presum-
ably before the onset of nystagmus. Our findings indicate
that there are primary abnormalities of EOM innervation
that are not secondary to poor vision, contributing to the
development of nystagmus in albinism. Further studies are
needed to investigate how the absence of tyrosinase activ-
ity leads to abnormalities of NMJ development, whether
the change in the proportion of muscle fiber type occurs
because of changes in the proportion of SIF- and MIF-
innervating neurons, and whether these results are true in
other causes of INS.
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