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Abstract

Sparing of the extraocular muscles in muscular dystrophy is controversial. To address the potential
role of utrophin in this sparing, mdx:utrophin*/~ and mdx:utrophin~'~ mice were examined for
changes in myofiber size, central nucleation, and Pax7-positive and MyoD-positive cell density at
intervals over their life span. Known to be spared in the mdx mouse, and contrary to previous
reports, the extraocular muscles from both the mdx:utrophin*/~ and mdx:utrophin=/~ mice were
also morphologically spared. In the mdx:utrophin*/~ mice, which have a normal life span
compared to the mdx:utrophin™~ mice, the myofibers were larger at 3 and 12 months than the
wild type age-matched eye muscles. While there was a significant increase in central nucleation in
the extraocular muscles from all mdx:utrophin*/~ mice, the levels were still very low compared to
age-matched limb skeletal muscles. Pax7- and MyoD-positive myogenic precursor cell
populations were retained and similar to age-matched wild type controls. These results support the
hypothesis that utrophin is not involved in extraocular muscle sparing in these genotypes. In
addition, it appears these muscles retain the myogenic precursors that would allow them to
maintain their regenerative capacity and normal morphology over a lifetime even in these more
severe models of muscular dystrophy.
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1. INTRODUCTION

In Duchenne muscular dystrophy (DMD) all tissues are devoid of dystrophin, with skeletal
muscles the focus of the primary pathology. Despite the ubiquitous absence of dystrophin,
not all skeletal muscles are equally affected. Extraocular muscles (EOM), along with a small
number of other craniofacial muscles are preferentially spared from muscle pathology. Other
muscles that are spared include the intrinsic laryngeal muscles [1] and various sphincteric
muscles [2]. Not only are the EOM structurally spared from DMD pathology [3], the eye
movements are also normal [4].

The EOM are a set of six muscles in each orbit that control eye position and eye movements,
with an unusual pattern of sparing and/or preferential involvement in a large number of
skeletal muscle disorders [5]. The EOM are spared not only in Duchenne muscular
dystrophy, but also in other forms of muscular dystrophy, including sarcoglycan deficiency
disorders [6], some forms of myotonic dystrophy [7], and limb-girdle muscular dystrophy
amongst others [8]. It is currently unclear what the exact mechanism of this preferential
sparing is, although many mechanisms have been proposed. Altered handling of intracellular
calcium [9], increased antioxidant levels [10], altered nNOS levels [11], and up-regulation
of the transmembrane protein a7p1 integrin [12] were examined as possible mechanisms to
account for EOM sparing in DMD, but none proved to be responsible. Given that no single
pathway had proven mechanistic, it was proposed that intrinsic differences in the EOM
account for their preferential sparing [12].

Another potential mechanism proposed to explain EOM sparing in DMD is up-regulation of
its autosomal homolog utrophin. Utrophin is located at the neuromuscular and myotendinous
junctions in normal adult skeletal muscle [13]. It is also expressed in regenerating myofibers
in dystrophic muscles [13-14]. As is true for dystrophin, utrophin contains both F-actin and
-dystroglycan binding domains [15, 16]. In addition, increased expression of utrophin in
the skeletal muscles of mdx mice was shown to result in a functional improvement in muscle
function [17-19]. To further test this hypothesis a mouse lacking dystrophin and utrophin
(mdx:utrophin™~) was developed [20, 21]. It was shown to have a much more severe
phenotype than the mdx mouse and an earlier onset of pathology. However, the
mdx:utrophin™~ mice die prematurely between the ages of 6 and 20 weeks, making it
difficult to obtain or maintain colonies [22]. A series of recent studies examined the
mdx:utrophin*/~ mouse, and showed that their histopathology and muscle function were
intermediate in the continuum from mdx to mdx:utrophin™~ mouse [23-26]. It was
suggested that the time course of the pathology in the mdx:utrophin*/~ mice more closely
mimics that of DMD patients, and therefore was proposed as a better model for assessing
longer term therapies for effectiveness.

The potential relationship of EOM sparing and utrophin expression has been controversial.
Utrophin was shown to be increased in mdx EOM in one study [27], and unchanged relative
to normal wild type (WT) mouse EOM in another [9]. In addition, a previous study examined
the EOM pathology of the mdx:utrophin™~ mice and found that the EOM developed
significant pathology in the absence of both dystrophin and utrophin [28]. In order to resolve
this controversy, the EOM disease profile in the mdx:utrophin*/~ and mdx:utrophin™~
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mouse models of DMD, which express altered levels of utrophin, was determined, and these
were compared to WT control EOM and, where possible, mdx EOM. Utrophin levels were
examined immunohistochemically in all genotypes. The extent of pathology was assayed by
traditional markers of dystrophinopathies, including myofiber cross-sectional area, centrally
located myonuclei, and fibrosis, which are indicative of the degeneration and regeneration
events common in DMD. The density of Pax7-positive satellite cells and MyoD-positive
myogenic precursor cells were also assayed in these four genotypes in order to better
understand the regenerative potential in these DMD disease models. In adult skeletal
muscle, Pax7 is a marker for satellite cells; [29 - 31], while MyoD plays an essential role in
myogenic cell specification and differentiation [30-32]. If utrophin is involved in the sparing
of the EOM in DMD, significant evidence of disease pathology should be present in both
mdx:utrophin*/~ and mdx:utrophin™~ EOM, and should be more severe in the
mdx:utrophin~/~ EOM.

2. METHODS

2.1 Animals

All experiments were performed in accordance with NIH guidelines for use of animals in
research and were approved by the Institutional Animal Care and Usage Committee at the
University of Minnesota. C57BL/10 (WT) mice were purchased from Harlan Laboratories
(Madison, WI1). Dystrophic mice (mdx, mdx:utrophin*/~, and mdx:utrophin="), originating
from Washington University (ECR 42) were maintained as a colony at the University of
Minnesota through mdx:utrophin*/~ breeding pairs. Animals were housed by Research
Animal Resources at the University of Minnesota, were raised in 12-hour light/dark cycles,
and were allowed to feed and drink ad libitum. All mice were sacrificed by CO,
asphyxiation.

2.2 Immunochemistry Methods

Immediately following sacrifice, orbital exenteration was performed to remove the globe
with the EOM attached in situ. In addition, limb muscles were removed and handled
similarly to the EOM samples. Globe and muscles were embedded in tragacanth gum and
frozen in 2-methylbutane chilled to a slurry on liquid nitrogen. Sections were prepared at
12um using a cryostat and stored at —80°C until stained. All histochemistry was performed
using our standard laboratory methods. One set of slides was stained with hematoxylin and
eosin. Immunohistochemical identification of specific proteins was performed by incubating
the microslides in 10% normal serum in phosphate buffered saline (PBS) containing 0.1%
Triton X-100, followed by incubation for one hour at room temperature with an antibody to
one of the following: Pax7 (1:3000; Aviva Systems Biology, San Diego, CA), MyoD
(1:400; Santa Cruz, Santa Cruz, CA), collagen | (1:1000; abcam, Cambridge, MA), or
collagen 1V (1:1000; abcam). This was followed by a PBS rinse and sequential incubation in
reagents from the ABC VectaElite kit (Vector Labs, Burlingame, CA) labeled with
peroxidase, and developed with diaminobenzidine with heavy metals and hydrogen
peroxide.
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Sections were also immunostained for the expression of utrophin (1:200, Santa Cruz, Santa
Cruz, CA). After an overnight incubation in primary antibody to utrophin, the slides were
rinsed in PBS, and incubated in goat anti-rabbit AF488 secondary antibody (1:2000; Jackson
Immunoresearch, West Grove, PA) for one hour. After a rinse in PBS, they were
coverslipped with Vectashield mounting medium.

2.3 Morphometric Analysis Methods

Morphometric analysis was performed using Bioquant Life Science software (Bioguant,
Nashville, TN). A minimum of 3 slides were counted for each muscle examined from each
animal, with a minimum of 200 myofibers counted in both the orbital and global layers per
slide. The data from each slide were averaged, with an N of 6 for each genotype and each
experimental time point. Mean cross-sectional area and presence of central nucleation were
determined. For central nucleation, data are presented as percent of centrally nucleated
myofibers per total fiber number. Pax7 and MyoD data are presented as percent of positive
cells per total fiber number. Collagen | and IV densities were determined by a semi-
automated feature of the morphometry program Bioquant (Bioguant, Nashville, TN) that
determines the total collagen-positive area as a percent of total muscle area. Three fields
were analyzed and averaged per mouse, with an N of 4-6 mice per experimental time point
and genotype.

2.4 Statistical Analysis

Data are expressed as mean + SEM. All data were analyzed for statistical significance using
analysis of variance (ANOVA) followed by a Tukey's or Dunn's multiple comparison test.
Statistics were performed using Prism software (GraphPad Software Inc., San Diego, CA).
Data were considered statistically significantly different if p<0.05.

3. RESULTS

3.1 Verification of Mouse Genotype and Changes in Utrophin Expression

Genotyping confirmed that the WT and mdx mice had two wild type utrophin alleles as
evidenced by the presence of a single 650bp PCR product, the mdx:utrophin*/~ (het) mice
had both a wild type utrophin allele and a mutant utrophin allele as evidenced by the
presence of a 650bp and a 450-bp PCR product, and the mdx:utrophin™= (dko) mice had
two mutant utrophin alleles as evidenced by the presence of a single 450bp PCR product
(Supplemental Figure 1A). Western blot analysis showed that the mdx mouse muscles had
significantly increased levels of utrophin compared to WT controls for both the triceps and
EOM. While the levels of utrophin in the mdx:utrophin*/~ mouse muscles were more
heterogeneous compared to the WT muscles, there was no significant difference in the levels
of utrophin protein in the mdx:utrophin*/~ mouse muscles compared to the WT muscles.
Utrophin levels in the mdx:utrophin*/~ triceps muscles were significantly reduced compared
to that seen in the mdx triceps muscles, but only trended toward lower levels in the EOM.
The utrophin protein was absent in the muscles of the mdx:utrophin™~ mice (Supplemental
Figure 1B, C).
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The differential levels of utrophin immunostaining on EOM sections from WT, mdx,
mdx:utrophin*/~, and mdx:utrophin™~ mice confirmed the western blot data (Figure 1). In
the WT mice, expression of utrophin was mainly at presumed neuromuscular junctions [13],
and therefore somewhat sparsely and regionally located (Figure 1A). In the EOM sections
from mdx mice, utrophin expression was seen on many myofibers in cross-section (Figure
1B). In the mdx:utrophin*/~ EOM, while there was more utrophin expression around fibers
than in the EOM from WT mice, it appeared to be decreased compared to the expression
pattern seen in the EOM from the mdx mice (Figure 1C). As expected, the EOM from the
dko mice were negative for utrophin expression (Figure 1D). This qualitative assessment
confirmed the quantitative assessment using western blots (Supplemental Figure 1). As
expected from previous studies [9, 27], utrophin expression patterns were irregularly located
within the muscle sections, but overall the levels were highest in the EOM from the mdx
mouse.

3.2 EOM Morphology in mdx:utrophin*/~ and mdx:utrophin™~ Mice

One of the hallmarks of dystrophinopathy is repeated cycles of degeneration and
regeneration of myofibers. This on-going process can be identified by alterations in mean
myofiber cross-sectional areas and the presence of centrally located nuclei within individual
myofibers. The morphology of the EOM from the mdx:utrophin*/~ and mdx:utrophin=~
mice was examined and compared to that of WT control mice (Figure 2). The EOM from
both the mdx:utrophin*/~ (Figure 2B) and mdx:utrophin™~ (Figure 2C) displayed normal
morphology, and their appearance was similar to the EOM from WT control mice (Figure
2A), with little evidence of pathological changes such as central nucleation, fiber necrosis,
fibrosis, and inflammatory cell infiltrate (Figure 2A-C). While the EOM were spared from
pathology in both these genotypes, the nearby levator palpebrae superioris (Figure 2D)
showed significant central nucleation of myofibers at levels similar to that seen in limb
skeletal muscles from these mice (Figure 2E-G). Normal limb muscles have a cobblestone
appearance with homogeneity in individual myofiber cross-sectional areas (Figure 2E). In
the limb muscles from the mdx:utrophin*/~ mice, the majority of myofibers were centrally
nucleated, and there was a marked heterogeneity of myofiber size (Figure 2F). In the limb
muscles from the mdx:utrophin™= mouse, evidence of accelerated degeneration/
regeneration was seen, as evidenced by the calcified fibers, and increased myofiber
degeneration/regeneration as evidenced by the presence of many centrally nucleated
basophilic fibers (Figure 2G). Thus, in comparison to the severe pathology in the limb
muscles in the mouse models of muscular dystrophy, the EOM were structurally spared.

3.3 EOM Morphometry in WT, mdx, mdx:utrophin*/~ and mdx:utrophin™~ Mice at Intervals
Over their Life Span

In order to assess if there was increased heterogeneity of myofiber size in the EOM from the
mouse models of DMD, mean myofiber cross-sectional areas were assessed in the orbital
and global layers of the EOM at intervals over the lifetime of WT and mdx:utrophin*/~
mice, at 2 months for the mdx:utrophin™~ mice, and at 3, 6, and 12 months for mdx mice. In
the leg muscles of the mdx:utrophin*/~ mice over time [26], there was a decrease in
myofiber cross-sectional area with aging [26]. There were no overt changes in the myofibers
in the EOM in either the mdx:utrophin*/~ or mdx:utrophin~~ mice. The mean cross-
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sectional area of the mdx:utrophin*/~mouse orbital layer myofibers was significantly larger
than the age-matched WT controls only at 12 months (Figure 3A), while areas were
significantly larger in the global layer myofibers at 3 and 12 months in the mdx:utrophin*/~
mice (Figure 3B). Only at the 12 month time point were the mdx global layer fibers
significantly larger than the WT control. This phenomenon of increasing myofiber size in
EOM was seen in previous studies after a number of diverse perturbations including
chemical denervation by botulinum toxin [33]. These results mirror the resistance of the
EOM to developing a dystrophic phenotype relative to fiber size.

In the orbital layer of the EOM of all four mouse genotypes examined in this study, no
significant differences were seen in the percentages of myofibers with central nucleation in
the orbital layer (Figure 4A). While there was apparent heterogeneity in density of central
nucleation in the mdx:utrophin™~, it did not reach significance. However, in the global layer
the mean density of centrally nucleated myofibers was significantly greater in all the
mdx:utrophin*/~ mice compared to their age-matched WT controls at 3, 6, 12, 16, and 20+
months, with an average of 4-fold greater numbers of centrally nucleated fibers (Figure 4B).
It should be noted that the percentage of centrally nucleated myofibers in the
mdx:utrophin*/~ EOM never exceeded 3%, while, in contrast, centrally nucleated myofibers
were found in 57% of all myofibers in the triceps muscles from the same mdx:utrophin*/~
mice (Figure 4C) [26]. Thus, while significantly different from age-matched WT control
EOM myofibers, this represents an extremely low incidence of central nucleation. Again,
this supports the ability of the EOM to retain normalcy in the mdx:utrophin*/~ and
mdx:utrophin™~ mice compared to limb muscle despite the reduction or lack of utrophin
[26].

3.4 Fibrosis in WT, mdx, mdx:utrophin*/~ and mdx:utrophin™~ Mice at Intervals Over their

Life Span

In limb skeletal muscles, fibrosis is one of the long term sequelae of DMD. The EOM from
WT, mdx, mdx:utrophin*/~, and mdx:utrophin™= mice were examined for expression levels
of collagen I and IV (Figure 5,6). These two collagen isoforms were chosen from a larger
superfamily of collagen molecules [34], as they represent two of the major forms found in
skeletal muscle. Collagen 1 is in the family of fibril-forming collagens, and is thought to
provide rigidity and tensile strength to muscle. Collagen IV is a basement membrane
collagen and is contained in the basement membrane surrounding individual myofibers. We
have previously demonstrated their localization patterns in the extraocular muscles [35].
When the density of collagen | was quantified, there was no significant difference between
the muscles from mdx compared to WT mice at any of the ages examined. Interestingly, the
EOM from both the mdx:utrophin*/~ and mdx:utrophin™~ mice had greater collagen |
density at 3 months, at 20.64 + 2.9% and 16.5 + 1.5% respectively compared to 0.2 + 0.8%
for WT (Figure 5). This can be seen microscopically in the greater density around the
myofibers in the dystrophic mice EOM (Figure 5B, C) compared to WT (Figure 5A). At 6
and 12 months, this density had decreased in the mdx:utrophin*/~ EOM to control levels,
but at 16 and 20 months collagen | density again was significantly increased compared to
their age-matched WT controls, at 17.73 + 1.3% and 19.0 + 2.7% compared to 10.27 £ 0.2%
and 12.2 + 0.5% in WT muscles. This suggested a moderate fibrotic change in the EOM of
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these dystrophic mice. This was in contrast to the very extensive fibrosis that developed in
the limb muscles of the mdx:utrophin*/~ mice where collagen levels reached up to 50% of
the total tissue area [26]. Interestingly, there were no significant differences in the density of
collagen 1V between any of mouse genotypes at any of the ages examined (Figure 6). This
demonstrates differential control over collagen protein expression in these genotypes, and
the lack of fibrosis is another manifestation of the differences between limb muscles and
EOM in muscular dystrophy.

3.5 Pax7 Cell Density in mdx, mdx:utrophin*/~, and mdx:utrophin™~ EOM at Intervals Over
their Life Span

In order to assess if the retention of normal morphology might be related to numbers of Pax7
satellite cells in the EOM in mdx, mdx:utrophin*/~, and mdx:utrophin=~ mice, levels of
Pax7-positive cell density in these genotypes were compared to age-matched WT controls.
Pax7 identifies satellite cells within skeletal muscle and is easily seen with immunochemical
techniques (Figure 7A) [29]. When compared to age-matched WT controls, no significant
differences were seen in the Pax7-positive cell density in the orbital or global layers of any
of the genotypes at any of the ages examined (Figure 7B, C). In the mdx:utrophin*/~ mice,
Pax7-cell density in the orbital layer at 16 months was significantly greater than at 3 or 6
months of age and in the EOM of mice at 20 months there was a significantly greater density
of Pax7-positive cells than at 3, 6 or 12 months of age. In addition in WT mice, the density
of orbital layer Pax7-positive cells was significantly greater at 20 months than at 3 months
(Figure 7B). The absence of a significant difference in Pax7-positive cell density between
the genotypes examined suggested that the population was not significantly depleted. Future
studies should focus on sparing of the EOM in the mdx or mdx:utrophin*/~ mouse in mouse
depleted of Pax7-positive cells in order to adequately address the role this specific
population plays in EOM sparing. It should be noted that 18Gy irradiation of the triceps and
EOM of mdx:utrophin*/~mice produced a permanent depletion of Pax7-positive cells in the
irradiated triceps, but only a temporary decrease and then a rebound to normal density of
Pax7-positive cells in the irradiated EOM [36].

3.6 MyoD Cell Density in WT, mdx, mdx:utrophin*/~, and mdx:utrophin™~ EOM at Intervals
Over their Life Span

The MyoD-positive cell population represents myogenic precursor cell commitment to the
myogenic lineage [32, 37]. Our previous studies demonstrated the presence of this
population in normal, adult EOM [38-40], and even in aging EOM [41]. The density of these
activated precursor cells was assessed in the WT, mdx, mdx:utrophin*/~, and
mdx:utrophin~/= EOM over time (Figure 8A-D). Compared to age-matched WT control
EOM, no alteration in the density of the MyoD-positive population was seen in the orbital
layer in any of the genotypes at any of the ages examined (Figure 8A-C). The global layer
generally has a lower density of MyoD-positive cells in WT EOM compared to the density in
the orbital layer [38-41]. When compared to age-matched WT controls, MyoD-positive cell
density in the global layer was significantly increased in the mdx and mdx:utrophin™= mice
only at 3 months of age, to 13.5 + 0.8% and 12.6 + 2.9% respectively compared to 7.3 £
0.3% for WT, after which all genotypes showed similar MyoD-positive cell density at all
additional ages examined (Figure 8A-C). It is unclear why there was only a significantly
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increased density of MyoD-positive cells in the mdx and mdx:utrophin™= mice early in
disease progression and only in the global layer. It may be that a steady state is achieved
between on-going continuous remodeling and activation of myogenic precursor cells. Future
studies will need to address this question.

4. DISCUSSION

The EOM are morphologically spared both in the mdx:utrophin*/~ mouse, which lacks
dystrophin and is haploinsufficient for utrophin, as well as in the mdx:utrophin™~ mouse,
which lacks both dystrophin and utrophin. They maintain their normal cross-sectional areas,
and actually become slightly larger over the life span of these mice, have minimal increases
in centrally located myonuclei, and show minimal changes in collagen density compared to
age-matched WT control EOM. In addition, they also maintain a high level of Pax7-positive
satellite cells and MyoD-positive cells.

The sparing of the mdx:utrophin*/~ and mdx:utrophin™'= EOM in the present study is at
odds with a previous report that the EOM are not spared in the mdx:utrophin™~ mouse [28].
The general sense in the muscle community is that they are not spared, and the present
analysis, which encompasses the life span through 20 months of age in the mdx:utrophin*/~
mouse as well as examination of mdx:utrophin™= mice firmly refutes this earlier study.
While this study used the mouse strain developed at Washington University (Grady strain)
[20] as opposed to the strain produced at the University of Oxford (Deconinck strain) [21]
used in the previous report, the literature suggests that the strain used in the present study
may in fact express a more severe pathology. Not only does the Grady strain of
mdx:utrophin™~ mice die earlier (14 weeks as opposed to 20 weeks) [20, 21], but they have
been shown to exhibit more severe cardiac pathology [42]. While these differences in
phenotype may be attributable to different genetic backgrounds of the mice, they may also
arise from the different gene knockout strategies used. The Grady strain is null for all
isoforms of utrophin, while the Deconinck strain only has the largest utrophin isoform
inactivated.

The rationale for the potential role of utrophin in sparing skeletal muscle from pathology is
relatively strong. Utrophin up-regulation has been described in the regenerating myofibers
of the mdx mouse [13, 14]. Additionally, as noted previously, when utrophin expression was
up-regulated in the limb and body muscles of the mdx mouse, many of the pathological
features decreased [17-19]. However, when the literature on utrophin changes in the EOM of
the mdx mouse is examined, there is good support for why utrophin up-regulation is unlikely
to be mechanistic for EOM sparing in both the mdx mouse and in DMD. The observed up-
regulation of utrophin [27, 28] was not universally seen when examined by different
laboratories [9]. Subsequently, in one study, and contrary to our results, western blots
showed that utrophin was not increased in the mdx EOM [12]. Not all the myofibers in EOM
had up-regulated utrophin levels [12], yet all of the myofibers were spared when examined
histologically. In our hands, the proteins level of utrophin in the EOM of mdx mice was
extremely variable, and the explanation for this variability is unclear. One possible
explanation is that in normal EOM from WT mice, the normal levels of dystrophin is itself
extremely variable, with some fibers completely lacking dystrophin [43]. Irrespective of the
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differential expression levels of utrophin, the EOM were still morphologically spared in the
complete absence of utrophin in the mdx:utrophin™= mouse. This suggests that while it can
be protective when increased in limb muscles from muscular dystrophy mouse models
[17-19], it does not appear to be responsible for the sparing of the EOM. It should be noted
that the EOM differ quite significantly from limb skeletal muscles in terms of fiber types,
patterns of innervation, and up-regulation of various signaling factors, any of which might
contribute to the sparing of EOM in a variety of degenerative conditions [44-47]. Certainly
in the mdx:utrophin™~ mice, where utrophin is absent, the lack of pathology supports the
view that up-regulation of utrophin levels is not responsible for EOM sparing in DMD.

Fibrosis is well known to increase as the duration of disease progresses in children with
DMD and related animal models [48]. In addition, it was shown that the expression patterns
and amount of collagen within the muscle tissue was different in affected and spared skeletal
muscles in mdx mice [49]. Thus it is not surprising that very little increase in fibrosis was
seen in the EOM from the three dystrophic genotypes in our study.

This, then, raises the basic question: by what mechanism is the EOM from the mdx,
mdx:utrophin*/~ and mdx:utrophin™~ mice, as well as the EOM in human patients with
DMD, Becker's, limb-girdle, sarcoglycan-deficient, and actin-related dystrophinopathies
spared? The EOM have a number of properties that support the hypothesis that intrinsic
differences in the EOM are responsible for their sparing in muscular dystrophies in general.
While limb and body skeletal muscles are dependent on Pax3 expression early in
development, in its absence the EOM develop normally [50]. Further experimental evidence
suggests that muscle stem cells appear to play a critical role in the sparing of EOM in
dystrophinopathies and related muscle diseases. While the limb muscles of the
mdx:utrophin*/~ and mdx:utrophin™~ mice showed progressively decreased myofiber
cross-sectional area [26], the EOM not only maintained their fiber size as they aged, but the
myofibers actually increased in cross-sectional area. There is precedence for this type of
“growth” response in EOM when denervated or injured. One example is the
chemodenervation from the paralytic agent, botulinum toxin A. While limb skeletal muscle
atrophied during the effective period after botulinum toxin A treatment, the EOM actually
either maintained or increased their myofiber cross-sectional areas [33, 51]. Concomitant
with increased EOM myofiber size after various types of injury, stretch, or
chemodenervation, significant increases were seen in myogenic precursor cell proliferation
and density of Pax7- and MyoD-positive cells after these perturbations [33, 52, 53]. A
similar response was seen after high dose gamma irradiation of EOM and limb skeletal
muscle; while the leg muscles atrophied the EOM mean myofiber cross-sectional areas
actually increased [36].

We hypothesize that one potential mechanism for retaining the remarkable resiliency for
myofiber size maintenance in the EOM might be an inherent population of myogenic
precursor cell. As shown in the present study, the EOM from the mdx:utrophin*/~ mice
retained the density of their Pax7- and MyoD-positive cells, even in the aging EOM. It is
interesting to note that at 20 months, the density of Pax7-positive cells was significantly
increased compared to 3 and 6 months. This sustained level of Pax7 and MyoD cell density
even during aging in the EOM is not surprising; continuous myofiber remodeling coupled
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with a high density of Pax7- and MyoD-positive cells was previously demonstrated in
uninjured, adult EOM of multiple species compared to limb skeletal muscles [38-40]. This
was seen even at significantly advanced ages [41]. Several hypotheses can be put forth that
might explain the enhanced survivability in terms of numbers and/or the enhanced
regenerative potential of myogenic precursor cells in the EOM in contrast to the decline seen
in both numbers and myogenic potential in aging limb skeletal muscles and in muscular
dystrophy [54. 55]. First, we have shown that the density of specific identified populations
of myogenic precursor cells in the EOM can be up to 10 fold greater than limb muscles from
age-matched animals [56, 57]. In addition, identified populations of EOM derived myogenic
precursor cells showed an enhanced rate of proliferation [57] and fusion [56]. These studies
were recently repeated and again showed significantly increased rates of proliferation in
EOM myogenic precursor cells, confirming our earlier results [58]. This hypothesis is also
supported by a seminal study by the Kardon laboratory showing the continuous addition of
satellite cells to EOM over many months [59]. In the present study, the Pax7 and MyoD
positive precursor cell pools were retained in the EOM from all three dystrophic genotypes,
even in the aging dystrophic mice. This is in contrast to the Pax7 and MyoD populations in
aging WT and mdx:utrophin*/~ limb muscles, where their density was first static, and
ultimately decreased in the aging and dystrophic limb skeletal muscles [26]. The potential
role of myogenic precursor cells in the sparing of EOM is supported by previous work
showing that EOM and laryngeal muscles are both spared in DMD and other
dystrophinopathies [1], and both these groups of muscles retain the unusual capacity to
undergo continuous and extensive remodeling throughout normal life [37-40, 60,61].

Using flow cytometric analysis to identify specific subpopulations of myogenic precursor
cells from EOM from WT, mdx, mdx:utrophin*/~, and mdx:utrophin™~ mice, the EOM
myogenic precursor cells were shown to be more proliferative and more resistant to
oxidative, irradiation, and toxic stress [53, 56-57, 62]. The present results are consistent with
this hypothesis, that the EOM are morphologically and functionally maintained due to
maintenance of highly proliferative myogenic precursor cells. In a related study, high dose
gamma irradiation temporarily reduced the density of both Pax7- and MyoD-positive
myogenic precursor cells in mdx:utrophin*/~ EOM, resulting in a dystrophic phenotype.
Interestingly, the irradiated EOM completely recovered both normal morphology and
normal numbers of Pax7 and other myogenic precursor cells by two months post-irradiation
[53].

A number of genes and transcription factors have been implicated in normal EOM
development [63-65]. The distinct differences in the early genetic control over the formation
of somite-derived muscle and EOM support the hypothesis that there could be distinct
myogenic precursor cells in each muscle. While limb and body musculature depends on
Pax3 expression for differentiation, in its absence the EOM develop completely normally
[49]. Conversely, Pitx2 expression is required for the normal development of EOM [65] as
well as maintenance of normal properties of mature EOM [66, 67]. Pitx2-positive
mononuclear cells derived from the EOM appear to have increased rates of proliferation
compared to the same cells derived from limb muscle [55]. On-going studies are specifically
focused on the role of Pitx2 in EOM sparing in muscular dystrophies.
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5. CONCLUSIONS

In summary, the EOM of mdx:utrophin*/~ mice, which are haploinsufficient for utrophin,
and the mdx:utrophin™~ mice, which do not express utrophin, are spared morphologically
over their life span. Contrary to what has been shown in limb skeletal muscles from these
same genotypes [26], there does not appear to be a loss of Pax7- and MyoD-positive
myogenic precursor cells in the EOM from these mice models of DMD.
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Highlights

1. Eye muscles are spared in muscular dystrophy models in the absence of
dystrophin and utrophin.

2. Pax7- and MyoD-positive cells were retained and similar to age-matched wild
type controls.

3. Thus, utrophin is not involved in extraocular muscle sparing in these genotypes.
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het

Figure 1.
Utrophin Expression in Extraocular Muscle Cross-sections in WT, mdx, mdx:utrophin*/—,

and mdx:utrophin™~ Mice. A) Expression in EOM from WT mouse. Arrow indicates
positive immunostaining. As expected from the literature, utrophin was found in the areas of
the EOM containing neuromuscular junctions and expressed in lower levels in areas more
distant from the end plate zone (not shown). B) Expression in EOM from mdx mouse.
Increased numbers of myofibers expressed utrophin compared to the WT muscle, and its
distribution was wider in terms of both numbers of fibers and in terms of expression
proximal or distal to the main endplate zone (not shown). Arrows indicate positive
immunostaining. C) Expression in EOM from mdx:utrophin*/~ (het) mouse. Arrow
indicates positive immunostaining. Note that there are far fewer fibers showing utrophin
expression than in the mdx EOM cross-sections, but more than was seen in the WT EOM
sections. D) There was no expression of utrophin in the mdx:utrophin™~ (dko) mouse EOM.
Bar is 30 um.
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het

dko

Figure 2.
Sparing of the Extraocular Muscles (EOM) in mdx:utrophin*/~ (het) and mdx:utrophin=’

(dko) Mice but not the Levator Palpebrae Superioris Muscle or Triceps Skeletal Muscles.
Photomicrographs of muscle specimens stained with hematoxylin and eosin obtained from
mice at 3 months of age, except the mdx:utrophin~/~ muscles which were obtained from 2
month old mice. Extraocular muscles from A. a wild type (WT) control EOM, B. an
mdx:utrophin*/~ (het) EOM, and C. an mdx:utrophin~/~ (dko) EOM demonstrate that there
was little sign of muscle pathology in the mouse models of muscular dystrophy. Bar for A-C
is 100 um. D. Photomicrograph of the levator palpebrae superioris (LPS) and the superior
rectus muscle of an mdx:utrophin™= (dko) mouse. Note that the LPS was significantly
affected, with central nucleation (arrow) in almost every myofiber present, while the
superior rectus was normal in appearance. E. Photomicrographs of normal triceps muscle
from a wild type (WT) mouse, F. an mdx:utrophin*/~ (het) triceps muscle, and G. an
mdx:utrophin™~ (dko) triceps muscle demonstrate dystrophic pathology. There were many
centrally nucleated myofibers in the mdx:utrophin*/~ limb muscle specimen. The pathology
was even more in the triceps muscle from the dko mouse. This included basophilic
myofibers suggestive of new regeneration and accelerated protein synthesis, central
nucleation (arrow), and a calcified fiber (arrowhead). For D-G, bar is 20um.
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Figure 3.
Cross-sectional Areas in Extraocular Muscles from WT, mdx, mdx:utrophin*/~ (het), and

mdx:utrophin~~ (dko) Mice. A. Quantification of mean myofiber cross-sectional area in the
orbital layer of WT, mdx, mdx:utrophin*/~ (het), and mdx:utrophin™~ (dko) at indicated
intervals showed that there were few differences between any of the genotypes at any of the
ages examined. The only significant difference was between the WT orbital layer myofibers
and the mdx/utrophin*/~ myofibers at 12 months. B. Quantification of mean myofiber cross-
sectional area in the global layer of WT, mdx, mdx:utrophin*/~, and mdx:utrophin™'~ mice
at indicated intervals showed that there were few differences between any of the genotypes
at any of the ages examined. The only significant differences were between the WT global
layer myofibers and the mdx/utrophin*/~ myofibers at 3 months and the WT global layer
myofibers and both the mdx and mdx/utrophin*/~ myofibers at 12 months. Data are
expressed as mean = SEM. * indicates significant difference from WT control.
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Figure 4.
Central Nucleation in Extraocular Muscles from WT, mdx, mdx:utrophin*/~(het), and

mdx:utrophin~~ (dko) Mice. A. Quantification of central nucleation density in the orbital
layer of the EOM in WT, mdx, mdx:utrophin*/~, and mdx:utrophin™~ at indicated intervals
showed that in the orbital layer there were no significant differences between any of the
genotypes at any of the ages examined. B. Quantification of the density of central nucleation
in the global layer of the EOM in WT, mdx, mdx:utrophin*/~, and mdx:utrophin™~ mice at
indicated intervals showed that for each set of age-matched muscles, there were significantly
more myofibers with centrally located nuclei in the mdx:utrophin*/~ (het) than in WT
control global layer myofibers at that time point. * indicates significant difference from WT
control. C. Comparison of the density of central nucleation in the EOM orbital and global
layers compared to triceps muscles from the mdx:utrophin*/~ mouse. Note that the density
of centrally located nuclei in EOM was approximately 30-fold lower than what was seen in
the triceps muscles of age-matched mdx:utrophin*/~ mice. Data are expressed as mean +
SEM. * indicates significant difference from EOM.
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Figure 5.
Density of Collagen | in WT, mdx, mdx:utrophin*/~, and mdx:utrophin™~ Mice. A.

Photomicrographs of collagen | immunostaining in the EOM of WT (A), mdx:utrophin*/=
(het) (B), and mdx:utrophin™~ (dko) mice (C). Arrows indicate collagen | which was
significantly increased in these two genotypes compared to WT control. Bar is 50um. D.
Quantification of collagen | density in the EOM of WT, mdx, mdx:utrophin*/~, and
mdx:utrophin~~ at indicated intervals shows that collagen I was upregulated in the EOM of
both mdx:utrophin*/~, and mdx:utrophin™~ EOM. Data are expressed as mean + SEM. *
indicates significant difference from WT control.
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Density of Collagen 1V in WT, mdx, mdx:utrophin*/~ (het), and mdx:utrophin=/~ (dko)
Mice. Photomicrographs of collagen IV immunostaining in the EOM of WT (A), mdx (B),
mdx:utrophin*/~ (het) (C), and mdx:utrophin~/~ (dko) mice (D). Arrows indicate collagen
1V around individual myofibers. The collagen 1V levels in the disease models did not appear
to differ significantly from levels in WT control mice. Bar is 50um. E. Quantification of
collagen IV density in the EOM of WT, mdx, mdx:utrophin*/~, and mdx:utrophin=/~ at
indicated intervals show that there were no significant changes in the level of collagen 1V in

the four genotypes examined. Data are expressed as mean + SEM.
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Figure 7.
Pax7-Positive Satellite Cell Density in EOM from WT, mdx, mdx:utrophin*/~, and

mdx:utrophin™~ Mice. A. EOM from an mdx:utrophin*/~ (het) mouse immunostained for
the expression of Pax7, with several positive nuclei indicated by the black arrows. Bar is
20um. B. Quantification of Pax7-positive cell density in the orbital layer of WT, mdx,
mdx:utrophin*/~, and mdx:utrophin~~ (dko) at indicated intervals showing no significant
differences in Pax7-positive nuclear density at any of the ages or genotypes examined. C.
Quantification of Pax7-positive satellite cell density in the global layer of WT, mdx,
mdx:utrophin*/~, and mdx:utrophin™ at indicated intervals. There were no significant
differences when compared to age-matched WT controls. Data are expressed as mean +
SEM.
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Figure 8.
: MyoD-Positive Cell Density in the EOM of WT, mdx, mdx:utrophin*/~, and

mdx:utrophin™'~ Mice. A. EOM from an mdx:utrophin*/~ (het) mouse immunostained for
the expression of MyoD, with two positive nuclei in the orbital layer indicated by the black
arrows. B. EOM from an mdx mouse immunostained for the expression of MyoD, with two
positive nuclei in the orbital layer and two positive nuclei in the global layer indicated by the
black arrows. Bar is 20um. C. Quantification of MyoD-positive cell density in the orbital
layer of WT, mdx, mdx:utrophin*/~, and mdx:utrophin~'~ (dko) at indicated intervals
showed that there was no significant difference in the density of MyoD-positive cells in any
of the genotypes at any of the ages examined. D. Quantification of MyoD-positive cell
density in the global layer of WT, mdx, mdx:utrophin*/~, and mdx:utrophin~—~ at indicated
intervals showed a significant increase in density of MyoD-positive nuclei in the mdx
andmdx:utrophin™= EOM compared to WT control global layer. No other significant
differences were seen. Data are expressed as mean + SEM. * indicates significant difference
from age-matched WT control.
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