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Abstract

Extraocular muscles (EOMs) are categorized as skeletal muscles; however, emerging evidence
indicates that their gene expression profile, metabolic characteristics and functional properties are
significantly different from the prototypical members of this muscle class. Gene expression profiling
of developing and adult EOM suggest that many myofilament and cytoskeletal proteins have unique
expression patterns in EOMs, including the maintained expression of embryonic and fetal isoforms
of myosin heavy chains (MyHC), the presence of a unique EOM specific MyHC and mixtures of
both cardiac and skeletal muscle isoforms of thick and thin filament accessory proteins. We
demonstrate that nonmuscle myosin 1B (nmMyH [1B) is a sarcomeric component in ~20% of the
global layer fibers in adult rat EOMs. Comparisons of the myofibrillar distribution of nmMyHC I1B
with sarcomeric MyHCs indicate that nmMyH I1B co-exists with slow MyHC isoforms. In
longitudinal sections of adult rat EOM, nmMyHC |IB appears to be restricted to the A-bands.
Although nmMyHC I1B has been previously identified as a component of skeletal and cardiac
sarcomeres at the level of the Z-line, the novel distribution of this protein within the A band in EOMs
is further evidence of both the EOMs complexity and unconventional phenotype.
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Introduction

The extraocular muscles (EOMSs) are responsible for voluntary and reflexive eye movements
as the final effectors of the ocular motor system; these small muscles are continuously active
during awake periods and regularly during sleep (REM phase). Based on origin, morphology
and function, EOMs belong to a very specialized subset of the skeletal muscle class. Unlike
the somite-derived skeletal muscles, EOMs originate from mesodermal primordia associated
with the neural crest and follow a different developmental program, at least initially [1-3].
Ontological differences correlate then with phenotypical divergence in the adult EOMs, which
include the expression of fetal, neonatal and adult striated muscle myosin isoforms throughout
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adulthood, including a unique tissue-specific myosin, Myh13 or EOM-specific myosin [4-6].
Somitic skeletal muscles shut down the expression of both the embryonic and fetal MyHC
isoforms soon after birth; these isoforms do not reappear in the adult except during bouts of
regeneration [7]. The transition to the adult complement of myosin isoforms in adult EOMs
also takes place after birth but the process is influenced by visual experience. For example, the
expression of Myh13 and slow myosin isoforms decreases significantly in rodents reared in
total darkness from birth; this leads to changes in functional properties as well [5,8].

The sarcomeric differences in the EOMs extend to other structural proteins as well. Rodent
EOM fibers do not have M-lines in the A-band, and contain very low mRNA levels of the M-
line proteins, myomesin and M-protein [8-11]. Instead, the myomesin isoform expressed in
EOMs is EH-myomesin, a splice variant originally identified in embryonic heart and not
present in other adult skeletal muscles [8,12,13]. Another member of the M-line, muscle-
specific creatine kinase (CK-M), is also reduced in the EOMSs [8]. Moreover, gene profiling
studies demonstrated the presence of a number of cardiac myofibrillar transcripts: cardiac-
specific isoforms of actin, troponin, tropomyaosin and nebulette [11,14,15]. Recently,
proteomic analysis of rodent EOMs confirmed the presence of a-cardiac actin [16]. We
analyzed the nebulin isoforms present in EOMs and found that nebulin, not the cardiac-specific
nebulette, is the major nebulin family member expressed [17]. The immunological detection
of nebulin in EOMs does not, however, preclude the possibility that nebulette or its splice
variant LIM-nebulette [18] is present in low abundance or within specialized domains in EOM
fibers.

Recently, we began a systematic survey of the expression pattern of myofibrillar and
cytoskeletal proteins in rodent EOMs. One striking result was the presence of nonmuscle
myosin 1B (nmMyH I1B, Myh10) in ~20% of global layer fibers in the adult rat EOM. Further
analysis of the distribution of nmMyH I1B demonstrates that this myosin is in the sarcomeric
A-band of slow tonic EOM fibers, suggesting a role for nmMyH IIB in tonic contraction of
these muscles.

Materials and methods

Animals and tissue collection

The Institutional Animal Care and Use Committee at the University of Kentucky approved this
study. Adult Sprague Dawley rats (300-350 grams) and C57BL/6 mice (8 weeks old) were
euthanized by CO, asphyxia followed by pneumothorax. Whole orbits, whole EOM, and
gastrocnemius muscle bundles were collected and placed either in 2 M sucrose, 10 mM EDTA,
PBS [19] or relaxing solution (100 mM KCI, 20 mM Imidazole, 2 mM EGTA, 4 mM ATP, 7
mM MgCl,). Samples collected for longitudinal sections were pinned in place on corkboard
and stretched in the presence of relaxing buffer. All tissues were embedded in OTC and flash
frozen in 2-methylbutane cooled to its freezing point in liquid nitrogen.

Immunofluorescence confocal microscopy

Cryostat sections for both cross and longitudinal sections were cut in 10 um sections using a
MICROM HM525 cryostat and collected on superfrost plus slides. Antibodies for nmMyH I1B
were purchased from Sigma (St. Louis, MO), Covance (Trenton, NJ) and the Developmental
Studies Hybridoma Bank (DSHB, University of lowa). Myosin antibodies were also from
DSHB: embryonic (F1.652), neonatal slow/fast 2A (N2.261), adult slow (A4.951), adult 2A
(2F7), adult 2B (10F5), adult 2X (6H1) and all fast isoforms (MF20 and F59). Anti-a-actinin
antibody and rhodamine-phalloidin were purchased from Sigma (St. Louis, MO).
Immunolabeling was performed as described previously [20]. Briefly, cryostat sections were
treated with 1% Triton X-100 in phosphate buffered saline (PBS) for 15 min. at 4°C, washed
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and then blocked in 1% normal goat serum in PBS for 1-2 hrs at 4°C. Primary antibodies were
diluted in the blocking solution and all incubations were performed at 4°C. Following washes
after the primary antibody, secondary antibodies diluted in blocking solution were applied.
Secondary antibodies were purchased from Jackson ImmunoResearch and all were minimal
cross-reacting antibodies, absorbed against both mouse and rat serum proteins. After washing
the samples, either Vectashield (Vector Labs) or ProLong Gold (Molecular Probes) was used
to mount the cover slips. Samples were visualized on an Axiovert 200M equipped with an Orca
ER camera or on a Leica SP5 confocal.

Data analysis

Results

Fibers were scored as positive when containing nmMyH I1B or negative when not. The percent
of positive fibers was calculated as the positives divided by the total number of fibers in the
field. Distance measurements and labeling widths were performed on calibrated confocal
micrographs using Image J (Rasband, W.S. National Institutes of Health,
http://rsb.info.nih.gov/ij/). All statistical analyses were performed using KaleidaGraph. All
statistical analyses are reported as the meanzthe standard error of the mean. For all
measurements, at least 2 animals were used for these observations.

The main EOMs (4 rectus and 2 oblique muscles) have their fibers arranged in two layers, one
close to the eye itself (global layer, larger fibers) and one facing the bony orbit (orbital layer,
smaller fibers), as can be appreciated in figure 1A. This layer distribution is one of the factors
considered for EOM fiber type classification; the other two being mitochondrial content and
innervation (single vs. multiple innervation) [21]. We used antibodies against the nmMyH 1B
and l1A during our initial characterization of the distribution of cytoskeletal proteins within all
orbital structures in rodent eyes. Unexpectedly, we observed that a set of fibers within the
global layers exhibited intense labeling with a polyclonal antibody raised against the non-
helical tailpiece of nmMyH IIB (Fig. 1B, note arrows). To confirm this distribution, rat EOMs
were stained with another polyclonal antibody raised against the same epitope (Covance) and
a monoclonal antibody to nmMyH I1B (CMII 23). We observed similar distributions of
nmMyH 1IB positive fibers with the three antibodies (Fig. 2A-C, note arrows). In contrast,
nmMyH 1A was observed only in the vasculature and nonmuscle cells, but not within EOM
fibers (Fig. 2D, note arrowheads). We scored EOM fibers as positive or negative for a strong
cytoplasmic staining for nmMyH 1IB in sections from 3 rats and found that they represent 19.56
+0.95% of the fibers in the global layer. We did not detect nmMyH IIB positive fibers in the
orbital layers or in retractor bulbi, an accessory muscle that surrounds the optic nerve.

Our next step was to determine which EOM fiber types are nmMyH 1B positive. We labeled
EOM cross-sections with sarcomeric MyHC isoform-specific and nmMyH 11B antibodies. All
EOM nmMyH 1B positive fibers also had slow myosin isoforms (Fig. 3A, B). We did not find
nmMyH IIB positive fibers that co-expressed any of the fast myosin isoforms (fast 2A is shown
in Fig. 3C). Consistent with this result, N2.261 exhibits cross reactivity with adult MyHC fast
2A and we detect additional fibers with this antibody that are negative for nmMyH 1IB (Fig.
3B).

Takedaetal. [22] demonstrated that nmMyH 11B could be found in the Z-lines of human cardiac
and skeletal muscles. We first studied longitudinal sections from freshly excised flash-frozen
EOMs and gastrocnemius muscle bundles (a hind limb muscle) to characterize the sarcomeric
distribution of nmMyH I1B. In nmMyH I1B positive EOM fibers, nmMyH I1B was consistently
found midway between the a-actinin labels that marked the Z-line (note arrows in Fig. 4A). In
these sections, the frequency of nmMyH 1IB distribution was 2.0 um. We were unable to detect
nmMyH IIB in gastrocnemius using the same conditions as for EOMs (Fig. 4B). When we
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increased the primary antibody concentration and used the gastrocnemius to set the gain and
offset for the confocal microscope, we could detect a weak Z-line signal for nmMyH I1B in
both the EOM and gastrocnemius, but then the nmMyH 1B positive EOM fibers were so
saturated that their sarcomeric distribution was not discernable (not shown).

To demonstrate that these results were not a consequence of muscle contractures prior to
freezing, we treated rat EOMs with relaxing buffer in the presence of Triton X-100 in order to
remove the sarcolemma (skinned fibers). We then stretched the muscles slightly prior to
freezing and sectioning. These samples were labeled for the distribution of actin, a-actinin and
nmMyH 1B and examined by confocal microscopy (Fig. 5). nmMyH IIB-positive fibers clearly
show this protein within the A-band with a banding pattern of 2.5-2.8 um midway between the
actin/a-actinin labels of the sarcomere (note arrows in Fig. 5A). In some EOM fibers, we also
detected nmMyH IIB in the Z-line by increasing the gain on the confocal microscope (note
arrowheads in Fig. 5B). Under these conditions, the nmMyH 1IB-positive fibers could still be
observed with a distinct A-band distribution, but the signal was broadly spread (note arrows
in Fig. 5B). To confirm the A-band localization of nmMyH IIB in slow myosin-containing
EOM fibers, we imaged relaxed longitudinal sections of rat EOMs labeled with antibodies to
slow sarcomeric myosin and nmMyH IIB. The anti-nmMyH IIB antibody decorated a strip in
the center of the A-band (Fig. 6A, arrows mark the position of the nmMyH 1IB in each field).
Finally, the A-band distribution of nmMyH IIB in longitudinal EOM sections was not affected
by paraformaldehyde fixation (Fig. 6B, arrows mark the position of the nmMyH IIB in each
field).

To address whether the A-band distribution of nmMyH I1B was exclusive to rats, we examined
mouse EOMs in both cross and longitudinal sections. As with rat EOMs, we observed 18.9
+0.9% of mouse EOM fibers were nmMyH 1B positive in the global layer (n=2 mice). There
were no nmMyH 1B positive fibers in the orbital layer or in retractor bulbi (not shown). In
longitudinal mouse EOM sections labeled for nmMyH 1B and a-actinin or slow sarcomeric
myosin, nmMyH 1B was found in the middle of the A-band (Fig. 7).

Measurements from high magnification confocal images of the sarcomeric nmMyH 1B
distributions indicate a labeling width of 220+5 nm (n=100 bands, 3 rats) with an A-band width
0f 1.64+0.01 um in most fibers. Fifteen percent of the fibers examined had nmMyH 11B labeling
widths in excess of 300 nm. We are currently evaluating whether this variability is due to the
position of the fibers within the muscles. Nevertheless, the sarcomeric distribution of nmMyH
I1B in greater than 85% of the EOM fibers examined is consistent with the known width of the
bare zone for sarcomeric native thick filaments [23]. The labeled band in mouse EOM fibers
averaged 2295 nm in width (n=88 bands, 2 mice). As with the rat, we also observed a number
of bands in which the nmMyH 1IB labeling was in excess of 300 nm wide, but again over 85%
of the measurements are consistent with the width of the bare zone.

Discussion

The results from this study demonstrate that nmMyH 1B is found in the sarcomeric A-band
of slow global EOM fibers, yet another novel structural feature of these muscles. While other
investigators had shown that nonmuscle and sarcomeric myosins co-polymerize in in vitro
systems [24,25], the EOMs are the first example of such an arrangement in vivo. Since the slow
tonic EOM fibers have been postulated to have a role in fixation, the inclusion of nmMyH 11B
in these fibers may be important for this function [26,27].

Like sarcomeric myosins, nonmuscle myosins form filaments at physiological ionic strength,
but they are only ~320 nm long [23,24,28] [29]. Early studies demonstrated that mixtures of
nonmuscle and sarcomeric myosins were capable of polymerizing into synthetic thick filaments
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containing both myosins and that the thick filament length was inversely related to the percent
of nonmuscle myosins [24,25]. The A-band widths of the fibers containing nmMyH I1B are
1.64+0.01 um, the same as in somite-derived skeletal muscles and indicating that nmMyH 11B
does not alter thick filament length in EOMs. The sarcomeric myosins translate actin filaments
at much higher rates than nonmuscle or smooth muscle myosins [30]. Moreover, even small
amounts of nonmuscle or smooth muscle myosins mixed with sarcomeric myosins significantly
slow the rate of translation, indicating that the slower isoforms create drag [31]. nmMyH 1IB
has the highest duty cycle and is thus thought to produce the greatest tension of the nonmuscle
myosins [32]. Thus, the A-band distribution of nmMyH 1IB in these fibers may play a
significant role in EOM function. nmMyH 11B consistently appears in a narrow band (220 nm
in rat EOM, 230 nm in mouse EOM) within the center of the A-band, in the area normally
containing the M-line in somite-derived skeletal muscles but known to be absent in EOMs. It
is possible that nmMyH 1B in the center of the A-band prevents the formation of the M-line.
However, it should be noted that the A-band distribution for nmMyH 1IB is only found in 20%
of the EOM global fibers, but the M-lines are missing in the whole muscle [9,10].

Sarcomeric myosins do not incorporate into the nonmuscle cytoskeleton when overexpressed
in nonmuscle cells [33]. Instead, sarcomeric myosins are segregated in a chaperonin folding
complex due to the lack of the muscle-specific chaperonin, Unc45b [34,35]. The myosin
contained within these chaperonin complexes is filamentous in nature and is associated with
nonmuscle myosin light chains [33,35]. We have been unable to detect nonmuscle myosin light
chains in the sarcomeres containing nmMyH I1B. It remains to be seen what complement of
light chains is associated with this mixed filament.

nmMyH 1IB is essential for normal growth and development. The ablation of nmMyH 1B in
mice is embryonic lethal due to hydrocephalus and severe cardiac defects [36]. Substitution of
a GFP-tagged nmMyH 1A for the endogenous nmMyH 1B rescues from the hydrocephalic
phenotype, but does not prevent cardiac defects and the mice die of dilated cardiomyopathy
[37]. Tissue-specific deletion of nmMyH IIB induces cardiac and cerebral defects, underlying
the importance of this nonmuscle myosin in these systems [38]. As in heart, somite-derived
skeletal muscles have nmMyH IIB in the Z-lines [22,38]. The same is the case in EOM fibers,
although the relatively higher content of nmMyH 1B in slow tonic fibers obscures this
distribution and it is only evident when the imaging settings are modified to account for that
(Figure 5B). The consequences of ablating nmMyH 1IB in skeletal muscle exclusively remain
unknown. However, nmMyH 1B has been postulated to play a role in myofibrillogenesis
[39]. In both cardiac and somite-derived skeletal muscles, nmMyH IIB is associated with the
pre-myofibrils of differentiating muscle cells [39]. In addition to nmMyH 1B, the pre-
myofibrils contain sarcomeric a-actinin [39] and in cardiac muscle, nebulette [20,40]. With
the addition of titin into the complex, the nonmuscle myosin is gradually replaced by
sarcomeric myosin isoforms [39]. The EOMs are spared in muscular dystrophies associated
with defects of the dystrophin-glycoprotein complex, an effect that may reflect constant
regeneration within these muscles [41] [42-44]. The existence of nmMyH IIB-containing thick
filaments in EOM fibers may be a direct result of this regenerative process.
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Figure 1.

Low magnification of rat rectus muscle. An entire rat rectus muscle was stained for sarcomeric
a-actinin (A) or a-actinin (red in B) and counter-stained for nmMyH I1B (green in B). The a-
actinin staining in panel A clearly shows the layers of the EOMs and they are labeled as such.
The fibers strongly positive for nmMyH 1IB (green in B) are localized to the global layer only
(arrows). Scale bar = 100 pm.
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Figure 2.

Adult rat orbits stained for the distribution of nmMyH I1B (green in A-C) using three different
antibodies against this protein or 1A (green in D) vs. actin (red in all fields). The polyclonal
antibodies are raised against the non-helical tailpiece of myosin and highly label a subset of
fibers in the global layers of EOMs (A, B). The monoclonal antibody CM23 Il detects nmMyH
I1B positive fibers, but labels the neurons better (C). Arrows mark examples of the high level
of labeling in A-C. The anti-nmMyH 1IA stains satellite cells, neurons, and blood vessels, but
nothing within the muscle fibers. Scale bar =10 um.
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Figure 3.

Comparison of nmMyH 1B with sarcomeric myosins. Cross-sections of rat orbits were stained
with anti-nmMyH I1B antibodies and counterstained with monoclonal antibodies A4.951 (adult
slow in A), N2.251 (slow/fast 2A in B) or 2F7 (fast 2A in C). The fibers that exhibit strong
staining for nmMyH 1B also exhibit strong staining for the anti-slow sarcomeric MyHC (note
arrows in A and B). Additional fibers in B stain with N2.261 are presumably due to the cross
reactivity of this antibody with the MyHC fast 2A isoform. The intrafiber staining of nmMyH
I1B did not coincide with fibers expressing fast sarcomeric isoforms. Arrows indicate the
position of the same fibers in all three panels. Scale bar =10 pm.
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Figure 4.

EOM and gastrocnemius muscle sections labeled with antibodies to a-actinin (green, marks Z
lines) or nmMyH IIB (red). The gain and offset for the EOM were set at 654 and —1.8 and the
image for gastrocnemius was collected at the same settings. The images show that nmMyH
1B is present between the Z lines in EOM sarcomeres (note arrows in A). On the other hand,
nmMyH 1IB is not visible in gastrocnemius (B). Scale bar = 10 um.
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Figure 5.

Longitudinal sections of rat EOM that have been relaxed, chemically skinned and stretched.
EOMs were dissected out and placed in relaxing buffer for several hours prior to flash freezing.
The upper and lower panels compare the distribution of actin (green), a-actinin (red) and
nmMyH 1B (pseudo blue). The gain and offset were set for optimal exposure of the nmMyH
I1B in A; whereas in B the gain and offset were set to bring up the exposure of the much weaker
Z-line distribution of the nmMyH I1B. The arrows indicate the A-band distribution of nmMyH
[1B in both A and B). The arrowheads indicate the labeling on nmMyH 1IB at the Z-line. Under
these conditions the A-band distribution appears much broader in B due to saturation of the
signal. Scale bar =5 pum in upper panels and 10 um in lower.
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Figure 6.

Comparison of the distribution of nmMyH 1B (pseudo blue) with the distribution of slow
sarcomeric MyHC (red), actin (green) and nuclei (grey). Muscle in panel A was relaxed and
flash frozen prior to sectioning, while muscle in panel B was fixed in 4% formaldehyde prior
to processing. In both cases, the antibodies to nmMyH 1IB label a distinct strip in the middle
of the A-bands containing slow sarcomeric myosins (hote arrows in both panels). The observed
A-band distribution of nmMyH I1B is independent of fixation conditions. Scale bar =5 pum.
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Figure 7.

Adult mouse EOMs were dissected out and stretched in relaxing buffer for four hours prior to
snap freezing. Cryostat sections were stained with antibodies to nmMyH 11B (green in A and
B) and antibodies to a-actinin (A) or slow sarcomeric myosin (B) (red). Nuclei are shown in
blue. The A-band distribution of nmMyH IIB is also evident in mouse EOMs. Scale bar =5
pm.
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