1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATTG,
fiy

Published in final edited form as:
Exp Eye Res. 2010 November ; 91(5): 613-622. doi:10.1016/j.exer.2010.07.019.

Superior calcium homeostasis of extraocular muscles

Ulrike Zeigerl2, Claire H. Mitchell3”, and Tejvir S. Khuranal 2"
1Department of Physiology, School of Medicine, University of Pennsylvania, Philadelphia, USA

2Pennsylvania Muscle Institute, School of Medicine, University of Pennsylvania, Philadelphia,
USA

3Department of Anatomy & Cell Biology, School of Dental Medicine, University of Pennsylvania,
Philadelphia, USA

Abstract

Extraocular muscles (EOMs) are a unique group of skeletal muscles with unusual physiological
properties such as being able to undergo rapid twitch contractions over extended periods and
escape damage in the presence of excess intracellular calcium (Ca2*) in Duchenne’s muscular
dystrophy (DMD). Enhanced Ca2* buffering has been proposed as a contributory mechanism to
explain these properties; however, the mechanisms are not well understood. We investigated
mechanisms modulating Ca2* levels in EOM and tibialis anterior (TA) limb muscles. Using
Fura-2 based ratiometric Ca2* imaging of primary myotubes we found that EOM myotubes
reduced elevated Ca2* ~2-fold faster than TA myotubes, demonstrating more efficient Ca2*
buffering. Quantitative PCR (qPCR) and western blotting revealed higher expression of key
components of the CaZ* regulation system in EOM, such as the cardiac/slow isoforms
sarcoplasmic Ca?*-ATPase 2 (Serca2) and calsequestrin 2 (Casq2). Interestingly EOM expressed
monomeric rather than multimeric forms of phospholamban (PIn), which was phosphorylated at
threonine 17 (Thr17) but not at the serine 16 (Ser16) residue. EOM PIn remained monomeric and
unphosphorylated at Ser16 despite protein kinase A (PKA) treatment, suggesting differential
signalling and modulation cascades involving PIn-mediated Ca2* regulation in EOM. Increased
expression of Ca2*/SR mRNA, proteins, differential post-translational modification of Pln and
superior Ca2* buffering is consistent with the improved ability of EOM to handle elevated
intracellular Ca%* levels. These characteristics provide mechanistic insight for the potential role of
superior Ca2* buffering in the unusual physiology of EOM and their sparing in DMD.

Keywords
extraocular muscle; EOM; calcium; Serca2; phospholamban

© 2010 Elsevier Ltd. All rights reserved.

"Co-corresponding Authors: Tejvir S. Khurana, M.D., PhD., Department of Physiology and Pennsylvania Muscle Institute, University
of Pennsylvania School of Medicine, Philadelphia, PA 19104, tsk@mail.med.upenn.edu, Tel: (215) 573 2640, Fax: (215) 573 5851 &
Claire H. Mitchell, PhD., Department of Anatomy & Cell Biology, University of Pennsylvania School of Dental Medicine,
Philadelphia, PA 19104, chm@dental.upenn.edu, Tel: (215) 573-2176, Fax: (215) 573 5851.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 2

Introduction

Extraocular muscles (EOMs) are among the fastest muscles in mammals. They form an
integral part of the oculomotor system performing highly diverse eye movements including
vergence, pursuit and saccadic eye movements as well as optokinetic and vestibulo-ocular
reflexes. Their ability to sustain individual twitch contractions at an extremely fast
frequency without tetanic fusion is unparalleled in mammalian muscle (Asmussen and
Gaunitz, 1981, Bach-y-Rita and Ito, 1966, Close and Luff, 1974). Furthermore, in contrast to
other skeletal muscles, they are able to do this over an extended period without fatigue
(Frueh, et al., 1994). Due to the spatial and temporal demands on EOMs, they exhibit unique
group-specific characteristics in many of their attributes including mechanical properties,
regenerative capacities and fiber composition (Bron, et al., 1997, Demer, 2006, McLoon and
Wirtschafter, 2002, Pacheco-Pinedo, et al., 2009, Porter, et al., 1995). In contrast to skeletal
limb muscle, where mainly one slow fiber-type and three fast fiber-types are distinguished
(Brooke and Kaiser, 1970), in EOM at least six fiber-types are present, which do not fit the
fiber-type classification of limb muscle (Porter et al., 1995). The fiber-type patterns differ in
the two layers that are distinguished in EOM; the global layer in proximity to the eyeball
and the orbital layer adjacent to the bony orbit (Bron et al., 1997, Demer, 2006, Kato, 1938,
Porter et al., 1995).

An intriguing EOM group-specific property is their differential involvement in
neuromuscular diseases. EOMs are early and prominent targets in myasthenia gravis and
mitochondrial myopathies, while being clinically and histologically spared in DMD
(Kaminski, et al., 1992, Khurana, et al., 1995, Porter et al., 1995, Wirtschafter, et al., 2004).
We and others have shown that EOMs differ from limb muscles in terms of their gene and
protein expression at the level of their transcriptome and proteome in both rodents and
humans (Fischer, et al., 2005, Fischer, et al., 2002, Fraterman, et al., 2007a, Fraterman, et
al., 2007h, Porter, et al., 2001, Porter, et al., 2003). More recently, we have shown that
EOMs differ from limb muscles in terms of their miRNA expression at the level of the
miRNAome as well (Zeiger and Khurana, 2010). Indeed, based on the myriad of unique
characteristics, EOMs have been categorized as having a unique muscle “allotype’ (Hoh and
Hughes, 1988).

Compared to limb muscles, EOM exhibit a number of features predicting differences in their
ability to buffer Ca2* that would in part, provide mechanistic explanation of their unique
patho-physiological properties. For example, EOMs have greater numbers of mitochondria,
which are capable of quickly taking up a considerable amount of Ca2* (Andrade, et al.,
2005, Demer, 2002, Felder, et al., 2005, Fischer et al., 2002, Mayr, 1971). Expression
patterns of SERCA isoforms in EOMs are more complex and differ widely from those
typical of limb muscles (Jacoby and Ko, 1993, Kjellgren, et al., 2003). Several expression
profiles implied that mMRNA for proteins involved in Ca?* homeostasis, such as S100
isoforms and Pln are up-regulated in EOM as compared to TA (Fischer et al., 2005, Fischer
et al., 2002, Khanna, et al., 2003, Porter et al., 2001). EOMs from DMD patients and animal
models, such as mdx mice and dystrophic dogs lack dystrophic calcification seen in
dystrophin-deficient limb muscles implying that they are more resistant to elevated Ca?*
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levels (Khurana et al., 1995). Based on these findings and their unusual twitch properties it
has been hypothesized that EOM are better able to buffer excess intracellular Ca2* levels
and therefore are able to maintain Ca2* homeostasis within a wider dynamic range of Ca2*
concentrations compared to TA (Andrade, et al., 2000, Khurana et al., 1995). However,
lacunae exist in our current knowledge of Ca?* handling properties of EOM and limb
muscles.

In order to test the hypothesis that EOMs have superior Ca2*-buffering properties, we used
Fura-2 based Ca2* imaging to study the dynamics of Ca?* homeostasis in cultured EOM and
TA myotubes in vitro, as well as determined mRNA and protein levels of Ca2* pumps,
channels and buffers, using gPCR and western blotting.

Material and Methods

Animals

EOM and TA muscles from adult Sprague Dawley rats were used. For generating primary
myoblasts 8-12 day old pups were used. All animal experiments were performed in
accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research, using protocols approved by the Institutional Animal Care and Use Committee of
the University of Pennsylvania School of Medicine.

RNA isolation and SYBR Green based qPCR

RNA isolation was performed using Trizol reagent (Ambion, Austin, TX) in combination
with RNAeasy Mini Kit (Qiagen, Valencia, CA). Primers were designed using
PrimerExpress 2.0 (Applied Biosystems, Foster City, CA) across exon boundaries (Table
S1). gPCR was run on a 7900HT ABI Prism real-time PCR instrument (Applied
Biosystems). Gapdh served as reference gene. Fold-change calculations and statistical
analysis was performed by randomized statistical testing using REST qPCR analysis
software (Pfaffl, et al., 2002) with p < 0.05 considered statistically significant.

Western blot analysis

Western blot analysis was performed using the NuPage System or BioRad precast gels as
described by the manufacturer (Invitrogen Carlsbad, CA or Biorad, Hercules, CA). Crude
whole muscle homogenates were prepared using TNEC lysis buffer (50 mM Tris-HCI pH 8,
150 mM NaCl, 1% Igepal, 2 mM EDTA) containing a complete protease inhibitor cocktail
and PhosStop phosphatase inhibitors (Roche, Basel, Switzerland). The protein
concentrations were determined using the DC Assay (BioRad). Equal amounts (10-50 pg) of
samples were resolved on 4-12% Bis-Tris gels or in the case of the two Casq isoforms on a
7.5% Tris/HCI gels as described before (Paolini et al 2007), transferred onto PVDF
membranes (Millipore, Billerica, MA) and probed with the following mouse or rabbit
antibodies: monoclonal anti-SERCA1, monoclonal anti-SERCAZ2, polyclonal anti-
Calsequestrin (recognises Casql and Casqg2), monoclonal anti-Phospholamban, polyclonal
anti-Calmodulin (all Affinity Bioreagents, Golden, CO), polyclonal anti-Phospholamban
Phospho-Ser16, polyclonal anti-Phospholamban Phospho-Thrl7 (Badrilla, Leeds, UK),
polyclonal anti-FXYD1 (Phospholemman) (Abcam,) or monoclonal anti-CamklIB (Abnova,
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Walnut, CA). Secondary goat-anti-mouse or goat-anti-rabbit antibodies were conjugated
with horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA). Protein bands
were detected with a LAS-3000 Fuji imaging system (Fujifilm, Tokyo, Japan). Equal
loading was confirmed after the transfer by Ponceau S staining (Sigma, St. Louis, MO).
Bands were quantified densitometrically using ImageJ software (http://rsh.info.nih.gov/ij/
National Institutes of Health). Statistical analysis was done using a non-parametric Mann-
Whitney test, with p < 0.05 considered significant.

Immunocytochemistry

Myaoblasts or myotubes were stained according to standard procedures. Briefly, after fixation
in 4% paraformaldehyde and permeabilization (0.05% Triton X-100) cells were blocked in
10% goat serum. Incubation with antibodies for desmin (Sigma), myogenin (Imgenex, San
Diego, CA) or alpha-actinin (Sigma) was followed by incubation with goat-anti-mouse-
Alexa-Fluor-546 (Molecular Probes, Carlsbad, CA) and Hoechst 33342 (Sigma). Pictures of
stained cells were taken using a fluorescence microscope Olympus BX51 equipped with a
MagnaFire CCD camera (Olympus, Center Valley, PA).

Myoblast culture

Primary myaoblasts were generated based on the methods of Rando et al (Rando and Blau,
1994). Briefly, freshly dissected EOM and TA muscles from 8-12 day old rat pubs were
minced and digested with collagenase 1V and dispase (Worthington, Lakewood, NJ). Cell
suspensions were strained (BD Biosciences, San Jose, CA) and pre-plated on uncoated
dishes. Cells that remained in suspension were plated on collagen I-coated 60 mm cell
culture dishes and were allowed to proliferate in Ham’s F10 medium (Gibco, Carlsbad, CA)
supplemented with 20% FBS (Hyclone, South Logan, UT) and 1% penicillin/streptomycin
(Gibco) until reaching ~ 70% confluence. The cells were split and grown on 12 mm collagen
I (Sigma) coated glass cover slips until fusion into multinucleated myotubes was initialized
with DMEM/Ham’s F10 (1:1) medium containing 5% horse serum (Gibco). Pre-plating on
uncoated dishes was used each time before plating to reduce the amount of fibroblasts. For
immunocytochemistry cells were plated on 8-well chamber slides (Nunc, Rochester, NY).

Measurement of Intracellular Ca2*

Fusion of myoblasts was induced 48 hours prior to measurements. Cells were loaded with 10
UM Fura-2 AM and 2% pluronic F-127 (Molecular Probes) for 30 min at room temperature
and maintained in Fura-2-free isotonic solution for 30 min before data acquisition at room
temperature began. Coverslips were mounted on an inverted microscope (Nikon, Melville,
NY) and visualized with a 20X objective. Myotubes of similar size were selected for
measurements. The field was alternately excited at 340 and 380 nm with a scanning
monochromator, and the fluorescence emitted > 520 nm from the region of interest
surrounding an individual myotube was imaged and analyzed (all Photon Technologies
International, Inc., Lawrenceville, NJ). Cells were perfused with extracellular solution at the
start of Ca2*-imaging experiments containing (in mM) 105 NaCl, 4.5 KCI, 2.8 Na HEPES,
7.2 HEPES acid, 1.3 CaCly, 0.5 MgCl;, 5 glucose, and 75 mannitol (pH 7.4). For assessment
of intracellular Ca2* changes, cells were permeabilized with 5 uM ionomycin while perfused
with extracellular solution containing 300 nM Ca?* or perfused with extracellular solution
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containing 60 mM KCI and 50 mM NaCl without ionomycin. Calibration was performed
separately on each cell after the experiment using standard techniques (Zhang, et al., 2005);
cells were perfused with 5 uM ionomycin in Ca2*-free solution with 5 mM EGTA followed
by ionomycin in high-CaZ* solution (both solutions were at pH 8.0). The 340/380-ratio was
converted to Ca2* concentration using the method of Grynkiewicz (Grynkiewicz, et al.,
1985). The peak Ca2* values were determined by subtracting the baseline from the
maximum levels. The “decay 0.5” value denotes the time needed for the Ca2* to decay from
peak to half peak size. Data were statistically analysed using Student’s t-test with p < 0.05
considered statistically siginificant. To correlate cell size with the corresponding Ca2* peak
(Suppl. Fig. S1), the cell size was calculated using an approximation of two cones abutting
at the base to represent the spindle shaped cell.

EOM myotubes express myogenic markers

EOM and TA primary cultured cells were morphologically similar (Fig. 1A, B). Myoblasts
were smaller, spindle-like and more compact in size than fibroblasts and could be
differentiated into multinucleated myotubes as described before (Porter et al 2006, Rando
and Blau 1994). EOM myoblasts proliferated somewhat faster and tended to form slightly
more and longer myotubes than TA myoblast (observation not quantified). Spontaneous
twitching in the myotubes demonstrated that the essential components of the muscle cells
contractile apparatus was preserved in culture, which was confirmed by positive alpha-
actinin staining (Fig. 1B). Further characterization of the cell cultures showed that
undifferentiated myoblasts stained positive with an antibody against the early muscle marker
desmin (Fig. 1B), whereas differentiated myotubes stained positive for the differentiation
marker myogenin. Co-staining with the nucleic stain Hoechst 33342 (Fig. 1B) showed
existence of multinucleated myotubes. This demonstrated that the cultured cells retained
myogenic characteristics and were able to form multinucleated myotubes.

More efficient Ca2* buffering in EOM myotubes

To test the hypothesis that EOM are better able to buffer high intracellular CaZ* levels
compared to limb muscles, we used Fura-2 based ratiometric imaging to measure Ca?*
inside individual cultured primary EOM and TA myotubes (single cell imaging). Moderate
and similar baseline levels of 92.5 + 9.1 nM Ca2* in EOM and 90.4 + 5.0 nM in TA
confirmed that the signal originated predominantly from the cytoplasm and implied that the
mechanisms for control of resting Ca2* levels were similar in both cell types.

After reaching stable baseline levels, the cells were perfused with an extracellular solution
containing the CaZ* ionophore ionomycin and 300 nM Ca2*. The lowered Ca?*
concentration (300 nM instead of 1.3 mM) of the perfusion solution was chosen to prevent
myotube contraction. Exposure to the ionomycin solution led to a rapid rise in intracellular
Ca?" levels (Fig. 2A) surpassing 300 nM Ca2* suggesting rapid depletion of Ca2* from the
SR. This rise in Ca?* was considerably higher in EOM myotubes than in TA, with peak
levels of 2.37 £ 1.8 uM in EOM compared with 1.14 + 0.23 uM in TA (p < 0.01) (Fig. 2B).
The decay time was quantified by defining decay 0.5 as the time needed for the Ca2* levels

Exp Eye Res. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zeiger et al.

Page 6

to decrease by 50 % after reaching the peak. This decay was significantly faster in EOM
myotubes, with Ca2* concentrations taking only 56.6 + 6.1 s to fall by half. This contrasts
with TA cells, where the reduction took nearly twice as long (105.5 + 19.4 s, p < 0.05) (Fig.
2C, D). Peak-size did not correlate with the size of the myotube, demonstrating that intrinsic
cellular properties depending on the EOM vs TA allotype rather than size per se mediated
the differences (Suppl. Fig. S1). These findings confirm that excessive Ca?* is buffered
more effectively in EOM than in TA myotubes.

To independently validate these results we evaluated whether similar responses were
obtained by inducing membrane depolarization with high extracellular potassium (60 mM
K™*). High K* stimulation leads to excitation-contraction (E-C) coupling and triggers
immediate Ca2* release from the SR (Melzer, et al., 1995). EOM and TA myotubes were
stimulated for 30 s with high K*. In accordance with the previous observations the Ca2*
peaks recorded from EOM were significantly higher than the peaks recorded from TA
myotubes (1.5 £ 0.3 vs. 0.77 £ 0.1 nM, p < 0.05, Fig. 3A, B), likely reflecting a larger
amount of Ca2* released from the SR in EOM. However, the peaks were only a little more
than half as high as those triggered by ionomycin, possibly reflecting the differences in
physiological vs pharmacological approaches used experimentally, such as the shorter
stimulation time with high K* and the differences in receptor and channel involvement
rather than membrane perforation obtained using ionophores. The noted decay 0.5-rate in
EOM was much faster than the decay rate with ionomycin but not significantly faster than in
TA (149 +£1.8vs. 13.1 + 1.6 5, Fig. 3D). Nonetheless, EOM myotubes re-sequestered a
larger amount of CaZ* from the cytosol than TA myotubes within the same time. These
results support the notion of a larger Ca2* release and more efficient buffering in EOMs.

Increased mRNA expression levels of Ca?* handling proteins in EOM

Having shown more efficient buffering of high Ca2* levels in EOM compared to TA
myotubes, we determined mRNA levels of genes known to be involved in Ca2* homeostasis
in cultured myotubes by gPCR. Candidate genes from five functionally distinct groups of
Ca?*/SR proteins were investigated. As shown in Table 1, the first group contained genes of
the sarcoplasmic and plasma membrane Ca2* pumps and the Na*/Ca2*-exchanger (Ncx).
The second group contained genes that function as regulators of the Serca pumps. The third
group contained the major Ca%* binding and buffering proteins of the SR. In the fourth
group genes coded for cytosolic and sarcomeric Ca2* binding proteins, predicted to buffer
elevated intracellular Ca2*. The final group of genes examined included Ca2* channels
involved in E-C coupling. mMRNA levels of 7 (PIn, Sarcolipin (SIn), Regucalcin (Rgn),
Casq2, Parvalbumin (Parv), S100al and dihydropyridine-sensitive L-type Ca2* channel
alpha-1 subunit (Cacnals) of the 18 genes quantified (cf. below) were expressed at
significantly higher levels in EOM myotubes than in TA (Table 1 “Myotubes™).

We also tested the gene expression of Ca2*/SR proteins in fully differentiated adult tissue
and we found that 11 out of 18 quantified genes showed significantly higher expression in
EOM compared with TA (Table 1 “Tissue”). The highest fold-changes were detected for the
Ca?* pumps (Serca2, plasma membrane Ca2*-ATPase 1 (Pmcal), Pmca4, Ncx), the
regulatory proteins (PIn, SIn and Rgn), with fold-changes of up to 75-fold difference (PIn)
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and the Ca%* binding proteins Casg2 and Calmodulin (Calm) (29.9 and 10.1 fold,
respectively). Only Sercal, Casql, Cacnals and Ryrl were not differentially expressed in
EOM vs. TA muscle tissue.

Increased protein levels of Ca2* handling proteins in EOM

The relative expression levels of selected proteins involved in Ca2*/SR homeostasis were
examined using western blots to determine whether message levels correlated with protein
levels in muscle tissue (Fig. 4). Levels of the sarcoplasmic Ca?* storage protein Casql
(skeletal muscle isoform) were lower in EOM but Casg2 (slow/cardiac isoform) levels were
much greater in EOM than in TA (Fig. 4A). Total Casq content was slightly higher in EOM
but did not reach statistical significance (Fig. 4A). Protein levels of the sarcoplasmic Ca2*-
ATPase Sercal were less in EOM, while those for Serca2 were considerably higher in EOM
(Fig. 4B). However, when considering relative band intensities Sercal appears to be the
dominant isoform.

PIn has frequently been found to be highly expressed at the mRNA level in EOM. At the
protein level, under non-reducing conditions, only monomeric PIn was detected in EOM,
while in heart both, monomeric and pentameric PIn were present. No PIn protein was
detected in TA (Fig. 5A). PIn, depending on its phosphorylation status, regulates Serca2,
which is activated when PIn is phosphorylated on either or both of its phosporylation sites:
Ser16 is phosphorylated by PKA and Thr17 is phosphorylated by Ca2*/Calmodulin
dependent kinase Il (Camkll). Using phosphorylation site specific antibodies, only trace
amounts of PKA dependent phosphorylation at Ser16 in PIn from EOM (Fig. 5B) were
detected. In vitro PKA treatment only slightly increased these levels in EOM, whereas in
heart samples PKA treatment substantially increased endogenous levels of Ser16
phosphorylation (Fig. 5B). On the other hand EOM contained considerable amounts of
endogenous Camkll dependent phosphorylation of monomeric Pln at Thrl7 (Fig. 5C).
Neither of the phospho-PlIn specific antibodies detected a PIn pentamer in EOM. In both
cases heart samples served as positive control, where endogenous phosphorylation at Ser16
and Thr17 was present in monomeric and pentameric PIn. The 14kDa band detected by the
P-Ser16 antibody (Fig. 5B, arrow) was identified as phospholemman as described for this
antibody (Suppl. Fig. S2) (Drago and Colyer, 1994).

Furthermore, in support of increased Camkl| activity significantly higher protein levels of
Calm and CamklIB were detected in EOM (Fig. 5D). This would support predominant
Thr17 phosphorylation in EOM.

These results demonstrate differential expression of components underlying the unique
signalling cascades modulating Ca2* homeostasis of EOM, suggesting that regulation of
Serca activity in EOM by PIn relies mainly on CamklI dependent phosphorylation.

Discussion

A combination of physiological, molecular and biochemical methods were used to
demonstrate clear differences in the mechanisms used by EOM and TA to handle
cytoplasmic Ca2* and in the ability of these cell types to buffer excess Ca2*. Intracellular
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measurement of cytoplasmic Ca2* levels demonstrated more effective buffering of excessive
Ca?* in EOM (Fig. 2 and 3). Molecular and biochemical methods revealed increased
expression of MRNAs and proteins encoding numerous Ca2* handling proteins, in particular
Casqz2, Serca2 and PIn (Table 1 & Fig. 4, 5A). In vitro kinase studies suggested differential
signalling and modulation cascades involving PIn-mediated Ca2* regulation in EOM (Fig.
5). Combined, these data suggest EOM may be better able to prevent prolonged elevations
of cytoplasmic Ca?* levels: the findings are summarized in the model displayed in Fig. 6.

EOM are superfast muscles with very fast contraction cycles depending on rapid Ca2*
turnover, including both the quick release of Ca?* from intracellular stores for contraction
and the prompt sequestering of Ca2* to terminate the contraction and allow muscle
relaxation (Asmussen and Gaunitz, 1981, Bach-y-Rita and Ito, 1966, Close and Luff, 1974).

Measurements of cytoplasmic CaZ* levels in EOM and TA myotubes showed larger Ca2*
peaks in EOM cells stimulated with ionomycin or high K* suggesting that the SR contains
and can release more Ca2* into the cytoplasm as compared to the TA. Interestingly, EOM
reduced the higher cytoplasmic levels of Ca2* more quickly than TA; indeed EOM were
nearly twice as effective as TA in terms of the time required to reduce the increased Ca2* by
50% after ionomycin stimulation. The Ca2* cycle observed in the cultured EOM myotubes
may have been facilitated by the increased levels of Casg2 in the SR and PIn stimulating
Serca mediated Ca2* uptake. However, the only moderately elevated mRNA levels of Ca2*
handling proteins in the cultured myotubes, compared to muscle tissue (Table 1
“Myotubes™) may be related to the fact that the cultured cells only partially recapitulated the
physiological characteristics of fully differentiated muscle (Barjot, et al., 1995, Rubinstein
and Holtzer, 1979). The similar morphology of EOM and TA myotubes (as opposed to the
dissimilar morphology of EOM and TA muscle) further suggests that allotype-specific
expression in cultured cells is partially rather than fully maintained. Indeed, this has been
demonstrated in cell lines made from EOM and limb muscles and studied at the level of the
transcriptome (Porter, et al., 2006). This suggests that our cell culture results likely
underestimated the ability of EOM to buffer Ca?*, and that even more dramatic differences
may exist in vivo.

The larger Ca%* release from the EOM myotubes is in accord with an abundant SR in EOM
containing potentially more releasable Ca2* than TA limb muscles (Mayr, 1971). This is
also consistent with the elevated levels of Casq isoforms that we observed in EOM. Casq2,
normally found in slow-twitch fibers and cardiac muscle, shares about 65% homology with
Casql, the skeletal muscle isoform and has a slightly lower Ca2* binding capacity (Park, et
al., 2004). Interestingly, Casqg2 was the predominant isoform in EOM, although the majority
of EOM fibers are fast muscle fibers of which most have an abundant SR (Asmussen and
Gaunitz, 1981, Mayr, 1971, Porter et al., 1995). This suggests functional differences in
terms of Ca2* storage and turnover in EOM. Moreover, Casq2 has been suggested as target
in autoimmune thyroid disease with eye involvement (Wescombe, et al., 2009). In fast EOM
fibers Casg2 may also be present and may be co-expressed with the fast fiber isoform Casql
in at least some EOM fiber-types.
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The fast removal of elevated intracellular Ca2* in muscle fibers is mainly carried out by the
Serca pumps (Rossi and Dirksen, 2006). In rat EOM Sercal was the predominant isoform in
EOM and TA, whereas Serca2 showed higher levels in EOM than in TA. In human and
rabbit EOMs Sercal and Serca2 are widely co-expressed (Jacoby and Ko, 1993, Kjellgren et
al., 2003). This suggests that Sercal and Serca2 might be co-expressed in rat EOM as well
and that Serca?2 is not restricted to the approximately 20% of slow-tonic fibers in EOM, as in
the case of slow limb muscle fibers. More detailed studies are needed to investigate the
fiber-type specific expression of Ca2* binding proteins.

The expression and co-expression of cardiac/slow and skeletal muscle isoforms in the same
fiber would confer unique SR function and Ca2* handling to EOM fibers. Furthermore, the
SR of fast vs. slow fibers of limb muscles differ regarding their Ca* load and release
kinetics (Fryer and Stephenson, 1996) and the co-existence of both fast and slow
characteristics in EOM fibers, in addition to the varying abundance of SR, add to the
complexity of CaZ* homeostasis in EOM regarding fiber-types (Mayr, 1971, Spencer and
Porter, 2005).

Both Sercal and Serca?2 activity can be regulated by the homologous proteins PIn and Sin
depending on their phosphorylation status (Slack, et al., 1997, Traaseth, et al., 2008). While
PIn was not expressed in TA, the high levels of PIn (MRNA and protein) could play a major
role in regulating Serca activity in EOM (Morita, et al., 2008). Serca activity is inhibited by
PIn but this inhibition is relieved upon phosphorylation of PIn (Traaseth et al., 2008). In
EOM PIn was predominantly phosphorylated at Thr17 and at trace levels at Ser16.
Furthermore, phosphorylation at Ser16 could not be increased in vitro suggesting that the
PIn-Ser16 site in EOM is not subject to significant functional regulation. This is consistent
with results in rabbit soleus muscle where endogenous phosphorylation at Thrl7
predominates over phosphorylation at Ser16 (Damiani, et al., 2000). Phosphorylation at
Thr17 is mediated by the SR bound CamklI, which is activated by increased Ca2* levels and
Calm (Simmerman, et al., 1986). We demonstrated previously and in this study that Camkl|
is expressed at increased levels in rat EOM (Fraterman et al., 2007b). This is in accordance
with the increased levels of Calm and the predominance of endogenous phosphorylation at
Thrl7 we found in EOM. Furthermore, it has been proposed that Camkl| activity and the
resulting phosphorylation of PIn at Thrl7 have a predominant role in skeletal muscle
endurance exercise, which is consistent with the constant activity of EOMs (Damiani et al.,
2000, Rose, et al., 2007, Rose, et al., 2006). Moreover, we found only monomeric PIn in rat
EOM, which is believed to be the active form (MacLennan and Kranias, 2003). This
suggests that PIn is mainly present in its active form stimulating Serca activity. These results
suggest that in contrast to limb muscle, Serca2 and possibly Sercal take advantage of an
extra level of regulation in EOM, which may be modulated dependent on the activity of the
fibers.

In addition to the Ca2* turnover mediated by the SR, the increased levels of cytoplasmic
buffering proteins such as Parv and Troponin C observed in EOM may also help to quickly
reduce the cytoplasmic concentration of free Ca2* (Heizmann, et al., 1982, Rome, 2006).
Moreover, the greater amount of mitochondria in EOM (Felder et al., 2005, Fischer et al.,
2002, Mayr, 1971) have been implicated in playing a substantial role in taking up free Ca2*
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(Andrade et al., 2005). Overall, the greater release and more rapid buffering of excess
cytoplasmic Ca2* that we observed provides direct support for the hypothesis that
differences in Ca?* handling dynamics contribute to the fast contraction cycles in EOM.

Our results confirm our hypothesis and demonstrate that rat EOM are endowed with an
extraordinary capacity to regulate their Ca* homeostasis as illustrated in our model (Fig. 6),
which is consistent with the functional demands of very fast and constantly active muscles.
In addition, our findings revealed distinct mechanisms involved in the Ca?* homeostasis of
EOMs. These features could help explain the lack of Ca?*-mediated damage in DMD and
mdx EOM (Khurana et al., 1995). In the future, it will be of interest to map out the
expression of Ca2* buffering proteins with respect to the different EOM fiber-types as well
as differences in Ca2* buffering properties of these fibers from normal and mdx mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cultured primary EOM and TA myoblasts and myotubes
(A) Light microscopic images of myoblasts and differentiated myotubes derived from EOM

and TA. (B) EOM and TA myoblasts and myotubes stained for myogenic markers. Top
panel: Myoblasts stained for desmin. Middle panels: differentiated myotubes stained for
myogenin; the overlay with Hoechst 33342 staining shows localization of myogenin to
nuclei. Bottom panel: differentiated myotubes stained for alpha-actinin. Scale bar = 100 pm.
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Fig. 2.

Intracellular Ca?* measurements in myotubes showed enhanced buffering in EOM

Representative Ca2* traces are shown for perfusion experiments of Fura-2 loaded myotubes
with an extracellular solution containing 300 nM Ca?* and 5 pM ionomycin (A, C). EOM
myotubes showed a 2.0-fold larger maximum peak size (A, B) and a 1.9-fold faster half-
maximum decay time (C, D) indicating better Ca?* handling properties compared to TA.
Representative positions of the parameters measured are illustrated in A & C. Data are
depicted as bar graphs showing significant differences in the evaluated parameters (B, D)
(Mean £ SEM, * P < 0.05, ** P < 0.01).
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Fig. 3. Efficient buffering of high K* induced increase of intracellular Ca2* in EOM myotubes
Representative Ca2* traces are shown for perfusion experiments of Fura-2 loaded myotubes

stimulated with high K* (60 mM) solution (A, C). EOM myotubes showed a 1.9-fold large
maximum peak size than TA myotubes (A, B) but a similar average half-maximum decay
time (C, D). Parameters were measured in the same way as described in Fig. 2. (Mean £

SEM, * P < 0.05).

Exp Eye Res. Author manuscript; available in PMC 2014 July 08.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zeiger et al.

EOM TA Heart

Casql — o= Total
Casq2 — e R

Casq1 00 Casq2

80
60
40

20

Amount of protein (AU)
Amount of protein (AU)
Amount of protein (AU)
- n
(=3
o

o
o
o

EOM TA EOM TA EOM

EOM TA EOM TA

W 100kDa e ~"100kDa

Serca Serca2
200

- N
a =]
S =]
-
a
-]

g

Amount or protein (AU)
2
o

Amount of protein (AU)
15 3
o o

o
o

EOM TA EOM TA

Fig. 4. Increased protein levels of SR ca%t handling proteins in EOM

Page 17

EOM TA

W - 50kDa

Total Casq

TA

Western blot analysis showing relative abundance of indicated proteins in EOM and TA. (A)
Casql and Casq2 isoforms were resolved on a 7.5% gel. Heart tissue indicates the molecular
weight of Casg2. In EOM, Casqg2 was more abundant than Casql compared with TA. Total
Casq showed a tendency toward higher levels in EOM. (B) Sercal levels were less in EOM
whereas Serca2 levels were significantly higher compared with TA. Sercal was the
predominant isoform in both tissues. Bands were quantified using densitometry and data
were statistically analysed using a non-parametric test. * P < 0.05 was considered

statistically significant. (Mean = SD; AU = arbitrary units).
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Fig. 5. Increased protein levels of phospho-PIn, Camkll and Calm in EOM
Western blot analysis showing relative abundance of indicated proteins in EOM and TA. (A)

Monomeric Pln is found in EOM but not in TA under non-reducing conditions. In heart,
monomeric (~5kDa) and pentameric (~25kDa) PIn is present. (B) In EOM PIn is
phosphorylated in trace amounts at Ser16, which cannot be further induced by PKA
treatment. In heart, serving as positive control, phosphorylation at Ser16 was increased after
PKA treatment. The band at about 14kD (arrow) detected by the PIn-Phospho-Ser16
antibody could be identified as phospholemman (Suppl. Fig. S2). (C) Phosphorylation of PIn
at Thrl7 in EOM is endogenously high. Reprobing of blots with the Anti-PIn antibody
(lower panels in B and C) showed relative abundance of all PIn versus the phosphorylated
forms. (D) Camkll and Calm were more abundant in EOM supporting preferential
phosphorylation of PIn at Thr17. Bands were quantified using densitometry and data were
statistically analysed using a non-parametric t-test. * P < 0.05 was considered statistically
significant. (Mean £ SD; AU = arbitrary units). Red.= reduced.
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Ca?* Ca?*

Fig. 6. Model for superior Ca?* homeostasis in EOM
Schematic (A) shows an EOM muscle cell with a larger SR, numerous pumps and

transporters in both the sarcolemma and the sarcoplasmic membrane and many Ca2* binding
proteins in the cytosol (e.g. S100a, Parv) and SR (Casql and Casq2), as well as numerous
mitochondria. Camkll phosphorylates Pln at Thrl7, which regulates Serca2. Schematic (B)
represents a TA muscle cell containing a smaller SR, fewer pumps and transporters and less
Ca?* binding proteins in the cytosol and SR compared with EOM. Excess CaZ* ions entering
the cell can be bound and/or removed more effectively in EOM than TA, leading to a faster
return to resting Ca2* levels. We propose that the extensive Ca2* handling capacity of EOM
reflects their functional properties and may help to protect this muscle group from Ca2*
mediated damage in DMD. (Symbols: Serca: sarcoplasmic reticulum Ca2*-ATPase, Casq:
Calsequestrin, PIn: Phospholamban, Pmca: plasmamembrane Ca2*-ATPase, Parv:
Parvalbumin, Camkll: Ca2*/Calmodulin dependent kinase 11, Calm: Calmodulin, Mito:
Mitochondria, Ncx: Na*/Ca2*-exchanger, Thr17-P: phosphorylated threonine 17 residue).
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