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Muscular dystrophy is a progressive muscle wasting disease that is thought to be initiated by unregulated Ca®*
influx into myofibers leading to their death. Store-operated Ca®* entry (SOCE) through sarcolemmal Ca®* select-
ive Orai1 channels in complex with STIM1 in the sarcoplasmic reticulum is one such potential disease mechan-
ism for pathologic Ca®* entry. Here, we generated a mouse model of STIM1 overexpression in skeletal muscle to
determine whether this type of Ca®* entry could induce muscular dystrophy. Myofibers from muscle-specific
STIM1 transgenic mice showed a significant increase in SOCE in skeletal muscle, modeling an observed in-
crease in the same current in dystrophic myofibers. Histological and biochemical analysis of STIM1 transgenic
mice showed fulminant muscle disease characterized by myofiber necrosis, swollen mitochondria, infiltration of
inflammatory cells, enhanced interstitial fibrosis and elevated serum creatine kinase levels. This dystrophic-like
disease in STIM1 transgenic mice was abrogated by crossing in a transgene expressing a dominant-negative
Orai1 (dnOrai1) mutant. The dnOrai1 transgene also significantly reduced the severity of muscular dystrophy
in both mdx (dystrophin mutant mice) and 3-sarcoglycan-deficient (Sgcd~’/~) mouse models of disease.
Hence, Ca®" influx across an unstable sarcolemma due to increased activity of a STIM1-Orai1 complex is a
disease determinant in muscular dystrophy, and hence, SOCE represents a potential therapeutic target.

oxidative stress and activation of Ca®"dependent proteases trig-
gering multiple necrotic and apoptotic pathways (4,6,9—11). Cur-
rently, there is no cure for muscular dystrophy; hence identifying
the molecular mechanisms that promote myofiber Ca®* overload

INTRODUCTION

Muscular dystrophy encompasses both a clinically and genetical-
ly heterogeneous group of disorders that result in progressive

muscle weakness due to degeneration of skeletal muscle (1). Al-
though the majority of genes responsible for muscular dystrophy
are associated with maintaining sarcolemmal integrity and linking
the cytoskeleton to the extracellular matrix, the exact cause for
myofiber degeneration is uncertain (1,2). Numerous reports
have suggested that the loss of Ca** homeostasis contributes to
the development of the dystrophic phenotype and overt myofiber
necrosis (3—9). Specifically, the imbalance between sarcolemmal
Ca*" influx and efflux pathways in dystrophic myofibers is
hypothesized to elevate Ca®* levels sufficient to result in mito-
chondrial Ca®>* overload, endoplasmic reticulum stress, increased

could suggest new therapeutic targets.

One such Ca?' influx pathway that might contribute to
enhanced cytosolic Ca?' entry in dystrophic muscle is
store-operated Ca®" entry (SOCE) (3,12,13). Indeed, skeletal
muscle expresses STIM1 and Orail in abundance, which
serves as the main channel constituents mediating SOCE in skel-
etal muscle (13—18). While SOCE can reload sarcoplasmic
reticulum (SR) Ca®" levels, the true physiological relevance of
SOCE in skeletal muscle remains controversial (14,19-22).
Genetic mouse models with deletion of Stim/ and Orail
showed impaired skeletal muscle growth and perinatal lethality,
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suggesting that this channel complex does have a physiologic
role in skeletal muscle (21,23,24). STIM1 has also been shown
to reload SR Ca** stores through its interaction with Orai and
transient receptor potential canonical (TRPC) channels (25).
How STIMI and Orai interact to enhance SOCE has not been
fully elucidated, but a recent study suggests that Orai activity
is graded by the number of associated STIM1 molecules (26).
Muscle-specific expression of dominant negative Orail
(dnOrail) results in viable adult mice that exhibit reduced
skeletal muscle growth and increased fatigability (27).

Recent reports have also suggested that increases in SOCE are
associated with muscular dystrophy, although these studies
did not specifically address the mechanistic involvement of
STIM1 or Orail in contributing to disease (3,13,18,28).
STIM1 and Orail are considered to be both necessary and suffi-
cient for SOCE in many tissues; however, involvement of TRP
channel family members might also contribute to some forms
of SOCE (3,28-34). Here, we show for the first time that
enhanced muscle-specific expression of STIM1 protein and a
concomitant increase in sarcolemmal Ca*" influx gives rise to
histological and biochemical features of muscular dystrophy.
More importantly, many of these pathological features are miti-
gated by skeletal muscle-specific expression of dominant nega-
tive Orail (dnOrail), which is sufficient to block increased
SOCE that typifies dystrophic myofibers.

RESULTS

Generation and characterization of muscle-specific STIM1
transgenic mice

As shown previously (3,13,18), myofibers from dystrophic mice
have induced and significantly elevated SOCE-like activity (Sup-
plementary Material, Fig. S1A and B). To address the potential
functional effects associated with increased SOCE in dystrophic
myofibers, we generated a mouse model of STIM1 overexpres-
sion in skeletal muscle using the human skeletal a-actin promoter.
Three transgenic founder lines were obtained and one of the two
lower expressing lines was selected for further analysis, although
key results were confirmed in at least one other line (Fig. 1A).
STIM1 was expressed ~6-fold higher in the transgenic (TG)
quadriceps compared with wild-type (Wt) (Fig. 1B). STIM1
was uniformly expressed across a broad range of skeletal
muscle groups in Wt and at much higher levels in STIM1 TG
mice, although almost no expression was observed in the heart
(Fig. 1C). STIM1 immunofluorescent staining of quadriceps
muscle cross-sections also demonstrated the distribution and
level of expression of the STIM1 transgene (Fig. 1D). Immuno-
cytochemical analysis of isolated myofibers showed that STIM1
protein largely co-localized with the ryanodine receptor 1
(RyR1)inthe SR as previously demonstrated (Fig. 1E) (23). Inter-
estingly, overexpression of STIMI in skeletal muscle mildly
enhanced the protein levels of Orail and STIM2, likely by gener-
ating a larger or more stable complex in the membrane (Fig. 1F).

Photometry experiments to assess SOCE in flexor digitorum
brevis (fdb) fibers showed a 2-fold increase in Ca®" influx
from STIM1 TG mice compared with controls (Fig. 1G and
H). For these experiments, SR store depletion was achieved
by pre-treatment with cyclopiazonic acid (CPA, SERCAI in-
hibitor) in Ca®" free external media, followed by acute Ca*"
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addition in the buffer to induce SOCE current. Interestingly,
Ca’* ratios were found to be significantly elevated in fibers
from STIM1 TG compared with Wt mice (Fig. 11), but no differ-
ences were observed in the amplitude of electrically evoked
Ca”" transients, decay time and the RyR releasable SR Ca**
pool measured in response to a 4-chloro-m-cresol (4-cmc)
bolus, which maximally activates the RyR (Supplementary
Material, Fig. SIC—F).

STIM1 overexpression produces classic features of muscular
dystrophy

Histological analysis of H&E and Masson’s trichrome-stained
sections from diaphragm, quadriceps and soleus revealed exten-
sive pathology with increased incidence of myofibers with cen-
trally localized nuclei at 6 weeks and 6 months of age in STIM1
TG mice compared with Wt mice (Fig. 2A and B), as well as in-
filtration of inflammatory cells, fiber size irregularities and
enhanced interstitial fibrosis (Fig. 2A and C). Hydroxyproline
content, another measure of tissue fibrosis, was also increased
in muscles from STIM1 TG mice (Fig. 2D). Serum creatine
kinase (CK) levels were also elevated in STIM1 TG mice at 6
weeks and 6 months compared with Wt mice (Fig. 2E). More-
over, calpain enzymatic activity, as measured in the absence of
exogenous Ca’" by a Calpain Glo Assay (see Materials and
Methods), was significantly elevated in STIM1 TG muscle
lysates compared with Wt muscle, consistent with the elevated
cytosolic Ca”" profile presented earlier (Fig. 2F). Enhanced
basal Ca”" levels can also activate the Ca® "dependent phosphat-
ase calcineurin leading to increased activity of nuclear factor of
activated T-cells (NFAT), which was markedly increased in
STIM1 TG skeletal muscle (Fig. 2G). Hence, the increased
SOCE and cytosolic Ca®" levels in skeletal muscle of STIM1
TG mice promoted pathology reminiscent of that observed in
muscular dystrophy.

STIM1 overexpression leads to mitochondrial pathology

Elevated cytosolic Ca® " is known to negatively impact mitochon-
drial morphology and function, as well as increase necrotic cell
death of myofibers due to mitochondrial rupture (35). Using trans-
mission electron microscopy, we observed that mitochondria
from STIM1 TG muscle appeared fragmented, swollen and/or
ruptured compared with Wt controls (Fig. 3A). Enhanced Ca**
uptake into mitochondria can result in mitochondrial swelling
leading to the opening of the permeability transition pore
(11,36). Indeed, mitochondria isolated from STIM1 TG mice
demonstrated a lower capacity to swell in response to a Ca*"
bolus but a greater ability to shrink compared with mitochondria
isolated from Wt mice, demonstrating that they are already partial-
ly swollen (Fig. 3B and C). Mitochondria isolated from STIM1
TG muscle showed a 2-fold increase in matrix Ca>" compared
with Wt mitochondria (Fig. 3D). Interestingly, baseline oxygen
consumption was also significantly elevated in STIM 1 mitochon-
dria compared with Wt, which is consistent with elevated mito-
chondrial matrix Ca®* levels (Fig. 3E). However, no changes in
select electron transport chain inner mitochondrial proteins or
the outer mitochondrial transporter voltage-dependent anion
channel (VDAC) were observed in muscle from STIMI1 TG
mice (Fig. 3F). Thus, enhanced STIM1 activity leads to elevated
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Figure 1. Generation of STIM1 overexpressing TG mice. (A) Western blot analysis of STIM1 expression in the quadriceps of Wt and three different STIM1 TG founder
lines. (B) Western blot quantification of STIM1 protein overexpression levelsinline 2. *P < 0.05 compared with Wt mice and number of animals analyzed is shown in the
bars. (C) Western blot analysis of STIMI expression in different muscles and heart in Wt and STIM1 TG mice of line 2 (abbreviations: Quad, quadriceps; Gas, gastro-
cnemius; Dia, diaphragm; Sol, soleus). (D) Immunofluorescence analysis of STIM1 expression (green) in 10 wm sections of quadriceps muscle from Wtand STIM1 TG
mice. (E) Immunohistochemical analysis of STIM1 localization (red) versus ryanodine receptor (green) in fdb myofibers isolated from Wt and STIM1 TG mice. The
merge shows co-expression of both as yellow. (F) Representative western blots of STIM1, STIM2 and Orail expression in skeletal muscle from Wt and STIM1 TG
mice. (G) Representative traces of sarcolemmal Ca®" entry assessed following SR store depletion then immediate repletion of Ca*" in Wt (black) and STIM1 TG
(red) fdb fibers. CAF, caffeine; CMF, Ca®" and Mg”" free Ringers; CPA, cyclopiazonic acid. (H) Average maximal peak amplitude of Ca*" influx in Wt and
STIM1 TG fdb myofibers at 1 mM external Ca®" in experiments shown in “G”. (I) Analysis of resting Ca®" levels in ratiometric photometry experiments carried out
in Wtand STIM1 TG fdb fibers. *P < 0.05 compared with Wt mice and number of fdb fibers analyzed per condition is shown in the bars of each panel.

Ca’" that causes greater mitochondrial Ca*" loading, swelling
and rupture, secondarily facilitating myofiber necrosis.

Rescue of muscle pathology in STIM1 TG mice
by coexpression of dnOrail

To determine whether the muscular dystrophy-like disease
observed in STIM1 TG mice was specifically mediated by
enhanced SOCE through STIM1-Orail channel complexes,
we crossed STIM1 TG mice with a skeletal muscle-specific
mouse model expressing dnOrail (27,37). To ensure that both
transgenes were expressed at comparable levels in the double
transgenic (DTQ) state, western blotting was performed for
STIM1, and anti-hemagglutinin (HA) antibody was used to
detect the dnOrail protein (27). The results showed no reduction
in STIM1 or HA signal in skeletal muscle from double transgenic
(DTG) versus single TG mice (Fig. 4A). Previously, dnOrail
mice were shown to be viable and fertile, although they exhibited
reduced skeletal muscle growth and increased fatigability (27).
However, this increase in fatigability was not of concern
because we observed that the overwhelming effect of the

dnOrail transgene was to silence SOCE entry and underlying
muscle pathology when crossed with dystrophic mouse
models. For example, the muscular dystrophy-like disease in
STIM1 TG transgenic mice was significantly attenuated by the
dnOrail transgene, including a reduction in myofibers with cen-
trally localized nuclei, reduced serum CK, less fiber irregular-
ities and immune infiltrates and a trend toward reduced
interstitial fibrosis (Fig. 4B—E). The dnOrail protein functioned
as expected in that SOCE produced by STIM1 overexpression
was essentially abolished, and calpain activity was significantly
reduced (Fig. 4F and G). These results indicate that the dnOrail
transgene directly antagonized the disease causing effects of
STIM1 overexpression in skeletal muscle, further confirming
that the STIM1—Orail channel complex comprises the primary
molecular mechanism of SOCE in this tissue.

DnOrail expression mitigates the dystrophic phenotype
in mdx and Sged ™'~ mice

To address whether STIM1 is upregulated in mouse models of
muscular dystrophy, we assessed STIM1 protein expression in
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Figure 2. STIM1 overexpression in skeletal muscle gives rise to histological and biochemical features of muscular dystrophy. (A) Representative H&E-stained histo-
logical sections from quadriceps and soleus muscle obtained from 6-week-old Wtand STIM1 TG mice. Magnification is x 200. (B) Quantification of myofibers with
centrally located nuclei as a maker of regeneration in the diaphragm (three sections/muscle were analyzed), quadriceps (five sections/muscle were analyzed) and
soleus (two sections/muscle were analyzed) muscles in Wt and STIM1 TG mice at 6 weeks and 6 months. The total number of mice/muscles analyzed is shown in
the bars for the quadriceps. (C) Interstitial fibrosis quantified by metamorph analysis software in Masson’s trichrome-stained histological sections of diaphragm
(Dia), quadriceps (Quad) and soleus (Sol) obtained from mice sacrificed at the indicated ages. (D) Biochemical analysis of hydroxyproline content for fibrosis in
the quadriceps normalized to muscle weight in Wt and STIM1 TG mice. (E) Quantitation of serum creatine kinase (CK) levels in Wt and STIM1 TG mice at 6
weeks and 6 months. (F) Quantitation of calpain activity in Wt and STIM1 TG quadriceps at 6 weeks of age (Relative luciferase activity is shown as part of a
calpain assay). (G) NFAT luciferase activity assessed in muscle lysates obtained from Wt and STIM1 TG mice also carrying the NFAT luciferase reporter transgene.
*P < 0.05 compared with Wt mice and the number of animals used as shown in the bars of each panel.

the quadriceps of 3-month-old mdx and Sged '~ dystrophic
mice, which indeed showed a significant upregulation of
STIM1 protein, although it was primarily the spliced form gen-
erating the smaller isoform of STIM1 (Fig. 5A and B, see Mate-
rials and Methods for description of spliced forms of STIM 1 used
to make the TG mice). To specifically assess if STIM1/Orail-
mediated Ca®" influx contributes to the development of muscu-
lar dystrophy in vivo, we crossed dnOrail TG mice with the mdx
and Sged /~ dystrophic mouse models. Expression of dnOrail
protein in skeletal muscle led to a dramatic improvement in
histopathology in mdx diaphragm and quadriceps, including sig-
nificantly reduced central nucleation, fibrosis, inflammatory cell
infiltration and areas with necrotic myofibers (Fig. SC—E). Con-
sistent with these data, compound mdx dnOrail TG mice showed
a significant decrease in serum CK levels compared with mdx
controls (Fig. 5F). Global muscle performance as assessed by
treadmill running was significantly improved in compound
mdx dnOrail TG mice compared with mdx controls (Fig. 5G).
These results were likely due to decreased Ca®" entry from en-
dogenous SOCE channels, which would normally lead to
muscle wasting disease, as the typical increase in this Ca®"
entry activity observed in mdx myofibers was abolished by ex-
pression of the dnOrail transgene (Fig. SH). In situ isometric
force in compound mdx dnOrail tibialis anterior (TA) muscle
was significantly less when compared with mdx mice, which is
consistent with the muscle weakness that was previously
reported in dnOrail muscle (27). However, compound mdx
dnOrail TG muscles (TA) maintained force over a series of
five isometric contractions, while mdx muscle force production

dropped by an average of 40.5 + 5.8% (Fig. 5J). This ability
of the compound mdx dnOrail mice to retain force likely contri-
butes to their improved running performance despite the lower
acute force production.

To extend these results, we also crossed the dnOrail TG into
the Sged ™'~ background, which is a mouse model of limb-girdle
muscular dystrophy that shows a more severe disease phenotype
compared with mdx mice. Similar to our results in mdx mice,
Sged '~ mice expressing the dnOrail transgene exhibited
reduced central nucleation (Fig. 5K), decreased serum CK
levels (Fig. 5L) and increased tolerance to treadmill running
(Fig. 5M). As was observed in mdx myofibers, enhanced Ca*"
influx was nearly abolished in fibers from compound Sged '~
dnOrail TG mice compared with Sged '~ controls (Fig. 5N).
Thus, Orail-dependent SOCE activity serves as an endogenous
pathway for pathologic Ca®" entry in at least two mouse models
of muscular dystrophy.

DISCUSSION

A commonality among many of the identified human mutations
that cause muscular dystrophy is that they affect genes directly or
indirectly involved in maintaining the structural integrity of the
sarcolemma. Alterations in the properties of the sarcolemma are
then hypothesized to promote Ca®" influx that initiates the dys-
trophic phenotype (3,4,6,7). Indeed, a number of key molecules
leading to or resulting from a Ca®" imbalance in muscular
dystrophy have been validated (5,6,38,39). For example, we
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Figure 3. STIM1 overexpression leads to a mitochondrial pathology in muscle. (A) Electron microscopic images of Wt and STIM1 TG quadriceps muscle at two

different magnifications. (B) Light scattering assessed in mitochondria suspension during a Ca*"

stimulus to induce swelling derived from Wt (solid) and STIM1

TG (clear) muscle. (C) Same assay as in “B” except that mitochondria shrinking was assessed in response to PEG addition. (D) Quantitation of mitochondrial

matrix Ca**

content in isolated mitochondria from Wt and STIM1 TG muscle. (E) Analysis of baseline O, consumption in mitochondria isolated from Wt and

STIM1 TG muscle. (F) Western blot analysis for the indicated mitochondrial proteins in Wt and STIM1 TG muscle protein lysates. *P < 0.05 compared with Wt

mice and the number of animals used is shown in each panel in the bars.

demonstrated that overexpression of the sarcoplasmic reticulum
Ca*" ATPase-1 (SERCA1) in dystrophic muscle was profound-
ly protective by promotmg more efficient Ca>* reuptake into
the SR and lessening Ca®" accumulation in the cytosol (6). De-
sensitization of the mitochondrial permeability transition pore
to calcium overload by deletion of the gene encoding cyclophilin
D or by use of a cyclophilin inhibitory drug, reduced Ca**-
mediated mitochondrial swelling, rupture and myofiber necrosis
(11,40). Finally, as will be dlscussed below, we also showed
that direct enhancement in Ca®>" influx by overexpression of
TRPC3 channels in skeletal muscle initiated a d;/strophic-like
phenotype (3). Here, we show that enhanced Ca°" entry asso-
ciated with bonafide SOCE activity is a dystrophic disease
determinant.

The contribution of Ca** overload to muscular dystrophy has
been previously proposed, although the 1dent1ty of select Ca**
channels or other mechanisms whereby this ion enters the dis-
eased myofiber remains less certain (3,13,41,42). As discussed
above, we showed that TRPC3 overexpression in skeletal
muscle gives rise to a dystrophic-like phenotype with enhanced
Ca*" entry activity, and that a dommant negatlve TRPC mutant
protein mitigates disease in Sgcd mice (3). Similarly,
dnTRPV2 overexpression in mdx mice reduced muscle path-
ology, which likely affected the same general membrane com-
plexes associated with TRPC channels (41). TRPC channels

were initially proposed to be directly responsible for SOCE,
but others have disputed this and suggested that TRPC channels
generate an independent current that is not store operated,
although it likely influences SOCE mediated by the STIMI—
Orail complex (43,44).

STIM1-0Orail coupling was found to be both necessary and suf-
ficient for SOCE current in skeletal myotubes that exhibits the
pharmacolog1cal and electrophys1olog1cal characteristics of

*_release-activated-Ca>" (CRAC) current recorded in T lym-
phocytes (17). In addition, SOCE in adult skeletal muscle exhibits
the physiologic Ca®" entry profile of STIM1—Orail channels
rather than that generated by TRPC channels, although the involve-
ment of STIM1—-Orail activity in mediating muscle disease has
not been defined (13,18). Hoover and Lewis (26) found that
maximal SOCE channel activity is seen when eight STIM mole-
cules are complexed with 1 Orai channel, so overexpression of
STIMI in skeletal muscle could dramatically enhance SOCE
through existing Orai channels. However, in our STIM1 overex-
pressing mice, we also observed a mild increase in Orail in skeletal
muscle that would support even greater SOCE activity and activa-
tion of downstream Ca?sensitive pathways (mitochondrial swel-
ling, calpain and calcineurin-NFAT). Thus, our collective results
add further data to support the hypothesis that enhanced Ca**
influx, leading to greater basal cytosolic Ca®*, directly initiates
myofiber death leading to muscular dystrophy.
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Quantitation of hydroxylproline content as a measure of interstitial fibrosis in dnOrail TG, STIM1 TG and DTG quadriceps. (E) Analysis of serum CK levels in
the indicated mice. (F) Maximal amplitude of Ca®" influx with Ca>* re-addition following SR store depletion in fdb fibers isolated from dnOrail TG, STIM1 TG
and dnOrail —STIM1 DTG mice. (G) Calpain activity using a luciferase reporter-based assay (relative luciferase activity) in muscle lysates obtained from the indicated
genotypes. *P < 0.05 compared with dnOrail TG, “P < 0.05 compared with STIM1 TG and the number of animals or fdb fibers analyzed is shown in the bars.

Human mutations in the STIM gene have recently been iden-
tified (45). These mutations appear to enhance STIM1 protein
aggregation in myoblasts in culture and lead to greater Ca*"
entry. Individuals with these mutations develop a myopathy
that results in lower limb weakness, contractures and elevated
serum CK levels (45). At the histological level, muscle biopsies
from these patients showed tubular aggregation and fiber size ir-
regularities (45). Thus, while STIM1 transgenic mice and
enhanced SOCE lead to muscle pathology with many features
of muscular dystrophy, it also could be partially classified as a
myopathy, although we did not observe tubular aggregates in
our mice (the human mutations in STIMI lie within the Ca**
binding EF hands). However, the consistent finding between
our mouse model and humans with ST/M1 mutations appears
to be that increased SOCE is pathologic and leads to muscle dys-
function and wasting. Finally, the observations in the mouse,

such as the ability of dnOrail to mitigate muscle pathology in
mdx and Sgcd '~ animals, suggest that agents designed to
inhibit Orail —STIMI1 activity might reg)resent a novel thera-
peutic strategy to reduce pathologic Ca®" influx and myofiber
necrosis in muscular dystrophy or myopathy, as well as poten-
tially treating these identified STIM1 mutant patients.

MATERIALS AND METHODS

Ethics statement

All animal procedures and usages were approved by the Institu-
tional Animal Care and Use Committee of the Cincinnati Chil-
dren’s Hospital Medical Center, protocol 2E11104. No human
subjects, tissue, or cells were used.
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Figure 5. dnOrail mitigates muscular dystrophy in two mouse models of this disease. (A) Western blot and (B) quantification of STIM1 expression from wild-type
(W), mdx and Sged ™'~ quadriceps. A long and short protein isoform of STIM1 can be seen, as previously published (46). (C) H&E-stained histological sections of
diaphragm and quadriceps from mdx and mdx dnOrail TG mice at 6 weeks of age. Magnification is x 200. (D) Quantitation of percentage of myofibers with centrally
localized nuclei in the diaphragm (Dia, three sections were analyzed/muscle), quadriceps (Quad, five sections were analyzed/muscle) and soleus (Sol, two sections
were analyzed/muscle) of mdx and mdx dnOrail TG mice at 6 weeks of age. (E) Hydroxyproline content assessed in the quadriceps muscle of mdx and mdx dnOrail TG
as a measure of fibrosis. (F) Quantitation of serum CK in mdx and mdx dnOrail TG mice. (G) Time to running exhaustion on a treadmill for mdx, mdx dnOrail TG and
Wt mice. (H) Average maximal amplitude of Ca®* influx following SR store depletion in fdb fibers isolated from mdx and mdx dnOrail TG mice. () Quantification of
the average isometric force produced in mdx and mdx dnOrail TG TA muscle. *P < 0.05 compared with mdx (n = 5). (J) Quantification of the loss of isometric force
over a series of five isometric contractions. *P < 0.05 compared with mdx (n = 5). (K) Quantitation of percentage of myofibers with centrally localized nuclei in the
diaphragm, quadriceps and soleus of Sged ™’ and Sged '~ dnOrail TG mice at 6 weeks of age. (L) Quantitation of serum CK in Sged ™ and Sged ™/~ dnOrail TG
mice. (M) Time to running exhaustion on a treadmill in Sgcd ™~ and Sged’~ dnOrail TG mice. (N) Amplitude of Ca>* influx following SR store depletion in pho-
tometry experiments conducted in acutely isolated fdb fibers from Sged ™'~ and Sged ™/~ dnOrail TG mice. *P < 0.05 compared with mdx/Sged '~ mice and the
number of animals or fdb fibers analyzed is shown in the bars of each figure panel.

Animals Mitochondrial isolation for swelling/shrinking analysis

The human STIM1 cDNA encoding the shorter spliced form (46) Mitochondria ~were iso.lated from. hind limb muscles . of
was cloned into amodified human skeletal a-actin promoter (47) 6-week-old mice as previously described (50). Light scattering

to create the skeletal muscle-specific TG mice (FVB/N strain). Was measured using 250 p.g of mitochondria suspended in
Sged '~ mice and line 5 dnOrail TG mice with medium expres- | Ml of buffer followed by addition of 200 pm CaCl, or 50%
sion have been described before (27,48). To generate the PEG (wt/vol) to 1ndyce mitochondrial swelling or shrinking, re-
STIM-dnOrail DTG mice, STIM1 TG mice were mated with spectively. Change.m absorbance at 540 nm was recorded every
C57BL/6 dnOrail TG mice and mixed background non- 10 forupto 10 min.

transgenic, single transgenic and DTG littermates were studied
from the same litters. To generate the STIM1 TG-mdx mice,

mdx females were mated with male dnOrail TG mice, and first-
generation males with or without the STIM1 TG were analyzed.
To generate the dnOrail TG-Sged /™ mice, Sged '~ females
were mated with dnOrail TG males and siblings from these
litters were subsequently mated, and the third generation was
analyzed. Comparisons were always made between littermates
with a similar mixed background. NFAT-transgenic reporter
mice were previously described (49).

Mitochondrial respiration

Mitochondrial oxygen consumption was measured in isolated
muscle mitochondria using an XF24 Analyzer (Seahorse Bios-
ciences). Briefly, mitochondria (2 pwg/well) were seeded in
XF24 culture plates and respiration was measured in MAS-1
buffer (220 mm mannitol, 70 mm sucrose, 10 mm KH,POy,
5 mm MgCl,, 2 mm HEPES, 1 mm EGTA, 0.2% fatty acid free
bovine serum albumin, pH 7.4) supplemented with 10 mm
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succinate and 2 M rotenone. State 3 respiration was initiated
with the addition of 4 mm ADP and mitochondrial oxygen con-
sumption was subsequently inhibited with 4 pm antimycin
A. Therate of baseline state 3 respiration was determined by sub-
tracting the oxygen consumption in the presence of antimycin A
from the rate with ADP.

Analysis of mitochondrial Ca®>* content

Muscle mitochondria were isolated and suspended in buffer con-
taining 120 mm KCl, 10 mm Tris pH7.4 and 5 mm KH,PO,. Mito-
chondria were solubilized by freeze thawing followed by
sonication and the lysate was subsequently cleared by centrifu-
gation (20 000g for 10 min). The Ca®" concentration in the
cleared lysate was determined spectrophotometrically using
the Calcium Detection Kit (Abcam).

Antibodies

STIM1 was detected using rabbit polyclonal antibody (1:2500,
Millipore). Orail was detected using a rabbit polyclonal anti-
body (1:100, Abcam). STIM2 was detected using a rabbit poly-
clonal antibody (1:300, ProSci). The HA-tagged dnOrail
construct was detected using an HA mouse monoclonal antibody
(1:500, Santa Cruz). Anti-a-actinin mouse monoclonal was used
as a control in some experiments (Sigma, 1:500), as was a mouse
monoclonal anti-GAPDH antibody (Fitzgerald, 1:10 000). Mito-
chondrial inner membrane proteins were detected using Mito-
Profile total OXPHOS rodent western blot antibody cocktail
(Abcam). VDAC antibody was also used (Abcam, recognizes
VDACI).

Immunocytochemistry

Muscle fdb fibers were isolated and plated in laminin coated
cover slips and fixed with 4% paraformaldehyde for 20 min.
Cover slips were rinsed in phosphate buffered saline and
blocked with goat serum and NP40%. Attached fibers were incu-
bated with RyR1 (Abcam) and STIM1 (Millipore) antibody
overnight and labeled with appropriate secondary antibody the
following day. Transmission electron microscopy was used to
assess muscle ultrastructure morphology as previously
described (51).

Hydroxyproline content analysis and calpain activity

Mice were sacrificed and quadriceps surgically removed and
flash frozen. Tissue was then processed for hydroxyproline
content quantitation as described previously (52). Tissue
calpain activity was measured with the Calpain Glo Assay kit
from Promega.

Ca’" measurements

Assessment of Ca>™ handling and levels in the fdb myofibers was
performed as described previously (3,6). For SOCE experi-
ments, fibers were isolated as above and incubated in CMF
Ringers with 30 pum CPA (SERCA inhibitor) and 100 pMm
EDTA for45 min. Fibers were rinsed with CMF/CPA/EDTA so-
lution and the Fura 2-AM excitation ratio (340/380 nm) was
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recorded. Following 3 min of CMF/CPA/EDTA perfusion, the
fibers were perfused with 1 or 2 mm Ca”*-containing Ringers
for a maximum of 5 min. Baseline to peak Ca®" influx was
taken as SOCE. To determine the extent of store depletion, a
10 mu caffeine bolus was perfused before the Ca”"-containing
Ringers was applied.

Involuntary running

The protocol for involuntary running was previously described
(6). Briefly, 3-month-old mice were subjected to involuntary
treadmill running (Omni-Pacer LC4/M; Columbus Instruments
International) for 50 min or until exhaustion. The mice were
given a 10 min acclimatization period at a speed of 6 m/min
with the shock grid off and then the shock grid was activated
and the speed was progressively increased by 2 m/min every
3 min until a maximum speed of 18 m/min was attained. The cri-
terion for exhaustion was remaining on the shock grid for more
than five consecutive seconds.

In situ isometric muscle force measurements

Mice were anesthetized with an intraperitoneal injection of a
ketamine cocktail and maintained on isoflurane throughout the
experiment. The distal tendon of the TA muscle was exposed
and 4-0 nylon suture was tied at the muscle—tendon interface.
The knee and foot of the mouse was secured to a platform and
the tendon was mounted to a servomotor (Aurora Scientific).
The TA muscle was stimulated using two intramuscular electro-
des placed on either side of the peroneal nerve at 200 Hz. Stimu-
lation voltages and optimal muscle length were adjusted to
produce maximum isometric twitch force. A series of five con-
secutive tetanic isometric contractions were performed with a
2 min rest period between each contraction. Specific force was
measured by dividing the active force by the muscle’s physio-
logic cross-sectional area and the percent drop in force was deter-
mined by taking the difference in force between contractions
1 and 5.

Statistics

All results are presented as mean SEM. P-values <0.05 were
considered significant and all assessment of significance was
performed with a Student’s #-test.
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Supplementary Material is available at HMG online.
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