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Unregulated Ca*>* entry is thought to underlie muscular dystrophy. Here, we generated skeletal-muscle-specific transgenic (TG)
mice expressing the Na*-Ca”>* exchanger 1 (NCX1) to model its identified augmentation during muscular dystrophy. The NCX1
transgene induced dystrophy-like disease in all hind-limb musculature, as well as exacerbated the muscle disease phenotypes in
8-sarcoglycan (Sgcd™'~), Dysf '™, and mdx mouse models of muscular dystrophy. Antithetically, muscle-specific deletion of the
Slc8al (NCX1) gene diminished hind-limb pathology in Sgcd '~ mice. Measured increases in baseline Na* and Ca®" in dystro-
phic muscle fibers of the hind-limb musculature predicts a net Ca*>* influx state due to reverse-mode operation of NCX1, which
mediates disease. However, the opposite effect is observed in the diaphragm, where NCX1 overexpression mildly protects from
dystrophic disease through a predicted enhancement in forward-mode NCX1 operation that reduces Ca>* levels. Indeed,
Atpla2*'~ (encoding Na*-K* ATPase a2) mice, which have reduced Na™ clearance rates that would favor NCX1 reverse-mode
operation, showed exacerbated disease in the hind limbs of NCX1 TG mice, similar to treatment with the Na*-K* ATPase inhib-
itor digoxin. Treatment of Sgcd '~ mice with ranolazine, a broadly acting Na™ channel inhibitor that should increase NCX1 for-

ward-mode operation, reduced muscular pathology.

Muscular dystrophy (MD) is characterized by myofiber de-
generation that results in muscle loss, functional impair-
ment, and eventually death. MD is generally caused by genetic
mutations in genes encoding proteins that are either part of the
membrane-stabilizing dystrophin-glycoprotein complex (DGC)
or otherwise impact some aspect of sarcolemmal integrity and
membrane channel activity (1). Such alterations cause enhanced
Ca*" entry through microtears or Ca®" channels/exchangers (2).
Downstream consequences of increased Ca*>" entry include al-
tered signaling, calpain activation leading to unregulated intracel-
lular protein degradation, and induction of necrosis through
opening of the mitochondrial permeability transition pore with
mitochondrial rupture (3, 4). However, the hypothesis that Ca**
elevations directly induce myofiber necrosis and lead to MD is
controversial (2). While some groups have indeed reported global
or even subsarcolemmal increases in Ca®" in dystrophic myofi-
bers (5-10), such measurements are often technically difficult,
which may be the reason why other studies have not observed a
significant increase (11-13). Recent studies in transgenic (TG)
mice have supported the Ca>* hypothesis of disease. For example,
overexpression of dominant-negative transient receptor potential
canonical 6 (dnTRPC6) or dnTRPV2 was sufficient to abrogate
the dystrophic phenotype in mice by inhibiting a type of store-
operated Ca>* entry that characterizes these channels (14, 15).
TRPC3 overexpression in skeletal muscle, which dramatically en-
hanced Ca** entry, was sufficient to induce MD in mice (14).
Finally, overexpression of the sarcoplasmic reticulum (SR) Ca**
ATPase 1 (SERCA1) in skeletal muscle, which increases the rate of
Ca®" clearance back into the SR, abrogated many pathological
indexes of MD in mice (16).

In addition to Ca®*, Na™ is also presumed to enter the dystro-
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phic muscle fiber through microtears and channels. Impor-
tantly, cytosolic Na™ levels appear to be elevated in myofibers
from the mdx mouse, a model of Duchenne MD (7, 17-20).
Indeed, recent evidence suggests that intracellular Na* levels
are also elevated in Duchenne MD patients (21, 22). Increased
intracellular Na™ could potentially impact dystrophic pathol-
ogy through cellular edema or reversal of Na*-Ca®" exchange,
thereby secondarily leading to even greater Ca®" entry or less
clearance (20, 22).

As Ca™" levels rise with contraction, some of the Ca®" is re-
moved during relaxation by the Na™-Ca®" exchanger (NCX),
whereby the Na™ gradient generated by the Na™-K™ ATPase
(NKA) is used to promote Ca*>* efflux. While the exchanger typ-
ically functions in forward mode to clear Ca>* from the intracel-
lular milieu, reverse mode is also possible, leading to Ca>* entry in
exchange for Na* (23). The direction of exchange is determined
by the Na™ gradient, the Ca** gradient, and the membrane po-
tential. Forward-mode exchange (net Ca®>* removal) is favored by
low intracellular Na™, high intracellular Ca**, and a hyperpolar-
ized membrane potential. Reverse mode is favored by high intra-
cellular Na™, low intracellular Ca**, and a more depolarized
membrane potential. The predominant direction or impact of
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Na®-Ca** exchange in adult muscle pathology is not currently
known, nor is the role of Ca®" entry or efflux by this system un-
derstood in MD.

Previous studies with NCX isoforms in skeletal muscle suggest
that NCX1 is expressed at high levels early in rat embryonic devel-
opment and postnatal maturation but is gradually downregulated
as NCX3 becomes more highly expressed, when it becomes the
primary adult isoform (24). Genetic deletion of the gene encoding
NCX3 protein caused myofiber and nerve degeneration due to
defects at the neuromuscular junction (25). Studies of NCX func-
tion in human myotubes from Duchenne MD patients showed
enhancement of reverse-mode Na™-Ca** exchange activity (26).
This was also observed in myotubes from dystrophic mice; how-
ever, adult muscle fibers failed to show significant reverse-mode
activity (25, 27, 28). Thus, the role of Na*-Ca®" exchange in MD
remains uncertain.

MATERIALS AND METHODS

Animals. Skeletal-muscle-specific expression of NCX1 was driven by a
modified human skeletal a-actin promoter with a slow troponin en-
hancer, as described previously (29). A canine NCX1 ¢cDNA was used for
overexpression because it is allosterically activated by Ca** (unlike mouse
NCX1 ¢cDNA), similar to the human protein (30, 31). High and low trans-
genic lines (FVB/N background) were chosen for subsequent analysis,
each of which showed skeletal-muscle-specific expression. Sgcd '~ mice
on the C57BL/6 background were a gift from Elizabeth McNally (Uni-
versity of Chicago). mdx mice on a C57BL/10 background and Dysf '~
mice (A/] background) were obtained from the Jackson Laboratory
(Bar Harbor, ME). Atpla2 heterozygous mice were described previ-
ously, as were the Slc8al loxP-targeted mice (32, 33). Finally, mice
containing the Cre recombinase cDNA within the myosin light chain 1
(MicI gene) locus in the C57BL/6 background were described previ-
ously (34). Experiments involving animals were approved by the In-
stitutional Animal Care and Use Committee of the Cincinnati Chil-
dren’s Hospital Medical Center.

Western blotting. Muscles were homogenized in modified RIPA buf-
fer (150 mM NaCl, 50 mM Tris, pH 7.4, 1% Triton X-100, 0.5% Na
deoxycholate, 0.1% SDS, 5 mM EDTA, 2 mM EGTA, 1 mM dithiothreitol
[DTT], and 1X Roche Complete protease inhibitor). Extracts were
cleared by centrifugation at 14,000 X g for 10 min, and 5 to 30 pg of
protein was separated on 10% SDS-polyacrylamide gels. The gels were
transferred to polyvinylidene difluoride (PVDF) membranes and blocked
with 5% milk for 1 h. The blots were incubated overnight at 4°C with the
following antibodies: anti-NCX1 mouse monoclonal at 1:1,000 (Swant,
Marly, Switzerland; R3F1), anti-NKA mouse monoclonal at 1:1,000 (De-
velopmental Hybridoma Database, Iowa City, IA; a5), anti-NKAal
mouse monoclonal at 1:1,000 (Developmental Hybridoma Database,
Towa City, IA; a6f), anti-NKA«a2 rabbit polyclonal at 1:1,000 (Millipore,
Billerica, MA; AB9094), SERCA1 mouse monoclonal at 1:1,000 (Affinity
Bioreagents, Rockford, IL; MA3911), and dihydropyridine receptor
(DHPR) mouse monoclonal at 1:1,000 (Pierce, Rockford, IL; MA3912).
The blots were washed and incubated with the appropriate secondary
antibody conjugated to alkaline phosphatase at 1:2,500. The blots were
exposed using chemiluminescence detection reagent (GE Healthcare Bio-
sciences, Piscataway Township, NJ).

Reverse transcription (RT)-PCR. RNA was isolated using the RNeasy
Fibrous Tissue minikit from Qiagen (Valencia, CA) following the
manufacturer’s instructions. The RNA was reverse transcribed using
the SuperScript III First Strand synthesis kit from Life Technologies
(Carlsbad, CA). The cDNA was diluted 1:100, and 5 pl of solution was
used per reaction. The results were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA and quantified using the
27AACT phethod (35).
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Immunohistochemistry and immunocytochemistry. Whole mus-
cles were excised and fixed in 4% paraformaldehyde for 4 h at 4°C. Mus-
cles were then placed in phosphate-buffered saline (PBS) with 150 mM
sucrose buffer overnight for cryopreservation. Muscles were bisected, em-
bedded in optimal cutting temperature compound (O.C.T.; VWR, Ar-
lington Heights, IL), and rapidly frozen in liquid-nitrogen-cooled isopen-
tane. Seven-micrometer cryosections were cut on a cryomicrotome.
Isolated fibers were plated on laminin-coated glass bottom coverslips,
fixed for 15 min in 4% paraformaldehyde in PBS, and then washed for 5
min in PBS, permeabilized for 15 min in 0.1% Triton X-100 in PBS, and
blocked for 1 h with 5% goat serum in PBS. The sections were incubated
overnight at 4°C with primary antibody in PBS supplemented with 5%
goat serum. The following antibodies and dilutions were used: anti-
NKAa2 at 1:100 (Millipore, Billerica, MA; AB9094) and anti-NCX1
mouse monoclonal at 1:100 (Swant, Marly, Switzerland; R3F1). The sec-
tions were washed 3 times for 5 min each time in PBS and then blocked for
30 min with 5% goat serum in PBS. Secondary antibody was applied in
PBS with 5% goat serum for 1 h at room temperature. Goat anti-mouse
secondary antibody conjugated to tetramethyl rhodamine isocyanate
(TRITC) and goat anti-rabbit secondary antibody conjugated to fluores-
cein isothiocyanate (FITC) were used at a concentration of 1:400 (Molec-
ular Probes, Eugene, OR). The slides were washed 3 times with PBS for 5
min each time. DAPI (4',6-diamidino-2-phenylindole) stain was added
for 10 min in the second wash, followed by imaging on a Nikon A1 laser
scanning confocal microscope.

TUNEL staining. Terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) was accomplished according to
the manufacturer’s instructions as previously described (36). Tissue sec-
tions were incubated in a humidified chamber at 37°C with the TUNEL
reaction mixture from an in situ cell death detection kit (Roche, Indianap-
olis, IN).

Photometry experiments. The flexor digitorum brevis (FDB) muscle
was dissected from the footpad in Ringer’s solution (145 mM NaCl, 5 mM
KCl, 1 mM MgCl,, 2 mM CaCl,, and 10 mM HEPES, pH 7.4). The FDB
was then transferred to a solution containing 0.1% collagenase A for 1 h at
37°C. The dissected fibers were loaded with 5 wM Fura-2-AM (Life Tech-
nologies, Carlsbad, CA) in Ringer’s solution for 30 min and transferred to
a perfusion chamber. The fibers were excited at 340 nm and 380 nm, while
emission was detected at 510 nm through a Nikon Ti-U inverted micro-
scope equipped with a 40X Fluor objective leading to a photomultiplier
tube (Photon Technology International, Birmingham, NJ). Forward-
mode activity measurements were adapted from previous work (25, 28).
Baseline readings were acquired in Ca*>*- and Mg”* -free (CMF) Ringer’s
solution (151 mM NaCl, 5 mM KCl, 10 mM HEPES, pH 7.4) for 1 min.
The solution was then exchanged for CMF Ringer’s solution containing
30 pM cyclopiazonic acid (CPA) (Sigma-Aldrich, St. Louis, MO), 50 uM
N-benzyl-p-toluenesulfonamide (BTS) (Tocris, Bristol, United King-
dom), and 200 uM EGTA for 100 s. The solution was then exchanged
again to contain 750 wM 4-chloro-m-cresol (4-CMC) (Sigma-Aldrich, St.
Louis, MO) to elicit Ca®* efflux through the ryanodine receptor. Traces
were recorded for 15 min after treatment with 4-CMC. Stimulated tran-
sient experiments (0.2 Hz) were performed in Ringer’s solution contain-
ing 5 uM BTS.

Calpain activity experiments. Calpain activity experiments were per-
formed using the Calpain Glo protease assay (Promega, Madison, WI)
according to the manufacturer’s instructions. Samples were incubated for
5 min at 37°C, and luminescence was measured using the Synergy 2 plate
reader (BioTek, Winooski, VT).

Ca®*-selective microelectrodes. Double-barreled Ca? " -selective mi-
croelectrodes were prepared as described previously (37). The 1.51-mm
(outside diameter [0.d.]) barrel of the pulled microelectrode was back-
filled first with the neutral carrier ETH 129 (21193; Fluka-Sigma-Aldrich,
St. Louis, MO) and 24 h later with a solution containing calcium at 1077
M. Each Ca®" -selective microelectrode was individually calibrated as de-
scribed previously (38), and only those with a linear relationship between
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1072 and 10~ 7 M calcium-containing solutions were used. After making
measurements of intracellular Ca®* concentration ([Ca®"],), all elec-
trodes were recalibrated.

Na™*-selective microelectrodes. Double-barreled Na™-selective mi-
croelectrodes were made as previously described (39). The microelec-
trodes were calibrated 24 h later in solutions containing different [Na™]
and 1 mM MgCl,. The microelectrodes gave virtually Nernstian responses
atfree [Na™ ] between 100 and 10 mM. However, at between 10 and 1 mM
[Na™], the electrodes had a sub-Nernstian response (40 to 45 mV), but
their response was stable and of a sufficient amplitude to measure the
[Na*],. After making measurements of resting [Na™];, all electrodes were
recalibrated, and if the two calibration curves did not agree within 3 mV,
data from that microelectrode were discarded.

[Ca®*]; and [Na*], determination in mice in vivo. NCX1 TG and
wild-type (WT) mice were anesthetized (ketamine at 100 mg/kg of body
weight and xylazine at 5 mg/kg), intubated, and placed on a mouse ven-
tilator (Minivent 845; Hugo Sachs Elektronik, Germany). A small incision
was made in the skin over the gastrocnemius muscle, and the superficial
fibers were exposed and perfused with rodent Ringer’s solution (37°C).
The determination of [Ca®"]; or [Na™]; was carried out using ion-selec-
tive microelectrodes as described above.

Digoxin treatment. Nontransgenic (NTG) mice and NCX1 TG litter-
mates were randomized to a digoxin treatment group or a control group at
6 weeks of age. Digoxin was produced by Roxane Laboratories (Colum-
bus, OH) at a concentration of 50 mg/ml and obtained from the Cincin-
nati Children’s Hospital Pharmacy. For this study, digoxin was adminis-
tered in water by mixing the drug formulation with water in a 1:3 ratio.
The treatment was continued for 8 weeks, and levels in plasma were ob-
tained at sacrifice and determined to be 2 ng/ml on average.

Ranolazine treatment. Ranolazine was given at 2 mg and ketocona-
zole at 0.18 mg per gram of food formulation (40). Ketoconazole was
included as a p450 inhibitor to decrease the metabolism of ranolazine and
increase its levels in plasma. Based on food consumption, mice were dosed
with ~320 mg/kg/day of ranolazine (Gilead, Foster City, CA) and ~28.8
mg/kg/day of ketoconazole (Teva Pharmaceuticals, Petach Tikva, Israel).
Mice in the control arm of the study received ~28.8 mg/kg/day of keto-
conazole. The mouse food was formulated by Research Diets (New Bruns-
wick, NJ).

Statistics. All results are means = standard errors of the mean (SEM).
Statistical analysis was performed with unpaired 2-tailed ¢ tests (for 2
groups) and 1-way analysis of variance (ANOVA) with Bonferroni cor-
rection (for groups of 3 or more). P values of <0.05 were considered
significant.

RESULTS

NCX1 expression is increased in dystrophic skeletal muscle. Iso-
form switching occurs in many different contractile and Ca®"-
handling genes during development to augment muscle function
as the organism matures (41). With injury to heart or skeletal
muscle, there is a reversion to a fetal-like gene program in the
expression of contractile and Ca**-handling gene isoforms (42,
43). NCX1 is highly expressed in developing skeletal muscle (24),
where it is maintained during the first few weeks of life in rats,
but is thereafter strongly downregulated in early adulthood,
which we also observed in the mouse (Fig. 1A). However,
NCXI1 protein expression is maintained during juvenile devel-
opment through 6 weeks of age, and even into adulthood in
dystrophic skeletal muscle from Sgcd '~ mice, which is a
mouse model of MD due to loss of the membrane-spanning
d-sarcoglycan protein (Fig. 1A). Immunofluorescence staining
of histological sections from skeletal muscle of 3-month-old
mice showed very low levels of membrane-localized NCX1
protein in WT mice but noticeably higher levels in Sged /'~
muscles (Fig. 1B). We also observed upregulation of NCX1
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FIG 1 Generation of transgenic mice with skeletal-muscle-specific NCX1
overexpression. (A) Western blotting for endogenous NCX1 expression at
different ages in quadriceps muscles of WT and Sgcd ™/~ mice. GAPDH is a
loading control. (B) Histological immunofluorescence images (X200 magni-
fication) of NCXI1 expression (red) and DAPI (blue) from quadriceps of
Sged™'~ and WT mice at 3 months of age. (C) Western blotting for endoge-
nous NCX1 during a time course of regeneration at 3, 7, and 14 days (d) after
cardiotoxin (CTX) injection into skeletal muscle. (D) Schematic of the human
skeletal a-actin (HSA) promoter upstream of the canine NCX1 ¢cDNA used to
make TG mice. (E) Western blotting in quadriceps (Quad.) and diaphragm
(Diaph.) of NCX1 TG and NTG mice at 8 weeks of age for NCX1, SERCA1, and
NKA (Pan). The asterisks indicate differences between the quadriceps and
diaphragm in baseline SERCA1 and NKA expression. (F) Immunofluores-
cence image (X200 magnification) of NCX1 (red) versus membranes stained
with wheat germ agglutinin (WGA, green stained)) from histological sections
of quadriceps muscle from NTG and NCX1 TG mice. (G) Immunocytochem-
ical staining (X600 magnification) of NCX1 (red) and NKAa2 (green) in
isolated myofibers from NCX1 TG and NTG mice.

after cardiotoxin injury of adult WT skeletal muscle, where
new fibers are generated similarly to MD (Fig. 1C).

Generation of mice with increased skeletal-muscle-specific
expression of NCX1. To determine the effect of sustained expres-
sion of NCX1 in MD, we generated skeletal-muscle-specific trans-
genic mice expressing the canine NCX1 ¢cDNA (30, 44, 45) under
the control of the human skeletal a-actin promoter (Fig. 1D).
NCXI1 overexpression was confirmed in the diaphragm and quad-
riceps by Western blotting from adult transgenic mice, and proper
plasma membrane localization was shown by immunofluores-
cence (Fig. 1E and F). NCX1 expression was increased 4.4-fold
over WT in the transgenic mice versus 3.3-fold-increased en-
dogenous expression in injured WT muscle and 2.3-fold-in-
creased expression in muscle from Sgcd /™ mice at 6 weeks of
age. Overexpressed NCX1 protein due to the transgene was
shown to properly localize to the t-tubules and endplate, sim-
ilar to NKAa2 (Fig. 1G).

We next measured Na*-Ca*" exchange activity in isolated
FDB muscle fibers from NCX1 TG and WT littermates, as previ-
ously described (Fig. 2A) (25, 28). Ca>* was measured using the
ratiometric Ca**-sensitive dye Fura-2, where baseline measure-
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FIG 2 NCX1 overexpression increases Na* -Ca®" exchange. (A) Representative Fura-2 Ca”>* traces of forward-mode activity in WT and NCX1 TG (gray and red
traces) and mdx and mdx NCX1 (green and blue traces) FDB muscle fibers at 2 to 4 months of age. The arrows indicate buffer changes. (B) SR Ca>* store
calculated from peak heights of 4-CMC Ca** transient in WT, NCX1 TG, mdx, and mdx NCX1 TG mice. (C) Time for 1/2 of the Fura-2 signal decay of the
4-CMC-induced Ca*" transient during the forward-mode Na*-Ca®" exchange experiment. *, P < 0.0001 versus WT. (D) Peak height of an electrically
stimulated (paced) Ca®" transient in Ringer’s solution with 5 uM BTS using the Ca**-sensitive dye Fura-2. *, P < 0.001 versus WT. (E) Time constant (Tau) fit
to electrically stimulated transients for WT, NCX1 TG, mdx, and mdx NCX1 TG. (F) Amplitude of the repolarization of the membrane (afterhyperpolarization)
of the action potential recorded in WT, NCX1 TG, mdx, and mdx NCX1 TG EDL muscle. *, P < 0.05 versus WT. The error bars indicate SEM. Numbers in the

bars represent the number of fibers analyzed.

ments were first obtained for 30 s in CMF. This solution was then
exchanged for CMF containing 30 wM CPA to inhibit SERCA
function and 50 wM BTS to block contraction for 100 s. The so-
lution was then replaced with one containing 30 wM CPA and 750
UM 4-CMC, a ryanodine receptor agonist that elicits Ca>" release
from the SR, which was similar between the groups (Fig. 2B).
Because SERCA is also inhibited, the decay of the Ca’" transient
(the pulse of intracellular calcium that mediates contraction) rep-
resents Ca>* membrane efflux from the fibers, which is signifi-
cantly faster in fibers from NCXI transgenic mice or dystrophic
fibers from mdx mice that also contain the NCX1 transgene (Fig.
2C). Thus, the transgenic mice express functional NCX1 that
greatly increases Na*-Ca** exchange activity within muscle fi-
bers.

We also examined the effect of greater NCX1 activity on
excitation contraction-coupling, which showed a significant
increase in the amplitude of the electrically evoked Ca** tran-
sient in NCX1 TG mice (Fig. 2D); however, no change in the
decay of the Ca”>" transient was observed (Fig. 2E). Interest-
ingly, NCX1 overexpression had a similar effect on the tran-
sient amplitude in both the WT and mdx backgrounds. The
increased store size suggested that NCX1 could be functioning
to facilitate greater Ca®" entry in the transgenic mice (see be-
low). The observed alterations in Ca®" handling due to NCX1
overexpression did not result from compensatory changes in
SERCA1 or NKA levels in either the quadriceps or diaphragm
of TG mice compared with the WT (Fig. 1E).
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We also observed a significant alteration in the membrane volt-
age relationship of the action potential during repolarization
(Fig. 2F). Specifically, action potentials from NCX1 extensor digi-
torum longus (EDL) showed increased repolarization of the
membrane compared with WT fibers, although this relationship
was not further altered when crossed into the mdx-mouse back-
ground (Fig. 2F). These results are yet another indirect line of
evidence that increased Ca®" entry occurs in myofibers from
NCXI1 TG mice, given that its known electrogenic properties
would hyperpolarize the membrane when acting in reverse mode.
Indeed, dystrophic fibers from mice lacking laminin 2 displayed
membrane hyperpolarization due to presumed reverse-mode
NCX activity (46).

NCXI1 transgenic mice develop progressive muscle pathol-
ogy in their limbs. NCX1 overexpression induced aspects of a
dystrophic phenotype in the limb muscles, a phenotype that is
consistent with increased Ca®" entry. At 2 months of age, we ob-
served a pseudohypertrophic response in the quadriceps and gas-
trocnemius muscles of TG mice (Fig. 3A), which remained signif-
icantly increased in the gastrocnemius at 6 months of age (Fig.
3B). Pseudohypertrophy is due to the increased fibrosis and
inflammation that typifies MD, not increased muscle fiber size
or number. The increased inflammation and fibrosis due to
NCX1 TG was confirmed by histological analysis at 2, 6, and 15
months of age in NCX1 TG quadriceps (Fig. 3C). Quantitation
of histological pathology at 2 and 6 months of age revealed
significantly greater fibrosis and central nucleation of myofi-
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FIG 3 NCXI1 overexpression induces progressive skeletal-muscle pathology. (A and B) Muscle weight-to-tibia length (MW/TL) ratios measured at 2 and 6
months of age in the gastrocnemius (Gastr.) and quadriceps (Quad). *, P < 0.05 versus NTG. (C) Representative hematoxylin and eosin (H&E)-stained
histological sections from NCX1 TG and NTG mice at 2 (X200 magnification), 6 (Masson’s trichrome; X 100 magnification), and 15 (H&E; X40 magnification)
months of age. (D and E) Results of hydroxyproline assay to measure collagen contents of quadriceps from NTG and NCX1 TG mice at 2 and 6 months of age.
*, P < 0.05 versus NTG mice. (F and G) Percentages of fibers with centrally localized nuclei at 2 and 6 months of age in NCX1 TG and NTG histological sections
from the indicated muscles. *, P < 0.05 versus NTG mice. (H) Percentages of fibers with centrally localized fibers in 6-month-old FDB muscles from NTG and
NCXI1 TG skeletal muscle. *, P < 0.05 versus NTG mice. (I) Calpain activity measured by luciferase assay at 3 months of age in the indicated muscles from NTG

and NCX1 TG mice. *, P < 0.05 versus NTG mice. The error bars indicate SEM.

bers in TG mice compared with NTG mice (Fig. 3D to H). An
increase in calpain activity was also observed in NCX1 TG
mice, suggesting that necrotic pathways are activated due to
greater Ca>" levels (Fig. 3I). These results show that NCX1
overexpression is sufficient to induce skeletal-muscle pathol-
ogy that is reminiscent of MD.

NCX1 overexpression exacerbates mouse models of MD. The
NCX1 protein is reexpressed in dystrophic muscle of Sged '~
mice well into adulthood (Fig. 1A), although it was uncertain if
this was protective or deleterious in the disease process. To ad-
dress this issue, we first crossed NCX1 TG mice into the Sged '~
background. The results showed a much more prominent MD, so
that by 6 months of age muscle weights were significantly lower
than in Sgcd '~ or NTG mice due to extreme necrosis of the myo-
fibers (Fig. 4A versus Fig. 3B). NCX1 TG Sged '~ mice also
showed a progressive fibrotic effect that was most prominent at 6
months compared with 6 weeks, likely because endogenous NCX1
is already expressed during the neonatal period (Fig. 4B). Fatty
replacement was also greater in NCX1 TG Sged '~ mice at 6
months compared with Sged ™'~ -only mice and, along with the
accumulation of fibrosis, was clearly visible in representative his-
tological sections from the quadriceps (Fig. 4Cand E). TUNEL, an
assay that suggests myofiber death, was significantly increased
in muscle from Sged '~ mice by the presence of the NCX1
transgene at 6 weeks (Fig. 4D). The NCX1 transgene also sig-
nificantly hastened the demise of Sgcd '~ mice, which appears
to be due to extreme loss and failure of the musculature as the
mice age (Fig. 4F).

We also crossed the NCX1 TG mice to the Dysf '~ and mdx
mouse models of MD. Dysf '/~ mice are a model of dysferlinopa-
thy associated with defective membrane repair (47). mdx mice
lack the protein dystrophin, which biochemically models Duch-
enne MD, leading to an unstable membrane and dysregulation of
Ca" (48, 49). We observed that pathological features of the limb
musculature of Dysf '~ mice became dramatically more pro-
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nounced in the presence of the NCX1 transgene at 6 months of age
(Fig. 5A). Dysf '~ mice with the NCX1 transgene showed signif-
icantly greater loss of quadriceps and gastrocnemius mass at 6
months of age than did WT, NCX1 TG, or Dysf '~ -only mice (Fig.
5B), as well as dramatically elevated serum creatine kinase (CK)
levels, suggesting higher ongoing rates of muscle breakdown (Fig.
5C). Indeed, rates of myofiber central nucleation were signifi-
cantly higher in Dysf '~ mice containing the NCXI transgene
(Fig. 5D). NCX1 TG mice crossed into the mdx background also
showed greater myofiber central nucleation and fibrosis in the
gastrocnemius and quadriceps than mdx or NCX1 TG-only mice
at 2 months of age (Fig. 5E and F). These data show that the effect
of NCX1 overexpression is conserved across three distinct dystro-
phic-mouse models.

Deletion of NCXI1 reduces the dystrophic phenotype. The
Slc8al (NCX1) gene was deleted specifically in skeletal muscle by
crossing Slc8al-loxP-targeted (fI/fl) mice into the Sgcd '~ genetic
background with the MLC-Cre line (the heart is spared). We con-
firmed deletion of Slc8al in skeletal muscle by real-time PCR,
which showed a 90% reduction of mRNA expression while
SERCAL levels were unchanged (Fig. 6A). Deletion of Slc8al spe-
cifically in skeletal muscle of Sgcd /~ mice led to significantly less
histopathology at 6 weeks of age, including decreased central nu-
cleation and fibrosis in both the quadriceps and the gastrocnemius
(Fig. 6B to D). However, at 6 months of age, the protective effect of
Slc8al deletion was lost (Fig. 6E and F). This is probably due to the
fact that endogenous NCX1 is expressed only during the neonatal
period and is gradually lost by young adulthood. Even in dystro-
phic mice, NCX1 expression decreases with age, making its dele-
tion less relevant at later time points. However, the prominent
protection observed in 6-week-old Sged '~ mice with Slc8al de-
letion suggests that early expression of NCX1 in the limb muscu-
lature contributes to MD disease.

Intracellular elevations in Na* exacerbate NCX1-mediated
pathology. The Na™ gradient is a key determinant of net Ca**

mcb.asm.org 1995


http://mcb.asm.org

Burr et al.

B
4 *
[0}
=
33
s
< 2
2
31
6 weeks 6 months
c" 6 25
£5 o *#
~ @20
o 4 ]
§ 3 +d 1.5 %
22 z10
3 5
2 ~ 0.5 *
<y 0+ y
WT  NCX1TG Sgcd”  Sgcd”
6 months NCX1TG
E 40X (H&E
Sgcd”
p=0.0107
Sgcad” . . . )
NCX1TG 100 200 300 400

Time (days)

FIG 4 NCX1 overexpression exacerbates hind-limb pathology in Sgcd ™/~
mice. (A) MW/TL ratios measured in Sgcd '~ and Sgcd '~ NCX1 TG mice at
6 months of age. TA, tibialis anterior; Dia., diaphragm. *, P < 0.05 versus
Sged™’~ mice. (B) Hydroxyproline content of collagen in quadriceps of
Sged™'~ and Sged ™/~ NCX1 TG mice measured at 6 weeks and 6 months of
age. *, P < 0.05 versus Sgcd '~ mice. (C) Histological measurements of areas
replaced by adipose tissue in quadriceps muscles of Sged’~ and Sgcd '~
NCX1 TG mice at 6 months of age. *, P < 0.05 versus Sged ’~ mice. (D)
Quantification of TUNEL-positive muscle fibers between WT, NCX1 TG,
Sged™’~, and Sged™’~ NCX1 TG mice at 6 weeks of age in histological
sections from quadriceps. ¥, P < 0.05 versus WT mice; #, P < 0.05 versus
Sged ™'~ mice. (E) Representative H&E and Masson’s trichrome (Tri) im-
ages of quadriceps muscles from Sged ™/~ and Sged '~ NCX1 TG mice at 6
months of age. (F) Survival plot of Sged ™/~ and Sged ™/~ NCX1 TG mice.
The error bars indicate SEM.

influx or efflux by NCX1, which is directly regulated by the NKA
pump. Hence, we reasoned that genetic reduction of the NKAa2
gene product using targeted mice should slightly elevate Na™,
leading to even greater reverse-mode Ca”™ entry from NCX1. Ac-
cordingly, we crossed NKAa2-heterozygous (Atpla2™'™) mice
into the NCX1 TG background. The gene for the a2 isoform of
NKA is the predominant gene expressed in skeletal muscle (50),
and it is tightly coupled to NCX activity (51). We observed that
NCX1 TG Atpla2*'™ mice had increased central nucleation and
increased serum CK levels compared with NCX1 TG mice, as well
as more obvious histopathology at 3 months of age (Fig. 7A to C).
Moreover, treatment of mice with the NKA inhibitor digoxin,
which is known to elevate Na ™ levels, also significantly exacer-
bated dystrophic pathology in hind-limb muscle from NCX1
TG mice (Fig. 7D and E). These results further support the
hypothesis that the adverse effects of NCX1 expression occur
through enhanced Ca®" entry due to reverse-mode activity of
the exchanger.

Transgenic NCX1 expression reduces pathology in the dia-
phragm due to MD. The diaphragm is specialized to contract
rhythmically and hence has more features in common with the
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heart than with the limb musculature (52-55). In the heart, NCX1
is known to operate predominantly in forward mode to remove
Ca®™ after each contractile cycle, which we suspected could also be
the case in the diaphragm. Indeed, the diaphragm has higher levels
of NKA protein and lower SERCA1 expression than the quadri-
ceps, suggesting that the diaphragm is more specialized for sar-
colemmal Ca>* handling (Fig. 1E). Consistent with these obser-
vations, NCX1 overexpression in the diaphragm did not lead to
pathology, and it actually protected Sged /™ mice from dystrophic
changes at 6 weeks and 6 months of age (Fig. 8A). Quantitation of
central nucleation and fibrosis showed significantly lower levels
due to the NCX1 transgene in the Sged ™'~ background (Fig. 8B
and C), and there were no longer fibers with Ca** deposits due to
Ca”>* overload, as assessed histologically with von Kossa staining
(Fig. 8D). Rates of myofiber death assessed by TUNEL were also
decreased by the NCX1 transgene mice in the Sgcd '~ background
(Fig. 8E). These results provide evidence that NCX1 functions in
forward mode in the diaphragm to remove Ca*™.

The diaphragm expresses substantially less NCX1 protein from
the transgene than the limb musculature; hence, we were con-
cerned that the rescue observed in this muscle was only a reflection
of lower levels of NCX1 overexpression. To determine if this
was indeed the case, we generated and crossed a much lower-
expressing NCX1 transgenic line with Sgcd '~ mice. Here, as in
the high-expressing line utilized throughout, lower levels of
NCX1 overexpression still rescued the diaphragm at the 6-week
time point but either had no protective effect or continued to
exacerbate the hind-limb phenotype (Fig. 8F and G). Thus,
even a smaller increase in NCX1 overexpression in the periph-
eral musculature is maladaptive toward MD and still protective
in the diaphragm.

The diaphragm of the mdx mouse displays substantial pathol-
ogy that is highly reminiscent of Duchenne MD (56). To extend
the clinical relevance of the partial rescue that was observed in the
diaphragms of Sged ’~ mice with the NCX1 transgene, we exam-
ined the diaphragms of mdx and mdx NCX1 TG mice at 6 months
of age. Examination of muscle weights, as an indication of inflam-
mation and pseudohypertrophy disease, showed that the NCX1
transgene increased disease in the gastrocnemius and quadriceps,
but it had the opposite effect in the diaphragm and was protective
(Fig. 9A). Gross histological analysis also showed dramatic pro-
tection in the diaphragms of mdx mice carrying the NCX1 trans-
gene (Fig. 9B), and quantitation of this effect revealed significantly
fewer centrally localized nuclei and less fibrosis at 6 months of age
than with mdx alone (Fig. 9C and D). The diaphragm showed
increased expression of both NKAal and NKAa2 isoforms
(which tends to lower Na™ to maintain forward-mode NCX1 op-
eration) and decreased SERCA expression compared with the
quadriceps (Fig. 9E). L-type Ca** channel levels were unchanged
(DHPR), which was used as a loading control.

The Na* channel inhibitor ranolazine decreases MD pathol-
ogy. NCX1 overexpression induced an increase in both resting
Na* and Ca*" in FDB myofibers compared with NTG (Fig. 10A
and B). While this increase in Ca®>* did not reach the level
observed in mdx mice, it was nearly double the resting Ca®*
level of NTG mice. With regard to Na* homeostasis, the NCX1
transgene elevated this ion to a level nearly equivalent to that
measured in myofibers from mdx and mdx NCX1 TG mice (Fig.
10B). Myofibers from mdx NCX1 TG mice were found to have
a small but significant increase in Na™ levels relative to mdx
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FIG 5 NCX1 overexpression exacerbates pathology in Dysf '~ and mdx mouse models. (A) Representative H&E-stained histological sections (X100
magnification) from gastrocnemius and quadriceps of Dysf~'~ and Dysf '~ NCX1 TG mice at 6 months of age. (B) MW/TL ratios of WT, NCX1 TG,
Dysf’~, and Dysf '~ NCX1 TG muscles at 6 months of age. *, P < 0.05 versus WT mice; #, P < 0.05 versus Dysf '~ mice. (C) Serum creatine kinase
measurements at 6 months of age in WT, NCX1 TG, Dysf'~, and Dysf'~ NCX1 TG mice. *, P < 0.05 versus WT mice; #, P < 0.05 versus Dysf '~ mice.
(D) Percentages of muscle fibers with centrally localized nuclei in WT, NCX1 TG, Dysf /~, and Dysf '~ NCX1 TG quadriceps and gastrocnemius
histological sections at 6 months of age. *, P < 0.05 versus WT mice; #, P < 0.05 versus Dysf '~ mice. (E) Percent centrally localized nuclei from
histological sections in WT, NCX1 TG, mdx, and mdx NCX1 TG mice at 2 months of age. *, P < 0.05 versus WT mice; #, P < 0.05 versus mdx mice. (F)
Percent fibrosis measured by Masson’s trichrome staining from histological sections at 2 months of age of the indicated muscles in mdx versus mdx NCX1

TG mice. *, P < 0.05 versus mdx mice. The error bars indicate SEM. Numbers in the bars represent the number of animals analyzed.

mice. Elevated Na™ levels poise a cell to utilize NCX1 as a Ca®*
entry mechanism (reverse mode), especially when the cell is
depolarized.

The profile of Na* and Ca®" alterations observed in hind-limb
myofibers from NCX1 TG and dystrophic mice suggested the ap-
plication of a pharmacologic agent, ranolazine. This drug is
known to reduce Na™ channel leak through Navl.4, as well as
other Na™ channels (57, 58). Ranolazine also antagonizes reverse-
mode Na*-Ca** exchange in cardiomyocytes through both direct
(59) and indirect (60, 61) means. Finally, ranolazine is known to
result in lower resting intracellular Na™ levels in cardiomyocytes
(62, 63). Hence, 4-week-old Sgcd_/ " mice were treated with rano-
lazine in their food at 320 mg/kg/day for 8 weeks (Fig. 10C). His-
tological examination of quadriceps muscles showed noticeably
less pathology with significantly less fibrosis and central nucle-
ation with ranolazine treatment, as well as fewer infiltrates and less
fiber size irregularity (Fig. 10D to F). These results not only sug-
gest a novel therapeutic option to consider in treating MD, they
also experimentally suggest that Na™ elevation and reverse-mode
NCXI1 contribute to disease.

DISCUSSION

Initial attempts to directly measure Ca®" levels in dystrophic
myofibers or myotubes led to equivocal results, with some obser-
vations supporting a general increase in total cytosolic Ca®>" or
subsarcolemmal Ca** (5-10) and others showing no difference
(11-13). These divergent accounts may reflect technical difficul-
ties associated with measuring Ca®>" in isolated fibers or myo-
tubes, not to mention the uncertain physiological significance of
such measurements in various ex vivo preparations or culture con-
ditions. Our direct assessment of Na* and Ca®" levels using mi-
croprobes showed a significant elevation of both ions in acutely
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isolated myofibers from mdx mice. As a second approach, we and
others have adopted a genetic strategy in mice. For example, we
showed that overexpression of TRPC3 in skeletal muscle, which
mimics/models a known increase in store-operated Ca>* entry in
dystrophic myofibers, directly led to greater Ca®"-Na™ influx that
induced MD in mice (14). Moreover, blocking this known in-
crease in the activity of TRP channels with either a dnTRPC or a
dnTRPV construct abrogated MD in mouse models of disease,
suggesting that unregulated or greater activation of the TRP class
of cation channels is a primary disease determinant. These chan-
nels also permeate Na®, which would enhance Ca®" entry
through NCX1 by favoring reverse-mode activity (7, 17-20). Fi-
nally, we also previously showed that overexpression of SERCA1
in skeletal muscle, which produces higher rates of Ca®* clearance
back into the SR, was protective against MD in the mouse (16).

Elevations in Ca®" lead to myofiber necrosis and disease by at
least 2 mechanisms. The first is activation of the Ca**-sensitive
protease calpain, and the second is mitochondrial swelling and
rupture. For the former, Spencer and Mellgren showed that trans-
gene-mediated expression of the calpain inhibitor calpastatin re-
duced disease in the mdx background (64). More recently, we
showed that mice lacking cyclophilin D (the Ppif gene), which
underlies Ca®"-dependent swelling of mitochondria and subse-
quent cellular necrosis, were protected from Sgcd /'~ - or laminin
a2 deficiency-based MD (4).

The results of the current study provide even more evidence to
support the proposed importance of unregulated Ca** influx in
underlying MD and myofiber necrosis. Specifically, we observed
that NCX1 directly influences MD by altering the Ca>* and Na*
balance in a myofiber. NCXI1 is normally expressed in immature
fibers during development or after regeneration, when the devel-
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FIG 6 Deletion of NCX1 (Slc8al) attenuates skeletal-muscle pathology in Sged '~ mice at early ages. (A) RT-PCR comparing the relative amounts of NCX1 and
SERCA1 mRNAs in quadriceps from Sged /~ Sle8a ™" and Sged '~ Slc8a ™ MLC-Cre mice. The results were normalized to GAPDH mRNA. (B) Represen-
tative muscle histopathology (X200 magnification) in Sgcd ™/~ Slc8a ™" (control) and Sged ™'~ Sle8al’"" MLC-Cre mice at 6 weeks of age. (C) Percentages of
centrally localized nuclei quantified from histological sections of the indicated muscles in Sged /~ Slc8a 1™ and Sged '~ Sle8a ™" MLC-Cre mice at 6 weeks of
age. *, P < 0.05 versus Sged '~ Slc8al’" mice. (D) Percent fibrotic area measured by Masson’s trichrome staining from histological sections of the indicated
muscles at 6 weeks of age. *, P < 0.05 versus Sgcd '~ Sle8al™ mice. (E) Percentages of fibers with centrally localized nuclei from histological sections in Sgcd '~
Slc8a ™" and Sged™'~ Slc8a ™ MLC-Cre quadriceps, gastrocnemius, and diaphragm at 6 months of age. (F) Percent fibrotic area in histological sections in
Sged™"~ Sle8al™ and Sged '~ Sle8a ™" MLC-Cre quadriceps, gastrocnemius, and diaphragm at 6 months of age. The error bars indicate SEM. Numbers in the
bars represent the number of mice analyzed.

opmental program is recapitulated, likely because these immature  dystrophic fibers already show dysregulation in TRP channels
myofibers are more dependent on membrane Ca®" exchange than  and greater intracellular Na™ levels, which more readily favors
the dedicated internal Ca** cycling through the SR that charac- reverse-mode Ca®>* entry through NCXI1 that would further
terizes fully mature adult myofibers (65). At early time points, we  exacerbate disease. However, in the diaphragm, ion-handling
observed that enhanced NCX1 expression interacts with other ~dynamics are different and are more likely to favor forward-
MD disease determinants to worsen pathology. Specifically, mode NCXI activity leading to sustained Ca*>* efflux, thus hav-
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FIG 7 Haploinsufficiency of Atpla2 or digoxin exacerbates MD in NCX1 TG mice. (A) Representative H&E-stained histological images of the quadriceps (X200
magnification) of NTG, Atpla2™/~, NCX1 TG, and NCX1 TG Atpla2™*'~ mice at 3 months of age. (B) Percentages of fibers with centrally localized nuclei at 3
months of age from the same muscles shown in panel A. *, P < 0.05 versus WT mice; #, P < 0.05 versus NCX1 TG mice. (C) Serum CK levels measured in the
indicated groups at 3 months of age. *, P < 0.05 versus WT mice; #, P < 0.05 versus NCX1 TG mice. (D) Percent centrally localized nuclei in histological sections
from quadriceps muscles of the groups shown. *, P < 0.05 versus NTG-vehicle-treated (veh) mice; #, P < 0.05 versus NCX1 TG-digoxin-treated (dig) mice. (E)
Percent fibrosis measured by Masson’s trichrome in histological sections of quadriceps muscles of the groups shown. *, P < 0.05 versus NTG-vehicle treated mice;
#, P < 0.05 versus NCX1 TG-digoxin-treated mice. The error bars indicate SEM. Numbers in the bars represent the number of mice analyzed.
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TG-low mice in histological sections from diaphragm, gastrocnemius, and quadriceps. (G) Percent fibrosis measured in Masson’s trichrome-stained histological sections
from the indicated muscles of Sgcd '~ and Sged '~ NCX1 TG-low mice. *, P < 0.05 versus Sgcd '~ mice. The error bars indicate SEM.

ing a protective effect against disease. This is consistent with
greater NKA levels in the diaphragm versus the quadriceps that
would tend to keep Na™ levels lower, even with enhanced TRP
channel activity.

With respect to treatments for human MD, our results
strengthen the overall paradigm that Ca>* removal strategies have
therapeutic potential. For example, overexpression of SERCA2 in
the heart using an adeno-associated virus (AAV) vector has been
through clinical trials and has shown early success in treating heart

failure by recharging the SR with Ca>* and removing diastolic
Ca*" more quickly (66). Thus, a similar strategy, if applied to
skeletal muscle, might represent a “universal” approach to treat-
ing MD of many different etiologies by reducing myofiber intra-
cellular Ca®* and reducing ongoing necrosis rates. With respect to
NCX1, our results suggest that a pharmacologic inhibitor specific
for reverse-mode Ca®" entry would be a bona fide therapeutic
strategy. Ranolazine might be an appropriate therapeutic agent to
consider, as it is known to reduce intracellular Na* levels, possibly
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FIG 9 NCX1 overexpression rescues histopathology of the diaphragms of mdx mice. (A) MW/TL ratios measured at 6 months of age in WT, NCX1 TG, mdx, and mdx
NCXI1TG mice for the indicted muscles. *, P < 0.05 versus WT mice; #, P < 0.05 versus mdx mice. (B) Representative H&E-stained histological images (x40
magnification) of diaphragms from mdx and mdx NCX1 TG mice at 2 months of age. (C) Percent fibrosis measured from Masson’s trichrome-stained histological
sections of diaphragms from mdx and mdx NCX1 TG mice. ¥, P < 0.05 versus mdx mice. (D) Percentages of fibers with centrally localized nuclei from diaphragm
histological sections at 6 months of age in mdx and mdx NCX1 TG mice. *, P < 0.05 versus mdx mice. (E) Western blots for the indicated proteins from quadriceps versus
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FIG 10 Pharmacological treatment of altered Na™ decreases dystrophic pa-
thology. (A) Intracellular resting Ca>* measured with a Ca*>* -sensitive micro-
electrode in gastrocnemius muscles of NTG, NCX1 TG, mdx, and mdx NCX1
TG mice. *, P < 0.05 versus NTG mice; #, P < 0.05 versus NCX1 TG mice. The
numbers in the bars represent the number of fibers analyzed (B) Intracellular
resting Na™ measured in vivo with an Na™ microelectrode as for panel A. *,
P < 0.05 versus NTG mice; #, P < 0.05 versus mdx mice. (C) Schematic for
pharmacological trial of ranolazine in Sged ™'~ mice. w, weeks. (D) Represen-
tative H&E-stained histological images (>X200) of gastrocnemius muscles of
control and ranolazine-treated Sgcd '~ mice. (E) Percent fibrotic area in his-
tological sections from quadriceps and gastrocnemius of vehicle- and ranola-
zine-treated Sgcd '~ mice. *, P < 0.05 versus ranolazine. The number in the
bars represent the number of mice analyzed. (F) Percentages of centrally lo-
calized nuclei in histological sections from quadriceps and gastrocnemius of
vehicle- and ranolazine-treated Sgcd” ~ mice. ¥, P < 0.05 versus ranolazine.
The error bars indicate SEM.

by reducing the leak activity of Navl.4, as well as possibly by in-
hibiting reverse-mode NCXI1 activity (57-59, 62, 63). Thus, even
though this inhibitor is admittedly multifactorial, 8 weeks of ra-
nolazine treatment in Sgcd '~ mice resulted in significantly less
muscle pathology. In addition to these medicinal applications, our
study is the first to suggest functional implications of the way in
which Na™ overload can be pathological in dystrophic fibers by
leading to enhanced Ca** entry through NCXI.
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