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Abstract.
Background: Amyotrophic lateral sclerosis (ALS) is characterized by progressive loss of muscle mass and muscle function.
Previous work from our lab demonstrated that skeletal muscles from a mouse model of ALS show elevated intracellular
calcium (Ca2+) levels and heightened endoplasmic reticulum (ER) stress.
Objective: To investigate whether overexpression of sarcoplasmic reticulum (SR) Ca2+ ATPase 1 (SERCA1) in skeletal
muscle would improve intracellular Ca2+ handling, attenuate ER stress, and improve motor function ALS transgenic mice.
Methods: B6SJL-Tg (SOD1*G93A)1Gur/J (ALS-Tg) mice were bred with skeletal muscle �-actinin SERCA1 overexpress-
ing mice to generate wild type (WT), SERCA1 overexpression (WT/+SERCA1), ALS-Tg, and SERCA1 overexpressing
ALS-Tg (ALS-Tg/+SERCA1) mice. Motor function (grip test) was assessed weekly and skeletal muscles were harvested
at 16 weeks of age to evaluate muscle mass, SR-Ca2+ ATPase activity, levels of SERCA1 and ER stress proteins - protein
disulfide isomerase (PDI), Grp78/BiP, and C/EBP homologous protein (CHOP). Single muscle fibers were also isolated from
the flexor digitorum brevis muscle to assess changes in resting and peak Fura-2 ratios.
Results: ALS-Tg/+SERCA1 mice showed improved motor function, delayed onset of disease, and improved muscle mass
compared to ALS-Tg. Further, ALS-Tg/+SERCA1 mice returned levels of SERCA1 protein and SR-Ca2+ ATPase activity
back to levels in WT mice. Unexpectedly, SERCA-1 overexpression increased levels of the ER stress maker Grp78/BiP in both
WT and ALS-Tg mice, while not altering protein levels of PDI or CHOP. Lastly, single muscle fibers from ALS-Tg/+SERCA1
had similar resting but lower peak Fura-2 levels (at 30 Hz and 100 Hz) compared to ALS-Tg mice.
Conclusions: These data indicate that SERCA1 overexpression attenuates the progressive loss of muscle mass and maintains
motor function in ALS-Tg mice while not lowering resting Ca2+ levels or ER stress.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS), also known
as Lou Gehrig’s disease, is a devastating neurode-
generative disease with an incidence rate of 3 per
100,000 in the United States [1]. The clinical features
of ALS include progressive muscle atrophy, weak-
ness and paralysis leading to respiratory failure and
death on average 3-5 years after disease onset [1]. The
progressive loss of muscle function is due to upper
and lower motor neuron degeneration. Among the
genetic causes of ALS, mutations in the Cu/Zn super-
oxide dismutase 1 (SOD1) gene contribute to ∼20%
of all familial ALS cases. Transgenic mouse models
representing SOD1 mutations have been developed
[2], well characterized, and greatly increased our
understanding of the pathophysiological mechanisms
of ALS [3–5]. The Glycine to Alanine at codon
93 (G93A) mutation of SOD1 results in a “gain-
of-function” toxicity from increased production of
reactive oxygen species (i.e., H2O2) with several pro-
posed downstream pathological mechanisms, such as
glutamate excitotoxicity, mitochondrial dysfunction,
and intracellular calcium (Ca2+) dysregulation [6].

In skeletal muscle, there are rapid fluctuations in
intracellular Ca2+ during muscle contraction, with
levels increasing 40 to 100-fold during contrac-
tile activity [7]. Consequently, both resting Ca2+,
Ca2+ release during contraction and Ca2+ reup-
take are mechanisms tightly regulated. The primary
regulators in skeletal muscle are the Ca2+ release
channels (ryanodine receptor; RyR), Ca2+ pump pro-
teins (sarco/endoplasmic reticulum Ca2+-ATPase;
SERCA) and cytosolic Ca2+ buffering proteins (par-
valbumin; PV). Redox modifications and impaired
function of these Ca2+-handling proteins is detri-
mental to their ability to bind or sequester Ca2+
[8–10]. Thus, redox-modified proteins such as RyR
and SERCA may contribute to elevations in Ca2+
and muscle pathology in various muscle diseases
including ALS [11] and Duchenne muscular dys-
trophy (DMD) [12, 13]. Forced overexpression of
Ca2+ handling proteins that increase Ca2+ influx
into muscle can induce a pathology that mimics
DMD [14–16] while improvements in Ca2+ clear-
ance by overexpression of the fast-twitch SERCA
isoform (SERCA1) has been shown to rescue the
muscle pathology and improve function in different
mouse models of DMD [12, 13]. Thus, improving
intracellular Ca2+ homeostasis may be beneficial for
neuromuscular diseases where Ca2+ overload is part
of the downstream muscle pathology.

Our lab has previously reported elevations in
intracellular Ca2+ in single muscle fibers from
G93A*SOD1 mice [11]. This was associated with
decreased levels of SERCA1, SERCA2 and PV pro-
tein in G93A*SOD1 muscles. We have also reported
an increase in the unfolded protein response (UPR)
and endoplasmic reticulum (ER) stress markers in
skeletal muscles of G93A*SOD1 mice which are
thought to be due to impaired sarcoplasmic reticu-
lum (SR)/ER intracellular Ca2+ regulation. Based on
these findings we hypothesized that improving intra-
cellular Ca2+ clearance capacity in skeletal muscle of
ALS mice would ameliorate muscle atrophy, improve
motor function, and attenuate the ALS phenotype.
We also hypothesized that it would mitigate the ER
stress response in skeletal muscle. Thus, the purpose
of this study was to evaluate whether disease pheno-
typic changes would be improved in ALS-Tg mice
by overexpression of SERCA1.

MATERIALS AND METHODS

Ethical approval

All procedures were conducted under a protocol
approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Maryland,
College Park.

Animals

Control (B6SJL-Tg(SOD1)2Gur/J) female
(strain number: 002297) and B6SJL-Tg(SOD1*G
93A)1Gur/J (ALS-Tg) (strain number: 002726)
male mice were obtained from Jax Laboratories and
bred to established a colony at the animal facility of
University of Maryland, College Park as previously
described [11]. Male and female skeletal muscle
SERCA1 overexpression mice (+SERCA1) were
obtained from Cincinnati Children’s Hospital Medi-
cal Center. SERCA1 overexpression is restricted to
skeletal muscle by a modified human skeletal muscle
�-actinin promoter [17]. SERCA1 Tg breeders
were then used to establish a colony of +SERCA1
mice at the University of Maryland Central Animal
Research Facility as previously described [13]. Male
wild type (WT)/+SERCA1 mice were bred with
female ALS-Tg mice to obtain 4 genotypes: i) WT;
ii) SERCA1 overexpression (WT/+SERCA1); iii)
G93A*SOD1 (ALS-Tg), and iv) SERCA1 overex-
pressing G93A*SOD1 (ALS-Tg/+SERCA1). This
study was designed to obtain 8-10 mice per genotype.
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All mice were weaned at 21 days and genotyped
for expression of the G93A SOD1 mutation and
for SERCA1 using primer sequences and methods
previously described [11, 13]. All mice were kept in
the same room condition (typical ambient conditions
20.9% O2 and 22 ± 1◦C) with equal access to food
and water, bedding, and light cycles (12 h light/12 h
dark). Mice were used at 16 weeks of age.

Assessment of motor function and disease onset

Motor function of the mice was evaluated weekly
from 9 to 16 weeks of age with a grip test. Briefly,
the grip test is the time the mice were able to hold
their body mass while suspended from a wire mesh
lid as previously described [11]. In this study, each
mouse was subjected to three trials with the maxi-
mum test time being 180 s and a 10 min rest period
given between trials. The average of three trials was
used for reporting grip test performance. The test was
conducted and analyzed in a blinded fashion. Dis-
ease onset was defined as the time corresponding to
the first signs of myotonic symptoms such as muscle
tremor or hindlimb stiffness. The reduction in grip test
performance was used as another criterion to evaluate
disease progression.

Experimental procedures

At 16 weeks of age mice were euthanized by CO2
inhalation followed by cervical dislocation. Skele-
tal muscles including gastrocnemius (GAS), tibialis
anterior (TA) and quadriceps (QUAD) were removed
and weighed by investigators who were blinded to
the genotype of the mice. Muscle samples were quick
frozen in liquid nitrogen and stored at –80◦C for sub-
sequent analyses. At the time of sacrifice, the flexor
digitorum brevis (FDB) muscle was removed from a
subset of mice (n = 4 for each genotype; 3 females,
1 male each) and single muscle fibers isolated for
assessing [Ca2+]i levels.

Single muscle fiber isolation and free [Ca2+]i
measurements

Detailed methods for single muscle fiber isola-
tion and [Ca2+]i measurements have been previously
described [18]. Briefly, single muscle fibers were
obtained from the FDB muscle by collagenase
digestion with type 2 collagenase (Worthington) in
minimal essential medium (MEM) with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin

(Invitrogen). After incubation at 37◦C in 95% O2-5%
CO2, single muscle fibers were obtained by tritura-
tion. Subsequently, fibers were maintained in MEM
solution with 10% FBS at 37◦C, 95% O2-5% CO2
until used for [Ca2+]i assessment.

One day after dissection, fibers were loaded with
Fura-2AM for 15 min. The Fura-2 ratio was mea-
sured in response to varying stimuli (see protocol
below) as an index of [Ca2+]i. Fibers loaded with
Fura-2AM were placed in a stimulation chamber
containing parallel electrodes and the chamber was
positioned on a Nikon TiU microscope stage. Mus-
cle fibers were continuously perfused with a Tyrode
solution (121.0 mM NaCl, 5.0 mM KCl, 1.8 mM
CaCl2, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 24.0 mM
NaHCO3, and 5.5 mM glucose) with 0.2% FBS [19].
The solution was bubbled with 95% O2-5% CO2
to maintain a pH of 7.3 [19]. Levels of [Ca2+]i
were assessed by the Fura-2 fluorescence ratio using
an IonOptix Hyperswitch system with dual excita-
tion, single emission filter set for Fura-2 (excitation
340 nm and 380 nm; emission 510 nm). Signals were
captured and analyzed using the IonWizard software
(IonOptix). Global Fura-2 ratio was measured in mus-
cle fibers using trains of stimuli at 10, 30, 50, 70,
100, 120, and 150 Hz for 350 ms with fibers rest-
ing 1 min between frequencies. Peak Fura-2 ratios
at each frequency were determined by the aver-
age ratio in the last 100 ms of the 350 ms tetanus,
when Ca2+ Fura-2 should be at a steady state. All
single muscle fibers were evaluated at room temper-
ature. Fura-2 signals were measured in 7-9 fibers per
mouse for a total of 28-33 fibers per genotype: WT
(n = 33); WT/+SERCA1 (n = 33); ALS-Tg (n = 28);
ALS-Tg/+SERCA1 (n = 33).

Muscle protein expression

The QUAD was used to confirm SERCA1 overex-
pression and to assess UPR and ER stress responses
in skeletal muscle as previously described [11, 20].
The ER stress response was assessed by measur-
ing protein expression of the ER stress sensors
protein disulfide isomerase (PDI) and Grp78/BiP,
and the ER stress-specific cell death signaling pro-
tein C/EBP homologous protein (CHOP). Briefly,
QUAD was homogenized in lysis buffer contain-
ing 20 mM Hepes buffer (pH = 7.4), 150 mM NaCl,
1.5 mM MgCl2, 0.1% Triton X-100, 20 % Glyc-
erol, 1 mM DTT and protease inhibitors (cOmplete
mini EDTA-free protease inhibitor cocktail, Roche
Diagnostics, Indianapolis, IN, USA). After tissue
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homogenization, samples were kept at 4◦C for 20 min
and then centrifuged at 20,000 g. Supernatant was
collected and frozen at –80◦C until used for protein
expression analyses. Sample protein concentration
was determined using a BCA assay (Thermo Fisher
Scientific Inc., Rockford, IL, USA). For assessing
SERCA1, PDI, Grp78/BiP and CHOP protein lev-
els, 30 �g of total protein was used. Protein samples
were solubilized in 5 x loading buffer and dena-
tured by incubation at 100◦C for 5 min. Denatured
protein samples were loaded on 8% bis-acrylamide
gels and separated by sodium dodecyl-sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). After
gel electrophoresis, proteins were transferred to
polyvinylidene difluoride (PVDF) membrane (EMD
Millipore, Billerica, MA, USA) and then blocked
with 5% non-fat milk at room temperature for 1 h.
The following antibodies and dilutions were used
to determine protein expression levels: SERCA1
(1 : 2500, Thermo Fisher Scientific Inc., Rock-
ford, IL, USA) and PDI, Grp78/BiP and CHOP
(1 : 1000, Cell Signaling Technology, Danvers, MA,
USA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primary antibody (1 : 2000, Thermo Fisher
Scientific Inc., Rockford, IL, USA) was used as a total
protein loading control. Protein levels were quan-
tified by band densitometry (Bio-Rad Laboratories
Inc., Hercules CA) and protein expression levels were
expressed in arbitrary units (AU).

Determination of maximal SERCA1 ATPase
activity

The QUAD muscle was also used to determine
maximal SERCA1 ATPase activity using the method
described in Chin et al. 1994 [21] modified to a 96
well plate format [13]. Briefly, QUAD muscles were
homogenized in buffer containing 200 mM Sucrose,
10 mM NaN3, 1 mM EDTA, and 40 mM L-histidine
(pH 7.8) with a 1 : 20 ratio (w/v, 0.1 g tissue: 2 mL
buffer). The Ca2+-ATPase reaction was measured in
a crude homogenate in a reaction buffer containing
20 mM Hepes buffer (pH 7.5), 200 mM KCl, 15 mM
MgCl2, 10 mM NaN3, 1 mM EGTA, 5 mM ATP,
10 mM phosphoenolpyruvate, 18 U/mL lactate dehy-
drogenase, 18 U/mL pyruvate kinase, 4 �M calcium
ionophore A23187 and 0.3 mM NADH. Total ATPase
activity was assessed by adding 1 mM CaCl2 and
basal ATPase was measured by adding 1 mM CaCl2
and 5 mM cyclopiazonic acid, a selective SERCA
inhibitor. Samples were analyzed in triplicate in a 96-
well plate at 37◦C by measuring NADH absorbance

at 340 nm. Maximal SR Ca2+ ATPase activity was
defined as the difference between total ATPase and
basal ATPase activity.

Statistical analysis

Values are expressed as mean ± standard error
of the mean (SEM). To evaluate differences
between WT, WT/+SERCA1, ALS-Tg and ALS-
Tg/+SERCA1 mice, data were analyzed using
Student’s T-tests to compare between genotypes, with
p < 0.05 used to determine statistical significance.

RESULTS

SERCA1 expression and maximal SR
Ca2+-ATPase activity in skeletal muscle of
ALS-Tg and +SERCA1 Tg mice

Western blot analysis was used to confirm
SERCA1 overexpression in the QUAD muscle of
the WT/+SERCA1 and ALS-Tg/+SERCA1 mice
(Fig. 1A and 1B). SERCA1 protein levels were on
average 1.8-fold higher in QUAD of WT/+SERCA1
compared to WT mice (p < 0.01). Consistent with
our previous report, SERCA1 protein levels were
lower in QUAD of ALS-Tg mice compared to
WT (p < 0.01). SERCA1 overexpression resulted in
8.1-fold higher SERCA1 protein levels in QUAD
from ALS-Tg/+SERCA1 mice compared to ALS-
Tg mice (p < 0.01). More importantly, SERCA1
overexpression in muscles from ALS-Tg increased
SERCA1 protein to similar levels as in WT mice.
To determine whether this increase in SERCA1
protein levels resulted in increased function of the
Ca2+-ATPase pump protein, we measured mus-
cle SR Ca2+-ATPase activity (Fig. 1C). In QUAD
muscles of ALS-Tg mice, maximal Ca2+-ATPase
activity was 50% of WT levels (p < 0.01). SERCA1
overexpression increased maximal Ca2+-ATPase
activity in QUAD of both WT/+SERCA1 (1.5-
fold vs. WT; p < 0.05) and ALS-Tg/+SERCA1
(1.8-fold vs. ALS-Tg; p < 0.05) mice. In ALS-
Tg/+SERCA1, the maximal Ca2+-ATPase activity
was similar from WT levels. These data confirm that
SERCA1 protein levels as well as maximal SR Ca2+-
ATPase activity were increased in skeletal muscle
of WT/+SERCA and ALS-Tg/+SERCA mice and
that both returned to normal WT levels in ALS-
Tg/+SERCA1 mice.
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Fig. 1. SERCA1 overexpression increases SERCA1 protein levels and maximal SR Ca2+-ATPase activity in quadriceps muscles in WT and
ALS-Tg mice. A) Representative western blot image for SERCA1 protein level in quadriceps (QUAD) muscle from WT and ALS-Tg mice
with and without SERCA1 overexpression. B) Quantitative analysis of western blot images by densitometry. Data shown are in arbitrary
units (AU) for WT (n = 4; 1 male and 3 female), WT/+SERCA1 (n = 4; 1 male and 3 female), ALS-Tg (n = 4; 1 male and 3 female) and
ALS-Tg/+SERCA1 (n = 4; 1 male and 3 female). C) Maximal SR Ca2+-ATPase activity of QUAD muscle of WT (n = 4), WT/+SERCA1
(n = 4), ALS-Tg (n = 4) and ALS-Tg/+SERCA1 (n = 4). Average data (B, C) represent mean ± SEM. *p < 0.05 vs. WT, **p < 0.01 vs. WT,
†p < 0.05 vs. ALS-Tg, ††p < 0.01 vs. ALS-Tg.

SERCA1 overexpression alters
stimulation-induced Ca2+ transients in ALS-Tg
mice

In order to assess the effects of SERCA1 over-
expression on skeletal muscle Ca2+ cycling during
contraction and relaxation, we assessed [Ca2+]i using
Fura-2 in single fibers during electrical stimulation.
There was no significant difference in resting Fura-
2 ratio between any of the groups, although there
was a trend (p = 0.08) for single fibers from ALS-
Tg to be higher than that in WT fibers (Fig. 2A),
consistent with previous findings. There was a signif-
icant reduction in peak Fura-2 ratios at all stimulation
frequencies in fibers from ALS-Tg/+SERCA1 com-
pared to fibers from ALS-Tg mice, with peak ratios
being 16% (10 Hz), 22% (30 Hz), 19% (50 Hz),
17% (70 Hz), 15% (100 Hz), 14% (120 Hz) and 11%
(150 Hz) lower in fibers from SERCA1 overexpress-
ing ALS-Tg fibers (Fig. 2B and C). Peak Fura-2
was not different in single fibers from WT and
WT/+SERCA1 or between WT and ALS-Tg.

SERCA1 overexpression preserves motor
function and delays disease onset in ALS-Tg mice

Deficits in motor function have been consistently
observed with disease progression across the lifespan

in G93A*SOD1 ALS-Tg mice [3, 19]. To deter-
mine whether skeletal muscle-specific increases in
SERCA1 would improve motor function, we assessed
whole body motor performance using a grip test
in mice from 9 - 16 weeks of age (Fig. 3A).
WT/+SERCA1 mice showed no signs of decreased
motor function, with all mice able to grip for the
maximum 180 sec, similar to WT mice. ALS-Tg and
ALS-Tg/+SERCA1 mice showed normal motor func-
tion up to 11 weeks of age. At 12 weeks, both ALS-Tg
and ALS-Tg/+SERCA1 mice showed lower grip time
compared to WT mice and this reduction progres-
sively increased until study termination (16 weeks).
Despite the rapid deterioration of motor function,
SERCA1 overexpression was able to preserve motor
function in ALS-Tg mice. Starting at 14 weeks, grip
time was longer for ALS-Tg/+SERCA1 mice com-
pared to ALS-Tg mice: ALS-Tg/+SERCA1 grip time
was 62% of WT vs. ALS-Tg which was 38% of WT
levels (p < 0.05). At 16 weeks ALS-Tg/+SERCA1
mice had grip times that were 29% of WT, com-
pared to ALS-Tg at 5% of WT levels (p < 0.01).
These data indicate that SERCA1 overexpression
improved grip time 24%, indicating a positive res-
cue in the ALS phenotype by preserving motor
function.

The G93A*SOD1 mice have a shortened life span
of 120d [2] with mice surviving 2 weeks after
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Fig. 2. SERCA1 overexpression reduces electrical stimulation evoked Ca2+ transients in ALS-Tg mice. A) Resting Fura-2 ratios in intact
single fibers from the flexor digitorum brevis (FDB) of WT and ALS-Tg mice with and without SERCA1 overexpression. B) Peak Fura-2
ratios in intact single fibers from FDB shown as a function of stimulation frequency. C) Peak Fura-2 ratios in intact single fibers from FDB
at 30 and 100 Hz stimulation. Data shown are from WT (n = 33), WT/+SERCA1 (n = 33), ALS-Tg (n = 28) and ALS-Tg/+SERCA1 (n = 33).
Values shown represent mean ± SEM. †p < 0.05 vs. ALS-Tg.

Fig. 3. SERCA1 overexpression in skeletal muscle preserves motor function and delays disease onset in ALS-Tg mice. A) Grip test time
in sec is shown over the time course of the study. B) Age of disease onset (in days) was based on first signs of muscle tremor or hindlimb
stiffness. Data shown are combined for male and female mice. Values are means ± SEM. *p < 0.05 or **p < 0.01 vs. WT; †p < 0.05 or ††
p < 0.01 vs. ALS.

the first signs of disease onset (i.e. muscle tremor
and hindlimb stiffness). To determine whether skele-
tal muscle specific SERCA1 overexpression could
delay disease onset, we recorded the age at which
disease symptoms were first observed. In ALS-Tg
mice, disease onset was observed at 91 ± 4.7 d.
In contrast, ALS-Tg/+SERCA1 mice had a signif-
icant delay of disease onset (102 ± 2.6 d; p < 0.05)
(Fig. 3B).

SERCA1 overexpression attenuates skeletal
muscle atrophy in ALS-Tg mice

The body mass of mice used in this study are
shown in Table 1. At 16 weeks of age, the average
body mass of male mice was not different between
any of the genotypes. However, for female mice,
body mass of WT/+SERCA1 and ALS-Tg were sig-
nificantly reduced compared to WT (p < 0.05 and
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Table 1
Effects of SERCA1 overexpression on body mass

Male Female Male + Female Combined

WT 30.0 ± 1.2 25.9 ± 1.1 28.0 ± 1.0
(n = 7) (n = 4) (n = 11)

WT/+SERCA1 30.3 ± 1.2 22.0 ± 1.8*† 26.5 ± 1.2
(n = 7) (n = 6) (n = 13)

ALS-Tg 29.4 ± 11.5 17.7 ± 0.9** 21 ± 3.5 *
(n = 2) (n = 5) (n = 7)

ALS-Tg/+SERCA1 26.4 ± 0.3 18.5 ± 0.6** 21.7 ± 1.5 **
(n = 5) (n = 6) (n = 11)

Body mass is shown in grams (g) with number of mice (n) per group are shown in parentheses. Data
represent mean ± SEM. *p < 0.05 vs. WT; **p < 0.01 vs. WT; †p < 0.05 vs. ALS-Tg; ††p < 0.01 vs
ALS-Tg.

p < 0.01, respectively). Body mass of female ALS-
Tg/+SERCA1 mice was similar to ALS-Tg mice.
Due to the small number of male ALS-Tg mice,
the data for both sexes were combined for subse-
quent data analyses. Combined, the body mass of
WT and WT/+SERCA1 were not different, but ALS-
Tg and ALS-Tg/+SERCA1 mice were significantly
lower compared to WT mice (p < 0.05). All other
data reported are for male and female mice combined
unless otherwise specified.

A decrease in muscle mass has been docu-
mented by magnetic resonance imaging (MRI) in
G93A*SOD1 mice, starting as early as 60 d [19].
In this study we assessed muscle atrophy by mea-
suring muscle mass at 16 weeks (Fig. 4). Muscle
atrophy was consistently observed in all muscles from
ALS-Tg mice, with muscle mass being 43% (GAS),
50% (TA) and 42% (QUAD) of WT levels (p < 0.01).
However, ALS-Tg/+SERCA1 GAS, TA, and QUAD
were 40%, 67%, and 53% greater than ALS-Tg
(p < 0.01 for GAS; p < 0.05 for TA and QUAD).
Muscle mass in ALS-Tg/+SERCA1 was still sig-
nificantly lower compared to WT muscle mass for
the GAS and QUAD; however, the TA muscle
mass returned to WT control levels. Interestingly,
WT/+SERCA1 mice also showed lower muscle
masses compared to WT, being 58% (GAS), 78%
(TA) and 58% (QUAD) of WT levels (p < 0.01),
which has been previously observed [13].

SERCA1 overexpression does not attenuate
activation of the ER stress response in ALS-Tg
mice

We previously reported an increase in ER stress
sensors PDI and Grp78/BiP as well as ER apop-
totic signaling protein CHOP in skeletal muscles
(GAS, QUAD and diaphragm) of ALS-Tg mice
[20]. In the current study, we did not detect an

Fig. 4. SERCA1 overexpression in skeletal muscle attenuates mus-
cle atrophy in ALS-Tg mice. Muscle mass is shown as relative mass
(mg/g body mass) for gastrocnemius (GAS), tibialis anterior (TA),
and QUAD. Data shown are combined for male and female mice.
*p < 0.05 vs. WT, **p < 0.01 vs. WT; †p < 0.05 or ††p < 0.01 vs.
ALS-Tg. Values shown are mean ± SEM.

increase in PDI in the QUAD muscle of ALS-Tg or
any other group, with expression levels being sim-
ilar to WT in all genotypes (Fig. 5A). Levels of
Grp78/BiP were elevated 3.5-fold in WT/+SERCA1
mice compared to WT (p < 0.05; Fig. 5B). SERCA1
overexpression increased Grp78/BiP levels by 3.8-
fold in ALS-Tg/+SERCA1 vs. WT (p < 0.01) and by
2.8-fold compared to the ALS-Tg genotype control
(p < 0.01). The apoptosis-signaling protein CHOP
was not different between WT and WT/+SERCA1
QUAD muscles. Levels of CHOP protein were 2.6-
fold and 2.5-fold higher in muscles from ALS-Tg
and ALS-Tg/+SERCA1 mice (p < 0.01), compared
to WT mice, respectively. No differences in CHOP
levels were reported between ALS-Tg and ALS-
Tg/+SERCA1 mice (p > 0.05).

DISCUSSION

Our previous study showed elevations in intra-
cellular Ca2+ in single muscle fibers associated
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Fig. 5. Proteins of the unfolded protein and ER stress response pathways in in skeletal muscle of WT, ALS-Tg and SERCA1 overexpressing
mice. A-C) Representative western blot images for protein disulfide isomerase (PDI) (A), Grp78/BiP (B) and ER stress-specific cell death
signaling protein C/EBP homologous protein (CHOP) (C) in QUAD muscle from WT and ALS-Tg mice with and without SERCA1
overexpression. D–F) Quantitative analysis of western blot images by densitometry for PDI (D), Grp78/BiP (E) and CHOP (F). Data shown
are in arbitrary units (AU) for WT (n = 4; 1 male and 3 female), WT/+SERCA1 (n = 4; 1 male and 3 female), ALS-Tg (n = 4; 1 male and 3
female) and ALS-Tg/+SERCA1 (n = 4; 1 male and 3 female). Average data (D–F) represent mean ± SEM. *p < 0.05 vs. WT, **p < 0.01 vs.
WT; †p < 0.05 or ††p < 0.01 vs. ALS-Tg.

with decreases in SERCA1, SERCA2 and PV pro-
tein levels in skeletal muscle of G93A*SOD1 mice
[11]. Based on these findings, we hypothesized that
decreased SERCA1 function could induce skele-
tal muscle pathology in ALS and that increasing
SERCA1 function would improve disease pathol-
ogy in these mice. To directly assess the effects of
increased SERCA1 activity in attenuating the ALS
phenotype in skeletal muscle, in the present study
we crossed skeletal muscle-specific overexpressing
SERCA1 mice with the G93A*SOD1 ALS-Tg mice.
SERCA1 overexpression in ALS-Tg mice brought
SERCA1 protein and SR Ca2+-ATPase activity back
to that of WT control levels. This was associ-
ated with a decrease in peak Fura-2 levels during
muscle contraction in isolated single muscle fibers
in vitro from ALS-Tg/+SERCA1 mice. SERCA1
overexpression was also associated with an overall
improvement in motor function, delay in symptom
onset and attenuation of muscle atrophy. Overall, we
report improvements in several different phenotypic
changes in ALS-Tg mice with increased skeletal mus-
cle specific SERCA1 overexpression.

Intracellular Ca2+ plays an essential role in skele-
tal muscle contractile function, maintaining cellular
integrity and, as a second messenger, in regulat-
ing muscle gene expression. Ca2+ overload, defined
as an elevation in resting intracellular Ca2+ level,
leads to severe skeletal muscle damage via activa-

tion of Ca2+-dependent proteases such as calpains,
release of phospholipase A2, over production of
reactive oxygen species, and mitochondrial Ca2+
overload [16, 18, 22]. Abnormal intracellular Ca2+
levels are known to contribute to skeletal muscle
damage in pathological conditions such muscular
dystrophies and following intense exercise involv-
ing eccentric contractions [23, 24]. Skeletal muscle
fibers have various ways of regulating intracellu-
lar Ca2+ concentration including plasma membrane
Ca2+ pumps, cytosolic Ca2+ buffering proteins and
SR Ca2+ regulatory proteins. The most significant
of these is SERCA1, the SR/ER membrane Ca2+-
ATPase responsible for the removal of Ca2+ into
the SR during muscle relaxation. SERCA can also
reduce intracellular Ca2+ levels after pathological
overload. Overexpression of SERCA1 was shown
to increase Ca2+ removal and reduce mitochondrial
swelling in response to Ca2+ exposure [12]. Increased
SERCA1 has also been shown to mitigate skeletal
muscle disease pathology in dystrophic mice [12,
13]. Briefly, SERCA1 overexpression attenuated the
pathological features such as central nuclei and mus-
cle fibrosis in skeletal muscle and reduced creatine
kinase, a serum marker of muscle damage [13, 16].
In both mdx and mdx/Utr−/− mice, SERCA1 over-
expression improved force production in response to
damage-inducing eccentric contractions [13]. Thus,
increased SERCA1 expression and improved intra-
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cellular Ca2+ clearance have profound effects on
improving pathological and functional consequences
in skeletal muscle. These data support the hypothesis
that Ca2+ dysregulation contributes to pathological
events in skeletal muscle disease and that upregula-
tion of SERCA1 protein level or increasing SERCA1
function is an attractive therapeutic strategy to treat-
ing these diseases.

Skeletal muscle atrophy is one of the main disease
manifestations in ALS. It has been noted that skeletal
muscle atrophy precedes changes in motor neurons
[25]. Analysis of muscle volume of G93A*SOD1
ALS-Tg by MRI showed a significant decrease in
muscle mass as early as 8 weeks of age, 4 weeks
before the mice become symptomatic. The number
of functional motor units is reduced by 60% as early
as 60d (∼8 weeks) in G93A*SOD1 mice, with this
early loss of motor units primarily affecting the high
force producing type IIb fast fibers [26]. It is not
known whether the motor unit loss and fiber type shift
account entirely for the 80% reduction in tetanic force
[26]. The role of intrinsic changes in skeletal mus-
cle in the ALS phenotype has also been addressed in
mice where mutant SOD1 protein was only expressed
in skeletal muscle [27, 28]. Mice with skeletal
muscle-specific overexpression of mutant SOD1 also
demonstrated severe muscle atrophy and progres-
sive muscle paralysis, although disease progression
was delayed [27]. Most importantly, distal degener-
ation was observed, supporting the hypothesis that
skeletal muscle pathology plays an important role in
ALS pathogenesis, possibly via a dying-back phe-
nomenon. It is generally accepted that motor neuron
dysfunction is the primary pathological event pre-
ceding disease progression including skeletal muscle
weakness. However, more recent evidence suggests
that skeletal muscle atrophy and weakness may pre-
cede motor neuron loss. When primary motor neurons
degenerate, there is compensatory reinnervation early
in disease progression. This reinnervation is critically
dependent on healthy myofibers to form stable neuro-
muscular junctions. Decreased muscle force will not
be observed until a large number of motor neurons are
lost, and it is hypothesized that improving myocyte
health will improve muscle regeneration, neuromus-
cular junction stability and force production [27, 28].
According to this retrograde signaling hypothesis,
disease progression in ALS is due, at least in part,
to muscle pathology and neuromuscular junction
destabilization. Further, by overexpressing insulin-
like growth factor- 1 (IGF1) in a muscle-restricted

fashion, Musaro and colleagues found evidence for
reduced muscle wasting, increased muscle regenera-
tion, improved neuromuscular junction integrity and
delayed disease progression in G93A*SOD1 mice
[29, 30]. This was also associated with attenuated
skeletal muscle expression of ubiquitin and caspase
activity as well as reduced levels of toxic p25 protein
accumulation [30]. In the present study, we show that
skeletal muscle-specific overexpression of SERCA1
rescued skeletal muscle atrophy and improved motor
function in ALS-Tg mice. Collectively these data sup-
port the importance of skeletal muscle in ALS disease
progression and implicate its contributory role in the
ALS pathophysiology. Further, these studies support
the notion that muscle-targeted therapies that improve
muscle health can improve functional outcomes in
ALS.

The attenuation of muscle atrophy in ALS-Tg mice
with SERCA1 overexpression represents an improve-
ment in the developmentally regulated gain in muscle
mass with as it was observed at 16 weeks of age.
Whether this is due to an improvement in mus-
cle protein synthesis and/or a reduction in protein
degradation cannot be discerned in the current study.
However, we believe that SERCA1 overexpression
enhanced muscle health during growth and devel-
opment, enabling improved motor function. Further,
while there are significant increases in muscle mass in
ALS-Tg/+SERCA1 mice, the failure to show an over-
all increase in body mass in ALS-Tg/+SERCA1 mice
is likely due to the phenotype of the WT/+SERCA1
mice. Although the mechanisms are not understood,
it has been shown in several other studies that the
body mass and muscle mass of SERCA1 overexpress-
ing mice is reduced [12, 13]. Thus, whether due to a
metabolic adaptation (i.e., reduced adipose mass) of
SERCA1 overexpression or insertion of other modi-
fier genes from the �–actinin SERCA1 mouse strain,
the gain in muscle mass does not lead to overall gains
in body mass.

We reported a reduction in peak tetanic Ca2+
during muscle activation in isolated single fibers
from ALS-Tg/+SERCA mice. These data suggest
adaptations in excitation-contraction coupling with
SERCA1 overexpression, which agree with some
of our previous findings [13]. While there may be
decreased peak tetanic Ca2+ with muscle activation,
this may be beneficial at tetanic levels of activa-
tion where muscle is functioning on the plateau of
the force-pCa curve [7]. More importantly, the faster
clearance of Ca2+ following activation would reduce
the possible activation of Ca2+ degratory pathways
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following bouts of contractile activity. In the present
study, we reported no differences in resting Fura-2
levels between WT and ALS-Tg single muscle fibers
(p = 0.08). Recent findings showed that specific force
and tetanic [Ca2+]i in G93A*SOD1 mice were sim-
ilar to WT mice at both early (postnatal day 50)
and late disease onset (between postnatal day 125–
150) [31]. Additionally, resting [Ca2+]i was almost
unchanged during repeated muscle contractions in
single muscle fibers from G93A*SOD1 mice com-
pared to WT mice, indicating the SERCA function
is preserved in intact “healthy” muscle fibers from
these mice [31]. This suggests that SERCA function
is improved in surviving intact single muscle fibers
from late stage G93A*SOD1 mice; yet a similar com-
pensatory mechanism is probably unlikely in other
“unhealthy” muscle fibers from G93A*SOD1 [31].

Our previous study showed that ER stress acti-
vation was present in skeletal muscle and could
contribute, along with altered intracellular Ca2+ reg-
ulation, to myocyte death in ALS-Tg mice [20].
We previously showed that ER stress-specific cell
death signal CHOP was upregulated by 70 d, prior
to symptom onset, and to a greater extent in the later
symptomatic stages of disease progression, suggest-
ing that CHOP protein expression is important in
ALS disease progression. In the current study, we
tested the hypothesis that improving the skeletal mus-
cle phenotype with SERCA1 overexpression would
reduce ER stress activation. In contrast to our hypoth-
esis, SERCA1 overexpression failed to suppress the
upregulation of CHOP in skeletal muscle of ALS-
Tg/+SERCA1 mice, indicating that ER stress per se
was not involved in the improvement in the skeletal
muscle phenotype. While this result was unexpected,
since Ca2+ handling is tightly associated with SR/ER
function and protein folding [32], other cell stress
mechanisms that might increase the UPR response,
such as the mitochondrial specific stress response
which increase CHOP expression, could explain the
lack of attenuation with SERCA1 overexpression.
Surprisingly, the UPR marker Grp78/BiP was upreg-
ulated in skeletal muscle of the SERCA1 Tg mice.
These data suggest that Grp78/BiP expression is reg-
ulated in a Ca2+-dependent manner. Considering that
SERCA1 is the most abundant protein in the SR,
we cannot rule out the possibility that overexpres-
sion of SERCA1 itself induced a protein-overload in
the ER lumen and thus activated the UPR/ER stress
pathway in the WT/+SERCA1 mice. Nonetheless,
with improved Ca2+ clearance capacity, there was no
mitigation of ER stress in skeletal muscle of the ALS-

Tg mice suggesting that the mutant SOD1-induced
oxidative stress activates ER stress upstream of the
perturbations in intracellular Ca2+ regulation. Fur-
ther studies are needed to address the relationship
between improved Ca2+ clearance capacity and ER
homeostasis and skeletal muscle atrophy and weak-
ness during ALS disease progression.

In summary, this study demonstrates that skele-
tal muscle-specific overexpression of SERCA1 in
ALS-Tg mice improved motor function, delayed dis-
ease onset and attenuated muscle atrophy. Our results
support the emerging notion that impaired Ca2+ regu-
lation and skeletal muscle pathology is a contributing
factor in the ALS disease phenotype. However, while
the SOD1-G93A mouse model has been extensively
used in preclinical studies for ALS, this model only
represents a small percentage of total cases of ALS.
This has implications for the ability to translate effec-
tive treatments in this model to human clinical trials,
and is similar to limitations of mouse models for
other diseases such as DMD. While these data support
targeting SERCA1 in skeletal muscle as a novel thera-
peutic strategy to improving muscle function in ALS,
future studies need to evaluate whether the altering
SERCA1 activity in patients with ALS will provide
functional benefits.
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