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Ca 2� release from internal stores is critical for mediating both normal and pathological intracellular Ca 2� signaling. Recent studies
suggest that the inositol 1,4,5-triphosphate (IP3 ) receptor mediates Ca 2� release from internal stores upon cholinergic activation of the
neuromuscular junction (NMJ) in both physiological and pathological conditions. Here, we report that the type I IP3 receptor (IP3R1 )-
mediated Ca 2� release plays a crucial role in synaptic gene expression, development, and neuromuscular transmission, as well as
mediating degeneration during excessive cholinergic activation. We found that IP3R1-mediated Ca 2� release plays a key role in early
development of the NMJ, homeostatic regulation of neuromuscular transmission, and synaptic gene expression. Reducing IP3R1-
mediated Ca 2� release via siRNA knockdown or IP3R blockers in C2C12 cells decreased calpain activity and prevented agonist-induced
acetylcholine receptor (AChR) cluster dispersal. In fully developed NMJ in adult muscle, IP3R1 knockdown or blockade effectively
increased synaptic strength at presynaptic and postsynaptic sites by increasing both quantal release and expression of AChR subunits
and other NMJ-specific genes in a pattern resembling muscle denervation. Moreover, in two mouse models of cholinergic overactivity and
NMJ Ca 2� overload, anti-cholinesterase toxicity and the slow-channel myasthenic syndrome (SCS), IP3R1 knockdown eliminated NMJ
Ca 2� overload, pathological activation of calpain and caspase proteases, and markers of DNA damage at subsynaptic nuclei, and im-
proved both neuromuscular transmission and clinical measures of motor function. Thus, blockade or genetic silencing of muscle IP3R1

may be an effective and well tolerated therapeutic strategy in SCS and other conditions of excitotoxicity or Ca 2� overload.

Introduction
Dysregulation of Ca 2� release from internal stores is increasingly
recognized as a potential cause of neuronal death or neurodegen-
eration (Demuro et al., 2010; Bezprozvanny, 2011). Therefore,
one potential therapeutic strategy to prevent pathological eleva-
tions of Ca 2� may be pharmacological inhibition of internal
Ca 2� release, provided that the effect on normal physiological
signaling is tolerated. For example, malignant hyperthermia, a
condition of ryanodine receptor overactivity and pathological
elevation of muscle Ca 2�, can be successfully treated by pharma-
cological blockade of the ryanodine receptor (Kobayashi et al.,
2009).

The inositol 1,4,5-triphosphate (IP3) receptor (IP3R) channel
initiates a slow wave of internal store Ca 2� release, often at spe-
cific subcellular locations, that allows compartmentalization of

Ca 2� signals within cells (Marks, 1997). IP3Rs are gated by the
combined binding of IP3 generated by the hydrolysis of phospho-
lipids by phospholipase C and by Ca 2�, which enters through
AChR or voltage-gated channels (Streb et al., 1983; Berridge and
Irvine, 1984). Type 1 (IP3R1) is the most abundant and best stud-
ied of the three subtypes of IP3R. The gene encoding IP3R1, itpr1,
is highly expressed in cerebellar Purkinje neurons and cardiac
and skeletal muscle and is highly concentrated at the neuromus-
cular junction (NMJ) and the subsynaptic nuclei (Furuichi et al.,
1990; Ross et al., 1992; Powell et al., 2003).

The discrete localization of IP3R1 near the acetylcholine
(ACh) receptors (AChRs) and in postsynaptic areas surrounding
NMJ nuclei is striking and suggests a role for IP3R1-mediated
Ca 2� release in synaptic gene expression and synaptic physiology
in muscle (Powell et al., 2003). Focal iontophoresis of ACh onto
endplates of dissociated, fura-2-loaded muscle fibers induces lo-
calized increases in NMJ Ca 2� that depend on functioning IP3Rs
(Zayas et al., 2007). Therefore, because IP3Rs amplify postsynap-
tic Ca 2� signals at NMJs and because Ca 2� is critical for postsyn-
aptic changes leading to early development and maturation of the
NMJ, we postulate that IP3R1s are required to mediate the effects
of cholinergic input on NMJ development *and function (Zhu
and Peng, 1988; Megeath and Fallon, 1998).

Ca2� also mediates the effects of cholinergic excess at the NMJ,
such as in myopathy caused by excessive anti-cholinesterase medica-
tion (agonist myopathy), congenital myasthenic syndromes, and
insecticide poisoning (Kawabuchi, 1982; Engel et al., 2010). The
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slow-channel congenital myasthenic syndrome (SCS) is caused
by mutations in the muscle AChR channel leading to Ca 2� over-
load and degeneration of the NMJ (Gomez et al., 2002). Elevated
postsynaptic Ca 2� in SCS requires entry of Ca 2� through ACh-
activated mutant AChR channels and release of Ca 2� from IP3-
gated stores (Zayas et al., 2007). We hypothesized that IP3R1

mediates developmental and physiological events localized to the
NMJ, as well as pathological sequelae from cholinergic excess at
the NMJ. We show that IP3R1s are required to mediate cholin-
ergic signals responsible for AChR cluster dispersal, homeostatic
plasticity, and synaptic gene expression at the NMJ. However,
blockade of IP3R or specific knockdown of IP3R1 in adult muscle
prevents the excitotoxic effects of cholinergic excess and patho-
logical synaptic Ca 2� overload without impacting normal NMJ
function. Thus, a therapeutic strategy targeted to block muscle
IP3R1 is likely to be well tolerated.

Materials and Methods
Materials. Chemical reagents were purchased from Sigma. Cell culture
materials were obtained from Invitrogen . Laminin, alpha-bungarotoxin
(�BT)-conjugated Texas Red (TxR-�BT), and fluorescence-tagged sec-
ondary antibody were purchased from Invitrogen. Secondary antibodies
with horseradish peroxidase (HRP) were provided by GE Healthcare
Bioscience. GFP-tagged control siRNA was purchased from Santa Cruz
Biotechnology Primary antibodies were used against the following tar-
gets: neural filament (1:1000; Abcam), phosphorylated H2AX (Ser139;
1:500; Millipore), cleaved caspase 3 and 9 (1:200;Cell Signaling Technol-
ogy), synaptophysin (1:500; Cell Signaling Technology), S100 (1:100;
Abcam), histone deacetylase 4 (HDAC4; 1:500; Abcam), glial fibrillary
acidic protein (1:500; Cell Signaling Technology), fibronectin (1:500;
Abcam), IP3R1 (1:500; Alomone), and glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH; 1:5000; Ambion).

Plasmid and construct assembly. Mouse INPP5a (inositol polyphosphate-5-
phosphatase) cDNA, purchased from Thermo Scientific (Open Biosys-
tems), was cloned into pEGFP-N1 (Clontech).

Cell culture. C2C12 cells purchased from American Tissue Culture
Collection (Manassas, VA) were cultured and differentiated on poly-L-
lysine and laminin-coated plates as described previously (Sugiyama et al.,
1997). After 72–96 h, C2C12 cells were incubated with calcium (Ca 2�;
100 �M), carbachol (CCh; 100 �M), 2-aminoethoxydiphenyl borate (2-
APB; 100 �M), or xestospongin C (XS; 10 �M) for 15 min, washed 3�
with culture medium, and then incubated at 37°C and sampled for fluo-
rescence at intervals up to 120 min. Cover slides were washed and pre-
pared for cytofluorescence. Cells were transfected with siRNA and
scrambled RNA (ctRNA) segments using lipofection (Lipofectamine
2000, Invitrogen).

Animals and tissue preparation. Four- to six-month-old male wild-type
FVB mice and SCS transgenic mice (�L269F) were used in this study
(Gomez et al., 1997). All drug treatments and surgical procedures fol-
lowed the animal care and use protocols established by the Institutional
Animal Care and Use Committee (University of Chicago, Chicago, IL).
Mice were anesthetized using ketamine and xylazine (Mulder and Mul-
der, 1979). For denervation, hind limbs of anesthetized mice were shaved
to expose skin over the sciatic nerve. Segments of the sciatic nerve (1 cm)
were excised, and the two free nerve trunks were physically separated
within the muscle before wounds were closed with stainless steel wound
clips.

Drug administration. Neostigmine methylsulfate and 2-APB in saline
(USP) were administered intraperitoneally at 250 �g/kg for 36 h and 10
mg/kg/8 h for 9 d, respectively (Carlson and Kriebel, 1985; Bootman et
al., 2002). XS (5 nM) in DMSO was injected intraperitoneally into mice
every 2 h for 12 h (Galeotti et al., 2006). �BT (1 mg/ml; Tocris Biosci-
ence) in saline was injected intraperitoneally at a dose of 0.5 �g/d for 6 d
(Holland and Brown, 1980; Domet et al., 1995). Control tibialis anterior
(TA) muscle was treated with DMSO or saline (0.9% w/v; USP) as control.

RNA extraction, cDNA synthesis, and real-time PCR. TA muscle was
homogenized in tri-reagent (Sigma) to extract total RNA, which was used

(1 �g) to synthesize cDNA (First-Strand Synthesis Kit; Invitrogen). Assay
conditions for real-time PCR were adjusted for each single target using
melt curve analysis and gel electrophoresis with specific primers (Table
1) and SYBR Green (Bio-Rad). To minimize variation, all sequences of
interest were amplified in parallel from one aliquot of cDNA on the same
plate. Real-time PCR was performed on iCycler iQ Real-Time PCR De-
tection System (Bio-Rad) following the manufacturer’s instructions,
with GAPDH used as a housekeeping gene. The mean value from tripli-
cate samples generated from the same RNA preparation was used to
determine the real-time PCR efficiency (dilution rates: 1:3; 1:9; 1:27;
1:81; 1:243; 1:729) for each gene with the slope of a linear regression
model. The data with efficiency (�98.5%) were selected as valid results.

Western blotting. Tissue was homogenized in 50 mM Tri-HCl, pH 7.6,
150 mM NaCl, 1% SDS, 1% Triton X-100, 0.1 mM EGTA, and 0.1 mM

EDTA supplemented with a (Roche Protease Inhibitor Cocktail. Homog-
enates were fractionated by SDS-PAGE and transferred onto a nitrocel-
lulose membrane (Bio-Rad). Membranes were blocked for 1 h in TBS-T
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.05%Tween-20) contain-
ing 5% nonfat milk and then incubated overnight with primary anti-
bodies. After 3� wash in TBS-T, the membrane was incubated with
HRP-conjugated secondary antibody for 1 h and washed again 3�. Im-
munolabeled bands were developed using ECL reagents (Ambion) on
x-ray film. Reaction product levels were quantified by scanning densi-
tometry using NIH ImageJ (version 5.3).

Cell and tissue staining and imaging. For cytofluorescence, cells grown
on coverslips were fixed in methanol-acetone (�20°C � 20 min) and
blocked with blocking solution (3% normal goat serum, 0.3% Triton
X-100, 1 h at room temperature). TxR-�BT (1:500; Molecular Probes)
was used to detect AChRs. Motor endplates were localized and Ca 2�-
overloaded endplates were detected in cryosections using histochemical
stains for cholinesterase and Ca2� [glyoxal-bis(2-hydroxyanil) (GBHA)] as de-
scribed previously (Koelle and Friedenwald, 1949; Kashiwa and House,
1964). For immunohistochemistry, tissue sections were fixed by
methanol-acetone at �20°C for 30 min, air dried for 20 min, and incu-
bated with blocking solution for 1 h at room temperature, followed by
overnight incubation with primary antibody at 4°C. After washing, the
sections were incubated with fluorescent secondary antibody in PBS-T
(phosphate buffered saline and 0.05% Tween 20) for 1 h at room tem-
perature. Confocal fluorescence microscopy was carried out under a TCS
laser scanning microscope (Leica). Optical sections of 0.5 �m were
scanned at the z-axis. ImageJ was used to quantify the percentage of
labeling by specific antibody in NMJs of each sample.

Quantitative studies in tissue sections. Quantitation of the proportion of
labeled NMJs in limb muscle cryosections was carried out using sequen-
tial alternate sections stained for cholinesterase or test labeled (GBHA,

Table 1. Primers and siRNA sequences

Gene name Sense primer Antisense primer

nAChR� CTGTTCTCCTGCTGCTAGGC AGCTGTAGACCCACGGTGAC
nAChR� TTCGATTGGCAGAACTGTTCC ATTTTACGAGGACCTGAGGCA
nAChR� ATCTCCCTGAAAGAAGTGGAGGAGA GAACGAGCCATCATTGTTGTTCTCCA
nAChR� CTCATTTTTCGCTCCCAGAC TGTGGAACCTCCCTCATAGC
ErbB-2 CCTGCCTCCACTTCAATCAT CAGAGTGCAGGATCCCACTT
MuSK GGACAATGCTCTCAGGGAAA TAGCGTCCTGCTCAGGTTCT
Rapsyn GACTATGGCAAAGGCTGGAG ATATCGGCAAAGCAGAGCAG
HDAC-4 AGTTCTCACTGCCCTTGGAA TCCTGCTGCTGCTTGATATG
Myogenin AACCAGGAGGAGCGCGATCT TCTGCGGGTGTTAGACGTGAG
Dach-2 TGAAACTTTGTTCACCGATTG TTCTACTTCGAATACCGTTACT
AChE TATGCCTACATCTTTGAACACCGTGC GAGATTTGGAGTCTCGAGGGTCATT
Glut1 CCAACAGCTCTCAGGCATCAATGCT CAAATATGGCCACGATGGAGACATAG
Glut4 TACTACTCAACGAGCATCTTCGAGAA ACGATGCTCAGATAGGACATCCAA
IP3R1 siRNA

Sequence 1 AACATTGTGCAGAAAACAGCC
Sequence 2 AACAAAGAGATCCGTAGTAAG

MuSK, Muscle-specific receptor tyrosine kinase; ErbB-2, erythroblastic leukemia viral oncogene homolog 2; HDAC-4,
histone deacetylase 4; Dach-2, Dachshund2; nAChR�, � subunit of acetylcholine receptor; nAChR�, � subunit of
acetylcholine receptor; nAChR�, � subunit of acetylcholine receptor; nAChR�, � subunit of acetylcholine receptor;
AChE, acetylcholine esterase; Glut1 and 4, glucose transporters 1 and 4.
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pH2X, and HDAC4) as described previously (Gomez et al., 1997, 2002)
employing ImageJ (version 5.3).

Calpain and caspase activity assay. Calpain, caspase-3, and caspase-9
activities in muscle or cell homogenates were measured using a firefly
luciferase-based assay (Calpain-Glo Protease Assay, Caspase-Glo 3/7 As-
say, or Caspase-Glo 9 Assay; Promega). Cell and muscle tissue were ho-
mogenized as described previously (Lee et al., 2008), except for the
addition of 10 mM NH4Cl and 10 mM 3-methyladenine to the homoge-
nization buffer to stabilize lysosomes and the proteosome. Protein sam-
ples (20 �g) were analyzed by luminometer (Turner BioSystems) in
triplicate.

Intramuscular electroporation-mediated gene delivery. Electroporation
of plasmid and siRNA were carried out as described previously (Schertzer
et al., 2006). Briefly, after anesthesia the legs were shaved and the TA
muscles were injected with hyaluronidase (30 �l; Sigma-Aldrich) 2 h
before performing electroporation. Subsequently, 10 �g of optimal
siRNA segments, control RNA, or expression plasmids in saline were
injected into the TA muscle. Immediately following injection, 10 separate
electrical pulses (10 ms) were delivered through circle electrodes (1 cm
diameter) applied to the ventral and dorsal surfaces flanking the TA at
175 V/cm with 1 Hz via a square-wave electroporator (ECM830; Harvard
Apparatus).

Electromyography and in vitro electrophysiology. Compound muscle
action potentials (CMAPs) were detected and calculated as described
previously using a Nicolet VikingQuest (Nicolet Biomedical) (Groshong
et al., 2007).

Voltage-clamp studies. All experiments were carried out in vitro at
room temperature on the sciatic nerve and tibialis muscle preparations of
5– 6 week-old mice. For dissection, mice were deeply anesthetized with
isofluorane. The tibialis anterior muscle was dissected free from the ex-
tensor digitorum longus (EDL) muscle, partially bisected, and folded
apart to flatten the muscle before pinning it down. Because the sciatic
nerve innervates both EDL and TA muscles, we transected the EDL and
posterior portion of the TA muscle to eliminate excessive muscle con-
traction. To prevent muscle action potentials, �-conotoxin GIIIB (2 �M)
was included in some experiments.

The TA muscle was perfused with Tyrode’s solution (137 mM NaCl, 2.8
mM KCl, 1.8 mM CaCl2, 1.1 mM MgCl2, 11.9 mM NaHCO3, 0.33 mM

NaH2PO4, and 11.2 mM dextrose, pH 7.4, when bubbled with a mixture
of 95% O2 and 5% CO2) at 30°C. Intracellular potentials and currents
were measured using an Axoclamp-2A amplifier system and glass micro-
electrodes filled with 3 M KCl (resistance, 10 –15 M�). Using the two-
microelectrode voltage-clamp system, synaptic currents, including
miniature endplate currents (MEPCs) and endplate currents (EPCs),
were obtained at �70 mV holding potential. The currents were digitized
at 50 �s per point and stored, captured, and analyzed using pClamp9
software (Molecular Devices). EPCs were elicited by stimulating the cor-
responding sciatic nerve with rectangular pulses of 0.05 ms duration.
During single shock stimulation, the nerve was stimulated at 0.2 Hz. The
amplitude decay and time to peak of the EPCs and MEPCs were captured
and subsequently analyzed with pClamp 9.2 and the Mini Analysis Pro-
gram (Synaptosoft). Quantal content was determined by dividing MEPC
amplitude with EPC amplitude from the same endplate (Bhattacharyya
et al., 1997; Wilson et al., 2002; Groshong et al., 2007).

Treadmill gait analysis. Mouse gait analysis was performed via the
DigiGait Imaging System (Mouse Specifics) as described previously
(Hampton et al., 2004; Gómez-Sintes and Lucas, 2010). Briefly, mice
walked on a motor-driven treadmill with a transparent treadmill belt. A
high frame rate camera was focused on the ventral plane of the mice as
they walked within an acrylic chambe, �5 cm wide by �25 cm long. The
areas of the approaching or retreating paws relative to the belt and cam-
era were calculated throughout each stride. Plotting the area of each paw
in time provides a dynamic gait signal, representing the temporal record
of paw placement relative to the treadmill belt. Each gait signal for each
limb comprises a stride duration (stride time), which includes the stance
duration when the paw of a limb was in contact with the treadmill, plus
the swing duration when the paw of the same limb was not in contact
with the treadmill belt. Stance duration is comprised of a braking time
(increasing paw contact area over time) and propulsion time (decreasing

paw contact area over time). Stride frequency was calculated by counting
the number of gait signals over time. Stride length was calculated from
the equation: speed � stride frequency � stride length. Due to the re-
markable reduction of muscle strength in SCS mice, brake time was
primarily selected as the most sensitive metric to demonstrate functional
improvement of treated muscle in SCS mice. The walking speed was set
to 25 cm/s. Approximately 5 s of video were collected for each walking
subject to provide �20 sequential strides.

Statistics. Values were represented as the mean � SD. Data were ana-
lyzed using a Student’s t test, where appropriate, and a nonparametric
Mann–Whitney U test, for comparison of percentages and ratio values, as
indicated in figure legends.

Results
IP3R1 mediates cholinergic agonist-induced dispersal of
AChR clusters in myogenic cells
In normal muscle cells and C2C12 myogenic cells, stimulation of
AChRs with cholinergic agonists causes a transient increase in
cytoplasmic Ca 2� levels and dispersal of agrin- or laminin-
induced AChR clusters in a process that requires activation of the
calcium-activated protease, calpain (Chen et al., 2007). Although
fetal AChRs are permeable to Ca 2�, calpain remains activated
well beyond the interval anticipated for AChR gating, suggesting
that the Ca 2� arises from another source (Chen et al., 2007).
Because of the proximity of IP3R1 to the mature NMJ, we tested
whether persistent calpain activation required release of Ca 2�

through IP3Rs in C2C12 cells expressing laminin-induced AChR
clusters (Weston et al., 2007). First, we applied the small interfer-
ence RNA technique to selectively knock down IP3R1, the most
abundant IP3R1 in skeletal muscle (Wells, 2004). We compared
the effect of six siRNA segments alone or in pairs (see Materials
and Methods). We found that two segments, S1 and S2, together
resulted in �95% suppression of IP3R1 protein by day 3 after
transfection of cultures (Fig. 1A, left) with marked reduction of
IP3R1-specific immunofluorescence in C2C12 cells (Fig. 1A,
right). In our hands the time course of calpain activation in
C2C12 cells upon exposure to the cholinergic agonist, carbachol
or CCh, was similar to that reported previously (Chen et al.,
2007). Calpain levels remained constant in the absence of CCh
but began to increase minutes after exposure, reaching a peak
twice the basal level at 1 h (Fig. 1B). In the presence of 100 �M

Ca 2� added to the medium, the peak calpain reached 2.8 times
over baseline during the same time course. The increase in cal-
pain activity induced by CCh was completely blocked by either
XS (xestospongin C) or 2-APB (2-aminoethoxydiphenyl borate),
both blockers of the IP3 receptor, without apparent effect on via-
bility (Fig. 1B). siRNA knockdown of IP3R1 in C2C12 cells for 3 d
caused a slight reduction in the basal activity of calpain without
CCh treatment (Fig. 1B). siRNA-mediated IP3R1 knockdown had a
nearly identical effect as 2-APB and XS in preventing CCh-induced
calpain increases, while control RNA had no effect (Fig. 1B). This
indicates that calpain elevation depends on the presence of intact,
functioning IP3R1 in muscle cells.

Since calpain is implicated in AChR dispersal in myoblasts, we
explored the role of IP3R1-derived Ca 2� release in this early syn-
aptic developmental event. C2C12 induced to form AChR clusters
on laminin was incubated with CCh as described above. AChR
clusters were enumerated at intervals up to 2 h after labeling with
TxR-�BT. As noted previously, exposure to CCh accelerates the
rate of dispersal of AChR clusters in C2C12 beginning within 15
min, particularly in the presence of increased extracellular Ca 2�

(Fig. 1C) (Chen et al., 2007). However, when C2C12 were treated
with either XS or 2-APB, AChR cluster dispersal was largely pre-
vented (Fig. 1C). Furthermore, we show that IP3R1 silencing had
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an equivalent effect on preventing AChR
cluster dispersal as the drug treatment
while control RNA had no effect, indicat-
ing a specificity for type 1 IP3R (Fig. 1C).
Thus, agonist-induced AChR cluster dis-
persal, an early event in neuromuscular
development, requires the participation
of IP3R1, presumably for amplification of
internal Ca 2� levels and activation of cy-
tosolic calpain.

Muscle IP3R1 activity influences
presynaptic and postsynaptic
neuromuscular transmission and
presynaptic vesicle recycling in NMJ
Many synapses exhibit the property of ho-
meostatic plasticity, in which reductions
in synaptic activity lead to compensatory
increases in presynaptic strength, usually
observed as an increase in transmitter re-
lease (Murthy et al., 2001). In the NMJ,
partial blockade of neuromuscular activ-
ity by TTX or endplate AChRs by �BT for
durations of 8 –14 d changes the activity of
the presynaptic neuron. TTX blockade
leads to an increase in quantal size and
probability of release, as well as increased
postsynaptic ACh sensitivity. �BT block-
ade increases quantal content by increas-
ing the number of releasable vesicles,
suggesting that the NMJ is governed by
tightly controlled homeostatic plasticity
(Plomp et al., 1992; Wang et al., 2010). We
hypothesized that the effect of cholinergic
input in eliciting homeostatic plasticity is
mediated through the skeletal muscle
IP3R1 receptor. We reasoned that systemic
pharmacologic blockade of IP3Rs was
likely to have nonspecific effects in an
electrophysiological study. Therefore, we
set up a system for subacute silencing of
IP3R1 in vivo by directly electroporating
IP3R1-specific siRNA into TA muscle
(Golzio et al., 2005). Preliminary experi-
ments using a GFP reporter plasmid and
siRNA specific for the GFP showed that
this procedure achieved expression of
GFP in 80 –90% of muscle fibers (Fig.
2A), and siRNA specific for GFP reduced
levels of overexpressed GFP activity to
16% of control after 5 d (Fig. 2A). For in
vivo silencing of IP3R1, we employed the
same siRNA sequences applied for the
C2C12 cells. We found that the IP3R1 lev-
els were decreased to �15% of the level

Figure 1. siRNA-mediated IP3R1 knockdown reduces calpain activity and stabilizes AChR clusters in C2C12 cells. A, Left, Trans-
fection of two IP3R1-specific siRNA sequences to C2C12 (C2-siRNA) significantly reduced IP3R1 protein level to 0.07 � 0.01 of
normal C2C12 (C2), while no difference was detected in control RNA-treated C2C12 (C2-ctRNA; 1.07 � 0.08) (#, normalized to
untreated C2). Right, C2C12 cells, treated as indicated in the panels and immunostained with antibody to IP3R1 (green), show
marked reduction in IP3R1 immunostaining in C2C12 cells treated with IP3R1-specific siRNA compared to normal or ctRNA-treated
C2C12; n � 3; **p � 0.01, Student’s t test. All other comparisons are not significant. B, Time course of calpain activity (#,
normalized to 0 time) in C2C12 cells treated with the following: media alone (C2); carbachol (CCh; 10 �M); C2/CCh with 100 �M

calcium (Ca 2�/CCh); C2/Ca 2�/CCh after control RNA (Ca 2�/CCh/ctRNA); Ca 2�/CCh after siRNA-mediated IP3R1 knockdown
(Ca 2�/CCh/siRNA); Ca 2�/CCh with 10 �M xestospongin (Ca 2�/CCh/XS); and Ca 2�/CCh with 50 �M 2-APB (Ca 2�/CCh/2-APB).
After treatment for 60 min, calpain activity for CCh, Ca 2�/CCh, and Ca 2�/CCh/ctRNA was 2.18 � 0.11, 2.77 � 0.21, and 2.74 �
0.18-fold over untreated C2, respectively. After pretreatment of C2 with siRNA-IP3R1, XS, and 2-APB, carbachol-induced calpain
activity was 1.31 � 0.79 (Ca 2�/CCh/siRNA), 1.33 � 0.10 (Ca 2�/CCh/XS), and 1.38 � 0.10 (Ca 2�/CCh/2-APB), respectively,
significantly less than control not pretreated; n � 3, *p � 0.05, Mann–Whitney U test. All other comparisons are not significant.
C, Top, AChR clusters expressed in untreated and treated C2C12 cultures. AChR clusters labeled with TxR-�BT were prominent in
C2, Ca 2�/CCh/siRNA, Ca 2�/CCh/XS, and Ca 2�/CCh/2-APB and visibly reduced in CCh, Ca 2�/CCh, and Ca 2�/CCh/ctRNA, Scale
bar, 40 �m. Bottom, AChR cluster density [#, high-powered field (HPF)] in cultures untreated (C2, 575.7 � 42.7) and treated for

4

60 min with Ca 2�/CCh/siRNA (445.3 � 37.2), Ca 2�/CCh/XS
(422.7 � 11.5), and Ca 2�/CCh/2-APB (420.3 � 13.3) was
significantly greater than in those treated with CCh (119.7 �
13.5), Ca 2�/CCh (97.3 � 7.8), and Ca 2�/CCh/ctRNA
(107.3 � 11.6); n � 3, **p � 0.01, Student’s t test. All other
comparisons are not significant.
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Figure 2. Reduced expression IP3R1 in tibialis anterior and neuromuscular junction by siRNA-mediated IP3R1 knockdown. A, Left, Transfection TA muscle with GFP-specific siRNA sequence and
GFP plasmid significantly reduced GFP protein level to 0.16 � 0.01 of GFP-electroporated TA muscle on day 5, while no difference was detected in control RNA-treated, GFP-transfected TA muscle
(ctRNA-5 d; 1.04 � 0.09). Fifteen days after electroporation of TA with GFP-siRNA and GFP plasmid (siRNA,15 d), GFP protein level returned to 0.95 � 0.03 of GFP-plasmid transfected TA (#,
normalized to only GFP-expressed TA muscle on days 5). Right, TA muscle treated as indicated in panels and compared to normal GFP-expressed TA muscle. GFP fluorescence showed remarkable
reduction in TA muscle treated with GFP-specific siRNA; n � 3; *p � 0.01, Student’s t test. All other comparisons are not significant. B, Electroporation of two IP3R1-specific siRNA sequences (S1 and
S2) into TA muscle diminished IP3R1 expression maximally between days 7 and 9. IP3R1 protein level (#, normalized to untreated) was reduced to 0.11 � 0.02 and 0.15 � 0.02% of untreated on
days 7 and 9, respectively, and recovered 0.99 � 0.06% on day 14; n � 9, **p � 0.001, Mann–Whitney U test. All other comparisons are not significant. C, IP3R1 immunostained with antibody to
IP3R1 (green) colocalizes with NMJ labeled with TxR-�BT (red) and surrounded by subsynaptic DAPI-labeled nuclei (blue) in WT and ctRNA-treated normal TA muscle. Expression of IP3R1 at NMJ was
nearly eliminated in all nine TA muscles electroporated with IP3R1 siRNA. Scale bar, 12 �m. D, Immunostaining of IP3R1 (green) does not colocalize with synaptophysin (red), a subsarcolemmal
region, and does not colocalize with S100 protein (red, middle right panel), When labeled for AChRs with TxR-�BT, muscle electroporated with GFP-ctRNA shows the RNA in the subsarcolemmal
region surrounding the TxR-�BT-labeled endplates (red, far right panel). Scale bar, 12 �m.
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seen in untreated TA between days 7–9 postelectroporation and
returned to normal levels at day 14 after electroporation of IP3R1-
specific siRNAs (Fig. 2B). Immunostaining for IP3R showed that
IP3R1 silencing had a pronounced effect on IP3R expression at
NMJs. NMJs in both untreated and control RNA-treated muscles
had intense labeling of IP3Rs colocalized with AChRs and sub-
synaptic nuclei (Fig. 2C), while NMJs in siRNA-treated muscle
had greatly reduced immunostaining of IP3Rs at both AChRs and
subsynaptic nuclei. Figure 2D shows that IP3R silencing by
siRNA electroporation was specific for muscle and NMJ. Com-
pared with Figure 4C, IP3R1 did not colocalize with nerve termini
labeled for synaptophysin (Fig. 2D, far left panel) or Schwann cell
nuclei labeled with S100 (Fig. 2D, middle left panel). We also
used GFP-labeled control siRNA to demonstrate the distribu-
tion of electroporated RNA in muscle. We found that siRNA
was mainly located in the subsarcolemmal region, including
NMJs, whereas no siRNA colocalized with Schwann cells
marked by S100 protein (Fig. 2 D, middle right panel) but did
overlap with the endplate regions (Fig. 2 D, far right panel).
Silencing of IP3R1 had no effect on levels of expression of other
muscle proteins, such as RyR1 and L-type calcium channel
alpha 1 subunit, at 9 d (data not shown).

We studied the effect of IP3R1 knockdown on neuromuscular
transmission in TA muscle pretreated 9 d earlier with IP3R1-
siRNA by using the two-electrode voltage-clamp technique. We
recorded both spontaneous MEPCs (miniature endplate cur-
rents) and EPCs (endplate currents) evoked by direct stimulation
of the attached sciatic nerve and characterized both the presyn-
aptic and postsynaptic components of neuromuscular transmis-
sion (Ikeda et al., 1984). Figure 3A (left) shows raw data tracings
of spontaneous activity for TA muscle treated 9 d previously with
ctRNA (scrambled RNA) or IP3R1-siRNA.

Figure 3, B and C, shows that both the amplitude (3.86 � 0.32
nA vs 2.53 � 0.29 nA, p � 0.05) and decay phase of MEPCs (1.5 �
0.08 ms vs 1.14 � 0.15 ms, p � 0.05) were significantly increased
in TA muscle treated with siRNA-IP3R1 (by 52 and 31%, respec-
tively), relative to contralateral control-treated TA. MEPC pa-
rameters in control-treated TA were no different from untreated
muscle. These findings indicate that IP3R1 plays an important
role in modulating the postsynaptic component of neuromuscu-
lar transmission. In addition, the frequency of MEPCs (3.11 �
0.26 s�1 vs 1.4 � 0.09 s�1, p � 0.001; Fig. 3A, right) more than
doubled, suggesting that IP3R1 has an additional role in modu-
lating the presynaptic component of transmission, i.e., on release
of neurotransmitter from the presynaptic sites. These combined
presynaptic and postsynaptic changes were accompanied by an
�2-fold increase in the amplitude of the EPC (endplate current)
evoked by sciatic nerve stimulation (122.49 � 12.92 vs 50.21 �
5.9 nA, p � 0.001; Fig. 3D). Finally, the quantal content (34.2 �
1.8 vs 26.08 � 3.96, p � 0.05) increased by 30% (Fig. 3E). These
observations are similar to those seen in the TTX and �BT partial
blockade models and suggest that IP3R1-mediated Ca 2� release
from internal stores in muscle at the NMJ mediates the action of
cholinergic input on both presynaptic and postsynaptic aspects of
homeostatic plasticity (Wang et al., 2005, 2010).

IP3R1 activity controls synaptic gene expression in muscle
The increase in amplitudes and decay phases of MEPCs induced
by IP3R1 silencing suggests that IP3R1 signaling is involved in
AChR expression. To test this, we first compared AChR expres-
sion by measuring fluorescence intensity of endplates labeled
with TxR-�BT in muscle treated by denervation, which is known
to increase AChR expression, or by siRNA IP3R1 knockdown. We

found that IP3R1 knockdown in TA muscle was associated with a
1.8-fold increase in endplate AChR intensity, a smaller, but sim-
ilar effect on AChR expression as that seen with denervation
(Tsay and Schmidt, 1989; Akaaboune et al., 1999) (Fig. 4A). The
change in AChR expression is in good agreement with the 1.5-
fold increase in MEPC amplitudes induced by IP3R1 silencing
(Fig. 3B).

Since cholinergic input influences both synaptic currents
and contractile (electrical) activity, it is difficult to separate
the differential effects of these two variables and their modes
of coupling to gene expression. Studies have pointed to a role
for the L-type Ca 2� channel as the principal intracellular Ca 2�

source for signals coupled to electrical activity (Friedrich et al.,
2008). Based on the striking colocalization of IP3R1 with
AChRs and subsynaptic nuclei at the NMJ, we hypothesized
that this channel is a source of internal Ca 2� involved in reg-
ulating synaptic muscle gene expression. We studied the effect
of IP3R1 silencing on expression of a panel of NMJ and muscle-
specific genes. We first investigated the time course of AChR
gene expression between 3 and 14 d after knockdown, an in-
terval that spans the duration of the effect of a single siRNA
electroporation on IP3R1 expression, and then used quantita-
tive RT-PCR to compare this effect to that of denervation.

In siRNA-treated muscle, expression levels of both � and �
subunit genes began to increase steadily 3 d after siRNA
knockdown until reaching peak levels of 	10-fold and 	60-

Figure 3. siRNA-mediated IP3R1 silencing alters presynaptic and postsynaptic components
of neuromuscular transmission. A. Left, Representative traces of MEPCs in ctRNA-treated (top,
black) and IP3R1-siRNA-treated (bottom, blue) normal tibialis anterior muscle voltage clamped
at �60 mV. Right, The frequency of spontaneous MEPC was significantly increased in IP3R1-
siRNA-treated muscle compared with ctRNA-treated TA (n � 29) (3.11 � 0.26 s �1; n � 49 vs
1.4 � 0.09 s �1; n � 29, **p � 0.001). B, MEPC amplitudes from IP3R1-siRNA-treated TA
muscle (3.86 � 0.32 nA; n � 25) were nearly 2-fold greater than those recorded from ctRNA-
treated TA muscle (2.53�0.29 nA; n�19, *p�0.05). C, The MEPC (	) in IP3R1-siRNA-treated
TA muscle (1.5 � 0.08 ms; n � 25) was significantly increased compared with that of ctRNA
(1.14 � 0.15 ms; n � 19, *p � 0.05). D, EPC amplitude of IP3R1-siRNA-treated TA muscle was
significant greater than that of the ctRNA-treated muscle (50.21 � 5.9 nA; n � 26 vs 13.72 �
2.8 nA; **p � 0.001, n � 26). E, The quantal content of evoked transmitter release was
significantly increased in IP3R1-siRNA-treated TA muscle compared with ctRNA-treated muscle
(34.2 � 1.8 vs 26.08 � 3.96, *p � 0.05) and increased by 30% (n � 26). Inset shows raw data
trace of EPC for IP3R1-siRNA-treated and ctRNA-treated muscle; n � # of endplates. Mouse # �
10. All comparisons were analyzed by Student’s t test. All other comparisons are not significant.
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fold over baseline, respectively, after 9 d
(Fig. 4B, right). The sharp peak and decline
in AChR gene expression after IP3R1 knock-
down in muscle were coincident with the
time course of IP3R1 silencing (Fig. 2B). The
increase in 
 gene expression was more
modest, peaking at day 9 (Fig. 4C). IP3R1

had a small but significant effect on � sub-
unit expression over the same time course as
the 
 subunit (Fig. 4C). Control RNA had
no effect on AChR subunit gene expression.
In contrast, as reported previously, after de-
nervation �, �, and 
 subunit expression in-
creased immediately after 3 d and remained
significantly elevated for at least 9 d (Tsay
and Schmidt, 1989; Akaaboune et al., 1999)
(Fig. 4B, left and right). The increases after
denervation were of greater magnitude,
but the differential effects on �, �, and 

subunit expression were comparable.
However, as reported previously, dener-
vation had little effect on � subunit ex-
pression, particularly at day 3, when
expression of the other subunits in-
creases (Fig. 4C) (Martinou and Merlie,
1991). The increases in AChR subunit
gene expression, including the appear-
ance of the (embryonic) � subunit ex-
pression (slower channel kinetics), are
consistent with the finding that IP3R1

knockdown increased MEPC ampli-
tudes and MEPC decay phase duration
(Fig. 3 B, C). These studies suggest that
the effect of IP3R1 may resemble the ef-
fect of denervation on AChR gene ex-
pression, although differences in the
control of � subunit expression may
point to distinct influences on synaptic
genes.

To test whether IP3R1 silencing influ-
ences a wider array of NMJ and muscle-
specific genes similar to the role of
cholinergic input, we compared the effect of
muscle IP3R1 silencing (day 9) with the ef-
fect of denervation (day 3) on the expression
of a panel of other muscle-specific genes
known to be influenced by cholinergic
activity. Figure 4C showed that, like de-
nervation, IP3R1 silencing led to increased
expression of rapsyn and the neuregulin
receptor ErbB2. Curiously, as with the
AChR genes, the effect of IP3R1 silencing
on rapsyn was of smaller magnitude than

Figure 4. IP3R1 activity controls synaptic gene expression in muscle. A, AChR intensity (TxR-�BT fluorescence intensity; #,
normalized to untreated) at WT NMJ after treatment with siRNA (siRNA-WT) for IP3R1 knockdown (9 d) is 1.76 � 0.18-fold greater
than untreated, a significant increase compared with untreated (n � 7; ***p � 0.001), while ctRNA (ctRNA-WT) had no effect
(n � 7; p 	 0.81). After denervation (Dv), the AChR intensity was increased by 2.79 � 0.58-fold, significantly greater than
untreated (n � 7; ***p � 0.001). B, Time course of expression (#, normalized to 0 time expression) of � and � subunit after
denervation (left graph), or after siRNA silencing of IP3R1 (right graph). Expression levels at day 9 after siRNA for � subunit
(11.12 � 1.83) and � subunit (63.48 � 6.49) were significantly greater than the corresponding values for ctRNA-treated TA
muscle (n � 5; p � 0.005). C, Expression levels (#, normalized to 0 time expression) of NMJ genes, AChR 
 subunit (delta), AChR
� subunit (�), acetylcholinesterase (AChE), ErbB2, MuSK, and rapsyn in TA muscle. Expression levels at day 9 after siRNA for 

subunit (3.07 � 0.64; **p � 0.005) and � subunit (1.52 � 0.16; **p � 0.005) were significantly greater than the corresponding
values for ctRNA-treated TA muscle (n � 5). Treatment with denervation for 3 d (DV-3d-WT), IP3R1 knockdown for 9 d (siRNA-9d-
WT), combined denervation and IP3R1 knockdown (DV-3d-siRNA-9d-WT), or ctRNA for 9 d (ctRNA-WT) showed similar but not
identical effects of the two treatments on gene expression. Combined treatments showed that effects are overlapping. ***p �
0.001. D, Expression levels (#, normalized to 0 time expression) of muscle genes, Glut1 and Glut4, in TA muscle after treatment with
denervation for 3 d (DV-3d-WT), IP3R1 knockdown for 9 d (siRNA-9d-WT), combined denervation and IP3R1 knockdown (DV-3d-
siRNA-9d-WT), or ctRNA for 9 d (ctRNA-WT) showed that IP3R1 had no effect on non NMJ muscle gene expression compared with
denervation. Compared to WT, expression of Glut1/4 was unchanged in siRNA-9d-WT and ctRNA-9d-WT, whereas Glut1 expression
was 	15-fold to WT in Dv-3d-siRNA-9d-WT and in Dv-3d-WT. ctRNA had no effect on gene expression; n � 5; **p � 0.005,
***p � 0.001. E, Expression levels (#, normalized to 0 time expression) of regulatory genes, myogenin, Dach2, and HCAC4 in TA
muscle after treatment with denervation for 3 d (DV-3d-WT), IP3R1 knockdown for 9 d (siRNA-9d-WT), combined denervation and
IP3R1 knockdown (DV-3d-siRNA-9d-WT), or ctRNA for 9 d (ctRNA-WT) demonstrated that comparable effects on regulatory genes
was significantly increased by IP3R1 knockdown and denervation. ctRNA had no effect on gene expression; n � 5; **p � 0.005,
***p � 0.001. F, Left, Immunolocalization of HDAC4 in subsynaptic nuclei of wild-type (WT), denervated (Dv), siRNA-treated
(siRNA), and control RNA-treated (ctRNA) TA muscle colabeled with TxR-�BT (red) and DAPI (blue) to label nuclei shows that
HDAC4 (green) is localized at and surrounding NMJs in all four panels, but in addition shows colocalization with subsynaptic nuclei
(light blue stain) in denervated and siRNA-treated TA muscle (arrows). Scale bar, 15 �m. Right, Quantification of HDAC4 immu-
nolabeling in subsynaptic nuclei (SN) and extrajunctional nuclei (EN) showed that the percentage of HDAC4-labeled subsynaptic
nuclei (HDAC4-SN) in denervated TA muscle (Dv-3d-WT) and siRNA-9d-WT were 12.07 � 0.73 and 7.36 � 0.29%, respectively,

4

both significantly greater than WT (2.56 � 0.21%) and
ctRNA-9d-WT (2.04 � 0.41%) (n � 3; *p � 0.05). The per-
centage of HDAC4-labeled extrajunctional nuclei (HDAC4-EN)
in Dv-3d-WT 6.27 � 0.35% was significantly greater than
those found in WT (2.34 � 0.28%), siRNA-9d-WT (2.33 �
0.16%), and ctRNA-9d-WT (2.51 � 0.34%); n � 3; *p �
0.05. All comparisons were analyzed by Mann–Whitney U test.
All other comparisons not significant.
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denervation, but the effect of IP3R1 silencing on ErbB2 expression
was 	2-fold that of denervation. Moreover, IP3R1 silencing did
not alter muscle-specific receptor tyrosine kinase (MuSK) or ace-
tylcholinesterase (AChE) expression, while denervation in-
creased MuSK and decreases AChE expression. For more widely
expressed genes, IP3R1 silencing had no effect on extrajunctional
muscle genes such as the glucose transporters glut1 and glut4,
while denervation increased expression of glut1 and decreased
expression of glut4 (Fig. 4D) (Jones et al., 1998). These findings
indicate that IP3R1 activity has a distinct influence on the expres-
sion of synapse-specific genes.

Modulation of some NMJ-localized genes and other extra-
junctional muscle genes by denervation, but not by IP3R1 silenc-
ing, is in agreement with observations that expression of these
genes is under control of multiple factors, including electrical
activity, and peptide modulators such as neuregulin and agrin
(Lømo et al., 1985; Goldman et al., 1988; Tsay and Schmidt, 1989;
Yang et al., 1991; Castelló et al., 1993; Jones et al., 1998; Moore et
al., 2001; Lebrasseur et al., 2003). The fact that IP3R1 silencing,
which leaves muscle innervation and contraction intact, also in-
creases expression of some NMJ genes, particularly ErbB2, and
selectively increases expression of the � subunit, suggests that
there are additional overlapping factors that influence synaptic
gene expression (Lebrasseur et al., 2003; Sunesen and Changeux,
2003). Therefore, we explored the effect of combined IP3R1 si-
lencing and denervation. Nine days before harvesting muscle, the
TA was electroporated with siRNA for IP3R1 or control RNA.
Three days before harvest, TA muscles were denervated. Figure 4,
C and D, compares the effect of denervation alone, of IP3R1 si-
lencing alone and of denervation following IP3R1 silencing for 9 d
on muscle gene expression. IP3R1 silencing had no greater effect
on expression of glut1 and glut4 even when combined with de-
nervation. However, we found that expression of both the 
 sub-
unit and rapsyn, which were increased by IP3R1 silencing alone,
were further increased by denervation, greater than by denerva-
tion alone. In addition, while IP3R1 silencing had no effect on
expression of MuSK or AChE, the combined effect of IP3R1 si-
lencing and denervation significantly increased MuSK expression
and eliminated the effect of denervation on AChE expression.
More importantly, while the effect of IP3R1 silencing was to in-
crease expression of � subunit and that of ErbB2 greater than the
effect of denervation, the combined effect of siRNA and dener-
vation was significantly greater than the effect of IP3R1 silencing
or denervation alone. One interpretation of these findings is that
IP3R1 activity, and presumably synaptic Ca 2� fluxes, exert dis-
tinct localized control on NMJ gene expression.

To investigate whether overlapping influences on muscle gene
expression between cholinergic input and IP3R1 activity can be ex-
plained by changes in transcription or protein expression, we
studied the expression of the HLH (helix-loop-helix) family of tran-
scription factors involved in muscle gene expression. We found that
both denervation and IP3R1 silencing led to increases in myogenin
and HDAC4 and reduced expression of Dach-2 within muscle fibers
(Fig. 4E), suggesting that both treatments equally influenced expres-
sion of these transcription factors at the gene level. These findings are
consistent with the observation that many downstream muscle
genes are influenced by both denervation and IP3R1 silencing. We
also detected expression of this panel of genes in muscle with 2-APB-
mediated blockade of IP3R and selective elimination of muscle IP3
by INPP5a, and the results were similar as with IP3R1 silencing (data
not shown).

Changes in skeletal muscle gene expression mediated by mus-
cle electrical activity and Ca 2� fluxes are partly regulated by the

CaMKII-dependent nucleocytoplasmic shifts of the transcription
protein HDAC4 and direct binding and reciprocal regulation of
MEF2 transcription factor activity (Tang et al., 2004; Cohen et al.,
2007). Because IP3R1 mediates localized Ca 2� fluxes at the NMJ
that can activate CaMKII and phosphorylate HDAC4, we com-
pared the effect of denervation, known to increase myonuclear
translocation of HDAC4, with the effect of siRNA silencing of
IP3R1 in vivo on myonuclear translocation of HDAC4. Denerva-
tion of TA muscle was associated with a 3-fold increase in the
proportion of extrajunctional myonuclei labeling for HDAC4,
from 2.34 � 0.3% in innervated muscle to 7.46 � 0.3% after
denervation (HDAC-EN; Fig. 4F; n � 3, p � 0.05). Looking
specifically at subsynaptic nuclei in TA muscle fibers, we found
that denervation caused a 4-fold shift in the number of HDAC4-
positive subsynaptic nuclei (10.88 � 0.8%, HDAC4-SN; n � 3,
p � 0.05) compared with innervated TA muscle (2.56 � 0.2%;
Fig. 4F). In comparison, siRNA-IP3R1 treatment of TA muscle
caused a nearly 3-fold increase (7.36 � 0.3%; n � 3, p � 0.05) in
HDAC4-positive subsynaptic nuclei but had no effect on HDAC-
positive extrajunctional nuclei (2.33 � 0.2%, HDAC4-EN; Fig.
4F; n � 3, p 	 0.87). Control RNA had no effect on HDAC4
labeling of TA muscle nuclei in either compartment (Fig. 4F). The
changes in NMJ nuclear expression of HDAC4 are highly consis-
tent with the selective changes in NMJ gene expression and sug-
gest that Ca 2� released through IP3R1 at the NMJ acts via
synaptic myonuclear HDAC4 to regulate NMJ-specific gene ex-
pression. The results point to a role for IP3R1 in targeting the
synaptic effects of cholinergic input to mediate localized gene
expression through an HDAC4 mechanism.

IP3R1 silencing prevents pathological Ca 2� overload, cysteine
protease activation, and degeneration of NMJs
Numerous pathological processes, such as seizure activity, exci-
totoxicity, organophosphorus poisoning, or excessive anti-
cholinesterase medication, lead to deleterious increases in
cytoplasmic Ca 2�, synaptic degeneration, and neuronal death
(Ariens et al., 1968; Choi, 1992, 1995; Kobayashi et al., 2009;
Thiermann et al., 2009). Agonist myopathy is an acute model of
cholinergic excitotoxicity induced by excessive inhibition of anti-
cholinesterases as used in therapy for myasthenia gravis (Leonard
and Salpeter, 1979; Kawabuchi, 1982). It is associated with path-
ological accumulation of Ca 2� and degeneration of the NMJ.
SCS is a genetic disorder in which mutations in the AChR cause
prolonged AChR gating and overload of the NMJ with Ca 2�,
resulting in degeneration of the NMJ (Engel et al., 1996; Gomez et
al., 1997, 1998). In a mouse model for SCS in which the clinical,
pathological, and electrophysiological features of the disease are
reproduced by muscle expression of the AChR subunit bearing
SCS mutations such as �L269F, fura-2 imaging studies suggested
that Ca 2� overload in this disorder depends on IP3 receptor-
gated stores rather than Ca 2� entry through L-type channels or
ryanodine receptors (Gomez et al., 1997; Zayas et al., 2007).

We hypothesized that IP3R blockade or selective reduction of
IP3R1 by siRNA knockdown in vivo would prevent pathological
accumulation of postsynaptic Ca 2� at the NMJ. TA muscles of
wild-type (WT) mice were pretreated by electroporation with
siRNA-IP3R1 or control RNA in contralateral hind limbs. Nine
days later mice were injected intraperitoneally with the cholines-
terase inhibitor neostigmine (0.25 mg/kg), a dose previously es-
tablished to cause NMJ Ca 2� overload based on the GBHA
histochemical stain and degeneration of NMJ (Leonard and Sal-
peter, 1979; Kawabuchi, 1982). After 36 h, endplate Ca 2� depos-
its were identified at �39.8 � 4.5% of endplates in nonpretreated
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mice, which was reduced to 22.1 � 5.5%
in mice pretreated with siRNA-IP3R1 (Fig.
5A; n � 7, p � 0.001). Control RNA had
no effect on neostigmine-induced NMJ
Ca 2� overload (37.6 � 3.1%; Fig. 5A).
Blockade of IP3 receptors by systemic pre-
treatment of mice for 9 d with the nonspe-
cific blocker 2-APB or XS also reduced the
proportion of GBHA-labeled endplates to
28.9 � 3.6% and 26.2 � 4.6%, respec-
tively (Fig. 5A; n � 7, p � 0.001).

Muscle from both SCS patients and
SCS transgenic mice bearing different
AChR mutations have Ca 2�-overloaded
NMJs proportional to the severity of the
effect of the mutation on the prolongation
of synaptic currents (Gomez et al., 1997,
2002; Zayas et al., 2007). In this study we
employed the SCS mouse line expressing
�L269F, which has the most extensive
endplate Ca 2�-overload of a series of five
lines studied in detail (Gomez et al., 1997,
2002; Zayas et al., 2007). We found that
electroporation of siRNA-IP3R1 into TA
muscle of SCS mice completely elimi-
nated the Ca 2� overload of NMJs at 9 d
(Fig. 5A; n � 7), while control RNA had
no effect (33.4 � 3.1%; Fig. 5A; n � 7, p 	
0.91). Also, treatment of SCS mice with the
IP3R blocker 2-APB or XS for 2 d signifi-
cantly reduced the proportion of GBHA-
labeled endplates to 25.5 � 4.4 and 22.9 �
5.3%, respectively (Fig. 5A; n � 7, p �
0.001). These findings suggest that patho-
logical elevation of Ca 2� at the intact neu-
romuscular synapse in vivo requires
participation of IP3R1-mediated Ca 2� re-
lease in skeletal muscle.

Previous studies have shown that Ca 2�

overload in NMJs leads to activation of
the Ca 2�-activated protease calpain and,
indirectly, that of the caspase proteases
caspase-3 and caspase-9, which contrib-
ute to NMJ degeneration (Leonard and
Salpeter, 1979; Vohra et al., 2004, 2006).
We found that genetic inhibition of cal-
pain improved endplate ultrastructure,
neuromuscular transmission, and muscle
strength in SCS mice, but also found evi-
dence for a significant role for caspases
(Vohra et al., 2004, 2006; Groshong et al.,
2007). Since siRNA-IP3R1 reduced or elim-
inated Ca2� accumulation at endplates with
either Neostigmine treatment or in SCS,
we tested whether IP3R1 silencing would
prevent increases in calpain activity in
neostigmine-treated WT mice and SCS
transgenic mice. To measure calpain activity
in muscle homogenates, we used a highly
sensitive luciferase-based calpain assay that
employs a luminogenic calpain substrate
(Calpain-Glo, Promega). Calpain activity in
both neostigmine-treated WT and SCS

Figure 5. IP3R1 activity is required for Ca 2�overload of NMJs and pathological activation of calpain, caspase-3, and caspase-9 at NMJs.
A, Top, Serial TA muscle sections labeled for cholinesterase (dark brown) to localize endplates and GBHA (red) to localize Ca 2� overloading
in WT, SCS, WT pretreated with excessive dose of neostigmine (Neo-WT), and SCS muscle after IP3R1-siRNA (Figure legend continues.)
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mouse TA muscle was 3.3–4.2 times the level in untreated WT mus-
cle (Fig. 5B). siRNA knockdown of IP3R1 in TA muscles 9 d before
neostigmine treatment or in SCS TA muscles significantly reduced
calpain activity to 1.4–1.9-fold of WT (Fig. 5B; n � 7, p � 0.005).
Furthermore, treatment of SCS mice with IP3R inhibitors 2-APB

(n � 7, p � 0.005) or XS (n � 7, p � 0.005) significantly reduced
muscle calpain activity in SCS mice, although levels still remained
3.0- and 2.7-fold greater than WT, respectively (Fig. 5B).

Caspase activation at the NMJ of SCS patients presumably
occurs via the intrinsic pathway when Ca 2� overload provokes
mitochondrial stress and release of cytochrome c (Boehning et al.,
2003). Activated forms of caspases are detected at NMJs of SCS
patients and SCS transgenic mice (Vohra et al., 2004). Using
antibodies specific for activated caspases, the proportions of ac-
tive caspase-labeled endplates are roughly equivalent to the pro-
portions of Ca 2�-overloaded endplates in these mice. In mice
treated with neostigmine 36 h before detection, 	25% of end-
plates were labeled intensely for active caspase-9 and active
caspase-3 (Fig. 5C). In �L269F SCS mice, �45% of endplates
were labeled with active caspase-9 and active caspase-3, as re-
ported previously (Fig. 5C) (Vohra et al., 2004; Groshong et al.,
2007).

Caspase activity can also be characterized using a luciferase-
based luminogenic caspase substrate assay (Caspase-Glo 9 and
Caspase-Glo 3/7, Promega) to study TA muscle homogenates.
Caspase-9 activity in neostigmine-treated WT mice was 1.6-fold
over the untreated level and was 2-fold over normal levels in SCS
mouse TA muscle (n � 5, p � 0.005). Caspase-3 activity was
2.5-fold over the untreated levels in both neostigmine-treated
WT and SCS mice (Fig. 5B; n � 5, p � 0.005).

Treatment of TA muscle with siRNA-IP3R1 by direct electro-
poration in vivo before neostigmine treatment significantly re-
duced the fraction of endplates labeled with activated caspase-9
and caspase-3 to 14 and 15% (Fig. 5C; n � 5, p � 0.005), respec-
tively. Silencing of IP3R1 also completely prevented the increase
in both caspase activities induced by neostigmine treatment,
while control RNA had no effect. In SCS mice IP3R1 knockdown
reduced the proportion of active caspase-9 and caspase-3-
positive endplates 	2-fold (Fig. 5C; n � 5, p � 0.005). Similarly,
siRNA-IP3R1-treated SCS mice significantly decreased the activ-
ity of both caspases (Fig. 5B; n � 5, p � 0.005), whereas control
RNA treatment had no effect in preventing caspase accumulation
at endplates. Lastly, treatment of SCS mice with a nonspecific
IP3R inhibitor, either 2-APB or XS, 2 d prior significantly dimin-
ished the accumulation of caspase-9 and caspase-3 (Fig. 5C; n �
5, p � 0.005) and diminished caspase-3 and caspase-9 activity
(Fig. 5B; n � 5, p � 0.005, p � 0.05) at endplates. These findings
demonstrate that in two models of synaptic Ca 2� overload in
muscle, acute pharmacological inhibition of acetylcholinesterase
and the SCS mouse model, elevated caspase-3 and caspase-9 ac-
tivity and accumulation of activated caspase-3 and caspase-9 at
NMJs depend on the presence of skeletal muscle IP3R1, which
presumably amplifies internal release of Ca 2�. Thus, in addition
to its physiological role, IP3R1 plays a key role in pathological
elevations of proteases at synapses.

NMJ regions of SCS mouse muscle fibers have evidence of
DNA damage best seen by immunostaining for phosphorylated
H2AX (pH2AX) at Ser139, a histone modification that initiates
DNA damage repair (Rogakou et al., 2000) (Fig. 5D). Figure 5D
shows that immunolabeling of pH2AX was seen selectively in
subsynaptic nuclei of SCS mice labeling �37% of NMJs, similar
to the numbers seen for GBHA and active caspase labeling and as
compared with extensive pH2AX labeling detected in widespread
apoptosis-induced staurosporine treatment (Belmokhtar et al.,
2001). IP3R1 knockdown significantly reduced the proportion of
pH2AX-labeled NMJs to 11.4 � 3.6% in SCS TA muscle (Fig. 5D;
n � 5, p � 0.005). Control RNA did not reduce pH2AX-labeled
endplates (35.6 � 6.5%; n � 5; p 	 0.96). Treatment of mice with
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(Figure legend continued.) treatment (siRNA-SCS). Ca 2� overloading was found at endplates
of SCS transgenic mice (SCS) and neostigmine-treated wild type mice (Neo-WT), but not in wild
type (WT) or siRNA-treated SCS mice (siRNA-SCS). Numbers on GBHA-labeled section corre-
sponds to fibers with cholinesterase-stained endplates in adjacent section above. Scale bar, 60
�m. Bottom, Quantitation of Ca 2� overload of endplates (percentage GBHA-labeled end-
plates) in neostigmine-treated WT and in untreated SCS mice and its dependence on IP3R1

activity. Endplates from WT TA showed no Ca 2�-labeled endplates, while a significant number
of NMJs were overloaded with Ca 2� after neostigmine treatment of WT mice (39.84 � 4.54) or
in untreated SCS (37.33�5.7). siRNA treatment of TA muscle for IP3R1 knockdown significantly
reduced Ca 2� overload of endplates in neostigmine-treated mice (22.10 � 5.46%) and abol-
ished Ca 2�-overload of SCS endplates. ctRNA had no effect on neostigmine-induced endplate
Ca 2� overload (37.63 � 3.06%) or Ca 2� overload in SCS muscle (33.65 � 3.07%). The
nonspecific IP3R blocker 2-aminoethoxydiphenyl (2-APB), significantly reduced Ca 2� overload
in neostigmine-treated mice (28.87 � 3.57%) and in SCS mice (25.51 � 4.44%), and the
nonspecific IP3R blocker, xestospongin (XS) reduced the endplate Ca 2� overload in
neostigmine-treated mice (26.15 � 4.63%) and in SCS mice (22.85 � 5.32%). Saline had no
effect on endplate Ca 2� overload (34.35 � 2.11%); n � 7–10; ***p � 0.001. B, Relative
activity of calpain, caspase-3, and caspase-9 proteases (#, normalized to WT) for neostigmine-
treated WT and untreated SCS muscle under indicated conditions. In non-pretreated WT mice
neostigmine induced relative increases of protease activities of 3.3-fold (calpain), 2.5-fold
(caspase-3), and 1.6-fold (caspase-9), while protease activities for nonn-pretreated SCS muscle
are 4.2-fold (calpain), 2.7-fold (caspase-3), and 2.0-fold (caspase-9) above WT activity. siRNA
treatment to silence IP3R1 significantly reduced calpain activity in neostigmine-treated mice
(1.4-fold) and SCS mice (1.2-fold), caspase-3 activity in neostigmine-treated mice (1.3-fold)
and SCS mice (1.8-fold), and caspase-9 activity in neostigmine-treated mice (1.1-fold) and SCS
mice (1.2-fold). ctRNA had no effect in reducing protease activity. Treatment of SCS mice with XS
significantly reduced activities of calpain mice (2.7-fold), caspase-3 mice (1.6-fold), and
caspase-9 mice (1.5-fold). Treatment of SCS mice with 2-APB reduced activities of calpain mice
(3.0-fold), caspase-3 mice (1.7-fold), and caspase-9 mice (1.6-fold); n � 5; *p � 0.05, **p �
0.005. C, Top, Colocalization of activated caspase-3 (green, arrows) and caspase-9 (green, ar-
rows) with NMJs (red) in WT, neostigmine-treated and non-pretreated SCS mice, and after
IP3R1 knockdown. Activated caspase-3 and caspase-9 are seen in neostigmine-treated NMJ and
in SCS NMJ with intact IP3R1, but are not seen in normal muscle and are significantly reduced in
siRNA-treated NMJs; n � 9. Scale bar, 15 �m. Bottom, Quantitation of endplates labeled with
activated caspase-3 and caspase-9 in neostigmine-treated and non-pretreated SCS mice under
indicated conditions. In neostigmine-treated mice 28.2 � 2.6% of endplates are labeled for
cleaved caspase-3 and 25.4 � 2.2% with active caspase-9, while in SCS mice 45.9 � 5.0% are
labeled with cleaved caspase-3 and 44.1 � 5.7% with cleaved caspase-9. No active caspases
were detected at untreated WT endplates. Treatment of TA muscle with siRNA for IP3R1 knock-
down in neostigmine-treated mice significantly reduced labeling for cleaved caspase-3 (14.8�
0.9%) and caspase-9 (13.9 � 2.0%), and in SCS mice it significantly reduced labeling for
cleaved caspase-3 (14.8 � 2.6%) and caspase-9 (15.7 � 2.9%). ctRNA had no effect on label-
ing for cleaved caspase-3 and caspase-9. Treatment of SCS mice with XS significantly reduced
endplate labeling with cleaved caspase-3 (25.1 � 5.5%) and caspase-9 (27.5 � 6.3%). Also,
treatment of SCS mice with 2-APB significantly reduced endplate labeling with cleaved
caspase-3 (28.2 � 3.1%) and caspase-9 (24.8 � 3.8%); n � 5; **p � 0.005. D, IP3R1 activity
is required for Ca 2�-mediated DNA damage in subsynaptic nuclei in SCS. Left, Colocalization of
phospho-H2AX-labeled (pH2AX, green) nuclei (DAPI, blue) with NMJ (red) in untreated and
staurosporine-treated WT muscle and untreated and siRNA-treated SCS muscle. After stauro-
sporine treatment, nuclei throughout the muscle are labeled with pH2AX. In SCS only NMJ
nuclei are labeled with pH2AX. In SCS muscle treated with siRNA for IP3R1 knockdown, pH2AX
labeling of NMJ nuclei is reduced. Scale bar, 15 �m; Normal TA muscle sections were treated
with staurosporine (800 �g/ml) at 37°C for 30 min (Rogakou et al., 2000). Right, Quantitation
of pH2AX-labeled NMJs in WT and SCS under indicated conditions. In WT NMJ, pH2AX-labeled
nuclei are rare (1.41 � 1.23%). In SCS a significant number of NMJ nuclei are labeled with
pH2AX (37.34 � 2.17%). Pretreatment of SCS muscle with siRNA to knockdown IP3R1 (siRNA-
SCS) significantly reduces �H2AX-labeling (11.42 � 3.55%). ctRNA treatment (ctRNA-SCS) has
no effect (35.58 � 6.47%). Treatment of SCS mice with XS (XS-SCS) and 2-APB (2-APB-SCS)
significantly reduce pH2AX-labeling to 20.52 � 3.24 and 24.17 � 1.67%, respectively; n � 5;
**p � 0.005. All comparisons were analyzed by Mann–Whitney U test. All other comparisons
not significant.
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the nonspecific IP3R inhibitors 2-APB and XS also effectively
decreased the proportion of pH2AX-labeled endplates in SCS
mice to 24.2 � 1.7 and 20.5 � 3.2% (Fig. 5D; n � 5, p � 0.005),
respectively. Collectively, these findings demonstrate that the
IP3R1-mediated Ca 2� release plays a significant role in mediating
acute and chronic forms of synaptic Ca 2� overload and the re-
sulting activation of cysteine proteases at endplates and DNA
damage in subsynaptic nuclei. Blockade or elimination of IP3R1

protects NMJs from these processes.

IP3R1 silencing improves neuromuscular transmission and
functional recovery in SCS transgenic mice
Weakness and fatigability in SCS and other NMJ disorders arise
from impaired synaptic transmission manifested by decremental
CMAP (compound muscle action potential) amplitudes with re-
petitive stimulation electromyography (rsEMG) and by combi-
nations of presynaptic and postsynaptic defects as assessed using
two-electrode voltage-clamp analysis of intact muscle in vitro.
We performed rsEMG to investigate the role of IP3R1 in the im-
paired neuromuscular transmission and weakness induced in
WT mice by anti-cholinesterase excess or that develops in un-
treated SCS mice (Laskowski and Dettbarn, 1979; Gomez et al.,
1997). In mice with neuromuscular disease, decremental re-
sponses in the rsEMG are only detectable over the flexor digito-
rum brevis (FDB) muscle, presumably because of a high safety
factor in most murine skeletal muscles (Schieppati et al., 1995;
Corna et al., 1996). Thirty-six hours after intraperitoneal admin-
istration of neostigmine to WT mice, rsEMG revealed a mean
decremental response of 10.6 � 1.1% (Fig. 6; n � 5). However,
when the FDB muscles on one side were pretreated by siRNA-
mediated IP3R1 knockdown 9 d earlier, there was significant pro-
tection from neostigmine-induced decremental responses in
rsEMG (5.6 � 0.7%; n � 5, p � 0.005), while the treatment of
contralateral FDB with control RNA had no effect on decremen-
tal responses (11.8 � 1.2%; n � 5, p 	 0.95). Similarly, untreated
SCS mice showed mean decremental responses of 14.8 � 1.4%
(Fig. 6; n � 5) in the rsEMG. siRNA-mediated IP3R1 knockdown
in FDB muscle diminished the decrement to 7.5 � 1.1% (n � 5;
p � 0.005), while control RNA had no effect (16.0 � 1.0%; n � 5,
p 	 0.83). Lastly, treatment of SCS mice with the IP3R blocker
2-APB for 2 d significantly diminished decremental responses in
SCS mice (8.0 � 2.1%; n � 5, p � 0.005).

SCS mice have severely reduced MEPC amplitudes, MEPC
frequency, and quantal content of evoked responses (Gomez et
al., 1997). To investigate the physiological basis for the improve-
ment in neuromuscular transmission induced by IP3R1 silencing
in SCS mice, we used voltage-clamp analysis of endplate currents
in excised TA muscle of SCS mice electroporated 9 d earlier with
IP3R1-siRNA or control RNA (Fig. 7). As before, we found that
both the amplitude and frequency of MEPCs were reduced, as
was quantal content, in SCS mice (Gomez et al., 1997). Due to the
expression of the mutant �L269F AChR subunit, MEPC decay
phases were also prolonged, a finding that underlies the ionic
overload leading to the disease process (Gomez et al., 1997). Sur-
prisingly, upon treatment of TA muscle with IP3R1-siRNA we
found that the MEPC amplitudes increased by 50% (1.63 � 0.19
pA vs 1.1 � 0.12 pA, p � 0.03; Fig. 7B), and the MEPC frequency
was increased by 	2-fold (1.75 � 0.1 s�1 vs 0.78 � 0.04 s�1, p �
0.001), and restored to the normal values (Fig. 7A, right). In
contrast, MEPC amplitude and frequency in control RNA-
treated SCS muscle remained reduced to levels similar to those
seen in untreated SCS mice (Fig. 7A,B) and significantly lower
than that seen in WT mice (Fig. 3A,B). In addition, in TA muscle

the amplitude of EPCs evoked by stimulating the corresponding
tibialis nerve more than doubled in IP3R1-silenced SCS muscle
(45.59 � 6.45 vs 13.72 � 2.8, p � 0.003) with RNA-treated or
untreated SCS mice (Fig. 7D). The computed quantal content in
IP3R1-silenced SCS TA muscle (Fig. 7E) was 28.03 � 4.6, more
than double that of control RNA-treated SCS muscle (12.55 � 2.32,
p � 0.03) and similar to normal TA muscle. Not surprisingly, MEPC
decay time remained prolonged due to the continued expression of
the mutant � subunit (Gomez et al., 1997) (Fig. 3C). These results
suggest that there is an overall restoration of both the presynaptic
and postsynaptic defects in neuromuscular transmission in SCS
mice by knockdown of the IP3R1 internal Ca 2� store, which plays
a key role in mediating the pathophysiological effects of the mu-
tant AChRs in SCS. The fact that these parameters are improved
without correcting the underlying kinetic defect in neuromuscu-
lar transmission indicates that the IP3R1 plays a key role in medi-
ating the pathogenic effects of the mutant AChRs.

Mice with neuromuscular disease have impaired motor func-
tion, strength, and fatigue, as assessed by a variety measures of
motor behavior (Gomez et al., 2002; Groshong et al., 2007). To
investigate whether the single limb treatment paradigm led to
improved motor performance, we used a computerized, video-
assisted treadmill (DigiGait, MouseSpecifics), which allows
side-by-side comparison of limb motor behavior using several
hindlimb performance parameters including “brake time,”
“stride length,” and “stride frequency” (defined in Materials and

Figure 6. Decremental responses in rsEMG in SCS transgenic mouse and neostigmine my-
opathy depend on IP3R1 activity. Top, Compound muscle action potentials recorded during
repetitive stimulation (rsEMG) in WT, neostigmine myopathy (Neo-WT), SCS, and SCS treated
with siRNA to knockdown IP3R1. Decremental responses are seen in both SCS and Neo-WT.
Bottom, Quantitation of decrement in rsEMG in WT, neostigmine myopathy, and SCS under
indicated conditions. Decrement in WT rsEMG is only 2.06 � 1.28% but is significantly in-
creased in neostigmine myopathy (Neo-WT, 10.55 � 1.12%) and SCS (14.75 � 1.37%). IP3R1

silencing by siRNA reduces decrement to 5.55 � 0.73% in neostigmine myopathy and 7.48 �
1.14% in SCS. ctRNA had no effect in either condition. Blockade of IP3R1 by 2-APB reduced
decrement to 8.00 � 2.07%, while saline had no effect; n � 5; *p � 0.005, Mann–Whitney U
test. All other comparisons not significant.
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Methods). Each of these was significantly prolonged in SCS mice
(Fig. 8A). However, treatment of one TA with siRNA-IP3R1 and
the opposite TA with control RNA led to a significant improve-
ment in all three parameters in siRNA-treated SCS limb com-
pared with the control RNA-treated SCS limb (Fig. 8A). In
untreated SCS mice, stride length was 4.5 cm compared with 3.7
cm in WT mice (Fig. 8B; n � 11, p � 0.001). In the siRNA-IP3R1-
treated side the mean stride length was 3.6 cm while the control
RNA-treated side was 4.6 cm (n � 1,; p � 0.001). Mean stride
frequency in SCS mice was 5.2 s�1 compared with 6.4 s�1 in WT
mice (Fig. 8B; n � 11; p � 0.001). In siRNA-treated hindlimb, the
mean stride frequency was 6.7 s�1 compared with 5.1 s�1 in
control RNA limb (n � 11, p � 0.001). These findings further
demonstrate the importance of the IP3R1 in mediating the full
spectrum of histochemical, pathological, electrophysiological,
and clinical consequences arising from pharmacological or ge-
netic perturbation of AChR gating in neuromuscular disorders.

Discussion
In skeletal muscle fibers many developmental and physiological
processes depend on Ca 2� fluxes associated with cholinergic in-
put. The NMJ is the site of transient increases in sarcoplasmic
Ca 2� distinct from other Ca 2� fluxes in muscle that, until now,

were attributed to the permeability of the AChR to Ca 2� (Miledi
et al., 1980; Goldman et al., 1988; Decker and Dani, 1990; Villar-
roel and Sakmann, 1996; Fucile et al., 2006). We previously used
living, fura-2-loaded muscle fibers focally activated at the NMJ
with iontophoresed ACh to show that localized increases in NMJ
Ca 2� to both normal and pathological levels could be inhibited
by blocking IP3Rs or IP3 production (Zayas et al., 2007). Initial
increases in Ca 2� still presumably occur by entry through WT or
mutant AChRs (Zayas et al., 2007). IP3 is produced by the action
of phospholipase C activated by G protein-coupled receptors
such as muscarinic receptors (Furlan and Godinho, 2005; Garcia
et al., 2005; Wright et al., 2009). In the current study we identified
the responsible IP3R subtype as IP3R1 and demonstrated for the
first time that IP3R1s are required for critical developmental and
physiological processes at the NMJ, ranging from the earliest
events of AChR cluster dispersal in developing myotubes to ho-
meostatic plasticity and the control of synaptic gene expression in
innervated fibers. Furthermore, we found that in adult fibers
IP3R1s also underlie pathological conditions of focal synaptic
Ca 2� overload, which are prevented by IP3R blockade or IP3R1

knockdown.
The findings in this study are significant for several reasons.

First, they reveal a novel role for IP3R1 in enabling the signaling
required for early maturation of the NMJ, presumably by ampli-
fying agonist-evoked Ca 2� signals at the AChR clusters to accel-
erate cluster dispersal. No comparable role for IP3R1 in other
neuronal cell types has been demonstrated. Second, the findings

Figure 7. siRNA-mediated IP3R1 silencing alters SCS presynaptic and postsynaptic compo-
nents of neuromuscular transmission. A, Left, Representative traces of MEPCs in ctRNA-treated
and siRNA-treated SCS mouse tibialis anterior muscle endplates, voltage clamped at �60 mV.
Right, The frequency of spontaneous MEPC was significantly increased in IP3R1-siRNA-treated
muscle (n � 20) compared with ctRNA-treated TA (n � 19) (1.75 � 0.1 s �1 vs 0.78 � 0.04
s �1, ***p � 0.001). B, MEPC amplitudes from IP3R1-siRNA-treated SCS TA muscle (1.63 �
0.19, n � 20) were nearly 47% greater than those recorded from ctRNA-treated SCS TA muscle
(1.11 � 0.12, n � 10; *p � 0.03). C, The MEPC (	) in IP3R1-siRNA-treated TA (14.04 � 2.89
ms, n � 13) remained prolonged and unchanged compared with that of ctRNA-treated SCS,
consistent with the presence of the SCS mutation �L269F (13.72� 2.85 ms, n � 7). D, EPC
amplitude of IP3R1-siRNA-treated TA muscle (n � 13) was significantly greater than that of the
ctRNA-treated muscle (45.59 � 6.45 nA; n � 13 vs 13.72 � 2.8 nA; n � 7; **p � 0.003). E,
The computed quantal content of evoked transmitter release was nearly doubled in IP3R1-
siRNA-treated SCS TA muscle compared with ctRNA-treated muscle (28.3 � 4.6; n � 13 vs
12.55 � 2.32; n � 7, *p � 0.03). Inset shows average traces of MEPC and EPC for IP3R1-siRNA-
treated and ctRNA-treated SCS endplates; n � # of endplates. Mouse # � 4. All comparisons
were analyzed by Student’s t test. All other comparisons not significant.

Figure 8. IP3R1 silencing improves motor function in SCS mice. A, Hindlimb motor time
interval parameters measured in motorized treadmill (DigiGait) in WT and SCS mice and the
effect of unilateral IP3R1 silencing. Functional parameters termed “swing”, “brake”, and “pro-
pel” are time intervals for three components of normal leg movements recorded during walk-
ing; as defined in Materials and Methods, these are identical between left and right hindlimb in
WT mice. All three parameters are symmetrically and significantly increased in SCS mice. siRNA
treatment of left hindlimb TA causes significant improvement in each of these parameters in
comparison to the contralateral right hindlimb, which was treated with ctRNA; n � 11; *p �
0.001, Student’s t test. All other comparisons not significant. B, Mean hindlimb stride length
and step frequency in WT and SCS and the effect of unilateral IP3R1 silencing. The average stride
length for both limbs in SCS is significantly longer than WT, while the step frequency is lower.
siRNA treatment of the left TA of the SCS mice reduced the stride length to that of WT and
increased the step frequency to slightly greater than that of WT; n � 11; *p � 0.001, Student’s
t test. All other comparisons not significant.
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in mature NMJs suggest that this novel role is expanded in
formed synapses to provide an additional mechanism by which
localized neural signals may be transduced efficiently into Ca 2�

store release. This expanded role influences presynaptic and post-
synaptic homeostatic synaptic plasticity and changes in synaptic
gene expression, yet remains compartmentalized at the muscle
fiber synapse. Third, they show that this internal Ca 2� release
store is a significant source of pathological elevations of Ca 2� and
therefore a potential target for therapy in disorders mediated by
Ca 2� overload, such as excitotoxicity, without apparent adverse
effects in the fully formed synapse.

The importance of IP3R1 in early NMJ development is consis-
tent with the previous observation that ACh mobilizes internal
Ca 2� in C2C12 cells and the critical finding that agonist-
mediated cluster dispersal depends on activation of calpain (Gio-
vannelli et al., 1995; Chen et al., 2007). IP3R1 expression appears
in embryonic development and, based on the presence of an
E-box motif in the ITPR1 gene promoter, likely exhibits coordi-
nate regulation with other muscle genes by myogenic regulatory
factors (Konishi et al., 1997; Yafe et al., 2008). The basis for its
predominant localization at the NMJ has yet to be explained.

Increases in quantal transmitter release and AChR expression
in innervated muscle fibers induced by partial blockade of neu-
romuscular transmission reflect the property of homeostatic
plasticity (Gallego et al., 1979; Domet et al., 1995; Wang et al.,
2005, 2010). Our findings that these changes can be mimicked by
IP3R1 silencing suggest that they may occur through the intracel-
lular Ca 2� release via IP3R1.

The selective role of IP3R1 activity on gene expression at the
NMJ can be partially explained by the localized effect of IP3R1

silencing or inhibition on HDAC4 translocation into myonuclei
at the NMJ (Cohen et al., 2007). Reducing intracellular Ca 2� by
siRNA-mediated IP3R1 knockdown may diminish Ca 2�-
dependent CaMKII activity, which leads to reduction in CaMKII-
mediated phosphorylation of HDAC4. HDAC4 must be
phosphorylated to be exported from nuclei, and thus accumu-
lates in nuclei (Backs et al., 2006; Cohen et al., 2007). This is
consistent with our immunostaining results of intense localiza-
tion of HDAC4 in subsynaptic myonuclei in IP3R1 knockdown in
TA muscle, which was similar to but more localized than the
widespread accumulation of HDAC4 in myonuclei after dener-
vation. Many of the effects of muscle denervation on gene expres-
sion may act through HDAC4, which suppresses the transcriptional
corepressor Dach2 and allows expression of myogenin and
downstream E-box-containing NMJ genes (Tang et al., 2004).
Thus, the changes in gene expression after siRNA silencing of
IP3R1 may result from a similar although more NMJ-localized
action of HDAC4 on gene expression. The increased expression
of ErbB2, the neuregulin receptor in intact synapses, may provide
an additional positive feedback for increased AChR expression
(Méjat et al., 2003).

Denervation and IP3R1 silencing do not have identical effects
on NMJ gene expression. Clearly, numerous other neural factors
such as agrin and neuregulin, as well as sarcolemmal electrical
activity, may also play roles in modulating gene expression and
are likely to persist in intact NMJs after IP3R1 silencing (Goldman
et al., 1988; Lebrasseur et al., 2003; Weston et al., 2007). In some
cases, combined denervation and IP3R1 silencing were similar or
additive to single treatments, suggesting similar pathways, while
other cases, such as the greater effect of denervation on rapsyn
and the opposing effect on AChE expression, suggest that poly-
peptide neural factors may play a greater role in controlling ex-
pression of these genes. On the other hand, IP3R1 silencing had a

greater effect on expression of the � subunit and particularly
ErbB2, suggesting that either the expression of these genes is
coordinately regulated or that they act in the same pathway.

These studies provide a detailed description of the role of
muscle IP3R1 and compartmentalized Ca 2� signals at the NMJ in
coordinating synaptic processes. Given the differences in expres-
sion patterns and levels of IP3R in different cells and the diverse
and severe phenotypes of spontaneous and induced mutations, it
is likely that IP3Rs have very cell-specific functions (Matsumoto
et al., 1996; Acharya et al., 1997; Inoue et al., 1998; Itoh et al.,
2001). Thus, these findings will require further study in other
systems to be able to extrapolate to other cell types.

While our findings in developing muscle suggest that elimina-
tion of IP3R1 in embryonic muscle might adversely affect the
development of synapses, we find that IP3R1 antagonism in adult
innervated muscle, while playing a key role in function, may only
qualitatively affect synaptic function through refining of synaptic
gene expression and homeostatic regulation of synaptic trans-
mission. Thus, therapy directed at reducing IP3R1 activity may be
well tolerated as a therapeutic strategy for excitotoxic conditions
or conditions of Ca 2� overload, such as muscular dystrophy
(Mondin et al., 2009).

Deranged intracellular Ca 2� release through IP3Rs has been
implicated in the pathogenesis of other muscle and neuronal de-
generative disorders (Monnier et al., 2000; Bezprozvanny, 2011).
We studied two neuromuscular conditions whose pathogeneses
are directly related to synaptic (NMJ) Ca 2� overload, anti-
cholinesterase excess, and the slow-channel myasthenic syn-
drome (Engel et al., 1977, 1998; Gomez et al., 1997). As suggested
by our previous in vitro single muscle cell study, IP3R1 silencing in
vivo completely eliminated synaptic Ca 2� overload in both con-
ditions. Subacute blockade of IP3R in SCS transgenic mice using
XS and 2-APB was also effective at eliminating NMJ Ca 2� over-
load. Moreover, these treatments were effective at interrupting
the pathological cascade in the NMJ that includes activation of
cysteine proteases, damage to subsynaptic double strand DNA,
and physiological and clinical impairment of neuromuscular
transmission. Thus, IP3R1 antagonism in this study had a dra-
matic effect at reducing pathologic changes and protecting the
NMJ in two conditions of cholinergic excess. These studies sug-
gest that studies directed at modulating this intracellular Ca 2�

release pathway in neurodegenerative or excitotoxic conditions
may be neuroprotective and well tolerated.
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Belmokhtar CA, Hillion J, Ségal-Bendirdjian E (2001) Staurosporine in-
duces apoptosis through both caspase-dependent and caspase-inde-
pendent mechanisms. Oncogene 20:3354 –3362.

Berridge MJ, Irvine RF (1984) Inositol trisphosphate, a novel second mes-
senger in cellular signal transduction. Nature 312:315–321.

Bezprozvanny I (2011) Role of inositol 1,4,5-trisphosphate receptors in
pathogenesis of Huntington’s disease and spinocerebellar ataxias. Neuro-
chem Res 36:1186 –1197.

Bhattacharyya BJ, Day JW, Gundeck JE, Leonard S, Wollmann RL, Gomez

Zhu et al. • IP3R1 Receptors Amplify Synaptic Calcium Signals J. Neurosci., October 26, 2011 • 31(43):15269 –15283 • 15281



CM (1997) Desensitization of mutant acetylcholine receptors in trans-
genic mice reduces the amplitude of neuromuscular synaptic currents.
Synapse 27:367–377.

Boehning D, Patterson RL, Sedaghat L, Glebova NO, Kurosaki T, Snyder SH
(2003) Cytochrome c binds to inositol (1,4,5) trisphosphate receptors,
amplifying calcium-dependent apoptosis. Nat Cell Biol 5:1051–1061.

Bootman MD, Collins TJ, Mackenzie L, Roderick HL, Berridge MJ, Peppiatt
CM (2002) 2-Aminoethoxydiphenyl borate (2-APB) is a reliable blocker
of store-operated Ca 2� entry but an inconsistent inhibitor of InsP3-
induced Ca 2� release. FASEB J 16:1145–1150.

Carlson CG, Kriebel ME (1985) Neostigmine increases the size of subunits
composing the quantum of transmitter release at mouse neuromuscular
junction. J Physiol 367:489 –502.
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