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Excitation–contraction (EC) coupling comprises events in muscle
that convert electrical signals to Ca2+ transients, which then trig-
ger contraction of the sarcomere. Defects in these processes cause
a spectrum of muscle diseases. We report that STAC3, a skeletal
muscle-specific protein that localizes to T tubules, is essential for
coupling membrane depolarization to Ca2+ release from the sar-
coplasmic reticulum (SR). Consequently, homozygous deletion of
src homology 3 and cysteine rich domain 3 (Stac3) in mice results in
complete paralysis and perinatal lethality with a range of muscu-
loskeletal defects that reflect a blockade of EC coupling. Muscle
contractility and Ca2+ release from the SR of cultured myotubes
from Stac3 mutant mice could be restored by application of 4-
chloro-m-cresol, a ryanodine receptor agonist, indicating that the
sarcomeres, SR Ca2+ store, and ryanodine receptors are functional
in Stac3mutant skeletal muscle. These findings reveal a previously
uncharacterized, but required, component of the EC coupling ma-
chinery of skeletal muscle and introduce a candidate for consider-
ation in myopathic disorders.
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Muscle contraction requires a series of events known as ex-
citation–contraction (EC) coupling that links electrical

depolarization, initiated by motor neuron innervation, to muscle
contraction by releasing Ca2+ from its storage site in the sarco-
plasmic reticulum (SR), which consequently activates the sar-
comere. In both cardiac and skeletal muscle, this process
requires the function of two Ca2+ channels, the dihydropyridine
receptor (DHPR) and the ryanodine receptor (RyR) (1, 2), but
the isoforms of each and the functional relationship between
these channels are distinct in each striated muscle tissue.
In cardiac muscle, membrane depolarization results in inward

flow of extracellular Ca2+ through the DHPR (3). Calcium that
enters the cytoplasm through the DHPR then acts as a second
messenger upon the RyR, causing the channel to open and re-
lease more Ca2+ from the SR. By contrast, skeletal muscle does
not require extracellular Ca2+ to trigger Ca2+ release from the
SR, and DHPR serves primarily as a voltage sensor (1). The
skeletal muscle DHPR does in fact conduct inward Ca2+ current,
known as L-type current, which is enhanced by retrograde sig-
naling with the RyR (4), but this current is not required for
normal EC coupling. Instead, DHPR triggers opening of the
RyR in the SR membrane by an unknown physical coupling
mechanism, which results in a massive release of Ca2+ to activate
the sarcomere (2, 4, 5).
The exact coupling mechanism that links the skeletal-type

DHPR to the skeletal muscle-specific isoform of RyR (RyR1)
has proven difficult to define, although studies using chimeric
constructs of skeletal and cardiac DHPR isoforms have suc-
cessfully mapped the regions that are functionally required for
the skeletal-type coupling mechanism (1, 6). There is substantial
evidence that the cytoplasmic loop between transmembrane

regions II and III (II-III loop) of the DHPR pore-forming sub-
unit (α1s) conveys the skeletal-specific properties of this channel.
Whereas the C-terminal portion of the II-III loop has been
shown to be sufficient to convey the skeletal muscle-specific
properties of the II-III loop (7), other groups have demonstrated
that a positively charged portion of the N-terminal region can
activate RyR (8, 9), despite the fact that EC coupling was normal
when this region was disrupted or deleted (7, 10). Thus, it is
unlikely that the N-terminal region of the II-III loop directly
activates RyR1 in a normal physiological context. RyR1 has also
been shown to be modulated by a variety of accessory proteins in-
cluding FK506 binding protein 1A (FKBP1A) (11), S100 calcium-
binding protein A1 (S100A1) (12), and calmodulin (13).
In a bioinformatic screen for uncharacterized muscle-specific

conserved genes with probable function in intracellular signaling,
we identified src homology 3 (SH3) and cysteine rich domain 3
(Stac3), which we show encodes a skeletal muscle-specific pro-
tein that localizes to T tubules. Using a knockout (KO) mouse
model and primary myoblast cultures, we demonstrate that
STAC3 is required for coupling membrane depolarization to SR
Ca2+ release and is required for electrically evoked skeletal
muscle contraction. Surprisingly, skeletal muscle contractility
could be fully restored in the absence of STAC3 by application of
the RyR agonist 4-chloro-m-cresol (4-CMC). Based on this evi-
dence, we propose that STAC3 may promote coupling between
or possibly link the DHPR voltage sensor and the RyR Ca2+

release channel. This work expands understanding of EC cou-
pling and may provide insight into Ca2+ regulation in other tis-
sues such as the central nervous system, where the related genes
Stac and Stac2 are expressed.

Results
Skeletal Muscle-Specific Expression of Stac3. STAC3 is a 360-amino
acid protein containing a polyglutamic acid region (Poly-E), a
domain with similarity to the C1 domain of protein kinase C, and
two SH3 protein-interaction domains (Fig. 1A). We determined
that Stac3 expression is highly restricted to skeletal muscle
throughout development and into adulthood (Fig. 1 and Fig. S1),
consistent with in situ hybridization studies in zebrafish (ZFIN
Database; http://zfin.org). In contrast, the mouse paralogs Stac
and Stac2 are excluded from skeletal muscle but are expressed in
a variety of other tissues, including the central nervous system
(Fig. 1B). Stac3 expression was absent in myoblasts but robustly
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up-regulated upon differentiation of C2C12 myoblasts to myo-
tubes, suggesting a role in mature muscle (Fig. S2). Interestingly,
expression of Stac3 and its related family members is absent in
the heart.

Localization of STAC3 to T Tubules. As a first step toward under-
standing the function of STAC3, we determined the subcellular
localization of the protein by electroporating an expression
plasmid encoding a fusion protein of STAC3-GFP (GFP at the
carboxyl end) into mouse flexor digitorum brevis muscles (FDB)
in vivo. Following a 3-d recovery period, the FDB was imaged
directly using two-photon laser scanning microscopy with second
harmonic generation to visualize the myosin A bands as an in-
ternal reference, as described by DiFranco et al. (14). STAC3-
GFP localized in a repeating doublet pattern with the wider
spaces correlating to the myosin heavy chains (Fig. 1D), consis-
tent with a report describing in vivo localization of the T-tubule
protein DHPR α1s to the borders of A bands (15). Using this
technique, it is not possible to determine whether STAC3 local-
izes along the full length of the T tubules or more specifically to
the triads. Given the critical role of T tubules in EC coupling,
localization of STAC3 to these structures is consistent with a role
in this process.

Loss of Stac3 Results in Complete Paralysis and Perinatal Lethality.To
further study the expression and function of STAC3 in vivo,
we rederived Stac3 KO mice from germplasm containing a β-
galactosidase (LacZ) reporter gene inserted within the first in-
tron of the Stac3 locus, disrupting expression of the Stac3 coding
sequence (Fig. S3). Expression of the Stac3-LacZ allele in het-
erozygous mice was detected as early as embryonic day 9.5 (E9.5)
in somites and was robustly expressed in all fetal and postnatal
skeletal muscles (Figs. S4 and S5). In concordance with our ex-
pression analysis in wild-type (WT) mice, we did not observe
LacZ staining in any tissue other than skeletal muscle as exam-
ined by whole-mount staining (Fig. S5).
Mice heterozygous for the LacZ knockin allele were grossly

normal in appearance and behavior. In contrast, Stac3 homozy-
gous KO mice were born with an overall “lunar” shape, char-
acterized by a generally flaccid appearance, wrist drop, and
abnormal spinal curvature (Fig. 2A). The gross morphology of
the KO neonates was similar to that described for mice with
severe defects in muscle differentiation (16), neuromuscular
junction (NMJ) formation or function (17–19), or EC coupling
(20–23). KO neonates were born in expected Mendelian ratios
from heterozygous crosses of Stac3-LacZ knockin mice, in-
dicating that Stac3 is not required for embryonic viability (Table
S1); however, they were completely paralyzed and died rapidly
following birth. Histological examination of KO neonatal lungs
revealed that the alveoli were markedly smaller than those in
comparable sections of WT lungs (Fig. 2B), and KO lungs were
not buoyant in saline. Although the mice were paralyzed, the
hearts of Stac3 KOs were observed beating for several minutes
following birth. These results suggest that KO mice expire
shortly after birth due to hypoxia resulting from the inability
to inspire.

Musculoskeletal Defects of Stac3 KO Mice. To investigate the
function of Stac3, we examined the musculoskeletal system in
KO mice. In comparison with WT mice, the appendicular mus-
cles and diaphragm of Stac3 KO mice appeared smaller and
more translucent. Staining of bone and cartilage revealed that
the KO skeletons were abnormally kyphotic, with multiple ab-
normalities involving the ribs, sternum, and costal cartilages (Fig.
2C). KO skeletons also had a dramatic reduction in bone ridge
formation at major muscle insertion sites, including the deltoid
tuberosity of the humerus and the trochanters of the femurs
(Fig. S6). Because bone growth at these sites requires muscle

Fig. 1. Domain structure andexpressionof Stac3. (A) Thedomainarchitectureof
STAC3 consists of a region containing 11 consecutive glutamic acid residues (Poly-
E), a protein kinase C (PKC) C1 domain, and two SH3 protein-interaction domains.
Scales of each domain are not directly proportional. (B) Expression profiles of Stac,
Stac2, and Stac3 determined by real-time PCR in adult mouse tissues. (C) In situ
hybridization of an E14.5 mouse transverse thorax (Left) and an E15.5 sagittal
section (Right) shows skeletal muscle-specific expression of Stac3. Hybridization
signal is pseudocolored red. (D) T-tubule localization of STAC3. Flexor digitorum
brevis muscles were electroporated in vivo with a Stac3 C-terminal GFP fusion
construct, and the live muscle was imaged after a 3-d recovery period. The fusion
protein localized in a repeating doublet pattern alternating with the myosin A
bands, as visualized by second harmonic generation (SHG). This pattern is consis-
tent with localization to T tubules. The plots for each channel, shown at the bot-
tom, were generated using the ImageJ Plot Profiler tool within the highlighted
region. The scales of these plotswere arbitrarily adjusted to compare thepatterns.
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development and function, this evidence supports the conclusion
that KO mice are paralyzed throughout development (24).
Based on the striking similarity between Stac3 KO mice and

other paralytic muscle phenotypes, we hypothesized that Stac3
may be critical for muscle differentiation, NMJ formation, or EC
coupling. Fundamental defects in muscle differentiation could be
ruled out because skeletal muscle was formed in KO mice, albeit
with reduced mass and aberrant morphology (Fig. 2D). Myo-
fibers from KO mice were clearly multinucleated in H&E sec-
tions, but the nuclei were typically seen clustered together
instead of being distributed uniformly along the fiber as in nor-
mal muscle. Myonuclei of KO fibers also failed to migrate to the
periphery of the fibers by E18.5, compared with WT muscle.
Whereas striations were rarely observed in some regions of the
KO muscle, visualized by H&E staining, overall the fibers
appeared mottled and vacuolated. Transmission electron mi-
croscopy of tongue muscle demonstrated myofibril formation,

although there were obvious signs of structural heterogeneity
and disorganization in the KO (Fig. 2E and Fig. S7). In culture,
primary myoblasts isolated from E18.5 forelimbs and hindlimbs
of KO fetuses differentiated and fused normally, yielding mul-
tinucleated myotubes. However, differentiated KO myotubes
never spontaneously twitched, as observed in cultures of normal
myotubes. We conclude that although there are clear defects in
muscle maturation, mass, and morphology, myoblast differenti-
ation or fusion can occur in the absence of STAC3.

Neuromuscular Junctions Are Functional in Stac3 KO Mice. To de-
termine whether the absence of STAC3 disrupts NMJ formation
or function, we labeled acetylcholine receptors of E18.5 dia-
phragms with Texas red α-bungarotoxin and the phrenic nerve
with an antibody against syntaxin (Fig. 3). In the Stac3 KO
muscles, we found that NMJs were properly formed, with the
nerve terminals directly apposing acetylcholine receptor clusters
of the muscle (Fig. 3B). However, there was increased branching
of the phrenic nerve and a slightly broader spatial distribution of
the NMJs (Fig. 3A), both of which are features that were pre-
viously described in mice lacking key components of EC coupling
(25–27). Interestingly, E18.5 KO diaphragms displayed an in-
crease in miniature end-plate potentials (Fig. 4), a feature
reported previously with loss of EC coupling components (25).
We observed normal evoked end-plate potentials following
electrical stimulation of the phrenic nerve (Fig. 4 C and D).
Muscle action potentials were also comparable in WT and KO
mice, but the action potentials failed to induce contraction in the
KO muscles (Fig. 4E). These experiments demonstrate that
STAC3 is not required for synaptic transmission or development
of the NMJ, nor is it required for action potential generation or
propagation. Because no contraction was observed in response
to muscle action potentials evoked by nerve stimulation, the
defect in the KO muscle must lie downstream of excitation.

Lack of Depolarization-Evoked Contraction in the Absence of STAC3.
To further examine the mechanistic basis for the lack of elec-
trically induced contraction in Stac3 KO muscle, we conducted
muscle contraction assays on dissected diaphragms from E18.5
embryos. Indeed, electrical field stimulation of WT or hetero-
zygous (Het) diaphragms triggered robust contractions at all
tested frequencies, but contractions of the KO diaphragms were
barely detectable (Fig. 5A). We tested whether addition of the
RyR agonist 4-CMC could induce contraction, and found that
4-CMC–induced contractions in normal and KO diaphragms
generated approximately the same magnitude of force when
normalized for differences in muscle weight. Diaphragms from
the KO mice were also insensitive to membrane depolarization
with potassium chloride (Fig. 5B). These results indicate that SR
Ca2+ stores in the KO muscles are adequate for contraction and
that the contractile apparatus functions normally, despite the
disorganization observed by histology and electron microscopy.
Therefore, these abnormalities likely arise secondarily to com-
plete lack of muscle function in the absence of STAC3.

Stac3 KO Myotubes Lack Depolarization-Induced Ca2+ Transients.
From the muscle contraction experiments, we concluded that
loss of Stac3 likely blocks voltage-induced Ca2+ release from the
SR. To test this hypothesis directly, we isolated myoblasts from
E18.5 embryos and differentiated them in vitro. Next, we loaded
normal and KO myotubes with the fluorescent Ca2+ indicator
fluo-4-AM and imaged these cells during depolarization with
KCl and stimulation with 4-CMC. In the absence of stimulation,
we found spontaneous twitch-associated Ca2+ transients in WT
and Het myotubes, but no spontaneous Ca2+ transients were
seen in KO myotubes (Fig. 5C and Movies S1 and S2). Occa-
sionally, we observed slowly propagating waves of Ca2+ in KO
myotubes, but never rapid, synchronous transients involving the

Fig. 2. Abnormalities of Stac3 KO mice. (A) Complete paralysis, wrist drop,
and abnormally rounded lunar appearance of a newborn Stac3 KOmouse. (B)
Alveoli of KO lungs are not inflated, as shown byMasson’s trichrome staining.
(C) Whole-mount E18.5 skeletons prepared with alcian blue, a cartilage
stain, and alizarin red S, a bone stain, show numerous abnormalities in KOs,
including abnormal spinal curvature, growth defects in costal cartilages, and
decreased bone formation at muscle insertion sites. (D) H&E sagittal paraffin
sections of E16.5 heads show decreased muscle mass of the tongue and ab-
normal clustering of nuclei in KOs. KO fibers also have fewer observable
striations, and most have a vacuolated appearance. (E) Electron microscopy of
E15.5 tongues shows that sarcomeres are present in KO fibers as seen here
but overall, sarcomeres appear more disorganized (Fig. S7). (Scale bars, 1 μm.)

Nelson et al. PNAS | July 16, 2013 | vol. 110 | no. 29 | 11883

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310571110/-/DCSupplemental/pnas.201310571SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310571110/-/DCSupplemental/sm01.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310571110/-/DCSupplemental/sm02.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310571110/-/DCSupplemental/pnas.201310571SI.pdf?targetid=nameddest=SF7


entire myotube. Application of 120 mM KCl to WT or Het myo-
tubes caused massive synchronous Ca2+ transients, whereas KO
myotubes were unresponsive; however, Het and KO myotubes
responded similarly to application of 4-CMC. These experiments
demonstrate that the complete paralysis seen in Stac3 KO mice
results from a defect in voltage-induced Ca2+ release from the SR.

Expression of Known EC Coupling Components in Stac3 KO Muscle.
Collectively, our data reveal a previously unrecognized but essen-
tial role for STAC3 in voltage-induced Ca2+ release and conse-
quently skeletal muscle contraction. This phenomenon may result
from reduced expression or mislocalization of DHPR or RyR1, but
we found that mRNA levels of these components are similar inWT
and KO muscles (Fig. S8A) and that KO muscles responded nor-
mally to 4-CMC, indicating normal RyR function (Fig. 5C and Fig.
S9). Protein levels of DHPR α1s andRyR1were decreased, but not
absent, in tongue muscle of KO compared with WT mice at E18.5
(Fig. S8B). In primary myotube cultures, we found that expression
of these components was slightly increased in the KO above those
of Het myotubes, suggesting that there may be compensation in

these cells or that the expression of these components in embryonic
muscle may be dependent upon muscle use.

Discussion
The results of this study identify STAC3 as a previously un-
recognized regulator of skeletal muscle contraction and dem-
onstrate that STAC3 is required for voltage-induced Ca2+

release from the SR. Although the exact mechanism by which
STAC3 functions in this process is still unknown, our results
suggest that it is functionally involved in the coupling of voltage
changes in the plasma membrane to Ca2+ release from the SR.
While this work was being completed, two other reports de-

scribed the requirement of Stac3 for skeletal muscle function, but
the mechanistic basis of its role was unclear. Bower et al.
reported that Stac3 is required for myotube formation and dif-
ferentiation of skeletal myoblasts in zebrafish, based on mor-
pholino knockdown studies in zebrafish embryos and RNAi in
cultured C2C12 mouse myoblasts (28). In contrast, our results
clearly demonstrate that Stac3 is not required for myofiber for-
mation in mice, and that myoblasts from Stac3 KO mice differ-
entiate in culture. Reinholt et al. described the lethal skeletal
muscle phenotype of mice with the same insertional mutation
analyzed in our studies (29). They concluded that Stac3 was re-
quired for correct subcellular localization of myonuclei and also
that Stac3 KO mice may have increased myoblast fusion. Al-
though myofibers from Stac3 KO mice are dysmorphic, our

Fig. 3. Normal NMJ formation but increased nerve branching in KO mice.
Whole mounts of E18.5 diaphragm muscles were double-stained with
Texas red α-bungarotoxin to label postsynaptic AChRs and an antibody
against syntaxin to label presynaptic nerves. In both WT and KO muscles,
presynaptic nerve terminals formed in juxtaposition with postsynaptic
AChR clusters (B). However, there were increased nerve branching and
defasciculation in the KO diaphragm compared with the WT (A). AChR
clusters also occupied a broader area in the central region of the KO di-
aphragm. [Scale bars, 400 μm (A), 20 μm (B).]

Fig. 4. Increased neuromuscular synaptic activity. (A) Examples of mini-
ature end-plate potential (mEPP) traces obtained from 1-min continuous
recording (superimposed traces are shown; 60×, 1-s). mEPP frequencies
were significantly increased in E18.5 KO mice compared with WT. (B)
Quantification of mEPP frequencies and amplitudes. Frequency: KO
(27.99 ± 7.73 events per min, n = 22 cells), WT (1.15 ± 0.13 events per min,
n = 13 cells), *P < 0.05; mEPP amplitude (no statistical difference): KO
(2.4 ± 0.3 mV, n = 22 cells), WT (2.04 ± 0.3 mV, n = 13 cells). (C ) Sample
traces of end-plate potentials. (D) Quantification of EPP amplitudes (no
statistical difference): WT (14 ± 1.44 mV, n = 9 cells) and KO (16.46 ± 1.01
mV, n = 16 cells). Statistical data are represented as mean ± SEM. (E )
Traces of muscle action potentials are comparable in WT and KO. The
arrowhead indicates a contraction artifact, which was not observed in KO
muscles due to their paralysis.
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results suggest that this defect, as well as abnormalities in sub-
cellular structure, result secondarily from the complete absence
of muscle contractility, rather than from a primary role of
STAC3 in these processes. Indeed, our finding that Stac3 KO
muscle is unresponsive to depolarization, but that contraction
can be rescued by exposure to the RyR agonist 4-CMC, dem-
onstrates that the primary defect in these mice is the complete
loss of voltage-dependent Ca2+ release from the SR. Thus, we
can only conclude that other abnormalities result primarily from
lack of Ca2+ transients or contraction.
We found that loss of Stac3 in muscle results in non-

autonomous effects on the skeleton and motor neurons. Al-
though this pattern of defects is known to result from loss of EC
coupling, the underlying mechanisms are still somewhat vague.
Skeletal defects have been hypothesized to result from lack of
mechanical stimulation of bone and maintenance of posture in
utero (24). Increased phrenic nerve branching and miniature
end-plate potentials have been shown in other EC coupling null
mutants, including muscular dysgenesis (DHPR α1s null), DHPR
β1 null, and RyR1 null mice. The exact cause of this phenomenon
is unclear, but it demonstrates the interdependence of muscle and

motor neuron development and the importance of EC coupling in
these processes.
Because STAC3 is a skeletal muscle-specific protein with no

paralog in cardiac muscle, it is likely that it specifically facilitates
skeletal-type EC coupling. To do this, STAC3 may act upon ei-
ther DHPR or RyR to facilitate their activation or localization
(Fig. 6). Accordingly, STAC3 may be involved in the formation,
trafficking, or stability of the DHPR complex or the formation of
tetrads, the skeletal muscle-specific Ca2+ release units. Another
possibility is that STAC3 may directly couple DHPR to RyR1 by
a conformation-dependent mechanism, because these channels
have long been known to physically interact, but conclusive evi-
dence of direct interaction has been elusive. Further work will be
necessary to fully elucidate the function of STAC3 in regard to
its possible molecular interactions with other EC coupling
components. Although STAC3 is required for voltage-induced
Ca2+ release in skeletal muscle, there may still be unknown
proteins that are required for this process with which STAC3
might interact.
Because mutations in other EC coupling components are

known to cause muscle diseases, it is expected that mutations in
Stac3 likely cause disease as well. Identification of individuals
with hypomorphic or gain-of-function mutations in Stac3 could
be instrumental in understanding the function of this gene. For
instance, are there mutations in Stac3 that result in altered RyR1
gating, possibly resulting in susceptibility to malignant hyper-
thermia, nemaline myopathy, central core disease, or multi-
minicore disease? It would also be interesting to know whether
Stac or Stac2 can rescue the KO myotubes and whether chimeras
between Stac3 and these genes might be useful study tools.
Finally, it would be interesting to explore whether Stac3 paralogs
may be involved in Ca2+ signaling in their respective tissues.

Materials and Methods
Mice. All experiments involving animals were approved by the Institutional
Animal Care and Use Committee at the University of Texas Southwestern
Medical Center. The Stac3 knockout strain was rederived on a mixed back-
ground by in vitro fertilization using germplasm stock obtained from the
National Institutes of Health Knock-Out Mouse Project (KOMP; www.komp.
org; Project ID CSD41137).

Muscle Electroporation and Imaging. Flexor digitorum brevis muscles were
electroporated following a published protocol (14). Following a 3-d re-
covery, the mice were killed, their feet were skinned, and the unfixed FDB
was examined directly in imaging buffer by two-photon laser scanning mi-
croscopy (Zeiss; LSM 780) with reverse second harmonic generation to visu-
alize the A bands as an internal reference.

Fig. 5. Muscle contraction and calcium transients. (A) Contraction of E18.5
diaphragm was elicited by electrical field stimulation (50 Hz, 1-ms pulses) and
measured with a force transducer. Stimulation yielded robust tetanic con-
traction in normal diaphragms, but barely detectable contraction in KOs. (B)
Force measurements of diaphragm with application of 120 mM KCl and 1
mM 4-CMC. Het and KO responded comparably to 4-CMC when normalized
for differences in weight, but the KO tissue was unresponsive to membrane
depolarization by KCl. The amplitudes of the traces in A and B were nor-
malized to the specimen weight. (C) Cultured myotubes loaded with the
fluorescent calcium indicator fluo-4-AM. The cells were perfused continu-
ously and the calcium transients were recorded with an inverted microscope.
Het cells responded synchronously to KCl application and to 4-CMC. KO
myotubes were unresponsive to KCl, but responded comparably with Het
with application of 4-CMC. Each fluo-4-AM trace is the mean of ∼10 myo-
tubes within the field.

Fig. 6. Hypothetical model of STAC3 function. Upon activation of DHPR by
an action potential, a conformational change is transmitted to RyR in the SR
membrane, resulting in SR calcium release and sarcomere contraction. STAC3
may facilitate this process by interaction with DHPR, RyR, or both.
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Electrophysiology. Measurement of neuromuscular synaptic and muscle ac-
tivity was carried out on acutely isolated E18.5 phrenic nerve-diaphragm
muscle preparations, as previously described (30). A detailed description is
available in SI Materials and Methods.

Contraction Assays. Diaphragm contraction assays were carried out as de-
scribed previously (31, 32). A detailed description is available in SI Materials
and Methods.

Ca2+ Measurements. Primary myoblasts were differentiated for 6 d and then
loaded with the fluorescent Ca2+ indicator fluo-4-AM. Calcium transients
were recorded using an Applied Precision DeltaVision pDV microscope with
a 20× objective, FITC filters, and a heated chamber. Medium was continu-
ously perfused in a closed-bath perfusion chamber. The perfusion buffers
were as follows: Ca2+-free Ringer’s solution wash, Ca2+-free high-K+ Ringer’s
solution, high-K+ Ringer’s solution, or Ca2+-free Ringer’s solution with 1 mM
4-CMC. Each treatment lasted 1 min. z-axis plots were generated using

ImageJ (33) by selecting the outlines of ∼10 myotubes. z-axis plots for
background regions were also calculated and subtracted from the myotube
signal to yield the corrected value.

Detailed methods for all experiments are available in SI Materials
and Methods.
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