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of the muscle sarcolemma and neuromuscular junction (NMJ)
in vertebrates (1, 2). The DAPC is composed of the plasma
membrane spanning dystroglycans and sarcoglycans, of which
␣-dystroglycans bind directly to extracellular matrix proteins.
The cytoplasmic DAPC components consist of dystrobrevin,
syntrophin, and dystrophin, of which dystrophins bind directly
to the cytoskeletal protein F-actin. Loss-of-function (lf) mutations in DAPC sarcoglycans and dystrophin are known to cause
the heritable degenerative muscular dystrophies, Limb-Girdle
and Duchenne/Becker, respectively, in humans (3). Prevailing
scientific evidence posits that the DAPC maintains membrane
stability during muscle contraction by linking the cytoskeleton
to extracellular matrix proteins such as Laminin and Perlecan
(see Refs. 2, 4 for reviews). Therefore, in the absence of the
DAPC, uncoupling of the extracellular matrix from the muscle
cytoskeleton results in cytoskeletal instability that ultimately
causes muscle membrane rupture and subsequent necrosis
during contractile activity (5). However, more recent evidence
suggests that in addition to their role in maintaining muscle
integrity, the DAPC may actively participate in signal transduction events, as the DAPC associates with signaling molecules
such as nNOS, calmodulin, CaMKII, and protein kinase A
(PKA) (see Ref. 6 for review). Furthermore, dystrophin has been
implicated in aggregating, clustering and/or maintaining
AChRs at the NMJ (7). It has been postulated that the loss of
dystrophin at the NMJ may, by disrupting receptor aggregation,
alters the properties of AChRs making them more permeable
to Ca2⫹ thus leading to Ca2⫹-induced cellular toxicity (5).
Although dystrobrevin, dystroglycan, and syntrophin have also
been shown to play an important role in the maintenance and
stabilization of AChR clusters at the vertebrate NMJ (8 –10),
mutations in these DAPC genes have not yet been linked to
human muscular dystrophy syndromes despite the fact that
genetic deletions of dystroglycan and dystrobrevin in mice
recapitulate many of the degenerative muscular changes that
occur in humans (3, 9, 11).
The nematode Caenorhabditis elegans has proven to be a
powerful model system for investigation of neuromuscular
N-AChR, nicotine sensitive ACR-16 acetylcholine receptors;
levamisole sensitive acetylcholine receptors.
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The dystrophin-associated protein complex (DAPC) consists of
several transmembrane and intracellular scaffolding elements that
have been implicated in maintaining the structure and morphology
of the vertebrate neuromuscular junction (NMJ). Genetic linkage
analysis has identified loss-of-function mutations in DAPC genes
that give rise to degenerative muscular dystrophies. Although
much is known about the involvement of the DAPC in maintaining
muscle integrity, less is known about the precise contribution of the
DAPC in cell signaling events. To better characterize the functional
role of the DAPC at the NMJ, we used electrophysiology, immunohistochemistry, and fluorescent labeling to directly assess cholinergic synaptic transmission, ion channel localization, and muscle
excitability in loss-of-function (lf) mutants of Caenorhabditis
elegans DAPC homologues. We found that all DAPC mutants consistently display mislocalization of the Ca2ⴙ-gated Kⴙ channel,
SLO-1, in muscle cells, while ionotropic acetylcholine receptor
(AChR) expression and localization at the NMJ remained unaltered. Synaptic cholinergic signaling was also not significantly
impacted across DAPC(lf) mutants. Consistent with these findings
and the postsynaptic mislocalization of SLO-1, we observed an
increase in muscle excitability downstream of cholinergic signaling. Based on our results, we conclude that the DAPC is not
involved in regulating AChR architecture at the NMJ, but rather
functions to control muscle excitability, in an activity-dependent
manner, through the proper localization of SLO-1 channels.

DAPC Regulates Muscle Excitability via SLO-1

EXPERIMENTAL PROCEDURES
Strains and Culturing Conditions
The genotypes of animals used in this study were are follows:
the wild-type Bristol isolate N2; DAPC loss-of-function (lf)
alleles dys-1(cx18), dyb-1(cx36), dyc-1(cx32), stn-1(ok292), slo1(js379) obtained from the CGC; the transgenic channelrhodopsin line zxIs6[punc-17::chop-2(H134R)::yfp;lin-15⫹] (21);
and the fluorescent reporter line cimIs1[slo-1a::GFP; rol-6(d)]
(20). The body-wall muscle expressed ACR-16::GFP reporter
line, jaSi4[Pmyo-3:acr-16::gfp], was generated using the Mos-1mediated single copy insertion (MOSCI) technique (22) and
crossed into the acr-16(ok789)-null background. zxIs6, cimIs1,
and jaSi4;acr-16(ok789) lines were crossed into DAPC(lf)
mutant backgrounds for subsequent electrophysiological or
confocal microscopy analysis. All strains used were outcrossed
at least twice. Animals were cultured at 15–22 °C on OP50seeded NGM plates. For electrophysiological recordings, zxIs6
and zxIs6;DAPC(lf) doubles were cultured in the dark at
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15–22 °C on OP50-seeded NGM plates supplemented with alltrans retinal as described previously (21).
Microscopy
For analysis of SLO-1::GFP expression, animals were imaged
as described (23). In brief, fluorescence images were obtained
using a Zeiss Axio Observer microscope with a 40⫻ objective
(water-immersion, NA:1.2) or an Olympus Fluoview 300 confocal microscope with a 60⫻ objective (oil-immersion, NA:1.4)
or 100⫻ objective (oil-immersion, NA:1.4). Over 50 animals
were analyzed for each genotype. Images for fluorescence quantification were acquired under identical exposure time, gain, and
pin-hole diameter. The intensity of fluorescent SLO-1::GFP
puncta from confocal images was analyzed using linescan (Metamorph, Molecular Devices) and presented as values obtained by
subtracting background levels from averaged peak gray levels of
puncta. For analysis of ACR-16::GFP expression, fluorescence
images were obtained using an Olympus FluoviewTM laser-scanning confocal microscope with 40⫻ objective (oil-immersion) and
reconstructed/merged using the image-processing program
ImageJ. All images were acquired under identical laser-scanning
settings, with at least 4 animals imaged per genotype. Immunofluorescence staining for UNC-38 was examined under the Confocal
Leica TCS SP5 microscope. Image reconstruction and merges
were obtained with ImageJ. For the sake of consistency, representative confocal images of UNC-38 and ACR-16 localization in Fig.
2 were of dorsal nerve cord sections, as immumohistochemical
labeling of UNC-38 was more consistent and reliable at the dorsal
nerve cord relative to the ventral nerve cord.
Immunostaining
Antibodies against UNC-38 were produced as previously
described (24). Worms were prepared using the freeze-crack
method (25). In brief, animals were freeze-cracked using SuperFrost Plus slides (Menzel-Glaser) and fixed in ⫺20 °C methanol
for 5 min and in ⫺20 °C acetone for 5 min. Worms were then
collected in 1⫻ PBS and immunofluorescence staining was performed on fixed worms in suspension. Samples were blocked
for 30 min at room temperature with 0.2% fish gelatin (Sigma).
Anti-UNC-38 antibodies were used at a 1:800 dilution. Preparations were incubated with the following secondary antibody
for 3 h at room temperature: Cy3-labeled goat anti-rabbit IgG
(H⫹L) (Jackson ImmunoResearch Laboratories) at a dilution of
1:1,000.
Immunoblotting
Western blot analysis was performed as previously described
(23). Briefly, mixed staged worms were washed and collected in
M9 buffer. Equal volumes of 2⫻ Laemmli sample buffer was
added to the worm pellets. The resulting worm suspension was
heated at 90 °C for 10 min, centrifuged at 20,000 ⫻ g for 10 min.
and then loaded on 7.5% SDS-PAGE gel immediately. For protein detection, an anti-GFP antibody (Clontech, JL-8), anti-␣tubulin antibody (Developmental hybridoma bank, AA4.3) and
an HRP-conjugated goat anti-mouse IgG (Millipore) were used.
Electrophysiology
Voltage-clamp Recordings—Voltage-clamp recordings were
performed as previously described (26). Briefly, animals were
VOLUME 286 • NUMBER 38 • SEPTEMBER 23, 2011
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development and function, as NMJ physiology and morphology
can be addressed with relative ease using genetic, transgenic,
electrophysiolgical, pharmacological, and optical imaging
approaches. Genetic dissection of C. elegans has confirmed the
conservation of DAPC components dystroglycan (dgn-1), dystrophin (dys-1), dystrobrevin (dyb-1), syntrophin (stn-1), ␦/␥sarcoglycan (sgn-1), and the C-terminal PDZ-domain ligand of
nNOS (CAPON; dyc-1), most of which (with the exception of
DGN-1) are expressed in C. elegans muscle cells. Furthermore,
in vitro biochemical and genetic analyses have demonstrated
putative physical and functional interactions between
C. elegans DAPC homologues, providing further evidence that
C. elegans assembles a DAPC comparable and analogous to that
of vertebrates and can thus provide insights into the role of the
DAPC in mammalian NMJ function and pathology (12–15).
Importantly, previous studies reported that null mutations in
C. elegans DAPC genes result in common movement defects
consistent with muscle hyperexcitability and enhanced cholinergic transmission (13–19). However, there has been no systematic electrophysiological characterization of C. elegans
DAPC mutants, therefore it remains to be seen whether these
mutants directly regulate cholinergic release, AChR function,
or downstream muscle excitability. In line with the involvement of DAPC proteins in cell signaling events, a subset of the
DAPC genes (dys-1 and stn-1) have recently been implicated in
the proper targeting/function of the Ca2⫹-dependent K⫹ channel (BK channel) SLO-1 in muscle cells (20).
In this study, we attempt to identify a unifying cellular mechanism that could account for the reported phenotypic similarities across C. elegans DAPC mutants. We used in situ wholecell patch-clamp electrophysiology, immunohistochemical
staining, and fluorescently tagged reporter constructs to
directly assess cholinergic synaptic transmission, AChR and
SLO-1 localization, and muscle excitability in DAPC mutants.
Our results indicate that DAPC mutants cause activity-dependent muscle hyperexcitability downstream of cholinergic signaling, due to altered SLO-1 localization.

DAPC Regulates Muscle Excitability via SLO-1

RESULTS
Loss-of-Function Mutations in DAPC Genes Do Not Impact
NMJ Cholinergic Response Amplitudes—DAPC(lf) mutants
exhibit a characteristic behavioral phenotype consisting of
SEPTEMBER 23, 2011 • VOLUME 286 • NUMBER 38

exaggerated head-bending and muscular hypercontraction,
associated in some mutants with increased sensitivity to the
acetylcholinesterase inhibitor aldicarb (13, 16 –19). These characteristics suggest that cholinergic signaling may be enhanced
in DAPC mutants. Enhanced cholinergic signaling in DAPC(lf)
mutants could arise through changes in presynaptic ACh
release, or altered postsynaptic function in either or both of the
two muscle acetylcholine receptor types (AChRs); one of which
is the levamisole-sensitive AChR (L-AChR) composed of essential subunits UNC-29, UNC-38, and UNC-63, and the second is
the nicotine-sensitive ACR-16 AChR (N-AChR), named for the
identity of its essential receptor subunit encoded by acr-16.
Interestingly, SLO-1(lf) mutants closely phenocopy DAPC(lf)
mutants and display enhanced quantal neurotransmitter
release (28). However, the role of SLO-1, if any, in AChR architecture remains to be elucidated. We hypothesize that SLO1(lf) and DAPC(lf) mutants, given their phenotypic similarities,
may all share a common defect in synaptic neurotransmission
as a reflection of enhanced cholinergic signaling.
To examine cholinergic synaptic responses in SLO-1(lf) [slo1(js379)] and DAPC(lf) mutants [dys-1(cx18), dyb-1(cx36), dyc1(cx32), and stn-1(ok292)] we recorded evoked NMJ currents
from voltage-clamped body wall muscles of respective mutant
reference alleles in response to blue-light activated ACh release
from cholinergic ventral cord motor neurons expressing channelrhodopsin (21, 29). The peak evoked response (Fig. 1A) is
predominantly mediated by N-AChRs, as the L-AChR accounting for less than 20% of the maximal evoked response is slow to
activate (Fig. 1C) (30). The ACR-16-mediated current response
amplitudes from body wall muscle cells in DAPC reference
alleles were similar to wild-type (WT), ranging from ⬃1.5–2 nA
(Fig. 1, A and B). L-AChR-mediated photoevoked responses
were then isolated by blocking ACR-16 nAChR responses with
the ACR-16 nAChR-selective antagonist DH␤E (Fig. 1, C and
D). The remaining L-AChR-mediated photoevoked responses
were also unaltered in DAPC reference alleles, ranging from
⬃300 – 450 pA (Fig. 1, C and D).
Although we did not observe any differences in the NMJ
evoked response amplitudes of SLO-1(lf) and DAPC(lf)
mutants, we did observe kinetic changes in photoevoked current responses (Fig. 1, E and F). Specifically, slo-1(js379) and
stn-1(ok292) displayed a ⬃2-fold increase in the half-time
decay of photoevoked currents relative to WT (t1/2 values for
slo-1(js379) ⫽ 13.6 ⫾ 1.4 ms; stn-1(ok292) ⫽ 12.8 ⫾ 1.1 ms;
WT ⫽ 6.4 ⫾ 0.8 ms; both p ⬍ 0.01)(Fig. 1F). Because STN-1 is
reported to stabilize and maintain SNF-6 (an acetylcholine
uptake transporter) at the postsynaptic muscle membrane (31),
we attributed the slowed decay of evoked responses in stn1(ok292) mutants to an accumulation of ACh at the synapse,
similar to that previously observed in snf-6 mutants. As SLO-1
negatively regulates presynaptic neurotransmitter release at the
C. elegans NMJ (28), the slowed decay of current responses in
slo-1(js379) likely reflects loss of presynaptic SLO-1 function
and consequent enhanced presynaptic acetylcholine release.
However, the prolonged decay of photoevoked current
responses was not an electrophysiological phenotype common
to all DAPC reference alleles (Fig. 1, E and F), suggesting that
alterations in cholinergic muscle response kinetics alone canJOURNAL OF BIOLOGICAL CHEMISTRY
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raised on NGM plates seeded with OP50 bacteria containing 80
M retinal. Prior to analysis, adult hermaphrodites were immobilized with cyanoacrylic glue and the ventral medial body wall
muscles exposed by lateral cuticle excisions. Body-wall muscle
cell recordings were made in the whole-cell voltage-clamp configuration (holding potential of ⫺60 mV) using an EPC-10
patch-clamp amplifier and digitized at 2.9 Hz. The extracellular
solution consisted of (in mM): NaCl 150; KCl 5; CaCl2 5; MgCl2
4; glucose10; sucrose 5; HEPES 15 (pH 7.3, ⬃340mOsm). The
patch pipette (fire-polished 4 – 6 MOhm resistant borosilicate
pipettes; World Precision Instruments) was filled with (in mM):
KCl 120; KOH 20; MgCl2 4; (N-Tris[Hydroxymethyl]methyl-2aminoethane-sulfonic acid) 5; CaCl2 0.25; Na2ATP 4; sucrose
36; EGTA 5 (pH 7.2, ⬃315 mOsm). All animals contained the
transgene ZxIs6 expressing channelrhodopsin-2 under the control of the cholinergic motor neuron-specific promoter (Punc17). Photoevoked currents were recorded in body-wall muscle
cells after a 10 ms illumination using a 470 nm LED (Thor Labs)
triggered with a TTL pulse from the EPC10 pulse generator
(21). Evoked post-synaptic responses were acquired using Pulse
software (HEKA) run on a Dell computer. Subsequent analysis
and graphing of evoked responses was performed using Pulsefit
(HEKA) and Igor Pro (Wavemetrics). At least five independent
measurements were obtained per genotype, and statistical analyses were determined by one-way ANOVA followed by a post
hoc Dunnett’s test of significance (Prism, GraphPad Software
Inc., San Diego, CA).
Current Clamp Recordings—Current-clamp recordings were
performed as previously described (27). Briefly, animals were
dissected as detailed above. Body wall muscle cell recordings
were made in the whole-cell current-clamp configuration by a
Digidata 1440A and MultiClamp 700A amplifier, using the
Clampex 10 software and processed with Clampfit 10 (Axon
Instruments, Molecular Devices). Data were digitized at 10 –20
kHz and filtered at 2.6 kHz. Cell resistance and capacitance
were determined with Clampex by applying a 10 mV depolarizing pulse with a holding potential of ⫺60 mV. For
recording resting membrane potential and action potentials,
the extracellular solution was prepared as for voltage-clamp
recording, with the exception that the MgCl2 concentration
was 1 mM. The patch pipette (fire-polished 4 – 6 MOhm
resistant borosilicate pipettes; World Precision Instruments) was filled (in mM) with: K-gluconate 115; KCl 25;
CaCl2 0.1; MgCl2 5; BAPTA 1; HEPES 10; Na2ATP 5;
Na2GTP 0.5; cAMP 0.5; cGMP 0.5 (pH7.2 with KOH, ⬃320
mOsm). For action potential recordings, light stimulation of
zxIs6 was performed using an LED lamp (KSL-70, RAPP
OptoElectronic, Germany), at a wavelength of 490 nm (8
milliwatt/mm2) controlled by the Axon amplifier software.
At least 7 independent measurements were obtained per
genotype, and statistical differences were determined by
one-way ANOVA followed by a post hoc Dunnett’s test of
significance (Prism, GraphPad Software Inc.).
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FIGURE 1. Optogenetic analysis of cholinergic signaling at the NMJ in DAPC(lf) mutants. A, representative traces of synaptic currents elicited in voltageclamped ventral body wall muscle cells by 10 ms blue-light photostimulation of the ventral nerve cord at the NMJ of WT, SLO-1(lf), and DAPC(lf) alleles (colors
correspond to genotypes in B). If N-AChR function is altered, we would anticipate a significant reduction in the maximal synaptic response amplitude relative
to WT, as observed with ACR-16(lf) (green trace). B, averaged photoevoked muscle response amplitudes in SLO-1(lf) and DAPC(lf) alleles are similar to WT
(mean ⫾ S.E.; n ⱖ 5 per genotype). C, representative traces of photoevoked currents elicited in voltage-clamped body-wall muscles bathed in DH␤E, isolating
the L-AChR component of the synaptic response (colors correspond to genotypes in D). D, averaged photoevoked muscle response amplitudes mediated by
Lev-nAChRs are similar across SLO-1(lf) and DAPC(lf) alleles relative to WT (mean ⫾ S.E.; nⱖ3 per genotype). E, representative normalized superimposed traces
of photoevoked synaptic current responses in muscles reveals kinetic differences in the synaptic response across SLO-1(lf) and DAPC(lf) mutants relative to WT
(colors correspond to genotypes in F). F, averaged 1⁄2-time decay of photoevoked currents are significantly slowed only in stn-1(lf) and slo-1(lf) alleles relative
to WT (**, p ⬍ 0.01; mean ⫾ S.E.; n ⱖ5 per genotype). Statistical significance was determined using a one-way ANOVA with Dunnett’s post-test.

not account for the mechanism underlying the phenotypic similarities across SLO-1(lf) and DAPC(lf) mutants.
Expression and Localization of AChRs Are Unaffected at the
NMJ in DAPC(lf) Mutants—Normal amplitudes for both AChR
components of the NMJ photoevoked response in SLO-1 and
DAPC mutants suggest that the number of cholinergic AChRs
expressed in muscle cells is unaffected by a loss of SLO-1 or the
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DAPC. To directly assess AChR expression and synaptic localization in SLO-1 and DAPC reference alleles, we immunostained for the L-AChR subunit, UNC-38, in freeze-cracked
WT and DAPC mutant animals using antibodies raised against
UNC-38 (24). To assess postsynaptic muscle ACR-16 expression, we generated an integrated ACR-16::GFP reporter line
using the Mos-1-mediated single copy insertion (MOSCI) techVOLUME 286 • NUMBER 38 • SEPTEMBER 23, 2011
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FIGURE 2. Immunostaining and confocal fluorescence analysis of ACR-16 and UNC-38 AChR expression in muscle cells at the NMJ of DAPC(lf) reference
alleles. A, schematic representation of the C. elegans dorsal nerve cord NMJ organization. Puncta representing post-synaptic clusters of UNC-38 containing
L-AChRs (red) and ACR-16 containing nAChRs (green) occur adjacent to cholinergic presynaptic terminals along the nerve cord, as indicated by the dashed line.
B, representative antibody staining for UNC-38 in DAPC(lf) alleles reveals discrete UNC-38 clustering along the nerve cord, similar to WT. Scale, 10 m.
C, representative confocal projection images of post-synaptic muscle ACR-16::GFP expression in DAPC(lf) alleles reveals discrete ACR-16 clustering along the
nerve cord, similar to WT. Scale, 10 m. The ACR-16::GFP construct and ACR-16::GFP;DAPC(lf) doubles were generated and analyzed in the acr-16(ok789)
background as described under “Experimental Procedures.”

nique, where expression was driven by the myo-3 body-wallmuscle specific promoter (jaSi4[Pmyo-3:acr-16::gfp]) (22). The
jaSi4 MOSCI transgenic and jaSi4;DAPC(lf) lines were analyzed in an ACR-16-null background (acr16(ok789)) to eliminate contribution of endogenous untagged ACR-16 and better
recapitulate endogenous muscle expression levels (Fig. 2B).
At wild type NMJs, both nicotinic receptor types cluster as
postsynaptic puncta at the tips of muscles arms that extend
to the nerve cord and contact en passant presynaptic terminals (Fig. 2A, and further histological details at http://www.
SEPTEMBER 23, 2011 • VOLUME 286 • NUMBER 38

wormatlas.org/hermaphrodite/muscleintro/mainframe.htm). In
all DAPC mutant backgrounds, UNC-38 and ACR-16 were clustered along the nerve cord, similar to WT (Fig. 2, B and C,
respectively). Taken together, analysis of cholinergic current
response amplitudes and AChR expression at the NMJ suggests
that the DAPC does not directly regulate AChR function or
localization.
The DAPC Is Necessary for Localization of SLO-1 in Body
Wall Muscle Cells, but Not in Neurons—Previous work has
shown that dys-1 mutants exhibit mislocalization of SLO-1 in
JOURNAL OF BIOLOGICAL CHEMISTRY
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DISCUSSION
DAPC Proteins Are Required for Proper Localization of SLO-1
in Muscle Cells—In this study, we demonstrated that components of the DAPC complex are individually required for
proper localization of SLO-1 in C. elegans body wall muscle
cells. These findings are in agreement with previous studies that
implicate dys-1 and stn-1 (via the adaptor protein ISLO-1) in
localizing or binding SLO-1 (20). We assert that the DAPC
tethers SLO-1 channels to muscle dense bodies, as is demonstrated by the lack of discrete SLO-1::GFP puncta at dense bodies in DAPC(lf) mutants. The DAPC likely maintains and stabilizes SLO-1 localization through physical interactions between
STN-1/ISLO-1/SLO-1 (20). That SLO-1 protein levels are
unaltered in DAPC mutants (Fig. 3E) further supports our proposed mechanism in which the DAPC anchors SLO-1 in the
muscle membrane, rather than regulating SLO-1 expression.
It has long been recognized that DAPC mutants display strikingly similar behavioral phenotypes, characterized by hyperactivity and exaggerated curvature of the anterior body shape
(referred to as “head-bending”). However, the underlying
mechanism responsible for the near identical DAPC mutant
phenotypes has remained elusive. Our findings are the first to
identify a common cellular defect across DAPC mutants, the
mislocalization of SLO-1 in body wall muscles, which can
account for their phenotypic similarity. That DAPC mutant
phenotypes are non-additive, i.e. single and double mutants display similar behavioral defects, further support our conclusion
that DAPC proteins share in a common functional or signaling
pathway (13, 19).
DAPC Regulates Muscle Excitability via SLO-1—In an effort
to identify the underlying physiological function of the DAPC,
we characterized synaptic properties of cholinergic NMJs
across the family of DAPC mutants. To our knowledge, our
results are the first to directly compare and systematically analyze synaptic neurotransmission in DAPC mutants. Based on
our electrophysiological findings, the mislocalization of SLO-1
in DAPC mutants correlates with a common physiological profile of enhanced muscle excitability following presynaptic muscle stimulation, which is also shared by SLO-1(lf) mutants. It is
unlikely that the alteration in muscle activity is due to changes
in residually expressed SLO-1 function at the single channel
level, as in situ patch-clamp recordings from body-wall muscle
cells demonstrate that SLO-1 channel properties in dys-1
mutants resemble WT (14). Given the role of SLO-1 as a Ca2⫹activated K⫹ channel, the down-regulation of SLO-1 in muscle
likely impairs rapid and robust repolarization of the membrane,
thereby disinhibiting action potential generation. Currentclamp experiments in C. elegans have previously shown that
increased action potential firing in body-wall muscle coincides
with enhanced muscle contractility (27). As such, the measurable increase in intrinsic muscle excitability can mechanistically account for the hypercontraction reported for DAPC
mutants. It is also in line with the ACh dose-dependent
enhancement of pharyngeal muscle depolarization in dys-1 and
dyb-1 mutants relative to WT (17, 19). Taken together, these
findings imply that the DAPC negatively regulates, or controls,
muscle excitability and contractility by insuring robust memVOLUME 286 • NUMBER 38 • SEPTEMBER 23, 2011
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body wall muscle cells, and indirect evidence suggests the
DAPC regulates SLO-1 expression via the SLO-1 interacting
protein ISLO-1 (20). In an effort to determine whether all
DAPC proteins share a common cellular function in the regulation of SLO-1, we assessed the localization and distribution of
SLO-1 in DAPC(lf) mutants using an integrated SLO-1::GFP
translational fusion reporter line (cimIs1[slo-1a::GFP,rol-6(d)])
(20). In wild-type animals, SLO-1::GFP is expressed in the muscle membrane in a punctate pattern closely resembling that of
dense body localization (Fig. 3) (20). We observed a marked
reduction of ⬃75–90% in the intensity of SLO-1::GFP puncta in
muscle cells across all DAPC(lf) mutants relative to WT (p ⬍
0.001; Fig. 3, A and B), thereby identifying a common underlying defect in SLO-1 localization resulting from DAPC
loss-of-function.
To confirm that the decrease in SLO-1::GFP intensity in
DAPC(lf) muscles is a consequence of mislocalization rather
than reduced expression, we assessed the levels of SLO-1::GFP
protein in WT and DAPC(lf) lines. Western blot analysis
reveals no difference in total SLO-1::GFP protein between WT
and DAPC(lf) mutants (Fig. 3E), which suggests that the DAPC
mediates localization and not expression of SLO-1. Interestingly, we did not observe a similar reduction of SLO-1:GFP
signal intensity in ventral or dorsal cord neurons of DAPC(lf)
mutants (Fig. 3, C and D), indicating that the DAPC selectively
regulates muscle SLO-1 localization.
Loss of SLO-1 Function in Body Wall Muscles of DAPC
Mutants Alters Muscle Excitability by Enhancing Stimulated
Action Potential Bursts—Previous electrophysiological studies
of the C. elegans NMJ have established that body wall muscle
cells generate typical action potentials triggered by cholinergic
synaptic transmission (27, 32). To ascertain whether SLO-1
mislocalization or down-regulation affects muscle excitability
in DAPC mutants, we first measured the resting membrane
potential of SLO-1(lf) and DAPC(lf) mutants under currentclamp conditions as described previously (27). The mislocalization of SLO-1 in muscle cells of DAPC mutants did not alter
resting muscle membrane potential (Fig. 4D), suggesting that
SLO-1 channels are not necessary or responsible for maintaining resting muscle tone. However, when we measured muscle
AP bursts following 10 ms photo-stimulation of cholinergic
motor neurons, the number of APs was significantly enhanced
across SLO-1(lf) and DAPC(lf) mutants relative to WT (Fig. 4,
A–C and see supplemental Fig. S1 for temporal representations
of all AP data). Specifically, WT muscle generated ⬃3– 4 photoevoked APs, while SLO-1(lf) and DAPC(lf) mutant muscles
generated a 2-fold increase in photoevoked APs (*, p ⬍ 0.05 and
**, p ⬍ 0.01; Fig. 4C). The observed augmentation of AP number
appeared to be specific to photoevoked action potentials, as the
frequency of spontaneous APs (at a 0pA holding current) was
reported to be unchanged in SLO-1(lf) mutants (27). These
findings suggest that SLO-1 is necessary to repolarize the muscle membrane after prolonged periods of presynaptic neuronal
activity, and without proper SLO-1-mediated repolarization of
the membrane, the muscle cells exhibit persistent iterative
action potentials. These results provide evidence that the loss of
SLO-1 function in DAPC mutants enhances muscle excitability
in an activity-dependent manner.
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FIGURE 3. Confocal analysis of SLO-1:GFP expression in muscle cells and neurons of DAPC(lf) mutants. A, representative confocal images of SLO-1::GFP
localization in DAPC(lf) mutants. SLO-1::GFP is expressed in punctate linear arrays that correspond to the localization of dense bodies. The arrowheads mark
SLO-1::GFP localization at the nerve cord. Scale, 10 m. B, averaged fluorescent intensity of SLO-1::GFP puncta in muscle cells is significantly reduced in DAPC(lf)
mutants relative to WT (***, p ⬍ 0.001; mean ⫾ S.E.; n ⱖ 50 per genotype). Statistical significance was determined using a one-way ANOVA with Dunnett’s
post-test. C, representative confocal images of neuronal SLO-1::GFP localization in DAPC reference alleles. Scale, 10 m. D, averaged fluorescent intensity of
SLO-1::GFP puncta in neurons of DAPC(lf) reference alleles is similar to WT (mean ⫾ S.E.; n ⱖ 50 per genotype), suggesting the DAPC does not regulate neuronal
SLO-1 localization. E, SLO-1::GFP expression levels in wild-type and DAPC(lf) mutants.Western blot analysis reveals that the expression of SLO-1::GFP protein (as
detected by an anti-GFP antibody, ␣-GFP) was not altered in DAPC(lf) mutants, relative to wild-type (WT) (upper panel). Loading controls (lower panel) reveal
equivalent protein levels for tubulin (as detected by an anti-tubulin antibody, ␣-tubulin). The quantification was performed with Image J. Three independent
experiments showed similar results.
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FIGURE 4. Current clamp analysis of DAPC(lf) reference alleles in body wall muscles. A, representative photoevoked action potential (AP) responses from
current-clamped muscle cells at the NMJ of SLO-1(lf) and DAPC(lf) mutant alleles. The top step-trace represents the temporal location of the 10 ms blue-light
stimulation. B, plots of average number of muscle APs as a function of time following photostimulation reveal a greater number of APs at later time points in
SLO-1(lf) and DAPC(lf) mutants relative to WT. C, average number of muscle APs observed over a period of ⬃2.1 s following photostimulation is significantly
greater in SLO-1(lf) and DAPC(lf) alleles relative to WT (*, p ⬍ 0.05; **, p ⬍ 0.01; mean ⫾ S.E.; n ⱖ7 per genotype), suggesting enhanced muscle excitability in
SLO- 1(lf) and DAPC(lf) mutants. Statistical significance was determined using a one-way ANOVA with Dunnett’s post-test. D, average resting membrane
potentials in muscle cells of SLO-1(lf) and DAPC(lf) mutants do not differ from WT (mean ⫾ S.E.; n ⱖ7 per genotype), suggesting the SLO-1 and the DAPC is not
involved in maintaining resting muscle tone.

brane repolarization through proper localization of the BK
channel SLO-1. In addition, the findings highlight a novel role
of SLO-1 in regulating postsynaptic muscle physiology, as previous studies in C. elegans have only implicated neuronal SLO-1
function in neurotransmitter release (28) and behavioral sensitivity to ethanol (33). Several studies have demonstrated the
presence of BK channels in mammalian skeletal muscle cells,
including human, although the mechanism by which they regulate muscle excitability or behavior is less well understood
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(34 –38). In vertebrate smooth muscle, BK channels have been
shown to regulate membrane potential and repolarization of
action potentials, and loss of BK channels enhance urinary
bladder contractility and behavioral urinary incontinence (39 –
42). In the vertebrate CNS, in contrast, mice lacking BK channels display depolarization-induced inactivation of action
potentials in cerebellar Purkinje neurons and behavioral cerebellar ataxia (43). However, the functional role of SLO-1 in the
mammalian CNS may vary depending on neuronal context and
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mon defect in SLO-1 muscle localization in DAPC mutants
may offer an explanation for this use-dependence of muscle
dystrophy or necrosis in animal models and human pathology.
Current-clamp data in this study show that aberrant SLO-1
localization in DAPC mutants enhances muscle excitability
during periods of prolonged synaptic stimulation, while leaving
resting membrane potentials and spontaneous muscle activity
unaltered (27). As such, the augmented muscle action potential
firing during periods of prolonged or tetanic synaptic stimulation, due to the lack of SLO-1-mediated membrane repolarization, would consequently enhance Ca2⫹ influx through voltage-dependent calcium channels (VDCCs). Additionally,
excessive mechanical strain on dystrophic muscle during contractile activity has been shown to induce micro-tears in the
sarcolemmal membrane (see Ref. 47 for review), which could
trigger stress-induced Ca2⫹ release from intracellular stores
and further exacerbate the dysregulation of Ca2⫹ signaling.
Rises in intracellular Ca2⫹ have long been linked to cellular
stress and toxicity, and several studies have shown enhanced
subsarcolemmal [Ca2⫹] in dystrophic muscle (see Ref. 48 for
review). Together, enhanced muscle excitability and tears in the
muscle membrane, both of which occur only during strong contractile activity, may initiate a positive feed-back loop of aberrant Ca2⫹ signaling that constitutes the use-dependence of
muscle degeneration. Interestingly, the VDCC EGL-19 has
been shown to co-localize and functionally couple to SLO-1 in
C. elegans body-wall muscle, and the disruption of this tight
coupling between dystrophin, SLO-1, and Ca2⫹ channels in
DAPC mutants is proposed to elevate intracellular Ca2⫹ concentrations that in turn facilitates muscle necrosis (20, 49).
Future studies will be necessary to directly examine the consequences of SLO-1 down-regulation on Ca2⫹ signaling in DAPC
mutants. Nevertheless, our study provides further evidence
implicating Ca2⫹ dysregulation, due to SLO-1 mislocalization
mediated muscle hyperexcitability in addition to cytoskeletal
instability, in the genesis and progression of cellular pathology
in muscular dystrophy diseases.
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muscle is exacerbated and accelerated by muscle use. The com-
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