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Analyses of the effect of ryanodine in vertebrate brain slices have led to the conclusion that presynaptic ryanodine receptors (RYRs) may
have several functions in synaptic release, including causing large-amplitude miniature postsynaptic currents (mPSCs) by promoting
concerted multivesicular release. However, the role of RYRs in synaptic release is controversial. To better understand the role of RYRs in
synaptic release, we analyzed the effect of RYR mutation on mPSCs and evoked postsynaptic currents (ePSCs) at the Caenorhabditis
elegans neuromuscular junction (NMJ). Amplitudes of mPSCs varied greatly at the C. elegans NMJ. Loss-of-function mutations of the RYR
gene unc-68 (uncoordinated 68) essentially abolished large-amplitude mPSCs. The amplitude of ePSCs was also greatly suppressed. These
defects were completely rescued by expressing wild-type UNC-68 specifically in neurons but not in muscle cells, suggesting that RYRs
acted presynaptically. A combination of removing extracellular Ca 2� and UNC-68 function eliminated mPSCs, suggesting that influx and
RYR-mediated release are likely the exclusive sources of Ca 2� for synaptic release. Large-amplitude mPSCs did not appear to be caused
by multivesicular release, as has been suggested to occur at vertebrate central synapses, because the rise time of mPSCs was constant
regardless of the amplitude but distinctive from that of ePSCs, and because large-amplitude mPSCs persisted under conditions that
inhibit synchronized synaptic release, including elimination of extracellular Ca 2�, and mutations of syntaxin and SNAP25 (soluble
N-ethylmaleimide-sensitive factor attachment protein 25). These observations suggest that RYRs are essential to normal quantal size and
are potential regulators of quantal size.
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Introduction
It is generally thought that synaptic exocytosis may occur in a
Ca 2�-independent manner (Knight et al., 1989; Gerber and Sud-
hof, 2002), and extracellular Ca 2� is the only ionic requirement
for depolarization to evoke transmitter release (Katz and Miledi,
1969a,b, 1970). However, emerging evidence suggests that ryan-
odine receptor (RYR)-mediated Ca 2� release from the endoplas-
mic reticulum (ER) may also play a role in synaptic exocytosis.
Blockade of RYRs with ryanodine in vertebrate brain slices or
other preparations inhibits the frequency and amplitude of min-
iature postsynaptic currents (mPSCs) (Llano et al., 2000; Sharma

and Vijayaraghavan, 2003), the amplitude of evoked postsynaptic
currents (ePSCs) (Narita et al., 2000; Galante and Marty, 2003),
paired pulse facilitation (Emptage et al., 2001), and presynaptic
Ca 2� transients (Llano et al., 2000; Narita et al., 2000; Emptage et
al., 2001; De Crescenzo et al., 2004).

One major conclusion of the previous studies was that presyn-
aptic RYRs mediate large-amplitude mPSCs by promoting con-
certed multivesicular release (Llano et al., 2000; Sharma and Vi-
jayaraghavan, 2003). However, the evidence for multivesicular
release is not compelling. In one study, the primary evidence for
the multivesicular release was a positive correlation between the
rise time and amplitude of mPSCs (Sharma and Vijayaraghavan,
2003). This relationship, however, was completely reversed in a
different study despite a similar conclusion (Llano et al., 2000).
The major evidence of the latter study was a decrease in the mean
amplitude of mPSCs after long-term removal of extracellular
Ca 2�. However, long-term removal of extracellular Ca 2� might
reduce the amplitude of mPSCs via other potential mechanisms
such as depletion of intracellular Ca 2� stores or interference with
endocytosis (Heuser and Reese, 1973; Ceccarelli and Hurlbut,
1980; Thomas et al., 1990; Smith and Neher, 1997; Gad et al.,
1998; Neale et al., 1999; Kuromi et al., 2004). Most importantly,
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several other studies have been unable to show an effect of RYRs
on synaptic release (Bardo et al., 2002; Carter et al., 2002; Lim et
al., 2003). Thus, further studies are needed to completely under-
stand the role of presynaptic RYRs.

All previous studies have relied on ryanodine as a pharmaco-
logical tool. However, ryanodine may either activate or block
RYRs depending on its concentration (Xu et al., 1998; Llano et al.,
2000; Narita et al., 2000). The lack of a clear boundary between
concentrations required for the two different actions may have
contributed to the controversy. For example, ryanodine in the
concentration range of 10 –20 �M has been used either to activate
(Llano et al., 2000; Sharma and Vijayaraghavan, 2003) or to block
(Narita et al., 2000; Emptage et al., 2001; Bardo et al., 2002; Carter
et al., 2002; Simkus and Stricker, 2002) RYRs. A more straight-
forward approach would be to analyze animals in which RYRs
have been genetically removed.

There are three forms of RYRs encoded by three different
genes in human and mouse: RYR1, RYR2, and RYR3 (Verkh-
ratsky and Shmigol, 1996). All three forms of RYR are expressed
in the nervous system (Furuichi et al., 1994; Giannini et al., 1995),
which complicates the analysis. To overcome these limitations,
we used Caenorhabditis elegans as a model system to analyze the
function of the RYR in spontaneous and evoked neurotransmit-
ter release. C. elegans has a single RYR gene, which is known as
unc-68 (uncoordinated 68) or ryr-1 (Maryon et al., 1996). Null
mutants of unc-68 have severe locomotion defects but are viable
and fertile (Maryon et al., 1996; Sakube et al., 1997). We show
here that RYRs play critical roles in regulating both spontaneous
and evoked neurotransmitter release at the neuromuscular junc-
tion (NMJ). RYR-mediated large-amplitude mPSCs at the C. el-
egans NMJ did not appear to be caused by synchronized multive-
sicular release, suggesting that RYRs are required for normal
quantal size and are potential regulators of quantal size.

Materials and Methods
Electrophysiology. C. elegans were grown at room temperature (22–24°C)
on agar plates with a layer of OP50 Escherichia coli. (Sulston and
Hodgkin, 1988). Adult animals were used for physiological analysis.
Postsynaptic currents at the NMJ were recorded as previously described
(Wang et al., 2001) using a technique originally developed by Richmond
et al. (1999). Briefly, an animal was immobilized on a glass coverslip by
applying a cyanoacrylate adhesive along the dorsal side. A longitudinal
incision was made in the dorsolateral region. After clearing the viscera,
the cuticle flap was folded back and glued to the coverslip, exposing the
ventral nerve cord and the two adjacent muscle quadrants. A Nikon
(Melville, NY) Eclipse E600FN microscope equipped with a 40� water
immersion lens and 15� eyepieces was used for viewing the preparation.
Borosilicate glass pipettes with a tip resistance of 3�5 M� were used as
electrodes for voltage clamping. The classical whole-cell configuration
was obtained by rupturing the patch membrane of a gigaohm seal formed
between the recording electrode and a body wall muscle cell. The cell was
voltage-clamped at – 60 mV to record mPSCs and ePSCs. ePSCs were
evoked by applying a 0.5 ms square wave current pulse at a supramaximal
voltage through a stimulation electrode placed in close apposition to the
ventral nerve cord. Postsynaptic currents were amplified with a Multi-
clamp 700A amplifier (Axon Instruments, Foster City, CA), and acquired
with Clampex software (Axon Instruments). Data were sampled at a rate
of 10 kHz after filtering at 2 kHz.

The recording pipette solution contained the following (in mM): 120
KCl, 20 KOH, 5 Tris, 0.25 CaCl2, 4 MgCl2, 36 sucrose, 5 EGTA, and 4
Na2ATP, pH adjusted to 7.2 with HCl. The standard external solution
included the following (in mM): 140 NaCl, 5 KCl, 5 CaCl2, 5 MgCl2, 11
dextrose, and 5 HEPES, pH adjusted to 7.2 with NaOH. In experiments
examining the effect of eliminating extracellular Ca 2�, the standard ex-
tracellular solution was modified by omitting CaCl2 and adding 5 mM

EGTA and 5 mM NaCl.

Rescue experiments. The rab-3 (Nonet et al., 1997) and myo-3 (Okkema
et al., 1993) promoters were used independently for neuron- and muscle-
specific expression of a myc-tagged wild-type UNC-68. Because the
unc-68 gene was rather large (�27 kb from the first to the last exon), a
plasmid containing either the rab-3 or myo-3 promoter fused to the
initial 1059 bp sequence of unc-68 was coinjected with cosmid M04C11.
Cosmid M04C11 contains all the exons, introns, and 3� untranslated
region (UTR) of the unc-68 gene. However, it lacks essential 5� upstream
sequences for muscle cell expression and is unable to rescue unc-68 mu-
tant phenotypes when injected alone (Maryon et al., 1996; Sakube et al.,
1997). Homologous recombination was expected to occur in vivo be-
tween the plasmid and the cosmid, resulting in neuron- or muscle-
specific expression of the transgene (Mello and Fire, 1995; Maryon et al.,
1996; Yuan et al., 2000). The 1059 bp fragment of unc-68 was amplified
from M04C11 by PCR using the following primer pair: ATA CCG GTC
GAA CAA AAA TTA ATT TCT GAA GAA GAT TTA ATG GCC GAC
AAG GAG GAG CA (sense) and CGA GAC CGC GGC TGA CCA TCT
TCT ACG CCA TAC A (antisense). The sense primer included an AgeI
site near the 5� end and a myc coding sequence fused in-frame to the
unc-68 initiation site. The antisense primer had an SacII site near its 5�
end. The PCR fragment was subcloned into two plasmids that contained
either the rab-3 promoter plus rim 3�-UTR or myo-3 promoter plus the
unc-54 3� UTR to form two new plasmids: wp137 for neuron-specific
expression and wp235 for muscle-specific expression. Before injection,
the cosmid and the plasmid were linearized with AgeI and SacII, respec-
tively. AgeI does not cut the unc-68 gene. SacII cuts wp137 and wp235
only at the 3� end of the 1059 bp insert. M04C11 (13.2 ng/�l), wp137 or
wp235 (6.6 ng/�l), and pPD118.20 (10 ng/�l) were coinjected into unc-
68(r1162) mutant animals for germ line transformation. pPD118.20
drives the expression of green fluorescent protein in body wall muscle
cells and thus served as a marker of transformation. Successful recombi-
nations between the plasmids and the cosmid were confirmed by PCR
using a sense primer that is complementary to either the rab-3 or myo-3
promoter and an antisense primer that is complementary to the unc-68
gene downstream of the 1059 bp PCR fragment. The transgenes were
integrated by � irradiation. Animals carrying the integrated transgenes
were analyzed.

Immunohistochemistry. Animals were fixed in Bouin’s fixative and per-
meabilized as previously described (Nonet et al., 1997). Rabbit anti-
UNC-10 Rim (Rab3a-interacting molecule) sera (Koushika et al., 2001)
and mouse anti-Myc 9B11 monoclonal antibody (Cell Signaling Tech-
nology, Beverly, MA) were incubated overnight at 4°C at 1:12,500 and
1:5000, respectively. Primary antibodies were detected with Alexa Fluor
488- and 594-conjugated secondary antibodies (Molecular Probes, Eu-
gene, OR). Animals were mounted and photographed using a Regita Exi
charge-coupled device camera mounted on an Olympus Optical (Tokyo,
Japan) B-60 microscope or an F-view II digital camera (Soft Imaging
System GmbH) mounted on a Nikon TE2000-U microscope. Overlays
were assembled using Photoshop (Adobe Systems Inc., San Jose, CA).

Measurement of locomotion. Locomotion assays were performed at
room temperature on healthy adult animals. A piece of paper with a
circular hole (7 mm in diameter) was laid on top of the bacterial lawn in
the culture plate to restrict animal movements within the field of obser-
vation. A single animal was placed in the center of the field to start the
assay. The plate was left undisturbed for 10 min while images of the plate
were taken at 1 s intervals with an F-view II digital camera (Soft Imaging
System GmbH) mounted on a Nikon SMZ800 stereomicroscope. The
camera was operated through analySIS Imager software (Soft Imaging
System GmbH). The distance traveled by the animal from the beginning
of the third minute to the end of the seventh minute was determined by
measuring the length of locomotion tracks left behind by the animal
using the “Polygon Length” measurement function of analySIS. Loco-
motion speed was calculated by dividing the distance with the time.

Electron microscopy. Adult animals were fixed and embedded as de-
scribed previously (Maryon et al., 1998). Serial sections of �60 nm thick-
ness were cut with a Reichert Ultracut E ultramicrotome, collected on
Formvar-coated slot grids, and examined at 60 kV in a Philips (Eind-
hoven, The Netherlands) CM10 transmission electron microscope. Im-
ages were recorded on Eastman Kodak Co. (Rochester, NY) 4489 film at
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an initial magnification of 21,000�; the developed negatives were
printed on Kodak photographic paper to a final magnification of
80,850�. NMJs near the dorsal and ventral nerve cords were analyzed.
For each synapse, all the sections containing the presynaptic density plus
two neighboring sections that sandwich them were included for analysis.
The presynaptic density and synaptic vesicles were traced with an ultra-
fine marker onto a piece of transparency paper that was overlaid on the
electron micrograph. The sections were traced in random sequence by an
individual without the knowledge of the genotypes. The tracings were
scanned and saved as tagged image file format files, which were subse-
quently analyzed with the Optimas program version 6.5 (Media Cyber-
netics) to determine the area of synaptic vesicles (Munirathinam et al.,
2004). The diameter of a synaptic vesicle was calculated from its area
assuming that the vesicle was a perfect sphere. Vesicles were considered
docked if they were located within a single-vesicle radius (�30 nm) of the
presynaptic plasma membrane and within a distance of �60 nm on
either side of the presynaptic density. Docked vesicles on the two sections
without the presynaptic density were estimated by assuming that the
presynaptic density was the same as in their neighboring sections. The
criteria for docked synaptic vesicles were based on the methods used by
two previous publications (Richmond et al., 1999; Koushika et al., 2001).

Data analysis. Amplitude and frequency of mPSCs were analyzed us-
ing MiniAnalysis (Synaptosoft, Decatur, GA). A detection threshold of
10 pA was used in initial automatic analysis, followed by visual inspec-
tions to include missed smaller events (�5 pA) and to exclude false
events resulting from baseline fluctuations. Ten to 90% rise time and rise
slope of mPSCs and ePSCs were determined with MiniAnalysis. Ampli-
tudes of ePSCs were measured with Clampfit (Axon Instruments). The
averaged amplitude of the two largest peaks of ePSCs from each experi-
ment was used for statistical analysis. The ePSC decay time constants
were determined from a 200 ms trace starting from the ePSC peak by
fitting to one or two standard exponentials using Clampfit.

Data were imported into Origin version 7.5 (OriginLab Corp.,
Northampton, MA) for graphing and statistical analysis. Either the t test
(paired or unpaired) or one-way ANOVA was used, depending on
whether data were from independent treatment groups and whether
more than two groups were compared; p � 0.05 was considered statisti-
cally significant. All values are expressed as mean � SE; n is the number
of cells that were voltage-clamped.

Preparation and application of chemicals. Stock solutions of ryanodine
(Molecular Probes), dihydro-�-erythroidine (DH�E; Sigma, St. Louis,
MO), and D-tubocurarine (D-TBC; Sigma) were made by dissolving them
either in DMSO (ryanodine and DH�E) or water (D-TBC) to 100� of
their final concentrations, which was pipetted into the recording cham-
ber (volume, 1 ml), followed by mixing with several pipetting actions.
Acetylcholine, dissolved in extracellular solution to its final concentra-
tion, was applied by puffing directly onto the body wall muscle cell
through a glass pipette. The puffing pressure pulse (0.2 psi, 0.1 s) was
generated with a FemtoJet injector (Eppendorf).

Results
To determine the role of RYRs in neurotransmitter release, we
analyzed mPSCs and ePSCs at the NMJ of wild-type C. elegans
and unc-68 mutants. The unc-68 alleles used in the study were
r1162 and r1161, both of which completely disrupt RYR function
(Maryon et al., 1996). The coding regions of all the putative
membrane-spanning domains are deleted in r1162. A substantial
portion (7.2 kb) of the unc-68 gene involving many exons is
deleted in r1161 (Sakube et al., 1993; Maryon et al., 1996). mPSCs
and ePSCs were recorded from body wall muscle cells of C. el-
egans under the voltage-clamp condition (�60 mV).

Mutations of RYRs inhibited mPSCs and ePSCs
In wild-type preparations, the frequency of mPSCs was 53.4 �
4.8 Hz (n 	 25). A striking feature of mPSCs at the C. elegans NMJ
was that their amplitudes varied greatly (Fig. 1A, a). Although
mPSCs averaged 28.6 � 1.5 pA in amplitude, a significant num-

ber (14.1%) were 
50 pA, with some 
100 –200 pA. The pres-
ence of large-amplitude events resulted in a positive skew in the
amplitude distribution (Fig. 1A, d).

The frequency of mPSCs was severely reduced in unc-68 mu-
tants (� 25% of wild-type frequency in both r1161 and r1162)
(Fig. 1A). The mean amplitude of mPSCs was also reduced to
�55% of wild type (Fig. 1A). Overlays of the mPSC amplitude
histograms of the wild type and the mutants (Fig. 1A, d,e) re-
vealed that the frequency of large-amplitude mPSCs was reduced
more severely than that of the smaller events. Spontaneous events

Figure 1. Ryanodine receptor mutations inhibited mPSCs and ePSCs at the C. elegans neu-
romuscular junction. A, a– c, Representative traces of mPSCs of the wild type (WT) and the
unc-68 mutants (r1162, r1162). In WT, mPSCs showed great variability in amplitudes. Many
events have amplitudes 
50 pA. In r1162 and r1161, the frequency and amplitudes of mPSCs
were decreased compared with WT. d, mPSC amplitude histograms showing that large-
amplitude mPSCs (operationally defined as 
50 pA) were essentially absent in the mutants. e,
Cumulative mPSC amplitude distribution showing that mPSCs had smaller amplitudes in the
mutants. f, The frequency of mPSCs was significantly decreased in the mutants. g, The mean
amplitude of mPSCs was significantly reduced in the mutants (WT, n 	 25; r1162, n 	 10;
r1161, n 	 7). B, a, Representative traces of ePSCs in WT and r1162. b, The amplitude of ePSCs
was significantly reduced in r1162 (n 	 9) compared with WT (n 	 14). The asterisk indicates
a statistically significant difference ( p � 0.05).
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with amplitude �50 pA are operationally defined as large-
amplitude mPSCs in this report because they were rare in the
RYR mutants. The decrease in mPSC frequency in the mutant
was not simply because an overall reduction of mPSC amplitudes
made small events undetectable. As shown in Figure 1A, RYR
mutation caused a 45% drop in the mean amplitude of mPSCs.
When all mPSCs in the wild type were scaled down by 45%, only
8% of the mPSCs went below the detection threshold (5 pA),
which is much less than the 75% frequency drop observed in the
mutant. These results suggest that mPSCs, in particular those of
large amplitude, are dependent on the function of UNC-68.

To evaluate the function of UNC-68 in evoked synaptic re-
lease, ePSCs were compared between the wild type and the r1162
mutant. The ePSC amplitude was reduced to 58% of wild-type
level in the r1162 mutant (Fig. 1B), suggesting that RYRs play a
very important role in spontaneous as well as evoked synaptic
release.

The changes in mPSCs and ePSCs were not caused by
secondary developmental defects
To confirm that the abnormalities of mPSCs and ePSCs in the
unc-68 mutants were attributable to the unc-68 mutation rather
than a secondary developmental defect, the effects of ryanodine
on mPSCs and ePSCs were examined. Ryanodine, which is
membrane-permeant, was applied in the extracellular solution at
100 �M during recording. At this concentration, ryanodine is
expected to block RYRs (Xu et al., 1998; Llano et al., 2000). In
wild-type preparations, ryanodine decreased mPSC frequency to
one-third of the starting value. The frequency of larger mPSCs
was reduced more than that of the smaller events, resulting in a
reduction in the mean amplitude to 70% of the initial value (Fig.
2A). In control experiments with the r1162 mutant, ryanodine
showed no effect on the frequency and amplitude of mPSCs (Fig.
2B), confirming that ryanodine acts specifically on UNC-68. Ry-
anodine also inhibited the amplitude of ePSCs (see the following
section). The fact that acute pharmacological blockade of RYRs
caused changes of mPSCs and ePSCs similar to those caused by
unc-68 mutation suggests that the synaptic transmission defects
observed in the unc-68 mutants were indeed caused by RYR loss
of function rather than a secondary developmental defect.

Both cholinergic and GABAergic transmissions were affected
by RYR dysfunction
There are two types of cholinergic receptor (nicotinic and levami-
sole) and one type of GABAergic receptor at the C. elegans NMJ
(Richmond and Jorgensen, 1999). We analyzed the effect of ry-
anodine (100 �M) on synaptic transmission via the three types of
receptor independently. To evaluate nicotinic receptor-mediated
neuromuscular transmission, the unc-49(e407);unc-29(e1072)
mutant was used. In this mutant, only nicotinic receptors are
functional at the NMJ because the functions of GABA receptors
and levamisole receptors were abolished by the unc-49(e407) and
unc-29(e1072) mutations, respectively (Bamber et al., 1999; Rich-
mond and Jorgensen, 1999). To evaluate levamisole receptor-
mediated neuromuscular transmission, unc-49(e407) animals
were used in the presence 5 �M DH�E, which blocks nicotinic
receptors at the C. elegans NMJ (Richmond and Jorgensen, 1999).
To evaluate GABA receptor-mediated neuromuscular transmis-
sion, wild-type animals were used in the presence of 0.5 mM

D-TBC. D-TBC blocks all cholinergic receptors at the C. elegans
NMJ (Richmond and Jorgensen, 1999).

When neuromuscular transmissions at the different subsets of
synapses were analyzed independently, the amplitudes of mPSCs

were still highly variable. The mPSCs mediated by levamisole
receptors (11.3 � 0.9 pA) appeared to be smaller in amplitude
than those mediated by nicotinic (24.3 � 1.5 pA) and GABA (32.
3 � 5.0 pA) receptors. In response to nerve stimulation, ePSCs
were induced when either nicotinic or levamisole receptors were
functional. However, the kinetics of ePSCs mediated by the two
receptors was very different. The ePSCs mediated by nicotinic
receptors returned to the baseline quickly, and the decay phase
was best fitted by a single exponential. In contrast, ePSCs medi-
ated by levamisole receptors lasted much longer, and the decay
phase was best fitted by two exponentials (Fig. 3B). The existence
of two kinetically very different ePSCs at the C. elegans NMJ is
reminiscent of the NMDA and non-NMDA receptor-mediated
EPSCs at many vertebrate central synapses (Lester et al., 1990;
Silver et al., 1992; McBain and Mayer, 1994). No ePSCs could be
induced when only the GABA receptors were functional (Fig.
3D), suggesting that GABAergic transmission does not contrib-
ute to ePSCs under the current experimental conditions. Consis-
tent with this notion, the amplitude of ePSCs in the unc-49(e407)
mutant (Fig. 3D), which lacks the function of GABA receptors,
was no less than that in the wild type (Fig. 1B).

After recording baseline activities, ryanodine (100 �M) was
added to the extracellular solution to determine its effects on
mPSCs and ePSCs. After ryanodine application, mPSCs showed a
reduction of frequency and a shift toward lower amplitudes at all
the subsets of synapses (Fig. 3A,C). Amplitudes of ePSCs medi-
ated by either nicotinic receptors or levamisole receptors were

Figure 2. Ryanodine (Rya; 100 �M) inhibited mPSCs in wild-type but not unc-68 mutant
preparations. A, In wild-type preparations, ryanodine inhibited the frequency and the mean
amplitude of mPSCs (n 	 5). B, In the unc-68(r1162) mutant, ryanodine showed no effect on
either mPSC frequency or amplitude (n 	 5). The preryanodine and postryanodine mPSC am-
plitude distributions overlap completely (b). The wild-type mPSC amplitude histogram shown
in Figure 1 A is replotted here for comparison.
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also reduced significantly (Fig. 3B,C). These results suggest that
RYRs play a similar role in synaptic transmission at different
subsets of synapses at the NMJ.

RYRs acted presynaptically to regulate synaptic transmission
The inhibition of mPSCs and ePSCs by unc-68 mutations could
result from either reduced synaptic release or decreased sensitiv-
ity of postsynaptic receptors, or both. However, because intracel-
lular concentration of free Ca 2� in the recorded body wall muscle
cell was clamped to �100 nM by including EGTA in the pipette
solution (see Materials and Methods), postsynaptic RYRs were
unlikely to regulate synaptic currents by mobilizing intracellular
Ca 2�. To further confirm that presynaptic RYR dysfunction

caused the synaptic transmission defects, the following two ex-
periments were performed.

First, exogenous acetylcholine (100 �M) was puffed onto body
wall muscle cells. The inward currents thus induced were com-
pared between the wild type and the r1162 mutant (Fig. 4). Am-
plitudes of the inward currents were similar in the two groups,
suggesting that the sensitivity of postsynaptic receptors to acetyl-
choline was not altered in the unc-68 mutant.

Second, an experiment was performed to rescue selectively the
neuronal or muscle RYR defects in the r1162 mutant. The rab-3
(Nonet et al., 1997) and myo-3 (Okkema et al., 1993) promoters
were used to drive the expression of myc-tagged wild-type
UNC-68 in neurons and body wall muscle cells, respectively. Im-
munostaining with an anti-myc antibody showed that the trans-
gene was expressed specifically in either neurons or body wall
muscle cells, depending on the promoter (Fig. 5A). The myc
staining in neurons resembled the ER structure observed in C.
elegans neuronal soma and processes (Rolls et al., 2002). In the
dorsal and ventral nerve cords, myc staining was observed in the
vicinity of the active zone marker RIM (Koushika et al., 2001)
(Fig. 5A, a– c), suggesting that UNC-68 is present at release sites.
The myc staining in body wall muscle cells appeared as regularly
spaced puncta (Fig. 5A, e), which resembles the expression pat-
tern of RYRs in wild-type animals (Maryon et al., 1998).

The primary behavioral phenotype of RYR loss-of-function
mutations in C. elegans is a locomotion defect. Homozygous mu-
tant animals move slowly and exhibit a languid, incomplete flac-
cid paralysis (Maryon et al., 1996). Mutant animals expressing
the wild-type unc-68 transgene in neurons showed greatly im-
proved locomotion, whereas those expressing the transgene in
body wall muscle cells were less well rescued (Fig. 5B). Similarly,
expression of the transgene in neurons completely rescued ab-
normalities in mPSCs and ePSCs, whereas that in muscle cells
showed no effect (Fig. 5C,D). The neuron- and muscle-specific
rescue experiments confirmed that a presynaptic RYR defect was
the cause for the changes of mPSCs and ePSCs. In addition, they
suggest that the function of presynaptic RYRs is important for
animal locomotion.

Thus, several lines of evidence suggest that presynaptic RYRs
regulate mPSCs and ePSCs. Although RYR is also expressed in
body wall muscle (Maryon et al., 1998; Hamada et al., 2002), its
function in these cells does not affect mPSCs and ePSCs.

Synaptic exocytosis depended on both Ca 2� influx and
RYR-mediated Ca 2� release
Ca 2�-triggering synaptic exocytosis could come from influx
through Ca 2� channels in the plasma membrane and release

Figure 3. RYRs play a similar role in various subsets of neuromuscular junctions. Neuromus-
cular transmissions through nicotinic (Nic) receptors, levamisole (Lev) receptors, and GABA
receptors were analyzed independently using unc-49(e407);unc-29(e1072) mutant, unc-
49(e407) mutant in the presence of dihydro-�-erythroidine (5 �M), and wild-type animals in
the presence of 0.5 mM D-TBC, respectively. The function of RYRs in synaptic transmission was
evaluated by comparing mPSCs and ePSCs during the control period (Ctr) and after the admin-
istration of 100 �M ryanodine (Rya). A, Representative current traces and cumulative amplitude
plots showing that ryanodine reduced mPSC frequency and shifted mPSCs toward smaller am-
plitudes. B, Representative traces showing that ryanodine inhibited the amplitudes of ePSCs
mediated by either nicotinic or levamisole receptors. The ePSCs mediated by the two receptors
were kinetically very different. The ePSCs mediated by nicotinic receptors had a single decay
time constant (�	7.2�0.9 ms; n 	5), whereas those mediated by levamisole receptors had
two decay time constants (�1 	 5.4 � 1.2 ms; �2 	 43.5 � 7.8 ms; n 	 6). C, Bar graphs
showing mPSC frequencies (Nic, n 	 5; Lev, n 	 6; GABA, n 	 7) and ePSC amplitudes (Nic,
n 	 5; Lev, n 	 6) before and after ryanodine. D, Sample traces showing the effect of D-TBC on
ePSC amplitude in a wild-type preparation and a typical ePSC in unc-49(e407). The ePSCs in
wild-type preparations were abolished by D-TBC (Ctr, 1.73 � 0.36 nA; n 	 5; D-TBC, 0.00 �
0.00 nA; n 	 5), which could be partially reversed by washing (wash, 0.69 � 0.20; n 	 3). The
amplitude of ePSCs in unc-49(e407) was 2.02 � 0.16 nA (n 	 9).

Figure 4. Body wall muscle sensitivity to acetylcholine was not different between the wild-
type (WT) and the unc-68(r1162) mutant. A, Representative traces showing acetylcholine-
induced inward currents in WT and r1162. B, Comparison of the amplitudes of acetylcholine-
induced inward currents between WT and r1162 (WT, n 	 8; r1162, n 	 6).
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from intracellular Ca 2� stores. To evalu-
ate the relative contributions of Ca 2� in-
flux and RYR-mediated Ca 2� release to
synaptic exocytosis, we analyzed the effects
of removing extracellular Ca 2� and
unc-68 mutation on mPSC properties.

In the wild type, elimination of extra-
cellular Ca 2� reduced mPSC frequency by
71% (Fig. 6A,E). Nevertheless, the fraction
of large-amplitude events remained the
same, as indicated by the identical ampli-
tude distributions (Fig. 6B) and the iden-
tical shapes of the averaged mPSC traces in
the presence and absence of extracellular
Ca 2� (Fig. 6C). These results showed that
(1) extracellular Ca 2� contributes to the
triggering of mPSCs, and (2) large-
amplitude mPSCs were not the result of
endogenous depolarization-induced re-
sponses, which would not occur in the ab-
sence of extracellular Ca 2� (Katz and
Miledi, 1969a,b, 1970).

In the r1162 mutant, the frequency of
mPSCs was low in the presence of standard
extracellular solution. On elimination of
extracellular Ca 2�, mPSCs essentially dis-
appeared (Fig. 6A,E). These experiments
with wild-type and unc-68 mutant prepa-
rations showed that Ca 2� influx and RYR-
mediated Ca 2� release are likely the exclu-
sive sources of Ca 2� for synaptic
exocytosis at the C. elegans NMJ. It also
suggests that Ca 2� may be absolutely re-
quired for synaptic vesicle fusion. Al-
though rare mPSC events (0.19 � 0.04 Hz)
were still observed after removal of extra-
cellular Ca 2� in the unc-68 mutant, the
frequency was equivalent to only 0.4% of
the wild type in the presence of extracellu-
lar Ca 2� (53.4 � 4.8 Hz). Thus, a combi-
nation of RYR mutation and removal of
extracellular Ca 2� reduced mPSC fre-
quency by 99.6%. The rare mPSC events
might be mediated by residual Ca 2� in
motoneurons that was not regulated by
RYRs and Ca 2� influx. In contrast to the
large effects of RYR mutation on neuro-
muscular transmission, properties of
mPSCs and ePSCs were similar between
the loss-of-function inositol 1,4,5-
trisphosphate receptor mutant itr-1(sa73)
(Dal Santo et al., 1999) (Fig. 6F) and the
wild type (Fig. 1), suggesting that RYRs are
likely the only meaningful Ca 2�-releasing
channels in the ER membrane for synaptic
exocytosis at the NMJ.

Large-amplitude mPSCs were not caused by
multivesicular release
As shown in Figures 1 and 2, RYR dysfunction essentially elimi-
nated large-amplitude mPSCs. RYR-mediated large-amplitude
mPSCs at vertebrate central synapses are thought to result from
concerted multivesicular release, based on rise time analysis

(Sharma and Vijayaraghavan, 2003) or examination of the effect
of removing extracellular Ca 2� (Llano et al., 2000; Sharma and
Vijayaraghavan, 2003). To determine whether RYR-mediated
large-amplitude mPSCs at the C. elegans NMJ were also caused by
concerted multivesicular release, we performed similar analyses.
Furthermore, we examined mPSCs in mutants that are defective
in synchronizing synaptic release. Several lines of evidence sug-

Figure 5. Expression of the wild-type RYR in neurons but not muscle cells rescued unc-68(r1162) synaptic transmission defects. A
myc-tagged wild-type UNC-68 was expressed in neurons and body wall muscle cells independently. A, Animals expressing myc::UNC-68
under the control of the neuron-specific rab-3 promoter show myc immunoreactivity only in neurons and neuronal processes, such as the
dorsalcord(a)andneuronsinthehead(d).Theimmunoreactivitiesofmyc(a)andtheactivezonemarkerRIM(b) inthedorsalcordoverlap
(c), suggesting that UNC-68 exists at presynaptic release sites. e, Animals expressing myc::UNC-68 under the control of the muscle-specific
myo-3promotershowmycimmunoreactivityonly inmusclecells.Nomycstainingwasobservedinwild-typeorr1162animalsthatdidnot
express the transgene (data not shown). Scale bars: c, d, 10 �m; e, 20 �m. B, Animals of wild type (WT), r1162, r1162 expressing
myc::UNC-68 in neurons (Neuron), and r1162 expressing myc::UNC-68 in muscle cells (Muscle) were singly placed in the center of a circular
field (7 mm) in culture plates to track their locomotion. a, Photographs taken 10 min after the animals were placed on the plates showing
that the r1162 mutant produced much shorter tracks on the plate than the WT, which was rescued by expressing wild-type UNC-68 in
neurons. b, The locomotion velocity of r1162 was significantly slower than that of WT, which was mostly rescued by expressing the
wild-type UNC-68 in neurons. Expression of myc::UNC-68 in body wall muscle cells also showed a modest rescuing effect. WT, n 	 11;
r1162, n 	 5; Neuron, n 	 5; Muscle, n 	 9. C, a, Representative traces of mPSCs from r1162 and rescued animals. b, c, Comparisons of
mPSC frequency and amplitudes among WT (n	25), r1162 (n	10), and the rescued (Neuron, n	8; Muscle, n	7). D, a, Represen-
tative traces of ePSCs from r1162 and rescued animals. b, Comparison of ePSC amplitudes among WT (n 	 14), r1162 (n 	 9), and the
rescued (Neuron, n 	 5; Muscle, n 	 7). The asterisk indicates a statistically significant difference compared with WT ( p � 0.05).
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gest that large-amplitude mPSCs at the C. elegans NMJ were not
multivesicular events.

First, the fraction of large-amplitude mPSCs remained the
same after removal of extracellular Ca 2�. Extracellular Ca 2� is
required for synchronized synaptic exocytosis, as shown by the
desynchronization of ePSCs when extracellular [Ca 2�] is re-

duced from 5 mM to 250 �M (Wang et al., 2001). Large-amplitude
mPSCs should be nonexistent in the absence of extracellular
Ca 2� if they were indeed caused by concerted multivesicular re-
lease. However, the fraction of large-amplitude events remained
the same after eliminating extracellular Ca 2� (Fig. 6B,C), despite
a severe reduction in mPSC frequency (Fig. 6E).

Second, no correlation was found between the rise time and
the amplitude of mPSCs. If large-amplitude events arose from a
summation of individual mPSCs, a lack of absolute synchrony
among the individual events would cause an increased rise time.
However, the rise time remained constant regardless of the am-
plitude of mPSCs (Fig. 7A, a,c). Consistent with this observation,
larger-amplitude events were associated with steeper rise slopes
(Fig. 7A, b,d).

Third, the rise time of ePSCs, which represent synchronized

Figure 6. Ca 2� influx and ryanodine receptor-mediated release were the exclusive sources
of Ca 2� for synaptic exocytosis, and the amplitude of mPSCs was independent of extracellular
Ca 2�. A, Representative traces showing the effect of removing extracellular Ca 2� on mPSCs.
Removal of Ca 2� greatly reduced the frequency of mPSCs in the wild type but essentially
abolished mPSCs in the unc-68(r1162) mutant. B, Amplitude distributions of mPSCs were iden-
tical in the presence and absence of extracellular Ca 2� in wild type (n 	 5). C, Averaged mPSCs
of wild type before and after Ca 2� removal overlap completely. The averages were obtained
from the wild-type trace shown in A. D, Removal of extracellular Ca 2� did not change mPSC
amplitudes in wild type (n 	 5). E, Although removal of extracellular Ca 2� greatly reduced
mPSC frequency in wild type (n 	 5), it eliminated mPSCs in r1162 (n 	 5). The asterisk
indicates a statistically significant difference (p � 0.05). F, itr-1(sa73), a hypomorphic mutant
of inositol 1,4,5-triphophate receptor, showed normal mPSCs (a, b) and ePSCs (c); mPSC fre-
quency, 50.9 � 4.8 Hz; mPSC amplitude, 26.7 � 2.2 pA; ePSC amplitude, 1.43 � 0.17 nA; n 	 5.

Figure 7. Large-amplitude mPSCs did not result from concerted multivesicular release. A,
Scatterplots of mPSCs (a, b) and mPSCs grouped according to amplitudes (c, d) show that the
rise time was constant regardless of the amplitude, whereas the rise slope was steeper for
events with larger amplitudes; n 	 6. e, f, Averaged mPSC and ePSC traces in one representa-
tive experiment showing that the rise time of ePSCs is much longer than that of mPSCs. B,
Large-amplitude mPSCs still occurred in mutants defective in synchronized synaptic exocytosis.
The syntaxin mutant unc-64(e246) and the SNAP25 mutant ric-4(ys7) showed desynchronized
ePSCs (c). However, large-amplitude mPSCs still occurred in the mutants (a, b). In ys7, the
frequency and amplitude of mPSCs (n 	 9) were 40 � 7 Hz and 25.5 � 2.5 pA, respectively.
ePSC amplitude was 67.6�12.5 pA (n 	5). Statistics on mPSC and ePSC properties of e246 are
described in a study by Wang et al. (2001).

Liu et al. • Ryanodine Receptor Regulates Quantal Size J. Neurosci., July 20, 2005 • 25(29):6745– 6754 • 6751



multivesicular release, was much longer than that of mPSCs (Fig.
7A, e,f). Thus, large-amplitude mPSCs are distinct from events of
synchronized multivesicular release.

Fourth, the fraction of large-amplitude mPSCs did not de-
crease in mutants that are defective in synchronized synaptic exo-
cytosis. In unc-64(e246), a hypomorphic syntaxin mutant, mPSC
frequency is severely reduced, and ePSCs are desynchronized
(Saifee et al., 1998; Wang et al., 2001). Nevertheless, large-
amplitude mPSCs were frequent in this mutant (Fig. 7B). In the
SNAP25 (soluble N-ethylmaleimide-sensitive factor attachment
protein 25) hypomorphic mutant ric-4(ys7), ePSCs were desyn-
chronized and had small amplitudes. However, large-amplitude
mPSCs persisted (Fig. 7B). The frequency of mPSCs in the
SNAP25 mutant was similar to that in wild type.

Thus, our observations were incompatible with large-
amplitude mPSCs being multivesicular events. Because RYRs
function presynaptically, regulation of quantal size is the alterna-
tive mechanism for RYR to mediate large-amplitude mPSCs.

Synaptic vesicle size and number were not altered in
unc-68 mutants
The inhibition of mPSCs and ePSCs observed in unc-68 mutants
could potentially result from a decrease in synaptic vesicle size or
number. Electron microscopy was used to determine whether
synaptic vesicle size and number, including the number of mor-
phologically docked vesicles, were altered in the mutant com-
pared with the wild type. Neither the vesicle size nor the numbers
of total and docked vesicles per synapse were different between
the wild type and the mutant, suggesting that the inhibitions of
mPSCs and ePSCs in the mutant were not attributable to de-
creased synaptic vesicle size or number (Fig. 8).

Discussion
The present study showed that the RYR plays very important
roles in both spontaneous and evoked synaptic release, suggest-

ing that Ca 2� release from the ER may provide an important
source of Ca 2� regulating exocytosis at C. elegans NMJs. A strik-
ing effect of RYR mutations or blockade was the elimination of
large-amplitude mPSCs. An elucidation of the nature of the
large-amplitude mPSCs may be a key to understanding the mech-
anism of RYR action at synapses. At least two previous studies
have suggested that RYR-mediated large-amplitude mPSCs re-
sulted from concerted multivesicular release (Llano et al., 2000;
Sharma and Vijayaraghavan, 2003). However, our results are in-
consistent with this notion. First, the rise time of mPSCs was
constant regardless of the amplitude because of the fact that
larger mPSCs had steeper rise slopes. Second, the amplitude dis-
tribution of mPSCs remained the same after elimination of ex-
tracellular Ca 2�. Third, the rise time of mPSCs was much shorter
than that of ePSCs, which represent concerted multivesicular re-
lease. Fourth, the fraction of large-amplitude mPSCs did not de-
crease in mutants that are defective in synchronized synaptic exo-
cytosis. These lines of evidence suggest that large-amplitude
mPSCs at the C. elegans NMJ are probably not caused by con-
certed multivesicular release.

Because RYRs function presynaptically to cause large-
amplitude mPSCs at the C. elegans NMJ, regulation of quantal
size is the most plausible explanation. We postulate that reduc-
tions in Ca 2� levels in the presynaptic terminal in the absence of
RYRs lead to the change in mean quantal size. Mechanistically,
this alteration in the manipulation of Ca 2� levels during exocy-
tosis could alter quantal size in a variety of ways. First, RYRs may
increase vesicle size. Larger vesicles may contain more neuro-
transmitters than smaller vesicles do. However, this does not ap-
pear to be the case because the size of synaptic vesicles was similar
between the wild type and the unc-68 mutant. Second, RYRs may
increase the number of docked vesicles, as suggested by Ca 2�-
dependent translocation of synaptic vesicles at Drosophila NMJs
(Koenig et al., 1993), and these newly docked vesicles might con-
tain more transmitters than other docked vesicles. However, the
number of morphologically docked vesicles was not changed in
the RYR mutant. Third, RYRs may promote vesicle loading with
neurotransmitters, resulting in higher concentrations in the wild
type compared with unc-68 mutants. Fourth, RYR may stimulate
intervesicular fusion to form larger vesicles before exocytosis.
The larger vesicles may contain neurotransmitters that were orig-
inally packed into several smaller vesicles. Fifth, RYRs may in-
crease either the size or duration of the fusion pore during kiss-
and-run synaptic release. Ca 2� entry-dependent regulation of
quantal size has been shown to occur for catecholamine release
from chromaffin cells, probably through modulation of kiss-and-
run exocytosis (Elhamdani et al., 2001). Conceivably, quantal size
in neurons might be regulated by RYR-mediated Ca 2� release
through a similar mechanism. These possibilities need to be ex-
amined in future studies.

Our results demonstrated that there are two sources of Ca 2�

for synaptic exocytosis: Ca 2� influx and RYR-mediated Ca 2�

release from intracellular stores. The two sources of Ca 2� could
function both independently and concertedly. The continued oc-
currence of mPSCs when only one of the two Ca 2� sources was
available is an indication of the independent actions. Interactions
between the two sources of Ca 2� become obvious when the mag-
nitudes of mPSC frequency inhibition caused by Ca 2� removal
and by unc-68 mutation are compared. In wild-type prepara-
tions, elimination of extracellular Ca 2� reduced mPSC frequency
by �70%. If the two Ca 2� sources functioned independently,
RYR would be responsible for the remaining 30% of mPSCs.
However, unc-68 mutations reduced mPSC frequency by 
70%,

Figure 8. Synaptic vesicle size and number were similar between the wild type (WT) and
unc-68 mutant. A, Representative electron micrographs of neuromuscular junctions in the WT
and unc-68 mutant. Scale bar, 100 nm. Presynaptic densities are indicated by arrowheads. B,
The vesicle diameters were 33.1 � 0.6 nm in WT and 32.1 � 0.6 nm in unc-68. The numbers of
vesicles per synapse were 109.5 � 14.1 in WT and 105.4 � 14.0 in unc-68. The numbers of
morphologically docked vesicles per synapse were 15.0 � 1.8 in WT and 13.8 � 1.1 in unc-68.
No statistically significant differences were found between the WT and unc-68 mutant. The
numbers of neuromuscular junctions analyzed were eight for WT and 10 for unc-68(r1161).
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which is significantly more than what would be expected for in-
dependent actions. The most plausible explanation for the dis-
crepancy is that Ca 2� influx is amplified by RYR-mediated Ca 2�

release; RYRs are activated by Ca 2� entering the cell [Ca 2�-
induced Ca 2� release (CICR)] (Verkhratsky and Shmigol, 1996).
CICR has been demonstrated in a variety of cell types, including
neurons (Narita et al., 1998; Merriam et al., 1999; Sandler and
Barbara, 1999). The ER is a continuous network that extends to
all parts of the neuron (Berridge, 1998; Rolls et al., 2002). In
cardiomyocytes, RYRs in the sarcolemma are closely apposed to
Ca 2� channels in the plasma membrane with a gap of only 15 nm.
It has been suggested that an analogous mechanism may occur in
neurons to allow efficient couplings between Ca 2� influx and
RYR activation (Berridge, 1998).

The role of extracellular Ca 2� in mPSCs appears variable in
different systems. For example, removal of external Ca 2� has a
variable effect at frog NMJs (Fatt and Katz, 1952). It has no effect
in cultured rat retinal ganglion cells (Han et al., 2001). Blockade
of Ca 2� influx with cadmium does not alter mPSC properties at
inhibitory synapses in rat hippocampal slices (Hajos et al., 2000).
In contrast, we showed that removal of extracellular Ca 2� re-
duced mPSC frequency by �70%. Our observation is similar to a
previous one on the C. elegans NMJ (Richmond et al., 1999). It is
unclear why mPSC frequency at the C. elegans NMJ is more sus-
ceptible to the removal of extracellular Ca 2� than the other
systems.

It has been suggested that exocytotic fusion may occur in a
Ca 2�-independent manner (Knight et al., 1989; Gerber and Sud-
hof, 2002). However, there is no compelling evidence to support
it. In the present study, a combination of RYR mutation and
removal of extracellular Ca 2� reduced mPSC frequency to
0.19 � 0.04 Hz. Although this value may appear significant com-
pared with many other synapses that have a relatively low mPSC
frequency, it represents only 0.4% of the mPSCs frequency ob-
served in wild-type preparations in the presence of extracellular
Ca 2�. Thus, a combination of zero extracellular Ca 2� and RYR
dysfunction eliminated 99.6% of mPSCs. The rare events of
mPSCs observed in the absence of both Ca 2� sources could be
attributable to residual Ca 2� left inside motoneurons, which
would not be surprising given that the preparation had been
incubated with zero Ca 2� solution for only a few minutes before
the measurement was made. Therefore, this observation is in
favor of the notion that synaptic exocytosis has an obligatory
requirement for Ca 2�, and influx and RYR-mediated release are
the exclusive sources of Ca 2� for synaptic exocytosis.

In the present study, we showed that dysfunction of RYR in-
hibited both spontaneous and evoked synaptic exocytosis. It is
well established that evoked synaptic exocytosis is critical to the
function of the nervous system because it is required for synaptic
transmission at chemical synapses. Miniature postsynaptic cur-
rents or potentials were originally thought to result from “spill-
over” of neurotransmitters with little physiological significance.
However, more recent evidence suggests that they have impor-
tant physiological functions. For example, mPSCs may play im-
portant roles in postsynaptic receptor clustering (Saitoe et al.,
2001), shifting of NMDA receptor subunit compositions during
development (Barria and Malinow, 2002), dendritic protein syn-
thesis (Sutton et al., 2004), maintenance of dendritic spines
(McKinney et al., 1999), and action potential firing (Sharma and
Vijayaraghavan, 2003). By regulating both spontaneous and
evoked synaptic release, RYR is likely a key player in the function
and development of the nervous system.
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