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SLO-1 Potassium Channels Control Quantal Content
of Neurotransmitter Release
at the C. elegans Neuromuscular Junction

mechanisms of actions has been obtained by studying
mutants in this species.

We devised a genetic screen to identify molecules
which functionally modulate neurotransmitter release in
vivo. Mutants were isolated based on their ability to relieve
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the block in neurotransmitter release of an unc-64 syntaxin660 S. Euclid Avenue
mutant by assaying for behavioral suppression of itsSt. Louis, Missouri 63110
paralyzed phenotype (Saifee et al., 1998). The screen
successfully identified targets previously implicated in
regulating release, including a calcium- and calmodulin-Summary
dependent protein kinase II, a q-type � subunit of a
G protein, and an adenylyl cyclase (O.S. and M.L.N.,Six mutants of SLO-1, a large-conductance, Ca2�-acti-
unpublished data; Chapman et al., 1995; Lackner et al.,vated K� channel of C. elegans, were obtained in a
1999; Zhong and Wu, 1991). These results demonstrategenetic screen for regulators of neurotransmitter re-
a proof of principle that the screen would successfullylease. Mutants were isolated by their ability to sup-
isolate regulators of neurotransmitter release. However,press lethargy of an unc-64 syntaxin mutant that re-
in addition to identifying these regulators, a single ionstricts neurotransmitter release. We measured evoked
channel (the C. elegans SLO-1 BK channel) was alsopostsynaptic currents at the neuromuscular junction
functionally identified as a regulator of release. Althoughin both wild-type and mutants and observed that the
more than 70 genes encoding K� channels exist inremoval of SLO-1 greatly increased quantal content
C. elegans (Salkoff, et al., 1999; Wei et al., 1996), onlyprimarily by increasing duration of release. The selec-
mutants in the SLO-1 K� channel were isolated in thistive isolation of slo-1 as the only ion channel mutant
screen, suggesting that slo-1 BK channels may differderived from a whole genomic screen to detect regula-
from other K� channels in their ability to regulate trans-tors of neurotransmitter release suggests that SLO-1
mitter release.plays an important, if not unique, role in regulating

Among K� channels, SLO-1 is an excellent candidateneurotransmitter release.
to play an important role in controlling neurotransmitter
release because it is activated by Ca2� as well as mem-Introduction
brane depolarization. These channels are prominent at
presynaptic nerve endings in many types of neuronsMechanisms controlling the release of neurotransmit-
(Anderson et al., 1988; Farley and Rudy, 1988; Katz etters are of vital importance in the nervous system be-
al., 1995; Knaus et al., 1996; Lindgren and Moore, 1989;cause such mechanisms may control synaptic strength
Morita and Barrett, 1990; Robitaille et al., 1993; Sivara-and plasticity that are fundamental to higher brain func-
makrishnan et al., 1991; Sun et al., 1999; Tabti et al.,tion. Presynaptic nerve terminals contain a variety of K�

1989; Vatanpour and Harvey, 1995; Wangemann andchannels, which are potential regulators of neurotrans-
Takeuchi, 1993; Yazejian et al., 1997; Zhou et al., 1999)mitter release (reviewed by Meir et al., 1999), but it is
and have been found to colocalize with voltage-gatedunlikely that they are all equal in their tasks. An approach
calcium channels at sites of transmitter release (Issato determining which of these many channels regulate
and Hudspeth, 1994; Robitaille et al., 1993). As Ca2�

neurotransmitter release in vivo is to perform genetic
entry through these channels may contribute to the acti-

studies using a model organism. The ease of obtaining
vation of BK channels, the functional coupling of these

mutants, in combination with the recent development of
two channels may exist, which could serve to regulate

synaptic physiology techniques (Richmond et al., 1999; neurotransmitter release. Blockade of BK channels us-
Richmond and Jorgensen, 1999), has made C. elegans ing charybdotoxin or iberiotoxin has been shown to in-
an attractive model organism for studying roles of K�

crease the amplitude of evoked end-plate potentials at
channels in neurotransmitter release. Indeed, C. elegans neuromuscular junctions in mouse and frog (Anderson
has proven to be an excellent system for studying the et al., 1988; Marshall et al., 1994; Robitaille et al., 1993),
mechanisms involved in synaptic release. Several criti- although differing results have also been obtained
cal and highly conserved components of the synaptic (Fischer and Saria, 1999; Pattillo et al., 2001; Warbington
release machinery were first discovered in C. elegans, et al., 1996).
including UNC-13 and UNC-18 (Gengyo-Ando et al., In the present study, we describe our characterization
1993; Kohn et al., 2000; Maruyama and Brenner, 1991; of mutants in the C. elegans SLO-1 BK channel that
Richmond et al., 1999), and the vesicular acetylcholine relieve the synaptic transmission defects of a hypomor-
transporter (Alfonso et al., 1993). In addition, many other phic syntaxin mutant. These mutants result in the ge-
critical components of the synaptic release machinery netic removal of the SLO-1 BK channels, allowing study
are conserved in C. elegans (Rand and Nonet, 1997), of the functional role of this channel. A combination
and important information regarding their molecular of genetic, pharmacological, and electrophysiological

analyses revealed that slo-1 mutants were associated
with increased quantal content of neurotransmitter re-1 Correspondence: salkoffl@thalamus.wustl.edu

2These authors contributed equally to this work. lease, which partially compensated for the reduced re-
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lease of the unc-64 mutation. Because it was the sole tance was estimated to be �250 pS based on measure-
ments of single channel current amplitudes in symmetri-K� channel identified in this screen, SLO-1 is likely to

have major, if not unique, importance among K� chan- cal K� solutions. However, precise determination of
conductance was difficult due to the very brief meannels as a regulator of neurotransmitter release in

C. elegans and possibly in other systems. open time of the channel, which is estimated to be less
than 0.5 ms. No apparent differences in functional prop-
erties were observed between SLO-1a and SLO-1bResults
(functional properties of SLO-1c were not examined).
These observations showed that SLO-1 is similar to BKTo identify proteins capable of modulating synaptic
channels from other species, with regard to functionaltransmission, we performed a genetic screen for mu-
properties as well as amino acid sequence.tants that enhanced synaptic transmission in an unc-64

syntaxin mutant background. While complete lack of
unc-64 syntaxin results in lethality, hypomorphic lesions slo-1 Alleles Isolated as unc-64 Suppressors

Are Loss-of-Function Mutationsresult in viable animals that are lethargic and resistant
to inhibitors of acetylcholinesterase. These defects are All of the slo-1 mutants isolated in our genetic screen

are recessive suppressors of unc-64 paralysis. The slo-most likely due to a reduction in neurotransmitter re-
lease. We screened for suppression of unc-64(e246) 1(md1745) allele isolated from the ric-8 suppressor

screen also acted as a recessive suppressor of unc-64syntaxin mutant paralysis and isolated six noncomple-
menting alleles that we mapped to the C. elegans or- paralysis. All alleles had a similar behavioral phenotype,

which could be rescued by germline transformation withtholog of the large-conductance, Ca2�- and voltage-
dependent K� channel. We named this locus slo-1. Two wild-type slo-1 (see below). Using primers designed ac-

cording to SLO-1 cDNA sequences, we amplified first-additional alleles (md1715 and md1745), which were
isolated in a screen for suppressors of ric-8 and mapped strand cDNAs by RT-PCR and sequenced the products

to identify molecular lesions in the mutants. Most lesionsto a similar region of the genome (K. Miller, personal
communication), were kindly provided by Kenneth Miller resulted in premature termination of the channel. Both

slo-1(md1745) and slo-1(js379) contained nonsense le-and James Rand.
sions early within the gene prior to the ion-conducting
channel pore. This would preclude formation of func-SLO-1 Is a Large-Conductance,
tional channels and therefore likely result in the slo-1Ca2�-Activated K� Channel
null phenotype. In slo-1(js118, js380, js381), the channelThe primary sequence of SLO-1 shows a high level of
was truncated prior to the highly conserved carboxy-identity to BK channels of the mouse (58.4%) (Butler
terminal “Ca2� bowl” region. In contrast, slo-1(md1715)et al., 1993), the human (58.6%) (McCobb et al., 1995;
contained a single nucleotide mutation resulting in aPallanck and Ganetzky, 1994; Tseng-Crank et al., 1994),
glycine-to-glutamate change on the extracellular faceand Drosophila (66.1%) (Adelman et al., 1992). All of the
of the channel (Figure 1B).major structural motifs of BK channels are present, includ-

Although the molecular lesions of slo-1(md1745) anding the seven membrane-spanning domains (S0–S6), a
slo-1(js379) were clearly expected to eliminate channelpore domain that contains the K� selectivity filter, a
function, the functional consequences of other muta-“Ca2� bowl” that is important for sensing Ca2� (Schreiber
tions were less clear and therefore subjected to furtherand Salkoff, 1997), and four hydrophobic segments in
analysis. The mutations found in slo-1(md1715) andthe C-terminal region (Figures 1A and 1B).
slo-1(js118) were introduced independently into theSLO-1 has at least three splice variants. In addition to
SLO-1a cDNA, and the resulting mutant channels werethe SLO-1a cDNA (Wei et al., 1996), two other splice vari-
subjected to physiological analysis in the Xenopus oo-ants were identified. Exon/intron boundaries of slo-1
cyte system. No BK channel activity was detected intranscripts were determined by comparing cDNA se-
either mutant channel in contrast to wild-type controls.quences with genomic DNA sequence. SLO-1a (Gen-
This suggests that these mutations also resulted in aBank AF431891) is encoded by 20 exons and has a
complete loss of function (data not shown). The mutantpredicted length of 1140 residues. Compared with
alleles slo-1(js380, js381) truncated the channel at a sim-SLO-1a, SLO-1b (GenBank AF431892) lacks exon 13
ilar location as slo-1(js118) and, hence, were also ex-and is 22 residues shorter. SLO-1c (GenBank AF431893)
pected to remove channel function. We conclude thenalso lacks exon 13. In addition, it has an alternative exon
that all mutants isolated by virtue of their ability to sup-9 and an additional small exon following exon 11. The
press the unc-64 phenotype most likely conferred thesequence and sites of alternative exons are showed in
same physiological phenotype, the complete removalFigure 1A.
of the SLO-1 current from the membrane.Biophysical properties of SLO-1a and SLO-1b were

examined by heterologous expression in Xenopus oo-
cytes. Both single channel and macroscopic currents slo-1 Mutations Suppress the Behavioral Deficits

of Syntaxin Mutantwere recorded from inside-out patches (Figure 2). As
with BK channels from other species, channel activity slo-1 mutants suppress the lethargy of unc-64 mutants.

Measurements of locomotion velocity of unc-64 singleincreased with either elevation of [Ca2�] on the cyto-
plasmic side of the patch (Figure 2B, left) or increase of mutants showed greatly decreased velocity and indiffer-

ence to mechanical stimulation (Figure 3A). Addition ofmembrane depolarization (Figure 2B, right). Elevating
[Ca2�] shifted the voltage range of activation to a more slo-1 mutations resulted in a modest increase of general

activity, but a dramatic improvement in stimulation pro-negative range (Figure 2A, right). Single channel conduc-
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Figure 1. The Primary Sequence of SLO-1, Mutant Alterations, and Splice Variants

(A) The primary sequence of SLO-1. (Top) SLO-1 splice variants shown schematically. The boxes represent exons, and lines represent introns.
The open boxes represent exons common to all splice variants, whereas the filled boxes represent alternative exons. Compared with SLO-
1a, SLO-1b lacks exon 13. SLO-1c, besides the lack of exon 13, uses an alternative exon 9, as well as an additional exon (exon 11b) following
exon 11. (Middle) The complete sequence of SLO-1a is shown. Major structural domains characteristic of BK channels, including 11 hydrophobic
segments (S0–S10), the pore, and the Ca2� bowl, are underlined. Two alternative exons (exons 9 and 13) are outlined with broken lines. The
position of the insertion of exon 11b is marked by an arrow in the SLO-1a sequence. (Bottom) Sequences of alternative exons.
(B) Predicted membrane topology of SLO-1. Major structural domains and locations of identified mutations are indicated. All mutations, except
for md1715, resulted in premature termination of the protein due to either nonsense mutations (js379, js380, js381, md1745) or deletion plus
frame shift (js118). A glycine to glutamate missense mutation occurred in md1715. In js118, exon 16 was absent due to a 271 bp deletion in
genomic DNA that removes most of exon 16 and a portion of the previous intron. The location of GFP insertion in the slo-1 minigene (see
Figure 1C) is also indicated.
(C) Schematic depiction of minigenes used in germline transformation. SLO-1a cDNA was ligated to promoters from three different genes:
slo-1, snb-1 (neuron specific), and myo-3 (body-wall muscle specific). GFP was inserted between S8 and S9 of SLO-1 (by replacing L706
and R707 with GFP) in experiments examining SLO-1 in vivo expression patterns.

voked locomotion. slo-1 suppression of locomotion de- ioral deficits of syntaxin mutants. This suppression most
likely resulted from compensation of the transmissionfects of unc-64(e246) was not allele specific, as slo-1 mu-

tations also enhanced movement of unc-64(js21) (Saifee defect in the syntaxin mutant.
Pharmacological assessment of acetylcholine releaseet al., 1998) animals (data not shown). This increased

movement was not due to simple hyperactivity resulting supports the hypothesis that loss of SLO-1 increases
neuromuscular transmission in the syntaxin hypomorph.from the slo-1 mutant, as slo-1 single mutants did not

move faster than wild-type animals. On the contrary, The acetylcholinesterase inhibitor aldicarb potentiates
the effect of released acetylcholine by blocking its deg-slo-1 single mutants appeared similarly active as wild-

type animals, but their movement was less smooth and radation (Rand and Russell, 1985). In wild-type animals,
the accumulation of acetylcholine results in tonic con-was characterized by an increased tendency to stop

and reverse direction. Such reversals of direction reduced traction of body-wall muscle, which, over time, leads
to a hypercontracted paralysis. Mutants with reducedthe apparent net distance traveled between successive

captured images (see Experimental Procedures), there- acetylcholine release, such as unc-64, are resistant to
the hypercontraction induced by aldicarb (Miller et al.,by resulting in a slight reduction in average velocity

(Figure 3B). Although slo-1 mutants themselves had only 1996; Saifee et al., 1998). In combination with various
slo-1 alleles, the sensitivity of unc-64 to aldicarb wassubtle behavioral phenotypes, they mitigated the behav-
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Figure 2. SLO-1 Heterologously Expressed in Xenopus Oocytes Is Activated by Cytoplasmic Ca2� and Membrane Depolarization

(A) (Left) Macroscopic currents of an inside-out patch in response to changes of membrane potential and cytoplasmic [Ca2�]. The membrane
was held at �60 mV and step pulses were applied from �40 to �180 mV in 20 mV steps. Traces shown are from voltage steps of �40 to
�140 mV. (Right) Conductance-voltage relationships of macroscopic currents at different [Ca2�]o. Data was fitted to a Boltzmann function.
The fit at 1 mM [Ca2�]o was extrapolated from only four data points to avoid deviation from the true conductance-voltage relationship due to
the blocking effect of Ca2� at higher holding potentials. The voltage for half-maximal activation (V50) was 58 � 5 mV at 1 mM [Ca2�] (n � 12),
71 � 3 mV at 100 �M [Ca2�] (n � 16), 111 � 1 mV at 10 �M [Ca2�] (n � 16), and 201 � 2 mV at 1 �M [Ca2�] (n � 8).
(B) Representative traces of single channel currents from inside-out patches. (Left) Changing [Ca2�] while holding the membrane potential
constant (�80 mV). (Right) Changing membrane potential while keeping [Ca2�] constant (100 �M). Results shown are of the SLO-1a splice
variant.

shifted toward that of wild-type (Figure 3C). Thus, in Saifee et al., 1998). Introduction of a slo-1 mutant into
this syntaxin mutant background increased IPSP ampli-addition to suppressing lethargy, slo-1 mutants also

suppressed the unc-64 resistance to aldicarb, which tudes (Figure 3E), resulting in EPGs that were reminis-
cent of wild-type. slo-1 mutations therefore compen-further indicates an enhancement of neuromuscular

transmission in the double mutant. By contrast, slo-1 sated for the reduced efficacy of release of the syntaxin
mutant in the pharynx. EPGs from slo-1 single mutantssingle mutants more rapidly succumbed to aldicarb

treatment than wild-type animals (Figure 3D), showing appeared grossly wild-type, with the only difference
among them being a slightly shorter duration (Figurean increased sensitivity to aldicarb. Hypersensitivity to

aldicarb is suggestive of increased neurotransmitter re- 3E). This shorter duration could reflect enhanced M3
motor neuron neurotransmission that hastened repolar-lease in slo-1 mutants, which can explain their ability to

act as suppressors of syntaxin mutants. This observa- ization of the pharyngeal muscle. Thus, SLO-1 acts to
modulate neuromuscular transmission in the pharyngealtion is consistent with SLO-1 normally acting to limit the

amount of transmitter release. as well as body-wall muscle.
slo-1 mutations also suppressed synaptic transmis-

sion defects in the pharynx of unc-64 mutants, as re- SLO-1 Functions Presynaptically
to Modulate Neurotransmissionvealed by recordings of electropharyngeograms (EPGs).

EPGs are extracellular recordings from the pharynx that In order to understand the mechanism of SLO-1 action
in synaptic transmission, we began by investigating itsallow study of synaptic transmission between the M3

motor neuron, a glutamatergic inhibitory neuron regulat- cellular localization. The tissue distribution of SLO-1 was
assessed using a polyclonal antiserum raised against aing the duration of pharyngeal muscle contraction, and

the pharyngeal muscle (Avery, 1993; Dent et al., 1997; portion of the Ca2� bowl of the mouse BK channel (mSlo)
(Knaus et al., 1995). As this 14-residue region of SLO-1Raizen and Avery, 1994). A typical EPG from the wild-

type contains three to five M3 inhibitory postsynap- (residues 953–966) differs from mSlo by only a single
residue, the antiserum was expected to crossreact withtic potentials (IPSPs) (Figure 3E). The M3 IPSPs of

unc-64(e246) were reduced in amplitude (Figure 3E and the C. elegans ortholog. Staining of wild-type animals
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Figure 3. slo-1 Mutants Suppress Behavioral, Pharmacological, and Pharyngeal Electropharyngeogram (EPG) Defects of the Syntaxin Hypo-
morph unc-64(e246)

(A) Measurements of locomotion velocities for unc-64 mutant and unc-64;slo-1 double mutants. Unstimulated (white bars) and stimulated
(black bars) velocities (mean � SE) were calculated from measurements of 20–25 animals.
(B) Measurements of locomotion velocities for wild-type and slo-1 mutants. Velocities (mean � SE) were calculated from measurements of
20–25 animals.
(C) Aldicarb sensitivity of unc-64 mutant and unc-64;slo-1 double mutants. The time course of paralysis is shown for wild-type, unc-64, and
selected unc-64;slo-1 double mutants on 1.0 mM aldicarb plates seeded with E. coli. Values represent mean � SE.
(D) Aldicarb sensitivity of wild-type and slo-1 mutants. The time course of paralysis is shown for wild-type and selected slo-1 mutants on 0.5
mM aldicarb plates seeded with E. coli.
(E) Physiological recordings of pharyngeal muscle activity. Characteristic electropharyngeograms are shown from wild-type, unc-64, unc-
64;slo-1(js100), and slo-1(js100). Filled circles indicate M3 motor neuron-induced IPSPs. All traces are millivolts versus time.

revealed immunoreactivity in synaptic regions of the tional sarcoplasmic reticulum of vertebrate skeletal and
cardiac muscle (Waterston, 1988; Maryon et al., 1998).nervous system including in both the nerve ring (Figure

4A) and nerve cords, as well as in the body-wall (Figure We do not have direct evidence suggesting a relation-
ship between SLO-1 and the other structures. slo-1 mu-4C) and vulval muscle. The staining in the body-wall

muscle was restricted and appeared as puncta, which tants were found to lack immunoreactivity (data not
shown), indicating the specificity of the antibody. A simi-is reminiscent of the localization pattern of ryanodine

receptors (Maryon et al., 1998). In C. elegans, ryanodine lar pattern of SLO-1 expression (Figures 4B and 4D) was
observed in animals transformed with a slo-1 fusion toreceptors are localized to surface membrane associated

sacs located between M line analogs and dense bodies GFP (Figure 1C). The presence of SLO-1 in the nerve
ring where the density of synapses is high, and its pres-(Z line analogs). These membrane sacs resemble junc-
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presynaptically in motor neurons to limit neurotransmit-
ter release.

slo-1 Mutations Increase Neurotransmitter
Release
As described, slo-1 mutants exhibited increased sensi-
tivity to aldicarb (Figure 3), a phenotype most likely due
to enhanced acetylcholine release. To determine whether
neurotransmitter release was indeed increased at the
NMJ in slo-1 mutants, we compared synaptic output
between wild-type and slo-1 mutant animals. Evoked
excitatory postsynaptic currents (EPSC) were recorded
from voltage-clamped body-wall muscle cells. EPSCs
were evoked by stimulating the presynaptic motorneu-
ron with 0.5 ms DC pulses provided through a glass
micropipette (5–7 M�) (see Experimental Procedures).
Spontaneous miniature excitatory postsynaptic cur-
rents (mEPSC) were also recorded. To quantify the
change in neurotransmitter release, we measured ampli-
tude, duration, and quantal content of EPSCs. Quantal
content was estimated by dividing the current integral
(current over time) of an EPSC by the average current
integral of mEPSCs.

Analysis of EPSCs from wild-type animals in an extra-
cellular solution containing high Ca2� (5 mM) showed a
large and synchronous postsynaptic current averaging
1155 � 183 pA. In the slo-1 mutant, the response was

Figure 4. slo-1 Expression in Neurons and Muscle, and Neuron- also large (806 � 107 pA), and not statistically different
Specific Effects on Locomotion (Figures 5Aa and 5Ac). The kinetic properties of EPSCs
(A–D) slo-1 expression and protein localization. (A and C) Whole were grossly similar between the wild-type and the slo-1
adult wild-type hermaphrodite worms fixed and stained with anti-

mutant. However, the duration of EPSCs appeared longerBK channel primary antibodies and visualized with FITC-conjugated
in the slo-1 mutant due to the presence of a persistentsecondary antibodies. Lateral view showing dense staining in the
component (insets, Figure 5Aa). This persisting compo-synapse-rich nerve ring in the head region (A) and punctate immuno-

reactivity near the surface of body-wall muscle (C). (B and D) Fluo- nent was difficult to quantify due to its small amplitude
rescence images from live wild-type adult hermaphrodite animals (in comparison with the EPSC peak amplitude) and irreg-
expressing the SLO-1a::GFP fusion as an extrachromosomal array. ularity in shape. Nevertheless, it suggested to us that
Lateral view showing bright fluorescence in the nerve ring (B) and

neurotransmitter release might be prolonged in slo-1punctate fluorescence near the surface of body-wall muscle (D).
mutants.(E) Impact of tissue-specific rescue of slo-1 on locomotion. Locomo-

We reasoned that a difference in neurotransmitter re-tion velocities of unc-64, unc-64;slo-1(js118), and two transgenic
strains of unc-64;slo-1(js118) transformed with a SLO-1a minigene lease between slo-1 mutants and the wild-type might
under the control of either the snb-1 promoter driving expression be more obvious under experimental conditions where
selectively in neurons or the myo-3 promoter driving expression EPSC quantal content was lower. This is because under
selectively in body-wall muscle.

high Ca2� conditions, the evoked response may entail
the release of nearly the entire population of readily
releasable vesicles. Therefore, no additional synapticence in motor neurons is consistent with a role in control-

ling synaptic release at both interneuronal synapses and vesicles could be released even if the removal of SLO-1
would augment Ca2� entry into the presynaptic terminal.neuromuscular junctions (NMJs).

Because slo-1 is expressed in both neurons and body- To test this hypothesis, we examined EPSCs induced
by repetitive 7 Hz stimulation in wild-type preparationswall muscle, suppression of syntaxin paralysis could

result from either loss of SLO-1 in neurons, or muscle, or at high [Ca2�]o (5 mM). As shown in Figure 5Ba, the EPSC
amplitude was large in the first stimulation, but de-both. In order to determine where SLO-1 was modulating

synaptic transmission, we used tissue-specific promot- creased drastically thereafter. In contrast, EPSC ampli-
tude remained constant in wild-type preparations in re-ers to selectively drive expression of a rescuing SLO-1

construct in all neurons (including motor neurons) or in sponse to 10 Hz repetitive stimulation at 250 �M [Ca2�]o

(Figure 5Ba). Similarly, constant EPSCs were observedbody-wall muscle. When functional SLO-1 was reintro-
duced into neurons, suppression was removed and the in the unc-64 mutant at 5 mM [Ca2�]o in response to

repetitive stimulation (data not shown). Thus, consistentparalyzed phenotype of the syntaxin mutant returned
(Figure 4E). On the other hand, there was no detectable with our hypothesis, these observations suggest that the

readily releasable pool of synaptic vesicles was nearlyeffect on locomotion when SLO-1 was expressed in
body-wall muscle, i.e., those animals remained sup- depleted in response to a single stimulus at high [Ca2�]o

(but not at low [Ca2�]o) in wild-type animals and thatpressed (Figure 4E). The neuron-specific rescuing con-
struct had no appreciable effect in wild-type animals depletion did not occur at high [Ca2�]o in the unc-64

mutant. This hypothesis was also supported by experi-(data not shown). Thus, at the NMJ, SLO-1 likely acts
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ments with 4-aminopyridine (4-AP) at 5 mM [Ca2�]o (Fig- denced by the increased evoked response, was most
ure 5Bb). 4-AP blocks several K� channels including likely due to an increase in neurotransmitter release
the Shaker type (Mathie et al., 1998), which has been rather than a change in muscle sensitivity.
implicated in the control of neurotransmitter release (Jan
et al., 1977). To characterize the effect of 4-AP, we mea- Reduced Neurotransmitter Release in unc-64
sured both the amplitude and the decay time constant Mutants, and Partial Rescue by slo-1
of the EPSCs prior to and following the application of We characterized the release defects of the single
4-AP. A time constant (�) was obtained by fitting the first unc-64 and double unc-64;slo-1 mutants at the NMJ to
20 ms decaying phase of EPSCs with a single exponen- further investigate the physiological basis of the sup-
tial. A larger � value would indicate an increased EPSC pression of the syntaxin mutant by slo-1 lesions. Syn-
duration. The decay time constant did not differ between taxin is a core component of the vesicle fusion machin-
the wild-type and the slo-1 mutant in the absence of 4-AP. ery. Consistent with such a role, we found that both the
In wild-type animals, neither the amplitude nor the frequency of mEPSCs and the amplitude of EPSCs were
� value of EPSCs was altered by 4-AP. In the slo-1 mu- much lower in the unc-64 mutant than in the wild-type
tant, however, we noted a decrease in amplitude but a under similar experimental conditions (5 mM [Ca2�]o)
significantly increased � value following 4-AP applica- (compare Figure 7 with Figure 5A). The frequency of
tion. However, the quantal content of the slo-1 mutant mEPSCs was 10 � 2 s�1 in the unc-64 mutant, �20%
changed little since the increase in decay time constant of the wild-type value. The amplitude of unc-64 EPSCs
was offset by a decrease in EPSC amplitude, suggesting averaged 143.2 � 33.8 pA, which was only 12% of the
that EPSC quantal content was essentially maximized wild-type EPSC amplitude. Estimated quantal content
at 5 mM [Ca2�]o. The prolongation of decay time constant in unc-64 (10.6 � 1.4) was only 5% of wild-type. Because
by 4-AP in slo-1 mutant (but not wild-type animals) sug- quantal content was so radically reduced, the evoked
gests that both SLO-1 and 4-AP-sensitive K� channels response appeared as an asynchronous cluster of
likely regulate neurotransmitter release at the NMJ. mEPSCs. The greatly reduced quantal content of EPSCs
However, their functions may be somewhat redundant at the unc-64 NMJ is consistent with the strong locomo-
such that blockade of one channel type had little effect tion defect of these animals.
on the release, but inhibition of both types had a large Removal of SLO-1 increased neurotransmitter release
effect. The amplitude and quantal content of EPSCs were by approximately 4-fold in the unc-64 mutant (Figure 7).
also not increased by tetraethylammonium in wild-type Quantal content of EPSCs was 43.5 � 11.6 in unc-64;
animals (data not shown), consistent with our hypothesis slo-1 double mutants. This increase in quantal content
that the readily releasable pool of vesicles was nearly was due to an increase in the duration but not the ampli-
depleted in response to a single impulse in 5 mM [Ca2�]o. tude of EPSCs. The amplitude of EPSCs in the double

As the above results implied a rapid depletion of vesi- mutant was 143.8 � 45.9 pA, which was similar to that
cles at high [Ca2�]o, we undertook experiments to exam- in the unc-64 mutant. However, the duration of EPSCs
ine the effect of slo-1 mutations under conditions where increased from 22.3 � 3.8 ms in unc-64 to 81.0 � 6.4
we could be confident that the readily releasable pool

ms in unc-64;slo-1 double mutants. Clearly, the removal
would not be depleted. Thus, we examined the effect

of the SLO-1 current system in unc-64 resulted in a
of slo-1 mutations on EPSCs at a reduced external Ca2�

significant increase of neurotransmitter release. Still, the
concentration (250 �M [Ca2�]o and 4 mM [Mg2�]o) (Figure

release was only 20% of wild-type. This level of increase6). Under these conditions, the evoked wild-type EPSC
is consistent with the observed partial rescue of theappeared as a cluster of overlapping mEPSCs. In wild-
movement and aldicarb-sensitive defects of the unc-64type animals, EPSCs averaged 33.6 � 7.4 pA in ampli-
mutant by slo-1 mutations.tude and 46.9 � 4.6 ms in duration. In marked contrast,

Unexpectedly, the frequency of mEPSCs in the unc-64;the slo-1 mutant showed a significant increase in the
slo-1 double mutant was significantly higher than thatduration (86.9 � 15.4 ms) of EPSC. The EPSC amplitude
in the unc-64 mutant (Figure 7). One possible explana-(64.4 � 17.7 pA) was also increased with marginal statis-
tion for this is that a small fraction of SLO-1 channelstical significance (p � 0.121). As a result, the estimated
might be active at resting conditions. A loss of SLO-1quantal content of the mutant EPSC (36.1 � 8.1) was
function might influence the resting membrane potential4-fold greater than that of the wild-type (8.5 � 1.1).
and, thus, internal Ca2� concentration. Alternatively, theThese observations clearly indicated that neurotrans-
absence of SLO-1 in the nerve terminal might influencemitter release was increased at the NMJ in the slo-1
the relationship between Ca2� channels and release sites.mutant.

The amplitude of mEPSCs was essentially identicalIn contrast to this large difference in evoked release,
among wild-type, slo-1 mutants, and unc-64;slo-1 dou-the mEPSC frequency was similar between the wild-
ble mutants (details in the legends of Figures 5 and 7).type and slo-1 mutant at either concentration of external
However, the mean amplitude of mEPSCs in unc-64Ca2�. At high (5 mM) [Ca2�]o, the frequencies were 48.0 �
appeared somewhat larger. The source of the larger8.1 s�1 and 47.8 � 4.2 s�1 in wild-type and slo-1, respec-
mEPSCs is unclear.tively (Figures 5Ab and 5Ac). At reduced (250 �M) [Ca2�]o,

In summary, slo-1 mutations prolonged synaptic re-the frequency was 24.0 � 6.4 s�1 in the wild-type and
lease whether in an unc-64 or wild-type genetic back-32.9 � 7.4 s�1 in the mutant (Figures 6B and 6C). The
ground. This prolongation in release resulted in an in-average amplitude and area of mEPSCs of slo-1 mutants
crease in EPSC quantal content, which was capablewere similar to those of wild-type (details in the legends
of alleviating the behavioral deficits of unc-64 syntaxinof Figures 5 and 6). Because mEPSCs were unchanged,

the enhancement of synaptic transmission, as evi- mutant animals.
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Figure 5. Properties of Evoked Neurotransmitter Release at the C. elegans NMJ

(A) slo-1 mutant has no significant effect on EPSC quantal content at the neuromuscular junction at high [Ca2�]o (5 mM).
(Aa) EPSCs from wild-type (WT) and slo-1(md1745) animals. Insets are the boxed regions of the main figures rescaled to show that EPSCs appear
to take a longer time to decay to baseline in the slo-1 mutant than in wild-type. However, this difference was not further quantified due to its
small amplitude and variability in kinetic properties.
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Figure 6. slo-1 Mutation Prolongs the Duration and Increases the Quantal Content of Evoked Excitatory Postsynaptic Currents (EPSCs) at
the Neuromuscular Junction at Lower [Ca2�]o ([Ca2�]o � 250 �M; [Mg2�]o � 4 mM)

(A) EPSCs from wild-type (WT) and slo-1(md1745) animals showing longer duration and larger amplitude in the mutant.
(B) Representative traces of spontaneous miniature postsynaptic currents (mEPSCs) from WT and slo-1(md1745) animals.
(C) Quantification of EPSCs and mEPSCs in wild-type and slo-1(md1745) animals. Results are shown as mean � SE. Asterisks (*) indicate
statistically significant differences. No difference was present in average mEPSC amplitude (WT � 25.3 � 2.9 pA; slo-1 � 25.9 � 2.9 pA) and
current over time integral (WT � 62.8 � 9.9 pA 	 ms; slo-1 � 47.8 � 10.2 pA 	 ms) between WT and slo-1. For EPSCs, n � 6 in WT, and
n � 5 in slo-1. For mEPSCs, n � 10 in WT, and n � 8 in slo-1.
Several consecutive EPSCs from each prep were averaged to determine peak amplitude, duration (interval between the stimulation artifact
and 90% decay of the peak amplitude), and quantal content (including only the area before the peak reached 90% decay). Individual EPSC
traces are shown.

Discussion tions of other K� channels. It thus appears that this
screen was able to discriminate between the different
K� channel types, with regard to their importance inIn our screen, any of the more than 70 genes encoding

K� channels in C. elegans (Salkoff, et al., 1999; Wei et controlling neurotransmitter release. However, we rec-
ognize that other factors may be at work in our genetical., 1996) might have appeared as effective modulators

of neurotransmitter release. However, among the ten screen. Not all K� channel loci may have equal mutage-
nicity, and homozygous mutations of some K� channelsuppressor mutations analyzed, six were independent

loss-of-function alleles of slo-1 and none were muta- genes may be lethal. In addition, SLO-1 channels may be

(Ab) Representative traces of spontaneous miniature excitatory postsynaptic currents (mEPSCs) from wild-type and slo-1(md1745) animals.
(Ac) Quantification of EPSCs and mEPSCs in wild-type and slo-1(md1745). Results are shown as mean � SE. There was no significant difference
in EPSC amplitude and quantal content and in mEPSC frequency between the two groups. The amplitude (wild-type [WT] � 27.9 � 2.7 pA;
slo-1 � 25.1 � 0.8 pA) and current over time integral (WT � 52.4 � 6.1 pA 	 ms; slo-1 � 52.5 � 4.3 pA 	 ms) of mEPSCs were also similar
between the two groups. For EPSCs, n � 8 in WT, and n � 5 in slo-1. For mEPSCs, n � 10 in both WT and slo-1.
(B) The readily releasable pool of synaptic vesicles appears to be nearly depleted in response to a single stimulus in higher (5 mM) but not
lower (250 �M) [Ca2�]o.
(Ba) Synaptic depression in response to repetitive stimulation in 5 mM but not 250 �M external [Ca2�]. The stimulation rate was 7 Hz at 5 mM
[Ca2�]o and 10 Hz at 250 �M [Ca2�]o. At 5 mM [Ca2�]o, a large initial EPSC was followed by those with drastically reduced amplitudes. At 250
�M [Ca2�]o, however, the EPSC amplitude remained constant. Vertical straight lines are stimulation artifacts.
(Bb) Effects of 4-aminopyridine (4-AP) on EPSCs in wild-type and slo-1(md1745). A decay time constant (�) was obtained by fitting the initial
20 ms decaying phase of EPSCs with a single exponential (shown in a thick black line). In the wild-type, neither the EPSC peak amplitude
(control 1174 � 350 pA, 4-AP 1104 � 316 pA) nor the � value (control 3.8 � 0.8 ms, 4-AP 3.6 � 0.7 ms) was changed following 4-AP application
(n � 4). In the slo-1 mutant, however, 4-AP significantly increased the � value (control 3.8 � 0.4 ms, 4-AP 8.9 � 0.9 ms) (n � 3). The EPSC
quantal content did not change significantly because the increase in the decay time constant was accompanied by a drop in EPSC peak
amplitude (control 787 � 171 pA, 4-AP 488 � 103 pA).
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Figure 7. Reduced Quantal Content in unc-64 Syntaxin Mutant and Enhancement by the slo-1 Mutation at Higher [Ca2�]o ([Ca2�]o � 5 mM;
[Mg2�]o � 5 mM])

(A) Representative EPSCs from an unc-64 mutant and an unc-64;slo-1(js379) double mutant. Addition of a slo-1 mutation prolonged the EPSC
duration and increased the quantal content significantly.
(B) Representative traces of spontaneous miniature postsynaptic currents (mEPSCs) from an unc-64 mutant and an unc-64;slo-1(md1745)
double mutant, showing higher frequency in the double mutant.
(C) Quantification of EPSCs and mEPSCs between unc-64 and unc-64;slo-1 mutants. Results are shown as mean � SE. Asterisks (*) indicate
statistically significant differences. The average mEPSC amplitude was 42.2 � 5.3 pA in unc-64, and 26.8 � 1.5 pA in unc-64;slo-1 (p 
 0.05).
The average mEPSC current over time integral was 104.3 � 15.5 pA 	 ms in unc-64, and 81.9 � 9.9 pA 	 ms in unc-64;slo-1. The slo-1 alleles
used to construct double mutants were md1745 and js379. For EPSCs, n � 5 in both unc-64 and unc-64;slo-1. For mEPSCs, n � 13 in unc-64,
and n � 8 in unc-64;slo-1.
EPSCs were also averaged to determine peak amplitude, duration, and quantal content as described in the legend of Figure 6. Individual
EPSC traces are shown.

particularly abundant in synapses that are more directly results in longer duration action potentials, even if the
Shaker current is present (Elkins et al., 1986; Salkoff,responsible for the unc-64 lethargic phenotype. Never-

theless, SLO-1 is likely to have major, if not unique, 1985). This seeming dominance of SLO-1 over the
Shaker current may be the result of coupling activationimportance among K� channels as a regulator of neuro-

transmitter release in C. elegans and possibly in other not only to voltage but Ca2� as well. Although similar
recordings have not been done in presynaptic neuronsystems.

Although direct observation of the role of SLO-1 has terminals, a similarly large calcium component exists
there too that may trigger SLO-1 in advance of a purelynever been measured in presynaptic terminals of motor

neurons, the contribution of the channel has been stud- voltage-dependent current. As a result, it is not out of
the question that SLO-1 may play a dominant role overied in other cells. The dominant role of SLO-1 over other

K� channels in repolarizing an action potential which other K� channels in some cells. Although only slo-1
mutants were isolated from our screen, other K� chan-has a large Ca2� component is illustrated by both devel-

opmental (Salkoff, 1985) and genetic (Elkins et al., 1986) nels might also be involved in the control of neurotrans-
mitter release. For example, mutations of the Drosophilastudies from Drosophila flight muscles. Both SLO-1 and

the 4-AP-sensitive Shaker current are present in those Shaker type K� channel augment neurotransmitter re-
lease at the NMJ at low Ca2� conditions (Jan et al.,cells. However, the Shaker current does not appear to

have an influence on the rate of repolarization if the 1977). The Shaker channel is 4-AP-sensitive. Our result
shown in Figure 5B is also consistent with a 4-AP-sensi-SLO-1 current is present. Thus, the time course of action

potential repolarization is always equally rapid regard- tive K� channel being involved in regulating release at
the C. elegans’s NMJ.less of whether the Shaker current (or 4-AP) is present

as long as the SLO-1 current is present (Salkoff, 1985). slo-1 mutations augmented neurotransmitter release
both in the presence and absence of the unc-64 syntaxinConversely, the absence of the SLO-1 current always
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mutation. In the absence of the unc-64 mutation, how- units (Knaus et al., 1994; Meera et al., 2000; Wallner et
al., 1999; Weiger et al., 2000; Xia et al., 2000) or otherever, the augmenting effect of slo-1 on evoked postsyn-

aptic currents was more obvious at reduced (250 �M) proteins (Schopperle et al., 1998; Xia et al., 1998; Zhou
et al., 1999), or phosphorylation by protein kinases (Es-than at high (5 mM) [Ca2�]o. At 5 mM [Ca2�]o, approxi-

mately 200 vesicles were released per EPSC, resulting guerra et al., 1994; Robertson et al., 1993; Wang and
Kotlikoff, 1996), or changes in channel sulfhydryl redoxin a postsynaptic current of about 1 nA in amplitude. It

is possible that under those conditions, either the number state (DiChiara and Reinhart, 1997; Wang et al., 1997)
have all been reported to have profound effects on BKof synaptic vesicles that could be readily released was

maximized or that available postsynaptic acetylcholine channel functional properties. The fact that BK channels
have their activity modified by so many factors seemsreceptors were saturated. Therefore, it would be difficult

to detect an augmenting effect of slo-1 mutations on to indicate that the BK channel is a versatile channel
system adapted to many purposes in a wide variety ofneurotransmitter release. Our results with repetitive

stimulation at high Ca2�, which showed acute synaptic cell types.
Previous studies have demonstrated that blockadedepression, seem to suggest that a large proportion of

the readily releasable vesicle population was released of BK channels by iberiotoxin or charybdotoxin either
augments (Robitaille et al., 1993; Robitaille and Charlton,in response to a single motorneuron stimulation. If this

were indeed the case, it would explain why, under condi- 1992), reduces (Pattillo et al., 2001), or has no effect
on neurotransmitter release (Fischer and Saria, 1999).tions of high extracellular Ca2�, neither the mutational

ablation of SLO-1 nor the blockade of K� currents by These results suggest that BK channels may play a dif-
ferent role at different synapses. However, some of4-AP could elicit a response having significantly larger

quantal content. We do not know what physiological these discrepancies could also be due to a lack of ade-
quate specificity of the toxins (Garcia et al., 1991) or to[Ca2�]o is in C. elegans. It seems likely though, given the

acute synaptic depression seen in Figure 5Ba, that it is the presence of toxin-insensitive BK channels (Meera
et al., 2000; Reinhart et al., 1989; Wang et al., 1992).far less than 5 mM. The facts that slo-1 mutants are

aldicarb-hypersensitive and that they suppress the phe- In Drosophila Slo mutants, neurotransmitter release at
NMJ appears to be reduced (Warbington et al., 1996).notypes of the unc-64 mutant suggest that SLO-1 K�

channels play an important role in neurotransmitter re- Our results are similar to those of Robitaille et al. (1993)
who reported that application of iberiotoxin or charyb-lease under physiological conditions. The observation

of slo-1 mutations augmenting neurotransmitter release dotoxin increases the amplitude of evoked excitatory
postsynaptic potentials at the frog NMJ. Interestingly,in the unc-64 mutant at 5 mM [Ca2�]o reinforces the

notion that the effectiveness of slo-1 mutations on neu- the Ca2� and Mg2� concentrations used in their external
solution (0.5 mM Ca2�, 3.6 mM Mg2� ) are comparablerotransmitter release was not directly related to [Ca2�]o,

but rather to the level of saturation of EPSC quantal to those at which we saw a large effect of slo-1 mutations
on neurotransmitter release (0.25 mM Ca2�, 4 mM Mg2�).content. Conceivably, in synapses of the central nervous

system where Ca2� sensors for vesicle fusion are far In the present study, we were able to avoid some of
the uncertainties associated with the usage of channelfrom saturation at normal release probability (Schneg-

genburger and Neher, 2000), BK channels could have a blockers. The molecularly defined slo-1 mutations re-
move BK channel function selectively and completely.major role in regulating release.

Cytoplasmic Ca2� concentrations required for trig- Simultaneous measurements of both EPSCs and
mEPSCs under voltage-clamp conditions allowed us togering synaptic vesicle fusion vary from synapse to syn-

apse. At the synaptic terminals of goldfish retinal bipolar differentiate presynaptic effects of slo-1 mutations from
potential postsynaptic effects. Reintroduction of wild-neurons, exocytosis of synaptic vesicles requires rela-

tively high cytoplasmic Ca2� concentration with a thresh- type SLO-1 into unc-64;slo-1 double mutants under the
control of a neuron- or muscle-specific promoter furtherold of 10 �M and half-maximal activation at 194 �M

(Heidelberger et al., 1994). At the synaptic terminals of substantiated the presynaptic action of slo-1 mutations.
Our genetic and behavioral experiments bolster the con-the rat calyx of Held, however, the Ca2� sensitivity is

higher, with a threshold of 1–2 �M [Ca2�]i. A brief increase clusion that SLO-1 is an important regulator of synaptic
release; slo-1 mutants significantly suppressed the leth-of [Ca2�]i from 10–25 �M is sufficient to reproduce the

physiological release pattern (Schneggenburger and argy of unc-64 animals and alleviated their resistance
to aldicarb. In addition, EPG data also showed a role ofNeher, 2000; Bollmann et al., 2000). The threshold of

[Ca2�]i for synaptic release at the C. elegans NMJ is SLO-1 in neurotransmitter release at inhibitory gluta-
matergic synapses in the pharynx, indicating that SLO-1unknown. Regardless of its value, our results suggest

that the threshold was achieved at the active zone during acts at excitatory, as well as inhibitory, synapses. All
these results paint a picture consistent with the hypothe-evoked responses even at 250 �M [Ca2�]o. Apparently,

this is sufficient to activate SLO-1 to a significant level sis that SLO-1 channels have a significant role in regulat-
ing neurotransmitter release.since we observed such an obvious prolongation of neu-

rotransmitter release in slo-1 mutants. This is in spite Our results are consistent with a growing body of
evidence suggesting that the influx of Ca2� into presyn-of the fact that SLO-1 heterologously expressed in Xeno-

pus oocytes exhibited V50 values that were more positive aptic nerve terminals via voltage-sensitive Ca2� chan-
nels not only triggers neurotransmitter release, but alsothan BK channels of humans (McCobb et al., 1995; Pal-

lanck and Ganetzky, 1994; Tseng-Crank et al., 1994), activates colocalized BK channels which, in turn, termi-
nate the release. At the presynaptic active zone, BKmice (Butler et al., 1993), and Drosophila (Adelman et

al., 1992). However, SLO-1 may have very different Ca2� channels colocalize with Ca2� channels (Issa and Hud-
speth, 1994; Robitaille et al., 1993). BK channels appearand voltage sensitivities in vivo. Association with � sub-
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C. elegans ortholog of the mammalian and Drosophila BK channelto be closer to Ca2� channels than the Ca2� sensor for
(Adelman et al., 1992; Butler et al., 1993; McCobb et al., 1995; Pal-synaptic release because EGTA inhibits release but not
lanck and Ganetzky, 1994; Tseng-Crank et al., 1994). We namedBK channels at the frog NMJ (Robitaille et al., 1993).
this gene slo-1.

During depolarization, cytoplasmic [Ca2�] in the vicinity The entire coding region of slo-1 was sequenced in each allele
of Ca2� channels can increase from about 100 nM at rest to characterize the molecular lesions. Total RNA was prepared from

mixed-stage animals. First-strand cDNA was synthesized using SU-to 85–300 �M (Llinas et al., 1992; Tucker and Fettiplace,
PERSCRIPT II RNase H� Reverse Transcriptase (Gibco-BRL, Rock-1995; Yazejian et al., 2000). The activity of BK channels
ville, MD). Both oligo (dT)12-18 and random hexamers were used ashas been shown to be closely coupled to that of nearby
primers. First-strand cDNA then served as a template for PCR thatvoltage-gated Ca2� channels (Marrion and Tavalin, 1998;
used primers designed according to known slo-1 cDNA sequences.

Roberts et al., 1990; Yazejian et al., 2000). This close The PCR products were sequenced without subcloning.
interaction is likely to be the mechanism by which
SLO-1 K� channels regulate neurotransmitter release. Transformation of C. elegans

Germline transformation was accomplished by coinjecting the plas-These results, combined with the fact that the activity
mid of interest (10–20 ng/�l) with pBluescript carrier DNA (200 ng/of BK channels is regulated both positively and nega-
�l) and a genetic marker. The genetic marker used was either thetively by a variety of factors, suggest that the function of
dominant prol-6::GFP marker (pPHGFP1 at 15–30 �g/ml) or the re-presynaptic BK channels must be important for precise
cessive lin-15 marker (pJM23 at 50 �g/ml). When the lin-15 marker

control of synaptic strength, which is fundamental to was used, animals used for transformation had been crossed to
synaptic plasticity and other higher brain functions. contain the lin-15(n765) mutation (Mello et al., 1991; Huang et al.,

1994). pBK3.1 and pBK4.1 were independently introduced into unc-64;
slo-1(js118) double mutant animals using prol-6::GFP as the transfor-Experimental Procedures
mation marker, whereas the slo-1 promoter-driven minigene was
coinjected with the lin-15 marker. To confirm that observed pheno-Growth and Culture of C. elegans
typic changes following the injections were due to rescuing of slo-1C. elegans were grown at 22.5�C or room temperature, except where
mutations rather than overexpression of SLO-1, wild-type animalsnoted, on solid medium as described by Sulston and Hodgkin (1988).
were also transformed with the minigenes to serve as controls.All mapping and complementation assays were performed using

standard genetic methods (Herman and Horvitz, 1980). Aldicarb
(2-methyl-2-[methylthio]proprionaldehyde O-[methylcarbamoyl] SLO-1 Protein Localization
oxime) (Chem Services, Inc., West Chester, PA) was prepared as a The native pattern of expression and localization of SLO-1 was
100 mM stock solution in 70% ethanol and added to the agar growth evaluated by staining with a polyclonal antiserum raised against a
medium after autoclaving. portion of the Ca2� bowl of the mouse BK channel (Knaus et al.,

1995). Immunocytochemistry was performed as previously de-
scribed using Bouin’s fixative (Nonet et al., 1993). A slo-1 promoter-slo-1 Cloning and Minigene Constructs
driven SLO-1::GFP translational fusion was created by inserting GFPA full-length SLO-1 clone (SLO-1a) was previously obtained in this
coding sequence into the SLO-1a cDNA at a location correspondinglab by screening a cDNA library of embryonic C. elegans (Stratagene)
to a poorly conserved region of the protein between S8 and S9 (by(Wei et al., 1996). An alternatively spliced transcript, SLO-1b, was
replacing L706 and R707 of SLO-1 with GFP) (Figure 1C).identified by RT-PCR. cDNAs of both splice variants were cloned

into the ClaI and BamHI sites of the pBScMXT vector (Wei et al.,
Behavioral and Pharmacological Assays1994). A consensus sequence for translational initiation (Kozak,
L4-staged animals were placed on fresh agar plates containing a1987) was added before the initiation codon in order to enhance
thin E. coli lawn and grown at 22.5�C for 12–18 hr. Locomotionexpression in Xenopus oocytes. A third splice variant (SLO-1c) was
assays were performed at room temperature (20�C–22�C) by collect-identified by sequencing an EST clone (yk640g9, courtesy of Yuji
ing serial CCD camera images at 5 s intervals with an LG3 frameKohara, National Institute of Genetics, Japan).
grabber (Scion Corp., Frederick, MD). Plates were undisturbed onThree slo-1 minigenes were constructed by ligating different pro-
the microscope for 5–10 min before imaging initiated. Images ofmoter sequences to the SLO-1a cDNA sequence. One minigene
locomotion were collected prior to and after dropping a metal barcontained the native slo-1 promoter (5239 bp). Another minigene
from a constant height onto the plate to mechanically excite the(pBK3.1), a derivative of pRM248 (Nonet et al., 1998), contained the
animals. Locomotion velocities were calculated between successiveneuron-specific snb-1 (synaptobrevin) promoter. A third minigene
images by measuring the displacement in the position of the tail of(pBK4.1) used pPD96.52 vector as the backbone, which contained
each animal. Velocities from three pairs of images were calculatedthe body-wall muscle-specific myo-3 (myosin) promoter (Okkema
and averaged to assess both basal and stimulated locomotion.et al., 1993). Schematic diagrams of the minigenes are shown in

Mutants were assayed for acute exposure to aldicarb. SensitivityFigure 1C.
to aldicarb was examined by transferring 20–25 animals to plates
containing aldicarb and assaying the time course of paralysis. Ani-Genetic Analysis of slo-1
mals were considered paralyzed if they appeared hypercontractedunc-64(e246) hermaphrodites (L4 stage) were mutagenized by expo-
and failed to move even if prodded with a platinum wire.sure to 50 mM ethyl methanesulfonate for 4 hr. Second generation

self-progeny (F2s) were screened for nonparalyzed animals. Six non-
Electropharyngeogramscomplementing alleles of slo-1(js100, js118, js379, js380, js381, and
Electropharyngeograms (EPGs) were recorded from young adultjs382) were isolated in a screen of 24,000 genomes. Each allele was
hermaphrodites using an AC preamplifier (designed by David Brum-backcrossed at least four times in order to remove extra nonassoci-
ley, University of Oregon) and LabView Acquisition software as pre-ated mutations, followed by outcrossing with N2 wild-type in order to
viously described (Avery et al., 1995). Bath solution consisted of M9determine the single mutant phenotype in an unc-64(�) background.
with 2.5 mM serotonin added to stimulate pharyngeal pumping. Onlyslo-1(js100) was mapped by its ability to suppress unc-64 paralysis
recordings with at least ten pharyngeal pumps were analyzed.(Sup). Using the Tc1 transposable element-containing strain, DP13

(Williams et al., 1992), this allele was mapped to the right arm of
chromosome V. e246/�; js100/� males were crossed into DP13 Xenopus Oocyte Expression

Capped cRNAs were prepared with T3 RNA polymerase using ahermaphrodites and random F1 progeny picked to individual plates.
From the fraction of plates that segregated both Unc and Sup, commercial kit (mMessage mMachine Kit, Ambion, Austin, TX) after

linearization of the cDNA templates with NotI. The cRNAs wereUnc Sup double mutant progeny were selected and analyzed for
presence of selected Tc1 polymorphic markers. This analysis placed resuspended in nuclease-free water to a final concentration of 1 �g/

�l. Approximately 50 nl cRNA was injected into each defolliculatedjs100 to the right of stP105, within the same region containing a
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oocyte using a Drummond Nanojector (Drummond Scientific, About 60 s recordings of mEPSCs were analyzed in each NMJ
preparation using MiniAnalysis (Synaptosoft, Inc., Decatur, GA) forBroomall, PA). Injected oocytes were incubated at 18�C in ND96

medium (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and measurements of frequency, amplitude, and area of mEPSCs.
EPSCs were analyzed with Clampfit (Version 8.0, Axon Instruments)5 mM HEPES [pH 7.5]) supplemented with sodium pyruvate (2.5

mM), penicillin (100 U/ml), and streptomycin (100 mg/ml). for amplitude and area. Several consecutive EPSCs were averaged
to generate representative values of a particular preparation. ValuesInside-out patches were obtained from the oocyte 2–7 days after

cRNA injection using borosilicate glass pipettes that had a resis- of EPSC duration are based on the interval between the stimulation
artifact and 90% decay of the peak amplitude of averaged peaks.tance of 1.5–3 m� (for macroscopic currents) or 5–8 m� (for single

channel currents). [Ca2�] was changed by exposing the cytoplasmic The areas of both mEPSCs and EPSCs were integrals of the current
trace over time (pA 	 ms).face of the patch to constant perfusion through a glass pipette.

Current data was acquired at a sampling rate of 10 kHz or 50 kHz Statistical analyses were done with SigmaStat (version 2.0, Jandel
Corporation, San Rafael, CA). Either unpaired t test or ANOVA wasafter filtering at 2 kHz. Leak current, determined by stepping from

�60 to �80 mV, was automatically subtracted from the macroscopic used, depending on whether the number of groups being compared
was more than two. p 
 0.05 is considered statistically significant.current during acquisition. Delivery of voltage steps and acquisition

of data was done with an Axopatch 200A amplifier and Clampex All values are expressed as mean � SE. “n” is equal to the number
of animals.software (Version 7.0 or 8.0, Axon Instruments, Foster City, CA).

Composition of the pipette solution was 140 mM K� gluconate,
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