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In Caenorhabditis elegans adults, the single Rho GTPase

orthologue, RHO-1, stimulates neurotransmitter release at

synapses. We show that one of the pathways acting up-

stream of RHO-1 in acetylcholine (ACh)-releasing motor

neurons depends on Ga12 (GPA-12), which acts via the

single C. elegans RGS RhoGEF (RHGF-1). Activated GPA-12

has the same effect as activated RHO-1, inducing the

accumulation of diacylglycerol and the neuromodulator

UNC-13 at release sites, and increased ACh release. We

showed previously that RHO-1 stimulates ACh release by

two separate pathways—one that requires UNC-13 and

a second that does not. We show here that a non-DAG-

binding-UNC-13 mutant that partially blocks increased

ACh release by activated RHO-1 completely blocks in-

creased ACh release by activated GPA-12. Thus, the up-

stream GPA-12/RHGF-1 pathway stimulates only a subset

of RHO-1 downstream effectors, suggesting that either the

RHO-1 effectors require different levels of activated RHO-1

for activation or there are two distinct pools of RHO-1

within C. elegans neurons.
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Introduction

Rho family GTPases regulate numerous processes in eukar-

yotic cells, including organisation of the cytoskeleton, cell

morphology and motility, gene expression, and neurotrans-

mitter release (Jaffe and Hall, 2005; McMullan et al, 2006).

They function as molecular switches and are active when

GTP is bound and are inactive when GDP is bound. They are

activated by specific guanine-nucleotide-exchange factors

(GEFs), which stimulate the exchange of GTP for GDP

(Schmidt and Hall, 2002). More than 85 RhoGEFs have

been identified (Jaffe and Hall, 2005), all of which contain

a Dbl homology (DH) domain that is responsible for the

GDP–GTP exchange activity; most also contain a Pleckstrin

homology (PH) domain and a variety of interaction domains

that are implicated in signal transduction.

We have recently shown that the single Caenorhabditis

elegans Rho orthologue (RHO-1) acts in adult animals to

regulate neurotransmitter release (McMullan et al, 2006).

Expression of a constitutively active RHO-1 (G14V) in

C. elegans cholinergic motor neurons stimulates acetyl-

choline (ACh) release; conversely, inhibition of endogenous

RHO-1 via the Rho inhibitor C3 transferase reduces ACh

release. RHO-1 regulates ACh release by at least two separate

pathways. In one, presynaptic RHO-1 increases ACh release

by stimulating the accumulation of diacylglycerol (DAG) and

the DAG-binding protein UNC-13 at sites of neurotransmitter

release; this pathway is blocked by UNC-13 mutants unable

to bind DAG. A second UNC-13-independent pathway is

revealed by a RHO-1 mutant unable to increase DAG levels;

this RHO-1 mutant protein retains the ability to stimulate ACh

release by a mechanism that is not blocked by the non-DAG-

binding-UNC-13 mutant.

The heterotrimeric G proteins Gq, G12, and G13 have been

shown to mediate signals from G protein-coupled receptors

(GPCRs) to Rho GTPases. These G proteins are believed to

activate directly RhoGEFs that contain a Regulator of

G protein Signalling (RGS) domain: p115 RhoGEF, for exam-

ple, binds activated Ga12 or Ga13 through its RGS domain,

and Ga13 binding stimulates p115 RhoGEF activity (Hart

et al, 1998; Kozasa et al, 1998). Mutations in either

Drosophila Ga12 or p115 RhoGEF homologues (concertina

and DRhoGEF2) disrupt gastrulation, suggesting that these

proteins may act in the same signalling pathway (Parks and

Wieschaus, 1991; Barrett et al, 1997; Hacker and Perrimon,

1998). In C. elegans, the single Ga12 protein (GPA-12) has

been implicated in the control of pharyngeal pumping (van

der Linden et al, 2003). Both GPA-12 and the single RGS

RhoGEF, RHGF-1, are coexpressed in the C. elegans nervous

system, although GPA-12 is more strongly expressed in cells

where RHGF-1 is absent, including the hypodermis, muscle,

intestinal cells, and pharynx (van der Linden et al, 2003;

Yau et al, 2003).

To understand how RHO-1 is regulated in the adult

C.elegans nervous system, we have examined the role of

the GPA-12/RHGF-1 signalling pathway in neurotransmitter

release in motor neurons. We show that GPA-12 stimulates

ACh release by a pathway that depends on RHGF-1, RHO-1,

and UNC-13.

Results

GPA-12 stimulates ACh release in a RHO-1-dependent

manner

To test for a role of GPA-12 in the control of ACh release, we

used a heat shock-inducible, constitutively active Ga12 trans-

gene (hsHGPA-12 (Q205L)) constructed by van der Linden

et al (2003) (Figure 1A). ACh release was quantified by

measuring the time course of paralysis induced by the ACh
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esterase inhibitor aldicarb (Nonet et al, 1993; Nguyen et al,

1995; Miller et al, 1996; Nurrish et al, 1999). Aldicarb blocks

removal of endogenously released ACh, resulting in hyper-

contraction of the muscles and paralysis. Increases in ACh

release cause animals to become paralysed faster with aldi-

carb treatment; conversely, animals with a decrease in ACh

Figure 1 A constitutively active GPA-12 (Q205L) acts within motor neurons to increase ACh release upstream of RHO-1. (A) In C. elegans GPA-
12 is the single Ga12 orthologue, and RHGF-1 is the single RGS-containing RhoGEF, see text for abbreviations. To investigate the role of GPA-12
and RHGF-1 on ACh release, we tested pk322 and ok880 deletion mutants, respectively (deletions indicated by dotted lines): pk322 removes
almost the entire coding region of gpa-12 and is likely a null mutant, ok880 is an in-frame deletion that removes the N-terminal part of the DH
RhoGEF domain (residues 599–804). Another mutation rhgf-1(gk217) is an in-frame deletion that removes the RHGF-1 C1 domain. The
pkIs1330 integrated transgene (van der Linden et al, 2003) expresses the constitutively active GPA-12 (Q205L) mutant from a heat shock
promoter. (B–D) Levels of ACh release were assessed by testing for rates of paralysis on the ACh esterase inhibitor aldicarb, animals with
increased rates of ACh release paralyse faster on aldicarb. Dashed lines indicate heat shocked animals. Mean % of paralysed animals are
shown. Error bars indicate s.e.m., all assays were performed at least five times. (B) The hsH GPA-12 (Q205L) transgene (hsHGPA-12*)
paralysed faster on aldicarb than wild-type animals (wt) even in the absence of heat shock (�hs). Rates of paralysis were increased both
immediately (þhs) and 24 h (þhs 24 h) post-heat shock. (C) gpa-12(pk322) and rhgf-1(ok880) mutant animals were slightly aldicarb
hypersensitive immediately after heat shock. Neither altered aldicarb hypersensitivity caused by heat shock expression of constitutively active
RHO-1 (G14V). (D) Aldicarb hypersensitivity caused by heat shock expression of GPA-12 (Q205L) (hsHGPA-12*þhs) was blocked by
inhibition of endogenous RHO-1 by the specific Rho inhibitor C3 transferase expressed from a heat shock promoter (hsHGPA-12*;
hsHC3Tþhs). (E) Expression of the constitutively active GPA-12 (Q205L) in cholinergic neurons using the unc-17 promoter (NHGPA-12*)
caused aldicarb hypersensitivity that was suppressed by the rhgf-1(ok880) mutation (NHGPA-12*;rhgf-1(ok880)). Mutations in both gpa-
12(pk322) and rhgf-1(ok880) did not change the response to aldicarb.
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release become paralysed more slowly and continue to move

at time points when wild-type animals are completely para-

lysed. Heat shock-induced expression of constitutively active

GPA-12 (Q205L) in adults increased aldicarb sensitivity both

immediately and 24 h post-heat shock compared to controls,

suggesting that GPA-12 increased ACh release (Figure 1B).

Even without heat shock, the hsHGPA-12 (Q205L) animals

were slightly hypersensitive to aldicarb, probably due to a

leakiness of the heat shock promoter (Figure 1B). Expression

of either constitutively active GPA-12 (Q205L) or constitu-

tively active RHO-1 (G14V) (McMullan et al, 2006) mutants

resulted in aldicarb hypersensitivity, consistent with a role for

GPA-12 in activating RHO-1.

Two results suggested that GPA-12 was acting upstream of

RHO-1. First, aldicarb hypersensitivity of animals expressing

constitutively active RHO-1 (G14V) was not altered by the

presence of the null gpa-12(pk322) mutation (Figure 1A and

C). Second, inhibition of endogenous RHO-1 by C3 transfer-

ase almost completely suppressed the increase in aldicarb

hypersensitivity caused by expression of the constitutively

active GPA-12 (Q205L) (Figure 1D). The gpa-12 (pk322)

mutation alone had no effect on the sensitivity to aldicarb

in the absence of heat shock (Figure 1E) and was very slightly

hypersensitive to aldicarb in the presence of heat shock

(Figure 1C), suggesting that GPA-12 signalling is not required

for standard rates of ACh release under laboratory conditions.

To test whether GPA-12 had a role in motor neuron

development, we labelled cholinergic motor neurons using

GFP expressed from the acr-2 promoter. We observed no

gross morphological differences in neuronal development

between heat shocked wild-type and hsHGPA-12 (Q205L)

animals both immediately and 24 h after heat shock (Figure

2A–C).

Ga12 acts presynaptically to stimulate ACh release

Although the hsHGPA-12 (Q205L) transgene is expressed in

the cholinergic neurons, it is also expressed in many other

cells, including muscle cells. We tested whether the transgene

was acting presynaptically in two ways. First, we expressed

the constitutively active GPA-12 (Q205L) specifically in cho-

linergic cells using the promoter for the unc-17 vesicular ACh

transporter (p.unc-17) and showed it caused aldicarb hyper-

sensitivity, albeit with a weaker effect than the hsHGPA-12

(Q205L) transgene (Figure 1E). Secondly, we tested the

sensitivity of the muscles to ACh release in heat shock-

induced transgenic animals expressing GPA-12 (Q205L). The

drug levamisole activates the nicotinic ACh receptors in the

muscle causing animals to become paralysed at a rate depen-

dent on muscle sensitivity to ACh (Nurrish et al, 1999). The

heat shocked animals showed no significant increase in

levamisole sensitivity compared to controls, suggesting that

the heat shock expression of GPA-12 (Q205L) did not alter

muscle response to ACh (Supplementary Figure 1A and B).

Thus, GPA-12, like RHO-1, can act presynaptically to increase

ACh release.

We also expressed constitutively active GPA-12 (Q205L)

specifically in the cholinergic motor neurons using the acr-2

promoter. This transgene, however, caused neuronal path-

finding defects (Figure 2E) and, therefore, could not be used

to assay for aldicarb sensitivity. By contrast, expression of

GPA-12 (Q205L) from the unc-17 promoter did not cause

a detectable neurite pathfinding defect (Figure 2D).

RHGF-1 is required for GPA-12-mediated ACh release

RHGF-1 is the single RhoGEF containing a G protein-regu-

lated RGS domain in C. elegans. RHGF-1 binds to GPA-12 (Yau

Figure 2 Expression of GPA-12 (Q205L) from the acr-2 promoter
changes gross neuronal morphology. (A–G) Soluble GFP was
expressed in the cholinergic motor neurons from the acr-2 promoter.
In most cases, the anterior side of the animal is towards the upper
left of the picture, in (B) anterior is top, and in (F) anterior is the
leftmost part of the animal. Arrowheads indicate the ventral nerve
cord. Motor neuron morphology was the same immediately after
heat shock in wild-type (A) and in hsHGPA-12 (Q205L) animals
immediately (B), and 24 h after heat shock (C). GPA-12 (Q205L)
expressed in cholinergic cells from the unc-17 promoter (unc-
17HGPA-12*) did not alter gross morphology of the motor neurons
(D). Expression of GPA-12 (Q205L) from the p.acr-2 promoter (acr-
2HGPA-12*) did cause a pathfinding defect (indicated by an arrow)
(E) and this was not suppressed by the rhgf-1(ok880) mutation (F).
Expression of rhgf-1 cDNA from the acr-2 promoter injected at
10 ng/ml (G) or 100 ng/ml (H) in hsHGPA-12 (Q205L); rhgf-
1(ok880) animals did not alter gross neuronal morphology.
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et al, 2003), and is thus a strong candidate for mediating GPA-

12’s ability to stimulate RHO-1. We obtained a full-length SL1

spliced cDNA for rhgf-1, which encodes a protein that con-

tains five conserved domains-PDZ (PSD-95/Dlg/ZO-1), RGS,

C1 (PKC homology domain 1), DH, and PH (Figure 1A). We

received a mutant strain with a deletion in rhgf-1(ok880),

from which we isolated cDNA and confirmed the presence of

an in-frame deletion that removes amino acids 599–804

(Figure 1A). The predicted truncated protein lacks the first

58 residues of the DH domain, which is required for RhoGEF

activity in mammalian RhoGEFs (Kristelly et al, 2004). A

second allele rhgf-1(gk217) has an in-frame deletion that

removes the C1 domain (Figure 1A), leaving the other con-

served domains. Strains carrying this mutation appear to have

at least one other closely linked mutation that decreases the

rate of paralysis induced by aldicarb (see Materials and

methods), and so we were unable to test this allele. The

responses of rhgf-1(ok880) mutants in the aldicarb and leva-

misole assays were indistinguishable from those of wild type

in the absence of heat shock, but were very slightly aldicarb

hypersensitive in the presence of heat shock (Figure 1C and E

and Supplementary Figure 1A and B). However, rhgf-1(ok880)

significantly reduced aldicarb hypersensitivity caused by the

hsHGPA-12 (Q205L) transgene (Figure 3A and B), and

it completely suppressed the aldicarb hypersensitivity of

animals expressing GPA-12 (Q205L) in cholinergic neurons

(from the unc-17 promoter) (Figure 1E), suggesting that GPA-

12 (Q205L)-mediated increases in ACh release require RHGF-1.

RHGF-1 acts within the cholinergic motor neurons

upstream of RHO-1

To determine the site of action of RHGF-1, we rescued

the rhgf-1(ok880) mutants using full-length rhgf-1 cDNA

expressed from the cholinergic-motor-neuron-specific acr-2

promoter (NHRHGF-1). This transgene restored aldicarb

hypersensitivity induced by heat shock of hsHGPA-12

(Q205L) in rhgf-1(ok880) animals (Figure 3B), but not in

the absence of heat shock (Figure 3A). Transgenic animals

are created by injecting DNA into the gonads of C. elegans

and looking for stable transmission of the DNA in the

progeny (Mello and Fire, 1995). NHRHGF-1 transgenics

were created by injecting either 10 ng/ml (NHRHGF-1) or

100 ng/ml (NHRHGF-1�10). The NHRHGF-1�10 transgene

caused aldicarb hypersensitivity in hsHGPA-12 (Q205L); rhgf-

1(ok880) mutants in the absence of heat shock (Figure 3C).

Surprisingly, aldicarb hypersensitivity was slightly decreased

upon heat shock-induced expression of the constitutively

active GPA-12 (Q205L) (Figure 3C). Removal of all GPA-12

activity using null gpa-12(pk322) animals also reduced the

aldicarb hypersensitivity associated with the NHRHGF-1�10

transgene, although not back to wild-type levels (Figure 3C).

Inhibition of endogenous RHO-1 by heat shock expression of

C3 transferase almost completely suppressed the aldicarb

hypersensitivity of NHRHGF-1�10 to levels observed with

expression of C3 transferase alone, consistent with a role for

RHGF-1 upstream of RHO-1 (Figure 3D). Gross neuronal

morphology of transgenic animals expressing both low levels

and high levels of RHGF-1 were normal (Figure 2G and H).

GPA-12 increases ACh release at existing synapses

GPA-12 could be stimulating an increase in ACh release

through either an increase in the number of ACh-releasing

synapses, an increase in the release of ACh from existing

synapses, or both. To test the first possibility, we measured

the number of synapses in hsHGPA-12 (Q205L) animals using

CFP-labelled synaptobrevin (SNB-1HCFP) expressed specifi-

cally in cholinergic motor neurons using the acr-2 promoter.

Synaptobrevin is an integral membrane protein enriched in

synaptic vesicles and thus acts as a marker for release sites.

We observed no significant difference in the number of SNB-

1HCFP puncta before heat shock or immediately and 24 h

post-heat shock in either wild-type (2.4870.11 versus

2.5170.10 and 2.3870.11 puncta per 10mm, all errors are

s.e.m.) or hsHGPA-12 (Q205L) animals (2.4970.09 versus

2.5670.11 and 2.370.11 puncta per 10mm) (Figure 4A and

B). Thus, heat shock induction of GPA-12 (Q205L) in adults

did not increase the number of release sites in cholinergic

motor neurons, suggesting that constitutively active GPA-12

(Q205L) increases ACh release at pre-existing release sites.

Mutation of rhgf-1, either in the presence or absence of

heat shock-induced GPA-12 (Q205L) also failed to change

the number of SNB-1HCFP puncta (2.5870.10 versus

2.5470.09 puncta per 10mm, Figure 4B), suggesting that

the rhgf-1(ok880) mutation does not suppress GPA-12

(Q205L) by reducing the number of ACh release sites. We

also observed no change in SNB-1HCFP puncta numbers

in gpa-12(pk322) mutants (2.570.1 puncta per 10mm,

Figure 4B). The rhgf-1(ok880) mutants did have a decrease

in the number of release sites in the dorsal cord (2.2770.06

puncta per 10mm, Figure 4), but this just failed to reach a

statistically significant difference from the non-heat-shocked

wild type (P¼ 0.051 in a two-tailed t-test). In all mutant and

transgenic animals tested, there was no significant difference

from wild type in average size (non-heat-shocked wild type

puncta size 0.7 mm270.05) (Figure 4C) or fluorescence

(Figure 4D) of the SNB-1 puncta. The only notable difference

was a much increased variation in SNB-1 puncta size in

hsHGPA-12 (Q205L) animals immediately, but not 24 h,

post-heat shock.

GPA-12 increases UNC-13 levels at release sites via

RHGF-1

We have previously shown that RHO-1 acts via two pathways

in motor neurons to increase ACh release: one dependent

on the DAG-binding neuromodulator UNC-13 and the other

UNC-13 independent (McMullan et al, 2006). In the UNC-13

dependent pathway, RHO-1 increases the short form of UNC-

13 (UNC-13S) at release sites via a spatially restricted in-

crease in DAG levels. The enrichment of UNC-13 at release

sites has been shown to correlate with increased neurotrans-

mitter release (Betz et al, 1998; Lackner et al, 1999; Nurrish

et al, 1999). Expression of constitutively active RHO-1 (G14V)

in cholinergic motor neurons causes an UNC-13SHYFP fusion

protein to localise to punctate structures that colocalise with

the SNB-1HCFP marker for synaptic vesicles (McMullan et al,

2006). Both immediately and 24 h after heat shock expression

of constitutively active GPA-12 (Q205L), the time points we

observed aldicarb hypersensitivity, UNC-13SHYFP in the

dorsal nerve cord was localised into punctate structures,

whereas it was not so localised in non-heat-shocked animals

(1.8470.11 pre-heat shock versus 2.2970.12 and 2.270.14

versus puncta per 10 mm, using two-tailed t-test P¼ 0.036

between before and immediately after heat shock) (Figure

5A–D and I), as we previously observed for RHO-1 (G14V)
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Figure 3 GPA-12 (Q205L) stimulation of ACh release requires RHGF-1, DAG, and UNC-13. (A, B) The RGS RhoGEF mutation (rhgf-1(ok880))
completely suppressed aldicarb hypersensitivity caused by the hsHGPA-12 (Q205L) transgene (hsHGPA-12*;rhgf-1(ok880)) in the absence of
heat shock (A) and strongly suppresses in the presence of heat shock (B). In hsHGPA-12 (Q205L); rhgf-1(ok880) animals, expression of RHGF-1
from the cholinergic motor neuron-specific acr-2 promoter (NHRHGF-1) at low copy number (injected at 10 ng/ml, hsHGPA-12*;rhgf-
1(ok880);NHRHGF-1) had no effect on the response of animals to aldicarb in the absence of heat shock (A), but restored aldicarb
hypersensitivity caused by heat-shock-induced expression of GPA-12 (Q205L) (B). (C) A transgene with a 10-fold increase in p.acr-2HRHGF-
1 (injected at 100 ng/ml NHRHGF-1�10) caused aldicarb hypersensitivity in hsHGPA-12*;rhgf-1(ok880) animals without heat shock (�hs).
Aldicarb hypersensitivity was decreased slightly upon heat-shock-induced expression of GPA-12 (Q205L) (þhs) and much more strongly by
removal of all GPA-12 using the gpa-12(pk322) mutation. (D) Inhibition of endogenous RHO-1 by heat shock expression of C3 transferase
(hsHC3T þhs) blocked aldicarb hypersensitivity caused by NHRHGF-1�10 (compare rhgf-1(ok880);NHRHGF-1�10;hsC3T in the absence
(�hs) or presence (þhs) of C3 transferase expression). (E, F) Replacement of endogenous UNC-13 by a mutant UNC-13S unable to bind
diacylglycerol (DAG) (unc-13(s69); UNC-13S (H173K)) caused aldicarb resistance (E) that is not altered by heat shock expression of
constitutively active GPA-12 (Q205L) (F).
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Figure 4 hsHGPA-12 (Q205L) does not increase the number, size, or fluorescence of SNB-1HCFP puncta. (A) Dorsal cord neuromuscular junctions
were labelled by expressing a CFP-tagged version of synaptobrevin (SNB-1HCFP, which is enriched in synaptic vesicles) in cholinergic motor neurons
(using the acr-2 promoter). Animals with an integrated array expressing the constitutively active GPA-12 (Q205L) from a heat shock promoter
(hsHGPA-12 (Q205L)) either without heat shock (top panel) or with heat shock (lower panel) had the same density of SNB-1HCFP puncta. (B–D)
Numbers (B), average size (C), and average fluorescence (D) of SNB-1HCFP puncta in dorsal nerve cords were measured using Image J for animals
with the indicated genotypes and heat shock conditions (see Materials and methods). Bars are means7s.e.m., numbers of animals counted are given
in brackets. Statistical analysis was performed using a two-tailed t-test and no significant differences were detected (P40.05).
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(McMullan et al, 2006). These UNC-13SHYFP puncta coloca-

lise with the release-site marker SNB-1HCFP, confirming that

GPA-12 (Q205L) causes UNC13S to localize to sites of neuro-

transmitter release (Figure 5H). In the rhgf-1(ok880) mutant

animals, UNC-13SHYFP fails to become punctate in response

to heat-shock-induced GPA-12 (Q205L) expression (1.977
0.09 versus 1.8670.11 puncta per 10mm) (Figure 5E, F and

I). Thus, rhgf-1(ok880) blocks both GPA-12 (Q205L)-

Figure 5 GPA-12 (Q205L) regulates the distribution of UNC-13SHYFP in the dorsal nerve cord. UNC-13HYFP and SNB-1HCFP transgenes and
image analysis were as described previously (McMullan et al, 2006). In (A–G), digital images were converted from greyscale into a 32-colour
look-up table (Image J) to visualize pixel intensities. (A–F) UNC-13SHYFP (expressed from the internal unc-13S promoter) was diffusely
distributed in the dorsal nerve cord axons of untreated (A) and heat shocked (B) wild-type animals as well as non-heat-shocked animals
containing the hsHGPA-12 (Q205L) array (hsHGPA-12*) (C). UNC-13SHYFP became more punctate (as indicated by arrows) in the dorsal cords
of hsHGPA-12 (Q205L) (hsHGPA-12*) animals immediately after heat shock (D). However, a mutation in the single RGS RhoGEF, rhgf-1(ok880)
(E, F), blocked this increase, compare (D) with (F). (G) Unlike the wild-type protein, UNC-13S (H173K)HGFP, which is predicted not to bind to
DAG, remains diffusely distributed in heat shocked hsHGPA-12 (Q205L) (hsHGPA-12*) animals. (H) CFP-tagged synaptobrevin expressed from
the acr-2 promoter (top), and YFP-tagged UNC-13S expressed from the unc-13s promoter (middle) were simultaneously visualized in the dorsal
cord of heat shocked hsHGPA-12 (Q205L) animal. In the merged image (bottom), the SNB-1HCFP puncta colocalise with UNC-13SHYFP
puncta. (I) Numbers of either UNC-13SHYFP or non-DAG-binding UNC-13S (H173K)HGFP puncta in dorsal nerve cords were counted in the
indicated genotypes and heat shock conditions (see Materials and methods). Bars are means7s.e.m., numbers of animals counted are given in
brackets. Significance was determined by two-tailed t-test. *Significant difference (Po0.05).
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mediated increases in ACh release and relocalisation of

UNC-13SHYFP, suggesting that GPA-12 (Q205L) stimulates

ACh release via changes in UNC-13 localisation in a RHGF-1-

dependent manner. Neither the gpa-12(pk322) nor the rhgf-

1(ok880) mutant altered UNC-13HYFP puncta density in the

dorsal cord (Figure 5I).

The GPA-12/RHGF-1 pathway activates a subset of

RHO-1 effectors

Replacement of wild-type UNC-13 by the non-DAG-binding

UNC-13S (H173K) mutant causes resistance to aldicarb

(Lackner et al, 1999) (Figure 3E). Constitutively active

RHO-1 (G14V) causes aldicarb hypersensitivity, an effect

that is only partially suppressed by UNC-13S (H173K),

demonstrating the existence of both UNC-13-dependent

and UNC-13-independent pathways downstream of RHO-1

(McMullan et al, 2006). In contrast to constitutively active

RHO-1, the aldicarb hypersensitivity of animals expressing

constitutively active GPA-12 (Q205L) was completely sup-

pressed by UNC-13S (H173K) (Figure 3E and F). Thus, GPA-

12-mediated aldicarb hypersensitivity requires binding of

UNC-13 to DAG, whereas its downstream effector RHO-1

can act via both UNC-13-dependent and UNC-13-independent

pathways. Heat shock expression of the constitutively active

GPA-12 (Q205L) did not significantly alter the localisation

of the non-DAG-binding UNC-13S (H173K)HGFP (1.3370.19

versus 1.5370.14 puncta per 10 mm. P¼ 0.55, two-tailed

student’s t-test) (Figure 5 G and I), suggesting that GPA-12

(Q205L) alters UNC-13S localization via a spatially restricted

increase in DAG levels at sites of neurotransmitter release.

There appeared to be a difference in numbers of UNC-13S

(H173K)HGFP puncta between heat shocked wild-type ani-

mals and heat shocked hsHGPA-12 (Q205L) transgenic ani-

mals (1.1670.19 versus 1.5370.14) (Figure 5I); this was not

statistically significant (P¼ 0.07 two-tailed t-test), however.

Constitutively active GPA-12 (Q205L) causes defects

in development and pharyngeal pumping independent

of RHGF-1

Previous work has shown that the constitutively active GPA-

12 (Q205L) causes developmental growth arrest, which is

secondary to decreased pharyngeal pumping. It is possible

that the aldicarb hypersensitivity and changes in UNC-13

localization caused by GPA-12 (Q205L) is also secondary to

reduced pharyngeal pumping. However, both the growth

arrest and decreased pharyngeal pumping associated with

GPA-12 (Q205L) were suppressed by mutations in the tpa-1

gene, whereas aldicarb hypersensitivity was not suppressed

by tpa-1 (Supplementary Figure 2). We have repeated the

experiments of van der Linden et al (2003) and confirmed the

ability of tpa-1 mutations to suppress growth and pharyngeal

pumping defects caused by GPA-12 (Q205L) expression

(Figure 6A and B). The rhgf-1(ok880) mutation, which sup-

pressed GPA-12 (Q205L) aldicarb hypersensitivity, failed to

suppress the pharyngeal pumping and growth defects caused

by expression of GPA-12 (Q205L) (Figure 6A and B). Thus,

the hsHGPA-12 (Q205L);rhgf-1(ok880) animals have reduced

pharyngeal pumping but an almost normal response to

aldicarb, indicating that changes in aldicarb sensitivity asso-

ciated with expression of constitutively active GPA-12

(Q205L) appear to be independent of changes in pharyngeal

pumping. The rhgf-1(ok880) mutation also failed to suppress

the neuronal pathfinding defect caused by expression of the

constitutively active GPA-12 (Q205L) from the acr-2 promoter

(Figure 2F).

Discussion

We show that activation of the C. elegans Ga12 orthologue

(GPA-12) in adult animals causes aldicarb hypersensitivity,

an effect consistent with an increase of ACh release at

neuromuscular junctions. In mammals, Ga12 activates an

RGS RhoGEF, which in turn activates RhoA. We believe this

pathway is conserved in C. elegans as both a mutation in rhgf-

1 (which encodes the RGS RhoGEF RHGF-1) and inhibition of

RHO-1 strongly suppresses the ability of GPA-12 to cause

aldicarb hypersensitivity. RHGF-1 overexpression also causes

aldicarb hypersensitivity that is strongly suppressed by in-

hibition of endogenous RHO-1. Thus, both GPA-12 and RHGF-

1 require RHO-1 to increase ACh release. A mutation in gpa-

12 does somewhat suppress the effects of RHGF-1 overex-

pression, which might either indicate a requirement for some

basal GPA-12 activation of RHGF-1, even when overex-

pressed, that some functions of GPA-12 act in parallel to

RHGF-1, or both. As the constitutively active GPA-12 (Q205L)

mutant is not fully suppressed by rhgf-1(ok880), this may

also represent some RHGF-1-independent signalling by GPA-

12, although we do not know if rhgf-1(ok880) represents

a null mutation. Nonetheless, we believe the genetic data

support a model in which the Ga12/RGS RhoGEF/RhoA

signalling pathway present in mammals is conserved in the

control of ACh release in C. elegans.

Work from several groups has previously shown that three

other C. elegans Ga subunits, EGL-30 (Gaq), GOA-1 (Gao),

and GSA-1 (Gas), act in motor neurons to regulate ACh

release (Mendel et al, 1995; Segalat et al, 1995; Brundage

et al, 1996; Lackner et al, 1999; Schade et al, 2005) (Figure 7).

Several lines of evidence suggest that the GPA-12/RHGF-1/

RHO-1 pathway also acts within C. elegans motor neurons.

Expression of RHGF-1 specifically in cholinergic motor

neurons causes a dose-dependent effect; rescue of the GPA-

12 (Q205L) induced aldicarb hypersensitivity at low levels

and constitutive aldicarb hypersensitivity at high levels. It is

interesting that heat-shock-induced expression of GPA-12

(Q205L) slightly decreases aldicarb hypersensitivity caused

by RHGF-1 overexpression. Perhaps, feedback controls inhi-

bit ACh release above a certain threshold of GPA-12/RHGF-1

signalling. Expression of GPA-12 (Q205L) from a cholinergic

cell-specific-promoter (p.unc17) also causes aldicarb hyper-

sensitivity, suggesting GPA-12 can act within cholinergic

motor neurons, although unc-17 expression has also been

observed in a subset of non-neural intestinal cells (J Rand,

personal communication, 2006). Heat shock expression of

constitutively active GPA-12 (Q205L) gives a much greater

aldicarb hypersensitivity than expression driven from the

unc-17 promoter. This could reflect either differences in levels

of expression, or a role for GPA-12 in other cells in increasing

ACh release, such as in interneurons or neuropeptide-releas-

ing cells. As GPA-12 and RHGF-1 are both expressed in motor

neurons and physically interact (Yau et al, 2003), our data

best fits a model in which one site of action of the GPA-12/

RHGF-1/RHO-1 pathway is at the C. elegans neuromuscular

junction (Figure 7). Thus, at least four Ga proteins act to

regulate neurotransmitter release in cholinergic motor
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neurons. Of these, three (Gaq, Gao, and Ga12) converge to

regulate DAG levels, and Gas appears to act downstream

of DAG. Each Ga protein is likely to be coupled to multiple

GPCRs, suggesting that locomotion is controlled by multiple

extracellular signals produced in response to changes in the

internal and external environment.

GPA-12 stimulates ACh release via RHGF-1, RHO-1, and

UNC-13 relocalisation to pre-existing release sites most prob-

ably through a spatially restricted increase in DAG levels.

Unlike a constitutively active RHO-1 (G14V) mutant, a con-

stitutively active GPA-12 (Q205L) acts in an entirely DAG- and

UNC-13-dependent manner, as shown by the ability of the

non-DAG-binding UNC-13S (H173K) mutant to block GPA-12

(Q205L) stimulation of ACh release. Two explanations, not

mutually exclusive, may explain the difference between the

expression of constitutively active RHO-1 and constitutively

active GPA-12. In the first, GPA-12 (Q205L) causes a much

lower amount of active RHO-1 to be formed than expression

of RHO-1 (G14V). If the RHO-1 effector that triggers the UNC-

13-dependent pathway has a higher affinity for active RHO-1

than effectors that trigger the UNC-13-independent pathway,

then GPA-12 activation will preferentially activate the UNC-

13-dependent pathway. In the second, the cholinergic motor

neurons contain two distinct RHO-1 pools (Figure 7). One

pool of RHO-1 is activated by GPA-12 via RHGF-1 and causes

increases in the levels of both DAG and UNC-13 at release

sites and thus an increase in ACh release. The second pool

of RHO-1 is not activated by GPA-12 and its stimulation

increases ACh release via an UNC-13-independent pathway;

activation of this pool of RHO-1 may also activate the UNC-

13-dependent pathway as well but we cannot test this possi-

bility without knowing the upstream activators of this second

RHO-1 pool. Selection of RHO-1 signalling outputs by differ-

ent upstream activators has been previously reported: the

scaffold protein CNK-1 links RhoGEFs and RhoA to activation

of the Janus kinase (JNK), while decreasing RhoA stimulated

stress fibre formation and activation of the serum response

factor (SRF) (Jaffe et al, 2005). The use of scaffold proteins

Figure 6 TPA-1 and RHGF-1 define at least two different GPA-12 signalling pathways regulating distinct behaviours. (A) Heat shock expression
of the constitutively active GPA-12 (Q205L) severely reduced pharyngeal pumping, and this was suppressed by a PKC mutation tpa-1(pk1585)
(van der Linden et al, 2003), whereas the rhgf-1(ok880) mutation has no effect. (B) Twenty L1-stage animals were placed on plates,
immediately heat shocked, and photographed 4 days later. Both wild-type and rhgf-1(ok880) animals produced adults both with and without
heat shock. However, heat shock expression of the constitutively active GPA-12 (Q205L) results in a developmental arrest and few adults are
observed. This arrest is suppressed by tpa-1(pk1585), but not by rhgf-1(ok880).
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appears to be an important mechanism for channelling

intracellular signals along specific pathways to ensure the

appropriate cellular responses (Smith and Scott, 2002;

Marinissen and Gutkind, 2005).

The failure of GPA-12 (Q205L) to activate the UNC-13-

independent pathway downstream of RHO-1 implies other

pathways, in addition to GPA-12, act upstream of RHO-1. The

existence of other inputs to RHO-1 is also supported by the

differing phenotypes of the null gpa-12(pk322) (no defect in

ACh release) and that induced by the inhibition of endogen-

ous RHO-1 by expression of C3 transferase (strong reduction

in ACh release). Thus, under standard laboratory conditions,

there is likely to be little signalling through the GPA-12/

RHGF-1/RHO-1 pathway, and RHO-1 is likely to be activated

by some other RhoGEF. Candidates for other upstream

activators of RHO-1 are UNC-73 isoforms containing a

RhoGEF domain. Loss of UNC-73 RhoGEF activity in neurons

causes lethargic locomotion, similar to that caused by inhi-

biting RHO-1 via C3 transferase, although this change in

locomotion has been reported to be independent of changes

in ACh release (Steven et al, 2005). A large scale RNAi screen

for regulators of ACh release has also implicated the gei-18

RhoGEF in this regulation (Sieburth et al, 2005).

The hsHGPA-12 (Q205L) transgene causes increased aldi-

carb hypersensitivity both immediately and 24 h after heat

shock. As we do not know the stability of the expressed GPA-

12 (Q205L) protein, it is possible that the GPA-12 pathway is

still active 24 h after heat shock or that this pathway causes

other long-lasting changes that result in aldicarb hypersensi-

tivity even after levels of GPA-12 (Q205L) protein have

dropped to pre-heat shock levels. However, at both time

points after heat shock, the recruitment of UNC-13 to release

sites remains significantly higher than in non-heat-shocked

animals, plus the numbers and size of cholinergic motor

neuron release sites (as measured using the SNB-1HCFP

reporter) remain unaltered. Thus, we have no evidence to

suggest any difference in signalling immediately and 24 h

after heat shock. Interestingly, immediately after heat shock,

the variation in the size of SNB-1 puncta is increased,

although the average is not significantly changed. This

could suggest a relocation of synaptic vesicles from some

synapses to others, or possibly a change between the ratio of

SNB-1 in synaptic vesicles and on the plasma membrane.

However, this increased variation is not observed 24 h after

heat shock and thus does not correlate with either aldicarb

hypersensitivity or the increase in UNC-13S at release sites.

The constitutively active GPA-12 (Q205L) causes a devel-

opmental growth arrest due to strong inhibition of pharyn-

geal pumping, an effect that is suppressed by mutations in the

tpa-1 PKC homologue (van der Linden et al, 2003). We also

observe a motor neuron pathfinding defect associated with

expression of the constitutively active GPA-12 (Q205L) from

the acr-2 promoter. The rhgf-1(ok880) mutation fails to

suppress the developmental arrest, reduction in pharyngeal

pumping, and pathfinding defect but does suppress GPA-12

(Q205L)-mediated aldicarb hypersensitivity, indicating that

changes in feeding are not responsible for the increased

sensitivity to aldicarb. A mutation in tpa-1 fails to prevent

GPA-12 (Q205L)-mediated aldicarb hypersensitivity, suggest-

ing that GPA-12 acts in at least two independent signalling

pathways, one that regulates pharyngeal pumping in a TPA-1-

dependent manner and the second that regulates ACh release

in an RHGF-1-dependent manner. Consistent with this sug-

gestion, GPA-12 is expressed in many cell types where RHGF-

1 is absent, including the pharynx (van der Linden et al,

2003; Yau et al, 2003). The neuronal pathfinding defect

caused by p.acr-2HGPA-12 (Q205L) is detected in neurons

expressing p.acr-2HGFP, suggesting that GPA-12 is acting cell-

autonomously. It will be interesting to test if this pathfinding

defect is suppressed by mutations in tpa-1, or whether it

represents a third GPA-12 effector pathway.

The rhgf-1(ok880) mutant completely suppresses the

aldicarb hypersensitivity due to cholinergic expression of

the constitutively active GPA-12 (Q205L), but it does not

completely suppress the increase induced by heat shock

expression of the same GPA-12 mutant. This may reflect

differences in the levels and/or places of GPA-12 (Q205L)

expression from the two promoters. Alternatively, GPA-12

may interact with downstream effectors other than RHGF-1

when expressed at high levels or in noncholinergic cells. The

rhgf-1(ok880) mutation removes a large part of the DH

domain and is thus predicted to have no RhoGEF activity

based on mammalian studies; however, numerous other

domains are retained, and it is possible that high levels of

GPA-12 can signal through these domains. A null rhgf-1

mutation might completely suppress aldicarb hypersensitiv-

ity induced by heat shock expression of GPA-12 (Q205L).

Mutants with a deletion in the single Drosophila orthologue

DRhoGEF2 fail to gastrulate (Barrett et al, 1997; Hacker and

Perrimon, 1998), whereas rhgf-1(ok880) mutants are viable,

suggesting a different requirement for these proteins in

Drosophila and C. elegans or that domains other than the

RhoGEF DH domain are required for viability. It will be useful

to test if a null rhgf-1 mutant is lethal. However, in the case of
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Figure 7 GPA-12 is a fourth G-protein pathway acting through
RHGF-1 and RHO-1 to regulate ACh release in C. elegans cholinergic
motor neurons. Our data suggest that GPA-12 (Ga12) acts within
motor neurons to stimulate ACh release as do EGL-30 (Gaq) and
GSA-1 (Gas) (underlined), whereas GOA-1 (Gao) acts to inhibit
release (shaded). EGL-30, GOA-1, and GPA-12 pathways converge to
regulate levels of diacylglycerol (DAG), GSA-1 appears to act down-
stream of DAG. DAG recruits UNC-13 to release sites and the
accumulation of UNC-13 at release sites correlates with increases
in ACh release. RHO-1 is also able to increase ACh release by
inhibiting DGK-1 and by a second presynaptic pathway independent
of DGK-1 inhibition and of DAG binding to UNC-13. The UNC-13-
independent pathway is not activated by GPA-12, suggesting two
distinct pools of RHO-1 may exist. This model is derived from data
from the following papers (Mendel et al, 1995; Segalat et al, 1995;
Brundage et al, 1996; Lackner et al, 1999; Miller et al, 1999; Nurrish
et al, 1999; Richmond et al, 2001; Chase et al, 2004; Schade et al,
2005; McMullan et al, 2006).
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gpa-12, it is clear that the null gpa-12(pk322) mutant is viable

(van der Linden et al, 2003), whereas mutations in the

Drosophila Ga12 homologue concertina, which acts upstream

of DRhoGEF2, are not (Parks and Wieschaus, 1991). Thus, we

believe that the Ga12/RGS RhoGEF/RhoA signalling path-

ways in C. elegans and Drosophila are used for different

purposes in development.

Materials and methods

Strains
The N2 (wild type) strain, NL594 gpa-12(pk322), NL4258
pkIs1330[hsHGPA-12 (Q205L)]; tpa-1(pk1585) dpy-20(e1282),
RB976 rhgf-1(ok880), and VC430 rhgf-1(gk217) were obtained from
the Caenorhabditis Genetics Center (University of Minnesota). rhgf-
1(ok880) was backcrossed through N2 four times to give QT313
rhgf-1(ok880)*4. VC430 was backcrossed four times with selection
for the rhgf-1(gk217) to give the QT263 strain. QT263 has a
recessive aldicarb-resistance phenotype (ric); however, transgenes
that rescue rhgf-1(ok880) failed to rescue the ric phenotype and we
suspect that a closely linked gene to rhgf-1(gk217) is responsible.
Thus, the rhgf-1(gk217) mutation was not analysed. QT199
pkIs1330 was obtained by backcrossing NL4258 twice with N2
and isolating animals with a growth arrest phenotype when heat
shocked (i.e. had lost tpa-1(pk1401)). QT307 pkIs1330, rhgf-
1(ok880), was generated by standard genetic crosses and the
presence of the pkIs1330 and the rhgf-1(ok880) deletion were
confirmed by PCR. For aldicarb assays, UNC-13S constructs were
expressed in unc-13(s69) mutants. All strains were cultivated at
201C unless otherwise stated and were maintained as described
previously (Brenner, 1974).

Transgenes and germline transformation
Plasmids (listed as QT#, SJN, or EJH) were constructed by standard
techniques, and verified by DNA sequencing. Transgenic strains
(listed as QT) were isolated by microinjection of 100 ng/ml of
plasmid, unless otherwise described below, together with p.acr-
2Hgfp (KP#307), p.ttx-3Hgfp (a gift of O Hobert), or p.unc-122Hgfp
(a gift of P Sengupta) as a marker. Unless otherwise stated, all
injections were performed into N2 animals. Plasmids and trans-
genic strains were constructed as follows.

GPA-12 transgenes. We obtained the wild-type gpa-12 cDNA from
yk336c8 (Yuji Kohara, National Institute of Genetics, Mishima,
Japan). Using PCR, the NotI sequence plus 1 bp (GCGGCCGCC) was
inserted immediately at the 30 of the ATG start codon and the
mutation Q205L was created along with an adjacent silent change to
create a BglII site. This cDNA, encoding the constitutively active
GPA-12 (Q205L) mutant, was then placed either under the control of
the unc-17 promoter (McMullan et al, 2006) (EJH15) or the acr-2
promoter (EJH14). They were injected at 10 ng/ml into N2 to give
nzEx230 and nzEx124, respectively.

RHGF-1 transgenes. The 30 end of the RHGF-1 (F13e6.6) cDNA was
derived from yk877c7 (a gift of Yuji Kohara, National Institute of
Genetics, Mishima, Japan). The SL1 containing 50 end was obtained
using total N2 C. elegans RNA transcribed into cDNA using the
SMARTRACE kit (Stratagene) as per the manufacturer’s instruc-
tions. The oligos ggggggcggccgcaagcagtggtatcaacgcagagt (SMART
oligo) and atgcgatctggataccaagcc were used in a first round PCR,
followed by a second round PCR using oligos cccccgcggccgcggtttaat
tacccaagtttgag (SL1) and tgtggagaatatttcgaacgcccaacg, this PCR
product was inserted into pBS using NotI and EcoRI to give
SJN290. This 50 end was then joined with the rest of the cDNA
sequence from yk877c7, and a NotI site plus 1 bp (GCGGCCGCC)
was inserted immediately 50 of the STOP codon to give a full-length
RHGF-1 cDNA (SJN305). The full-length RHGF-1 cDNA (NheI–KpnI
fragment of SJN305) was then inserted behind the p.acr-2 promoter
(Nurrish et al (1999), which is expressed in the neurons VA, DA,
VB, DB, IL1, RMD, and PVQ) to give EJH4. SMART RACE was also
used on total RNA from RB976 rhgf-1(ok880) using the oligos
TGATGGTGTGGCCAAAGTAA and GCATTCAAGTCAAAGGGCAT in
the first round PCR, and CGTAGTTTGCGCACTCACAT and TGTAGG
GATGCTATCTGGGG in the second round to amplify rhgf-1 cDNA
around the ok880 deletion.

RHGF-1 expressed from the p.acr-2 promoter (EJH4) was
coinjected with p.acr-2HGFP (KP#307) into QT307 at either high
(100 ng/ml QT365 pkIs1330; rhgf-1(ok880); nzEx121) or low (10 ng/
ml QT430 pkIs1330; rhgf-1(ok880); nzEx166) concentrations.

C3 transferase transgenes. N-terminally tagged GFPHC3 transferase
was expressed from a heat shock promoter (QT#99) (McMullan
et al, 2006). nzEx4 contains an extrachromosomal version of QT#99
injected at 1 ng/ml. QT457 pkIs1330; nzEx4 was constructed by
standard genetic cross.

UNC-13 transgenes. For UNC-13 and SNB-1 visualization: rol-6,
KP#291 (which encodes a full length unc-13SHYFP fusion gene
which restores locomotion to animals carrying unc-13 alleles) and
KP#282 (which encodes an SNB-1HCFP fusion expressed from the
acr-2 promoter (Nurrish et al, 1999)) were either integrated in a
wild-type background (nuIs59) or exists as an extrachromosomal
array after injection into QT307 pkIs1330; rhgf-1(ok880) to give
QT435 pkIs1330; rhgf-1(ok880); nzEx189. KP#273 encodes UNC-
13SHGFP, which contains a point mutation resulting in the amino-
acid change H173K. nzEx195 contains an extrachromosomal array
of KP#273 injected into QT467 unc-13(s69); pkIs1330 to give QT469
unc-13(s69); pkIs1330; nzEx196.

Induction of heat shock-inducible transgenes
Expression from the heat shock promoter was achieved using two
rounds of heat shock at 331C for 60 min, separated by 30 min at
201C, followed by recovery at 201C for 30 min. Animals were then
tested immediately or 24 h after heat shock.

Microscopy
Strains expressing p.acr-2HGFP (KP#307), p.unc13SHUNC13SH
YFP, p.acr-2HSNB-1HCFP (nzIs59), or p.unc-13SHUNC13S
(H173K)HGFP (integrated to give nzIs25) were imaged by mounting
on agarose pads and viewed on a Biorad 2100 upright multiphoton
confocal microscope with a Nikon � 60 objective. Images (8 bit)
were obtained using LaserSharp software (Biorad). Digital images
were processed to give maximum intensity projections of a z-series
using Image J (NIH). Images were blinded with respect to genotype
and treatment and thresholded to highlight objects containing more
than five pixels with an intensity greater than 100 (pixels have a
value between 0 and 255 based on fluorescent intensity), these were
defined as puncta. Highlighted objects outside the dorsal cord,
usually auto fluorescence in the gut, were deleted from the image.
The UNC-13SHYFP and SNB-1HCFP puncta numbers and size were
then counted using Image J. The average puncta intensity was the
average pixel value within the all the puncta minus the average
value across the whole image (nonthreasholded background value)
using Image J. Error bars for all measurements indicate the standard
error of the mean. The following strains were used for microscopy;
KP1683 [nuIs59], QT368 [nuIs59;pkIs1330], QT435 [pkIs1330; rhgf-
1(ok880); nzEx189], QT365 [pkIs1330; rhgf-1(ok880); nzEx121],
QT430 [pkIs1330; rhgf-1(ok880); nzEx166], QT419 [pkIs1330;
nzIs25], QT377 nzEx124, QT461 nzEx124; rhgf-1(ok880), QT603
gpa-12(pk322); nzIs59, and QT604 rhgf-1(ok880); nzIs59.

Analysis of locomotion and sensitivity to drug treatment
Sensitivity to 1 mM aldicarb (Greyhound Chromatography) or
100 mM levamisole (Sigma) was determined by analysing the onset
of paralysis as described previously (Nurrish et al, 1999). For each
experiment, at least 20 animals were tested and each experiment
was repeated at least five times. Error bars indicate the s.e.m.

Embryonic arrest assays
Eggs were obtained by bleaching 20 gravid adult animals using 50%
bleach and 1 M NaOH. Eggs were left to hatch overnight at 201C and
20 of the resulting L1 animals were transferred to clean seeded
plates, and then if required heat shocked twice starting within 1 h of
transfer. Plates were incubated at 201C for 4 days, and representa-
tive pictures were taken.

Pharyngeal pumping assays
Young adults were transferred onto clean seeded plates, left for
20 min, and pharyngeal pumps were recorded using the Etho
programme (Jim Thomas, University of Washington, USA). If an
animal moved off the bacterial food during the assay, it was voided

Ga12 and RGS RhoGEF enhance ACh release
E Hiley et al

The EMBO Journal VOL 25 | NO 24 | 2006 &2006 European Molecular Biology Organization5894



and started again. All animals were assayed within 30 min after heat
shock. At least five animals per genotype were assayed.

Statistical analysis
In all cases, statistical analysis was performed using an unpaired
two-tailed t-test. P-values of less than 0.05 were considered
statistically significant and are indicated on figures by *.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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