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ABSTRACT
We used gain-of-function and null synaptic signaling network mutants to investigate the relationship of

the G�q and G�s pathways to synaptic vesicle priming and to each other. Genetic epistasis studies using
G�q gain-of-function and null mutations, along with a mutation that blocks synaptic vesicle priming and
the synaptic vesicle priming stimulator phorbol ester, suggest that the G�q pathway generates the core,
obligatory signals for synaptic vesicle priming. In contrast, the G�s pathway is not required for the core
priming function, because steady-state levels of neurotransmitter release are not significantly altered in
animals lacking a neuronal G�s pathway, even though these animals are strongly paralyzed as a result of
functional (nondevelopmental) defects. However, our genetic analysis indicates that these two functionally
distinct pathways converge and that they do so downstream of DAG production. Further linking the two
pathways, our epistasis analysis of a ric-8 null mutant suggests that RIC-8 (a receptor-independent G�
guanine nucleotide exchange factor) is required to maintain both the G�q vesicle priming pathway and
the neuronal G�s pathway in a functional state. We propose that the neuronal G�s pathway transduces
critical positional information onto the core G�q pathway to stabilize the priming of selected synapses
that are optimal for locomotion.

ONE proposed mechanism for establishing and omi and Kidokoro 2000; Waters and Smith 2000).
These electrophysiological studies thus show that bothmodifying behaviors or memories involves presyn-

aptic changes in synaptic strength, and regulating the pathways can positively affect priming, but they do not
reveal how the two pathways interact and why they bothamount of synaptic-vesicle-mediated neurotransmitter

release at synapses is thought to be critical for changing exist. Highlighting this point, two recent studies showed
that the G�s pathway is not even required for synapticpresynaptic strength (Kandel and Pittenger 1999; Lin
vesicle priming, because evoked release remains nor-and Scheller 2000; Sudhof 2000). Electrophysiologi-
mal, or even increases, when G�s null synapses are sub-cal studies have defined a “readily releasable,” or “primed,”
jected to low frequency stimulation (Hou et al. 2003;pool of synaptic vesicles, the size of which determines
Renden and Broadie 2003).release probability and, therefore, presynaptic strength

Providing important insights and yet further adding(Sudhof 2000). The term “primed” can be applied ei-
to the puzzlement about the relative roles of the G�qther to an individual synaptic vesicle or to a synapse
and G�s pathways, recent research suggests that both(i.e., a primed synapse is one containing a relatively large
pathways, directly or indirectly, affect the synaptic abun-pool of primed synaptic vesicles). A major challenge is
dance of UNC-13, a large, conserved protein that bindsto understand the layout and logic of the network of
diacylglycerol (DAG) (Maruyama and Brenner 1991),signaling pathways that controls synaptic vesicle and
interacts with the synaptic vesicle fusion machinerysynapse priming.
(Betz et al. 1997; Sassa et al. 1999), and is requiredThe G�q and the G�s pathways are two major signaling
for synaptic vesicle priming (Aravamudan et al. 1999;pathways that have been implicated in positively regulat-
Augustin et al. 1999; Richmond et al. 1999, 2001). Intri-ing synaptic vesicle and/or synapse priming; however,
guing studies by Aravamudan and Broadie (2003) andthe relationship of the G�q and the G�s pathways to
Speese et al. (2003) suggest that both DAG (producedeach other is poorly understood. Both pathways have
by the G�q pathway) and cAMP (produced by the G�sbeen reported to increase the pool of readily releasable,
pathway) increase the abundance of Drosophila UNC-primed synaptic vesicles (Trudeau et al. 1996; Chen
13 at synapses via a proteasome-dependent mechanism,and Regehr 1997; Stevens and Sullivan 1998; Kur-
and earlier studies had already implicated the G�q and
G�o pathways in the regulation of UNC-13 abundance
at synapses (Lackner et al. 1999; Nurrish et al. 1999).
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nents of the G�q and the G�s pathways can alter synaptic In this study, we use gain-of-function and null synaptic
signaling network mutants to investigate the relation-vesicle and/or synapse priming and can also alter the

synaptic abundance of the UNC-13 priming protein; ship of G�q and G�s pathways to synaptic vesicle priming
and to each other. Genetic epistasis studies using G�qhowever, questions of fundamental importance remain

unanswered. Most importantly, studies focusing on each gain-of-function and null mutations, along with a muta-
tion that blocks synaptic vesicle priming and the synapticpathway as a single entity have not revealed the relation-

ship of these two major pathways to each other. A major vesicle priming stimulator phorbol ester, suggest that
the G�q pathway generates the core, obligatory signalsobstacle has been the lack of experiments that examine

the consequences of knocking out the G�q pathway, for synaptic vesicle priming. In contrast, the G�s pathway
is not required for the core priming function, becausewith respect to both synaptic vesicle priming and how

such a manipulation affects G�s pathway function. steady-state levels of neurotransmitter release are not
significantly altered in animals lacking a neuronal G�sInvestigating the relationship of the G�q and G�s path-

ways to each other in intact animals requires epistasis pathway, even though these animals are strongly para-
lyzed as a result of functional (nondevelopmental) de-analysis, a powerful method in which, by carefully analyz-

ing the phenotype of strategically constructed double fects. However, our genetic analysis indicates that these
two functionally distinct pathways converge and thatmutants, one can often infer the upstream/downstream

order of proteins in a signaling pathway or network they do so downstream of DAG production. Further
linking the two pathways, our epistasis analysis of a ric-8(Avery and Wasserman 1992; Huang and Sternberg

1995). However, signaling pathway epistasis analysis has null mutant suggests that RIC-8 (a receptor-indepen-
dent G� guanine nucleotide exchange factor, GEF) isstrict requirements, including the availability of null

mutants, the availability of mutations that turn on as required to maintain both the G�q vesicle priming path-
way and the neuronal G�s pathway in a functional state.well as completely block the pathway, and the ability to

demonstrate that the single and double mutants used We propose that the neuronal G�s pathway transduces
critical positional information onto the G�q primingfor the analysis do not have secondary effects that inter-

fere with the measured output. pathway to stabilize the priming of selected synapses
that are optimal for locomotion.Genetic studies of the Caenorhabditis elegans synaptic

signaling network have produced a remarkable set of
genetic mutations and tools, unique among model or-

MATERIALS AND METHODSganisms in their scope, that are appropriate for use
in epistasis studies of the G�o, G�q, and G�s synaptic Worm culture and observation: Unless otherwise specified,
signaling pathways. These include mutations that com- wild-type worms were C. elegans variety Bristol, strain N2. All

culture media were made with Sigma A-7002 agar. All otherpletely knock out each of these three major pathways,
worm cultures were based on previously described methodsmutations that knock out the UNC-13 synaptic vesicle
(Brenner 1974). Worms were observed and manipulated us-priming protein, transgenic strains and native gain-
ing Olympus SZX-12 stereomicroscopes equipped with �1.2,

of-function mutants in which each pathway is strongly 0.13 numerical aperture plan apochromatic objectives.
hyperactivated, a variety of mutations in negative regula- Strains: Alleles used in genetic analysis and for double-

mutant strain construction are described and referenced intory components that indirectly lead to hyperactivation
Table 1, except for egl-30(ad805) (Brundage et al. 1996) andof each pathway, and transgenic and pharmacological
eat-16(ce71), which we describe here for the first time. eat-manipulations that allow each pathway to be acutely
16(ce71), which we isolated in a screen for hyperactive mutants

activated in whole animals (see Table 1 and references (Schade et al. 2005), contains a Q333stop mutation and is
therein). Adding to these tools, and facilitating their our best candidate for an eat-16 null mutant, because it is

predicted to block production of the C-terminal 30% of theuse in epistasis analysis is the amazing ability of C. elegans
protein, including �75% of the RGS domain that is requiredmutants lacking these pathways in neurons to remain
for EAT-16’s function (Hajdu-Cronin et al. 1999). All mutantsalive for long periods of time and in some cases even to
used in this study have been outcrossed at least three times

reproduce as homozygotes under standard or specially to reduce secondary mutations.
controlled laboratory conditions. The mutations goa-1(sa734) and egl-30(tg26) were main-

tained at 20� or room temperature, because they were foundPrevious epistasis studies revealed that the G�o path-
to not grow at the standard long-term storage temperature ofway is strongly dependent on the G�q pathway to exert
14�. The larval lethal mutations egl-30(ad810) and acy-1(pk1279)its strong inhibitory effects on locomotion and neuro-
were maintained as heterozygotes. egl-30(ad810) was out-

transmitter release (Hajdu-Cronin et al. 1999; Miller crossed from DA1096 egl-30(ad810)/szT1 [lon-2(e678) I; �/szT1
et al. 1999). In a prelude to the current study, a pair X] and maintained as egl-30(ad810)/� with no special balanc-

ing mutations. Since the mutation is semidominant (as a resultof high-resolution forward genetic screens revealed an
of haplo-insufficiency), we identified ad810/� heterozygotesapparent link between the G�s pathway and the G�o/
on the basis of their larger than normal size and their signifi-G�q signaling network (Schade et al. 2005, accompa-
cant Egl phenotype. Stock cultures were produced by picking

nying article in this issue); however, that study did not �10 large Egl ad810/� animals to each of two culture plates
directly address the relationship of the G�q and G�s and allowing the plates to starve at 14� for long-term storage.

Chunks from this plate were transferred to fresh culture platespathways to each other.
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as needed and grown for 2 days at room temperature; ad810/� jected into the acy-1 null heterozygous strain NL1999 acy-
1(pk1279)/dpy-17(e164) (Moorman and Plasterk 2002),animals were chosen on the basis of their phenotype and used
which was maintained in a continuous growing culture asto generate homozygotes. acy-1(pk1279) was maintained over
described above. All experimental DNAs were co-injected withthe closely linked mutation dpy-17(e164). These animals were
a GFP-bearing plasmid driven by the same promoter as thatmaintained semiweekly in continuous culture for injections
driving the experimental DNA. For injections involving rab-and double-mutant strain construction by cloning 6–10 wild
3-promoted coding regions, KG#68 [rab-3::GFP] and KG#67larvae to individual culture plates, growing them 3 days at room
ttx-3::GFP (gift of Oliver Hobert) were mixed at 50 and 25 ng/temperature or 4 days at 20�, and saving plates that segregated
�l, respectively, to reduce nonspecific intestinal expression. F1paralyzed larvae and Dpy-17 animals. The ric-8(ok98) null muta-
progeny of injected animals were screened, and GFP-positivetion was initially maintained in a heterozygous state by select-
adult animals were selected from plates segregating Dpy-17,ing animals that segregated straight paralyzed larvae and subse-
pk1279 homozygotes, and wild type, and these animals werequently balanced under the flanking genetic markers lin-1(e1275)
cloned to separate plates. In the next generation, lines segre-unc-33(e204) and outcrossed three times.
gating green F2’s, no Dpy-17, and whose only nongreen prog-Long PCR products and plasmids: All long PCR products
eny were paralyzed larvae (that had lost the transgene) werewere produced via Expand 20 Kb� (Roche) amplification of
kept as candidate-rescued pk1279 homozygotes (in all casespurified N2 genomic DNA, according to the manufacturer’s
the larval lethality was rescued to some extent). A total of 12instructions. The boundaries of the 10.0-kb ric-8 gene rescuing
GFP-positive adults from each of these lines were cloned, andPCR product KG372/373 and the 9.88-kb fusion PCR product
a line with good expression and transmittance was saved toKG430/431 are shown in Figure 6A. The fusion PCR product
establish a stock. ceEx67 [myo-3::acy-1(�) high copy #] andwas produced using the method of Hobert (2002) and ex-
ceEx108 [myo-3::acy-1(�) low copy #] were produced by injectingcludes the small upstream gene that is in an operon with ric-8. To
NL1999’s with KG#80 at 15 and 5 ng/�l, respectively. To makeconstruct KG#80 [myo-3::acy-1(�) cDNA], we applied reverse
ceEx87 [myo-3::acy-1(gf)], we injected NL1999 with KG#81 attranscriptase to purified C. elegans mRNA and synthesized the
15 ng/�l. To make ceEX76 [myo-3::acy-1(�) HS::acy-1(gf)], we1155-bp 5� part of the acy-1 cDNA. This fragment was then
injected NL1999 with a mixture of KG#80 (15 ng/�l) andfused to the partial cDNA clone yk35d9, using an internal KG#82 (10 ng/�l). To make ceEx100, we injected unc-18(e81)SphI site and a 5� site that had been engineered into the 5� mutants with KG#87 (15 ng/�l) and selected GFP-positiveprimer. The 3.8-kb acy-1 coding region was then amplified F2’s. All of these injections included pPD118.20 [myo-3::GFP]

using Pfu Ultra polymerase and primers engineered with re- (15 ng/�l) as the cotransformation marker. To make ceEx97
striction sites and cloned into Age I/XhoI-cut pPD96.52, a C. [rab-3::acy-1(�)], we injected NL1999 with KG#62 (50 ng/�l).
elegans muscle expression vector. The acy-1 coding region of To make ceEx98 [rab-3::acy-1(gf)], we injected NL1999 with
this construct was sequenced and a clone was chosen that KG#83 (25 ng/�l). To make ceEx102, we injected unc-18(e81)
contained no mutations. To make KG#62 [rab-3::acy-1(�)], the mutants with KG#88 (25 ng/�l) and selected GFP-positive
acy-1 coding region was cloned into the KG#59 rab-3 expression F2’s. The latter three transgenes all included KG#68 [rab-3::GFP]
vector (Schade et al. 2005), again using Age I/XhoI. To make and KG#67 ttx-3::GFP (gift of Oliver Hobert), mixed at 50 and
KG#82 [hsp-16-2::acy-1(gf)], the acy-1 (P260S) gain-of-function 25 ng/�l, respectively, as the cotransformation markers.
cDNA (Schade et al. 2005) was cloned, using Age I/XhoI, into Double-mutant strain construction and verification: Unless
the heat-shock-inducible expression vector KG#45, which is otherwise specified, double mutants were constructed using
the same as pPD96.52, except that the myo-3 promoter is re- standard genetic methods without additional marker muta-
placed with the hsp-16-2 promoter (taken from pPD49.78). tions, and homozygosity of mutations, where necessary, was
KG#81 [myo-3::acy-1(gf) cDNA] and KG#83 [rab-3::acy-1(gf) cDNA] confirmed by PCR and/or sequencing. We constructed egl-30
have been described (Schade et al. 2005). To make KG#87 [myo- (ad810); acy-1(md1756) double mutants by crossing md1756/�
3::unc-18(�) cDNA] and KG#88 [rab-3::unc-18(�) cDNA], we males to ad810/� hermaphrodites. L4 progeny of this cross
applied reverse transcriptase to purified C. elegans mRNA and were then cloned and, from plates segregating both mutant
synthesized the full-length unc-18 coding region cDNA and phenotypes, 30 putative ad810/�; md1756 animals were
then amplified this fragment using Accuprime Pfx (In- cloned. From this group, plates that segregated ad810 larval
vitrogen, San Diego) and primers engineered with Age I/XhoI homozygotes were tested for md1756 homozygosity by PCR
restriction sites. This fragment was then cloned into like- and sequencing of the region containing the md1756 sequence
digested pPD96.52 (a body-wall muscle expression vector) to change, testing lysates derived from multiple animals from
make KG#87 [myo-3::unc-18(�) cDNA]. After sequencing the each plate. Cultures found to be homozygous for md1756 and
unc-18 coding region in KG#87 to confirm the absence of PCR- segregating ad810; md1756 double-mutant larvae were then
introduced mutations in the chosen clone, we used AgeI/XhoI expanded and maintained by cloning more putative ad810/�;
to transfer the unc-18 cDNA into the rab-3 expression vector md1756 animals and by checking for proper segregation. After
KG#59 to make KG#88 [rab-3::unc-18(�) cDNA]. collecting double mutants for documentation and assays (see

Production of transgenes: Transgenic strains bearing extra- below), a portion of the population was used to confirm homo-
chromosomal arrays were produced by the method of Mello zygosity of both mutations by double amplification PCR using
et al. (1991). pBluescript carrier DNA was used, if necessary, nested primers, followed by sequence analysis. We constructed
to bring the final concentration of DNA in the injection mix- egl-30(ad810); kin-2(ce179) and all of the acy-1(pk1279)-con-
ture to 175 ng/�l. ceEx2 and ceEx9 were produced by injecting taining double mutants using similar methods. To make the
lin-1(e1275) unc-33(e204)/ric-8(ok98) animals with the KG372/ egl-30(tg26); acy-1(pk1279); ceEx108 [myo-3::acy-1(�) myo-3::
373 and KG430/431 PCR products, respectively, at 10 and 60 GFP] strain, tg26/� males were crossed to pk1279; ceEx108
ng/�l, respectively, and using pPD118.20 [myo-3::GFP] as a hermaphrodites, and 20 GFP-positive, hyperactive L4 her-
co-injection marker. Putative rescued ric-8(ok98) homozgyotes maphrodite cross progeny were cloned and grown 4 days at
were cloned as green adult F2 progeny of green F1’s that segre- room temperature. From the progeny of these animals, 42
gated Lin-1 and Unc-33. Lines whose only nongreen progeny GFP-positive putative tg26 homozygotes were cloned to 24-
were paralyzed larvae were saved and tested by PCR for ric- well culture plates and grown 4–5 days at room temperature.
8(ok98) homozygosity. All remaining experimental DNAs in Wells containing no wild-type animals and segregating non-

green pk1279 larval lethals (from loss of the transgenic array)this study, with the exception of the unc-18 cDNAs, were in-
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were identified and, from these wells, 25 GFP-positive putative myristate acetate (PMA; CalBiochem 52440; a 5 mg/ml stock
solution was prepared in ethanol and stored at �35�) weretg26; ceEx108; pk1279/� animals were cloned to individual

culture plates. Properly segregating plates were used to main- prepared by adding the phorbol ester stock solution or ethanol
carrier for control plates directly to 60� equilibrated moltentain and expand the population for documentation and assays.

The homozygous presence of the pk1279 deletion in all acy-1 media in a disposable flask with stirring. Plates were poured
by hand in a chemical fume hood, allowed to solidify for 4(pk1279)-containing strains was verified (using a portion of

each population) by duplicate reactions of double-amplifica- hr, and then spread with OP-50 culture. Plates were stored
upright for �40 hr in covered plastic containers (separatetion PCR using nested primers, with both sets of primers

completely internal to the deletion and completely derived containers for control and phorbol ester plates) before using
for the assays. At this point, if plates were not immediatelyfrom introns that would not be present in the cDNA rescued

strains. These amplifications were done in parallel with control used for assays, they were inverted and sealed in plastic wrap
for up to 3 days, with no detectable change in the responsestrains without the deletion, and all reactions contained the

same number and same stage of animals in each tube. ric-8 of wild-type animals. To assay, five animals were loaded on
each of eight plates at 7-min intervals. After the elapsed time(ok98) double mutants were constructed by crossing mut-x/�

males (where mut-x is a generic mutation) to the heterozygous (usually 2.5–3 hr for adults), one of the five animals was chosen
to count body bends for 6 min, and the remaining platesbalanced strain lin-1(e1275) unc-33(e204)/ ric-8(ok98) and then

cloning putative mut-x/mut-x; ric-8(ok98)/� animals from the were assayed at staggered 7-min intervals. Control plates were
loaded and assayed in parallel with the phorbol ester plates.grand-progeny of this cross. From plates homozygous for

mut-x, we chose staged mut-x; ric-8(ok98) double mutants All assays performed on larval-stage animals were done using
2.5 �m phorbol myristate acetate (instead of the 5.0-�m con-(which were always paralyzed or near-paralyzed and sterile)

for confirmation by PCR and sequencing and for the assays centration used for adults), and larval animals were assayed
2–2.5 hr after plating (instead of 2.5–3 hr for adult assays).described herein.

Locomotion assays: Standard locomotion assays were per- Synchronized larval animals for this assay were collected as
described above.formed as previously described, using standardized plates and

a standardized definition of a body bend (Miller et al. 1999). Video production and imaging: Videos of worms on agar
plates containing OP-50 bacterial lawns were captured andExaggerated movements in which the animal doubles back

on itself during reversal such that the tail touches the anterior converted as described (Schade et al. 2005). Still images of
mutants were collected using an Olympus C3040 digital cam-of the body in a figure-eight pattern were scored as three body

bends [this became relevant in some strains containing the era mounted on an Olympus SZX-12 stereomicroscope. High-
magnification larval images were obtained using a high resolu-egl-30 gain-of-function mutation, double mutants containing

the acy-1(pk1279) mutation in combination with mutations tion �2, 0.275 NA plan apochromatic objective.
Drug sensitivity assays: Aldicarb sensitivity assays using thethat activate the egl-30 pathway (i.e., Figure 5B), and some

strains treated with phorbol esters]. For coiling movements, population growth rate method were performed as described
(Miller et al. 1999). Only larvae that were uniformly GFPa body bend was counted every 90� around the circle. To assay

egl-30(ad810) and acy-1(pk1279)-containing strains, synchro- positive in body-wall muscle cells were chosen for the acy-1
(pk1279); ceEx76 and acy-1(pk1279); ceEx108 aldicarb sensitivitynized, larval-arrested, homozygous animals were collected by

plating 14–20 heterozygous parental gravid adult animals on assays (Figure 4). Aldicarb acute paralysis assays on solid media
were performed as previously described (Lackner et al. 1999;each of 7–10 culture plates seeded with a 1-cm-diameter lawn

of OP-50 bacteria. These animals were plated in late afternoon Nurrish et al. 1999). Aldicarb was added to a final concentra-
tion of 1 mm from a 10-mm stock solution in ddH2O (allowingand allowed to lay eggs for 24 hr before killing the parents.

The eggs were then allowed to hatch overnight, producing a �2–3 hr for dissolving before adding to the 55� cooled molten
media), and media was made with 10% less water than normalpopulation of 6- to 30-hr-old larvae. Animals homozygous for

egl-30(ad810) or acy-1(pk1279) were chosen from this popula- to compensate for the large drug volume. Aldicarb-containing
plates were seeded with OP-50 on the day that they weretion on the basis of their paralyzed phenotype and transferred

to a standard locomotion assay plate (Miller et al. 1999) using poured and stored at room temperature for 2 days, lid side
up, before using. Animals designated for plates containinga worm pick laden with a moist dab of bacteria. Approximately

60–100 animals were collected in this way for each strain to PMA � aldicarb were preincubated with 2.5 �m PMA to allow
the PMA time course to maximize before beginning the aldi-have enough animals for video and photo documentation,

locomotion assays, genotype confirmation by PCR and se- carb � PMA time course. These phorbol ester plates were
produced as described (Schade et al. 2005). Preexposure timequencing, and population half-life studies (Table 2; see be-

low). For locomotion assays, 10 animals were transferred in for N2 (wild type) was 1 hr and for egl-30(ad810) was 2.5 hr
(on the basis of past experience of maximal response). Threemoist bacteria to a fresh, room-temperature equilibrated loco-

motion assay plate. After a 30-min stabilization period, body such preincubation plates were produced at staggered times,
so they would be available for each of the three independentbends were counted for 6 min for each of the 10 animals.

Identically staged N2 (wild type) and single-mutant control trials of the aldicarb paralysis assay. Twenty animals were used
for each strain/condition per trial. Six- to 30-hr-old N2 (wildanimals were produced and assayed in the same manner. egl-

30(ad810) single mutants and egl-30(ad810); kin-2(ce179) dou- type) and egl-30(ad810) homozygous larvae were collected for
this assay as described in Locomotion assays.ble mutants were also assayed by a track locomotion assay, in

which 30–70 animals were plated on a locomotion plate and To measure body-wall muscle contraction in response to
levamisole, 24-well culture plates were prepared containingallowed to sit at room temperature for 160 min, after which

the body bends produced by each animal during this time standard media in the first and third rows and standard media
containing various concentrations of levamisole in the re-were counted by following the short track that each animal

made during that period. maining rows (six identical wells containing the same drug
concentration in each row). Levamisole (dispensed from aThe heat-shock locomotion assays in this study were per-

formed as described (Schade et al. 2005) and the heat shock 100-mm aqueous stock) was added to a beaker of 55� molten
media and dispensed into the wells using a 25-ml pipetteand recovery times are specified in Figure 3. For phorbol ester

locomotion assays, culture plates containing 5 �m phorbol rinsed with hot water between sets of wells. Wells were com-
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TABLE 2

Population half-lives and percentage reaching adulthood of larval arrested single and
double mutants used in this study

Population Fraction reaching % reaching No. of days
Genotype half-life (days)a adulthoodb adulthood monitored

egl-30(ad810) 7 0/33 0 20
egl-30(ad810); acy-1(md1756) 18 2/53 3.8 20
egl-30(ad810); kin-2(ce179) 11 0/45 0 21
acy-1(pk1279) 11 0/24 0 25
egl-30(tg26); acy-1(pk1279) 30 1/57 1.8 30
eat-16(ce71); acy-1(pk1279) 18 0/50 0 21
goa-1(sa734); acy-1(pk1279) 13 0/6 0 16

a Defined as the number of days needed for half of the original population to die. Animals were plated as
6- to 30-hr-old larvae.

b Denominator is the sample size.

pletely filled with media. Within 2 hr of solidifying, the media way through the egl-30(tg26) gain-of-function mutation
in the wells was spotted with 10 �l of an OP-50 bacterial causes strongly hyperactive locomotion (Figure 1B). A
culture. Plates were dried �1 hr in a 37� room with their lids

model of the C. elegans EGL-30 (G�q) pathway predictsoff and then returned to room temperature and used for the
that this is caused by increased synaptic vesicle priming,assay �40 hr later. To assay contraction, mature adults from

growing cultures (not previously starved) were singly placed in in part via DAG-mediated activation of the UNC-13 syn-
the rows containing no drug and, after a 10-min equilibration, aptic vesicle priming protein (Figure 1A); however, a
were photographed at �60 using an Olymplus C3040 digital prior study suggests that UNC-13-mediated synaptic vesi-
camera attached to the stereomicroscope. Animals were then

cle priming is not dependent on DAG binding to UNC-transferred at 20-sec intervals to their intended wells con-
13, because eliminating the ability of UNC-13 to bindtaining levamisole, which were in the rows immediately below

the no-drug wells, such that each drug concentration had an DAG does not significantly affect neurotransmitter re-
“n” of six. Twenty minutes after loading the first animal on lease (Rhee et al. 2002). Nevertheless, if the neuronal
its levamisole well, each animal was photographed at 20-sec G�q pathway ultimately exerts its effects through UNC-intervals. Images were cropped with Paintshop Pro to reduce

13 or through an UNC-13-dependent mechanism, thensize and then imported into Canvas 9.0. The curve tool was
a strong egl-30 (G�q) gain-of-function mutation shouldused to trace the center line of each animal along its entire

length, and the length of the line was determined using the have little or no effect on the phenotype conferred by
object specifications “tool.” a strong reduction of mutation in UNC-13, and this

Measurements of population half-lives and percentage indeed is the case. egl-30(tg26) unc-13(s69) double mu-reaching adulthood: To measure population half-lives of vari-
tants are just as paralyzed as unc-13(s69) single mutants,ous larval lethal strains, �25–60 homozygous mutant or dou-
which move at �1 body bend per 3 min (�1.7% of theble-mutant animals were collected as described in Locomotion

assays and transferred to a locomotion assay plate in a dab wild-type rate; Figure 1B).
of moist bacteria. The starting age of the animals in each The above experiment shows that the neuronal G�qpopulation ranged from 6 to 30 hr. Populations were moni-

pathway is completely dependent on the UNC-13 prim-tored daily or every other day for the indicated number of
ing protein to exert its effects on locomotion, but itdays (Table 2), and dead animals were counted and removed.

Living animals and the number of adults were also counted. does not address whether or not the G�q pathway is
“Dead” was considered to be a total lack of any observable required for synaptic vesicle priming. If the main func-
movement or response to the touch of a pick. In most cases, tion of the presynaptic EGL-30 (G�q) pathway is to acti-
death by this definition was also accompanied by an obvious

vate synaptic vesicle priming via UNC-13 and other pro-change in the appearance of the animal. To assay the percent-
teins, then knocking out the EGL-30 (G�q) pathwayage reaching adulthood of the acy-1(pk1279) transgenic strains

in Table 3, the indicated number of uniformly GFP positive should cause paralysis at least as severe as that seen in
6- to 30-hr-old larvae from each strain was transferred to a unc-13(s69) mutants, and that indeed is the case. The egl-
locomotion assay plate. The plate was checked twice daily for 30(ad810) mutation, a putative null nonsense mutationthe indicated number of days, and L3 and later-stage animals

that results in strong paralysis and larval arrest (Brund-were transferred to a fresh plate for further observation. The
age et al. 1996), reduces locomotion rate to �1 bodynumber of adults on each plate was counted, and the counted

animals were removed and killed. bend per 42 min, a level that is �900-fold less than that
of wild type (Figure 1B).

We next considered the possibility that the paralysis
RESULTS of egl-30 null mutants is largely or entirely caused by an

inability to prime synaptic vesicles, which would blockThe presynaptic G�q pathway is the core synaptic
vesicle priming pathway: Hyperactivating the G�q path- neurotransmitter release and thus block locomotion.
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TABLE 3

Expression of the acy-1 cDNA in either the muscle or the nervous system partially rescues the larval arrest of acy-1 null mutants

Tissue specificity Fraction reaching % reaching No. of days
Genotype of transgene Dosagea adulthoodb adulthood monitored

acy-1(pk1279) No transgene NA 0/24 0 25
acy-1(pk1279); ceEx108 [myo-3::acy-1(�)] Muscle Low 20/37 54 5
acy-1(pk1279); ceEx67 [myo-3::acy-1(�)] Muscle High 47/101 47 5
acy-1(pk1279); ceEx87 [myo-3::acy-1(gf)] Muscle High 55/82 67 5
acy-1(pk1279); ceEx97 [rab-3::acy-1(�)] Nervous system High 11/33 33 5
acy-1(pk1279); ceEx98 [rab-3::acy-1(gf)] Nervous system High 6/64 9.4 7

a Low dosage represents an injection concentration of 5 ng/�l; high dosage represents 15 ng/�l for myo-3-driven expression,
50 ng/�l for rab-3-driven expression of the wild-type acy-1 cDNA, and 15 ng/�l for rab-3-driven expression of the gain-of-function
acy-1 cDNA.

b This is the fraction of animals with uniform expression of the cotransformation GFP marker (either myo-3::GFP or rab-3::GFP,
depending on the experiment) that reach adulthood. Denominator equals sample size.

Indeed, in unc-13(s69) mutants, which are significantly and thus rescuing the paralysis. Since acetylcholine
(ACh) is the major excitatory neurotransmitter control-less paralyzed than egl-30 null mutants, evoked neuro-

transmitter release is essentially not detectable and ling locomotion rate in C. elegans, we tested this idea
by placing phorbol-ester-treated egl-30 nulls on platesspontaneous release is reduced �300-fold (Richmond

et al. 1999). To test whether the paralysis of egl-30 null containing the acetylcholinesterase inhibitor aldicarb.
Since the secreted ACh that accumulates in the presencemutants is caused by a lack of primed synaptic vesicles,

we incubated egl-30 null mutants on plates containing of aldicarb is toxic, mutations that decrease or increase
the steady-state rate of ACh release confer resistancephorbol esters, which are DAG analogs known to prime

synaptic vesicles (Stevens and Sullivan 1998; Waters or hypersensitivity, respectively, to aldicarb (Rand and
Nonet 1997). The results of plating phorbol-ester-and Smith 2000). Remarkably, we found that incubat-

ing egl-30 null mutants for only �2 hr on plates con- treated egl-30 nulls on plates containing aldicarb are
shown in Figure 1D, which plots the percentage of ani-taining phorbol esters increased their locomotion rates

�800-fold, to levels slightly greater than those seen with mals that are paralyzed, over a time course, on plates
containing various combinations of phorbol esters and/wild-type animals on the drug-free control plates (Figure

1C and Figure 1 supplemental movies at http://www. or aldicarb. On plates with phorbol esters only, neither
wild-type animals nor egl-30 null mutants are paralyzedgenetics.org/supplemental/). These results demon-

strate that neither muscle nor permanent develop- at any time point. On plates containing aldicarb only,
wild-type worms gradually become paralyzed as the drugmental defects contribute substantially to the paralysis

of egl-30 null mutants. Remarkably, we also found that is adsorbed and takes effect. The egl-30 null mutant is
paralyzed even in the absence of aldicarb, and aldicarbcontinuous culture on phorbol ester plates can rescue

the larval arrest phenotype of egl-30 null mutants, be- causes only a slight rescue of the paralysis, which is
consistent with these animals releasing only a smallcause we were able to maintain a culture of egl-30 nulls

for at least three generations on a plate containing phor- amount of neurotransmitter. In contrast, both phorbol-
ester-treated wild-type and phorbol-ester-treated egl-30bol esters. In addition, incubation on phorbol ester

plates induced significantly hyperactive locomotion in null mutants are strongly and equally hypersensitive to
the paralytic effects of aldicarb. This suggests that phor-adult animals carrying the strong reduction-of-function

mutation egl-30(ad805) (Figure 1C and Figure 1 supple- bol esters completely bypass the steady-state neurotrans-
mitter release defect of egl-30 nulls. From the results inmental movies at http://www.genetics.org/supplemen

tal/). The effects of phorbol ester on locomotion rate this section we conclude that the presynaptic G�q path-
way and the core synaptic vesicle priming pathway arewere strongly dependent on the synaptic vesicle priming

protein UNC-13, because phorbol ester had only a small one and the same.
Both muscle and nervous system defects contributeeffect on the paralysis caused by the near-null unc-

13(s69) mutation (Figure 1C), mutants of which contain to the larval lethality of mutants with a blocked G�s

pathway: To prepare for investigating the relationshipappropriately docked but unprimed vesicles (Rich-
mond et al. 1999, 2001). of the G�q pathway to the G�s pathway, we next analyzed

mutants in which the G�s pathway is blocked. A previousTo explain these results, we hypothesized that phor-
bol esters, by mimicking the signaling molecule DAG study produced the acy-1(pk1279) mutation and showed

that it deletes the acy-1 gene and causes larval arrestthat is produced by the G�q pathway, bypass the require-
ment for EGL-30 by restoring neurotransmitter release and paralysis that can be rescued with the wild-type acy-1
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gene (Moorman and Plasterk 2002). Interestingly, the and Plasterk 2002). In C. elegans, control of locomo-
acy-1(pk1279) null mutation actually increases life span; tion rate by the G�s pathway is completely dependent
the larval arrest results from a failure to grow (Moorman on adenylyl cyclase (ACY-1) (Schade et al. 2005). Since

the G�s pathway (including acy-1) is expressed in both
the muscle and the nervous system (Korswagen et al.
1997; Moorman and Plasterk 2002), we used a full-
length acy-1 cDNA driven by ectopic promoters to inves-
tigate the extent to which the muscle and/or nervous
system G�s pathways contribute to the larval arrest and
paralysis phenotypes of acy-1 nulls. Surprisingly, we
found that the larval arrest of acy-1 nulls could be par-

Figure 1.—The presynaptic G�q pathway is the core synaptic
vesicle priming pathway. (A) A circuit model of the core EGL-
30 (G�q) pathway, in which EGL-30’s action is mediated by
EGL-8 (PLC�) and one or more unidentified effectors. EGL-8
makes the small molecule DAG, which interacts with the synap-
tic vesicle priming mechanism by binding to, among other
possible targets, the C1 domain of UNC-13. Not shown are
other components of the synaptic signaling network that are
known to regulate this pathway. This model is based on the
following studies: Maruyama and Brenner (1991), Brund-
age et al. (1996), Hajdu-Cronin et al. (1999), Lackner et
al. (1999), Miller et al. (1999), Nurrish et al. (1999), and
Richmond et al. (1999, 2001). (B) Knocking out the EGL-30
(G�q) pathway reduces locomotion rate to levels comparable
to the synaptic vesicle priming loss-of-function mutant unc-
13(s69), and the hyperactivated EGL-30 pathway is completely
blocked, with respect to locomotion rate, by the unc-13(s69)
mutation. Mean locomotion rates are shown, expressed as
body bends per minute, of the indicated strains. Bars are not
clearly visible for the three strains with very low locomotion
rates, which are marked with asterisks. Numbers above the
asterisks indicate actual body bends per minute. Error bars
represent the standard error of the mean for populations of
8–10 animals. Data for egl-30(ad810) were derived from a track
locomotion assay (see materials and methods) and are
based on the movement of �80 animals over a 2-hr period.
The means of the unc-13(s69) single mutant and the egl-30
(tg26) unc-13(s69) double mutant are not significantly differ-
ent. (C) Phorbol esters rescue the paralysis of egl-30 null mu-
tants by a mechanism that requires synaptic vesicle priming.
Mean locomotion rates are shown, expressed as body bends
per minute of various strains on plates containing phorbol
myristate acetate (cyan bars) or vehicle only (0.06% ethanol;
dark blue bars). The N2 wild-type strain is shown for compari-
son. Bars are not clearly visible for the two egl-30 strains in
the absence of phorbol ester treatment (asterisks). Numbers
above the asterisks indicate actual body bends per minute.
Error bars represent the standard error of the mean for popu-
lations of 8–10 animals. See also supplemental QuickTime
movies for Figure 1 at http://www.genetics.org/supplemental/.
(D) Phorbol esters induce similar levels of steady-state neuro-
transmitter release in wild-type and egl-30 null mutants. The
percentage of animals that are paralyzed, over a time course,
on plates containing aldicarb and/or phorbol esters. Strains
and conditions are indicated with arrows. Note that both wild
type and egl-30 null mutants that have been treated with phor-
bol esters are equally hypersensitive to the paralytic effects of
aldicarb (their lines overlap over most of the time course),
which suggests that they both release similar amounts of acetyl-
choline. Error bars represent the standard error of the mean
for three independent populations of 20 animals each.
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tially rescued by expressing the acy-1 cDNA in either Lack of a neuronal G�s pathway causes strong paraly-
sis, but the muscle G�s pathway also seems to contributethe muscle or the nervous system, using the myo-3 or
significantly to normal locomotion: To determine therab-3 promoters, respectively (Table 3). Muscle-specific
relative contributions of muscle and nervous system G�sacy-1 expression seemed to give the most robust rescue
pathways to the paralysis of acy-1 nulls, we assayed theof larval arrest: one-half to two-thirds of acy-1 nulls ex-
locomotion rates of transgenic strains in which acy-1pressing the myo-3::acy-1 transgene reached adulthood,
nulls were selectively rescued in the muscle or the ner-although the percentage reaching adulthood did not
vous system. acy-1(pk1279) null mutants without anyincrease significantly when we upped the gene dosage
transgene moved at a rate of 0.75 body bends per mi-or used the acy-1(ce2) gain-of-function mutation (Table
nute, which is �3–4% of the wild-type rate (Figure 2A).3). The muscle-rescued acy-1 nulls that did reach adult-
However, acy-1 null strains that selectively expressed thehood seemed to exhibit near-normal growth rate and
acy-1(�) cDNA transgene in muscle had significantlysize (data not shown). In contrast, acy-1 nulls that ex-
slower locomotion rates than acy-1 null single mutantspressed the acy-1(�) cDNA only in their nervous systems
(	1% of wild type in three independent strains), evenwere slower growing and smaller than their muscle-
when the acy-1(�) cDNA transgene was expressed atrescued counterparts (data not shown). Nevertheless,
relatively high levels, although overexpression of theabout one-third of acy-1 nulls expressing rab-3::acy-1(�)
acy-1 gain-of-function mutation in muscle did slightlyfrom transgenes reached adulthood; however, upping
improve locomotion rate (Figure 2A). In contrast, acy-1rab-3::acy-1 doseage via the acy-1(ce2) gain-of-function
null strains that selectively expressed either the acy-1(�)mutation increased, rather than decreased, larval arrest
or the acy-1 gain-of-function cDNAs in the nervous sys-(Table 3). These results suggest that both the muscle
tem (using the rab-3 promoter) both had significantlyand the neuronal G�s pathways promote progression
higher locomotion rates than acy-1 null single mutants.from larval to adult stages by an unknown mechanism.
For example, the neuronally expressed acy-1(gf) trans-

Figure 2.—Lack of a neuronal G�s pathway causes paralysis,
but the muscle G�s pathway also seems to contribute signifi-
cantly to normal locomotion. (A) Neither muscle nor nervous
system expression of acy-1 alone is sufficient to fully rescue
the near-paralysis of acy-1 null mutants. The mean locomotion
rates, expressed as body bends per minute, of transgenic
strains that express the acy-1(�) or gain-of-function (gf) cDNA
at various dosages in either the body-wall muscle or the ner-
vous system in the acy-1(pk1279) null mutant background.
Wild-type and the acy-1(pk1279) single mutant with no trans-
gene are shown for comparison. Note that expressing the acy-1
(�) cDNA in body-wall muscle, even at high doses, significantly
reduces the locomotion rate of the acy-1(pk1279) null mutant
(P 
 0.0006 and 0.0057, respectively, for the low- and high-
dose myo-3::acy-1(�) transgenes in A; see also the acy-1(pk1279);
ceEx76 strain in Figure 3 (non-heat-shock conditions; P 

0.0001 for this strain). However, expressing the acy-1(gf) cDNA
at high levels in either the body-wall muscle or the nervous
system significantly improves the locomotion rate of the acy-1
(pk1279) null mutant (P 
 0.0025 and 	0.0001 for (gf) expres-
sion in muscle or nervous system, respectively). Note, however,
that none of the transgenic conditions restores wild-type levels
of locomotion to the acy-1 null mutant, although nervous sys-
tem expression has by far the greatest effect. Genotypes of the
five transgenic strains, from left to right, are as follows: acy-1
(pk1279); ceEx108, acy-1(pk1279); ceEx67, acy-1(pk1279); ceEx87,
acy-1(pk1279); ceEx97, acy-1(pk1279); ceEx98. Error bars repre-
sent the standard error of the mean for populations of 10
animals. Statistical significance tests used the unpaired t-test
with Welch correction. (B) Control experiments showing that
the neuronal-specific rab-3 promoter driving the unc-18 cDNA
can fully rescue the paralysis of an unc-18 null mutant and
that the muscle-specific myo-3 promoter driving the unc-18
cDNA gives no rescue of the unc-18 null mutant. Locomotion
rates are expressed as body bends per minute. Error bars
represent the standard error of the mean for populations of
8–10 animals.
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of-function cDNA driven by a heat-shock-inducible pro-
moter (to allow us to use a heat-shock treatment to
induce acy-1 expression in the adult nervous system).
Animals carrying transgenes with this mixture of cDNAs
were often able to develop to adults of normal size and,
in the absence of heat-shock treatment, were generally
indistinguishable from the muscle-rescued acy-1 nulls
described earlier, exhibiting locomotion rates �0.4%
of wild type (Figure 3). However, when we subjected
this strain to a 1-hr heat-shock treatment, followed by
a 2-hr recovery period, its mean locomotion rate im-
proved remarkably (almost 300-fold) to a level not sig-
nificantly different from that of wild type (Figure 3 and
Figure 3 supplemental movies at http://www.genetics.
org/supplemental/). In contrast, heat-shock treatment
of wild-type or muscle-rescued acy-1 null transgenic ani-Figure 3.—Functional defects, rather than permanent de-
mals that did not have the heat-shock-promoted acy-1velopmental defects, cause paralysis in mutants lacking a neu-
cDNA did not significantly affect the locomotion rateronal G�s pathway. Mean locomotion rates are shown, ex-

pressed as body bends per minute of wild-type and two of these strains at the 2-hr recovery time point. This
transgenic strains containing the acy-1(pk1279) null mutation. suggests that the paralysis of acy-1 null mutants is largely
Dark blue and cyan bars indicate locomotion rates without due to neurons that cannot drive locomotion to anyor with heat-shock treatment, respectively. Numbers above

substantial extent without an intact G�s pathway.asterisks state the mean locomotion rates for nearly paralyzed
Knocking out the neuronal G�s pathway appears tostrains. Note that heat-shock induction of the acy-1(gf) cDNA

in muscle-rescued acy-1 null adults (genotype acy-1(pk1279); not significantly affect overall levels of neurotransmitter
ceEx76) improves their locomotion rate by �275-fold, but the release: Since the paralysis of mutants lacking a neu-
same treatment does not affect the locomotion rates of the ronal G�s pathway is caused by neurons that cannotwild-type and muscle-rescued acy-1 null control strains, which

function properly, and since activating the C. elegansdo not contain the heat-shock-promoter-driven acy-1 (gf)
G�s pathway increases overall steady-state levels of neu-cDNA. Error bars represent the standard error of the mean

for populations of eight animals. See also supplemental rotransmitter release and causes hyperactive locomo-
QuickTime movies for Figure 3 at http://www.genetics.org/ tion (Schade et al. 2005), we logically expected that
supplemental/. knocking out the G�s pathway in neurons might severely

disrupt neurotransmitter release. To test this, we deter-
mined the aldicarb sensitivity of animals lacking a neu-
ronal G�s pathway (muscle-rescued acy-1 nulls). Sur-gene improved the locomotion rate of the acy-1 null to

�50% of wild type (Figure 2A). The inability of selective prisingly, we found that they exhibited approximately
wild-type aldicarb sensitivity (Figure 4A). This is in strik-nervous system acy-1 expression to fully rescue the paral-

ysis of the acy-1 null is unlikely to be due to insufficient ing contrast to the strong aldicarb resistance of similarly
paralyzed G�q reduction of function mutants (Figureexpression from the rab-3 promoter, because this pro-

moter drives strong GFP expression in all neurons (data 4A). Could the near-normal aldicarb sensitivity of ani-
mals lacking a neuronal G�s pathway be caused by defec-not shown) and, when hooked to an unc-18 cDNA, fully

rescues the paralysis of an unc-18 null mutant (Figure tive ACh receptor responses masking or compensating
for a neurotransmitter release defect? This is unlikely2B); however, the lack of full rescue could still be due

to inappropriate control of expression by the rab-3 pro- because the neuronal G�s pathway mutants showed a
near-normal response to the ACh receptor agonist leva-moter.

In summary, the paralysis of muscle-rescued acy-1 null misole (Figure 4B). We conclude that knocking out the
neuronal G�s pathway via the acy-1 null mutation doesmutants demonstrates that lack of acy-1 in the nervous

system causes strong paralysis that sufficiently accounts not significantly affect steady-state levels of neurotrans-
mitter release, despite the ostensibly incongruous factfor the paralysis of acy-1(pk1279) null mutants; however,

the muscle G�s pathway also seems to contribute signifi- that these mutants are strongly paralyzed for functional,
nondevelopmental reasons. Furthermore, since synapticcantly to normal locomotion.

Functional defects, rather than permanent develop- vesicle priming is required for neurotransmitter release
(Aravamudan et al. 1999; Augustin et al. 1999; Rich-mental defects, cause paralysis in mutants lacking a neu-

ronal G�s pathway: To determine whether the paralysis mond et al. 1999, 2001), this result suggests that the G�s

pathway is not required for synaptic vesicle priming.of the muscle-rescued acy-1 null mutant is due to func-
tional or developmental defects, we transformed acy-1 The G�s pathway is largely dependent on the G�q

synaptic vesicle priming pathway to exert its effects on(pk1279) null mutants with a myo-3::acy-1(�) cDNA (to
selectively rescue acy-1 in muscle) plus an acy-1 gain- locomotion: Since the G�s pathway is not required for
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normal steady-state neurotransmitter release, why do which hyperactivates the G�s effector ACY-1 (adenylyl
cyclase), caused only a small, although significant, sup-mutants with a hyperactive G�s pathway exhibit highly

coordinated hyperactive locomotion and increased pression of the paralysis of the EGL-30 (G�q) null (Fig-
ure 5A). Specifically, the strongly hyperactive locomo-steady-state neurotransmitter release, and why does G�s

pathway activation suppress the paralysis and neuro- tion rate of the acy-1 gain-of-function mutant was
reduced by �98% by knocking out the G�q pathway.transmitter release defect of a mutation that strongly

reduces the function of the G�q priming pathway (Schade This shows that only �2% of the effects of cAMP on
locomotion occur independently of the G�q pathwayet al. 2005)? To address this question, we investigated

the relationship of the G�s and G�q pathways to each and thus that the neuronal G�s pathway is largely depen-
dent on the G�q pathway to exert its effects. Our analysisother by analyzing double mutants in which one path-

way is completely knocked out and the other is strongly of double mutants containing hyperactivated protein
kinase A in combination with the egl-30 (G�q) null againactivated and visa versa. For reference, Table 1 summa-

rizes the mutations that we used for this genetic epistasis illustrated the strong dependence of the G�s pathway
on the G�q pathway: the egl-30 null was completely unaf-analysis.

We first asked to what extent the G�s pathway is de- fected by the strong kin-2 (regulatory subunit of protein
kinase A, PKA) reduction-of-function mutation, whichpendent on the G�q priming pathway to exert its effects

on locomotion. To address this question, we analyzed normally confers strongly hyperactive locomotion (Fig-
ure 5A and Figure 5 supplemental movies at http://double mutants containing an activated G�s pathway in

combination with the egl-30 (G�q) null mutation ad810. www.genetics.org/supplemental/). This 100% block of
We found that a strong acy-1 gain-of-function mutation, activated protein kinase A caused by knocking out the

G�q pathway was not the result of the unexpected syn-
thetic effects of combining the two mutations, because
placing these double-mutant animals on plates con-
taining phorbol esters quickly restored wild-type levels
of locomotion (Figure 5A and Figure 5 supplemental
movies at http://www.genetics.org/supplemental/).
These results show that the ability of protein kinase A
to stimulate locomotion is completely dependent on
the G�q pathway and thus that the G�s and G�q pathways

Figure 4.—Knocking out the G�s pathway in neurons does
not significantly affect steady-state neurotransmitter release.
(A) Comparison of the population growth rates of strains
on various concentrations of aldicarb. One hundred percent
represents the number of progeny produced from a starting
population of L1 larvae over a 96-hr period in the absence of
aldicarb (carrier only). Note that activating the G�s pathway
via a gain-of-function mutation in acy-1 causes hypersensitivity
to aldicarb, which indicates increased neurotransmitter re-
lease; however, the opposite is not true: strains lacking the
G�s pathway in neurons exhibit levels of steady-state release
that are superficially similar to the wild-type strain. For compar-
ison, note that strongly reducing the function of the EGL-
30 G�q vesicle priming pathway causes strong resistance to
aldicarb, which indicates strongly decreased neurotransmitter
release. Curves are representative of duplicate experiments.
(B) Animals lacking a neuronal G�s pathway exhibit a near-
normal postsynaptic response to the acetylcholine receptor
agonist levamisole. The graph compares the contraction of
individual N2 (wild type) or acy-1(pk1279); ceEx108 animals
after a 20-min exposure to various concentrations of levami-
sole. Each data point represents the mean contraction of four
to six individual animals and error bars represent standard
errors. Animals lacking a neuronal G�s pathway appear slightly
hypersensitive to levamisole, although the difference is not
statistically significant at any one data point. (C) The straight,
paralyzed phenotype exhibited by strains lacking the G�s path-
way in neurons. Why are these animals nearly paralyzed if they
are capable of releasing near-normal amounts of neurotrans-
mitter?
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must converge at some point in their joint regulation
of locomotion rate.

We also found that activating the G�s pathway did
not significantly affect the larval arrest phenotype of the
egl-30 (G�q) null mutant. Consistent with the locomo-
tion results described above, 100% of egl-30 null mutants
arrested before reaching adulthood, regardless of
whether or not they contained the strong kin-2 mutation
that activates protein kinase A, and a strong acy-1 gain-
of-function mutation allowed only 2 of 53 animals to
reach adulthood (Table 2).

set of bars). Arrows point out the egl-30 null single mutant
and double mutants containing the egl-30 null mutation in
combination with mutations that activate acy-1 or PKA. Note
that the acy-1 gain-of-function mutation causes a small, but
significant, improvement to the locomotion rate of the egl-30
null; however, this amounts to only �2% of the acy-1 gain-
of-function single mutant (shown in the left set of bars). In
comparison, the locomotion rate of the egl-30 null is com-
pletely unaffected by the kin-2 mutation (which hyperactivates
protein kinase A), yet the paralysis of this double mutant
can still be completely rescued with phorbol esters (last bar;
yellow). The values of the two bars with asterisks are 0.024
body bends/minute for egl-30(ad810) and 0.025 body bends/
minute for egl-30(ad810); kin-2(ce179). Error bars represent the
standard error of the mean for populations of 10 early larval
stage animals. (B) Mutations or conditions that activate the
G�q pathway only partially suppress the paralysis caused by a
block of the G�s pathway. Comparison of the mean locomotion
rates of strains in an acy-1(�) background (first set of bars)
and an acy-1(pk1279) null mutant background (second set of
bars) is shown. Arrows point out the acy-1 null single mutant
and double mutants containing the acy-1 null mutation in
combination with various mutations that activate the G�q path-
way or in combination with phorbol esters, which is the last
bar. Note that all of the mutations that activate the G�q pathway
and even phorbol esters, which strongly suppress the more
paralyzed egl-30 null, really only partially suppress the acy-1
null. The photograph shows the tightly knotted posture in
which all of these double mutants (but the not the acy-1 null
single mutant) spend about two-thirds of their time. Error
bars represent the standard error of the mean for populations
of 10 early larval stage animals. (C) The neuronal G�s pathway
is required for the G�q pathway (and the DAG that it produces)
to properly exert its effects. Comparison of the mean locomo-
tion rates of strains in an acy-1(�) background (first set of bars)
and a muscle-rescued acy-1(pk1279) null mutant background
(second set of bars) is shown. These animals are null for acy-1
in their nervous system, but they contain the ceEx108 [myo-3::
acy-1(�) cDNA] transgene that rescues acy-1 in muscle cells
and also partially rescues the larval lethality caused by the
acy-1 null mutation. Arrows point out the muscle-rescued acy-1
null single mutant and double mutants containing the muscle-
rescued acy-1 null mutation in combination with a strong egl-

Figure 5.—The G�s pathway converges with the G�q path- 30(gf) mutation that activates the G�q pathway or in combina-
way downstream of DAG production, and hyperactivation of tion with phorbol esters. Note that both of these conditions

only partially suppress paralysis of the acy-1 null. The photo-the G�q pathway in the absence of a neuronal G�s pathway
graphs show the tightly knotted posture that dominates as aseverely disrupts coordinated locomotion. (A) The effects on
consequence of activating the G�q pathway in the absence oflocomotion rate caused by activating the G�s pathway can
a neuronal G�s pathway. Error bars represent the standardbe largely blocked by knocking out the G�q synaptic vesicle
error of the mean for populations of 10 early larval stagepriming pathway. Comparison of the mean locomotion rates
animals. See also supplemental QuickTime movies for Figureof strains is shown in an egl-30(�) background (first set of
5 at http://www.genetics.org/supplemental/.bars) and an egl-30(ad810) null mutant background (second
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The neuronal G�s pathway is required for the G�q rescued to wild-type levels of locomotion by phorbol
ester treatment and such animals do not exhibit thepathway to properly drive locomotion, and this is medi-

ated by a pathway interaction that occurs downstream paralyzed, knotted phenotype. The larval arrest pheno-
type of animals that lack the G�s pathway in both neu-of DAG production: As we showed earlier, animals that

lack a neuronal G�s pathway are strongly paralyzed for rons and body-wall muscles was not mitigated by activat-
ing the G�q pathway or by knocking out the inhibitoryfunctional, nondevelopmental reasons, and yet steady-

state neurotransmitter release, which is mediated by G�o pathway (Table 2).
In summary of the last two sections, the first epistasisthe G�q pathway, is unimpaired in such animals. This

suggests that the neuronal G�s pathway is required for experiment (in which we knocked out the G�q pathway
and hyperactivated the G�s pathway) suggests that thethe wild-type G�q priming pathway to properly drive

locomotion. To further investigate the relationship of G�s pathway is largely dependent on the G�q pathway
to exert its effects on locomotion. Therefore the G�sthe G�q and G�s pathways to each other, we next did

the complementary experiment to the one described pathway converges with the G�q pathway and largely
cannot bypass it to produce locomotion. In light of thatin the last section: we knocked out the G�s pathway, via

the acy-1(pk1279) null mutation, and then asked to what result, the second epistasis experiment (in which we
knocked out the neuronal G�s pathway and hyperacti-extent we could bypass the resulting paralysis with muta-

tions that strongly activate the G�q pathway or with phor- vated the G�q pathway) suggests that the G�s pathway
acts on the G�q pathway to convert neurotransmitterbol esters. The results of that experiment are shown in

Figure 5, B and C. Whereas animals that lack a neuronal release (a function of the G�q priming pathway) into
sustained, coordinated locomotion (a combined func-G�s pathway are nearly paralyzed in response to wild-

type levels of G�q pathway activity, we found that hyper- tion of the G�s and G�q pathways).
The guanine nucleotide exchange factor RIC-8 (sy-activating the G�q pathway, either via native mutations

or by applying phorbol esters to activate the downstream nembryn) appears necessary to maintain both the G�q

and the neuronal G�s pathway in a functional state:priming part of the pathway, improved the locomotion
rate of these animals to levels that were about one- The above results suggests that coordinated locomotion

requires appropriately balanced coactivation of both thethird of the levels of egl-30 (G�q) gain-of-function single
mutants or phorbol-ester-treated control animals; how- G�q and the G�s pathways. Previous results suggested

that maintaining a functional EGL-30 (G�q) pathwayever, we also observed that all of the double mutants
containing a hyperactivated G�q pathway (or phorbol requires RIC-8 (synembryn), originally identified in C.

elegans as a novel, conserved protein that appears toester treatment) in the absence of a neuronal G�s path-
way spend much of their time in a highly abnormal, function upstream of EGL-30 (G�q) (Miller et al. 2000)

and recently revealed by biochemical studies to be atightly knotted, paralyzed posture (Figure 5, B and C,
and Figure 5 supplemental movies at http://www.gene GEF that helps monomeric G� subunits (including, but

not limited to, G�q) attain the GTP-bound activatedtics.org/supplemental/). For example, in the absence
of a neuronal G�s pathway, phorbol esters induced a state independently of receptor stimulation (Tall et

al. 2003). If RIC-8 is indeed essential to maintain aslow loopy movement interspersed with long periods of
knotted paralysis, whereas hyperactivating G�q in the functional G�q pathway, then, on the basis of the epista-

sis results in Figure 5A, we would predict that a ric-8absence of a neuronal G�s pathway induced periods
of surprisingly fluid movement interspersed with the null mutant should not be suppressed by activating the

G�s pathway. To test this, we obtained the ric-8 nulltightly knotted phenotype, which dominated about two-
thirds of the time (averaging 72% � 2.9% of each assay mutant ok98, a deletion mutant described in Figure 6A.

About one-third of the animals homozygous for thisinterval; n 
 12). These results, along with our observa-
tion that steady-state neurotransmitter release occurs deletion arrest as paralyzed larvae, although they can

live for �1 week after hatching, while the rest eventuallynormally in the absence of a neuronal G�s pathway,
suggest that the G�q pathway can still exert its function become paralyzed, sterile adults. The deletion also af-

fects a second nonconserved gene of unknown functionindependently of a neuronal G�s pathway, but that these
conditions do not support stable, coordinated locomo- that is in an operon with ric-8; however, a fusion PCR

fragment that does not contain this second gene pro-tion. Furthermore, because phorbol esters confer the
knotted phenotype on animals lacking a neuronal G�s vides nearly complete rescue of the paralysis of ric-

8(ok98) mutants (Figure 6B).pathway (and only partially rescue their paralysis), these
data suggest that the G�s pathway regulates the locomo- The degree of paralysis of ric-8(ok98) (0.0139 � 0.14

body bends/minute; Figure 6B) is not significantly dif-tion response to DAG, and thus exerts its effects on
the G�q pathway downstream of DAG production. The ferent from that of a G�q null mutant (0.024 � 0.003

body bends/minute; Figure 1B), a result that is consis-phorbol ester results are all the more striking when
compared to the effects of phorbol esters on the egl-30 tent with ric-8(ok98) being null or near null for the EGL-

30 (G�q) pathway. Consistent with our earlier results(G�q) null, which is significantly more paralyzed than
animals lacking a neuronal G�s pathway. egl-30 nulls are showing that the G�s pathway is strongly dependent on
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Figure 6.—Epistasis analysis using
the ric-8 null mutant suggests an un-
expected role for RIC-8 in neuronal
G�s pathway activation. (A) Scale
drawing of the region corresponding
to the two-gene ric-8-containing operon
(magenta) and flanking genes (cyan).
The ric-8(ok98) deletion destroys the
ric-8 gene and a small upstream gene
that is in an operon with ric-8. Regions
corresponding to the ok98 deletion,
rescuing PCR fragments, and the ric-8
(md303) missense mutation are indi-
cated. The 1945-bp ok98 deletion
begins 1346 bp upstream of ric-8 initi-
ator Met and extends to just past the
fourth exon. Note that the fusion
PCR fragment used in the ceEx9 res-
cuing transgene does not contain the
upstream gene. Also, note that the
ok98 deletion may not affect the pro-
moter for the operon and that tran-
scription could start with the first
exon of Y69A2AR.3 and continue
with the fifth exon of ric-8. However,
this would result in a frameshift. The
deletion, therefore, is a ric-8 null muta-
tion. (B) The paralysis of ric-8(ok98)
mutants can be rescued with a PCR
fragment that includes both genes
and with a fusion PCR fragment that
only restores the ric-8 gene. A log-
scale graph of the mean locomotion
rates is shown, expressed as body
bends per minute, of strains homozy-
gous for the ric-8(ok98) deletion, with
or without rescuing transgenes. A
wild-type control is shown for com-
parison. Error bars represent the
standard error of the mean for 8–10
animals. (C) Mutations that singly ac-
tivate the G�s or G�q pathways do not
strongly suppress the ric-8 null mu-
tant. The mean locomotion rates of
various strains, expressed as body
bends per minute, are shown. Strains
homozygous for ric-8(md303) or ric-8
(ok98) are grouped together as indi-
cated. Dark-blue bars within each set
represent strains carrying no addition-
al mutations (genetic background
(�)). Bars of other colors represent
double mutants in which the second
mutation activates a component of
the G�s or G�q pathways. The first
group of bars (unlabeled) represents
wild-type and single-mutant control
strains. Data for the ric-8(ok98)-con-
taining strains are redisplayed on a
log scale in the graph to the right.
Only the gsa-1(ce81) and gsa-1(ce94)
gain-of-function mutations caused
significant suppression of the ric-8
(ok98) null mutant (P-values of 0.040

and 0.013, respectively, when compared to the ric-8(ok98) single mutant). Note that the gsa-1(ce94) mutation most strongly
suppresses the paralysis of ric-8(ok98); however, even this double mutant has a locomotion rate that is only �2% of the gsa-1(ce94)
single mutant. All of the other mutations, including gsa-1(ce81), are significantly weaker suppressors of the paralysis of ric-8(ok98).
Error bars represent the standard error of the mean for 8–10 animals. Statistical comparisons use the unpaired t-test with Welch
correction. (D) Simultaneous activation of both the G�q and the G�s pathways strongly suppresses the paralysis of the ric-8 null mutant.
The mean locomotion rates are shown, expressed as body bends per minute of various strains on plates containing 5 �m phorbol
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the G�q pathway to exert its effects, we found that the coordinated locomotion (Figure 6D and Figure 6 sup-
plemental movies at http://www.genetics.org/suppleparalysis of ric-8(ok98) null mutants is not strongly sup-

pressed by activating the G�s pathway (Figure 6C and mental/). However, we also observed a late inhibitory
effect of unknown origin that began dominatingFigure 6 supplemental QuickTime movies at http://

www.genetics.org/supplemental/). Of all of the muta- �30–90 min after the 2-hr peak locomotion point. After
4 hr of exposure to the phorbol ester plates, the gsa-tions that most strongly activate the G�s pathway, only

the gsa-1(ce81) and gsa-1(ce94) gain-of-function muta- 1(ce94); ric-8(ok98) double mutants were more paralyzed
than they had been before exposure to phorbol esterstions cause significant, albeit weak, suppression of the

ric-8(ok98) null mutant; however, even the gsa-1(ce94); (0.0 � 0 body bends/minute; n 
 8), whereas the wild-
type strain N2 continued to exhibit hyperactive locomo-ric-8(ok98) double mutant has a locomotion rate that is

only �2% of the gsa-1(ce94) single mutant (Figure 6C). tion at the 4-hr time point (33.2 � 1.9 body bends/
minute; n 
 8), although even its locomotion rate wasNevertheless, this degree of suppression, although small

with respect to paralysis, was sufficient to rescue the reduced from its 2-hr peak. We have not further investi-
gated the cause of the strong inhibitory influence that�33% larval lethality, although these double mutants,

like ric-8(ok98) single mutants, were completely sterile we observed at later time points in phorbol-ester-
exposed gsa-1(ce94); ric-8(ok98) double mutants.(data not shown).

If the only, or major, function of RIC-8 at the synapse In summary, because ric-8 null mutants have pheno-
types consistent with lacking both the G�q and the neu-is to mediate G�q nucleotide exchange and thereby to

maintain activation of the G�q pathway, then it should ronal G�s pathways; because singly activating each path-
way in the ric-8 null mutant results in phenotypesbe possible to bypass the paralysis of ric-8(ok98) null

mutants by incubating them on plates containing phor- consistent with lacking the cognate pathway; and be-
cause simultaneous activation of both pathways restoresbol esters. Recall that incubating G�q null mutants on

plates containing phorbol esters for only 2 hr improves wild-type levels of coordinated locomotion to the ric-8
null mutant, we conclude that the RIC-8 guanine nucle-their locomotion rate �900-fold, to levels similar to

that of the wild-type strain on drug-free control plates otide exchange factor is likely to be required to maintain
both the G�q and the neuronal G�s pathways in a func-(Figure 1C). In strong contrast, we found that ric-8(ok98)

mutants are only partially suppressed by incubation on tional state.
phorbol ester plates (Figure 6D and Figure 6 supple-
mental QuickTime movies at http://www.genetics.org/

DISCUSSION
supplemental/). Although the degree of suppression is
highly significant, the peak locomotion rate induced by The G�q pathway is the core pathway for priming

synaptic vesicles: In our investigation of the relationshipphorbol treatment of ric-8(ok98) is still only �20% of that
seen in phorbol ester-treated egl-30 null mutants (compare of the G�q pathway to synaptic vesicle priming, we

showed that we can completely block the G�q pathway byFigure 6C to Figure 1C). This strongly suggests that G�q

nucleotide exchange is not RIC-8’s only function. We a near-null mutation in UNC-13 that specifically blocks
synaptic vesicle priming, that we can completely rescuetherefore considered the possibility that RIC-8 is also re-

quired to maintain activation of the neuronal GSA-1 (G�s) the paralysis and neurotransmitter release defect of a
G�q null by applying an appropriate concentration ofpathway. Consistent with this idea, phorbol-ester-treated

ric-8(ok98) null mutants have locomotion rates similar to a synaptic vesicle priming stimulator (phorbol ester),
and that phorbol ester is largely, if not completely, de-those seen in phorbol-ester-treated animals that lack the

neuronal G�s pathway (compare Figure 6D to Figure 5C), pendent on the UNC-13 priming protein to exert its
effects on locomotion rate. These results suggest thatand gsa-1(ce94); ric-8(ok98) double mutants have locomo-

tion rates similar to those seen when the G�s pathway the presynaptic G�q pathway is equivalent to the core
synaptic vesicle priming pathway.is activated in an EGL-30 (G�q) null background (com-

pare Figure 6D to Figure 5A). If ric-8(ok98) null mutants The fact that G�q nulls are even more paralyzed than
strong reduction-of-function unc-13(s69) mutants is in-are effectively knocked out for both the G�q and the

G�s pathways, then appropriate coactivation of both teresting because unc-13(s69) mutants exhibit almost no
detectable spontaneous or evoked neurotransmitter re-pathways might rescue their paralysis, and this indeed

is the case. Incubating gsa-1(ce94); ric-8(ok98) double lease (Richmond et al. 1999). This finding, combined with
the results presented here, strongly suggests that the G�qmutants on plates containing 5 �m phorbol esters for

only 2 hr improves their locomotion rate to levels slightly pathway is essential for neurotransmitter release and that
its purpose is to activate UNC-13 and possibly other mole-greater than that of the wild-type strain on the drug-

free control plates and, remarkably, restores beautifully cules associated with synaptic vesicle priming.

myristate acetate (cyan bars) or vehicle only (0.06% ethanol; dark-blue bars). The N2 wild-type strain is shown for comparison.
Error bars represent the standard error of the mean for 8–10 animals. See also supplemental QuickTime movies for Figure 6
at http://www.genetics.org/supplemental/.
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Our results show that we can completely suppress the response to the messenger molecule DAG. Our results
therefore support a model in which the G�s pathwayparalysis and neurotransmitter release defect of a G�q

null by flooding the mutant’s nervous system with an interacts with the G�q priming pathway at a point down-
stream of DAG production (Figure 7).appropriate concentration of phorbol ester and that

this effect is strongly UNC-13 dependent. However, this Previous studies have demonstrated that the function
of a third G� pathway, the G�o pathway, is also closelydoes not necessarily mean that the effects of phorbol

esters are mediated entirely by direct interactions with linked to the core G�q priming pathway (Hajdu-Cronin
et al. 1999; Miller et al. 1999, 2000; Nurrish et al.UNC-13. That phorbol esters have an effect on UNC-

13 by direct interactions seems evident from a prior 1999; Robatzek and Thomas 2000; Chase et al. 2001;
Robatzek et al. 2001; van der Linden et al. 2001; Figurestudy showing that a mutation that eliminates the ability

of UNC-13 to bind DAG affects the dose-response rela- 7). The major purpose of the G�o pathway appears to
be to negatively regulate the core G�q priming pathwaytionship between phorbol esters and aldicarb sensitivity

(Lackner et al. 1999). Furthermore, a more recent study (Hajdu-Cronin et al. 1999; Miller et al. 1999). How-
ever, despite the fact that knocking out either the G�oused the same mutation to demonstrate that DAG bind-

ing to UNC-13 is essential for use-dependent alterations or G�s pathways has opposite effects on locomotion rate,
and despite the fact that both pathways are dependentof synaptic efficacy (Rhee et al. 2002). However, that

same study also showed that UNC-13-mediated synaptic on the G�q priming pathway to exert their effects on
locomotion, the G�o pathway and G�s pathways do notvesicle priming is not dependent on DAG binding to

UNC-13, because eliminating the ability of UNC-13 to simply act in directly opposing ways on the G�q pathway.
This is evident from the observation that too much G�obind DAG does not significantly affect evoked or sponta-

neous release at synapses that had not been previously pathway activity, caused by knocking out the EGL-10
RGS protein (Koelle and Horvitz 1996), confers aldi-manipulated (Rhee et al. 2002). Our analysis of egl-30

(tg26); unc-13(s69) double mutants suggests that all ef- carb resistance (Miller et al. 1996; K. G. Miller; data
not shown), which indicates decreased steady-statefectors of the presynaptic G�q pathway (including DAG)

must ultimately channel their effects through UNC-13 neurotransmitter release, whereas knocking out the
neuronal G�s pathway does not significantly affect aldi-or a through an UNC-13-dependent process. Although

our results also show that nearly all of the effects of carb sensitivity (this study). Each of the three G� path-
ways in the synaptic signaling network is therefore func-phorbol esters ultimately require UNC-13, in light of

the study by Rhee et al. (2002) we believe that much tionally distinct, despite their ultimate convergence.
Since the synaptic vesicle priming mechanism is aof this requirement must be indirect (e.g., through pro-

tein kinase C phosphorylating UNC-13 or UNC-13 inter- known downstream target of DAG/phorbol esters, it
seems reasonable to hypothesize that the G�q and G�sacting proteins). Indeed, we and others have found that

the DAG/phorbol-ester-binding protein TPA-1 (PKC �/ pathways converge at or near the synaptic vesicle prim-
ing mechanism. Although our experiments do not ad-) is required for the hyperactive locomotion response

induced by phorbol esters (Tabuse et al. 1989; K. G. dress how these two G protein pathways are linked at
the molecular level, recent studies provide evidence forMiller, unpublished observations).

The G�q and G�s pathways converge via pathway in- at least one physical connection between the G�q and
G�s pathways. Studies of mouse RIM1�, a synaptic mole-teractions downstream of DAG production: Our genetic

experiments clearly show that the neuronal G�s pathway cule that directly interacts with mouse UNC-13 (Betz
et al. 2001), found that protein kinase A, which is acti-is largely dependent on the G�q synaptic vesicle priming

pathway to exert its effects on locomotion and that acti- vated by the G�s pathway, directly phosphorylates
RIM1� and that this event triggers presynaptic long-vated protein kinase A (a key downstream effector of

the G�s pathway) is completely dependent on the G�q term potentiation at cerebellar parallel fiber synapses
(Lonart et al. 2003). In light of our findings that thepathway. This result shows that the G�s and G�q path-

ways must converge at some point. Despite this conver- G�q pathway is completely dependent on the UNC-13
priming protein to exert its effects on locomotion, thegence, the G�s and G�q pathways are functionally dis-

tinct, because, as we show in this article, knocking out mouse RIM1� studies provide evidence of a physical
link between the two pathways and the synaptic vesicleeither pathway in neurons causes strong paralysis that

is the result of neurons that cannot function properly priming mechanism. However, RIM1� cannot be the
only major target of the G�s pathway, at least in C.(i.e., the two pathways are not redundant). Further-

more, the G�q pathway appears to be the major determi- elegans, because C. elegans strains that lack UNC-10
(RIM1�) are much more active than the neuronal G�snant of steady-state neurotransmitter release, whereas

the G�s pathway clearly is not. In a second set of epistasis pathway nulls that we describe here (Koushika et al.
2001; K. G. Miller, data not shown).experiments, we discovered that the G�s pathway is in-

volved in the locomotion response of the activated G�q The G�s pathway is not required for the core synaptic
vesicle priming function: Our study shows that knockingpathway and, importantly, our phorbol ester studies sug-

gest that the G�s pathway is involved in the locomotion out the neuronal G�s pathway via the acy-1 null mutation
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does not significantly affect overall steady-state levels
of neurotransmitter release, as measured by aldicarb
sensitivity. Although surprising at first glance, this find-
ing is in agreement with recent Drosophila studies show-
ing that evoked release remains unchanged, or even
increases, at low rates of artificial stimulation in G�s null
synapses (Hou et al. 2003; Renden and Broadie 2003).
Since synaptic vesicle priming appears to be required
for neurotransmitter release (Aravamudan et al. 1999;
Augustin et al. 1999; Richmond et al. 1999, 2001), these
results also demonstrate that the G�s pathway is not
required for the core priming function. However, pre-
vious electrophysiological studies comparing gain-
of-function manipulations of the G�s and G�q pathways
have found that both pathways can affect synaptic vesicle
and/or synapse priming (reviewed in the Introduction).
So what exactly is the difference between the functions
of the G�q and G�s pathways?

A close functional relationship between the presynap-
tic G�q and G�s pathways: Synthesizing our findings
with previous knowledge of the G�s and G�q pathways,
we hypothesize that the purpose of the neuronal G�s

pathway may be to transduce critical positional informa-
tion onto the G�q pathway to stabilize the priming of

Figure 7.—Molecular circuit model of the synaptic signal-selected synapses that are optimal for producing loco-
ing network. Solid lines indicate that direct interactions aremotion, whereas the G�q pathway globally generates the
known or likely, while dashed lines and/or large gaps betweencore, obligatory signals for synaptic vesicle priming and
line endpoints and downstream effectors indicate poorly un-

has only limited abilities to interpret positional cues. derstood interactions or missing components. Proteins that
Information on which synapses need to be primed may promote locomotion or neurotransmitter release are green,

while proteins that inhibit locomotion or neurotransmittercome, at least in part, from retrograde signals from
release are red. The core pathway of the network is the EGL-the muscle (for regulating movements) or from other
30 (G�q) synaptic vesicle priming pathway described in Figureneurons (Davis et al. 1998; Tao and Poo 2001; Doi
1. The network also includes another G protein, GOA-1 (G�o),

and Iwasaki 2002). According to this hypothesis, in a that negatively regulates the EGL-30 (G�q) pathway by one or
mutant with an overactive G�s pathway, hyperstabiliza- more unknown mechanisms, a DAG kinase that antagonizes

the EGL-30 pathway, and two RGS proteins that negativelytion of “optimal” release sites for locomotion results in
regulate each G protein. Results presented in the current studyincreased neurotransmitter release at those sites (aldi-
suggest that the neuronal G�q and G�s pathways convergecarb hypersensitivity) and strongly hyperactive, highly
downstream of DAG production, possibly at or near the synap-

coordinated locomotion as observed by Schade et al. tic vesicle priming mechanism. Even though the neuronal G�s
(2005). The hypothesis further predicts that knocking pathway is functionally distinct from the G�q pathway and

appears to not be required for synaptic vesicle priming, it isout the G�s pathway in the nervous system prevents
largely dependent on the G�q synaptic vesicle priming pathwaytransduction of positional information and thus pre-
to exert its effects in producing locomotion. Further linkingvents neurons from determining which synapses need to
the G�q and G�s pathways, the G� guanine nucleotide ex-

be optimally primed for locomotion. Neurotransmitter change factor RIC-8 (synembryn) appears essential to main-
release, mediated by the global G�q priming pathway, tain both pathways in a functional state (this study) and could,

we hypothesize, possibly function to maintain extended coacti-still occurs at near-normal levels, but in the absence
vation of the G�q and G�s pathways at optimal synapses forof proper positional information, it is uncoupled from
locomotion. Other studies, in addition to this study, havedriving locomotion, thus explaining the paralysis of
contributed to this model (Maruyama and Brenner 1991;

these animals (e.g., Figure 3). Forcing release in the Mendel et al. 1995; Segalat et al. 1995; Brundage et al.
absence of a neuronal G�s pathway by hyperactivation 1996; Koelle and Horvitz 1996; Hajdu-Cronin et al. 1999;

Lackner et al. 1999; Miller et al. 1999, 2000; Nurrish et al.of the G�q pathway restores movement for brief periods
1999; Richmond et al. 1999, 2001; Robatzek and Thomas(perhaps due to a limited ability of the G�q pathway to
2000; Chase et al. 2001; Robatzek et al. 2001; van der Lindeninterpret positional cues that do not depend on the G�s et al. 2001; Tall et al. 2003; Schade et al. 2005).

pathway) but most of the time results in a knotted,
paralyzed phenotype (because the nervous system can-
not determine which synapses are optimal for locomo- G�s pathway is largely dependent on the G�q pathway

to exert its synapse-activating effects (e.g., Figure 5A).tion; e.g., Figure 5C. Finally, activating the G�s pathway
in a G�q null background has little effect because the We note, however, that although this interpretation of
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our data seems consistent with an “optimal synapse prim- from hyperactivating the G�q pathway in the absence
of a neuronal G�s pathway (as well as the paralysis thating” role for the G�s pathway, we consider this hypothesis

speculative and in need of further investigation. results from wild-type levels of G�q pathway activity in
the absence of a neuronal G�s pathway) suggests thatA role for RIC-8 (synembryn) in maintaining func-

tional G�q and neuronal G�s pathways: Our epistasis the activity of both pathways must be appropriately con-
trolled or coordinated (at least at selected synapses) toresults using the ric-8 null mutant strongly suggest that,

at least in neurons, RIC-8 is required to maintain both achieve stable, coordinated locomotion. We have not
yet investigated whether or not RIC-8, by virtue of itsthe G�q and the G�s pathways in a functional state. This

concept initially surprised us. Vertebrate forms of RIC-8 essential role in maintaining both pathways, might play
a role in coordinating G�q and G�s pathway activation.have been found to interact with both G�q and G�s

(Klattenhoff et al. 2003; Tall et al. 2003); however, Although ours is the first study to investigate the rela-
tionship of the G�q and G�s pathways in intact, behaving,RIC-8’s nucleotide exchange activity has been demon-

strated only for G�q, G�o/i, and G�13 (Tall et al. 2003). animals, previous studies using cultured neurons seem
consistent with the possibility that coactivation of theOne potentially trivial explanation is that the vertebrate

RIC-8A and RIC-8B isoforms are specialized for differ- G�q and G�s pathways mediates synapse activation. Stud-
ies of Aplysia sensory neurons in culture have shownent G� proteins, whereas the one isoform in C. elegans

retains a broad G� specificity. Indeed, due to problems that application of serotonin, which can activate both
the G�s and G�q pathways in those neurons (Byrne andpurifying nonaggregated RIC-8B, only the RIC-8A iso-

form was tested and found to have no effect on G�s Kandel 1996), induces rapid synapse maturation and
that the resulting synaptic facilitation occurs by meansnucleotide exchange (Tall et al. 2003). Since only the

RIC-8B isoform significantly interacts with G�s by yeast of an “all-or-none” switching on of synapses (Coulson
and Klein 1997; Royer et al. 2000). A study of seroto-two-hybrid, we think it is quite possible that the verte-

brate RIC-8B isoform mediates receptor-independent nin’s effects on the crayfish neuromuscular junction
proposed a similar conclusion as a possibility (WangG�s nucleotide exchange.

On the basis of their findings that RIC-8 interacts and Zucker 1998). Although these studies do not reveal
the relationship of the G�q and G�s pathways to eachpreferentially with monomeric GDP-bound G� proteins

and does not stimulate nucleotide exchange when G� other or even the relative contributions of each pathway
to the measured output, they are consistent with coacti-is complexed to ��, Tall et al. (2003) proposed that

RIC-8 functions to amplify the duration of a signal that vation of both pathways being a major determinant of
whether or not a synapse is turned on. In other intri-comes from an individual G protein. That is, G-protein-

coupled receptors function as the initial GEF to activate guing studies in which the activity state of the G�q path-
way was totally unknown and not controlled, manip-G��� heterotrimers and to produce free active GTP-

bound G�. Then, after the G� hydrolyzes its GTP to ulations that increase cAMP in primary cultures of
vertebrate neurons activated previously “silent” synapsesconvert to the inactive GDP-bound form, and before it

reassociates with ��, RIC-8 reactivates it by exchanging (Tong et al. 1996; Chavis et al. 1998; Ma et al. 1999).
GTP for GDP. RIC-8 therefore has the ability, at least The authors are grateful to the C. elegans Gene Knockout Consor-
in vitro, to maintain a G-protein pathway in its active tium for providing the ric-8(ok98) allele, to Celine Moorman and Ron

Plasterk for providing the acy-1(pk1276) mutant, to Ann Rose forstate for an indefinite period of time in the absence of
providing unc-13(s69), and to Kouichi Iwasaki for providing his egl-continuous receptor stimulation.
30(tg26) mutant ahead of publication. All DNA sequences were ob-Although little or nothing is known about how long
tained from the Core DNA Sequencing Facility at Oklahoma Medical

the G�q pathway can remain active at a synapse, it is Research Foundation. Some of the strains used here were provided
interesting to note that, in C. elegans, one can induce by the C. elegans Genetics Center. This work was supported by grants

from the National Institute of Mental Health (MH62400) and thestrongly hyperactive locomotion by flooding the ani-
Oklahoma Center for the Advancement of Science and Technologymal’s nervous system with an appropriate concentration
(HR02-093).of phorbol esters (Miller et al. 2000; this study). This

suggests that synapses in intact animals have a high
tolerance for a continuously activated G�q pathway. In
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