
ntrle and 1 % tr~fuoroacetc ac~d (TFA), the extract 
was centr~fuged, and the supernatant was lyophl- 
Ilzed. The mater~al was resuspended n 0.1 % TFA 
and extracted w~th chloroform.methanol ( 2 1 )  The 
aquecus phase was yophlllzed, resuspended In 
0.1 % TFA, and fract~onated by P-30 gel f~ltrat~on 
(BIo-Rad, R~chmond, CA) Fractions were assayed 
for antlmcrobal actvty by a radal d~ffuson plate 
assay agalnst Escherichia coli D31 and Candida 
tropicalis [M. Zasloff, Proc Natl Acad Sci U.S.A. 
84, 5449 (198711 The actve antimicrobal fractons 
were purified by reversed-phase (C,,) HPLC (Poly 
LC, Columb~a, MD) followed by strong cation ex- 
change HPLC (Poly LC) Salt was removed from 
each fract~on w~th a C,, Sep-pak cartridge (Waters, 
Milford, MA), and the fract~ons were then dr~ed over- 
nght and assayed for ant~mlcrobal actvty aganst E 
coli D31 and C, tropicaiis. 

10. The mass of the purified pept~de was 4627.5 d a -  
tons by electrospray mass spectrometry, consis- 
tent w~th the sze and amino acid compos~t~on of a 
p-defensn Amino acd analysls was also conss- 
tent w~ th  a p-defensin The sequence of -25 amno 
acds from the COOH-termnus was determned 
after d~gestion of the purlfed peptde with trypsn, 
reducton and alkylat~on of the cyste~ne resdues, 
and chromatographc separaton of the peptide 
fragments. M~crosequenc~ng of nd~v~dual frag- 
ments was performed by standard Edman degra- 
daton. The peptde sequence NKGICVPRCPG- 
SMRQGTCLGAQVK (27) was confirmed and com- 
pleted by con~ng of the full-length complementary 
DNA from a bovine tongue epthel~al library 

11. Mln~mal Inhibitory concentrations (MICs) were as- 
sessed in 96-well mcrotter plates Mcroorganlsms 
were grown at log phase in 0 25x trypt~case soy 
broth at a densty of 1 x 1 O5 cells per militer. For 
each organism, d~lut~ons of peptlde ranging from 
>500 to 1 kg /m were tested MICs were calculated 
on the bas~s of the lowest concentrat~on of peptide 
that inh~b~ted overnight growth 

12. M. E. Selsted etal , J. Biol Chem 268,6641 (1 993). 
13. A polymerase char reaction (PCR)-based strategy 

was designed to ampfy a probe from tongue poy(A)+ 
RNA. Assumng conservaton of the s~gnal sequence 
n defensn fam~es (6), we used a PCR primer (5'- 
ATGAGGCTCCATCACCTG-3') correspondng to the 
flrst SIX amno ac~ds of the signal sequence of TAP 
(MRLMML) for the sense strand Assum~ng nuceotde 
ident~ty correspondlng to amno acids in the COOH- 
term~n of LAP and TAP (VKCC), we desgned a de- 
generate (1 :8) ant~sense prlmer [5'-ACAGCATTT- 
TAC(TC)TG(ACGT)GC-3'1 wth fully degenerate d -  
vergent anino ac~ds (AQ). PCR condtlons were 95°C 
for 5 mln, followed by 40 cycles of 95'C for 1 min, 
58°C for 2 mln, and 72°C for 3 mn, followed by 72°C 
for 15 min. The products were purif~ed on gels and 
subcloned Into Bluescr~pt vector that tiad been mod- 
fled to accept PCR products [D Marchuk, M 
Drumm, A. Saul~no, F S Collins, Nucieic Acids Res 
19, 1154 (1991)l. The PCR product was sequenced 
and used as a probe to dentfy clones from a bovne 
tongue hZap I cDNA brary (Stratagene, La Jolla, CA) 
constructed from 2 k g  of bov~ne anter~or tongue 
poly(A) ' RNA. Inserts were selected by slze from 0.1 
to 3 kb. Phages (0.5 x 1 06) were plated over 10 
plates; there were -1 00 positve plaque-formng units 
per plate. Nylon membranes (Genescreen Il, DuPont 
B~otechnology Systems, Boston, MA) were used for 
plaque lifts. SIX phages were isolated after successve 
rounds of plaque purifcat~on. The Inserts were ligated 
into pBluescrpt vectors by In v~vo excision and se- 
quenced by d~deoxy sequencing from T3 and 7 7  
primers. The f~nal cDNA sequence was derlved from 
sequencing of multiple clones and the~r compemen- 
tary strands. 

14. W. S. Young Ill, E. Mezey, R E. S~egel, Neurosci, Lett. 
70, 198 (1986). Three tongues w~th vis~ble, naturally 
occurring sores were selected from recently k led 
cows. The les~ons and surroundna eolthel~a were " ,  
f~xed with 4% paraformaldehyde In phosphate-buff- 
ered saline, embedded in paraffn, and mounted on 
saanated sdes, whch were then subjected to stan- 
dard n s~tu hybridlzat~on methods for RNA probes. 
Probes were prepared from the full-length LAP cDNA, 
wh~ch was subcloned nto Bluescr~ot and Inearlzed 

w~th Sma I and Kpn I for sense and antisense tran- 
scr~pts, respect~vely Hybrid~zat~on was performed 
overnght at 42°C w~th 2 x l o 6  cpm per slide, after 
whch sdes were washed at 65°C with 1 x standard 
sane ctrate (SSC) containng 0 1 % p-mercaptoetha- 
n o  Sdes were exposed to Kodak NTB-2 emuls~on 
for -- 30 days, counterstalned w~th hematoxyn and 
eosln, and photographed Additona sl~des of the le- 
slons were also hybr~dized w~th full-length RNA 
probes for a-tubuln (sense and ant~sense) 

15 Adult bov~ne ep~thel~al t~ssue specimens were ob- 
tained from f~ve cows and frozen n liquid nltrogen 
Fetal tongue RNA was pooled from f~ve fully formed, 
thlrd-tr~mester fetuses (Moyer Pack~ng Co ) Calf 
tongue RNA was prepared from 4-month-old calves 
(Marcho Farms, Souderton, PA) Frozen epithelial 
tlssue was extracted w~th guandnum ~sothocya- 
nate [J M Chlrgw~n, A E. Przybyla, R. J. Mac- 
Donald, W J Ruter, Biochemistry 13, 5294 (1 97911 
Cows dffer from humans n havng a four-part stom- 
ach that comprises the rumen, ret~cuum, omasum, 
and abomasum (proximally to dlstay). The trans- 
verse segment of bovine colon 1s dent~f~ed as the 
splral colon For the poiy(A)+ RNA blot, ogo(dT) 
columns were used to isolate mRNA or bovine 
poly(A)+ RNA was obta~ned from Clontech (Palo 
Alto, CA) Poly(A) ' RNA (4 kg) from each tissue was 
subjected to eectrophoress on a 6.7% formade- 
hyde gel (Fig 4A, lanes 1 to 6). Approxmatey 15 k g  
of total RNA was used per lane for t~ssue dlstr~buton 
( F I ~  48) and developmental (Fig. 4A, lanes 7 to 9) 
studes. The RNA was transferred under neutral con- 
d~tons to Zetabnd membranes iBo-Rad). The LAP 
48-nucleotide ol~gomer was 5'-CCTCC~GCAGCA- 
TTTTACTTGGGCTCCGAGACAGGTGCCAATCT- 
GTCT-3' Hybrldzat~on was performed overn~qht at 
42'C In 6 x  SSC, 5 x  Denhardt's solut~on, 20% for- 
mam~de, yeast RNA (200 kg/mI), and 0 5% SDS 
The probe was end-labeled wlth 32P by polynuce- 

ot~de knase to a spec~fic activity of 1 x 1 OH cpm/&g. 
A full-length bovine a-tubul~n cDNA was randomly 
prlmed to a specif~c act~v~ty of 0.5 x 10" cpm/kg 
The blots were washed at 65°C w~th I x SSC con- 
tanng 0 1 % SDS for LAP probe hybr~dizatons, and 
at 65°C with 0 I x SSC conta~nng 0.1% SDS for 
a-tubu~n probe hybrdizatons. 
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Modulation of Serotonin-Con trolled Behaviors 
by Go in Caenorhabditis elegans 

Laurent Segalat, Daniel A. Elkes, Joshua M. Kaplan* 

Seven transmembrane receptors and their associated heterotrimeric guanine nucle- 
otide-binding proteins (G proteins) have been proposed to play a key role in modulating 
the activities of neurons and muscles. The physiological function of the Caenorhabditis 
elegans G protein Go has been genetically characterized. Mutations in the goa-1 gene, 
which encodes an a subunit of Go (Ga,), cause behavioral defects similar to those 
observed in mutants that lack the neurotransmitter serotonin (5-HT), and goa-1 mutants 
are partially resistant to exogenous 5-HT. Mutant animals that lack Ga, and transgenic 
animals that overexpress Ga, boa-l(xs) animals] have reciprocal defects in locomo- 
tion, feeding, and egg laying behaviors. In normal animals, all of these behaviors are 
regulated by 5-HT. These results demonstrate that the level of Go activity is a critical 
determinant of several C. elegans behaviors and suggest that Go mediates many of the 
behavioral effects of 5-HT. 

Changes in environmental conditions or 
physiological status often proJuce global 
changes in the behavior of animals. Two sets 
of experimental results suggest that seven 
transmembrane receptors (7-TMRs) and G 
proteins play a pivotal role in the modula- 
tion of behavior. First, synaptic signals pro- 
JuceJ by 7-TMRs are well suited to the task 
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of promoting long-term changes in behavior 
because G proteins typically regulate the ac- 
tivities of neurons and muscles hy means of a 
cascade of second messengers (1 ) .  SeconJ, 
neurotransmitters that act on 7-TMRs (that 
is, rnetabotropic agonists) are potent modu- 
lators of many behaviors (2).  However, the 
specific receptors and G proteins that meJi- 
ate the response to a particular agonist are 
often not known. 

We have genetically analyzed signaling 
by the rnetabotropic agonist 5-HT in Cae- 
norhabditis elegans. It has been proposed that 

1648 SClENCE VOL. 267 17 M A R C H  1995 



5-HT acts as a neurohormone that regulates 
many behaviors of C. e l e p  (3-6). We 
screened for 5-HT signaling mutants in a 
two-step process. Because mutants that lack 
5-HT move hyperactively (7), we first iso- 
lated hyperactive m u m .  We then deter- 
mined whether the hyperactivity could be 
corrected by exogenous 5-HT. 

Two mutations in a previously uncharac- 
terized gene, n363 and n1134, had been 
described as conferring resistance to 5-HT 
(8). We conf'lrmed these results, finding that 
n363 and n1134 animals are extremely hy- 
peractive and that this hyperactivity is resis- 
tant to exogenous 5-HT. Because it may 
encode an effector of 5-HT signaling, we 
cloned the gene defined by these mutations. 

We mapped the n363 and n1134 muta- 
tions to a 0.2-map unit interval on chromo- 
some I (Fig. 1A). The n363 mutation corre- 
sponds to a deletion of greater than 13 kb 
(Fig. lB), which spans the p l  gene (9). 
The nl134 mutation is a missense mutation 
in codon 1, and the predicted nl134 protein 
corresponds to a four-residue NH2-terminal 
truncation of Ga,, as a result of initiation of 
translation at Met5 (Fig. 1C). Unlike the 
wild-type protein, the NH2-terminus of the 
nll34 protein does not fit the consensus for 
NH,-terminal myristoylation (10). Because 
no~nyristo~lated Ga, subunits fail to asso- 
ciate with both By subunits and membranes, 
the nl 134 protein is likely to be defective for 
Ga, function (1 1). Thus, both n363 and 
n1134 cornspond to mutations in the p - 1  
gene, which implies that defects in Ga, 
cause hyperactive locomotion and resistance 
to 5-HT. 

Does Go mediate the 5-HT modulation of 
other behaviors? Four behaviors of C. elegans 
(locomotion, defecation, feeding, and egg 
laying) are known to be regulated by 5-HT. 
We used several criteria to determine wheth- 
er Go mediates the effects of 5-HT on these 
behaviors. First, we examined the expression 
pattern of the goa-1 gene to determine if the 
cells underlying these behaviors express Ga, 
(Fig. 2) (12). Second, we examined goa-1 
and p l ( x s )  animals for defects in these 
behaviors (1 3, 14). And third, we tested 
p - I  mutants for sensitivity to 5-HT and 
other metabtropic agonists (1 5). Our results 
suggest that Go mediates the effects of 5-HT 
on locomotion, defecation, and probably egg 
laying (Table 1). 

We further explored the role of Go in 
regulating locomotion by comparing the be- 
haviors of p l  and goa-1 (xs) animals (Fig. 
3A). The comparative rates of locomotion 
were n363 = nil34 > wild type > goa-1 (xs). 
These experiments demonstrate that the en- 
dogenous level of Ga, activity regulates lo- 
comotion. The hyperactive locomotion of 
p - 1  mutants (both alleles) was partially 
resistant to exogenous 5-HT (and other se- 
rotonergic agonists) but was sensitive to 

quinpirole, a dopamine agonist (Fig. 4A). thereby inhibiting locomotion. However, 
The simplest interpretation of these experi- because Ga, is expressed in many other neu- 
ments is that 5-HT, signaling by means of rons as well (Fig. 2F), we could not conclu- 
Ga,, inhibits the activity of the ventral cord sively determine the site of 5-HT action in 
motor neurons (which express Ga,, Fig. 2A) modulating locomotion. 

Fig. 1. The mutations n363 and A - 
n1134 are in the goa-1 gene 0. 0.1 map unit 

(A) These mutations genetically +&\ 
map in the interval bounded by unc- 
13 and gM- 1 on chromosome I. (B) @ 
Restrictin map of goa-1 . The mu- ,-I 
tation n363 corresponds to a dele- 

+sL= 

tion starting approximately 5 kb 5' B C14E4 
of exon 1 and extending more than C29Dll - 
5 kb 3' of the last exon of goa-1. , ,  _____- - - - - -  . . . . . . . . . . . . . . . . . . . . . . . .  
The n363 polymorphism is detect- - - - - - - --. 

ed by the cosmids C14E4 and ? N R H  N S R 

C29D11. The right-hand end point j of the n363 deletion has not been goa-1 cDNA , 
determined. The KP#10 plasmid I D 

0 
n363 deletion (used for overexpression studies) 

contains a 7-kb Eco RI fragment 
that spans goa-1. Enzymes are in- KP#lO fragment 

dicated as follows: H, Hind Ill; N, 
Nco I; R, Eco RI; and S, Sph I. (C) C Wild type MGCTMSQ.... .. 
The n1 134 mutation is a G-to-A nl134 protein MSO,.... 
transition in codon 1, which elimi- Myristoylation consensus MGXXXS.,...., 
nates a Nco I site. The predicted 
protein product of n1134 does not fit the consensus for NH,-terminal myristoylation (10). 

Fig. 2 Epression of Ga, (12). (A) Ventral cord motor neurons (arrow heads). (B) Pharyngeal muscles and 
nerve ring neuropile (arrow). (C) Vulva muscles (mow heads). Anow indicates the wlva opening. @) 
Enteric muscles: the intestinal muscles (IM) and the anal depressor muscle (AD). The anal sphincter 
muscle also stains but is out of the plane of focus. (E) CAN, HSN, and PVD neurons. (F) Anterior sensory 
tracts (AS), ring ganglia (RG), and dorsal and ventral nerve cords (DNC and VNC). 
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The expression of Ga<, in the pharyngeal 
rnuscles and in pharyngeal neurons is shown 
in Fig. 2B. The pharyngeal muscles pump 
food into the intestine and hence are essen- 

Fig. 3. The dose of Gu, 
activity modulates sever- 
al behaviors. Behaviors 
were quantitated as de- 
scribed (13). Genotypes 
are as indicated by the 
legend. Error bars indi- 
cate the SEM. (A) Loco- 
motion rate: goa-l > 
wild type > goa- 1 (xs). 
(B) Pharyngeal pumping 
rate: without food, goa- 
1(xs) > wild type = 

n1134 = n363; with 
food, wild type = goa- 

Locomotion Pharyngeal pumping 

B Off food On food I 

tial ti)r viability. Mutant animals pump b o d  
more slowly than wild-type anirnals (Fig. 
3B) and, consequently, have the character- 
istic pale appearance of starved anirnals. 
Conversely, goa-1 (xs) animals pump actively 
in the absence of food, a condition where 
normal anirnals pump slowly (Fig. 3B). Be- 
cause 5-HT normally stimulates pharyngeal 
pumping (4, 16), we wondered whether the 
pumping defect of goa-1 mutants might also 
reflect defects in scrotonergic sigmaling. 
However, we found that 5-HT stimulated 
the pharyngeal pumping of goa-1 (n363) and 
wild-type animals equally well (Fig. 4B). 
Thus, Ga<,, acting in either pharyngeal neu- 
rons or muscles, regulates pharyngeal pump- 

l(xs) > n1134 > n363. 
(C and D) Egg laying: 
goa-l mutants laid eggs 
hyperactively, whereas 
goa- l(xs) animals were 
defective for egg laying, 
as assessed by the num- 
ber of eggs in the uterus 
(C) and the age of em- 
bryos when laid (D). 
Eggs retained in the uter- 
us of goa-l(n363) mu- 
tants was not reported 
because these animals 
have greatly reduced fer- 

Egg laying (eggs in uterus) Egg laying (age of embryos laid) 

ing, probably in response to a neurotrans 
rnitter other than 5-HT. 

Several lines of evidence suggest that G<> 
regulates egg laying: Eggs in the hermaphro- 
dite uterus are expelled through the vulva by 
the contractions of the vulva muscles, the 
serotonergic HSN motor neurons are presyn- 
aptic to the vulva muscles, and 5-HT stirn- 
ulates egg laying (5, 17, 18). Because Ga,, is 
expressed in both the vulva ~lluscles and the 
HSN neurons (Fig. 2, C and E), we analyzed 
the effects of Ga,, expression on egg laying. 
We found that mutant animals lav errrrs hv- 

tilitv com~ared with aoa 
l(n21134j animals (aver- Wild type goa-1 (n1134) goa-1 (n363) [7 goa-1 (xs) 
age broods 36 and 150, 
respectively) 

that the enteric muscle contractions of wild- tants, which suggests that the effects on 
5-HT signaling are relatively specific (Fig. 
4). Although we cannot exclude the possi- 
bility that other neurotransmitters signal via 
G it seems nlausible that most of the he- 

, < > < >  , 
peractively, whereas goa-l(xs) animals lay 
eggs poorly (Fig. 3, C and D). Octopamine 
and dopamine are known to inhibit egg lay- 
ing; therefore, we wondered whether they 
might signal by means of G<, (4). The goa- 
l (n363) mutation had no effect on inhihi- 
tion of egg laying by octoparnine and quin- 
pirole (Fig. 4C). T o  determine whether lack 
of Ga<, activity in the vulva rnuscles is suf- 

type ani~nals are more potently inhibited hy 
5-HT than are those of goa-1 (n1134) ani- 
11~als (Fig. 4D). These results suggest that 
Ga<, mediates the inhibitory effects of 5-HT 

1'> 

havioral effects of Ga<, might arise from 
changes in signaling by 5-HT. Because 5-HT 
is p~)bably  acting as a neurohormone in C. 
elegans (3) ,  the widespread expression of Ga,, 
is not surprising. 

The ~llechanisrns by which G,, regulates 
dow~lstream effectors are not known. For 

on defecation. 
Which neurotransmitters signal via G,,? 

All of the behaviors regulated by Gt, are also 
regulated by 5-HT, and goa-1 mutants are 
resistant to the effects of 5-HT on locorno- 
tion and defecation (Fig. 4, A and D). In 
contrast, we consistentlv failed to find de- 

ficient to cause hyperactive egg laying, we 
examined the egg laying hehavior of goa-1; 
egl-1 double mutants. Mutations in the egl-1 
gene cause the HSN neurons to die (5). 
Because the goa-1 (n363) ; egl-1 mutants con- 
tinue to lay eggs hyperactively (19), we con- 
clude that Gat, acts in the vulva muscles to 
inhibit egg laying. Because both 5-HT and 
ma-1 mutations stimulate vulva muscle con- 

fects in sigmaling by other agonists (that is, 
octoparnine and dopamine) in goa-1 mu- 

other G proteins, signaling occurs via both 
the a and the py subunits (22). If Ga<, 

Table 1. Summary of Gwo expression behavioral effects. Cells expressing g o a l  were determined as 
described (72), and they were identified by their anatomical positions and morphologies (18, 26). The 
behaviors of wild-type animals treated with 5-HT and of untreated goa-1 and goa-7(xs) animals were 
analyzed as described (13). The sensitivity of mutant animals to 5-HT was determined as described (75). 
The signaling subunit refers to the subunit predicted to mediate 5-HT signaling in each behavior. ND, not 
determined; NA, not applicable. 

- 
tractions (and hence egg laying), goa-I mu- 
tations rnav cause constitutive 5-HT sirrnal- 
ing in the vulva muscles. 

During defecation, intestinal contents are 
expelled through the anus hy contraction of 
the enteric muscles (that is, the intestimal, 
anal sphincter, and anal depressor muscles) 
(20). Although Ga,, is expressed in the en- 
teric rnuscles (Fig. 2D), we observed no de- 

Behavioral effect of 5-HT 
Cells sensitivity Signaling 

expressing ~ u ,  of goa-7 subunit 
5-HT g o a  7 goa- 7 (xs) mutants 

Locomotion Motor neurons* Inhibit Stimulate Inhibit Resistant Golo 

Feeding Pharyngeal Stimulate Inhibit Stimulate Sensitive NA 
muscles and 
neurons 

Egg laying Vulva muscles Stimulate Stimulate Inhibit N D G,h7 
Defecation Enteric Inhibit Normal Normal Resistant G 0 

musclest 

fects in the enteric muscle contractions of 
either mutant or transgenic anin~als (19). It 
has been shown that 5-HT inhibits enteric 
~lluscle contractions (21 ); theref&, we won- 
dered whether Ga<, is required for 5-HT 
regulation of the enteric muscles. We found 

'Many neurons express Gu,  including ventral cord motor neurons (12). tEnter~c muscles are the intestinal, anal 
sphncter, and anal depressor muscles. 
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Fig. 4. Sensitivity of 
goa-1 mutants to 
metabotropic agonists 
(75). Drug treatments are 
indicated by the legend. 
Error bars indicate the 
SEM. (A) Locomotion of 
goa-1 (n363) mutants is 
partially resistant to 5-HT 
but fully sensitive to quin-
pirole. (B) 5-HT stimu
lates the pharyngeal 
pumping of goa-1 (n363) 
and wild-type animals 
equally well. (C) Egg lay
ing of goa-1 (n363) mu
tants is fully sensitive to 
quinpirole and octopa-
mine. Stimulation by 
5-HT of egg laying was 
not analyzed because of 
the hyperactive egg lay
ing phenotype of goa-1 
mutants. (D) Enteric 
muscle contractions of 
goa- 1(n1134) mutants 
are partially resistant to 
5-HT. 

Locomotion Pharyngeal pumping 

Egg laying Defecation 
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signals, then mutations in goa-1 should block 
signaling, whereas if fty signals, then muta
tions in goa-1 should produce constitutive 
signaling. Our results are consistent with the 
following model for G0 function. Locomo
tion and defecation are inhibited by 5-HT 
via Ga0 , and goa-1 mutants are defective for 
5-HT signaling in these tissues. In contrast, 
5-HT stimulates vulva muscle contractions 
via p7, and goa-1 mutants have constitutive 
5-HT signaling in the vulva muscles. Alter
natively, because fty subunits facilitate phos
phorylation of 7-TMRs by receptor kinases 
(23), defects in Ga 0 might produce consti
tutive phosphorylation and hence constitu
tive desensitization of 5-HT receptors. How
ever, constitutive desensitization of 7-TMRs 
in goa-1 mutants would produce widespread 
agonist resistance, whereas we observed re
sistance only to 5-HT (Fig. 4). Thus, our 
results are most consistent with the model 
that 5-HT signals via G0, thereby modulat
ing locomotion, defecation, and probably 
egg laying. Our results lend further support 
to the proposal that signals produced by 
7-TMRs and G proteins engender global 
changes in behavioral states. 
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