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Rab m olecules regulate vesicular trafficking in many different exo- 
cytic and endocytic transport pathways in eukaryotic cells. In 
neurons, rab3 has been proposed to play a crucial role in regulat­
ing synaptic vesicle release. To elucidate the role of rab3 in syn­
aptic transmission, w e isolated and characterized Caenorhabditis 
elegans rab-3 mutants. Similar to the m ouse rab3A mutants, these  
mutants survived and exhibited only mild behavioral abnormali­
ties. In contrast to the m ouse mutants, synaptic transmission was 
perturbed in these animals. Extracellular electrophysiological re­
cordings revealed that synaptic transmission in the pharyngeal 
nervous system  w as impaired. Furthermore, rab-3 animals were

resistant to the acetylcholinesterase inhibitor aldicarb, suggesting  
that cholinergic transmission w as generally depressed. Last, syn­
aptic vesicle populations were redistributed in rab-3 mutants. In 
motor neurons, vesicle populations at synapses were depleted to 
40%  of normal levels, whereas in intersynaptic regions of the 
axon, vesicle populations were elevated. On the basis of the 
morphological defects at neuromuscular junctions, w e postulate 
that RAB-3 may regulate recruitment of vesicles to the active zone 
or sequestration of vesicles near release sites.
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Calcium-regulated neurotransmitter release at synapses is a spe­
cialized form of exocytosis that shares many similarities with 
other vesicle-mediated secretory processes (Bennett and Scheller, 
1994; Sudhof, 1995). One class of molecules that regulates secre­
tory processes is the rab family of small GTP-binding proteins 
(Simons and Zerial, 1993; Nuoffer and Blach, 1994). Distinct 
members of this large family of proteins associate with different 
subcellular compartments of secretory pathways. In particular, 
members of the rab3 family are associated with synaptic vesicles 
in neurons and secretory vesicles in neuroendocrine cells (Fischer 
von Mollard et al., 1994b).

Experiments in Saccharomyces cerevisiae and mouse suggest 
very different roles for rab molecules in regulating various secre­
tory steps. Genetic analysis of the S. cerevisiae rab mutants yptl 
and sec4 demonstrates that certain rab molecules are essential for 
specific vesicular transport steps (for review, see Ferro-Novick 
and Novick, 1993). Furthermore, biochemical analysis with yptl 
mutant extracts suggests that the formation of biochemical com-
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plexes between vesicle proteins and proteins on the acceptor 
membranes requires rab proteins (Lian et al., 1994; Sogaard et al., 
1994). These complexes are postulated to be postdocking inter­
mediates in the vesicle fusion process (Sollner and Rothman, 
1994). Thus, analyses of yeast rab molecules indicates that rab 
molecules are essential for either vesicle docking or a step before 
docking.

Experiments perturbing rab3 function in excitatory cells sug­
gest that this rab plays a more subtle role in regulating release 
than rab molecules in yeast. Specifically, the mild nature of the 
secretion defects in rab3A knock-out mice is inconsistent with an 
essential role for rab3 in regulating transmitter release (Geppert 
et al., 1994). In these mouse mutants, evoked release is depressed 
only slightly on repetitive stimulation of hippocampal neuron 
slices. Although the presence of rab3C on vesicles isolated from 
brain complicates the interpretation of the rab3A mutant pheno­
type (Fischer von Mollard et al., 1994a), the mouse studies 
suggest a regulatory role for rab3 in secretion.

A variety of experiments perturbing rab3 function have pro­
posed both a stimulatory and inhibitory role for rab3 in regulating 
release. Peptides corresponding to the effector domain of rab3 
incubated with permeabilized cells stimulate release in a variety 
of cells (Oberhause et al., 1992; Padfield et al., 1992; Piiper et al., 
1994), suggesting that rab3 inhibits release in the absence of a 
stimulus. However, the reduction of rab3B levels using antisense 
oligonucleotides similarly inhibits evoked secretion from pituitary 
cells (Lledo et al., 1993). Conversely, rab3A antisense oligonu­
cleotides increase evoked release on repetitive stimulation from 
adrenal chromaffin cells (Holz et al., 1994; Johannes et al., 1994). 
Finally, recent physiological experiments with cultured mouse 
hippocampal cells from rab3A mutants suggest that rab-3 nega­
tively regulates a late step in release (Geppert et al., 1997). Thus,
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although perturbation of rab3 activity modulates secretion, its 
role in regulating the release process remains unclear.

To examine further the role of rab3 in regulating synaptic 
transmission, we isolated and characterized rab-3 mutants of 
Caenorhabditis elegans, an organism that expresses only a single 
rab3 gene. C. elegans mutants deficient in RAB-3 function were 
slightly deficient in synaptic function because they exhibited mild 
behavioral defects, physiological abnormalities, and resistance to 
drugs that potentiate the action of the neurotransmitter acetyl­
choline. Ultrastructural analysis of synaptic terminals of rab-3 
mutant animals revealed that they were depleted of synaptic 
vesicles by a factor of two- to threefold. The diffuse organization 
of the remaining vesicles suggested that the primary defects 
resulted from a reduced ability to retain vesicles near the release 
site, consistent with either an inability to retain vesicles at syn­
apses or a defect in docking. Although our analysis demonstrated 
that synaptic function was compromised in rab-3 mutants, RAB-3 
clearly was not essential for the release of neurotransmitter.

MATERIALS AND METHODS
Growth and culture o f  C. elegans. C. elegans was grown at 20°C on solid 
medium as described by Sulston and Hodgkin (1988). A ll mapping, 
complementation, and deficiency testing were perform ed by standard 
genetic methods (Herm an and Horvitz, 1980). Aldicarb, 2-methyl-2- 
[methylthio]proprionaldehyde O -[methylcarbamoyl]oxime, was obtained 
from Chem Services (W est Chester, PA) and was prepared as a 100 mM 
stock solution in 70% ethanol. Aldicarb was added to the agar growth 
medium after autoclaving or added directly to plates.

D N A and R N A  manipulations. C. elegans genomic DNA was isolated as 
described by Sulston and Hodgkin (1988). cDNA was made by reverse- 
transcribing RNA , using random  hexanucleotide prim ers as described by 
Sambrook et al. (1989). Poly(A +)-selected RNA was isolated from a 
mixed-stage culture of the wild-type strain N2 as previously described 
(Nonet and Meyer, 1991). M anipulations of DNA and R n A , including 
electrophoresis, blotting, and probing of blots, were perform ed by stan­
dard procedures, except where noted (Sambrook et al., 1989).

Cloning o f  C. elegans rab genes. Degenerate oligonucleotides corre­
sponding to regions conserved between the rat and Drosophila rab3 
proteins were used to amplify the C. elegans gene, using 35 amplification 
cycles of 45 sec at 94°C, 1 min at 45°C, and 2 min at 72°C. PC R  reactions 
were perform ed as described by Innis et al. (1990). oRB-2 (5' GG NGC- 
N A TG GGN TTYAT 3')/oRB-4 (5'-TCCA TRTCRCA Y TTRTTN CC- 
3 ') products were gel-purified and cloned into pBluescript KS(~), yield­
ing the plasmid pRB101. pRB101 insert DNA was sequenced and used as 
a probe to screen four independent pools of an embryonic cDNA library 
(Miller, 1991). Two alternative transcripts were made from the rab-3 
locus. The transcripts differed in whether they included a 63 base 5' 
coding exon. Of the cDNAs characterized, 2 of 16 (AMN14 and AMN15) 
contained at least a portion of the 5' coding exon. The cDNA insert of 
AMN9 was cloned into pBluescript KS(~) to create pRB102. cDNA 
clones of the 5' end of the message were isolated by a modification of a 
R A C E-PC R  m ethod (Innis et al., 1990). Oligonucleotides corresponding 
to the C. elegans SL1 and SL2 trans-spliced leaders found at the 5' end of 
many C. elegans messages (Blumenthal, 1995) and an oligonucleotide 
complementary to the 5' end of our cDNA (oRB-5; GAATCATCACAG- 
TAACG G) were used to amplify 5' end cDNA fragments. Two distinct 
SL1/oRB5-derived PCR products were cloned into pBluescript KS(~), 
yielding the plasmids pRB104 and pRB106. T he first coding exon was 
absent from pRB104 and present in pRB106. The pRB102, pRB104, and 
pRB106 inserts were sequenced. Analysis of the DNA sequence and the 
deduced amino acid coding sequence of the gene were perform ed on a 
SPARC station (Sun Microsystems) with the Genetics Com puter Group 
(GCG) program  package (Devereux et al., 1984). The rab-3 cDNA 
sequences have been deposited into GenBank (accession numbers 
U68265 and U68266).

Additional rab genes were isolated from C. elegans in three experi­
ments with PCR. Oligonucleotides corresponding to a sequence found in 
all rab family members (oRB-30; 5 '-GCG GATCCTGGG AYA CNGC N- 
G G N CA RG A -3') and a sequence found specifically in rab3 (oRB-31; 
5 '-TC Y TG N C C N G C N G TR TC C C A N A TY TG -3') were used to am­
plify products from C. elegans cDNA. Products were cloned into pBlue­

script K S(~) and sequenced. Ninety-eight rab-3 clones and eight clones 
encoding a rab8 homolog were isolated by using these oligonucleotides. 
A  second amplification was perform ed with oRB-31 and an oligonucle­
otide (oRB-4) corresponding to a sequence found in multiple rab family 
members, including rab3. From this PCR reaction we isolated C. elegans 
clones encoding proteins with high similarity to the following proteins 
(num ber of clones isolated is in parentheses): rab1A (10), rab1B (2), rab3 
(20), rab8 (40), rab10 (13), rab11(5), and let-60 ras (5). Finally, we 
isolated seven independent cDNA clones encoding a protein (C56E6.2) 
with homology to small GTP binding proteins but that does not fit into 
a well defined class. In the final experiment we used the oligonucleotides 
oRB-31 and oSL1 to amplify rab family members as nonspecifically as 
possible. We identified clones with potential to encode proteins with 
similarity to rab1A (11), rab1B (1), rab2 (2), rab3 (2), rab6A (1), rab6B 
(1), rab7 (2), rab8 (6), rab10 (1), rab11 (13), rab14 (8), rab19A (4), 
rab19B (1), R A M  (4), and S10 (11). The sequences have been deposited 
into the GenBank database (accession numbers U68250 to U68264).

Production o f  antibodies. The Bam H I/SspI fragm ent from pRB102 was 
inserted into pRSETB (Invitrogen, San Diego, CA) to create the plasmid 
pRB110. The plasmid expresses a fusion protein containing a six histi­
dine tag on the N term inus of 23.5 kDa (amino acids 6-219) of the C. 
elegans RAB-3 protein. The fusion protein was purified and used to 
immunize mice as described in Nonet et al. (1993). A nti-RAB-3 sera 
were used at 1:1000 dilution. Rabbit anti-synaptotagmin (SNT-1) anti­
sera were raised by intramuscular injection of 150 ^g  of bacterially 
expressed fusion protein, described in Nonet et al. (1993), in Freund’s 
complete adjuvant, followed by three boosts at 1 m onth intervals in 
Freund’s incomplete adjuvant. Anti-SNT-1 sera were used at 1:2000 
dilution.

Immunocytochemistry. Im m unocytochemistry was perform ed as pre­
viously described (Nonet et al., 1993), except that worms occasionally 
were fixed in a modified Bouin’s fixative (0.75 ml of saturated picric acid, 
0.25 ml of formalin, 0.05 ml of glacial acetic acid, 0.25 ml of methanol, 
and 0.01 ml of ^-m ercaptoethanol). SNT-1 immunoreactivity was weaker 
than RAB-3 immunoreactivity in B ouin’s fixative, but the reverse was 
true, when a 4% paraform aldehyde fixation was used, as described in 
Nonet et al. (1993).

Localization o f  rab-3 to chromosome II. pRB102 insert DNA was used 
to probe an ordered grid of yeast artificial chromosome (YAC) clones 
representing most of the C. elegans genome. T he rab-3 probe hybridized 
to a single YAC clone, Y53D2, physically m apped to chromosome II 
(Coulson et al., 1988). Cosmids C02C12 and F11G1 were shown to 
contain rab-3 by Southern analysis (Coulson et al., 1986). Fragments 
from cosmid F11G1 were cloned to create pMK1 [6.2 kb HindIII frag­
ment inserted into pBluescript KS(~)] and pM K4 (9.5 kb H indIII frag­
ment inserted into pMK1). T he rab-3::lacZ fusion plasmid pMG122 was 
created by inserting the 3.1 kb PpuM I-X baI fragm ent from pM K4 into 
pPD21.28 (Fire et al., 1990). Germline transform ation was used to 
dem onstrate that pM K4 contains a functional rab-3 gene (Mello et al., 
1991). pM K4 DNA (10 ^g/m l) and the pRF4 plasmid (100 ^g/m l) 
containing the dom inant roller m arker rol-6(su1006) were co-injected 
into rab-3(y250) and rab-3(y251). Stably transform ed y250 and y251 
animals were unable to grow on plates containing 0.8 mM aldicarb, in 
contrast to their untransform ed siblings. F2 animals bearing the extra- 
chromosomal sequences contained elevated levels of RAB-3 product as 
detected with the RAB-3 antisera (data not shown).

Isolation o f  rab-3 mutants. Wild-type males were m utagenized for 4 hr 
in 50 mM ethyl m ethanesulfonate (EMS). Males were crossed en masse to 
dpy-25(e817)/ccDf5 hermaphrodites. The crosses were transferred twice 
daily to new plates, and aldicarb (100 mM stock in ethanol) was added to 
0.8 mM on plates containing progeny. Seventy-five independent aldicarb- 
resistant strains were isolated from an estim ated 150,000 cross progeny. 
Each potential rab-3 mutation was made homozygous by identifying 
animals which failed to segregate dead eggs. O f the 75 strains, 19 showed 
a clearly visible uncoordinated phenotype. A ll Unc strains were tested to 
determ ine whether they were likely to harbor rab-3 lesions by crossing 
m utan t/+  males into ccDf5/dpy-25 animals. In no case were Unc cross 
progeny observed, suggesting that all lesions conferring the Unc pheno­
type lay outside the boundaries of ccDf5 . Anim als from the other 56 
strains were fixed for imm unohistochem istry and examined with anti- 
RAB-3 antibodies to identify mutants. Both the immunohistochemical 
defect and aldicarb resistance of y250 and y251 were linked to rol-6, 
suggesting they were rab-3 lesions, whereas defects in y255 animals were 
unlinked to rol-6. y255 was dem onstrated to be an allele of aex-3 (Iwasaki 
et al., 1997). rab-3 was positioned between bli-2 and dpy-10 by three-
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Figure 1. Similarity among rab3 proteins from m etazoa. Alignment of C. elegans, Drosophila, and bovine rab3 proteins. The locations of five conserved 
domains involved in the binding of guanine nucleotides are labeled G-1 to G-5 (Bourne et al., 1991). The C. elegans protein shares 76% identity with 
Drosophila rab3, 73% identity with both bovine rab3A and rab3C, and 71% identity to both bovine rab3B and m urine rab3D. The positions of amino 
acid substitutions or stop codons identified in rab-3 mutants are indicated. js49 is a G to A  transition at position 2 of codon 76, y250 is a C to T transition 
at position 2 of codon 165, and y251 is a G to A  transition at position 2 of codon 80. Dots represent identity among all proteins. The standard single amino 
acid code is used. O represents a hydrophobic amino acid, and X  represents any amino acid. Am ino acid numbering appears on the right.

factor mapping. From  rab-3/bli-2(st1016) dpy-10(e128), Bli non-Dpy an­
imals were isolated. None of 17 Bli non-Dpy animals carried rab-3(y251) 
as assayed by aldicarb resistance, immunohistochemistry, and PCR anal­
ysis. Of the Bli non-Dpy recombinants, 1 of 16 contained the rab(y250) 
lesion as assayed by aldicarb resistance and immunohistochemistry. rab- 
3(js48) and rab-3(j49) were isolated in a noncomplementation screen. 
W ild-type males were m utagenized with EMS as described above and 
crossed to rab-3(y250) bli-2(st1016) I I ;xol-1(y9) flu-2(e1003) X  and adult 
cross progeny assayed for aldicarb resistance. All rab-3 lesions were 
characterized molecularly by direct D N A  sequencing of PCR products 
(Sequenase, U nited States Biochemicals, Cleveland, OH) amplified from 
genomic DN A  isolated from homozygous m utant animals. The entire 
coding region and all intron/exon boundaries were sequenced in all cases.

Behavioral assays. Chemotaxis assays on populations were perform ed 
essentially as previously described (Bargmann et al., 1993). Indexes 
presented in Table 1 are calculated from six individual assays. Defecation 
was observed under a dissecting microscope, and cycles were recorded 
with a simple computer program  (Liu and Thomas, 1994). D ata shown 
represent observations of at least five animals for >10 min. Pharyngeal 
pumping was assayed by counting pumping for five 1 min intervals. D ata 
shown represent the mean of at least eight animals for each genotype. 
M ating assays were done as previously described (Hodgkin, 1983). D ata 
shown represent the mean of four assays.

Resistance to aldicarb. M utants were assayed for responses to both 
chronic and acute exposure to aldicarb. For chronic resistance, five young 
gravid adults were placed on plates containing aldicarb. Worms are 
considered resistant to chronic exposure if the animals are capable of 
exhausting the E. coli food supply from the plates within 10-12 d at 20°C. 
Acute aldicarb resistance was examined by transferring individual ani­
mals to plates containing aldicarb and assaying for paralysis 5 hr after 
exposure. Animals were considered paralyzed if they failed to move even 
if prodded with a platinum  wire.

Acetylcholine biochemistry. Acetylcholine levels were measured essen­
tially as described in Nonet et al. (1993), using the methods of M cCaman 
and Stetzler (1977).

Electrophysiology. E lectropharyngeograms (EPGs) were recorded with 
a GRASS P15 amplifier and LabView Acquisition software as previously 
described (Avery et al., 1995). Bath solution consisted of D ent’s saline 
with 2 mM serotonin to stimulate pumping. Recordings used for analysis 
were taken from preparations that showed strong signal-to-noise ratios. 
The presence of m C  and M3 transients were scored qualitatively as

distinct spikes greater than the background noise. Statistical analysis was 
perform ed on EPGs collected from ten sequential 5 sec traces for each 
worm. D ata presented represent the mean of at least eight animals per 
strain.

Electron microscopy. W orms were cut in 0.8% glutaraldehyde and 0.7% 
osmium tetroxide in 0.1 m cacodylate, pH  7.4, on ice. A fter 2 hr they were 
moved to 2% osmium tetroxide in 0.1 m cacodylate, pH  7.4, and left at 
4°C overnight. Processing and sectioning were as previously described 
(M cIntire et al., 1992).

RESULTS
We used PCR to identify sequences encoding proteins with simi­
larity to the GTPase rab3 in C. elegans. We obtained cDNAs 
representing the two alternative transcripts of the gene. The 
smaller transcript contained a 219 amino acid open reading frame 
with 76% identity to Drosophila rab3 (Fig. 1). This conservation of 
sequence is restricted to the central 190 amino acid core of the 
protein, which retains over 88% identity with Drosophila rab3. By 
contrast, the N- and C-terminal regions of C. elegans rab3 diverge 
significantly from both Drosophila and vertebrate rab3 members, 
except for the presumptive CXC prenylation site at the C terminus 
(Johnston et al., 1991). The gene was named rab-3 in accordance 
with C. elegans nomenclature guidelines (Horvitz et al., 1979).

A longer transcript derived from the rab-3 locus contains an 
additional exon with the potential to encode a larger RAB-3 
isoform extended by 14 amino acids (MNNQQAAIASARSR) on 
the N terminus. The additional exon was present in 2 of 15 cDNAs 
we isolated, and a correspondingly larger transcript was visible on 
Northern blots (data not shown). Transcription of this RNA is 
likely to initiate from an independent promoter, because a genomic 
clone lacking this additional exon rescues rab-3 mutants (see be­
low). The additional exon resides 3 kb upstream of the more 
common first exon. Similarly, an additional exon encoding identical 
residues at 13 of 14 codons (MNNQQAAIASARNR) was also 
present in the C. briggsae rab-3 gene 3 kb upstream of the more
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Figure 2. RAB-3 expression in the C. elegans nervous system. Whole worms were fixed and stained with anti-RAB-3 and anti-synaptotagmin primary 
antibodies and visualized with FITC - or Cy3-conjugated antibodies. A, B, Lateral view of the head region of a wild-type adult hermaphrodite showing 
RAB-3 (A) and synaptotagmin (B) immunoreactivity in the nerve ring (NR), pharyngeal nervous system (P N ), and SA B  neuron axonal processes (arrows). 
C, D, Ventral view of the midsection of an adult hermaphrodite showing RAB-3 ( C) and synaptotagmin (D ) immunoreactivity in the ventral nerve cord 
(VC; arrow) and the ventral sublateral processes. E , F, Lateral view of the vulval region of an adult hermaphrodite illustrating the absence of RAB-3 (E) 
but the presence of synaptotagmin (F ) immunoreactivity in the uv1 cells of the somatic gonad (uv1; arrow). The ventral cord is also visible (VC).

common first exon. These species are morphologically similar but 
genetically divergent; they are about as divergent at the nucleotide 
level as mouse is from human (Fitch et al., 1995). The conservation 
of this rab-3 sequence in the two nematode species suggests that 
this alternative exon is functional. We have not examined the role 
of this N-terminal sequence in C. elegans.

Search for additional C. elegans rab genes failed to 
identify RAB-3 isoforms
We searched for other rab-3 homologs in the C. elegans genome to 
determine whether other isoforms were present in C. elegans, as is 
the case in vertebrates (Fischer von Mollard et al., 1990; Mizogu- 
chi et al., 1990). Because we were unable to identify sequences 
that encode molecules similar to rab-3 by low-stringency hybrid­
ization (data not shown) or by analysis of available C. elegans 
genomic and EST sequence data, we resorted to PCR-based 
methods. We performed three PCR experiments (details are 
discussed in Materials and Methods) capable of amplifying both 
rab-3 and more divergent rab family members, reasoning that if 
we isolated clones encoding less conserved members of the family 
we also should retrieve clones encoding novel conserved rab-3 
family members. We isolated both the C. elegans rab-3 gene 
(>100 times) and many additional rab family members from 
cDNA (details are discussed in Materials and Methods). In sum­
mary, we isolated and characterized clones encoding portions of 
16 rab and more distant ras super-family members. Our search for 
rab family members isolated all C. elegans rab family members 
present in sequence databases except a gene homologous to rab5, 
a rab member that is relatively divergent from rab3. However, 
despite identifying several novel genes encoding divergent rab 
molecules, we failed to identify additional rab3 genes from C. 
elegans.

C. elegans RAB-3 protein is expressed in the 
nervous system
We raised antisera against a RAB-3 fusion protein produced 
in E. coli to examine the distribution of the protein in C. 
elegans. Antisera were used to stain whole mounts of C. el­
egans. Immunoreactivity was detected in the synaptic-rich re­
gions of the nervous system in a pattern similar to the distri­
bution of the C. elegans synaptic vesicle membrane protein 
synaptotagmin (Fig. 2) (Nonet et al., 1993). Specifically, the 
nerve ring (Fig. 2A,B), ventral nerve cord (Fig. 2C,D), and 
dorsal nerve cord (data not shown) showed the highest immu­
noreactivity. rab-3 expression also was observed in the pharyn­
geal nervous system (Fig. 2A,B). Detectable levels of RAB-3 
were rarely observed in neuronal cell bodies, dendrites of 
sensory neurons, or the commissural tracts of motor neurons. 
In contrast to synaptotagmin, RAB-3 protein was not observed 
at significant levels in the gonadal uv1 neurosecretory cells 
(Fig. 2E ,F ). Additionally, RAB-3 was not observed in muscle, 
hypodermis, or intestinal tissue. Because RAB-3 protein was 
not detectable in neuronal cell bodies, we fused the coding 
sequence of the reporter gene lacZ containing a nuclear local­
ization signal to rab-3 coding sequences to determine in which 
neurons the gene was expressed. Analysis of transgenic ani­
mals carrying the rab-3::lacZ reporter construct pMG122 con­
firmed that the gene is expressed in most, if not all, neurons 
(data not shown) but is not expressed in other tissues. Thus, 
both lacZ reporter constructs and immunohistochemistry 
confirmed that rab-3 expression was restricted to neuronal 
tissues, as previously has been observed for many rab3 genes 
in vertebrates (Fischer von Mollard et al., 1990; Mizoguchi 
et al., 1990).
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Figure 3. Mislocalization of RAB-3 in unc-104 
mutants. Whole unc-104(e1265) nematodes were 
fixed and stained with anti-RAB-3 primary anti­
bodies and visualized with FITC-conjugated sec­
ondary antibodies. The anterior of the animal is to 
the left. A , Oblique lateral view of a young adult 
hermaphrodite showing RAB-3 immunoreactivity 
localized to neuronal cell bodies in the ventral 
nerve cord (arrow). B, DAPI staining of nuclei of 
the animal shown in A . A  row of neuronal nuclei 
located in the ventral nerve cord is visible (arrow).

RAB-3 colocalizes with synaptic vesicles
The vertebrate rab3A and rab3C molecules associate specifically 
with synaptic vesicles (Fischer von Mollard et al., 1990, 1994a). 
Similarly, C. elegans RAB-3 colocalized with synaptic vesicles. 
First, RAB-3 immunoreactivity colocalized with the synaptic 
vesicle protein synaptotagmin (see Fig. 2). Second, when synaptic 
vesicles were mislocalized, RAB-3 immunoreactivity similarly 
was mislocalized. Specifically, in unc-104 mutants, synaptic vesi­
cles accumulated to high levels in neuronal cell bodies and so did 
RAB-3 immunoreactivity (Fig. 3). unc-104 encodes a kinesin-like 
molecule that is required for the transport of synaptic vesicles 
from cell bodies to synapses in C. elegans (Hall and Hedgecock, 
1991). Vertebrate homologs of unc-104 similarly are required for 
transport of synaptic vesicles proteins, but not other neuronal 
components (Okada et al., 1995). The synaptic vesicle protein 
synaptotagmin (Nonet et al., 1993) also accumulates in cell bodies 
in unc-104 mutants, but the plasma membrane protein syntaxin 
remains in processes (M. L. Nonet, unpublished data). We con­
cluded that the C. elegans RAB-3 molecule is vesicle-associated, 
as has been demonstrated biochemically for vertebrate rab3 
proteins.

Isolation of rab-3 mutants
The rab-3 gene was positioned near bli-2 on chromosome II, using 
a combination of molecular and genetic methods (Fig. 4). We 
used the deficiency ccD f5, which removes a region spanning the 
rab-3 gene, to isolate rab-3 mutations. We reasoned that certain 
mutations in the rab-3 gene would result in a reduced ability to 
secrete acetylcholine at neuromuscular synapses. To identify 
these secretion-defective mutants, we screened for animals resis­
tant to the acetylcholinesterase inhibitor aldicarb, because muta­
tions in genes encoding other C. elegans synaptic components all 
confer aldicarb resistance (Nonet et al., 1993; Nguyen, 1995). We

isolated mutations that conferred an aldicarb-resistant phenotype 
in trans to ccD f5 (details are discussed in Materials and Methods) 
and identified y250 and y251 as rab-3 mutants because they dis­
played altered RAB-3 immunoreactivity (see below). An addi­
tional allele, js49, subsequently was isolated in a noncomplemen­
tation screen, using aldicarb selection to identify candidate 
mutants (see Materials and Methods). y250 and y251 mutations 
result in missense changes in amino acids that are thought to be 
essential for guanine nucleotide binding and are conserved 
among all small monomeric GTP-binding proteins (Fig. 1). js49 is 
a nonsense mutation in the tryptophan 76 codon (Fig. 1).

Genetic and immunohistochemical data suggested that all 
three alleles are complete or almost complete loss-of-function 
mutations. First, for each allele, the homozygous mutant pheno­
type is similar to the phenotype caused by the allele in trans to the 
deficiency ccDf5 (data not shown). Second, RAB-3 protein was 
not detected in y250 or js49 mutants, using RAB-3 antibodies in 
whole-mount immunocytochemistry. The residual RAB-3 immu- 
noreactivity in y251 animals was mislocalized to all neuronal cell 
bodies (Fig. 5). The lack of RAB-3 immunoreactivity was not 
caused by improper synaptic terminal development, because the 
synaptic components synaptotagmin (Fig. 5), synaptobrevin, and 
syntaxin (data not shown) were normally expressed and localized 
in all three mutants. Using anti-synaptotagmin antisera, we could 
not detect a difference in the appearance or number of synaptic 
varicosities in the SAB neurons that innervate head muscle be­
tween rab-3(js49) (12 ± 2.3, n = 31) and the wild type (11.6 ± 2.3, 
n = 31). Additionally, we examined all axonal tracts, using anti- 
syntaxin antibodies (M. L. Nonet, unpublished data), and con­
firmed that they were positioned normally in all three mutants 
(data not shown). Together, these data suggested that the three 
rab-3 mutants do not retain any significant RAB-3 activity and
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Figure 4. The rab-3 locus. A ,  Genetic map of a portion of chromosome II, illustrating the position of genes and deficiencies used for the mapping and 
isolation of rab-3 mutants. B, Organization of the physical region neighboring rab-3. A  series of overlapping yeast artificial chromosome and cosmid clones 
surrounding the rab-3 gene is shown. The positions of the clr-1 and lin-4 genes are delineated on the physical map. rab-3 was positioned in this interval 
as a result of specific hybridization to the YAC and cosmid clones (in bold). C, Restriction map of a portion of cosmid F11G1. Exons of the two transcripts 
derived from rab-3 are illustrated. The trans-spliced leader SL1 is found at the 5' end of both rab-3 messages. SL1 and A A A A  m ark the trans-spliced 
leader attachm ent and poly(A +) addition sites, respectively. The genomic inserts of plasmid clones used in our experiments are illustrated as solid lines. 
pMG122 is a translational lacZ  fusion to the rab-3 coding sequence at amino acid 194.
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Figure 5. RAB-3 protein is absent or mislocalized in rab-3 mutants. Whole worms were fixed and stained with primary antibodies and visualized with 
FIT C -or cy3-conjugated antibodies. A -C , Lateral view of the head region of a rab-3(js49) adult stained with anti-RAB-3 antibodies (A), anti- 
synaptotagmin antibodies (B ), and DAPI to visualize nuclei ( C). D -F , Ventral view of the midsection of rab-3(y251) hermaphrodite stained with 
anti-RAB-3 antibodies ( D ), anti-synaptotagmin antibodies ( E ), and DAPI to visualize nuclei (F ).

Table 1. Analysis of behaviors of rab-3 mutants

Strain Chemotaxis indexa Pumping ra teb Defecation cycle periodc Mating efficiency (% )d ACh levelse

Wild type (N2) 0.86 ±  0.04 250 ±  30 45 ±  3.5 100 0.35 ±  0.02
rab-3( y250) 0.69 ±  0.05 173 ±  13 59 ±  9.3 9 0.44 ±  0.06
rab-3( y251) 0.72 ±  0.06 158 ±  15 58 ±  8.0 24 0.35 ±  0.08
rab-3( js49) N.D. 157 ±  10 56 ±  4.3 35 N.D.
snt-1 (md290)* 0.01 ±  0.02 60.3 ±  30 141 ±  66 0 2.07 ±  0.24

Means are presented ± SD. N.D., Not determined.
a Chemotaxis to isoamyl alcohol in population assays. The index is calculated as the number of animals in the attractant area less the number of animals in the control area 
divided by the total number of animals in the assay after 60 min (Bargmann et al., 1993). 
b Pharyngeal pumps per minute on food. 
c Seconds between defecation cycles.
d Efficiency of mating to dpy-11(e224) animals as a percentage of wild-type efficiency. 
e Acetylcholine levels in picomoles per microgram of protein.
* Both defecation and pumping rates were erratic in snt-1 mutants. Individual animals examined that failed to defecate or pump during the assays were excluded from this 
analysis. Such animals represent approximately one-third of snt-1 animals.

that the absence of rab-3 activity does not lead to abnormalities in 
synaptic development.

rab-3 mutants have very mild behavioral defects
rab-3 mutants exhibited mild behavioral defects. The three rab-3 
mutants y250, y251, and js49 were indistinguishable at a behav­
ioral level. With careful observation, rab-3 mutant animals often 
could be distinguished from wild-type animals on the basis of the 
increased amplitude (loopy) and slower speed of their sinusoidal 
locomotion. In assays that quantified chemotaxis toward the vol­
atile odorant isoamyl alcohol (Bargmann et al., 1993), rab-3 
animals were distinguishable from wild-type animals but re­
mained fairly effective at this task, as compared with more severe 
synaptic mutants like snt-1(md290) animals that lack synaptotag- 
min (Table 1). Other behaviors, including pharyngeal pumping 
and defecation, were also slightly abnormal (Table 1). Neverthe­

less, rab-3 males animals were capable of mating, although at a 
lower efficiency than wild-type animals (Table 1). Finally, the 
aldicarb-resistant phenotype of all three mutants was recessive, 
suggesting that none of the mutations has significant gain-of- 
function or dominant negative characters. Although these abnor­
malities were subtle, rab-3 animals still displayed several deficien­
cies in synaptic function and organization.

rab-3 mutants are resistant to an inhibitor 
of acetylcholinesterase
To assess the synaptic transmission deficits of rab-3 mutants, we 
first quantified the resistance of rab-3 mutants to the acetylcho­
linesterase inhibitor aldicarb. Although rab-3 mutants were more 
resistant to aldicarb than wild-type animals (Fig. 6), this resis­
tance was substantially weaker than the resistance of animals 
carrying mutations in other genes encoding synaptic components
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Figure 6. rab-3 m utants are resistant 
to an inhibitor of acetylcholinester­
ase. Young adults worms were as­
sayed for acute body paralysis after a 
5 hr incubation w ith aldicarb on agar 
plates containing food. Tw enty to 
twenty-five animals were assayed at 
each concentration.

Table 2. Analysis of electropharyngeogram transients in rab-3 mutants

Wild-type js49 y250 y251

M3s/pump 2.5 ± 0.6 1.2 ± 0.3 0.5 ± 0.3 1.0 ± 0.4
Pump duration (msec) 123 ± 7 160 ± 17 164 ± 12 140 ± 19
Subthreshold MC s/pump 0.7 5.5 1.1 2.1
Nonsynchronous MC s/total subthreshold MCs 0.05 0.51 0.59 0.67

Data are based on at least eight worms per strain with 10 random traces per worm (trace duration = 5 sec). For analysis of M3 transients only isolated pumps with no other 
pumps within 200 msec were used. Each mean is presented ± SEM. Subthreshold MC activity is defined as recorded MC transients that failed to elicit a pharyngeal muscle 
action potential. MC activity was defined as nonsynchronous if the activity consisted of more than a single distinct transient.

such as synaptotagmin (Nonet et al., 1993; Nguyen, 1995). We 
also examined the levels of the neurotransmitter acetylcholine in 
the rab mutants, because other mutants lacking synaptic compo­
nents accumulate this transmitter (Hosono et al., 1987; Hosono 
and Kamiya, 1991; Nonet et al., 1993; Nguyen, 1995). However, 
acetylcholine levels were normal in rab-3 mutants (Table 1). This 
was not unexpected because the increase in ACh levels in synap­
tic transmission mutants is only modest (four- to fivefold) even in 
the most severe transmission mutants (Hosono et al., 1987; 
Nguyen, 1995). rab-3 mutants also responded normally to the 
acetylcholine receptor agonist levamisole (Lewis et al., 1980), 
suggesting that postsynaptic organization was qualitatively nor­
mal (data not shown). Together, these data indicated that trans­
mitter release from cholinergic neurons is generally decreased in 
rab-3 mutants.

rab-3 mutant synapses exhibit impaired activity
Synaptic and endogenous muscle currents can be measured from 
the C. elegans pharyngeal muscle by using an extracellular probe. 
Such recordings are called electropharyngeograms or EPGs 
(Raizen and Avery, 1994). The motor neurons M3 and MC 
produce hyperpolarizing and depolarizing currents, respectively, 
in the pharyngeal muscle (Avery, 1993; Raizen et al., 1995). The 
M3 motor neuron induces repolarization of pharyngeal muscle 
and shortens the pump duration. rab-3 mutants exhibited longer 
pump durations than the wild type, suggesting a decrease in M3 
function (Table 2). M3 synaptic currents in wild-type worms were

large in amplitude and formed coherent transients (circles, Fig. 
7A). M3 transients in rab-3 mutants were less frequent, as com­
pared with the wild type (p  <  0.05); they were smaller in 
amplitude (Fig. 7B,C, Table 2) and were less synchronous.

Raizen et al. (1995) have shown that activity of the MC neuron 
stimulates pharyngeal pumping. Isolated MC transients can be 
observed in wild-type animals, and these are presumably sub­
threshold transients that fail to elicit a pump. The frequency of 
subthreshold MC transients relative to successful pumps in­
creased in rab-3 mutants (Table 2). Moreover, these subthreshold 
MC transients in the rab-3 mutants were decreased in amplitude 
and were less synchronous (bursting phenotype; Fig. 7D,E). 
These data suggest that the MC neuron in the rab-3 mutant is 
active but has a decreased efficacy.

Depletion of synaptic vesicles at terminals in 
rab-3 mutants
To characterize further the synaptic defects in rab-3 mutants, we 
examined synaptic terminals of mutants at the ultrastructural 
level. We examined ventral nerve cord neuromuscular junctions, 
which are formed by both excitatory cholinergic and inhibitory 
GABAergic motor neurons. C. elegans neuromuscular junctions 
are distinguished by an electron-dense presynaptic density (Fig.
8). We quantified the number of vesicles in sections containing a 
presynaptic density (Table 3). The terminals of rab-3 mutants 
contained a two- to threefold reduction of synaptic vesicles, as 
compared with the terminals of wild-type animals. This depletion
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Figure 7. Pharyngeal recordings from wild-type and rab-3 mutants. Characteristic recordings of a (A, D) wild-type worm, rab-3(js49) (B, E), and 
rab-3(y250) ( C) mutants. Arrows indicate the M C-induced transients, and the circles indicate M3-induced transients. In wild-type animals (d ) ,  MC 
activity that failed to initiate a pharyngeal pump was characteristically observed as a single transient. However, in rab-3 mutants (E ), MC activity that 
failed to initiate a pharyngeal pump was nonsynchronous, typically consisting of a small burst of transients spaced in a 50-100 msec interval. All traces 
are mV versus time.
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Figure 8. Synaptic vesicle populations are depleted at neuromuscular junctions in rab-3 mutants. Electron micrographs of wild-type (A) and rab-3(y251) 
(B) neuromuscular junctions in the ventral cord. Arrows demarcate the dark thickening of an active zone, and arrowheads identify a typical synaptic 
vesicle in each photograph. Scale bar, 500 nm.

Table 3. Vesicle populations in rab-3 mutants

Synaptic vesicles
Genotype per profile NM J examined

N2 (wt) 38.1 15
rab-3(y250) 18.7 16
rab-3(y251) 14.4 16
rab-3(js49) 17.6 20

was relatively consistent among the three rab-3 mutant strains. In 
the cross section of the axon, the remaining vesicles were not 
tightly clustered around the presynaptic specialization as they 
were in wild-type animals (Fig. 8). Furthermore, studies of serial 
sections of wild-type and js49 animals revealed that the depletion 
of synaptic vesicles at the presynaptic specialization is compen­
sated by an increase in vesicles lateral to the active zones; the 
increase is greater than fivefold at distances >400 nm from the 
presynaptic density (Fig. 9). Despite the diffuse vesicle distribu­
tion, total vesicle populations were similar in js49 (9.7 ± 0.6 
vesicles/profile) and the wild type (8.3 ± 0.6 vesicles/profile). 
Thus, vesicle populations are less tightly clustered around the 
presynaptic density in rab-3 mutants than in the wild type.

DISCUSSION
We have isolated nematode mutants that completely lack func­
tional RAB-3. These mutants show few overt behavioral defects 
and are barely distinguishable from wild-type animals, thereby 
demonstrating that synaptic transmission is fundamentally intact 
despite the absence of RAB-3. Our extensive search for rab

molecules failed to identify other rab-3 members that could com­
pensate for the lack of RAB-3. Although proof that C. elegans 
does not contain other rab3 genes will require the complete 
sequence of the nematode genome, it is extremely unlikely that 
other rab3 genes are encoded in the genome. Hence, we conclude 
that RAB-3 is not an essential component of the synaptic trans­
mission apparatus in C. elegans.

Despite the relatively normal behavior of rab-3 mutant animals, 
both synaptic transmission and synaptic morphology are abnor­
mal in the mutants. The transmission defects are most apparent in 
extracellular recordings from pharyngeal muscles. These record­
ings document defects in the efficacy of both inhibitory and 
excitatory synaptic transmission in the pharynx. However, synap­
tic function seems to be affected more widely, because rab-3 
mutants are resistant to the acetylcholinesterase inhibitor aldi- 
carb. Because aldicarb potentiates the action of secreted ACh, the 
simplest interpretation of this resistance is a general reduction in 
secretion of ACh from cholinergic neuromuscular junctions. Con­
sistent with such a hypothesis, the morphology of neuromuscular 
junctions in rab-3 animals is altered. Thus, C. elegans neurons 
lacking RAB-3 are capable of regulated release, but the efficiency 
of transmission presumably is reduced because of a decrease in 
the steady-state population of releasable vesicles at synapses.

The primary morphological defect we observe in rab-3 mutants 
is that synaptic vesicles are clustered more loosely around synap­
tic densities than in the wild type. However, vesicle populations in 
rab-3 animals are not randomly distributed in neurons because 
synaptic vesicle proteins are absent from commissures and den­
drites (assayed immunohistochemically). Furthermore, neither 
vesicle proteins (assayed immunohistochemically; Fig. 5) nor ves-
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Figure 9. Distribution of vesicles at 
neuromuscular junctions. Serial section 
electron micrographs of the ventral cord 
of wild-type and rab-3(js49) animals 
were examined. Synaptic vesicles were 
counted in each m otor neuron axonal 
profile of wild type (black bars; n = 475) 
and rab-3(js49) (white bars; n = 369). 
The average number of vesicles is plot­
ted against the distance from the 
electron-dense specialization found at 
C. elegans synaptic contacts. Distance 
was determined by the number of thin 
sections to the closest active zone in 
which section thickness was —50 nm. 
E rror bars are ± SEM.

icles (from ultrastructural data; not shown) accumulate in neuro­
nal cell bodies in rab-3 mutants. These data suggest that traffick­
ing of synaptic vesicles from the soma to synaptic sites is not 
defective in the absence of RAB-3. Additionally, the size of the 
total population of synaptic vesicles and the density of synaptic 
terminals are unchanged. Together these data strongly argue that 
synaptic development is not perturbed in rab-3 mutants. Thus, the 
observed morphological defects in vesicle localization are consis­
tent with a synaptic site of action for RAB-3.

The synaptic abnormalities observed in rab-3 mutants could be 
manifested by a number of different primary defects near the 
terminal. First, endocytosis of synaptic vesicles might be altered. 
The rate of endocytosis is unlikely to be perturbed significantly, 
because vesicle populations are normal. However, in principle, 
alterations in the site of synaptic vesicle endocytosis could ac­
count for the morphological defect we observe. Second, synaptic 
vesicles could be tethered inefficiently at the synaptic release site 
in the absence of RAB-3. A pool of tightly clustered vesicles is 
present at synaptic release sites in most organisms, including C. 
elegans (White et al., 1986). Presumably, this pool is sequestered 
near the release site by a combination of vesicle-vesicle and 
vesicle-cytoskeletal interactions. In mammalian cells, expression 
of mutant forms of rab8 results in reorganization of the cytoskel- 
eton (Peranen et al., 1996). Perhaps RAB-3 regulates interactions 
between synaptic vesicles and cytoskeletal components in the 
reserve pool or cytoskeletal “filaments” linking the reserve pool 
and active zone. Third, RAB-3 could regulate the docking of 
vesicles at the plasma membrane. This step likely involves the 
formation of novel contacts with docking proteins. A decrease in 
the efficiency of docking could account for the ultrastructural 
defects. In this case, vesicles are mobilized to fill “empty” sites at 
the active zone but fail to dock efficiently. These “free” vesicle 
then can drift from the release site to generate the diffuse clusters 
as observed by electron microscopy. However, rab-3 cannot be 
essential for docking, because release occurs in the absence of the 
protein. Furthermore, our data are not consistent with a central 
role for RAB-3 in a postdocking step in vesicle fusion. Synaptic 
vesicle accumulation at the plasma membrane would be predicted 
from this type of defect. Indeed, vesicle accumulation is observed 
in synaptic terminals of C. elegans unc-18 mutants (E. Jorgensen, 
E. Hartwieg, and H. R. Horvitz, unpublished data). UNC-18 is

likely to be a component of the docking and/or fusion machinery 
(Gengyo-Ando et al., 1993; Pevsner, 1996), because vertebrate 
homologs interact directly with syntaxin, a component of the 
proposed synaptic machinery (Hata et al., 1993; Garcia et al., 
1994; Pevsner et al., 1994).

The physiological activity of rab-3 mutant synapses is also 
consistent with there being a defect in vesicle tethering or dock­
ing, because transmission is reduced and release appears less 
synchronous than in wild-type animals. Additionally, mislocaliza- 
tion of ACTH observed in AtT-20 cells expressing rab3 mutants 
also points to a requirement for rab3 in regulating the transport 
or sequestration of vesicles at active zones (Ngsee et al., 1993). A 
similar dysfunction originally was proposed by Geppert et al. 
(1994) to explain the electrophysiological defects observed in 
hippocampal slices isolated from rab3A mutant mice. In these 
slices repetitive stimulation results in a marked reduction in 
evoked potentials, suggesting that reduction of the vesicle pool is 
limiting the exocytic potential of neurons (Geppert et al., 1994). 
However, additional physiological studies of cultured mouse 
rab3A mutant hippocampal neurons have demonstrated that ves­
icle pools are not changed in the mutant and that the depletion on 
repetitive stimulation results from a larger number of quanta 
being released during stimulation in the mutant neurons (Gep- 
pert et al., 1997). Thus, these data argue that rab3A acts as an 
inhibitor of release. Our analysis of neuromuscular junctions is 
not consistent with the observations made at these central syn­
apses, because all of our data point to a reduction in release in 
rab-3 mutants. It remains a possibility that this difference simply 
stems from the fact that we examined a neuromuscular synapse 
rather than a central synapse.

The precise molecular mechanism used by rab proteins in 
regulating release remains relatively obscure despite a decade of 
intense study. Rab proteins probably modulate secretion via phys­
ical interactions with effector molecules. The regulatory targets of 
many rab GTPases remain unidentified. The identification and 
biochemical characterization of these molecules should provide 
one avenue to delineate the molecular mechanisms underlying 
the rab regulation of secretion. Additional genetic studies in C. 
elegans such as those used to identify the RAB-3 effector AEX-3 
(Iwasaki et al., 1997) provide one of many approaches to solving 
this complex cell biology problem.
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