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The neurotransmitter GABA has been proposed to play a role
during nervous system development. We show that the Cae-
norhabditis elegans gene unc-25 encodes glutamic acid decar-
boxylase (GAD), the GABA biosynthetic enzyme, unc-25 is
expressed specifically in GABAergic neurons. Null mutations in
unc-25 eliminate the UNC-25 protein or alter amino acids con-
served in all known GADs, result in a complete lack of GABA,
and cause defects in all GABA-mediated behaviors. In unc-25
mutants the GABAergic neurons have normal axonal trajecto-
ries and synaptic connectivity, and the size and shape of syn-

Classical neurotransmitters arc synthesized, loaded into synaptic
vesicles, and released into the synaptic cleft when a neuron is
depolarized. This role of neurotransmitters in the functioning of
mature synapses is well characterized. Recently, a role for neu-
rotransmitters as trophic factors during nervous system develop-
ment has been proposed (for reviews, see Mattson, 1988; Lipton
and Kater, 1989; Zheng et al., 1996a). Both glutamate and ace-
tylcholine are shown to elicit positive turning responses of growth
cones from cultured hippocampal and spinal neurons (Mattson et
al., 1988; Zheng et al., 1994, 1996b). The inhibitory neurotrans-
mitter GABA might also play a role in nervous system develop-
ment. GABA and its receptors are expressed in the cerebral
cortex and retina during the period of neuronal proliferation and
differentiation (Chun and Shatz, 1989; Mitchell and Redburn,
1996). GABA appears to inhibit cortical neuron cell divisions
(LoTurco et al., 1995) and can influence spinal neuroblast move-
ment in an in vitro assay (Behar et al., 1995). Altering GABA
action in vivo during early stages of retinal development using
agonists or antagonists results in abnormal axonal morphology of
cone photoreceptors (Messersmith and Redburn, 1993). These
experiments suggest that GABA can have effects on nervous
system development. However, an in vivo role for GABA in
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aptic vesicles are normal. The number of synaptic vesicles at
GABAergic neuromuscular junctions is slightly increased. Cho-
linergic ventral nerve cord neurons, which innervate the same
muscles as GABAergic ventral cord neurons, have normal mor-
phology, connectivity, and synaptic vesicles. We conclude that
GAD activity and GABA are not necessary for the development
or maintenance of neuromuscular junctions in C. elegans.

Key words: GABA; y-amino butyric acid; GAD; glutamate
decarboxylase; neuromuscular junctions; C. elegans

nervous system development has not been demonstrated defini-
tively, in part because experiments that depend on pharma-
cological manipulations could be misleading. One direct test
would be to analyze the nervous systems of mutant animals that
lack GABA.

GABA is synthesized in a single step from glutamate by the
enzyme glutamic acid decarboxylase (GAD) (for review, see
Martin and Rimvall, 1993). GAD binds the cofactor pyridoxal
phosphate (PLP) via the tetrapeptide NPHK. Vertebrates have
two GAD genes, GADG and GAD®67, which are highly conserved
in their C-terminal portions and diverged in their amino-terminal
100 amino acids (Erlander and Tobin, 1991). GAD differs from
GADG67 in at least two other ways: GADG®5 is predominantly
associated with synaptic vesicles, and the GADG5PLP adduct
converts rapidly to apoGAD (Erlander et al., 1991). Recently,
GAD® and GADG67 knock-out mouse mutants were obtained
(Asada et al., 1996,1997; Condie et al., 1997). Homozygous mice
lacking either GAD®& or GADG67 have anatomically normal
brains. Mutant GAD® mice have normal levels of brain GABA
and behave normally, except that they display slightly increased
susceptibility to seizures. Mutant GAD67 mice have low levels of
brain GABA and develop cleft palates.

In the nematode Caenorhabditis elegans 26 neurons express
GABA (Mclntire et al., 1993b). These neurons fall into several
classes: the four RME neurons form neuromuscular junctions
with head muscles to control foraging; the AVL and DVB neu-
rons synapse onto enteric muscles and regulate defecation; the
RIS interneuron has no known function; and the six DD neurons
(which innervate the dorsal body muscles) and the 13 VD neu-
rons (which innervate the ventral body muscles) cause muscle
relaxation during locomotion (White et al., 1986). In addition to
the GABAergic inhibitory input from the DD and VD neurons,
the body muscles receive excitatory cholinergic input. Body mus-
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clc contraction depends on the balance of antagonistic inputs
from cholinergic and GABAergic synapses.

Killing the DD and VD GABAergic motor neurons causes a
locomotorv behavior known as “shrinking," in which the animal
simultaneously hvpercontracts both ventral and dorsal body mus-
cles (Hodgkin, 1983; Mclntire et al., 1993b). Shrinker mutants
define several genes required for the development and function of
these neurons (Mclntire et al., 1993a). It was proposed that one of
these genes, unc-25, encodes the biosynthetic enzyme for GABA
for three reasons. First, unc-25 mutations abolish all GABA
functions as defined by laser killing of GABA-expressing neurons
(Mclntire et al., 1993a). Second, the 26 GABAergic neurons lack
GABA immunoreactivitv in unc-25 mutant animals (Mclntire et
al., 1993a). Third, addition of exogenous GABA restores GABA
immunoreactivitv to AVL and DVB and rescues the defecation
defect, suggesting that a lack of GABA is the only defect in these
neurons in unc-25 mutant animals (Mclintire et al., 1993a).

We show in this paper that unc-25 encodes GAD and is likely
to be the only GAD gene in C. elegans and that the lack of GABA
in unc-25 mutant animals does not affect axonal morphology or
the ratio of excitatory to inhibitory neuromuscular junctions.

MATERIALS AND METHODS

Genetic methods. Worms were maintained al 20°C as described by Bren-
ner (1974), unless noted otherwise. All unc-25 mutations reported here
were induced by ethyl methanesulfonate: el56, €265, and €591 were
isolated by Brenner (1974) in screens for locomotory-deficient mutants;
n2323, n2324, n2328, n2569, and n263S were isolated by J. Kaplan and E.
Jorgensen; sa94 was isolated by J. Thomas in screens for defection-
defective mutants; and n2379, n2380, n23Sl, n2354, n23S3, and n23S5
were isolated by Y. Jin in screens for shrinker mutants.

Isolation and subdoning ofgenomic DNAs. cm9el0 was generated by C.
Marlin and M. Chalfie and was obtained from the C. elegans Genome
Sequencing Center al the Medical Research Council, Cambridge, UK.
We first examined DNAs from cosmids covered by Y37D8 for hybrid-
ization with the cm9el0 insert and failed lo identify any positive clones.
We then used the cDNA insert in cm9el0 lo probe a C. elegans genomic
Aphage library, kindly provided by Browning and Slrome (1996). Two
positive clones, YJD2 and YJC6, were isolated from 75,000 phage
plagues (20 X genome equivalents). Subsequent purification of phage
DNAs and subcloning into plasmids were performed following standard
procedures (Sambrook el al., 1989).

Characterizations of GAD cDNAs. We determined the complete se-
quences of both strands of the cDNA insert in cm9el() by generating
nested Exolll deletion DNA fragments and using the ABI PRISM cycle
sequencing kit and an ABI373A sequencer according lo the manufactur-
er's instructions. This cDNA clone contains an insert of 1400 bp with a
poly(A+) tail al the 3' end. On a Northern blot, this cDNA detected a 1.8
kb mRNA transcript (data not shown). To isolate full-length cDNAs for
GAD, we used the cm9el() DNA insert lo probe two C. elegans cDNA
libraries made from mixed-slage poly(A+) RNA; a AZAP Il cDNA
library constructed by Barstead and Waterston (1989) and a A-gtll
cDNA library constructed by Okkema and Fire (1994). The longest GAD
cDNA we isolated, pSC180, contained a 18 kb insert in which an
in-frame ATG is present seven nucleotides from the beginning of the
cDNA. The size of the cDNA insert corresponded lo the size of the
transcript observed on Northern blots. None of the cDNAs possessed a
oww-spliced leader, consistent with our inability lo amplify the 5' end of
the GAD mRNA using SL1 and SL2 splice leader sequences as primers
for RT-PCR (data not shown). To confirm that the longest cDNA
represents the full-length GAD mRNA, we used the 5' RACE system of
anchored RT-PCR (Life Technologies, Gaithersburg, MD). The analysis
of PCR products from RACE revealed that the transcripts began about
10 nucleotides 5' lo the beginning in-frame ATG, consistent with the size
of the GAD cDNA in pSC180. In addition, we showed that when
DNA constructs in which a unc-25 promoter drove the expression of the
GAD cDNA from pSC180 were injected into the germline of unc-25
mutant animals, the transgene rescued the locomotorv defects completely
(data not shown), suggesting that the cDNA encodes a fully functional
GAD gene.

Jinet al. » GAD in C elegans

Germline transformation. Germline transformation was performed us-
ing standard procedures (Mello el al., 1991). pRF4, which contains the
dominant mutation rol-6(sul006) (Kramer el al., 1990), was used as a
coinjeclion marker when either N2 or unc-25 animals were used as the
host for transformation. plin-15EK, which contains the entire gene for
lin-15 (Clark el al., 1994), was used as a coinjeclion marker when
lin-15<n765) was used as the host.

Sequence analysis of unc-25 alleles. The genomic structure of the
wild-type unc-25 gene was determined by using primers corresponding lo
exonic sequences” lo amplify genomic DNA and cDNA by PCR. The
sequences of the PCR products were then determined and compared,
revealing that unc-25 is composed of eight exons. We then amplified
genomic DNAs including all exonic and exon/inlron boundaries se-
quences from unc-25 mutant animals and determined their sequences
using the fmol DNA cycle sequencing system (Promega, Madison, WI).
Specific primer sequences are available on request.

Reporter gene constructs. In general, all reporter constructs were pre-
pared by simple ligation between desired unc-25 DNA fragments and
lacZ or green fluorescent protein (GFP) reporter vectors (Fire el al,
1990; Chalfie el al., 1994). To lag GAD with GFP al the amino terminus,
we first amplified the GFP using a primer that changes the slop codon of
GFP lo an Xhol site along with a primer corresponding lo the sequence
upstream of the multiple cloning sites in Tu#62 (Chalfie el al., 1994).
The resulting PCR products were then digested with Sall and Xhol, thus
allowing the fragment lo be cloned into the Xhol site in the first exon of
unc-25 and generating the plasmid pSC317. GFP was thereby inserted
in-frame al the amino terminus of GAD after residue 12.

Electron microscopy. Adult worms were cut with a scalpel in 8%
glutaraldehyde and 0.7% osmium tetroxide in 0.1 mcacodylate, pH 7.4,
on ice. After 2 hr worms were moved lo 2% osmium lelroxide in 0.1 M
cacodylate and left al 4° overnight. Processing and sectioning were
performed as described by Mclintire el al. (1992). Worms were sectioned
until the region between the pharynx and the reflex of the gonad had
been reached. Thereafter, roughly 1000 serial sections of 60 nm thickness
were cut, mounted on slot grids, and photographed. The connectivity of
the C. elegans nervous system is largely invariant, and cells can be
identified by comparing reconstructions lo the published wild-type re-
constructions. Moreover, synapses are en passant: thus, complex dendritic
arbors and axonal termini are absent. In this study, motor neurons were
first identified by the order of the cell bodies along the ventral cord, the
orientation of axons in regard lo the cell body, the positions of their
axons in the ventral nerve cord, their connectivities, and the morpholo-
gies of their synapses. In Figure 6, only the VA, VB, VD, and DD
processes are shown. The axons of these motor neurons cluster around
the neuromuscular junctions but can be readily distinguished even in
single sections. Specifically, motor neuron axons are ordered in typical
ventral lo dorsal positions al the edge of the ventral nerve cord, with the
DD neuron dorsal-most, VD belowl!)D, VA next, and VB ventral-most.
Second, the connectivities of these neurons differ; the DD neurons
receive inputs from the VA and VB neurons, the VDs only form
neuromuscular junctions in the ventral nerve cord, and the VAs and VVBs
form dyadic synapses lo the DD neurons and the muscles. Third, the
morphologies of the synapses differ; VD neurons have large varicosities
and small active zones centered and oriented directly on the muscle; and
VA and VB neurons have small varicosities with large active zones that
are oriented dorsally. Position along the ventral cord was confirmed by
noting the positions and identities of the other ventral cord motor
neurons. Data for synaptic morphology were collected by examining two
N2 and three unc-25(el56) animals. Serial reconstruction was made from
one N2 and one unc-25(el56) animal.

RESULTS

unc-25 is a C. elegans GAD gene

unc-25 was previously mapped genetically on the right arm of
chromosome 111 (Brenner, 1974). A partial cDNA clone, cm9el(),
encodes a protein with sequence similarity to GAD and hybrid-
izes to the YAC clone Y37D8, which is in the region of unc-25 on
the physical map (Fig. L4) (Waterston et al., 1992). We used
cm9el() as a probe to screen a C. elegans genomic library con-
structed in Aphage and isolated two positive clones (see Mate-
rials and Methods). Injection of DNA from either phage clone
into the germline of unc-25(el56) mutant worms produced stable
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A . unc-25
- - _dpy 18 pze-I lunc—64 chromosome IIT
lmu
¢DNA: om9e10 Figure I.  The unc-25 locus. A, Genetic and physical maps of the
right arm of chromosome 111 unc-25 is --7.5 map units right of
YAC _wms dpy-IS, and 2 map units right of pie-1. cm9el0 is a partial GAD
SO, 1. SR cDNA clone and hybridizes to the YAC clone Y37D8. Y37D8
F51H3 # Mus ov_er_laps the cosmid clones _shovyn beglovy it, none _of which h_y-
cosmids: Vo ¥ c;;ﬁ;““ I bridized to cm9el0. The vertical lines indicate gaps in the cosmid
phage: Wz overlaps. Based on physical map information from ACeDB (Be-
— ckman and Durbin, 1995), cm9e10 could lie within either of the
B Rescue two gaps marked with #. For simplicity, only one of the two
Sma possible locations of cm9e10 and YJD2 is shown. B, Genomic
Sph Xho SpaB  Bam Xba Kpn Nhe structure of the unc-25 locus. Shown above is the 12 kb minimal
i : : : rescuing fragment of unc-25. Boxes represent exons. The black
ypz 5 ¥ portion of the boxes marks protein regions conserved between C.
X J TN ) Y elegans GAD and human GADs. * marks intron-exon bound-
1kb aries conserved between unc-25 and human GAD genes. 4,
Rescue, wild-type locomotory movement and normal defecation;
-, no rescue, transgenic worms displayed the shrinker phenotype
Sllm Nhe and were constipated; +, partial rescue, nearly wild-type loco-
. motory movement and worms were weakly constipated. Indepen-
Sph Kpn dently established transgenic lines (10-20) were scored with each
L ' — construct.
Table 1 unc-25 alleles and molecular lesions C. elegans GAD. The overall structure of C. elegans GAD is closer
) to that of the Drosophila GAD than to that of the vertebrate
Nucleotide o GADs in that the C. elegans GAD lacks a long N-terminal
Allele  change Amino acid change ~ Mutant phenotype extension.
n263S  CI36A 143 M Strong The similarity of unc-25 to human GADs is revealed further at
n2323  G659A G217D Strong the level of genomic structure. Most exon boundaries are con-
n2324  GBBlA W291 amber Strong served between the human GADG65 and GADG67 genes (Bu and
n2380  GBBAA G292D Strong Tobin, 1994). The unc-25 gene is composed of eight exons (Fig.
n23sl  GBB39A G294R Strong IB). Remarkably, four exon-intron boundaries occur at the same
n2s69  C970T 131F Weak, ts positions as those found in human GAD65 and GAD67 (Bu and
sa%4  GI75A M3221 Weak, ts Tobin, 1994) (Fig. 1B), suggesting that GAD gene structure is
n23r9 - GIT7A G323k Weak, ts conserved in evolutionarily distant phyla.
n23s4  GI1100A G364E Strong
elgz gﬁgéﬁ (\g\%&?:mber girong unc-25 mutations affect conserved residues in GAD
& rong Fifteen unc-25 mutations were isolated from various genetic
n23s5  GI1169A G387R Strong Materials and Methods). We d ined th |
501 GL177A G390R Strong sclreelns_(see_ f;l]terla ?Ialn _et 0 s).bI e eterrrlnne fthe molec-
n23s3  GI1397A G463D Strong ular lesions in these alleles (Fig. 2, Ta e l). Twe ve of the un(;-25
n232S  C1465T Q486amber Strong mutant alleles cause severe defects in locomotion and defecation.

transgenic lines in which the Unc-25 mutant phenotype was
restored to wild type, indicating that the genomic DNA in the
phage clones contained the unc-25 gene. We localized the rescu-
ing activity to a 12 kb genomic DNA fragment (Fig. 1B). This 12
kb DNA contains a predicted gene corresponding to the cm9el()
cDNA. In addition, all known unc-25 alleles contained mutations
in this gene (see below and Table 1). We conclude that unc-25
encodes a C. elegans GAD-like protein.

C. elegans GAD is equally similar to GAD” and GADG67

We constructed a full-length cDNA for unc-25 and determined its
sequence (see Materials and Methods). The unc-25 cDNA pre-
dicts a protein of 508 amino acids. The predicted UNC-25 protein
shares 44% amino acid identity with human GADG and 46%
with human GADG67 (Fig. 2). The C-terminal 440 amino acids are
highly conserved, and in this region the identity between the C.
elegans and human GAD proteins is close to 65%. The landmark
structural feature of GAD, a tetrapeptide Asn-Pro-His-Lvs
(NPHK) involved in binding pvridoxal phosphate, is conserved in

The phenotype caused by these strong alleles is indistinguishable
from the phenotype caused by a strong allele in tram to a
deficiency (Mclntire et al., 1993a). Three of these strong unc-25
alleles are nonsense mutations, whereas the other nine are mis-
sense mutations changing amino acid residues conserved among
known GADs (Fig. 2). The nonsense mutation n2324 changes
Trp291 to an amber stop codon and is likely to result in a
premature protein that lacks the C-terminal half of the protein,
including the NPHK tetrapeptide, the cofactor binding site. This
mutation is thus likely to cause complete loss of unc-25 function.

Three alleles, sa94, n2379, and n2569, caused temperature-
sensitive locomotory defects: these mutants displayed nearly wild-
tvpe locomotion at 15°C but a shrinker phenotype at 25°C
(Reiner and Thomas, 1995; our unpublished observations). These
three mutants, however, were defective in defecation at all tem-
peratures, suggesting that different classes of GABAergic neurons
may require the function of GAD to different extents. Specifi-
cally, the type D neurons may be less sensitive to the level of
GAD than are the AVL and DVB neurons. These three
temperature-sensitive mutations are missense mutations clus-
tered adjacent to the NPHK tetrapeptide (Fig. 2, Table 1). These
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HER - - -MASPGSGFWSFGSEDGSGDSENPGTARAWCQVASKFTGGIGNKLCA

MASSTPSSSATSSNAGADPNTTNLRPTTYDTWCGVAHGCTRKLGLKICG

UNG25 1 MSSAAAOESDAVL END
NGADGS 47 LLYGD; s AEKRAESGGSOPPR AAM KAAGACOQ KPC SCSKVD VN YAFL
hOADS? 50 FLORTNSLEEKSRIVSAFRENOSSKNITSCENSDROARFRRTETDFSNL
dGADI 1 MSLNPNGYKLSERTGKL
UNeos 17 | AKEILPOT -GNWEGTEEELNR IVOVLLKY! KOONDRDOK | LEEHUPDK
HGADS5 93 HATDLLPAC -DOERPTL AFLODVMN I LLQYVVKSFDRSTKVI DFHYPNE
hGADG7 % FARDLILEAK NGEEOTVOFLLEVVDILENYVRKTEDRSTKVLDFEHHPHO
dGA0L 1B TAYDLMPTTVTAGPETREFLLKVIDVLLOFVKATNDRNEKVLDFHHP. El
UNC25 65 MQMLH - - -DLSI PEKPEBLLKIVKSCEOVLRLGVRTGHPR FFNO | SCOL
NGAGSS 141 L L« -OEYNWE|I ADQPONLEE | LMHCOTTLKYA| KTGHPRYFNQLSTGL
hGAS7 147 LLEGMEGFNLELSDHPESLEQILVDCROTLKYGVRTGHPRFFNGLSTGL
dGAOL 67 MKRLL - - -DLDVPDRAI PLOOL I EDCATI.LKYO VKJjQHPMFILNQLIBNO L
UNC-25 111 DL VSMAGEWLT AT ANTNMFTYE | APVFl LMEKSVMARMWEAVGWDPEKA
hGAD65 187 DMVGL AADWLTST ANTNMETYE | APVEVL LEYVT LKKMR E| | GWPGGSG
HGAD67 196 D | | GL AGEWLTST ANTNMFTYE | APVFVLMEO | TLKKMREI VGWSSKDG
dGADI 113 DL | SMAGEWLTATANTNMFTY.EI APVF. ILMENVVLTKMRE | IOWSG - - O
UNC25 160 DGI EAPGGAI AN LYAMN AARHQLWPR SKH LGMKO | P- TLCCETSEDSHY
DGIFSPGGAISNMYAMMIARFKMFPEVKEKGMAALP «+RL | AFTSEHSHF
hGAOS7 245 DGl FSPGGAI SNMYSi MAARYKYFPEVKTKGMAAVP- KLVL FTSE%SHY
dGADI 160 DSI LAPGGSI SNLYAFLAARH KMFPNYKEHGSVG LPGT LVML TSDQCHY
D
UNC25 208 S IKSASAVLGIGAOYCFNIPTDKNGKMIPEALEAKIIECKKEGITPFFA
NGADES 254 S| KKGAAALG IGTDSY I 1 KCDERGKMI PSDLERR IEAKQKGEVPELY
hGAD67 203 S| KKAGAALGFGTDNV1 L | KCNERGKI | PADFEAKI LEAKOKGYVPFYV
dGADI 209 SI KSCAAVCGLGTDHC I.VVPSD EHG KM I.T SELER L1 LERKA KGDI PJ. FV
XD R
UNC-25 257 CCTAGSTVYGAEDPLERVAN | CERH KLWFH VD AAWGGGML'L8PEHR Y« K
SATAGTTVYGAFDPLLAVADICKRYKIWMHVDAAWOGG ~ MSRKHKW- K
heabe? 345 NATAGTTVYGAFDPIQEIADICEKYNIWLHVDAAWGGGLLMSRKHRH-K
dGADI 253 NAT AGTTVLGA FDD INT I AD I.COKY.NCWMH [ DAAWGGGL.LMSRTHR.H PR

UNC-25 305 LAG | ERANSVTWNPHKLMGALLQCSACL FRQDGL LFOCNQMSADYLFQO

nGADGs 1 L SGVER AN SVTWN PHKMMG vPLOC SAL L'VR EEGLM NGCN%MH ASYL rfog

oA 0 EYGUERRE SVIWN AW EMNE AL ' PESA HEVEBSELISROTORYLES (FTR

E X E/R R

UNC25 354 DKPYDVSEQTGOKAI OCORHNDYVEKLWL MW KSKGMEG YROOQ | NKLMDLA

hGADGS 230 DKMYDLSYDTGDKALJCGRHVDVFKLWLMWRAKGTTGFEAHVDKCLELA

hGAD67 439 DKQYDVSYDTGDKA | OCGRHVD | FKFWLMWKAKGTVGFENQ INKCL ELA

dGADI 356 DKQYD | SYDTGDKV I QCGRHND | FKLWLQWRAKGIEGF EQQQDR LMELV

UNC25 403 NYFTRRI KET -EGFELIME-NPEFLNICFWYVPSKIRNLEPAE MR «ARL

hGADG5 479 EYLYN | IKNR  EGYEMVFDGKPQHTNVC FWY | PPSLRTLEDNE ERMSRL

hGAD67 4356 EYLYAKI KNR - EEFEMVFNGEPEHTNVCFWYI POSLRGVPDSP QRREKL

dGADI 405 QY.QLKR IREQSDR.FHL I LE - + PEC VN V.SF.WY VP.KR LAG VPHDAKKEVELU

D X

UNC25 449 EKI APKIKAGMMORGTTIMYGYQ BD KOR PN EFRM | | SNQAI TREDLDELI'l

hGADG5 527 SKVAPVI KARMMEVGTTMVSYOPLGOKVNFFRMVI SN PAATHO  DFELI
HKVAPKIKAIMMESGTTMVGYQJPQGOKANFFRMVISNPAATOS DELI

dGADI 452 GKICPI | KGRMMQKGT.LMVG Y.QPDDRRPNFFRS 1J.SSAAVN EADVD FML

UNC25 4% KEIVD IQESLE

NGADG5 5/6 EE | ERLGOOL

hGAD67 585 EE | ERLGQDL

dGADI 501 DEIHRLGDD L

Figure 2 Sequence comparisons of OADs. Sequences of human OADs
(hGADG65, hGADG67) and Drosophila GAD (dGAD) are from Erlander el
al. (1990). The NPIIK tetrapeptide is in hold face. Positions in which
unc-25 mutations were found are indicated with the corresponding amino
acid change above. X represents sites of nonsense mutations. Table 1 lists
additional information about unc-25 mutations.

mutations may interfere with the regulation of GAD activity but
not abolish GAD function.

unc-25 is expressed exclusively in GABAergic neurons

To determine the expression pattern of unc-25, we made a series
of reporter gene constructs using the GFP (Chalfie et al., 1994)
(Fig. 3). We found that all of the GABAergic neurons and only
these cells express unc-25 (Fig. 4A), and the unc-25 expression
was visible as soon as these neurons were generated. This expres-
sion pattern indicates that the GABA immunoreactive cells ac-
cumulate GABA via de novo synthesis rather than via uptake of
GABA released by neighboring cells. Furthermore, our reporter
gene analysis suggested that UNC-25 expression in different
classes of GABAergic neurons is regulated at both the transcrip-
tional and post-transcriptional levels. Specifically, reporter con-
structs containing either the entire unc-25 genomic sequences
(pSC317) or genomic sequences up to exon 6 (pSCIOO) were
expressed in all 26 GABAergic neurons. Reporter constructs
containing shorter genomic sequences that included the putative
5' regulatory region and various lengths of genomic sequences up
to exon 5 (pSC380, pSC379, pSCI98, and pSC315) were not ex-
pressed in the RIS, AVL, and DVB neurons. However, the
expression of unc-25 reporter gene constructs in these three
neurons did not depend on specific intronic or exonic sequences.
We used an unc-25 genomic fragment that contained only the 5'
regulatory region and the first 13 amino acid residues in exon 1 to
drive a GFP reporter gene in which multiple synthetic introns
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were inserted into the GFP coding sequence (pSC381) (A. Fire,
personal communication). This construct expressed GFP in all 26
GABAergic neurons (data not shown). Although these experi-
ments are subject to the general caveat that overexpression of a
reporter gene may not accurately represent endogenous gene
expression, this analysis suggests that the 5' region of unc-25
contains the information required for expression in all GABAer-
gic neurons and that the expression of unc-25 in AVL, DVB, and
RIS may additionally require RNA processing. Such post-
transcriptional regulation might be achieved through regulated
nuclear RNA export and/or RNA stability (Johnson, 1994; Re-
thmeier et al., 1997).

The two isoforms of vertebrate GAD differ in their subcellular
locations (Erlander et al., 1991). To determine where UNC-25 is
localized within a cell, we inserted GFP in-frame into the amino
terminus after amino acid Vall2 (pSC317). The transgene con-
taining this construct rescued the Unc-25 phenotype, indicating
that the GFP insertion did not disrupt the function of UNC-25
and therefore that this transgene was expressed at sites at which
UNC-25 function is needed. GFP was observed throughout cell
bodies and axonal branches and was enriched in synaptic regions
(Fig. 4B.C). To evaluate whether the synaptic localization of
UNC-25::GFP is caused by an association with synaptic vesicles,
we examined the expression of this transgene in unc-104 mutant
animals, which accumulate synaptic vesicles in cell bodies because
of defects in a kinesin-like molecule (Hall and Hedgecock, 1991,
Otsuka et al., 1991). We found that in unc-104 animals, the
synaptic punctate expression of GFP diminished and GFP be-
came uniformly distributed in the axonal branches and highly
concentrated in the cell bodies (Fig. 4£>), suggesting that some
fraction of UNC-25::GFP was associated with vesicles. Because
all synaptic vesicles are retained in cell bodies in unc-104 mutants
(Hall and Hedgecock, 1991), this analysis suggests that UNC-25
is present in both nonvesicular- and vesicular-bound forms, al-
though it is possible that the nonvesicular localization is caused by
overexpression from the transgenic array.

Axonal outgrowth and synapse formation are normal

in unc-25 mutants

To investigate whether GABA plays a role in axon guidance, we
examined the morphology of the GABAergic neurons in unc-25
mutant animals using the GFP reporter transgene with multiple
synthetic introns (pSC381). GFP expressed from this transgene
was found throughout GABAergic neuron cell bodies and axons.
We found that all 26 GABAergic neurons displayed an axonal
trajectory pattern indistinguishable from that of the wild type
(n > 100 animals) (data not shown). We conclude that lack of
GABA does not affect the axonal development of these GABAer-
gic neurons. Moreover, in unc-25 mutant animals, the number and
positions of the motor neurons in the ventral nerve cord, as
examined using Nomarski optics, were the same as in wild-type
animals (data not shown), indicating that lack of GABA has no
effect on the divisions of the precursor cells that generate the
GABAergic DD and VD neurons.

To determine whether GABA plays a role in neuronal connec-
tivity, we first compared in unc-25(el56) and wild-type animals
the expression of a transgene, julsl, in which GFP was fused to
the C. elegans SNB-1 protein, a homolog of the synaptic vesicle
protein synaptobrevin (Nonet et al., 1998), and driven by the
unc-25 promoter (Jorgensen et al., 1995). Punctate fluorescent
clusters of GFP were seen along the dorsal and ventral nerve
cords, corresponding in position to the synaptic varicosities of the
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DD and VD neurons, respectively (Jorgensen et al., 1995). We
detected no abnormality in unc-25(el56) animals in either the
shape or the density of the fluorescent clusters (Fig. 5A,B),
suggesting that the synaptic termini of these neurons were largely
normal, although the intensity of the fluorescent clusters was
slightly stronger in unc-25 mutants than that in wild-type animals.
These experiments indicated that the distribution of GABAergic
synapses was roughly normal in a unc-25 mutant. However, these
experiments did not demonstrate that synaptic connectivity is
normal in a unc-25 mutant. Specifically, they did not examine
whether these synapses were directed to their normal muscle
targets, nor did they determine whether the density of cholinergic
synapses to the muscle was normal.

To examine the synaptic connectivity of a unc-25 mutant, we
fixed a unc-25(el56) animal and a wild-type animal and prepared
electron micrographs from serial sections of each. The morphol-
ogies of the GABAergic and cholinergic neuromuscular junctions
were normal in the unc-25 animal. Specifically, the cholinergic VA
and VB and the GABAergic VD neuromuscular junctions were
neither enlarged nor diminished in the unc-25 mutant compared
with the wild type (Fig. 5C,D), and the diameters of synaptic
vesicles were also unchanged (Table 2).

In the absence of inhibitory input, the muscles in unc-25 mu-
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GFP Expression

DDs/VDs RMEs AVL/DVB

/RIS

+ + +
+ + +
+ + -
+ + -

* + - Figure 3. unc-25 reporter gene constructs. Ex-

ons of unc-25 are indicated as in Figure 1. GFP

+ + - reporter genes are shown as hatched boxes.

Lines represent nonexonic sequences. +, GFP

+ + + expression observed;  no GFP expression.

Figure 4 The expression pattern of unc-

25. A, An adult worm of genotype lin-

15(n765);  JUEX[pSC100+tin-i5(EK)].

GFP is expressed in all and in only

DVB-'*" GABAergic neurons. RMEs, DVB,

AVL, and RIS are marked by arrows;

arrowheads point to several DD and VD

neurons. Not all DD and VD neurons are

seen as a consequence of the mosaic ex-

Vv pression of the transgene. B, An adult

0 worm of genotype unc-25(el56); lin-

Vv 15(n765); JUEX[pSC317+ plin-15(EK)].

UNC-25::GFP is found in cell bodies (ar-
rowheads), axons, and commissures (ar-
row). C, The ventral cord of an adult
worm of genotype unc-25(el56); lin-
15(n765); JUExfpSCJI17+ piin-15(EK)].
UNC-25::GFP is associated with synaptic
varicosities seen as punctate fluorescent
clusters (arrows). Arrowheads mark neu-
ronal cell bodies. D, The ventral cord of
an adult worm of genotype unc-
104(el265); Un-15(n765); juEX[pSC.317+
plin-15(EK)]. No punctate synaptic fluo-
rescent clusters are visible. The arrow-
head marks a neuronal cell body. Scale
bar: A, 50 /im; B-D, 170 fim.

tants should receive an excess of excitatory cholinergic input. Are
cholinergic inputs pruned to restore the muscles to a normal level
of excitation? To examine this question, we reconstructed a seg-
ment of the ventral nerve cord between the DD2 commissure and
the DD2 cell body (Fig. 6) and counted the neuromuscular
junctions from the cholinergic motor neurons VA4 and VB3 and
the GABAergic motor neuron VD4. We found that the total
number of synapses was approximately the same for the two
strains in the reconstructed segment: VD4 formed 24 neuromus-
cular junctions in this interval in both the wild-type and the
unc-25 animal. There were similar numbers of synapses from the
cholinergic neurons in the wild-type (52) and unc-25 (48) indi-
viduals. Based on these numbers, the ratio of the VA and VB
neuromuscular junctions to VD neuromuscular junctions was 2.2
in the wild-type and 2.0 in the unc-25(el56) animal. We conclude
that there was no compensation in synaptic density of the
GABAergic neurons or the cholinergic neurons in response to the
lack of GABA in the unc-25 mutant.

Another possibility is that rather than remodeling neuromus-
cular junctions, the nervous system may compensate for reduced
neurotransmission by changing the strength of existing synapses.
Although the rate of release of synaptic vesicles cannot be mea-
sured in C. elegans at this time, the number of synaptic vesicles
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Figure 5. Neuromuscular junction
morphology in unc-25(el56) and wild-
type animals. A, Expression oijulsl, a
OFF marker that labels the presynaptic
termini of DD and VD neurons, in the A
dorsal cord of a wild-type young adult
worm. In the julsl construct synaptobre-
vin was fused to the green fluorescent _ ‘
protein and expressed under the control
of the unc-25 promoter (Jorgensen et al.,
1995). The presynaptic zones of the
GABAergic motor neurons are thus
manifested as punctate fluorescent clus-
ters in living worms (see Results). B,
Expression oijulsl in the dorsal cord of
a unc-25(el56) young adult worm. The
density and shape of synaptic varicosi-
ties is similar to that in the wild type,
although the fluorescence is slightly
more intense in unc-25 animals than in
wild-type animals, possibly reflecting
the slight increase of synaptic vesicles
(see Results). C, An electron micro-
graph of the ventral nerve cord in a
wild-type young adult animal. A neuro-
muscular junction (arrow) between the
VD4 GABAergic motor neuron and
muscle arms from the body muscles. D,
An electron micrograph of the ventral
nerve cord in a unc-25(el56) young
adult animal. A neuromuscular junction
(arrow) between the VD4 GABAergic
motor neuron and muscle arms from the
body muscles. Note that the VD active
zone is neither hypertrophic nor dimin-
ished in comparison with that in the
wild type.

10]jm

Tabic 2. Synaptic vcsicic densities and diameters in unc-25 and wild-type animals

Wild-type ACh synapses
Wild-type GABA synapses
unc-25(e!56) ACh synapses
unc-25(e!56) GABA synapses

S\k, Synaptic vesicles.

SVs per

midsynaptic Number of

profile™ synapses SV diameter (nm)” Number of SVs
2714+ 23 32 301+04 109

214+ 34 14 296+ 03 19%

269 * 26 20 316+ 05 170

370+ 33 14 316+ 06 134

"Number of synaptic vesicles in a cross section at the center of the active zone.

"Mean + SEM

can be examined directly. We found that the mean number of
synaptic vesicles at the midpoints of the GABAergic neuromus-
cular junctions was slightly increased in the unc-25 animals (37)
compared with that in the wild-type animals (27) (Table 2) (p =
0.045). Although the increase is small, these data may indicate
that a lack of transmission at these synapses causes a compensa-
tory increase in the number of vesicles available for release.

DISCUSSION

The C. elegans gene unc-25 encodes a neuronal-specific GAD, the
biosynthetic enzyme for the neurotransmitter GABA. Null mu-
tations in unc-25 abolish GABA expression and cause animals to
display behaviors indistinguishable from those in which the
GABAergic neurons are killed by a laser, unc-25 missense muta-
tions affect amino acid residues that are conserved among mem-
bers of the GAD family. Using both light and electron micros-
copy, we found that in unc-25 mutant animals GABAergic

neurons exhibit normal axonal morphology and synaptic connec-
tivity, and the size and shape of both synaptic vesicles and
neuromuscular junctions are normal, indicating that GABA is not
necessary for the development of these neurons and the mainte-
nance of neuromuscular junctions in vivo.

Regulation of GAD

Although GABA synthesis in the brain has been studied exten-
sively (for review, see Martin and Rimvall, 1993), to date there
has been no structure/function analysis of GAD or other decar-
boxylases besides the interaction between the NPHK tetrapep-
tide and the cofactor pyridoxal phosphate. For example, little is
known about the residues needed for GAD catalytic activity. We
have identified 12 unc-25 missense mutations that indicate the
functional importance of specific amino acids for GAD activity.
Nine of these alleles are strong mutations and behave genetically
as null mutations (Mclintire et al., 1993a). All cause amino acid
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Figure 6. Comparison of the ventral nerve cord reconstructions of awild-type and a unc-25(el56) animal. The ventral nerve cord was reconstructed from
serial electron micrographs between the DD2 cell body and the DD2 commissure. Anterior is up. Cell bodies that are anterior to the segment arc
indicated above the axon; cell bodies that arc posterior to the segment arc indicated below the axon. Synapses arc indicated by a dot on the process.
Synaptic input is shown as an arrow pointing toward the dot: synaptic output is indicated as an arrow pointing away from the dot. Dyadic synapses are
indicated with an asterisk. Gap junctions arc indicated as vertical bars. The commissure is indicated as a broken horizontal process. A question mark

indicates that the cell identity is undefined.

substitutions at positions conserved among known GADs. These
residues might define sites important either for catalysis or for
protein structure or stability. Three weak unc-25 alleles caused a
constitutive loss of enteric muscle contractions but only a
temperature-sensitive locomotory defect. These three alleles alter
amino acids adjacent to the pyridoxal 5'-phosphate binding site,
indicating that the amino acids around the cofactor binding site
may contribute either to the binding of the cofactor or to the
correct conformation of the catalytic site around the bound glu-
tamate. These three unc-25 temperature-sensitive alleles may
generate either temperature-sensitive proteins or proteins with
lowered activity. In the latter case, more neurotransmitter would
be required at higher temperatures, and these reduction of func-
tion mutations would simply be revealing this temperature-
sensitive process.

unc-25 is transcribed and translated exclusively in the 26
GABAergic neurons. However, the regulation of unc-25 expres-
sion among GABAergic cells may differ. Using reporter gene
constructs, we found that unc-25 expression in the RIS, AVL, and
DVB GABAergic neurons required the presence of introns in
addition to the 5' regulatory regions. This intron requirement
does not seem to be sequence- or gene-specific, because adding

synthetic introns into the GFP reporter gene driven by the unc-25
promoter caused GFP to be expressed in these neurons. Introns
are known to facilitate RNA processing by regulating RNA
export, splicing, and polyadenylation (Gallic and Young, 1994;
Jarrous and Kaempfer, 1994; Damert et al, 1996; Rethmeier et
al, 1997), and they also play roles in translation (Chapman and
Walter, 1997). GABA is used in many different types of neurons
in the nervous systems of many animals. The expression of ver-
tebrate GADs in different types of neurons appears to be differ-
entially regulated at both the mRNA and protein levels (Esclapez
et al, 1994; Hendrickson et al, 1994; Houser and Esclapez, 1994).
Although we do not know how post-transcriptional regulation is
achieved in the AVL, DVB, and RIS neurons, the multi-level
regulation of unc-25 we observed in C. elegans may reflect a
general mechanism used by different types of neurons in complex
nervous systems.

Evolution of GAD

In contrast to vertebrates, C. elegans may have only a single GAD
gene. This conclusion is based on three observations. First, mu-
tations in unc-25 eliminate all GABA immunoreactivity and the
known functions of all GABAergic neurons (Mclintire et al,
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1993a,b). Sccond, unc-25 is expressed in all 26 GABAergic neu-
rons. Third, the sequence of 82% of the C. elegans genome has
been determined, and the sequences of many mRNAs have been
partially determined as expressed sequence tags, yet no other
gene is as similar to the vertebrate GADs as is unc-25. Most GAD
activity in Drosophila can be attributed to a single gene, GAD1
(Jackson et al., 1990; Kulkarni et al., 1994), although other minor
GADs may contribute to GABA synthesis in some tissues (Phil-
lips et al., 1993) (M. Phillips, personal communication). Neither
the C. elegans GAD gene nor the Drosophila GAD1 gene more
closely resembles either the mammalian GAD6&or GADG67. Thus,
the duplication and divergence of these mammalian genes prob-
ably occurred after the divergence of vertebrates from arthropods
and nematodes.

The C. elegans GAD protein is strongly conserved with the
vertebrate and Drosophila GAD proteins in its € portion. Even
the locations of some exon/intron boundaries are maintained
between species as distant as C. elegans and human. GADE and
GADG67 each have a region of —100 amino acids at the amino
terminus that is not conserved between the two forms. This
amino-terminal region is absent in both the C. elegans and Dro-
sophila GADs. In GADGb this region contains two cysteines that
can be palmitovlated and a region that is critical for membrane
anchoring (Shi et al., 1994; Solimena et al., 1994). Moreover, the
first 13 amino acids of GADG include four serines that become
phosphorylated when GAD® is associated with synaptic vesicles
(Namchuk et al., 1997). Although the amino termini of the C.
elegans and Drosophila GADs and of human GAD®67 also contain
multiple serines that could potentially be phosphorylated, GADG67
and UNC-25 are found in both synaptic regions and cytoplasm,
suggesting that these serines may not be involved in an interaction
with synaptic vesicles. Together, both the protein sequence com-
parisons and the subcellular expression patterns suggest that
UNC-25 may resemble an ancestral member of the GAD family.

Function of GAD in nervous system development

Because there appears to be a single GAD gene in C. elegans, null
mutations in unc-25 are likely to define all GABA-dependent
functions, unc-25 animals exhibit hvpercontraction of the body
muscles, hvperflexions of the head during foraging, and a severe
reduction in contractions of the enteric muscles. Our data indicate
that these defects are a consequence of a lack of neurotransmitter
function in the mature nervous system rather than of connectivity
defects caused by absence of GABA during development. We
reach this conclusion for several reasons. First, we detected no
abnormalities in the axonal trajectories of the GABAergic neu-
rons in unc-25 mutants. Second, the density of synaptic varicosi-
ties is normal in GABAergic neurons as analyzed by light micros-
copy. Third, we observed no abnormalities in neuromuscular
connectivity or in the differentiation of neuromuscular junctions
using electron microscopy. Fourth, we observed previously that
the AVL and DVB neurons are capable of importing GABA and
that the acute restoration of GABA to these cells by bath appli-
cation can rescue the function of these neurons, suggesting that
fully functional synapses are formed in unc-25 mutants and that
neurotransmission fails only because GABA is absent (Mclntire
et al., 1993a). Fifth, in unc-49 mutant animals, which are defective
in a GABA receptor (B. Bamber and E. J., unpublished obser-
vations) and hence likely to be defective in GABA function, the
axonal morphology of GABAergic neurons (Mclntire et al.,
1993a) and the presynaptic termini of the DD and VD GABA
neuromuscular junctions as revealed by a synapse-specific GFP

marker are normal (Y. J., unpublished results). These data indi-
cate that the behavioral defects of unc-25 animals are caused by a
lack of GABA function in an otherwise normal nervous system.

Although the connectivity of the nervous system is unchanged
in unc-25 mutants, we noted that there is a slight increase in the
number of synaptic vesicles at the GABAergic neuromuscular
junctions in unc-25(el56) animals. This increase in synaptic ves-
icle number may be the result of a feedback mechanism. Specif-
ically, the muscle cells may detect that GABA transmission is
inadequate and hence may signal the motor neuron to make more
synaptic vesicles and perhaps to increase the probability of release
of these vesicles. However, because these vesicles lack GABA,
increased synaptic release will not lead to increased transmission
at these mutant synapses.

Our observations appear to contrast with several reports that
GABA can affect the development and differentiation of the
mammalian CNS. Exposing explants of rat embryonic cortex to
GABA causes a decrease of the number of cortical cells synthe-
sizing DNA and presumably undergoing cell divisions (LoTurco
et al., 1995). However, we did not observe an increase or decrease
in the number of ventral cord neurons in unc-25 mutants. Manip-
ulations of GABA transmission in vivo by the addition of agonists
or antagonists can alter axonal pathfinding during retinal devel-
opment in the rabbit (Messersmith and Redburn, 1993). By con-
trast, we see no changes in the axonal trajectories of motor
neurons in unc-25 mutants. Why might our results differ?
One possibility is that our experiments were conducted in vivo
in a mutant lacking GABA, whereas the other experiments
were conducted either by adding exogenous GABA to cell cul-
tures in vitro or by interfering with GABA transmission
pharmacologically.

Our observations also appear to contrast with studies of the
regulation of the size of mature vertebrate neuromuscular junc-
tions. Pharmacological perturbations of vertebrate neuromuscular
junctions cause the nervous system to be remodeled to compen-
sate for these changes in neurotransmission. Specifically, reducing
the effective level of neurotransmitter to the chick hindlimb
muscles by blocking acetylcholine receptors with a-bungarotoxin
causes the motor neuron to sprout and form additional synapses
(Dahm and Landmesser, 1991). Increasing neurotransmitter ac-
tivity by adding the acetylcholine agonist carbachol causes a
compensatory reduction in the density of synapses made by the
chick lumbosacral motor neurons (Lance-Jones and Landmesser,
1981). These experiments indicate that the density of synapses
may change to maintain a constant level of input into the muscle.
Given these data, we might have expected that in a unc-25 mutant
a compensation for the lack of GABA neurotransmission would
be hypertrophic arborization of the GABA neurons or an in-
crease in the number of GABAergic neuromuscular junctions
along the ventral cord. However, we found neither.

Differences between our studies and those of vertebrate neu-
romuscular junctions include the organism, the neurotransmitter
examined, and whether pharmacological intervention was used.
For example, unlike in vertebrates, in C. elegans muscles send
processes to neurons, and neuromuscular junctions are formed en
passant; chemotropic interactions between nerves and muscles
could be different as a consequence. Second, although acetylcho-
line has been reported to have a role in the development of the
vertebrate neuromuscular junction, no such function has been
assigned to GABA for synaptic development in the CNS; perhaps
GABA does not have such a role in either C. elegans or verte-
brates. Finally, the vertebrate studies that indicated a role for



neurotransmitters in the development of neuromuscular junctions
were based on pharmacological manipulations, and it is conceiv-
able that targets other than those intended were perturbed. A
genetic study of a vertebrate, like our study of C. elegans, sug-
gested that neurotransmitter function is not necessary for the
formation of normal neuromuscular junction: in a zebrafish mu-
tant lacking a muscle acetylcholine receptor, motor neurons have
morphologically normal patterns of innervation and normal neu-
romuscular junctions (Westerfield et al, 1990).

Based on our findings, we conclude that neither synaptic de-
velopment nor synaptic maintenance depends on GABA neuro-
transmission at neuromuscular junctions in C. elegans.
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