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The neurotransmitter gamma-aminobutyric acid (GABA) is depolarizing in the developing vertebrate brain, but in 
older animals switches to hyperpolarizing and becomes the major inhibitory neurotransmitter in adults. We 
discovered a similar developmental switch in GABA response in Caenorhabditis elegans and have genetically 
analyzed its mechanism and function in a well-defined circuit. Worm GABA neurons innervate body wall muscles to 
control locomotion. Activation of GABAA receptors with their agonist muscimol in newly hatched first larval (L1) 
stage animals excites muscle contraction and thus is depolarizing. At the mid-L1 stage, as the GABAergic neurons 
rewire onto their mature muscle targets, muscimol shifts to relaxing muscles and thus has switched to 
hyperpolarizing. This muscimol response switch depends on chloride transporters in the muscles analogous to those 
that control GABA response in mammalian neurons: the chloride accumulator sodium-potassium-chloride-
cotransporter-1 (NKCC-1) is required for the early depolarizing muscimol response, while the two chloride 
extruders potassium-chloride-cotransporter-2 (KCC-2) and anion-bicarbonate-transporter-1 (ABTS-1) are required 
for the later hyperpolarizing response. Using mutations that disrupt GABA signaling, we found that neural circuit 
development still proceeds to completion but with an ~6-hr delay. Using optogenetic activation of GABAergic 
neurons, we found that endogenous GABAA signaling in early L1 animals, although presumably depolarizing, does 
not cause an excitatory response. Thus a developmental depolarizing-to-hyperpolarizing shift is an ancient 
conserved feature of GABA signaling, but existing theories for why this shift occurs appear inadequate to explain 
its function upon rigorous genetic analysis of a well-defined neural circuit.
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ABSTRACT The neurotransmitter gamma-aminobutyric acid (GABA) is depolarizing in the developing vertebrate brain, but in older animals
switches to hyperpolarizing and becomes the major inhibitory neurotransmitter in adults. We discovered a similar developmental switch in
GABA response in Caenorhabditis elegans and have genetically analyzed its mechanism and function in a well-defined circuit. Worm GABA
neurons innervate body wall muscles to control locomotion. Activation of GABAA receptors with their agonist muscimol in newly hatched
first larval (L1) stage animals excites muscle contraction and thus is depolarizing. At the mid-L1 stage, as the GABAergic neurons rewire onto
their mature muscle targets, muscimol shifts to relaxing muscles and thus has switched to hyperpolarizing. This muscimol response switch
depends on chloride transporters in the muscles analogous to those that control GABA response in mammalian neurons: the chloride
accumulator sodium-potassium-chloride-cotransporter-1 (NKCC-1) is required for the early depolarizing muscimol response, while the two
chloride extruders potassium-chloride-cotransporter-2 (KCC-2) and anion-bicarbonate-transporter-1 (ABTS-1) are required for the later
hyperpolarizing response. Using mutations that disrupt GABA signaling, we found that neural circuit development still proceeds to
completion but with an �6-hr delay. Using optogenetic activation of GABAergic neurons, we found that endogenous GABAA signaling
in early L1 animals, although presumably depolarizing, does not cause an excitatory response. Thus a developmental depolarizing-to-
hyperpolarizing shift is an ancient conserved feature of GABA signaling, but existing theories for why this shift occurs appear inadequate to
explain its function upon rigorous genetic analysis of a well-defined neural circuit.
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NEURONS alter expression and activity of Cl2 transporters
to alter the driving force for Cl2 ions through the GABA-

gated Cl2 channel known as the GABAA receptor (Rivera
et al. 1999; Yamada et al. 2004; Blaesse et al. 2009). Mature
neurons generally have a low intracellular Cl2 concentration
([Cl2]i) so that Cl2 influx occurs through the GABAA receptor
to hyperpolarize and inhibit the cells. However, across many
vertebrate species and brain regions, immature neurons have
relatively high [Cl2]i so that Cl2 efflux occurs through the
GABAA receptor to depolarize these neurons. While strong
depolarization excites action potentials, weakly depolarizing

GABA can cause an opposite effect, “shunting inhibition,”
which holds membrane potential below the threshold required
to fire action potentials (Staley and Mody 1992). The biolog-
ical purpose of early depolarizing GABA in circuit formation
and maturation remains unclear. GABA signaling in the verte-
brate brain generally develops prior to glutamate signaling
and, if excitatory, potentially provides the initial activity in de-
veloping circuits (Saint-Amant and Drapeau 2000; Gao and
Van Den Pol 2001; Hennou et al. 2002; Gozlan and Ben-Ari
2003; Johnson et al. 2003). Genetically manipulating Cl2

transporters to eliminate early depolarizing effects of GABA leads
to defects in dendrite and synapse development (Chudotvorova
et al. 2005; Akerman and Cline 2006; Ge et al. 2006; Cancedda
et al. 2007; Young et al. 2012). However, elucidating the pre-
cise linkage between the role of early GABA signaling in spe-
cific neurons and a manifested behavior has been difficult due
to the complexity of the vertebrate brain.

Caenorhabditis elegans provides the potential to study de-
velopmental changes in GABA response within the well-
studied locomotor circuit. In adult worms, cholinergic motor
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neurons excite body wall muscles to generate body bends.
They also excite GABAergic neurons that synapse onto the
opposing body wall muscles so that when acetylcholine
excites and contracts one set of muscles, GABA is released
onto the opposing muscles to inhibit and relax them (White
et al. 1976) (Figure 1A). Thus inhibitory GABA helps adults
coordinate body bends (McIntire et al. 1993b; Schuske et al.
2004). However, in newly hatched, first-stage larvae (L1s),
cholinergic neurons that will later excite the ventral muscles
have not yet developed (Figure 1B). Instead, six GABAergic
DD neurons temporarily synapse onto the ventral muscles
(White et al. 1992; Jin et al. 1994). Later in the L1 stage,
new cholinergic neurons develop and make synapses onto
the ventral muscles, while the existing DD neurons elimi-
nate their ventral synapses and form new synapses onto the
dorsal muscles. Thus in both the mammalian brain and in
the C. elegans L1 ventral locomotor circuit, GABA signaling
precedes the development of mature excitatory synapses.
The analysis we present here shows that a depolarizing-
to-hyperpolarizing GABA response switch appears to oc-
cur in the C. elegans locomotor circuit. However, we show
that synapse formation in the locomotor circuit proceeds
relatively normally when the switch in the polarity of
GABA response is disrupted genetically, and that early
depolarizing GABA is not the initial source of excitation
during development of the locomotor circuit. Thus the
developmental GABA response switch is conserved across
evolution, but genetic analysis of this switch in a well-
defined neural circuit suggests the switch has functions
other than providing excitation or supporting synapse
development.

Materials and Methods

C. elegans strains

C. elegans strains were maintained at 20� on nematode
growth medium (NGM) agar plates with Escherichia coli
OP50 as a source of food, as described previously (Brenner
1974). All strains are derived from the Bristol N2 wild-type
strain. The C. elegans strains used in this work were as
follows:

Figure 2: N2, CB156 unc-25(e156).
Figure 3: LX2008 lin-15(n765ts); vsIs182[pnkcc-1c::gfp].
Figure 4: nkcc-1(ok1621), kcc-2(vs132), abts-1(ok1566),

kcc-2(vs132) nkcc-1(ok1621), abts-1(ok1566); nkcc-
1(ok1621), vsEx743[pmyo-3::gfp, pmyo-3::gfp-LacZ(nuclear
localization signal, NLS)], nkcc-1(ok1621); vsEx744[pmyo-
3::nkcc-1c, pmyo-3::gfp-LacZ(NLS)], and LX1941 nkcc-
1(ok1621); vsEx745[pmyo-3::gfp, pmyo-3::gfp-LacZ(NLS)]

Figure 5: wyIs202[pflp-13::gfp::rab-3, pflp-13::mCherry,
podr-1::dsRED], wyIs222[punc-4::gfp::rab-3; pmig-13::
mCherry::rab-3, podr-1::dsRED]

Figure 6: N2, CB156 unc-25(e156).
Figure 7: zxIs3[punc-47::chokp-2(H134R)::yfp; lin-15+],

gbb-1(tm1406); zxIs3, gbb-2(tm1165); zxIs3, unc-

49(e407); zxIs3, unc-49(e407); gbb-1(tm1406); zxIs3,
unc-49(e407); gbb-2(tm1165); zxIs3

Figure S1: nkcc-1(ok1621); wyIs202[pflp-13::gfp::rab-3,
pflp-13::mCherry, podr-1::dsRED], kcc-2(vs132);
wyIs202[pflp-13::gfp::rab-3, pflp-13::mCherry, podr-1::
dsRED]

Molecular biology and transgenes

Transgenic strains were constructed by injection of plasmid
DNA or PCR products into the germline (Mello et al. 1991).
To determine the expression patterns of nkcc-1, we ampli-
fied an �5.6-kb DNA fragment upstream of the nkcc-1 trans-
lation start codon that is shared by all nkcc-1 isoforms from

Figure 1 The anatomy and development of C. elegans locomotor circuit.
Diagrams of neuronal wiring in the locomotor circuit of C. elegans adults
(A) or newly hatched first-stage larvae (L1s) (B). The anterior of the animals
is to the left. Circles, motor neuron cell bodies; lines extending from circles,
neural processes; arrows, acetylcholine release sites; arrowheads, GABA
release sites; black dashed boxes, representative regions of DD (dorsal
GABAergic) neuron processes adjacent to dorsal and ventral body wall
muscles. Each neuron diagrammed represents a class of motor neurons
that repeats along the length of the animal. In adults (A), ventral cholinergic
neurons release acetylcholine onto the ventral body wall muscles to excite
them and produce ventral body bends. Dorsal cholinergic neurons excite
dorsal muscles to produce dorsal bends. GABAergic neurons assist body
bends by releasing GABA to relax muscles opposite a contraction. Type DD
motor neurons relax dorsal muscles, and ventral GABAergic motor neurons
relax ventral muscles. In newly hatched L1s (B), however, neuronal pro-
cesses from neither the ventral cholinergic nor ventral GABAergic motor
neurons have developed yet. Instead, the dorsal GABAergic DD neurons
make temporary synapses onto the ventral body wall muscles. As ventral
motor neurons develop, DD neurons rewire to eliminate ventral synapses
and form new dorsal synapses. Diagram adapted from WormAtlas.org.
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genomic DNA with the following primers: 59-GAC TGG ATC
CGT TTC CTG ATG GCT TCT CCC AAG AG-39 and 59-GAC
TGG TAC CCT GGA CGA CTC CAG CCG CCT GCA AAATTG-
39. We also amplified an 800-bp 39 UTR region of the longest
isoform nkcc-1c with the following primers: 59-GAC TGA
GCT CGC CCG CAT AAT CTC CGG TTG TTC TAC TC-39
and 59-GAC TAC TAG TAG TGT ATC GTG TCC GTG TGG
AGT ACA CAC AC-39. These two sequences, along with cod-
ing sequences for GFP, were inserted into pPD49.26 (Fire
et al. 1990) to generate pBH3, which was injected at 80 ng/ml
with the lin-15 rescuing construct pL15EK at 50 ng/ml into
MT8189 lin-15(n765ts) animals to generate the transgene
vsIs182.

The body wall muscle cell-specific rescue plasmid (pBH1)
was obtained by amplifying the nkcc-1c cDNA from total
C. elegans cDNA and inserting it into the pPD96.52 vector
(1999 Fire Lab Vector kit) that drives muscle expression

under the muscle-specific myo-3 promoter (Reynolds et al.
2005). A myo-3::gfp construct (pAB25A) (Bellemer et al.
2011) was used as a negative control. A construct expressing

Figure 2 Muscle response to a GABAA receptor agonist switches from
excitatory to inhibitory during C. elegans development. (A and B) Images
of a representative wild-type adult in the absence (A) or presence (B) of
1 mMmuscimol. (C and D) Images of a representative wild-type L1 at 0.25 hr
posthatch in the absence (C) or presence (D) of 1 mM muscimol. A dashed
line was drawn down the midline of the worm in each image to measure its
body length. The average lengths and standard deviations from 30 animals
thus measured are shown at upper right of each image. Bar, 100 mm. (E)
Percent changes in body length of wild-type animals in response to 1 mM
muscimol throughout development. Muscimol response switches from ex-
citatory to inhibitory at �6 hr posthatch. (F) The muscimol response switch
was still observed in mutant animals lacking the GABA biosynthetic enzyme
UNC-25. n = 30 animals per genotype per time point. Error bars represent
95% confidence intervals calculated using a paired t-test.

Figure 3 NKCC-1 is expressed predominantly in muscles and neurons. (A)
Phylogenetic comparison of the C. elegans sodium potassium chloride
cotransporter (ceNKCC-1; boxed) to the two human NKCCs (hNKCC-1 and
hNKCC-2), two predicted Drosophila melanogaster NKCCs (dmCG31547
and dmNCC69), four C. elegans potassium chloride cotransporters (KCCs;
ceKCC-1–ceKCC-4), four human KCCs (hKCC-1–hKCC-4), a human chloride
transporter interacting protein (hCIP1), and a predicted C. elegans chloride
transporter interacting protein (T04B8.5). A prokaryotic cation chlo-
ride cotransporter (CCC) is used to root the comparison. Bar, 0.5 substitutions
per 100 amino acids. (B) Structure of the nkcc-1c transcript. Solid black boxes,
exons; connecting lines, introns; AAA, the polyadenylation site; dashed box,
the predicted transmembrane domain coding region; gray bar, the ok1621
deletion mutation. Bar (black line above the schematic), 1 kb. (C–G) GFP
fluorescence in an animal carrying a nkcc-1c promoter::gfp::nkcc-1c 39 UTR
reporter transgene. This reporter transgene was expressed primarily in the
body wall muscles (E) and neurons, including the head and tail neurons (D),
and the ventral cord neurons (F and G). It was also expressed in the vulval
muscles (F) and the posterior intestine (G). Unlaid eggs inside the adults
showed high expression (C). Bar, 50 mm. Eggs visible in C are out of the
focal plane and thus not visible in F. Body wall muscles are poorly visualized in
C but become apparent at the higher magnification in E.

http://www.wormbase.org/db/get?name=pPD49.26;class=Clone
http://www.wormbase.org/db/get?name=lin-15;class=Gene
http://www.wormbase.org/db/get?name=MT8189;class=Strain
http://www.wormbase.org/db/get?name=lin-15;class=Gene
http://www.wormbase.org/db/get?name=WBVar00089736;class=Variation
http://www.wormbase.org/db/get?name=WBTransgene00020550;class=Transgene
http://www.wormbase.org/db/get?name=pPD96.52;class=Clone
http://www.wormbase.org/db/get?name=WBGene00003515;class=Gene
http://www.wormbase.org/db/get?name=WBGene00012543;class=Gene
http://www.wormbase.org/db/get?name=WBGene00020207;class=Gene
http://www.wormbase.org/db/get?name=WBVar00092829;class=Variation


a nuclear-localized GFP–LacZ fusion in the muscles (pSAK2)
was used as a fluorescent injection marker (Fire et al. 1998).
Wild-type and LX1668 nkcc-1(ok1621) animals were co-injected

with pAB25A (15 ng/ml) and pSAK2 (15 ng/ml) to generate the
control strains LX1939 and LX1941, respectively. LX1668 ani-
mals were co-injected with pBH1 (15 ng/ml) and pSAK2 (15
ng/ml) to generate the muscle-rescued strain LX1940.

Muscimol assays and analysis

To assay the body wall muscle response of L1 hermaphro-
dites to 1 mM muscimol at specific time points posthatch,

Figure 4 NKCC-1 promotes excitatory signaling by the GABAA agonist mus-
cimol onto body wall muscles. (A) Percent change in body length of the wild
type and of Cl2 transporter mutants after 1 mM muscimol exposure. Pairwise
measurements were normalized to the body length of each animal prior to
muscimol exposure. n = 30 animals. (B) Rescue of themuscimol response defect
of early L1 nkcc-1 mutants by reexpression of nkcc-1 in body wall muscles.
Average normalized worm length of transgenic newly hatched L1 animals
before and after 1 mM muscimol exposure are shown. A muscle-specific pro-
moter was used to transgenically express cDNAs encoding the control protein
GFP or NKCC-1 isoform C. n = 50 animals, ***P = 0.0005. (C) nkcc-1 is
epistatic to kcc-2 and abts-1 in the muscimol response assay. Each measure-
ment was normalized to body length of the same animal prior to muscimol
exposure. n = 30 animals. Error bars represent 95% confidence intervals.

Figure 5 Presynaptic motor neuron development coincides with the post-
synaptic switch in muscle response to muscimol. (A–C) Rewiring of DD pre-
synaptic termini from ventral to dorsal in L1 animals. Wild-type animals
expressing GFP::RAB-3 in GABAergic DD motor neuron presynaptic termini
under the flp-13 promoter at 0.25 (A), 6 (B), and 12 (C) hr posthatch. (D–F)
Development of ventral cholinergic presynaptic termini in L1 animals. Wild-
type animals expressing GFP::RAB-3 in cholinergic motor neuron presynaptic
termini under the unc-4 promoter at 0.25 (D), 6 (E), and 12 (F) hr posthatch.
Cartoons depict a representative DD motor neuron (A–C) or ventral cholin-
ergic motor neuron (D–F) and where their synapses are at each time point.
Shaded lines, nerve cords and commissures; “D” and “V”, dorsal, ventral;
open ovals, DD motor neuron cell bodies; solid ovals, synapses made from
DDs; open circles, ventral cholinergic motor neuron cell bodies; solid circles,
synapses made from ventral cholinergic motor neurons. All animals are
oriented with head to the left and ventral down. Open boxes outline rep-
resentative regions of the dorsal and ventral nerve cord that are shown in
magnified versions below each image and labeled “D” and “V” for dorsal
and ventral in A and D. Magnified images in B, C, E, and F similarly show the
dorsal box on the left and the ventral box on the right. Bar, 20 mm. (G and
H) Quantification of the proportion of ventral GFP::RAB-3 in DD presynaptic
termini (G) or in cholinergic presynaptic termini (H). n = 20 animals.
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50–60 eggs at the threefold stage (a late stage of egg de-
velopment with moving larvae visible inside the egg shell)
were placed on a seeded NGM plate around the lawn of
food. The number of eggs was checked every 10 min to
ensure that any L1 larvae collected had hatched in the pre-
vious 10 min. The effect of muscimol on body length was
determined by transferring a single L1 onto a no-drug NGM
plate, taking a picture, transferring it to an NGM plate con-
taining 1 mM muscimol, monitoring every 10 min, and then
taking another picture as soon as it was paralyzed. The time
to reach initial paralysis on 1 mM muscimol varied from 30
to 60 min. L1s rapidly desensitized to muscimol and would
start moving again typically within 15 min of initial paraly-
sis. Thus our procedure of monitoring every 10 min was
required to catch L1 larvae during their initial response to
muscimol. L1 larvae were scored as paralyzed if pharyngeal
pumping was paused and there was no spontaneous move-
ment of their entire body. Adult animals were scored as
paralyzed if they showed the “rubber-band” phenotype
(McIntire et al. 1993a), a quick contraction and relaxation
of all body wall muscles following a tap on the nose. Ani-
mals assayed at the later time points during the L1 stage
were obtained by incubating L1s picked within 10 min of
hatching at 20� for the corresponding amount of time prior
to taking photos for their “before muscimol” body lengths,
and then immediately transferring them onto muscimol
plates. Photos taken were analyzed using ImageJ software
(National Institutes of Health) by drawing a freehand mid-
line down the center of each worm from the tip of the nose
to the tip of the tail. For the experiment testing the effect of
muscimol on worm body length during development (Figure
2), every animal was individually measured for body length
before and after muscimol treatment. The length of each
animal after muscimol treatment was normalized to that
measured before muscimol treatment to calculate its per-
centage of change in length. The resulting pairwise mea-
surements were analyzed for a total of 30 animals at each
time point. A paired t-test was used for analyzing differences
between genotypes at each time point. The average of per-
cent changes in length at each chosen developmental time
point was graphed in Figure 2. For the experiment testing
cell-specific rescue of the nkcc-1 muscimol sensitivity defect
(Figure 4B), 10 animals from each of the five transgenic
lines were analyzed. Muscimol plates were prepared the
day before an experiment by adding a 100 mM muscimol
(Biomol International) stock in water to NGM agar at 50� to
a final concentration of 1 mM. Plates were allowed to
harden, seeded with OP50, and then left to dry overnight
at room temperature. The average of normalized body
lengths after muscimol treatment was compared to that be-
fore muscimol using two-way ANOVA.

Fluorescence microscopy

To directly visualize the development of GABAergic DDmotor
neurons and ventral cholinergic motor neurons (Figure 5), L1
and L2 hermaphrodites carrying the fluorescent reporter

Figure 6 Endogenous GABA and GABAA receptors relax ventral muscles of
early L1 larvae during backing. (A–N) Snapshots of a representative wild type (A–
G) or an unc-25 mutant (H–N) L1 at 2 hr posthatch on unseeded NGM plates
taken prior to nose touch (t = 0) and every second for 6 sec after nose touch (t =
1 to t = 6). The wild-type L1 responded with backing (B–E), an omega turn (F),
and then moving forward again in the direction opposite to that prior to touch
(G). The unc-25 L1 curled its tail toward its body (I–K) and eventually coiled its
entire body up into a spiral (L and M). This spiral state lasted longer than 1 sec
(N). Dots, positions of the tip of the animal’s nose at the corresponding time
following nose touch, in seconds, specified by the numbers next to them. The
dot labeled 0 represents the nose position one frame before touch. (O and P)
Snapshots of an unc-25 adult on an unseeded NGM plate either before (O) or
after (P) nose touch. Dots and arrowheads, positions of the tips of the nose and
tail, respectively, before nose touch (“0”) and 1 sec after touch (“1”). Contrac-
tion of body wall muscles caused the animal to shorten in this response known
as “shrinking.” (Q) Quantification of the percentage of animals that coil in
response to nose touch as wild-type or unc-25 animals develop. (R) The per-
centage of unc-25 animals in each category of touch-response behavior during
development. The criteria for categorization are described in Materials and
Methods. (S) A representative magnified image of a coiled-up unc-25 L1 at 2
hr posthatch. The solid arrowhead points to the ventrally directed opening of
the anus, which shows that the animal is coiled with its ventral side in.
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transgenes of interest were obtained by picking freshly
hatched L1s individually and incubating them at 20� for the
amount of time specified in each experiment. Adult hermaph-
rodites were assayed at 24 hr post-L4 stage. Staged animals
were immobilized with 10 mM levamisole in water on 4%
agarose pads and covered with no. 1 coverslips. A Zeiss LSM
710 confocal microscope was used to obtain Z-stack images
with a 363 Water C-Apochromat objective. The 3D images
were compiled into 2D (Figure 3 and Figure 5) using Volocity
software (Improvision). To quantify the average GFP::RAB-3
fluorescence intensity expressed in presynaptic termini, a se-
ries of boxes with defined dimensions was drawn in ImageJ
to include either the dorsal or ventral processes and exclude
any motor neuronal cell body or gut autofluorescence. The
intensity of the background, which was determined by plac-
ing boxes of the same dimension at regions immediately next
to the nerve cords, was subtracted using ImageJ. Since ani-
mals increase in size during development and the same mag-
nification was used throughout the experiment, the entire
bodies of older animals did not fit in the field of view. There-
fore, only one-third of each animal’s body starting just poste-
rior to the second pharyngeal bulb was used in the analysis.
The ratio of (average intensity of ventral GFP::RAB-3)/[aver-
age intensity of (ventral + dorsal GFP::RAB-3)] for each an-
imal within the same age group was averaged and used for
comparison across the timeline.

Touch-response behavioral assays and analysis

Adult hermaphrodites were assayed at 24 hr post-L4. L1 and
L2 larvae were staged as described above. Prior to the
experiment, a single animal was picked onto an unseeded
NGM plate and allowed to move freely for 10 min. Then the

animal was touched gently at the tip of its nose with
a paintbrush hair (Jack Richeson Pure Kolinsky Sable 1 Flat
Watercolor Brush; ASIN: B0009I865E) attached to one end
of a worm pick. Representative behavioral responses were
video recorded for detailed analyses (Figure 6). Responses
of additional animals were analyzed without video record-
ing. Four categories of response during the 6 sec after stim-
ulus were observed and defined as follows: (1) “Omega
turn”—the animal backs, then moves forward touching its
body near the tail with the tip of its nose in a form resem-
bling the symbolV, and then proceeds forward in a direction
opposite that prior to touch; (2) “coiling”—the animal curls
up by wrapping its head or tail completely within its body;
(3) “shrinking”—the animal shortens without curling any
part of its body; and (4) “no response”—the animal keeps
moving forward following the stimulus and does not show
any of the aforementioned behaviors. At each developmen-
tal time point, 10 animals were assayed by touching each
five times in succession for a total of 50 trials per genotype.

Optogenetic assays and data analysis

Optogenetic assays and automated video analysis for the
extraction of worm body lengths as shown in Figure 7 were
adapted from previous studies (Liewald et al. 2008; Schultheis
et al. 2011). All-trans retinal plates were made by adding
4 ml of 100 mM stock all-trans retinal (Spectrum Chemical,
no. R3041) in 100% ethanol to 1 ml of 37� OP50 bacteria
cultured in B broth. Standard NGM plates were then seeded
with 150 ml of this mixture and let dry overnight at room
temperature in a light-tight environment. Five late L4s of
each genotype were picked onto all-trans retinal plates
and maintained in the dark. At least two generations later,

Figure 7 Optogenetic activation of GABA release confirms that endogenous GABAA signaling is inhibitory in early L1s. (A) Blue-light-induced change in
body length of early L1s expressing channel rhodopsin 2 in GABAergic motor neurons. WormLab software was used to track each animal’s body length
in every frame of a 30-frame per second movie recorded for 2 sec before and 2 sec after blue light was applied. For each animal, measurements were
normalized to the average body length before blue light was on. Data points plotted represent the average of these normalized length measurements
collected for each of 10 animals per genotype over each 0.1-sec interval. Solid and open bars across the top of the graph represent the time periods
before and after blue light was on, respectively. Error bars represent SEM. (B) Quantification of the average body lengths measured for animals of each
genotype both over intervals 2 sec before and 0.5–2 sec after blue light was on. Statistical results of paired t-tests are as follows: wild type, *P = 0.0137;
unc-49, **P = 0.0098; gbb-1, P = 0.1055 (ns, not significant); gbb-2, *P = 0.0195; unc-49; gbb-1, P = 0.0840 (ns); and unc-49; gbb-2, P. 0.9999 (ns).
Error bars represent SEM. All animals assayed in this experiment were 2 hr posthatch.
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L1s of each genotype were staged for experiments. All
animals were imaged under a Zeiss M2Bio fluorescence dis-
secting scope and recorded with a Point Gray camera (FL3-
FW-03S3M-C) at 30 frames per second for 2 sec before and 2
sec after blue light illumination. A 480-nm blue light LED (2
mW/mm2, as measured with a Solar Meter model 9.4 blue
light radiometer) (Solartech) was used for illumination. The
body length in each frame was then determined using auto-
mated worm-tracking software (WormLab, MBF Bioscience).
n = 10 animals per genotype. For each recording, four
parameters in WormLab, namely “threshold level,” “gradient
correction,” “smoothing (Gaussian filtering),” and “fill holes,”
were adjusted manually to ensure detection of the entire
animal by the software in every frame without erroneously
including foreign objects. A fine fluorescent powder (Sirchie
GREENescent 2 oz Fluorescent Latent Print Powder, cat. no.
LL703) was added onto unseeded NGM plates so that the
frame during video playback when the blue light came on
could be determined. To apply the powder such that only
a few grains were present per field of view of the microscope,
a small amount of powder was added onto a Kimwipe tissue
(Kimtech), which was then tapped to leave only a trace ad-
hering to it. A nylon flat fan-shaped brush (Connoisseur Mini
Brush Set, 9-piece, fan no. 2, item model number: 519VP.
ASIN: B0041MXGL8) was used to dust the powder traces
onto an unseeded NGM plate by one gentle sweep.

Results

Muscle response to a GABAA receptor agonist
switches from excitatory to inhibitory during
C. elegans development

GABAergic synapses in both the vertebrate brain and in the
ventral C. elegans body wall muscles are present prior to de-
velopment of excitatory synapses, and given this parallel, we
hypothesized that GABA response might undergo depolariz-
ing to hyperpolarizing shift in C. elegans similar to the shift
previously observed in vertebrates. To test this, we assayed
muscle response to the GABAA receptor agonist muscimol at
four time points during the L1 stage. We isolated precisely
staged larvae and transferred them to plates containing mus-
cimol. We measured the resulting changes in their body
lengths as soon as the muscimol paralyzed the animals, thus
avoiding the effects of desensitization to muscimol that ensue
later. Previous work has shown that in wild-type adults, mus-
cimol inhibits contraction of all body wall muscles via the
C. elegans GABAA receptor homolog UNC-49. As a result,
the entire worm elongates (Schaeffer and Bergstrom 1988).
We reproduced this phenotype in our experiments and ob-
served an 8.0 6 0.9% increase in wild-type adult body length
(Figure 2, A, B, and E). In young L1 larvae at 2 hr posthatch,
however, we found that muscimol excited muscle contraction
and decreased average body length by 3.3 6 1.5% (Figure 2,
C–E). At 6 hr posthatch, we observed no significant effect of
muscimol on body length. By 12 hr posthatch, in the late L1
stage, muscimol assumed its mature effect of relaxing muscles

and caused a 6.96 0.8% increase in body length (Figure 2E).
Mutants for UNC-49 showed no response to muscimol at any
developmental stage (data not shown).

Our results show that the GABAA receptor agonist musci-
mol switches from contracting to relaxing muscles at �6 hr
posthatch during the first larval stage of C. elegans develop-
ment. We interpret the switch in response to muscimol from
muscle contraction to muscle relaxation as indicating that the
muscle response to GABAA switches from depolarizing to
hyperpolarizing, and we will subsequently use these latter
terms to describe our results. The high concentration of mus-
cimol used in these experiments likely activates all GABAA

receptors, provoking a strong muscle response so that mea-
suring contraction or relaxation gives a sensitive readout of
the polarity of GABAA receptor activity. We note that weakly
depolarizing GABAA receptor activation, as may occur with
endogenous GABA signaling, can be inhibitory rather than
excitatory through the electrophysiological phenomenon of
shunting inhibition (Ben-Ari et al. 2007; Blaesse et al.
2009) Thus our results with the muscimol assay reveal that
GABAA signaling appears to be depolarizing in early L1s, but
do not reveal whether the muscle depolarization caused by
endogenous GABA signaling in early L1s is strong enough to
be excitatory. Experiments presented below will explore the
effects of endogenous GABA signaling in early L1s.

The muscimol response switch does not depend on
endogenous GABA, as we still observed the switch in mutant
animals lacking the GABA biosynthetic enzyme UNC-25
(Figure 2F). Indeed, the excitatory effect of muscimol in
early L1s was particularly strong in unc-25 mutants, causing
an 18.2 6 0.1% decrease in average body length.

We found that 56% of the muscimol-treated wild-type L1s
at 2 hr posthatch curled dorsally as they became paralyzed and
shortened in length (Figure 2D and data not shown). This
suggests that the dorsal muscles, which are not yet innervated
by GABAergic neurons in early L1s, clearly shortened, while
the effect of muscimol on the ventral muscles is less clear.
Although GABA is absent from the normally GABAergic DD
and VD motor neurons in unc-25 mutants, these neurons are
still able to form synapses onto the corresponding body wall
muscles (Jin et al. 1999). Moreover, the UNC-49 GABAA recep-
tors in the muscles still cluster at the postsynaptic sites appos-
ing to the presynaptic termini formed by the DD and VD
neurons in unc-25 adults (Gally and Bessereau 2003). The
dramatic muscimol-induced shortening of unc-25 L1s was not
accompanied by the coiling seen in the wild-type L1 response
to muscimol. Therefore, it appears that muscimol can excite
contraction of both the dorsal and ventral muscles of early L1
animals, and this early excitatory effect is strongest for muscles
that have not yet experienced endogenous GABA signaling.

NKCC-1 is a chloride accumulator homolog widely
expressed in C. elegans muscles and neurons

To understand the developmental regulation of GABA
signaling, we aimed to identify the Cl2 transporters that
regulate intracellular [Cl2] to alter GABA response. Our
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laboratory previously used genetic screens to identify two
Cl2 extruders, KCC-2 and ABTS-1, which promote the
hyperpolarizing effect of GABA on adult body wall muscles
(Tanis et al. 2009; Bellemer et al. 2011). Here we describe
the identification of a Cl2 accumulator homolog that has an
opposing effect.

The mammalian NKCC-1 transporter accumulates Cl2 in-
to neurons and has been shown to promote depolarizing
GABA signaling in immature neurons (Sung et al. 2000;
Yamada et al. 2004). A phylogenetic analysis of the cation
chloride cotransporters in C. elegans and other species shows
that NKCC-1 is the sole C. elegans ortholog of the two human
sodium potassium chloride cotransporters (NKCCs) (Figure
3A), with 43% sequence identity to NKCC-1 and 41% se-
quence identity to NKCC-2. There are eight alternatively
spliced isoforms predicted for nkcc-1, and they share a com-
mon promoter region. To examine the nkcc-1 expression
pattern, we constructed a reporter transgene that drove
GFP expression from the common nkcc-1 promoter and the
39 untranslated region of nkcc-1c, the longest nkcc-1 isoform
(Figure 3B). We found that this transgene was expressed
both in the dorsal and the ventral body wall muscles, a sub-
set of head and tail neurons, the posterior intestine, and the
vulval muscles in adults (Figure 3, C–G).

NKCC-1 promotes depolarizing signaling by the GABAA

agonist muscimol onto body wall muscles

We obtained a putative nkcc-1 null mutation, ok1621, which
has an 802-bp deletion spanning exons 5–7 of nkcc-1c (Fig-
ure 3B). This deletion results in a predicted frame shift in
the region coding the 3rd of the 11 predicted transmem-
brane domains of NKCC-1. The nkcc-1 mutant animals ap-
pear healthy and grossly wild type.

We found that the GABAA agonist muscimol relaxes body
wall muscles of newly hatched nkcc-1 mutant L1s, causing
these animals to lengthen by 4.9 6 1.1%, which is opposite
to the muscle contraction evoked by muscimol in wild-type
early L1s (Figure 4A). Thus NKCC-1 may function just like
its mammalian homolog NKCC-1 to accumulate Cl2 into excit-
able cells to increase [Cl2]i and promote depolarizing GABAA

response. Freshly hatched L1s mutant for the Cl2 extruders
KCC-2 or ABTS-1 showed enhanced muscle contraction in re-
sponse to muscimol with decreases in body length of 11.8 6
1.2% and 6.4 6 0.9%, respectively (Figure 4A). Unlike the
wild type, however, the muscimol response of kcc-2 or abts-1
mutants failed to switch muscle relaxation in late L1 stage and
thus remained depolarizing through development (Figure 4A).

We note that none of the mutant animals coiled in response
to muscimol at any stage during development, suggesting that
both their dorsal and ventral body wall muscles were affected
similarly by muscimol. Thus wild-type early L1 larvae at stages
before the locomotor circuit matures are the only animals we
have tested that showed coiling upon muscimol treatment
(Figure 2D).

Because NKCC-1 is expressed in the body wall muscles
and affects their response to muscimol, we hypothesized

that NKCC-1 functions in the muscles themselves to direct
their muscimol response. To test this, we reexpressed NKCC-
1 specifically in the body wall muscles of nkcc-1 mutants. As
a control, we expressed GFP in the muscles and found it did
not alter the muscle response to muscimol of early L1 ani-
mals (Figure 4B). We found that reexpression of nkcc-1 in
the muscles of the nkcc-1 mutant rescued muscimol re-
sponse in L1s, the only developmental stage that nkcc-1
showed a muscimol response defect, causing them to
lengthen (Figure 4B). Therefore NKCC-1 expression in
muscles is apparently sufficient to accumulate Cl2 into these
cells, allowing a depolarizing response to the GABAA agonist
muscimol in early L1s.

Since loss of the NKCC-1 Cl2 accumulator had an effect on
muscimol response opposite to that caused by loss of the
KCC-2 or ABTS-1 Cl2 extruders, we investigated double
mutants lacking the accumulator plus one of the extruders.
We found that similar to nkcc-1 single mutants, both the kcc-2
nkcc-1 and abts-1; nkcc-1 double mutant animals showed
hyperpolarizing responses to muscimol throughout develop-
ment (Figure 4C). This result is consistent with the idea that
NKCC-1 is the only Cl2 accumulator in body wall muscle
cells, while KCC-2 and ABTS-1 extruders act partially redun-
dantly (Bellemer et al. 2011) to extrude Cl2 and counterbal-
ance the effect of NKCC-1. In double mutants lacking NKCC-1
and one Cl2 extruder, the remaining Cl2 extruder may still
function to lower intracellular Cl2 without opposition from
NKCC-1 so that muscimol has a hyperpolarizing effect. To
examine this idea further, we constructed triple-mutant ani-
mals lacking all three Cl2 transporters. However, these ani-
mals, like the abts-1; kcc-2 double mutants (Bellemer et al.
2011), were too sick for any meaningful analysis.

Hypotheses for the function of depolarizing
GABA in the developing locomotor circuit

Studies in vertebrates have suggested two functions for the
depolarizing-to-hyperpolarizing switch in GABA response
during development. First, early depolarizing GABA is essen-
tial for proper circuit development (Chudotvorova et al. 2005;
Akerman and Cline 2006; Ge et al. 2006; Cancedda et al.
2007). Second, early depolarizing GABA provides the initial
source of excitation in the developing nervous system prior to
the time when excitatory neurons are present (Saint-Amant
and Drapeau 2000; Gao and Van Den Pol 2001; Hennou et al.
2002; Gozlan and Ben-Ari 2003; Johnson et al. 2003).

Extending these ideas to C. elegans suggests the following
two specific hypotheses. First, genetically perturbing the
GABA response switch would perturb the development of
synapses in the worm locomotor circuit. Second, GABA re-
leased from DD neurons might initially excite ventral muscle
bends during the early L1 stage, prior to development of the
cholinergic neurons that will ultimately function to excite
these muscles in later stages. This would explain how ven-
tral body bends are generated during L1 larval movement.
Once DD neurons rewire to synapse onto dorsal muscles
(Figure 1), GABA response would switch to inhibitory, and
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DD-released GABA would thenceforth help relax dorsal
muscles during the ventrally directed body bends excited
by the newly developed ventral cholinergic motor neurons.
In the remainder of this work, we systematically investigate
the two specific hypotheses outlined above. Our results be-
low, however, demonstrate that early depolarizing GABA is
neither required for synaptic development nor for early ex-
citation in the C. elegans locomotor circuit.

Presynaptic motor neuron development is
coincident with the postsynaptic muscle response
switch to muscimol

Testing the above hypotheses requires knowing when the
postsynaptic muscimol response switch occurs relative to
presynaptic DD rewiring and ventral cholinergic neuron
development in the locomotor circuit. We measured the
timing of DD rewiring, as had been done previously (White
et al. 1986; Hallam and Jin 1998; Park et al. 2011), but
using the same developmental staging procedure we used
to measure the timing of the muscimol response switch, and
we also monitored the timing of ventral cholinergic neuron
development. Thus we could determine the relative timing
of these three events.

To determine the timing of DD motor neuron rewiring,
we used a chromosomally integrated transgene that ex-
presses the presynaptic protein RAB-3 tagged with GFP from
the DD-specific promoter flp-13 (Nelson et al. 1998; Park
et al. 2011) and monitored the development of these syn-
apses in living animals at 0.25, 2, 6, 12, 22, and �70 hr
posthatch (Figure 5, A–C and data not shown). We found
that the rewiring process, which involved dissolving DD syn-
apses on the ventral side and reforming them dorsally,
reached its midpoint 6 hr posthatch (Figure 5B) and was
completed by 12 hr in the late L1 stage (Figure 5C). This
timing precisely coincided with the muscimol response
switch in the postsynaptic muscles (Figure 2). We note that
under our culture and staging conditions, the timing of DD
rewiring appears slightly earlier than has been reported
(Hallam and Jin 1998; Park et al. 2011; Thompson-Peer
et al. 2012). This is most likely due to the different staging
methods used: We obtain freshly hatched larvae by simply
picking the larvae within 15 min after they hatch, whereas
previous studies have obtained synchronized populations of
early L1s by lysing gravid adults (Hallam and Jin 1998),
letting gravid adults lay eggs for an hour (Park et al.
2011) or picking newly hatched L1s 30 min after incubating
a plate of isolated embryos (Thompson-Peer et al. 2012).

We then examined the development of ventral choliner-
gic synapses using a chromosomally integrated transgene
that expresses GFP::RAB-3 from the cholinergic neuron-
specific promoter unc-4 (Spilker et al. 2012). We found that
cholinergic synapses were present dorsally throughout de-
velopment. Ventral cholinergic synapses first appeared be-
tween 2 and 6 hr posthatch (Figure 5, D and E). The
intensity of ventral GFP::RAB-3 was approximately half of
that on the dorsal side at 6 hr, and then became comparable

by 12 hr posthatch. Thus the timing of ventral cholinergic
synapse formation again corresponded with both the post-
synaptic muscimol response switch and the rewiring of DD
neurons.

Genetically disrupting the depolarizing-to-
hyperpolarizing GABA response switch delays but
does not disrupt development of the locomotor circuit

We used the GABAergic DD-specific fluorescent marker
described above to examine the development of DD synap-
ses in mutants for the Cl2 transporters NKCC-1 and KCC-2.
Since the depolarizing-to-hyperpolarizing muscimol re-
sponse switch happens prematurely in nkcc-1 mutants, we
were interested to see whether presynaptic DD neuron re-
wiring would happen prematurely in these animals. Simi-
larly, since the muscimol response switch never happens in
kcc-2 mutants, we were interested in whether this would
prevent presynaptic DD rewiring. We found that in both
Cl2 transporter mutant backgrounds synapse development
in the locomotor circuit was delayed for �6 hr compared to
that of wild-type animals, and thus synapse development
reached completion at the early L2 stage (Supporting
Information, Figure S1). This delay in Cl2 transporter
mutants was similar to delays in DD remodeling previously
observed in other C. elegans mutants (Hallam and Jin 1998;
Park et al. 2011; Thompson-Peer et al. 2012). Despite show-
ing delays in locomotor circuit development, both nkcc-1
and kcc-2 mutant animals were able to move forward and
backward similarly to the wild type by making both dorsal
and ventral body bends (Tanis et al. 2009 and data not
shown). We note that previous studies (Jin et al. 1999) as
well as our data not shown also show that complete lack of
GABA signaling (in mutants for the UNC-25 GABA biosyn-
thetic enzyme) are able to rewire the GABAergic DD neu-
rons correctly. In contrast, disruption of Cl2 gradients in
vertebrate nervous systems causes severe developmental
defects in the nervous system, not just delays in develop-
mental timing that ultimately result in normal adult struc-
tures and normal circuit function (Chudotvorova et al. 2005;
Akerman and Cline 2006; Ge et al. 2006; Cancedda et al.
2007; Young et al. 2012).

To investigate whether nkcc-1 mutants might show
changes in muscimol response due to defects in postsynaptic
clustering of GABA receptors, we used a transgene that tags
the UNC-49 GABAA receptor with GFP (Bamber et al. 1999).
We found that loss of nkcc-1 did not have any effect on the
localization of UNC-49 at any point in development (data
not shown).

Thus the C. elegans locomotor circuit is able to compen-
sate for perturbations in GABA signaling to develop nor-
mally but with delays in the timing of development. The
hypothesis based on studies in vertebrate brain that the
GABA response switch is essential for synapse and circuit
development (Chudotvorova et al. 2005; Akerman and Cline
2006; Ge et al. 2006; Cancedda et al. 2007) does not appear
to apply to the C. elegans locomotor circuit.
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Endogenous GABA and GABAA receptors relax ventral
muscles of early L1 larvae during backing

An alternative hypothesis for the function of the GABA
response switch based on vertebrate studies is that during
early development, depolarizing GABA provides the initial
source of excitation prior to the development of the ex-
citatory neurons that will provide this function in the mature
nervous system. This hypothesis is appealing in the case of
the C. elegans locomotor circuit, since in early L1 larvae,
ventral muscles are innervated only by GABAergic neurons,
as the cholinergic neurons that will excite the muscles in
adult are not yet present (Figure 1). Thus the GABAergic
synapses temporarily made by DD neurons in early L1s
could excite ventral body bends in these animals.

The hypothesis described above predicts that early L1
animals lacking GABA signaling will not be able to generate
ventral body bends. We first tested this prediction by
examining forward locomotion of early L1 larvae in mutants
for the GABA biosynthetic enzyme UNC-25, the GABA vesic-
ular transporter UNC-47, or the GABAA receptor UNC-49.
Like wild-type early L1s (File S1), all these mutant animals
were able to move forward by making both dorsal and ven-
tral body bends, demonstrating that ventral body bends, at
least in the forward direction, do not require GABA (File
S2). Further, we found that early L1s mutant for any of
the Cl2 transporters that affect muscimol response (kcc-2,
abts-1, and nkcc-1) also move forward by making both dor-
sal and ventral body bends (data not shown).

Previous studies of adult animals showed that GABA has
relatively little effect on forward locomotion, but is essential
for the body bends that direct backward locomotion
(McIntire et al. 1993b). Thus we next examined backward
locomotion to reveal whether endogenous GABA might have
an excitatory effect in early L1 larvae. When wild-type C.
elegans is touched gently on the nose, it responds with an
omega turn by backing up several body bends and then
moving forward again with a very deep body bend that
causes the head to typically touch the body near the tail,
forming a posture that resembles the symbol V. Its continu-
ing forward movement is then in a new direction away from
the object it initially touched (Croll 1975). Adult animals
lacking GABA or the GABAA receptor fail at backing and
respond to nose touch with a shrinker phenotype, in which
all body wall muscles simultaneously contract, so that the
entire animal briefly shortens (McIntire et al. 1993b). This
response results from simultaneous excitatory cholinergic
signaling onto both the ventral and dorsal muscles. In con-
trast to adults, early L1 larvae have excitatory acetylcholine
synapses only on the dorsal muscles, and the ventral
muscles receive synapses only from the DD GABAergic neu-
rons (Figure 1) (White et al. 1992; Jin et al. 1994). Accord-
ing to the hypothesis that endogenous GABA excites ventral
muscles early in development, newly hatched L1s mutant
for GABA signaling should fail to contract ventrally during
backward movement and should bend only dorsally. If in-

stead GABA inhibits ventral muscles early in development,
L1 GABA mutants should show increased or prolonged ven-
tral contraction as they would lack an inhibitory input to
relax the ventral muscles.

We examined nose-touch response in both the wild-type
and mutant animals lacking GABA at six developmental
stages, starting with four time points within the L1 stage
that span the period of locomotor circuit development. We
found that wild-type L1s respond to nose touch just as do
wild-type adults (Croll 1975) by backing, making an omega
turn, and continuing forward in a new direction (Figure 6,
A–G). However, early unc-25 L1 animals, which lack a bio-
synthetic enzyme necessary to make GABA, failed at the
initial backing step. Instead of making the deep bends on
both sides of their body necessary for backing, they coiled up
(Figure 6, B–N). The unc-25 mutants only displayed this
phenotype as L1 larvae. By the early L2 stage (22 hr post-
hatch), after the locomotor circuit has matured, these
mutants instead displayed the shrinking phenotype seen in
unc-25 adults (Figure 6, O and P) and no longer curled up
during backing [Figure 6, Q (solid circles) and R]. We also
observed the coiling phenotype in mutant L1s lacking the
GABAA receptor UNC-49 or the GABA vesicular transporter
UNC-47 (data not shown). Coiling during backing was al-
ways toward the ventral side (Figure 6S) in all these L1
larvae lacking GABA signaling. We never observed the coil-
ing response in wild-type animals (Figure 6Q, open
squares). We also tested adults and L1 larvae for each of
the Cl2 transporter mutants (kcc-2, abts-1, and nkcc-1): all
were able to back normally by making both dorsal and ven-
tral body bends without coiling (data not shown).

Our results show the function of endogenous GABA and
the GABAA receptors in early L1 animals is to relax their
ventral muscles so that they can bend dorsally during back-
ing. Our earlier observations using the GABAA agonist mus-
cimol show that GABAA activity depolarizes muscles in early
L1 animals. While the massive GABAA activation caused by
application of exogenous muscimol depolarizes muscles
enough to excite contraction, it appears that the more mod-
est activation of GABAA receptors by release of endogenous
GABA results in shunting inhibition, a well-characterized
effect of modest depolarization (Ben-Ari et al. 2007; Blaesse
et al. 2009).

Optogenetic activation of GABA release confirms that
endogenous GABAA signaling is inhibitory in early L1s

As an alternative approach to determine whether endoge-
nous GABAA signaling is excitatory or inhibitory early in
development, we optogenetically activated the GABAergic
DD neurons of early L1 larvae and assayed whether this
results in contraction or relaxation of the body wall muscles.
By knocking out GABAA or GABAB receptors in this assay, we
also were able to isolate the components of the muscle re-
sponse due to each receptor type. The GABAA receptor UNC-
49 is expressed on body wall muscles and directly mediates
muscle relaxation in adults (McIntire et al. 1993a). Pevious
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studies have shown that a GABAB receptor, consisting of two
obligate subunits GBB-1 and GBB-2, is expressed on the
cholinergic motor neurons that excite the body wall
muscles, and by inhibiting these excitatory neurons the
GABAB receptor indirectly relaxes the muscles (Dittman
and Kaplan 2008; Schultheis et al. 2011). Thus GABA leads
to body wall muscle relaxation in adult animals via both the
GABAA and GABAB receptors.

We simply repeated the optogenetic assays of Schultheis
et al. (2011), except using early L1 larvae instead of adult
animals, to determine whether GABAA and GABAB signaling
inhibit or excite muscles in early L1s. We obtained strains of
C. elegans carrying a chromosomally integrated transgene
that expresses channel rhodopsin 2 (ChR2), a blue-light-
activated cation channel, specifically in GABAergic motor
neurons, and that additionally contain various combina-
tions of mutations for the GABAA receptor UNC-49 and
the GABAB receptor subunits GBB-1 and GBB-2 (Schultheis
et al. 2011). We used the automated worm-tracking system
WormLab (MBF Bioscience) to measure the body length of
each animal before and after blue light illumination.

We found that upon activation of ChR2 by blue light,
which in turn triggers GABAergic neuron depolarization and
endogenous GABA release, wild-type L1 animals became
paralyzed and lengthened due to relaxation of all body wall
muscles [Figure 7, A (solid circles) and B], just as had been
observed in wild-type adults by Schultheis et al. (2011).
Blue light activation of ChR2 also paralyzed and lengthened
unc-49 L1s, in which GABA can only signal via GABAB recep-
tors [Figure 7, A (solid triangles) and B]. Similarly, we found
that activation of ChR2 paralyzed and lengthened gbb-1 and
gbb-2 L1s, in which GABA signals only via GABAA receptors
[Figure 7, A (solid squares and open circles) and B]. While
the average lengthening in gbb-2 mutants appeared even
larger than that of the wild type, this was not statistically
significant due to the large error bars in the gbb-2 measure-
ment that may have resulted from �5% variation in the
body lengths of the gbb-2 animals prior to blue light illumi-
nation. We observed no response upon blue light exposure
in mutant L1s lacking the GABA biosynthetic enzyme UNC-
25 (data not shown) or in double-mutant animals lacking
both the UNC-49 GABAA receptor and the GBB GABAB re-
ceptor [Figure 7, A (open triangles and open squares) and
B]. We also observed no response to blue light exposure in
animals grown on plates without all-trans retinal, a cofactor
required for ChR2 activity (data not shown). Thus the
effects of ChR2 activation of the GABAergic neurons were
entirely due to GABA signaling through GABAA and GABAB

receptors.
Our results showed that in early L1 larvae, just as in wild-

type adults, endogenous GABA inhibits body wall muscle
contraction through both the GABAA and GABAB receptors.
Therefore, endogenous GABA signaling in C. elegans is in-
hibitory throughout development, despite evidence from our
muscimol experiments that GABAA response is depolarizing
in early L1 animals.

Discussion

A conserved developmental shift in the polarity of
GABAA signaling

Previous work had established that a Cl2 transporter-dependent
depolarizing-to-hyperpolarizing shift in GABAA response dur-
ing development is evolutionarily conserved across a range of
vertebrates, including chickens, amphibians, fish, and mam-
mals (Obata et al. 1978; Ben-Ari et al. 1989, 2007; Blaesse
et al. 2009; Zhang et al. 2010). Our work shows for the first
time that such a switch also occurs during development of an
invertebrate, suggesting the GABA polarity shift is fundamen-
tal to nervous system development in all animals and not
a specific feature of vertebrates. The deep conservation of
the GABA response polarity shift in development suggests
that there should be conserved function for the shift that
could be revealed using the rigorous genetics and highly char-
acterized wiring of the C. elegans nervous system.

The evidence for a GABA response polarity shift in
C. elegans rests on our observation that the GABAA receptor
agonist muscimol excites body wall muscles in early L1s.
Muscimol then shifts to inhibiting these muscles at the
mid-L1 stage as the locomotor circuit matures, coincident
with the rewiring of GABAergic DD neurons and the devel-
opment of ventral cholinergic synapses. We interpret this
shift in response to muscimol from muscle contraction to
muscle relaxation to indicate that the massive activation of
all GABAA receptors from depolarizing to hyperpolarizing
during L1 development. The GABA response shift in verte-
brate development depends on specific Cl2 transporters
(Blaesse et al. 2009), and we found that the C. elegans mus-
cimol response shift depends on the worm orthologs of these
same Cl2 transporters. In mutants for the nkcc-1 Cl2 accu-
mulator, the muscimol response shift occurs prematurely,
but in kcc-2 or abts-1 Cl2 extruder mutants, the switch never
occurs. These observations are consistent with the model
that changes in the expression or activity level of C. elegans
Cl2 transporters contribute to a developmental decrease in
[Cl2]i, just as has been shown to occur in the developing
vertebrate brain (Plotkin et al. 1997; Rivera et al. 1999; Sun
and Murali 1999; Yamada et al. 2004). Indeed, transcrip-
tional upregulation of both kcc-2 and abts-1 during C. elegans
development has been previously described (Tanis et al.
2009; Bellemer et al. 2011). We note, however, that a recent
report suggests that Cl2 transporters merely provide assis-
tance to a more dominant role of local impermeant anions
in setting [Cl2]i (Glykys et al. 2014), so other factors may also
contribute to the muscimol response shift.

A developmental decrease in [Cl2]i has been well estab-
lished in vertebrate neurons using both perforated patch
electrophysiological recordings and genetically encoded
fluorescent Cl2 reporter proteins (Duebel et al. 2006;
Markova et al. 2008). C. elegans membranes are not amena-
ble to the perforated patch technique (Bellemer et al. 2011),
and our unpublished studies using fluorescent Cl2 reporter
proteins in C. elegans muscles have so far shown results too
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variable to make conclusions. Nevertheless, our results
showing a Cl2 transporter-dependent shift in muscimol re-
sponse provides convincing, albeit indirect, evidence of a de-
velopmental decrease in [Cl2]i that shifts the polarity of
GABAA response.

We found that although muscimol excites muscle con-
tractions in early L1, endogenous GABAA signaling inhibits
muscle contraction. This difference could be due to the fact
that exogenous muscimol bathes the entire animal and acti-
vates all GABAA receptors on the muscle cells, while endog-
enous GABA is released at synapses and may affect only
postsynaptically localized GABAA receptors. If [Cl2]i is
higher in the soma of the muscle cells than in the den-
drite-like muscle arms where postsynaptic GABAA receptors
cluster (Gally and Bessereau 2003), this might account in
part for the discrepancy between responses to muscimol vs.
synaptic GABA, and also for the fact that the muscimol re-
sponse switch coincides with the formation of GABA synap-
ses. Although GABAA receptor clusters are observed only on
ventral muscles of early L1s (Gally and Bessereau 2003), our
finding that unc-49-dependent body wall muscle contraction
occurs on both dorsal and ventral sides of L1s implies UNC-
49 GABAA receptors are present on dorsal muscles in early
L1s, but only form observable clusters on dorsal muscles at
a later stage. Consistent with the idea that GABAA receptor
clustering controls the response of muscles to activating
these receptors, we note that the muscimol response switch
still occurs in unc-25 mutants that lack GABA, and that syn-
apse formation and clustering of GABAA receptors also occur
normally in these mutants (Gally and Bessereau 2003).

The discrepancy in the responses to muscimol vs. endog-
enous GABA in early L1 animals could also be due to differ-
ences in the kinetics or number of GABAA receptors
activated that result in excitation by muscimol but shunting
inhibition by synaptic GABA. Depolarizing GABA in the de-
veloping vertebrate nervous system is thought to often result
in shunting inhibition rather than excitation (Ben-Ari et al.
2007; Blaesse et al. 2009).

What is the biological purpose of the
GABA response shift?

Our goal is to exploit the power of the simple C. elegans
locomotor circuit as an experimental system to generate
a meaningful understanding of the biological purpose of
the GABA response shift. This could provide the first de-
tailed example in any organism of how a change in GABAA

response helps a specific circuit function as it develops.
C. elegans L1s move by alternating dorsal and ventral

body bends, just as do older animals. However, the ventral
muscles of early L1s have not yet received any excitatory
cholinergic synapses. Instead, they temporarily receive
GABAergic DD synapses that are later removed during cir-
cuit rewiring at 6 hr posthatch (White et al. 1992; Jin et al.
1994), exactly when we found the depolarizing to hyper-
polarizing GABAA signaling switch occurs, and when cholin-
ergic synapses start to form onto the ventral muscles. An

appealing model to explain how early L1s move would be
that early endogenous GABA is excitatory. If this was true, it
would explain (1) how early L1s make ventral body bends;
(2) the purpose of presynaptic DD rewiring at the mid-L1
stage; and (3) the biological function of the depolarizing to
hyperpolarizing GABA response switch.

Our data show that this model for early excitatory GABA
signaling, however appealing, is not valid, and that GABAA

signaling appears to be inhibitory throughout postembryonic
development. Using nose touch to force early L1s to make
deep body bends as they back up, we find that endogenous
GABA and GABAA signaling are both required to relax the
ventral muscles. In an optogenetic assay to force release of
endogenous GABA, we have knocked out GABAB signaling
to isolate only GABAA responses and find that it is inhibitory,
causing early L1s to elongate. Furthermore, although knock-
ing out Cl2 transporters can disrupt the muscimol response
switch, all of the transporter mutants we tested are able to
move like the wild type throughout development. We note,
however, that knocking out the ABTS-1 extruder causes
a compensatory change in the partially redundant KCC-2
extruder (Bellemer et al. 2011). This suggests that the loco-
motor circuit may in general be sophisticated enough to in-
duce compensatory changes and continue generating
apparently normal behavior even after we alter GABA
responses. Nevertheless, our results are inconsistent with
endogenous GABA being excitatory at any point during post-
embryonic development. The only remaining scenario in
which early GABA might be excitatory would be in generat-
ing movement of late-stage embryos inside the eggshells.
We note that there is one proven example of excitatory
GABA signaling in C. elegans, which, however, does not in-
volve a developmental shift or even the GABAA receptor, but
rather GABA signaling through a GABA-gated cation channel
that excites a muscle in the excretory system (Beg and
Jorgensen 2003).

The idea of early excitatory GABA in vertebrates has been
the subject of a large body of research. GABA signaling in the
developing C. elegans locomotor circuit and in the developing
mammalian brain show striking parallels. In C. elegans early
L1s, the ventral muscles receive temporary GABAergic synap-
ses prior to the formation of excitatory cholinergic synapses.
Similarly, in vertebrate brain, GABA signaling is established
prior to the development of excitatory glutamatergic synapses
(Liu et al. 1996; Tyzio et al. 1999; Akerman and Cline 2006)
A body of work supports the hypothesis that early network
activity, and in particular giant depolarizing potentials seen in
the developing brain, are largely dependent on excitatory
GABAA signaling (Ben-Ari et al. 2007). An argument has been
made that GABA is not actually excitatory during vertebrate
development (Bregestovski and Bernard 2012), but this ar-
gument has been repudiated by a large group of other GABA
researchers (Ben-Ari et al. 2012). There is complete agree-
ment, however, that depolarizing GABAA signaling in early
development need not always be excitatory, and that it often
results in shunting inhibition (Staley and Mody 1992).
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Even though C. elegans L1s apparently do show a devel-
opmental shift of depolarizing to hyperpolarizing in GABAA

signaling, there is no evidence that the early depolarizing
GABAA signaling is ever excitatory at any point in this or-
ganism. It appears that the shift, rather than being excit-
atory to inhibitory, is from early shunting inhibition to
later hyperpolarizing inhibition. A shift in GABAA response
is deeply conserved across species, but because GABA sig-
naling is never excitatory in C. elegans, it is hard to argue
that the shift arose in evolution to supply excitation in de-
veloping nervous systems.

We also explored the hypothesis that the GABA response
shift functions to support neural circuit development, based
on studies in vertebrates showing that disrupting the GABA
response shift leads to defects in synapse and dendrite
development (Chudotvorova et al. 2005; Akerman and Cline
2006; Ge et al. 2006; Cancedda et al. 2007). We found that
in the C. elegans locomotor circuit, development of GABAer-
gic synapses proceeded to completion but with a 6-hr delay
when we disrupted the GABA response shift with chloride
transporter mutations. Thus the GABA response shift is not
essential for development of neural circuits, as had been
suggested by studies in vertebrates. However, the delay in
GABA synapse rewiring observed in C. elegans provides an
attractive model for further exploring the role of GABA sig-
naling in neural circuit development.

Our work shows that the depolarizing-to-hyperpolarizing
shift in GABAA response during development previously
known to occur only in vertebrates is deeply evolutionarily
conserved, as it also appears to occur in C. elegans. The two
functions previously ascribed to the GABA response shift, to
provide excitation early in nervous system development,
and to allow the development of neural circuits, do not seem
to apply to the C. elegans locomotor circuit. The shift in
GABA response from shunting inhibition in early develop-
ment to hyperpolarizing inhibition in mature circuits must
have some conserved functional value to justify its evolu-
tionary conservation, although as yet, even in the simple
locomotor circuit of C. elegans, the details of this value re-
main elusive.
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  Figure	
  S1	
  DD	
  neuron	
  rewiring	
  proceeds	
  normally	
  with	
  modest	
  delays	
   in	
  Cl-­‐	
  transporter	
  mutants.	
  (A-­‐D)	
  Rewiring	
  of	
  DD	
  presynaptic	
  termini	
  from	
  
ventral	
  to	
  dorsal	
  in	
  wild-­‐type	
  L1	
  animals.	
  Wild-­‐type	
  L1s	
  expressing	
  GFP::RAB-­‐3	
  in	
  GABAergic	
  DD	
  motor	
  neuron	
  presynaptic	
  termini	
  under	
  the	
  flp-­‐
13	
  promoter	
  at	
  0.25	
  (A),	
  6	
  (B),	
  12	
  (C),	
  and	
  22	
  (D)	
  hours	
  post-­‐hatch.	
  (A-­‐C)	
  show	
  the	
  same	
  images	
  as	
  Figure	
  5A-­‐C.	
  (E-­‐L)	
  Rewiring	
  of	
  DD	
  presynaptic	
  
termini	
  from	
  ventral	
  to	
  dorsal	
  in	
  nkcc-­‐1	
  (E-­‐H)	
  or	
  kcc-­‐2	
  (I-­‐L)	
  mutant	
  L1	
  animals.	
  Mutant	
  L1s	
  carrying	
  the	
  same	
  transgene	
  mentioned	
  above	
  at	
  0.25	
  
(E	
  and	
  I),	
  6	
  (F	
  and	
  J),	
  12	
  (G	
  and	
  K),	
  and	
  24	
  (H	
  and	
  L)	
  hours	
  post-­‐hatch.	
  Cartoons	
  depict	
  a	
  representative	
  DD	
  motor	
  neuron	
  and	
  their	
  synapses	
  at	
  
each	
  time	
  point.	
  Grey	
  lines,	
  nerve	
  cords	
  and	
  commissures;	
  “D”	
  and	
  “V”,	
  dorsal,	
  ventral;	
  open	
  ovals,	
  DD	
  motor	
  neuron	
  cell	
  bodies;	
  smaller	
  closed	
  
ovals,	
  synapses	
  made	
  from	
  DDs.	
  All	
  animals	
  are	
  oriented	
  with	
  head	
  to	
  the	
  left	
  and	
  ventral	
  down.	
  White	
  boxes	
  outline	
  representative	
  regions	
  of	
  
the	
  dorsal	
  and	
  ventral	
  nerve	
  cord	
  that	
  are	
  shown	
  in	
  magnified	
  versions	
  below	
  each	
  image	
  and	
  labeled	
  “D”	
  and	
  “V”	
  for	
  dorsal	
  and	
  ventral	
  in	
  (A),	
  
(E),	
  and	
  (I).	
  Magnified	
  images	
  in	
  (B-­‐D,	
  F-­‐H,	
  and	
  I-­‐L)	
  similarly	
  show	
  the	
  dorsal	
  box	
  on	
  the	
  left	
  and	
  the	
  ventral	
  box	
  on	
  the	
  right.	
  Scale	
  bar,	
  20	
  µm.	
  n=5	
  
animals	
  per	
  time	
  point	
  per	
  genotype.	
   (M-­‐O)	
  Quantification	
  of	
  the	
  proportion	
  of	
  ventral	
  GFP::RAB-­‐3	
   in	
  DD	
  presynaptic	
  termini	
   in	
  wild-­‐type	
  (M),	
  
nkcc-­‐1	
  (N)	
  or	
  kcc-­‐2	
  (O)	
  animals.	
  (M)	
  re-­‐shows	
  Figure	
  5G.	
  n=10	
  animals	
  at	
  each	
  time	
  point	
  for	
  wild	
  type.	
  n=5	
  animals	
  at	
  each	
  time	
  point	
  for	
  mutant	
  
genotypes.	
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