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Dissecting a circuit for olfactory behaviour
in Caenorhabditis elegans

Sreekanth H. Chalasani', Nikos Chronis', Makoto Tsunozaki', Jesse M. Gray', Daniel Ramot?, Miriam B. Goodman*
& Cornelia I. Bargmann'

Although many properties of the nervous system are shared among animals and systems, it is not known whether different
neuronal circuits use common strategies to guide behaviour. Here we characterize information processing by Caenorhabditis
elegans olfactory neurons (AWC) and interneurons (AIB and AlY) that control food- and odour-evoked behaviours. Using
calcium imaging and mutations that affect specific neuronal connections, we show that AWC neurons are activated by odour
removal and activate the AIB interneurons through AMPA-type glutamate receptors. The level of calcium in AIB
interneurons is elevated for several minutes after odour removal, a neuronal correlate to the prolonged behavioural response
to odour withdrawal. The AWC neuron inhibits AlY interneurons through glutamate-gated chloride channels; odour
presentation relieves this inhibition and results in activation of AlY interneurons. The opposite regulation of AlY and AIB
interneurons generates a coordinated behavioural response. Information processing by this circuit resembles information

flow from vertebrate photoreceptors to ‘OFF' bipolar and ‘ON' bipolar neurons, indicating a conserved or convergent

strategy for sensory information processing.

Neural circuits actively transform sensory signals: they extract the
most relevant sensory information from the environment, determine
whether stimuli are increasing or decreasing, and use this informa-
tion to regulate behaviours on timescales from seconds to hours. It
has been suggested that a few connected neurons in statistically over-
represented synaptic ‘motifs’ could perform simple circuit computa-
tions'. The potential to analyse circuit function at single-cell
resolution exists in the nematode C. elegans, the nervous system of
which contains just 302 neurons with known synaptic connections*™.
Functions for many individual C. elegans neurons have been inferred
from cell ablation studies, chronic activation or recording of neur-
onal activity®'’. However, little has been done to study the dynamic
flow of information between neurons—an essential link between
circuits and behaviour.

In some C. elegans behaviours, sensory inputs lead to long-lasting
and complex behavioural sequences. During chemotaxis to food
odours or tastes, animals reach an attractant source by regulating
turns over many minutes™''. In another food-related behaviour
called local search or area-restricted search, animals that have
recently been removed from food spend about 15 min exploring a
restricted area by interrupting long forward movements with stoch-
astic turns, and then disperse by suppressing turning'>">. A pair of
olfactory neurons called AWC is important in both of these food-
seeking behaviours: the AWC neurons direct chemotaxis to many
attractive odours’, and also increase turning probability during local
search'. The AWC neurons synapse onto several interneurons
including AIB and AIY, which enhance and suppress turning,
respectively'>'* (Fig. 1la). Although the sensory signalling of the
AWC neuron has been extensively characterized at a genetic level,
nothing is known about the effects of odours on AWC neuron acti-
vity, or the mechanisms by which the AWC neuron communicates
with downstream neurons. Here we analyse the functional connec-
tivity between the AWC, AIB and AIY neurons that initiates the
transformation of chemosensory cues into behaviour.

AWC neurons respond to odour removal

To monitor the odour response of AWC neurons, we used AWC-
selective promoters to express G-CaMP, a genetically encoded cal-
cium sensor, the fluorescence intensity of which increases on calcium
binding in the physiological range'®". C. elegans neurons have
rapidly activating voltage-gated calcium channels, suggesting that
calcium transients should correlate with strong neuronal depolariza-
tion™'®. A custom-designed microfluidic device fabricated from the
transparent polymer polydimethylsiloxane was used to trap and
stimulate animals expressing G-CaMP in one of the two AWC neu-
rons, AWCON (Fig. 1b—d)". The device restrained z-plane movement
of the animal so that the AWC neuron remained in focus for imaging,
while allowing limited movement in the x—y plane. Fluid streams
under laminar flow were used to deliver the buffer or odour stimuli
to the animal’s nose. Buffer exchange controls (n = 18) showed that
short-motion transients, photobleaching and other measurement
errors contributed AF/F (fluorescence change/baseline fluorescence
intensity) signals <25% to individual traces, and <10% to averaged
traces (Supplementary Figs 1-3); averaged traces were used for quan-
tification and statistical analysis (Supplementary Fig. 2).

Individual animals were followed in a paired odour addition—
odour removal sequence (Fig. le, f). Presentation of the attractive
odour isoamyl alcohol diminished G-CaMP fluorescence in the
AWCON cell body; although slight, the decrease was significant when
averaged over multiple trials (Fig. le, h and Supplementary Figs 1-3).
Large increases in G-CaMP fluorescence were reliably observed
within one second when isoamyl alcohol was replaced with buffer,
suggesting an increase in AWC®™ calcium on odour removal (an
odour-OFF response) (Fig. 1f, i, Supplementary Fig. 1b and
Supplementary Movie 1). Increases in G-CaMP fluorescence in
AWC®N were also observed when bacteria-conditioned medium
was removed from the animal’s nose (Fig. 1g and Supplementary
Fig. 1h). The AWC®™ odour-OFF response was observed at isoamyl
alcohol dilutions of 10™7 to 10>, with a maximal response at 10~ *
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(Fig. 2a); inhibition by odour was maximal at 10> to 10~ * dilution
(Supplementary Figs 2 and 3). Chemotaxis to isoamyl alcohol
saturates when the odour is uniformly added to agar at ~10~* dilu-
tion, approximately matching the saturation of the AWC®™ calcium
response””?’.

Single C. elegans olfactory neurons express multiple G-protein-
coupled receptors and sense multiple odours®. The AWC®™ neuron
senses benzaldehyde as well as isoamyl alcohol, and an odour-OFF
response was observed in AWC®™ across 10° to 10~* dilutions of
benzaldehyde (Fig. 2b). The contralateral AWC®™ neuron also
showed odour-OFF G-CaMP responses to isoamyl alcohol and ben-
zaldehyde—a result consistent with behavioural evidence that both
AWCY and AWCO'F sense these two attractive odours? (Fig. 2¢, d).
At low dilutions, the odour 2,3-pentanedione is sensed by AWC**
and not by AWC®Y in behavioural assays, and similarly AWCO**
responded to 2,3-pentanedione at 10”7 dilution whereas AWCOY
did not (Fig. 2e). In all cases, odour removal increased G-CaMP
fluorescence, and odour addition diminished fluorescence.
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Figure 1| AWC responds to odour removal. a, AWC sensory neurons and
downstream interneurons. b, Low magnification and c, d, high
magnification view of the PDMS imaging chip, with worm nose exposed to
buffer (c, streams 1-3 are open; stream 2 reaches the nose) or odour

(d, streams 2—4 are open; stream 3 reaches the nose). e—-g, Representative
G-CaMP responses from AWCON, e, f, AWCON responses on addition (e) or
removal (f) of isoamyl alcohol odour (coloured traces) or buffer (black
traces) at 10 s. Grey shading denotes presence of odour; yellow intervals are
analysed in h and i. g, AWC®Y responses on removal of bacterial-
conditioned medium at 10s. h, i, Average fluorescence change in AW
during the 10's after odour addition (h) or removal (i) (n = 30). Error bars
indicate standard error of the mean (s.e.m.).
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The strong bilateral AWC response to 10~ * isoamyl alcohol, which
resembled the response to bacterial-conditioned medium, was used
for subsequent characterization. The AWC®™ odour-OFF response
was long-lasting, with an average half-time of ~20s and large sec-
ondary peaks throughout the 50s recording period that were not
observed in the presence of odour (Supplementary Fig. 1a), in buffer
controls (Supplementary Fig. lc, d) or with calcium-insensitive
green-fluorescent protein (Supplementary Fig. le, f). Increasing the
duration of odour pre-exposure from 1 to 5 min resulted in a graded
odour-OFF calcium response, with a stronger response after longer
odour exposure (Fig. 2f). Odour-OFF responses were silenced when
isoamyl alcohol was added back after 10 s or 30 s (Fig. 2g, h). Removal
of isoamyl alcohol 20s later elicited a second odour-OFF calcium
response of smaller magnitude (42-46% * 14% compared to the first
response, Fig. 2g, h), suggesting that AWC integrates odour history
over >20s. These results suggest that AWC neurons are inhibited by
attractive odours, and depolarize when odours are removed, with a
response that integrates the concentration and duration of odour
exposure.

Odour responses in AIB and AlY interneurons

The AIB and AIY interneurons receive synapses from the AWC
neurons, and function with the AWC neurons in local search beha-
viour>™'* (Fig. 1a). AIB and AIY responses to odours were moni-
tored in the microfluidic device using transgenic lines that expressed
G-CaMP under cell-selective promoters. Like AWC, the AIB cell
body responded strongly to odour removal with increased calcium,
and was inhibited by odour addition (Fig. 3a, b, Supplementary Figs 3
and 4a, b and Supplementary Movie 2). AIB responses were elimi-
nated in animals in which the AWC sensory neurons were ablated
(Fig. 3b and Supplementary Fig. 4c, d). These results indicate that the
AWC neurons activate AIB interneurons on odour removal.

AIB calcium responses were sustained compared to AWC res-
ponses, persisting at near-peak levels for at least 2 min after odour
removal (Fig. 3b and data not shown). Two possible explanations,
not mutually exclusive, could account for this persistent activity: the
AIB interneurons might respond to persistent transmitter release
from AWC neurons during the late phase of the response, or AIB
interneurons might remain active without AWC input through
intrinsic persistent activity or reverberant circuit activity”*. To exam-
ine the first possibility, we removed odour to activate AIB interneur-
ons and then provided odour 30 s later during the period of sustained
AIB activity. AIB responses decayed after odour addition, suggesting
that AWC neurons continued to stimulate AIB interneurons by
releasing transmitter after the end of the strong AWC calcium res-
ponse (Fig. 3¢ and Supplementary Fig. 4e, f). This conclusion about
AWC is consistent with the known property of nematode (Ascaris)
motor neurons, which release neurotransmitter in a graded fashion™.

Like AWC neurons, the AIB interneurons had a graded calcium
response to the duration of odour exposure, with longer and stronger
responses after 5 min of odour pre-exposure compared to 3 min or
1 min (Fig. 3d).

In AIY neurons, changes in G-CaMP fluorescence were detected in
the neurite but not in the cell body; similar observations have been
made using temperature stimuli and the cameleon calcium sensor in
AIY neurons®. In contrast with AWC and AIB neurons, increases in
ALY calcium were observed on odour addition and decreases were
observed on odour removal (Fig. 3e, f, Supplementary Figs 3 and 5a, b
and Supplementary Movie 3). AIY responses were brief, poorly syn-
chronized to odour onset, and appeared sporadically throughout the
period of odour presentation (Fig. 3e and Supplementary Fig. 5a).
Ablation of the AWC neurons eliminated the AIY response (Fig. 3e, f
and Supplementary Fig. 5c, d). These results indicate that AIY is
inhibited by AWC, even at the resting level of AWC activity, and that
release from this inhibition on odour presentation results in AIY
activation.
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Thus, AWC, AIB and AIY neurons have distinct dynamic res-
ponses to odours (Fig. 3g, h). AWC has a transient odour-OFF
response that peaks and then decays, and AIB has a sustained
odour-OFF response, suggesting that it performs a temporal
integration of AWC activity. AIY has an irregular odour-ON res-
ponse, with short asynchronous events that are not well-represented
in averaged traces.

AWC synapses are glutamate-mediated

AWC neurons have small clear vesicles at their synapses, suggesting
the use of a small-molecule neurotransmitter’. C. elegans eat-4(ky5)
mutants are defective in a vesicular glutamate transporter that
concentrates glutamate into synaptic vesicles, and are defective in
olfactory chemotaxis, local search and numerous other beha-
viours'>**. An eat-4 complementary DNA expressed from the
AWC-selective odr-3 promoter (AWC::eat-4) rescued chemotaxis
of eat-4(ky5) mutants in odour gradients, suggesting that AWC uses
glutamate as its transmitter (Fig. 4a). The transgene also partially
restored eat-4(ky5) local search behaviour—the AWC-dependent
turning behaviour observed in the first 15min after animals are
removed from food (Fig. 4b). In the AWC::eat-4 transgenic animals,
turns were appropriately suppressed in the presence of food and in
the later dispersal period, indicating that glutamate from AWC neu-
rons stimulates appropriate local search and not continuous turning
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Figure 2 | Both classes of AWC neurons respond to odour removal.

a—d, G-CaMP calcium responses of AWC®N (a, b) or AWCP™ (¢, d) after
removal from different concentrations of isoamyl alcohol (IAA; a, c) or
benzaldehyde (BZ; b, d). e, Removal of 2,3-pentanedione activates AWCOFF,
but not AWC®Y. f, AWC®Y calcium responses in animals removed from
isoamyl alcohol after different times of exposure. g, h, Secondary responses in
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behaviour®. These experiments indicate that AWC neurons can
release glutamate to stimulate olfactory chemotaxis and local search.

Local search behaviour is a time-dependent, quantitative response
to the removal of food odours, so this assay was used for detailed
analysis of the circuit downstream of AWC neurons. C. elegans has
four classes of glutamate receptors: AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid)-type glutamate-gated cation
channels (encoded by eight glr genes); NMDA (N-methyl-D-
aspartate receptor)-type glutamate-gated cation channels (encoded
by two nmr genes); metabotropic G-protein-coupled glutamate
receptors (encoded by two mgl genes); and glutamate-gated chloride
channels (encoded by 10-20 glc/avr genes)*°. The AMPA-type
receptor GLR-1 is expressed by AIB interneurons as well as command
interneurons that control forward and backward locomotion*”?,
and glr-1(n2461) mutant animals have diminished local search beha-
viour'? (Fig. 4c). The local search defect was rescued by expressing
glr-1 from a promoter expressed in AIB and AIZ interneurons, but
not in the bulk of glr-1-expressing neurons’ (Fig. 4¢). AIZ interneur-
ons have not been reported to express endogenous glr-1, so AIB
interneurons are probably the relevant site of glr-1 rescue. Ablating
the AIB neurons in the transgenic strain eliminated rescue, consistent
with reconstitution of AIB function by the transgene (Fig. 4c).
Ablation of AIZ interneurons in the transgenic strain had the same
moderate effect as ablating AIZ in the wild type, indicating that AIZ
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function was not disrupted by ectopic glr-1 expression (Fig. 4c and
Supplementary Fig. 6d). These results indicate that AWC releases
glutamate to stimulate glr-1 on AIB interneurons. The glr-1(n2461)
mutant defect is less severe than the defect caused by killing AIB,
suggesting roles for additional glutamate receptors in AIB interneur-
ons or glutamate-independent activity of AIB interneurons.

AIY neurons do not express excitatory gir or nmr genes, but do
express the glutamate-gated chloride channel GLC-3 (refs 32 and 33).
glc-3(0k321) mutants had diminished local search behaviour that was
rescued by expressing glc-3 from an AIY-specific promoter (Fig. 4d).
Killing AIY interneurons results in the opposite effect—an amplified
and long-lasting local search behaviour'* (Supplementary Fig. 6d).
These results indicate that AWC inhibits AIY during local search
behaviour via glutamate release onto GLC-3. glr-1(n2461);glc-3
(0k321) double mutants were more defective than single mutants,
consistent with parallel functions of AIB and AIY neurons (Fig. 4e).

To investigate this circuit model further, we used gain-of-function
analysis in wild-type animals to test its predictions. In the vertebrate
central nervous system, increased expression of synaptic AMPA-type
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Figure 3 | Calcium responses in AIB and AlY interneurons.

a, b, Representative and average calcium responses of AIB interneurons in
wild-type and AWC-ablated animals on odour addition (a) or removal
(b). Bar graphs, average percentage change during the 10s after odour
addition or removal (highlighted in yellow; n = 22 wild type, 7 AWC-
ablated). ¢, Average AIB responses on odour removal (10 s) and re-addition
(40s). d, Average AIB responses to odour removal after different exposure
times. e, f, Representative and average calcium responses of AIY neurites
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glutamate receptors results in synaptic strengthening during long-
term potentiation®. Building from this premise, we asked whether
overexpression of glutamate receptors would strengthen behavioural
connections between AWC, AIY and AIB neurons. Increased expres-
sion of glc-3 from an AIY promoter or glr-1 from an AIB promoter
resulted in animals with increased turning during local search
(Fig. 4f), as did overexpressing both AIY:glc-3 and AIB:gir-1
(Fig. 4g). Killing the AWC sensory neurons abolished these turning
behaviours, indicating that the extra turns were evoked by sensory
signals (Fig. 4g). Control experiments showed that misexpression of
the AIB receptor in AIY interneurons and vice versa disrupted local
search behaviour (Fig. 4h).

Calcium imaging of interneurons in mutants provided further
evidence for glutamate-mediated signalling between AWC, AIB
and AIY neurons. Neuronal calcium signals and local search beha-
viours are measured on different timescales (1 min versus >5 min,
respectively), but results from both approaches were analogous. AIB
calcium responses to odour removal were eliminated in animals
lacking the vesicular glutamate transporter EAT-4, but were partially
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restored by rescue of eat-4 in AWC neurons (Fig. 5a, b). AIB res-
ponses were also eliminated in animals lacking the excitatory glu-
tamate receptor GLR-1, and partially restored by rescue of glr-1 in
AIB neurons (Fig. 5¢, d). The partial rescue may result from variable
expression of transgenes, which is common in C. elegans, but it is
likely that eat-4 and glr-1 also function in neurons other than AWC
and AIB (for example, Supplementary Fig. 6b, ¢). The odour-induced
increase in AIY calcium signals was eliminated in glc-3(0k321)
mutant animals, supporting the identification of GLC-3 as an inhib-
itory postsynaptic receptor in AIY (Fig. 5e). However, in some ani-
mals (10 out of 22), an excitatory AIY calcium response was observed
on odour removal (Fig. 5f and Supplementary Fig. 5e-h). These
results indicate that AIY senses glutamate released from AWC neu-
rons using the glc-3 receptor and, in a glc-3(0k321) mutant back-
ground, may sense AWC signals through a second receptor with
opposite activity.
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Figure 4 | AWC neurons signal through glutamate and glutamate
receptors. a, b, AWC-selective expression of eat-4 rescues chemotaxis to
isoamyl alcohol (a) and partially rescues local search turning behaviour after
removal from food (b). Co-expression of eat-4 in ASK neurons enhances
rescue (Supplementary Fig. 6). N2, wild-type control strain. ¢, Local search
turning behaviour of glr-1(n2461) mutants, rescue by AIB expression of glr-
1, and effects of cell ablation (AIB— and AIZ-). d, Local search turning
behaviour of glc-3(0k321) animals and rescue by AIY expression of glc-3.
Some transgenic lines have an overexpression phenotype (++). e, glr-
1(n2461);glc-3(0k321) double mutants are more defective than either single
mutant. f, Enhanced turning in AIB::GLR-1 and AIY::GLC-3 animals
overexpressing glutamate receptors in wild-type background. g, Enhanced
turning in AIY::GLC-3;AIB::GLR-1 double-transgenic animals, and effects
of AWC ablations (AWC-). h, Decreased turning in animals misexpressing
glr-11in AIY or glc-3 in AIB. Reversal-omega, paired reversal-omega turning
sequences. Error bars indicate s.e.m. One asterisk, different from N2; two
asterisks, different from eat-4 (P < 0.05, Bonferroni t-test).
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Together, these results indicate that, when AWC is active, it
releases glutamate that acts on GLR-1 at the AWC::AIB synapse
and GLC-3 at the AWC::AIY synapse, resulting in activation of AIB
and inhibition of AIY. Because cell ablations indicate that AIB
promotes turns and AIY inhibits turns during local search'>'
(Supplementary Fig. 6d), both functions of AWC glutamate should
promote turning.

Odour removal evokes turning behaviour

Food is a complex stimulus, and, although local search behaviour is
highly dependent on AWC activity, it also includes contributions
from other sensory neurons'>"*. To tighten the correlation between
odour responses observed by calcium imaging and turning behaviour
elicited by AWC neurons, we asked whether removal of the AWC-
sensed odour isoamyl alcohol stimulated turning. These experiments
were inspired by the observation that chemotaxis to attractive salts in
C. elegans is associated with regulated turning behaviour'"”. The
turning behaviour of freely moving animals was monitored in a small
chamber that was rapidly shifted between humidified air and
humidified air equilibrated with the AWC-sensed odour isoamyl
alcohol. Wild-type animals transiently increased turning when
odour was removed, a response resembling local search behaviour,
and transiently suppressed turning when odour was presented
(Fig. 6a). These responses were diminished in eat-4(ky5) mutants
with defective glutamate-mediated transmission, but were rescued
by the expression of eat-4 in AWC neurons (Fig. 6a). Enhanced
turning after odour removal had a shorter duration than local search
(2-5 min) but, like local search, it was impaired in glr-1(n2461);glc-
3(0k321) glutamate receptor double mutants (Fig. 6b). These results
suggest that glr-1 and glc-3 function in odour-regulated turning
behaviour induced by AWC neurons.

The suppression of turning on odour addition was independent of
glr-1 and glc-3, yet dependent on eat-4 in AWC neurons, indicating
that additional glutamate receptors act downstream of AWC neu-
rons. Similarly, chemotaxis in odour gradients requires eat-4, but was
only slightly impaired in glr-1(n2461);glc-3(0k321) double mutants
(data not shown). Many predicted C. elegans glutamate-receptor
genes are uncharacterized, but the AMPA-like receptor genes glr-2
and glr-5are expressed in AIB, and glr-2is expressed in AIA neurons,
so these genes are candidates for additional components of the odour
response’.

Discussion

From these experiments, we infer that AWC olfactory neurons have
basal activity in the absence of odour, are inhibited by odour, and are
stimulated by odour removal. These graded properties resemble
those of motor neurons in the nematode Ascaris suum, which are
non-spiking, have tonic neurotransmitter release at rest, and respond
to excitatory or inhibitory inputs with graded changes in membrane
potential and transmitter release**. Thus, graded transmission may be
a property of many nematode neurons.

The sensory responses of AWC neurons are similar to those of
vertebrate rod and cone photoreceptors, which have tonic activity
in the dark, are hyperpolarized by light, and are depolarized by
the removal of light”. Like AWC neurons, photoreceptors are non-
spiking and have graded glutamate release. Molecular analogies also
link AWC neurons with vertebrate photoreceptors: their sensory
transduction pathways rely on G-protein-coupled receptors, G;-like
proteins, receptor-type guanylate cyclases and cyclic GMP-gated
channels>”’, and their differentiation is controlled by Otx homeodo-
main proteins***’. The synaptic connections between AWC, AIY and
AIB neurons are also reminiscent of those between vertebrate photo-
receptors and their targets, the ON and OFF bipolar cells*’ (Fig. 6¢).
In the retina, glutamate from photoreceptors is sensed by AMPA-
type receptors on the OFF bipolar cell, a connection that is function-
ally and molecularly analogous to the AWC-to-AIB connection®'.
The vertebrate ON bipolar cell is inhibited by glutamate, as are AIY
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3(0k321) mutants on addition (e) or removal (f) of odour (n = 35 for wild
type, 22 for glc-3). Twelve out of 22 glc-3(0k321) mutants did not respond to
odour (glc-3#1); 10 out of 22 glc-3(0k321) mutants responded to odour
removal, unlike wild type (glc-3#2) (Supplementary Fig. 5). Shading denotes
the presence of odour. Bar graphs, average percentage change during the 10 s
after odour addition or removal (highlighted in yellow). Error bars and
shaded regions around curves represent s.e.m. The colour key for bar graphs
is the same as that for the corresponding response curve.

neurons. In mammals, the ON bipolar cell is inhibited by a
G-protein-coupled glutamate receptor and, in fish, by a glutamate-
gated chloride channel that is functionally although not molecularly
similar to C. elegans GLC-3 (ref. 42). The parallel ON and OFF
streams enhance contrast sensitivity in vertebrate vision*’; it is pos-
sible that the parallel AIY and AIB neurons have analogous functions
in odour detection.

Like AWC sensory neurons, AIB interneurons respond to odour
removal, but, unlike the transient AWC calcium signals, AIB calcium
responses are sustained for several minutes. These longer-lasting
responses indicate that AIB interneurons integrate the AWC res-
ponse over time (Supplementary Fig. 7). Persistent neural activity
is a common feature of neural circuits, and can arise from cell-
intrinsic or network mechanisms®. The persistent activity of AIB
may contribute to sustained turning behaviour after odour or food
removal.

Individual turns after odour removal are stochastic and infre-
quent; they are not synchronized to odour removal and AIB activa-
tion. This mismatch suggests that the AIB could be a gating neuron

Figure 6 | Odour-regulated turning behaviours. a, b, Omega turns of freely
moving animals recorded before, during and after a 3-min pulse of the odour
isoamyl alcohol (f = 120-300s). Odour addition suppressed turns and
odour removal enhanced turns in wild type N2 (Supplementary Fig. 6e, f).
a, eat-4(ky5) mutants and rescue by AWC expression of eat-4. b, glr-
1(n2461);glc-3(0k321) glutamate receptor double mutants. Bar graphs,
omega turns during 1 min before odour addition (baseline), after odour
addition and after odour removal. Asterisks, values different from eat-4
(a) or wild type (b) at P < 0.01 (Bonferroni t-test). Error bars indicate s.e.m.
¢, Schematic comparing AWC, AIB and AIY neurons to vertebrate
photoreceptors and bipolar neurons. iGluR, ionotropic glutamate receptor;
mGluR, metabotropic glutamate receptor.
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that facilitates turns, but does not trigger individual turning events*:.
The circuitry downstream of AIB interneurons may generate turns
only when AIB is active and other unknown conditions are met.
Possible sources for the turning signal are the secondary calcium
transients in AWC neurons and the irregular, transient activity of
ALY interneurons. Additional AWC target neurons such as AIA inter-
neurons may also regulate turning; so far, the mechanism by which
the AWC neuron suppresses turns on odour addition is unexplained,
suggesting the existence of other target cells or receptors.

These experiments provide the beginnings of a circuit-level
explanation for food-seeking behaviour in C. elegans. The regulation
of turning by AWC neurons has features in common with the biased
random walk, first described in bacterial chemotaxis and subse-
quently applied to C. elegans salt chemotaxis'**>*°. In this strategy,
the animal senses temporal changes in attractant concentrations as it
moves, resulting in long runs towards the attractant, short runs away
from the attractant, and eventual accumulation at the point source.
For AWC neurons, turning regulation can generate either chemo-
taxis or undirected local search; in both cases, turns are probabilistic
and are not coupled tightly to stimuli. Our results and those of others
suggest that the probabilistic turning circuit described here is both
general and flexible. For example, temperature and salt stimuli affect
C. elegans behaviour in a manner consistent with the biased random
walk model*>**™*, and the temperature-sensing and salt-sensing neu-
rons synapse onto AIB, AIY, AIA and/or AIZ interneurons®*>*. A
serotonin receptor essential for olfactory learning acts in AIY, AIB
and AIZ interneurons, suggesting that the circuit is subject to plas-
ticity>. Further studies of the circuit should shed light on the mech-
anism for stochastic behaviours, the generation of persistent
behavioural responses to transient stimuli, and temporal integration
in the nervous system.

METHODS SUMMARY

Neuronal calcium responses were measured by detecting changes in fluorescence
of G-CaMP, a non-ratiometric calcium indicator'; control experiments indi-
cated that G-CaMP performed comparably to the ratiometric indicator came-
leon in this system' (Supplementary Methods). Custom-designed microfluidic
devices for trapping, stimulating and imaging calcium transients in C. elegans
were fabricated from PDMS". Fluid streams under laminar flow were used to
deliver buffer or odour stimuli to the animal’s nose, using flow by means of two
alternative side-streams to control the delivery of stimuli without changing fluid
pressure. Images were captured using a Coolsnap HQ camera and were analysed
using Metamorph software.

Exploratory behaviours were scored essentially as described'®. Animals were
removed from food to a covered, food-free nematode growth medium (NGM)
plate. Their behaviour was observed directly, and turning events were recorded
using a Perl script. At least eight animals were scored blind for each condition.

Odour-induced turning responses were monitored in a custom-fabricated
Plexiglass chamber over an agar surface, with an inlet, an outlet and a central
imaging arena. Humidified air with or without odour was delivered to >20 freely
moving animals using an electronic valve. Movies of these animals were analysed
using automated tracking software, which is distributed at http://wormsense.
stanford.edu/tracker. The software automatically identifies tens of animals, com-
putes and tracks the centroid of each animal, and identifies turns on the basis of
changes in angular velocity (see Supplementary Methods).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Calcium imaging. The microfluidic device was fabricated using standard micro-
machining procedures'>”'. The design was drawn in Autocad and the chrome
mask was generated by a mask-making service (Microlab, University of
California, Berkeley). A master mould was created by spin casting
(~2,800r.p.m.) and photolithographically patterning a 28-pm-thick layer of
SU-8-2025 photoresist on a bare silicon wafer. A PDMS prepolymer mixture
(Sylgard 184, 10:1) was cast over the mould and cured on a hot plate for 2 h at
70 °C. PDMS devices were peeled off the mould, treated with air plasma (30 W
for 30s) and irreversibly bonded to a glass coverslip. A sharpened needle
(0.16 inch inner diameter X 0.25 inch outer diameter) was used to create inlets
and outlets for the PDMS chip. Syringes with buffers were connected to the
microfluidic device using polyethylene tubing (0.58 mm inner diame-
ter X 0.95 mm outer diameter). Constant suction applied to the outlet of the
chip generated laminar flow profiles for the four different streams (two dye
(fluorescein) streams, one buffer stream and one stimulus stream). Individual
worms were sucked into a buffer-filled polyethylene tube with the aid of a syringe
and injected into the entrance of the chip by manually increasing the pressure by
means of the syringe. A three-way valve (The Lee Company, 778360) regulated
the two dye streams allowing only one dye stream into the chip at any given time.
In the OFF condition (Fig. 1c, channels 1-3 open), the dye stream (flow 1)
pushed the stimulus away from the nose, immersing the nose in the buffer stream
(flow 2). In the ON condition (Fig. 1d, channels 2—4 open), dye stream 4 pushed
stimulus stream 3 (odour or bacterial-conditioned medium of Ag 1.0 in buffer)
towards the nose of the trapped animal. Indirect control of fluid streams was
necessary because AWC neurons respond strongly to small changes in fluid
pressure (data not shown). G-CaMP imaging was performed on a Zeiss
Axioscope upright microscope using a Coolsnap HQ photometrics camera. A
detailed description of image analysis is provided in the Supplementary
Methods.

Odour flow assays. A custom-fabricated Plexiglass device with an inlet, an outlet
and a central arena (30 mm X 44 mm wide and 0.3 mm high; air volume 3.6 ml)
was placed on a food-free NGM assay plate to create a chamber for imaging
movement. Animals were picked on the NGM plate and corralled in the arena
with a filter paper soaked in the repellent copper chloride (20 mM CuCl,), which
kept them in view for 30 min. The inlet was controlled by two three-way valves
(The Lee Company, 778360) allowing air equilibrated in water or air equilibrated
inisoamyl alcohol diluted in water to flow through the chamber at 200 ml min~".
The saturated vapour concentration of isoamyl alcohol is 1.2 X 10~* M at 20 °C,
corresponding to a 10~ dilution in liquid phase. Stimulus-equilibrated air was
further diluted 1:10 in air before being presented to the behaviour chamber. A
Zeiss dissecting microscope and a Macrofire SDK camera captured the beha-
viour of all animals. Images were analysed using an automatic tracking system
(see Supplementary Methods). Results were averaged in 20-s bins.
Quantitative analysis of exploratory behaviour. Animals were scored for
exploratory behaviour on food, immediately after removal from food, and at
long times off food. Adult animals were first observed and scored for 5 min on a
lawn of OP50 Escherichia colibacteria on an NGM plate and then transferred to a
food-free NGM plate, where they were observed and scored during 15 of the next
40 min. The assay was performed as described'* except that the food-free assay
plate was covered by a lid during the assay. All turns and reversals were scored by
eye, by an investigator blind to the genotype and ablation status of the animal.
Reversals that had three or more head swings were identified as long reversals;
these are essentially absent in the presence of food (Supplementary Fig. 6a, b)™.
Turns in which the head nearly touched the tail or turns in which a single head
swing led to a reorientation of more than 135° were identified as omega turns
(Supplementary Fig. 6a)'*. Results in Fig. 4 are reported as RevOmega values,
which represent coupled large reversal-omega pairs, but qualitatively similar
results were obtained when either large reversals or omega turns were scored
individually (Supplementary Table 1). Reversals coupled to omega turns were
chosen for display because of their consistency in wild-type animals across
various experiments. Data were analysed using Perl scripts to calculate reversal
and omega frequencies.

51. Younan, X. & Whitesides, G. Soft lithography. Ann. Rev. Mater. Sci. 28, 153-184
(1998).
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Dissecting a circuit for olfactory behaviour in
Caenorhabditis elegans
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In parts of Fig. 5¢ and e of this Article, incorrect data were inadver-
tently used. The corrected figure panels are shown below. Our results
and conclusions are not affected.
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A citation (ref. 1) was inadvertently removed during revision of this
Article, which also emphasized the potential importance of chro-
matin modifications in innate immune responses.
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