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Animals assess food availability in their environment by
sensory perception and respond to the absence of food
by changing hormone and neurotransmitter signals.
However, it is largely unknown how the absence of food
is perceived at the level of functional neurocircuitry. In
Caenorhabditis elegans, octopamine is released from the
RIC neurons in the absence of food and activates the cyclic
AMP response element binding protein in the cholinergic
SIA neurons. In contrast, dopamine is released from
dopaminergic neurons only in the presence of food. Here,
we show that dopamine suppresses octopamine signalling
through two D2-like dopamine receptors and the G protein
Gi/o. The D2-like receptors work in both the octopaminer-
gic neurons and the octopamine-responding SIA neurons,
suggesting that dopamine suppresses octopamine release
as well as octopamine-mediated downstream signalling.
Our results show that C. elegans detects the absence of
food by using a small neural circuit composed of three
neuron types in which octopaminergic signalling is
activated by the cessation of dopamine signalling.

The EMBO Journal (2009) 28, 2437-2448. do0i:10.1038/
emboj.2009.194; Published online 16 July 2009

Subject Categories: neuroscience

Keywords: C. elegans; CREB; dopamine; G protein-coupled
receptor; octopamine

Introduction

Animals respond to the absence of food by modulating many
physiological responses such as metabolism (Kahn and Flier,
2000; Finn and Dice, 2006), life span (Kaeberlein et al, 2006;
Lee et al, 2006; Mair and Dillin, 2008), and behaviours
including feeding (Ramos et al, 2005) and learning (Giles
et al, 2006). Food deprivation mediates these adaptive
responses using hormone and neurotransmitter signals.
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Although decreased food intake leads to decreased nutrition,
which triggers starvation-mediated signals, animals can also
assess food availability independently of ingestion. Food in
the environment can be directly detected using sensory
modalities such as smell, taste, or touch, and the presence
of the perception of food or its absence also induces specific
responses without food intake (Hajnal and Norgren, 2004;
Hajnal et al, 2004; Robertson, 2006). Specifically, the percep-
tion of food alters the release of neurotransmitters such as
dopamine and noradrenaline, which have important func-
tions in food reward and feeding regulation in mammals.
However, the way in which the absence of food is perceived
and is translated into altered neurotransmitter signalling
remains largely unknown. The complexity of the mammalian
brain makes it difficult to analyse how different neurotrans-
mitter signals interact to regulate this process. Here, we
analyse a food-regulated amine neurotransmitter signalling
pathway in Caenorhabditis elegans to identify and character-
ize mechanisms involved in this regulation.

C. elegans is particularly suitable for understanding the
molecular basis of neural signalling because of its simple and
well-described nervous system (White et al, 1986). C. elegans
responds differently to the presence or absence of food (bacter-
ia), and bioamines have important functions in the response to
these conditions. For example, exogenous application of octo-
pamine, the invertebrate equivalent of noradrenaline (Roeder,
1999), induces behavioural changes that are similar to those
observed during starvation (Horvitz et al, 1982). Furthermore,
endogenous octopamine is known to be required to mediate a
starvation-induced response in specific neurons (Suo et al,
2006). Using a cre:: gfp reporter (Kimura et al, 2002), we earlier
found that cyclic AMP response element binding protein (CREB)
is activated in the four cholinergic SIA neurons when food is
absent. Octopamine, released from a pair of the octopaminergic
RIC neurons in the absence of food, humorally activates the
octopamine receptor SER-3 in the SIA neurons. SER-3 then
induces CREB activation through the G protein Gq, whereas
Gi/o suppresses this signal. Although the physiological function
of this CREB activation has not yet been shown, cre::gfp serves
as a reporter for food response and was used to demonstrate
that octopamine signalling is activated in the absence of food. It
is reported that octopamine signalling works downstream of the
DAF-7 TGF signalling pathway in C. elegans (Greer et al, 2008).
However, it is unknown whether any other signalling pathway
regulates octopamine signalling in this animal.

Dopamine is known to be involved in food sensing in
C. elegans (Sawin et al, 2000; Kindt et al, 2007). There are
eight dopaminergic neurons in C. elegans hermaphrodites
that have sensory endings exposed to the external milieu and
directly sense the presence of food by mechanosensation.
This sensation is believed to activate dopamine release from
these neurons and the released dopamine subsequently
reduces the rate of animal locomotion and the frequency of
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locomotory reversals (Sawin et al, 2000; Hills et al, 2004;
Sanyal et al, 2004; Kindt et al, 2007). Dopamine is known to
act humorally and hence a direct synaptic connection is not
necessary for dopamine signalling (Sawin et al, 2000; Chase
et al, 2004; Sanyal et al, 2004). It is nonetheless interesting
that the dopaminergic CEP neurons are known to be pre-
synaptic to both the octopaminergic RIC neurons and the SIA
neurons (White et al, 1986), the latter exhibiting starvation-
mediated CREB activation (Suo et al, 2006).

Given that octopamine and dopamine signals are activated
in the absence or presence of food, respectively, and that the
dopaminergic neurons are in a suitable location to control the
neurons involved in the octopamine signalling, we hypothe-
sized that the dopamine signalling interacts with the octopa-
mine signalling to regulate food response. Here, we show that
dopamine signalling suppresses octopamine signalling
through a mechanism that requires two D2-like dopamine
receptors, DOP-2 and DOP-3, located on both the SIA neurons
and RIC neurons. These results reveal a signalling mechan-
ism involving two antagonistically acting bioamines working
in a small neural network comprising three neuron types to
regulate the response to food or its absence in C. elegans.

Results

Exogenous dopamine suppresses exogenous
octopamine-mediated CREB activation

In C. elegans animals transgenic for a cre::gfp reporter (the
fusion of the cyclic AMP response element (CRE) and green
fluorescent protein (GFP)), GFP is expressed in cells in which
CREB is activated (Kimura et al, 2002). Using this reporter
system, we found that the absence of food induces CRE-
mediated GFP expression in the SIA neurons (Suo et al,
2006). This response requires the CREB homologue CRH-1,
suggesting that CRE-mediated GFP expression in the absence
of food is indicative of CREB activation (Suo et al, 2006).
Octopamine mediates CREB activation as exogenous octopa-

No amine treatm

Dopamine

mine can activate cre::gfp and starvation-mediated activation
is not observed in tbh-1 mutants (Suo et al, 2006), which are
defective in octopamine synthesis (Alkema et al, 2005).
Although the tbh-1 gene is expressed in the RIC neurons
and the gonadal sheath cells, the RIC neurons are most likely
responsible for starvation-mediated CREB activation as the
starvation response is also observed in larvae in which the
gonadal sheath cells are not yet fully developed (data not
shown). Furthermore, starvation-mediated CREB activation
requires the unc-64 gene encoding syntaxin (Suo et al, 2006),
which is not expressed in the gonadal sheath cells but is
expressed in many neurons and is required for neurotrans-
mitter release (Ogawa et al, 1998; Saifee et al, 1998). This
further supports a non-gonadal function for octopamine.

To detect a possible interaction between octopamine and
dopamine signalling, we first examined whether exogenous
dopamine could modify exogenous octopamine-induced
CREB activation in the SIA neurons. We quantified CREB
activation by determining the average number of the SIA
neurons expressing GFP in each condition. As we demon-
strated earlier (Suo et al, 2006), cre::gfp animals cultured on
plates containing bacteria as food source did not express GFP
(Figure 1A and E), but did express GFP in the SIA neurons
when incubated with 3 mg/ml octopamine (Figure 1B and E).
This octopamine-induced expression was reduced by
co-incubation of octopamine-treated animals with 1 mg/ml
dopamine (Figure 1D and E), whereas dopamine treatment
alone did not alter the lack of GFP expression observed in the
SIA neurons in well-fed animals (Figure 1C and E). These
results show that exogenous dopamine suppresses exogenous
octopamine-mediated CREB activation in the SIA neurons.

Endogenous dopamine suppresses endogenous
octopamine-mediated CREB activation

To investigate whether endogenous dopamine also sup-
presses CREB activation, we examined cat-2(el112) mutant
animals. The cat-2 gene encodes a tyrosine hydroxylase that
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Figure 1 Exogenous octopamine and dopamine treatments of cre::gfp animals. Animals carrying cre::gfp were placed on agar plates
containing (A) no amine, (B) 3mg/ml octopamine, (C) 1mg/ml dopamine, or (D) 3mg/ml octopamine plus 1mg/ml dopamine.
Fluorescence images were taken after 6h of incubation. GFP expression was observed in the SIA neurons in octopamine-treated animals
and it was decreased by dopamine. White dotted lines outline the head of each animal. Scale bars, 20 pm. (E) The number of GFP-expressing
SIA neurons per animal was determined after cre::gfp animals were incubated on plates containing no amine (NA), octopamine (OA),
dopamine (DA), or octopamine plus dopamine (O + D) for 6 h. Error bars indicate the standard errors of the means. At least 80 animals were
tested. *P<0.001 (Tukey-Kramer multiple comparison test), compared with OA.
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Figure 2 CRE-mediated GFP expression of dopamine- and octopamine-deficient mutants. Fluorescence images were taken of (A, E, F) wild-
type (wt), (B) cat-2 mutant, (C) tbh-1 mutant, and (D) cat-2;tbh-1 double mutant animals carrying cre::gfp under (A-D) well-fed,
(E) starvation, or (F) starvation plus Sephadex conditions (see Materials and methods). White dotted lines outline the head of each animal.
Scale bars, 20 um. (G-J) The number of GFP-expressing SIA neurons per animal was determined after animals were incubated in well-fed
(WF), starvation (ST), starvation + Sephadex (SX), or soaking (SO) conditions for 6 h. (K-N) The number of GFP-expressing SIA neurons per
animal was determined after cre::gfp animals were incubated on food containing plates also containing no amine (NA), octopamine (OA),
dopamine (DA), or octopamine plus dopamine (O + D) for 6h. (K) Data are also in Figure 1E and are shown here for comparison. Error bars
indicate the standard errors of the means. At least 80 animals were tested. *!P<0.001 (Tukey-Kramer multiple comparison test), compared
with ST of wt animals. *>P<0.001, compared with WF of wt animals. *3p<0.001, compared with WF of cat-2 mutants. *4p<0.001, compared
with ST of tbh-1 mutants. *°P<0.001, compared with NA of wt animals. **P<0.001, compared with NA of cat-2 mutants.

is required for dopamine synthesis, hence cat-2 mutants have
decreased but measurable levels of dopamine (Sulston et al,
1975; Sanyal et al, 2004). cat-2 mutant animals sponta-
neously induced CREB activation in the SIA neurons, even
when they were cultured in the presence of food (Figure 2B
and H). This result indicates that endogenous dopamine
normally suppresses CREB activation in the presence of food.

Octopamine-deficient tbh-1(0k1196) mutants exhibited no
spontaneous GFP expression in the presence of food (Figure
2C and I). Well-fed cat-2;tbh-1 double mutants exhibited a
greatly decreased level of spontaneous GFP expression
(Figure 2D and J) compared with the cat-2 single mutant
(Figure 2B and H). These results indicate that spontaneous
CREB activation induced by the loss of dopamine in cat-2
mutants is dependent on the presence of endogenous octo-
pamine. Taken together, these results suggest that endogen-
ous dopamine suppresses endogenous octopamine signalling
required for CREB activation in the SIA neurons, which
parallels the above findings for exogenous octopamine and
dopamine.

To further test the involvement of endogenous dopamine
in the regulation of CREB activation in the SIA neurons, we
used the Sephadex beads (SX). It was shown earlier that the
Sephadex beads induce a dopamine-dependent behavioural
change presumably by mimicking the tactile attribute of the
bacterial food source without providing nutritional or che-
mosensory cues associated with bacteria (Sawin et al, 2000).
As we showed earlier (Suo et al, 2006), cre::gfp animals
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cultured in the absence of bacteria expressed GFP in the SIA
neurons (Figure 2E and G). cre::gfp animals cultured on agar
growth plates covered with the Sephadex beads instead of
bacteria showed a decrease in the frequency of GFP expres-
sion in the SIA neurons relative to animals cultured in the
absence of bacteria (Figure 2F and G). These results strongly
suggest that octopamine-mediated CREB activation in the
absence of a bacterial food source is not initiated by the
decrease in chemosensation of food or food intake but by the
absence of a tactile perception of food by the dopaminergic
neurons.

cat-2 and tbh-1 mutants were also tested with the Sephadex
beads in the absence of food. cat-2 mutants, which manifest
spontaneous CREB activation in the presence of food, showed
a slight further increase in GFP expression in the absence of
food (Figure 2H). This increase was eliminated by the addi-
tion of the Sephadex beads to the foodless plates. It is
reported that cat-2 mutants are not completely dopamine
deficient (Sanyal et al, 2004), suggesting that residual dopa-
mine may be suppressing CREB activation in the presence of
food or by the Sephadex beads in cat-2 mutants. tbh-I
mutants exhibited only a small increase in GFP expression
in the absence of food (Figure 2I), as expected, as octopamine
is required for CREB activation (Suo et al, 2006). cat-2;tbh-1
double mutants showed a significantly larger increase in GFP
expression in the absence of food than tbh-1 single mutants.
This increase was also suppressed in the presence of the
Sephadex beads (Figure 2J). These results suggest the
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existence of some octopamine-independent regulation of
CREB activation in the SIA neurons that is suppressed by
dopamine, although it is also possible that they are attribu-
table to residual octopamine, which may exist in tbh-I
mutants.

A possible explanation for the failure of cat-2;tbh-1 double
mutants to express GFP would be because the SIA neurons
were missing or grossly abnormal in this mutant strain. We
showed earlier that soaking animals in water activates CRH-
1-dependent gene expression in the SIA neurons independent
of the octopamine signal (Suo et al, 2006) (Figure 2G and I).
cat-2;tbh-1 double mutants also responded normally to soak-
ing (Figure 2J), indicating that not only are the SIA neurons
generated in this strain but they are also able to activate
CREB. This result also shows that soaking activates CREB in
the SIA neurons independently of dopamine.

We also examined the effects of exogenous octopamine
and dopamine treatment on cat-2 and tbh-1 single mutants
and the cat-2;tbh-1 double mutant (Figure 2K-N). These
mutants increased GFP expression in response to octopamine
and this increased expression was suppressed by adding
dopamine as seen in the wild-type animals. Dopamine treat-
ment did not decrease GFP expression of cat-2 mutants to the
wild-type level, even though in principle the defect caused by
the absence of endogenous dopamine should be rescued by
the addition of exogenous dopamine. This is probably
because cat-2 mutants already expressed GFP in the SIA
neurons before the drug treatment and 6h of incubation
with dopamine was not sufficient for the preexisting GFP to
be degraded and become undetectable. Taken together, these
results indicate that loss of endogenous octopamine or dopa-
mine does not have a major influence on the effects of
exogenous octopamine and dopamine.

Responses of dopamine receptor mutants to exogenous
dopamine
We next attempted to determine which dopamine receptors
are responsible for the dopamine-mediated suppression of
CREB activation in the SIA neurons. Four G protein-coupled
dopamine receptors have been identified from C. elegans.
DOP-1 is a D1-like receptor that couples to Gs when
expressed in cultured mammalian cells (Suo et al, 2002;
Sanyal et al, 2004). DOP-2 and DOP-3 are D2-like receptors
that couple to Gi/o (Suo et al, 2003; Chase et al, 2004; Sugiura
et al, 2005). DOP-4 is homologous to invertebrate-specific
dopamine receptors identified in insects and is believed to be
a Gs- or Gg-coupled receptor (Sugiura et al, 2005). Earlier
analyses indicate that these four receptors are the only G
protein-coupled receptors in C. elegans genome that show
strong homology to known dopamine receptors (Wintle and
Van Tol, 2001, data not shown). We showed earlier that
octopamine works through the Gqa homologue EGL-30 in
the SIA neurons to activate CREB and that this signal is
inhibited by the Goa homologue GOA-1 (Suo et al, 2006).
We, therefore, hypothesized that dopamine works through
GOA-1 to suppress Gg-mediated CREB activation and deemed
DOP-2 and DOP-3 to be likely candidates for the dopamine
receptors that suppress octopamine signalling as these recep-
tors are capable of coupling to Gi/o (Suo et al, 2003; Sugiura
et al, 2005).

To test this hypothesis, dop-2(vs105) and dop-3(vs106)
deletion mutants (Chase et al, 2004) were examined for
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their responses to exogenous dopamine treatment. We
found that both dop-2 and dop-3 single mutants were partially
defective in responding to exogenous dopamine in that CREB
activation after incubation with octopamine plus dopamine
was significantly higher in dop-2 and dop-3 single mutants
than in wild-type animals (Figure 3A-C). Their defects were
partial as, for each single mutant, GFP expression in animals
treated with octopamine plus dopamine was lower than that
of animals treated with octopamine alone (Figure 3B and C).
These results raise the possibility that the two receptors act in
parallel to mediate the dopamine response in the SIA neu-
rons. This possibility was verified by finding that dop-2;dop-3
double mutants were completely defective in exogenous
dopamine-mediated suppression of CREB activation and
showed no reduction in octopamine-mediated GFP expres-
sion after addition of exogenous dopamine (Figure 3D).
These results suggest that DOP-2 and DOP-3 receptors act
in parallel and together account for all dopamine-induced
suppression of CREB activation in the SIA neurons.
dop-2;dop-3 double mutants also showed spontaneous GFP
expression when no amine was administered even in the
presence of food (Figure 3D), paralleling what was observed
for cat-2 mutants (Figure 2L). This result suggests that
endogenous dopamine also works through DOP-2 and DOP-
3. However, spontaneous GFP expression in the dop-2;dop-3
double mutants was not as strong as in the cat-2 mutants.
This suggests that either another dopamine receptor is in-
volved in the dopamine-mediated suppression of CREB or
that the dop-2 and dop-3 alleles are not nulls. Furthermore,
spontaneous CREB activation was dependent on octopamine
as the dop-2;dop-3;tbh-1 triple mutants did not show sponta-
neous GFP expression in the SIA neurons (Figure 3E).

We observed a slight increase in the frequency of GFP
expression by dopamine compared with the no amine control
in the dop-2;dop-3 double mutants (Figure 3D). This result
indicates that dopamine may positively regulate CREB in the
SIA neurons in the absence of suppression of CREB activation
by the activities of DOP-2 and DOP-3.

We also tested deletion mutants of the other known
dopamine receptors, dop-1(vsi00), dop-1(ev748), and
dop-4(ok1321). dop-1(vs100) showed a smaller response to
exogenous octopamine alone (Figure 3F). However, another
allele of dop-1, ev748, exhibited a normal response to octopa-
mine (Figure 3G). Therefore, it is unclear whether the smaller
response to octopamine is attributable to a dop-1 defect.
Nonetheless, dop-1(vs100), dop-1(ev748), and dop-4(ok1321)
did not show defects in responding to exogenous dopamine
(Figure 3F-H), which is consistent with the notion that DOP-2
and DOP-3 receptors account for all exogenous dopamine-
induced suppression of CREB activation in the SIA neurons.

It has been found that DI-like and D2-like dopamine
receptors have opposite effects on intracellular signalling in
mammals (Vallone et al, 2000). In C. elegans, D1-like receptor
DOP-1 and D2-like receptor DOP-3 are shown to have oppos-
ing function in regulating locomotory activity (Chase et al,
2004). We separately tested dop-1 and dop-4 in the dop-2;dop-
3 double mutant background to examine whether dop-1 and
dop-4 have functions that oppose dop-2 and dop-3 function in
the regulation of CREB activation (Supplementary Figure S1).
dop-1;dop-2;dop-3 triple mutants responded to octopamine
and dopamine in a similar manner as dop-2;dop-3 double
mutants (Supplementary Figure S1B and C). On the other

©2009 European Molecular Biology Organization



Bioamine regulation of food response in C. elegans

S Suo et al
4.0
a5 |A B C D TEpm  =[F G H | o
» 3
< 1 =
= 3.0
[7p] = e
T 25 1 ] B Ee = -
& 20 *2 =
S 15 — £
o
<zj 1.0 .3
05 D
= = ]
0.0
o [a) [a) o o [a) [a) =) o
21818|5|2|15158|&|2|85|8|3(2|5|83|3|121818(5|2|188|8|121518183(2/8/18|5|12/18/8|3
wt dop-2 dop-3 dop-2;dop-3 | dop-2;dop-3; | dop-1(vs100) | dop-1(ev748) dop-4 goa-1
tbh-1
4.0
3.5 J
< 3.0
5 3
T 2.5
& 20
%15
o
s 1.0
< 0.5
0.0
w w w w w
IR & 5 3% 5 32hs 3z hs s hHsS
wt dop-2 dop-3 dop-2;dop-3 | dop-2;dop-3; | dop-1(vs100) | dop-1(ev748) dop-4
tbh-1

Figure 3 CRE-mediated GFP expression of dopamine receptor and G protein mutants. (A-I) The number of GFP-expressing SIA neurons per
animal was determined after animals were incubated on food containing plates also containing no amine (NA), octopamine (OA), dopamine
(DA), or octopamine + dopamine (O + D) for 6 h. (J-Q) The number of GFP-expressing SIA neurons per animal was determined after animals
were incubated in well-fed (WF), starvation (ST), starvation + Sephadex (SX), or soaking (SO) conditions for 6 h. The data in panels A and J are
also shown in Figures 1E and 2K, respectively, and are shown here for comparison. Error bars indicate the standard errors of the means. At least
80 animals were tested. *!P<0.001 (Tukey-Kramer multiple comparison test), compared with O + D of wt animals. *2P<0.001, compared with
NA of wt animals. **P<0.001, compared with WF of dop-2;dop-3 double mutants. **P<0.01, compared with WF of goa-1 mutants. **P<0.001,
compared with SX of wt animals. *°P<0.001, compared with WF of wt animals. *’P<0.01, compared with WF of dop-2;dop-3 double mutants.

*8p<0.001, compared with WF of dop-2;dop-3;tbh-1 triple mutants.

hand, loss of dop-4 mildly suppressed spontaneous CREB
activation induced by loss of dop-2 and dop-3 (Supplementary
Figure S1D). Furthermore, the small dopamine-induced in-
crease in CREB activation, which was observed in dop-2;dop-
3 double mutants, was not observed in dop-2;dop-3;dop-4
triple mutants. These results suggest that DOP-4, but not
DOP-1, may positively regulate CREB activation in the SIA
neurons thereby opposing the suppressive effects of DOP-2
and DOP-3 activity.

We also examined goa-1(sa734) mutants to determine
whether, as expected, dopamine works through goa-1 to sup-
press the octopamine-mediated signal. goa-1 mutant animals
behaved very similar to dop-2;dop-3 double mutant animals in
response to exogenous octopamine and dopamine. goa-1 mu-
tants exhibited spontaneous GFP expression as reported earlier
(Suo et al, 2006), and this expression was slightly increased by
exogenous dopamine. goa-1 mutants showed little, if any,
change in octopamine-mediated GFP expression in response
to exogenous dopamine (Figure 3I). These results indicate that
GOA-1 works downstream of dopamine and suggest that DOP-2
and DOP-3 receptors work largely through GOA-1 in the SIA
neurons to suppress CREB activation.

Responses of dopamine receptor mutants to Sephadex
beads

We next examined Sephadex bead treatment of dopamine
receptor mutants. dop-2 mutants responded normally to the
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presence or absence of food and to Sephadex bead treatment
(Figure 3K). By contrast, the addition of the Sephadex beads
in the absence of food did not entirely suppress CREB
activation in dop-3 mutants, showing that dop-3 mutants
are at least partially defective in responding to the
Sephadex beads (Figure 3L). The failure of the Sephadex
beads to suppress CREB activation was also observed
in dop-2;dop-3 double mutants (Figure 3M). dop-1 and
dop-4 mutants, on the other hand, did not show any defect
(Figure 30-Q). These results suggest that DOP-3, but
not DOP-1, DOP-2, or DOP-4, is partially required for
Sephadex-induced suppression of CREB activation in the
SIA neurons.

We also found that mutations in dop-2 and dop-3
partially restore CREB activation in the absence of food in
the tbh-1 mutant background and that this activation
was suppressed by Sephadex beads treatment (Figure 3N).
This partial restoration of CREB activation and its
suppression by the Sephadex beads was similarly observed
in cat-2;tbh-1 double mutants (Figure 2J). Suppression
of CREB activation by the Sephadex beads in the absence
of DOP-2 and DOP-3 receptors suggests that there is
another dopamine receptor involved in this suppression
(with the caveat that dop-2 and dop-3 alleles may not
be nulls) or that the Sephadex beads can also work through
a dopamine-independent mechanism to suppress CREB
activation.
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Cell-specific expression and activity of D2-like dopamine
receptors

The most suitable locations for the dopamine receptors to
regulate octopamine-mediated CREB activation would be in
the SIA neurons and/or the RIC neurons. We, thus, examined
whether dop-2 and dop-3 are expressed in these neurons. ceh-
17::dsred (Pujol et al, 2000; Suo et al, 2006) and tbh-1::dsred
(Alkema et al, 2005; Suo et al, 2006) expressing animals were
used to mark the SIA neurons and RIC neurons, respectively.
Promoter-reporter fusions, dop-2::gfp and dop-3::gfp, were
introduced to the DsRed reporter strains to look for co-
localization. Fluorescence microscopy showed that dop-2 is
expressed in the SIA neurons but not in the RIC neurons,
whereas dop-3 is expressed in both the SIA neurons and RIC
neurons (Figure 4), indicating that these dopamine receptors
are made by cells that we expect a priori to regulate octopa-
mine signalling.

As dop-2 is expressed in the SIA neurons, it is likely that it
works in the SIA neurons for dopamine-mediated suppres-
sion of CREB activation. In this case, expression of DOP-2 in
the SIA neurons of the dop-2 mutant should restore the ability
of exogenous dopamine to suppress CREB activation. cDNAs
for the two splice variants of dop-2, dop-2S and dop-2L,
were fused with the ceh-17 promoter (ceh-17::dop-2S and
ceh-17::dop-2L, respectively) that drives gene expression
only in the SIA and ALA neurons (Pujol et al, 2000). ceh-17::
dop-2S, ceh-17::dop-2L, and a co-transformation marker were

dop-2::9fp

dop-3::gfp

ceh-17::dsred
+ tbh-1::dsred

Figure 4 Expression patterns of dop-2 and dop-3. Fluorescence
images for (A, B) GFP expression and (C, D) DsRed expression
were obtained from animals carrying ceh-17::dsred and tbh-
1::dsred in addition to (A, C) dop-2::gfp or (B, D) dop-3::gfp.
(E, F) Merged images of (A+C) and (B+ D), respectively. dop-
2::gfp induced GFP expression in the SIA neurons but not in the RIC
neurons. dop-3::gfp induced GFP expression in the SIA neurons and
the RIC neurons. Both dop-2::gfp and dop-3::gfp also each induced
GFP expression in some other cells as reported earlier (Suo et al,
2003; Tsalik et al, 2003; Chase et al, 2004). White dotted lines
outline the head of each animal. Scale bars, 20 um.
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co-injected into the dop-2 mutants. dop-2 mutants expressing
dop-2S and dop-2L in the SIA neurons (Figure 5B) showed
decreased GFP expression in the SIA neurons after octopa-
mine plus dopamine treatment compared with the control
strain, which was injected only with the co-transformation
marker (Figure SA). Their response to octopamine treatment
by itself was also reduced compared with the control animals,
which may be because multiple copies of transgenes are
usually introduced by microinjection-mediated transgenesis,
possibly leading to excessive dopamine receptor signalling.
We also expressed dop-2S and dop-2L in the RIC neurons
using fusions of the tbh-1 promoter (tbh-1::dop-2S and tbh-1
::dop-2L, respectively) that drives gene expression in the RIC
neurons (Alkema et al, 2005). However, expression of dop-2S
and dop-2L in the RIC neurons did not significantly rescue the
response of dop-2 mutants to exogenous dopamine
(Figure 5C). Collectively, these results suggest that dop-2
works in the SIA neurons to suppress CREB activation by
exogenous dopamine, which is in agreement with the dop-2
expression pattern.

Similar experiments for dop-3 were also carried out (Figure
5D-F). Fusions of the ceh-17 and tbh-1 promoter with the
cDNA for dop-3fl, the functional splice variant of dop-3
(Sugiura et al, 2005) (ceh-17::dop-3fl and tbh-1::dop-3fl,
respectively) were introduced into dop-3 mutants.
Expression of dop-3fl in the SIA neurons (Figure SE)
decreased the number of the GFP-expressing SIA neurons
after octopamine plus dopamine and octopamine-alone treat-
ment, compared with the control dop-3 mutants (Figure 5D).
In contrast, expression of dop-3fl in the RIC neurons had
almost no effect (Figure 5F). These results suggest that dop-3
works in the SIA neurons to suppress CREB activation by
exogenously applied dopamine.

dop-3 mutants also fail to suppress CREB activation in
response to the Sephadex beads. Therefore, dop-3 mutants
carrying ceh-17::dop-3fl or tbh-1::dop-3fl were also tested for
their response to the Sephadex beads (Figure 5G-I).
Expression of dop-3fl in the SIA neurons (Figure SH) or the
RIC neurons (Figure 5I) in the dop-3 mutants decreased the
numbers of GFP-expressing SIA neurons after Sephadex bead
treatment. On the other hand, the animals responded to
soaking normally, suggesting that overexpression of dop-3fl
did not cause a developmental defect that indirectly abrogates
CREB-dependent transcription or its detection in the SIA
neurons. These results suggest that dop-3 can work in either
the SIA neurons or the RIC neurons to mediate Sephadex-
induced suppression of CREB activation in the SIA neurons.

ceh-17::dop-2S+ L, ceh-17::dop-3fl, and tbh-1::dop-3fl
that rescued dop-2 or dop-3 mutants were introduced into
dop-2;dop-3 double mutants to examine whether they sup-
press spontaneous CREB activation in the presence of food
(Figure 5J). Expression of dop-2S + L in the SIA neurons, dop-
3fl in the SIA neurons, or dop-3fl in the RIC neurons resulted
in an incomplete but significant reduction in GFP expression
in the dop-2;dop-3 double mutants compared with control
animals. These results suggest that dop-2 in the SIA neurons
and dop-3 in the SIA neurons and the RIC neurons function to
respond to endogenous dopamine.

Effect of serotonin on CREB activation
It is known that exogenous serotonin treatment in the

absence of food induces behavioural responses like those
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Figure 5 Cell-specific rescue of the dop-2 and dop-3 mutant CREB activation phenotype. dop-2 mutant animals carrying cre:: gfp were injected
with (A) the co-transformation marker transgene lin-44::gfp only, (B) ceh-17::dop-2S + L plus the marker, or (C) tbh-1::dop-2S+ L plus the
marker. dop-3 mutants carrying cre::gfp were injected with (D) the co-transformation marker only, (E) ceh-17::dop-3fl plus the marker, or
(F) tbh-1::dop-3fl plus the marker. The number of GFP-expressing SIA neurons per animal was determined after the transformed animals were
incubated on plates containing no amine (NA), octopamine (OA), dopamine (DA), or octopamine plus dopamine (O + D) for 6h. (G-I) The
number of GFP-expressing SIA neurons per animal was determined after animals were incubated in well-fed (WF), starvation (ST),
starvation + Sephadex (SX), or soaking (SO) conditions for 6h for the transformed dop-3 mutants. (J) dop-2;dop-3 double mutants carrying
cre::gfp were injected with the co-transformation marker only, ceh-17::dop-2S+ L and the marker, ceh-17::dop-3fl and the marker, or tbh-
1::dop-3fl and the marker. The number of GFP-expressing SIA neurons per animal was determined after animals were incubated in well-fed
condition for 6 h. Error bars indicate the standard errors of the means. At least 80 animals were tested. *P<0.01, **P<0.001 (Tukey-Kramer
multiple comparison test), compared with the corresponding marker-only control strains.

observed in well-fed C. elegans (Horvitz et al, 1982). CREB activation by serotonin could be attributable to a
Furthermore, exogenous serotonin and octopamine elicit general unhealthiness of the animals. At lower concentra-
opposite behavioural responses in C. elegans. We, therefore, tions of serotonin, in which animals appeared healthy,
investigated whether serotonin has any effect on octopamine- octopamine-mediated GFP expression was not suppressed.
mediated CREB activation as observed for dopamine. Furthermore, mutants of ser-4, which encodes the only

We first tested the effect of exogenous serotonin on exo- Gi/o-coupled serotonin receptor identified in C. elegans
genous octopamine-mediated CREB activation. Octopamine- (Olde and McCombie, 1997), also exhibited a slight reduction
mediated GFP expression in the SIA neurons was slightly in octopamine-mediated CREB activation at the higher con-
suppressed by 1.0mg/ml serotonin (Supplementary Figure centration of serotonin (Supplementary Figure S2B). In addi-
S2A). However, animals incubated with serotonin plus tion, ser-4 mutants also responded normally to food and
octopamine were pale and had a disrupted morphology. starvation (Supplementary Figure S2E). tph-1 mutants,
Therefore, the apparent suppression of octopamine-mediated which are defective in serotonin synthesis (Sze et al, 2000),
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showed only slight spontaneous CREB activation in the
presence of food and did not enhance the starvation response
(Supplementary Figure S2D). Taken together, the above re-
sults suggest that serotonin does not have a major function in
food-mediated regulation of CREB activation in the SIA
neurons.

Effect of DAF-7 signalling on CREB activation
The DAF-7 TGFp ligand is expressed only in the ASI sensory
neurons in the presence of food and serves as a gauge of
environmental conditions in C. elegans (Ren et al, 1996;
Schackwitz et al, 1996). DAF-7 expression is reduced in the
absence of food. DAF-7 signals through the TGFf receptor
DAF-1 (Georgi et al, 1990), which inactivates the co-SMAD
DAF-3 (Patterson et al, 1997). Accordingly, daf-7 and daf-1
mutants exhibit features of starved animals (constitutive
dauer formation, fat accumulation, egg laying defect, and
decreased pharyngeal pumping) in the presence of food and
daf-3 mutations suppress these features. Greer et al showed
that DAF-7-mediated signalling in the tyraminergic RIM
neurons is sufficient for the regulation of all the behavioural
and metabolic responses. They also found that the octopa-
minergic RIC neurons have a function in this regulation
although their effect was partial. Furthermore, it was
shown that tyramine and octopamine work downstream of
DAF-7 signalling to regulate pumping rate. These results
suggest that, in the absence of food, activation of DAF-3 by
loss of DAF-7 signalling leads to increased octopamine sig-
nalling from the RIC neurons. We, therefore, examined
whether DAF-7 signalling has a function in CREB activation
in the SIA neurons.

daf-7 and daf-1 mutants showed only slight spontaneous
CREB activation in the presence of food (Figure 6B and C).
Furthermore, daf-3 mutants exhibited a normal response to
the absence of food (Figure 6D). These results suggest that
the DAF-7 signalling pathway has a minor function in the
regulation of CREB in the SIA neurons and that, even in the
absence of DAF-7 signalling, dopamine signalling can regu-
late octopamine signalling in response to food.

4.0

Discussion

We showed earlier that octopamine made by the RIC neurons
in the head works directly on the SIA neurons of C. elegans to
activate CRE-mediated gene expression through the octopa-
mine receptor SER-3 and Gqgo EGL-30 (Suo et al, 2006).
In this study, we show for the first time that dopamine
signalling in C. elegans suppresses octopamine signalling
and that the cessation of dopamine signalling in the
absence of food is an important mechanism for up-regulating
octopamine signalling.

The dopamine signal antagonizes the octopamine
signal in the SIA neurons

We found that exogenously applied dopamine suppresses
exogenous octopamine-mediated CREB activation in the SIA
neurons. dop-2 and dop-3 mutants are defective in response
to exogenous dopamine, indicating that this activity is
mediated by Gi/o-coupled D2-like dopamine receptors
DOP-2 and DOP-3. Cell-specific rescue experiments showed
that both dop-2 and dop-3 work in the SIA neurons, showing
that dopamine works directly on these neurons. Chase et al
showed earlier that exogenous dopamine works on dop-3 in
the ventral nerve cord cholinergic neurons and promotes
paralysis of C. elegans through goa-1 (Chase et al, 2004).
Consistent with this report, we also found that goa-1 mutants
are insensitive to the CREB-suppressive effect of exogenous
dopamine, suggesting that exogenous dopamine uses the
Gi/o class of G proteins to suppress octopamine-mediated
Gq signalling in the SIA neurons.

It is likely that activation of CREB in the SIA neurons is
determined by the relative strength of the dopamine and
octopamine signals. The animals in the presence of food
show no CREB activation in the SIA neurons because
endogenous dopamine is being released in these conditions.
The animals treated with exogenous octopamine activate
CREB in the SIA neurons even when the octopamine treat-
ment plates contained food, which should induce endogen-
ous dopamine release. This suggests that exogenously
applied octopamine can overcome the suppression by endo-

3.5

No. of GFP(+) SlAs

Figure 6 CRE-mediated GFP expression of DAF-7 signalling mutants. (A-D) The number of GFP-expressing SIA neurons per animal was
determined after animals were incubated in well-fed (WF), starvation (ST), starvation + Sephadex (SX), or soaking (SO) conditions for 6 h.
Error bars indicate the standard errors of the means. At least 80 animals were tested. *P<0.001 (Tukey-Kramer multiple comparison test),

compared with WF of wt animals.
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genous dopamine. Furthermore, exogenous octopamine-
mediated CREB activation is suppressed by addition of exo-
genous dopamine, which presumably is in higher concentra-
tion than that of endogenous dopamine. Thus, the SIA
neurons, in which both the dopamine and octopamine re-
ceptors act, appear to compare the relative strength of
dopamine and octopamine signals to determine whether
CREB will be activated (Figure 7).

Dopamine regulation of octopaminergic neurons
We also found that endogenous dopamine suppresses endo-
genous octopamine signalling. This is suggested by the ob-
servation that dopamine-deficient cat-2 mutants exhibit
spontaneous CREB activation in the presence of food in
a manner that depends on endogenous octopamine.
Furthermore, Sephadex bead treatment, which is shown to
mediate a food-related behaviour in a dopamine-dependent
manner (Sawin et al, 2000), suppressed activation of octopa-
mine-dependent CREB activation in the SIA neurons of
starved animals. These results show that the perception of
food through dopamine signalling can regulate octopamine
signalling independently of food intake or chemosensation.
Endogenous dopamine also works through dop-2 and dop-
3, as revealed by finding that dop-2;dop-3 double mutants
show spontaneous CREB activation. In addition, dop-3 mu-
tants exhibit a partial defect in the Sephadex response,
whereas dop-2 mutants were normal in this response. It is
somewhat surprising that CREB activation in the SIA neurons
of dop-3 mutants can be suppressed by food but not by the
Sephadex beads. A possible explanation for this is that food
activates the dopaminergic neurons more strongly than the
Sephadex beads do, possibly through a stronger mechanical
stimulation or an additional non-mechanical stimulus, and

A Absence of food

Dopaminergic
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G D—p

CRE
Gene expression: ON

RIC neuron Dopaminergic l
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bor3 —
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dop-3 is required to respond to the weaker dopamine signal.
Regardless of the mechanism, a defective Sephadex response
in dop-3 mutants indicates that the Sephadex beads
work through dopamine signalling to suppress octopamine
signalling.

We found that expression of dop-3 in the RIC neurons
rescues the Sephadex response of dop-3 mutants and sup-
presses spontaneous CREB activation of dop-2;dop-3 double
mutants, but does not rescue exogenous dopamine-mediated
suppression of exogenous octopamine signalling. These
results indicate that dop-3 in the RIC neurons can suppress
endogenous octopamine signalling but not exogenous octo-
pamine-mediated signalling. These results are consistent with
a model whereby DOP-3 transduces a dopamine signal to the
RIC neurons that suppresses their ability to release octopa-
mine. This model is also consistent with the ability of DOP-3
to couple to an inhibitory Gi/o (Sugiura et al, 2005) as Goo
homologue GOA-1, which is expressed in all the neurons, is
shown to inhibit neurotransmitter release (Miller et al, 1999;
Nurrish et al, 1999). Thus, it appears that dopamine can
downregulate octopamine signalling in two ways, one is by
affecting its release from the RIC neurons and the other is by
negatively regulating the ability of octopamine to activate
CREB in the SIA neurons.

In a recent report, Greer et al showed that loss of DAF-7
release from the ASI neurons in starved animals activates
octopamine signalling by disinhibiting DAF-3 in the RIC
neurons (Greer et al, 2008). This finding suggests that the
RIC neurons could also be inactivated by food through DAF-7
signalling. However, considering that well-fed cat-2 animals
exhibit CREB activation, a block in dopamine signalling is
sufficient to allow octopamine signalling without invoking
additional activation of octopamine signalling by loss of

Presence of food

Food

RIC neuron
neuron

Dopamine

DOP-3

Dopamine

& T

6l

X

CRE
Gene expression: OFF

Figure 7 Model for dopamine regulation of the octopamine signalling in the presence and absence of food. (A) In the absence of food or food-
like mechanical stimulation, dopamine is not released, and octopamine, which is released from the octopaminergic RIC neurons, is able to
activate the octopamine receptor SER-3 in the SIA neurons. SER-3 works through EGL-30 (Gqo) to activates CRH-1 (CREB). (B) In the presence
of food, dopamine is released and suppresses CREB activation through the D2-like dopamine receptor DOP-3 in the RIC neurons probably by
decreasing octopamine release. Simultaneously, dopamine inhibits Gq signalling in the SIA neurons by activating GOA-1 (Goa) through D2-like
dopamine receptors DOP-2 and DOP-3, which also results in suppression of CREB activation in the SIA neurons.
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DAF-7 function. Furthermore, daf-3 mutants exhibited CREB
activation in the absence of food, indicating that activation of
DAF-3 in the absence of food is not necessary for octopamine
signalling. Our results show that the DAF-7 signalling has a
minor function in the regulation of octopamine signalling and
that most of the negative regulation of octopamine signalling
that occurs in response to food is caused by dopamine
signalling.

A two-transmitter, three-neuron-type network
regulates the response to food

To activate a signal in response to the absence of food in the
environment, organisms need to shut off an inhibitory pro-
cess that is active in the presence of food. This study shows
that C. elegans uses two bioamines and a three-neuron-type
circuit to activate a signal in the absence of food (Figure 7).
In the presence of food, dopamine is released by the dopa-
minergic neurons. The released dopamine activates DOP-3 in
the RIC neurons, possibly to decrease octopamine release.
Simultaneously, dopamine also inhibits Gq signalling in the
SIA neurons by activating Gi/o signalling through DOP-2 and
DOP-3. In the absence of food, dopamine is not released,
which inactivates DOP-3 in the RIC neurons, potentially
increasing octopamine release. The released octopamine
activates the Gg-coupled octopamine receptor SER-3 in the
SIA neurons. The Gq signal can activate CREB, as negative
regulation by dopamine through Gi/o is not present when
dopamine is not released.

It is interesting to note that dopamine controls octopamine
signalling at two sites, even though, in principle, regulation in
either one of the two sites should be sufficient for the
suppression. The nervous system may have evolved to use
this circuit because controlling function at two sites would
allow for a more precise and reliable control of the octopa-
mine signalling.

We speculate that this type of three-neuron-type circuit
may be a common mechanism for inhibition of one neuro-
transmitter signal by another neurotransmitter and may be
used in many different circumstances. For example, there are
striking analogies between this three-neuron-type circuit in
C. elegans and a three-neuron-type circuit possibly involved
in food response in the mammalian brain. First, food stimuli
increase dopamine and decrease noradrenaline (the verte-
brate equivalent of octopamine) release in the mammalian
brain (Hajnal and Norgren, 2004; Hajnal et al, 2004). Second,
noradrenergic neurons in the locus coeruleus receive projec-
tions from dopaminergic neurons in the ventral tegmental
area (Beckstead et al, 1979) and their firing rate is negatively
regulated by dopamine (Guiard et al, 2008). Third, both the
noradrenergic neurons and the dopaminergic neurons inner-
vate basal forebrain cholinergic neurons (Jones and Cuello,
1989). Noradrenaline positively regulates these cholinergic
neurons primarily through the o1 adrenergic receptor (Fort
et al, 1995), which is highly homologous to SER-3.
Meanwhile, dopamine positively regulates the cholinergic
neurons through the D1 receptor (Day and Fibiger, 1992;
Acquas et al, 1994) and negatively regulates them through
the D3 receptor (Millan et al, 2007), which is a homologue of
DOP-2 and DOP-3. Thus, we postulate that the neuronal and
molecular circuitry for food sensing we have discovered in
C. elegans is conserved in vertebrates and therefore, further
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study of this circuitry in C. elegans should help to elucidate
the mechanisms of food sensation in humans.

Materials and methods

Strains and fusion gene constructs
The strains and the fusion gene constructs used in this study are
described in the Supplementary Materials and methods.

Analyses of CRE-mediated gene expression

For amine treatment, the assay plates contained 1.7% AgarNoble
(BD Diagnostics) with or without 3 mg/ml octopamine-hydrochlor-
ide (Fluka), 1 mg/ml dopamine-hydrochloride (Sigma-Aldrich), and
various concentration of serotonin creatinine sulphate (Sigma-
Aldrich). An overnight culture of Escherichia coli OPS0 (Brenner,
1974) in L broth was spun down and resuspended in 1/20 volume
of water. A measure of 50 ul of the concentrated OP50 was spread
on the assay plates and was left without the lids until the surface of
the plates became dry.

Eggs from strains carrying cre::gfp were isolated by alkaline
hypochlorite treatment and grown for 2 days at 20°C on nematode
growth media (NGM) plates seeded with OP50. Animals were
collected in water and transferred to fresh NGM plates seeded with
OP50 and incubated for one more day. For daf-7 and daf-1 mutants,
animals were grown at 16°C until they became L4 larva and grown
one more day at 20°C. Animals were again collected in water and
transferred onto the assay plates in a drop of water. The water
remaining on the plates was removed with a Kimwipe (Kimberly-
Clark). After 6 h of incubation at 20°C, animals were collected in M9
buffer (Brenner, 1974) containing 50 mM NaN;3 and mounted on
glass slides.

Assays for well-fed, starvation, and soaking conditions were
performed as described (Suo et al, 2006). In brief, synchronized
animals were placed on NGM plates with bacteria for the well-fed
condition, and NGM plates without bacteria for the starvation
condition. Approximately 5ml of water was poured onto 60 mm
seeded NGM plates in the soaking condition. For the Sephadex
beads treatment, 1 ml of 30 mg/ml Sephadex G50 DNA Grade Fine
(Pharmacia) suspended in water was spread on NGM plates
without bacteria. With this amount, the entire surface of the
60 mm diameter Petri dish was covered by the Sephadex beads. The
plates were dried for at least 3h without their lids. After 6h of
incubation on the Sephadex beads plates, animals were transferred
into 35% sucrose solution to separate them from the Sephadex
beads. Animals floating on the surface of the sucrose solution were
collected in M9 buffer containing NaN; and mounted on glass
slides. We confirmed that the sucrose floating procedure alone does
not increase or decrease the CRE-mediated GFP expression (data
not shown).

The animals mounted on slides were examined under a
fluorescence microscope (DMRA2, Leica). In the earlier study
(Suo et al, 2006), we counted the frequency of the animals showing
detectable GFP expression in the ventral ganglia. In this study, we
counted the numbers of neurons expressing GFP for each animal to
obtain more information from each animal. This new counting
method allowed for more reliable measurements with strong
correlation to the original counting method. The counting was
done by the experimenter blind to the genotype and the condition of
the animals. Statistical significance was evaluated by analysis of
variance followed by Tukey-Kramer multiple comparison test using
GraphPad Prism (GraphPad Software). The images presented in figures
were obtained with a confocal laser microscope (LSMS510, Zeiss).

Analyses of expression pattern

dop-2::gfp (Suo et al, 2003) and dop-3::gfp were injected into wild-
type animals together with ceh-17::dsred, tbh-1::dsred, and a
transformation marker pRF4, which contains the dominant roller
mutation rol-6(sul006) (Kramer et al, 1990) as described earlier
(Mello et al, 1991). Images from Rol animals were obtained with the
confocal laser microscope.

Cell-specific rescue experiments

The fusion genes were injected into dop-2;tzls3, dop-3;tzls3, or
dop-2;dop-3;tzIs3 together with an injection marker lin-44::gfp
(Murakami et al, 2001) and pBluescript (Stratagene). For the control
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strains, only the injection marker and pBluescript were injected.
The final concentration of the dop-2/3 expression plasmids and
lin-44::gfp were 10 ng/pl, and the concentration of pBluescript was
adjusted so that the total DNA concentration was 100ng/pl.
Animals carrying lin-44::gfp, reflected by expression of GFP in
the tail hypodermis, were analysed in the rescue experiments. The
GFP expression from lin-44::gfp was often limited to the tail region
and rarely interfered with the GFP expression in the SIA neurons
induced from cre::gfp.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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