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Central and peripheral mechanisms modulate food intake and energy balance in mammals and
the precise role of the type 1 cannabinoid receptor (CB1) in these processes is still being explored.
Using the zebrafish, Danio rerio, we show that rimonabant, a CB1-specific antagonist with an EC50

of 5.15 � 10�8 m, decreases embryonic yolk sac reserve use. We reveal a developmental overlap
between CART genes and CB1 expression in the hypothalamus and medulla oblongata, two brain
structures that play crucial roles in appetite regulation in mammals. We show that morpholino
knockdown of CB1 or fasting decreases cocaine- and amphetamine-related transcript (CART)-3
expression. Strikingly, this down-regulation occurs only in regions coexpressing CB1 and CART3,
reinforcing the link between CB1, CART, and appetite regulation. We show that rimonabant
treatment impairs the fasting-induced down-regulation of CART expression in specific brain re-
gions, whereas vehicle alone-treated embryos do not display this rescue of CART expression. Our
data reveal that CB1 lies upstream of CART and signals the appetite through the down-regulation
of CART expression. Thus, our results establish the zebrafish as a promising system to study
appetite regulation. (Molecular Endocrinology 26: 1316–1326, 2012)

A combination of central and peripheral mechanisms
modulate food intake and energy balance in mam-

mals and the constant progression of metabolic disorders
creates the need for a better understanding of these mech-
anisms (1–5). Appetite and food intake are regulated
within the central nervous system by a complex circuitry
involving several specific regions of the hypothalamus as
well as the amygdala, the limbic forebrain, and the brain-
stem (5, 6). In these structures, many neuropeptides as
well as different classes of molecules (biogenic amines,
fatty acid derivatives, etc.) regulate appetite, either posi-
tively (orexigenic) or negatively (anorexigenic) (3, 4, 6).

The receptors for these various classes of molecules are
promising drug targets because regulation of their activ-
ities could reduce food intake and thus shift the tightly
regulated balance that adjusts energy homeostasis over
time.

Evidence has accumulated recently to suggest that en-
docannabinoids act as orexigenic signals via the type 1
cannabinoid receptor (CB1), a G protein-coupled recep-
tor expressed in the central nervous system (3, 7). Block-
ing the CB1 receptor inhibits food intake, resulting in
weight loss in rodents (3). Endocannabinoids such as
anandamide and 2-arachidonoyl glycerol stimulate appe-
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tite and food intake in both rodents and humans, and CB1
receptor knockout mice are resistant to diet-induced obe-
sity (8–11). In accordance with this notion, CB1 antago-
nists such as rimonabant (SR141716) have been studied
as drugs to reduce human obesity (12, 13).

Nevertheless, the mechanisms by which endocannabi-
noids or rimonabant regulate food intake via CB1 are still
unclear. It would be desirable to better understand these
mechanisms to reduce side effects associated with the use
of CB1 antagonists (14). The unique synaptic organiza-
tion of the endocannabinoid/CB1 system and the fact that
endocannabinoids are generated in postsynaptic neurons
and retrogradely diffuse to presynaptic axon terminals to
stimulate the CB1 receptor have led to the suggestion that
the CB1 receptors can act via anorexigenic peptide medi-
ators (3, 15). Cocaine- and amphetamine-related tran-
script (CART) was proposed to be such a factor, and it
was found that administration of rimonabant did not af-
fect feeding behavior in CART-deficient mice (15, 16).
Reduced CART expression was observed in mice defi-
cient for fatty acid amide hydrolase (FAAH; the enzyme
responsible for the degradation of anandamine) and treat-
ment with rimonabant showed an increase in CART lev-
els in these mice (15–17). This suggests that CART inhi-
bition might play a crucial role in the hypothalamic
mediation of orexigenic endocannabinoid action. Never-
theless, it has been shown that CART expression is re-
duced in CB1 knockout mice, an observation that does
not fit with the above model (17). In addition, several
conflicting reports have been published regarding the ef-
fects (either orexigenic or anorexigenic) of CART on ap-
petite regulation (18–21). Of note, CART-deficient mice
did not show an increase in body weight until after the
14th wk of a high-fat diet, suggesting that a CART role in
obesity is context dependent (22). Thus, the precise rela-
tionship linking the cannabinoid receptor system and
CART may be more complex than anticipated and re-
quires further evaluation, as do their roles in regulating
food intake.

In this paper, we used the zebrafish, an already relevant
and established model to study obesity (23). We used all
the advantages that the zebrafish offers to study the reg-
ulation of appetite genes during embryonic development
and larval stages to characterize the cannabinoid and
CART signaling pathways in vivo. Two forms of the
CART gene were previously reported in goldfish, another
excellent teleost model to study metabolism and appetite
regulation (24). In this study we found that rimonabant
decreased yolk reserve utilization in a CB1-dependent
manner and reduced fat levels in developing embryos. We
characterized four CART genes whose expression over-
lapped with that of CB1 in two major regions of the brain

known to be implicated in appetite regulation in mam-
mals: the hypothalamus and the medulla oblongata. In
particular, we noted early coexpression of CART3 and
CB1, and we found that CART3 expression was de-
creased when we knocked down CB1 expression through
morpholino injection. We observed that fasting decreased
the expression of CART, including CART3. This decrease
occurred in the specific areas of the central nervous sys-
tem that showed coexpression between CB1 and CART3,
whereas rimonabant treatment specifically suppressed
this CART down-regulation. Taken together, our results
establish that CB1 lies upstream of CART and during
fasting signals to the CART pathway the need for food.
Our results also highlight zebrafish as a promising system
to study appetite regulation and further emphasize the
context dependency of CB1/CART regulation.

Results

Rimonabant decreases yolk sac use in a CB1-
dependent manner

To study the activity of rimonabant in zebrafish, we
first characterized the effect of rimonabant on zebrafish
CB1. We found that the agonist ligand HU-210 stimu-
lated cAMP production in mammalian cells transfected
by a zebrafish CB1 expression vector and that this effect
was inhibited when increasing doses of rimonabant were
added (apparent affinity �10 nM; Supplemental Fig. 1A,
published on The Endocrine Society’s Journals Online
web site at http://mend.endojournals.org). This indicates
that, as in mammals, rimonabant is a CB1 antagonist. In
addition, using radiolabeled rimonabant, we observed
that this compound accumulated in embryos as well as in
larvae, suggesting that, when added to the water, it effec-
tively enters the fish (Supplemental Fig. 1A).

Then we treated zebrafish embryos at 10 h post fertil-
ization (hpf), just after gastrulation to avoid possible early
morphogenetic effects, with either 10 or 5 �M of rimon-
abant. Under careful examination, we noticed that the
yolk sac of the rimonabant-treated fish was consistently
bigger, at an equivalent age, than the one of mock-treated
fish (Fig. 1, A and B). Morphometric measurements of
yolk sac at 48 hpf (not shown) or at 3 d post fertilization
(dpf; Fig. 1C) show that rimonabant treated embryos con-
sistently exhibited an increase of ca. 27% � 2.8 in their
yolk sac volume excluding the yolk sac extension,
whereas other measures, such as head width, were not
modified (Fig. 1A). This may indicate that rimonabant
induces a malabsorption syndrome during development
(23). To substantiate this finding, we performed Oil Red
O staining and showed that rimonabant decreased fat
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accumulation in the embryos. Conversely, treatment with
the CB1 agonist WIN 55,212–2 (that did not induce
smaller yolk sac in zebrafish embryos) induced more fat
accumulation (Fig. 1D). These data thus suggest that ri-
monabant regulates yolk sac reserve use, an effect that,
strikingly, can be compared with a decrease in appetite at
the embryonic level (see Discussion).

We next determined the developmental expression pat-
tern of the zebrafish CB1 receptor by in situ hybridization

(Supplemental Fig. 1B). We noticed
that, in addition to a complex central
nervous system expression, CB1 was
transiently expressed at the pharyn-
geal level (with a peak at 36 hpf and
a decreased level at 48 hpf onward),
a location that can be hypothesized
to play a role in controlling yolk sac
reserve use (see also Ref. 24). We
therefore tested the effect of knock-
ing down CB1 expression on rimon-
abant action. Interestingly, in pres-
ence of rimonabant, CB1 morphants
exhibited the same yolk sac size as
mock-treated fish (Fig. 1, B and C),
whereas embryos treated with a ran-
dom morpholino did exhibit a bigger
yolk sac when treated with rimon-
abant. Of note, this effect has been
observed with two different CB1
morpholinos targeting different re-
gions of the CB1 mRNA (data not
shown), and only a marginal effect
was observed in presence of mor-
pholinos targeting type 2 cannabi-
noid receptor (CB2) (Fig. 1C). The
observed effect on yolk sac size was
statistically relevant under rimon-
abant treatments (Wilcoxon test;
P � 0.00015). However, when we
exposed CB1 morphants to rimon-
abant, the effect on the yolk sac size
was attenuated (Wilcoxon test; P �
0.0073), whereas effects due to the
CB2 receptor remained marginal
(P � 0.062). These results suggest
that the rimonabant effects are not
linked to a toxicological action of
the compound, which would have
slowed down the development but
are specific CB1-dependent effects.

CB1 and CART genes are
coexpressed in the

hypothalamus and the medulla oblongata
Because CART has been proposed as a possible effec-

tor of CB1 action, we cloned the zebrafish CART gene. To
our surprise, bioinformatic mining of the zebrafish ge-
nome, confirmed by experimental isolation of the rele-
vant cDNA, demonstrated that no fewer than four CART
genes (CART1, CART2a, CART2b, and CART3) are
present in zebrafish (Supplemental Fig. 3). This is consis-

FIG. 1. Rimonabant exposure decreases yolk size use in a CB1-dependant manner. A, Embryos
treated with 5 �M of rimonabant from 10 to 48 hpf display a bigger yolk sac (2, 4) compared
with untreated wild type (1, 3). The red lines represent the maximum length of the yolk sac in
wild types, whereas the yellow lines represent the maximum length of the head in wild types.
Notes that rimonabant-treated embryos have a bigger yolk sac but have the same head size
compared with wild type. B, 1, Wild-type embryos at 5 dpf with an average yolk sac size of 0.57
mm (2). Rimonabant-treated embryos, 1 �M from 10 hpf onward display a bigger yolk sac (3).
Injection of CB1 morpholino abolishes the effect of rimonabant exposure, whereas injection of
CB2 morpholino (4) does not. See Supplemental Fig. 2 for the efficacy of the CB1 morpholino.
C, Rimonabant exposure from 5 to 72 hpf led to ca. 20% increase of the yolk sac size. This
effect is blocked by CB1 morpholino injection but not by CB2 morpholino injection. D, Fat
accumulation is decreased in rimonabant-treated embryos (middle panel) compared with the
wild type (left panel). Note the decrease of Oil Red O staining in the telencephalon (arrowhead)
and around the eye (arrow). Exposure to the CB1 agonist WIN 55,212-2 increases fat
accumulation (right panel).
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tent with recent reports highlighting the multiplicity of
CART genes in other fish, such as goldfish or pufferfish
(25, 26). These four genes can be phylogenetically
mapped into three groups, one of which, CART1, is
clearly orthologous to the mammalian CART gene (Sup-
plemental Fig. 4A). The other groups, CART2a,
CART2b, and CART3, have no orthologs in mammals.
This multiplicity is consistent with an early duplication of
the gene [probably at the base of vertebrates during the

so-called two rounds of genome du-
plications (27)] followed by a further
duplication of CART2 in several fish
including zebrafish (28). This sce-
nario would imply the loss of
CART2 and CART3 genes in mam-
mals. Several other cases of gene loss
are known to have occurred at the
base of the mammalian tree (29, 30).

We then compared the expression
pattern of the four CART genes with
that of CB1. The expression patterns
of the zebrafish CART genes are pre-
sented in Supplemental Fig. 4. Their
most salient features are shown in
Fig. 2 in which the neuroanatomical
structures are indicated (from Ref.
31). CART1 was detected at 72 hpf
in the diencephalon with no earlier
expression being observed. CART2a
was first observed at 30 and 36 hpf
in the diencephalon and later de-
tected at 48 hpf in the dorsal thala-
mus and ventral part of posterior tu-
berculum. A dynamic expression
pattern was also observed in the me-
dulla oblongata region at 48 hpf
(Fig. 2D) and 72 hpf (Fig. 2G).
CART2b was first detected at 36 hpf
in the hindbrain. At 48 hpf a new
stronger expression was detected in
the medulla oblongata (Fig. 2E).
Later, at 72 hpf, the expression di-
versified and reached the pretectal
area: the lens, the pharynx, and the
medulla oblongata (Fig. 2G).
CART3 exhibited the earliest and
highest expression levels and was
found specifically at 24 and 36 hpf in
precise regions in the hypothalamus
and hindbrain. At 48 hpf, the same
expression was reiterated (see Fig. 2,
B and F), but two new expression

domains were visible within the olfactory bulb and mid-
brain tegmentum. At 72 hpf the expression further diver-
sified in a more posterior area in the medulla oblongata.

Taken together, these expression patterns show two
areas of interest in which coexpression occurs: 1) in the
hypothalamus at 48 hpf, which exhibited extensive over-
lap between CART3 and CB1 (see Fig. 2C), and no other
CART were expressed and 2) in the medulla oblongata in
which, starting at 48 hpf (Fig. 2, D–F) and then at 72 hpf

FIG. 2. CB1 and CART genes are coexpressed in the hypothalamus and the medulla oblongata
during embryogenesis. A, At 48 hpf, CB1 transcripts are detected in the telencephalon, the
tegmentum, the preoptic area, the hypothalamus (black arrow), and the medulla oblongata
(anterior hindbrain, red arrowhead). B, At 48 hpf, CART3 transcripts are detected in the
hypothalamus (black arrow) and in the medulla oblongata (red arrowhead). C, Double in situ
hybridization of CB1 and CART3 showing their coexpression in the hypothalamus (black arrow)
and medulla oblongata (red arrowhead). D–F, Sagittal sections of 48 hpf embryos showing
expression of CART2a, CART2b, and CART3, respectively, in the medulla oblongata (see black
arrowhead in E). Note that these genes are expressed in a similar domain as CB1 in the medulla
oblongata (red arrowhead in A). G, Schematic representation of different sagittal section of 72
hpf embryos showing the expression of CB1, CART1, CART2a, CART2b, and CART3. The level of
the section is shown under each panel. L, Lens; H, hypothalamus; Oc, otic capsule, Ch, optic
chiasma; POA, preoptic area; Pre, pretectum; T, tectum; Tg, tegmentum.
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(Fig. 2G), extensive overlap between CART2a, CART2b,
CART3, and CB1 were observed (see Refs. 32 and 33 for
an extensive description of CB1 expression).

The expression of CB1 and CART genes in the same
area suggests that CB1 may play a role in controlling
CART expression. To test this hypothesis, we injected
CB1 morpholinos and monitored CART expression. By
studying CART mRNA levels at 48 hpf by quantitative
PCR (Q-PCR) experiments in CB1 morphants, we found
a reproducible effect of the knockdown of CB1 on
CART2a, CART2b, and CART3 expression (Fig. 3).
CART1, which is not expressed at 48 hpf, was not mon-
itored. These data revealed that CART2a and CART3
expression was strongly reduced when CB1 activity was
diminished, indicating that their expression is dependent
on the integrity of the CB1 pathway. On the other hand,
we observed a strong up-regulation of CART2b in CB1
morphants (Fig. 3). These results showed that the expres-
sion of all CART genes detected at 48 hpf was dependent
on CB1, although the effect was the opposite on CART2b
compared with the two others, CART2a and CART3.

Fasting regulates CART3 expression in specific
brain areas

Several recent reports link CART expression and ap-
petite regulation in mammals and fish (26, 34). In gold-
fish, intracerebroventricular administration of human
CART decreases food intake. In both the mammal and the
fish brain, CART mRNA levels decrease during fasting
(16, 26). We thus tested the effect of fasting on CART
expression in the brain of adult zebrafish. As observed
previously in goldfish (26), Q-PCR analysis of CART
mRNA levels in the brain showed a strong decrease after

3 d of fasting (Fig. 4A). This effect was more pronounced
for CART3 and CART1 than for the two CART2 genes.

To relate this effect to the expression patterns of CART
genes, we performed the same fasting experiment on
young larvae, which are still permeable enough to allow
whole-mount in situ hybridization. In our experimental
conditions, larvae started to feed normally after complete
yolk sac resorbtion at 6 dpf. We let these larvae feed for
3 d. Then we either fed or fasted them over 4 d and
monitored gene expression in 12 dpf larvae (see experi-
mental scheme on Supplemental Fig. 5). We decided to
focus on Cart3 because Cart3 and CB1 showed extensive
overlap in their expression patterns. CART3 transcripts
were also well detected during larval stages and CB1 mor-
phants exhibited a decrease in CART3 expression. As
shown in Fig. 4, B–D, in 12 dpf larvae, CART3 was ex-

FIG. 3. CB1 regulates CART expression. Quantitative RT-PCR of
CART2a, CART2b, and CART3 at 48 hpf in CB1 morphants showing
that CART2b and CART3 expression is strongly decreased, whereas
CART2a expression is up-regulated. Values for CART mRNA were
subtracted from the �-actin mRNA and converted from log linear to
linear term. The data represent mean � SEM values. CART1 not being
expressed at 48 hpf was not monitored. **, P � 0.01.

FIG. 4. Fasting decreases CART genes expression. A, Effects of 3 d
fasting on CART expression in adult zebrafish brain showing a
decrease of all CART genes. The data represent mean � SEM values
from three zebrafish brains. Fasting decreases CART3 expression
specifically in the hypothalamus (K) and the medulla oblongata (E–G,
M), whereas expression in the tegmentum remains unaffected by
fasting (F, G, and L). B, C, E, and F, Lateral views; D, and G, dorsal
views; H–M, transverse sections. *, P � 0.05; **, P � 0.01.
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pressed in the hypothalamus, tegmentum, and medulla
oblongata (see Fig. 4, B–D, arrowheads in the general and
close-up views). Because the hypothalamic labeling is not
visible in Fig. 4B, we performed sections that revealed
clearly the three main areas: the hypothalamus (Fig. 4H),
tegmentum (Fig. 4I), and medulla oblongata (Fig. 4J). In
fasted larvae, we observed a specific decrease of CART3
labeling in the hypothalamus (visible only in sections;
compare Fig. 4K with Fig. 4H) as well as in the medulla
oblongata (see Fig. 4, F and G, compared with Fig. 4, C

and D, and the 4sections in Fig. 4M
compared with Fig. 4J). In contrast,
no effect was seen in the tegmentum
area (compare Fig. 4L with Fig. 4I).
These data suggest that CART3 is
down-regulated by fasting only in re-
gions in which coexpression with
CB1 is observed. This supports the
notion that CART3 expression de-
pends in part on CB1 signaling.

The effect of fasting on CART3
expression is CB1 dependent

In our experimental setting, in
which an effect is detected at 12 dpf,
morpholino inhibition cannot be
used to directly test whether the
CART3 decrease we observed is
linked to CB1 signaling. To test the
possible link between CB1 and the
starvation-induced inhibition of
CART3 expression, we therefore
used rimonabant as a pharmacolog-
ical agent that specifically inhibits
the CB1 pathway.

We used either fasted or fed fish
that we did or did not treat with ri-
monabant at 1 �M (see Supplemental
Fig. 5). We first performed the ex-
periments in adults (Fig. 5, A–D) and
showed by Q-PCR that fasting de-
creased CART3 expression. Interest-
ingly, rimonabant treatment in
fasted fish specifically inhibited this
decrease in CART3 expression (Fig.
5D). These data suggest that the fast-
ing-dependent inhibition of CART3
expression is CB1 dependent. This
effect was even more pronounced
with CART2b, which displayed an
increase of expression after rimon-
abant exposure. However, CART1
and CART2a were not affected by

rimonabant treatment (Fig. 5, A–C).
Because we saw earlier (see Fig. 1) that rimonabant

induces a decrease in yolk sac reserve use, we performed
the same experiments in 12 dpf larvae to see whether, at
an early stage, rimonabant treatment can antagonize the
CART3 expression decrease induced by fasting (Fig. 5E).
Interestingly, we observed that in the hypothalamus (Fig.
5E, upper panels) and in the medulla oblongata (Fig. 5E,
lower panels) but not in the tegmentum region (Fig. 5E,

FIG. 5. Rimonabant exposure restores CART3 expression in fasted larvae. A–D, Effects of
rimonabant exposure conjugated with 4 d fasting on CART expression in 12 dpf larvae
monitored by Q-PCR. Note that CART2b (C) and CART3 (D) expression is restored in fasted
larvae exposed to rimonabant. The data represent mean � SEM values from six zebrafish larvae.
E, Expression of CART3 is restored in cell coexpressing CB1 in fasted 12 dpf larvae exposed to
rimonabant. CART3 expression in the hypothalamus (4) and in the medulla oblongata (8, 12) is
restored in fasted larvae treated with rimonabant. Expression in the tegmentum remains
unaffected (7, 11). Panels 1–4 and 9–12, transverse sections; panels 5–8, lateral views. NS, Not
significant; *, P � 0.05; **, P � 0.01.
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middle panels), rimonabant impairs the CART3 expres-
sion decrease observed after fasting. For example, in the
hypothalamic region, it is obvious that CART3 levels
were decreased after fasting (compare Fig. 5E2 with Fig.
5E1) and that rimonabant suppressed this effect (compare
Fig. 5E4 with Fig. 5E2). Two further observations should
be made concerning these experiments: 1) rimonabant
treatment by itself has only marginal effects in fed fish,
suggesting that the inhibition of CB1 signaling is impor-
tant only in a certain physiological state and 2) even if this
is not seen in Q-PCR analysis of total brain mRNA, we
consistently observed that the whole-mount in situ signal,
after rimonabant treatment, in the hypothalamus and the
medulla oblongata was higher than the signal observed in
fed fish without rimonabant treatment (compare Fig. 5E4
with Fig. 5E1 and Fig. 5E12 with Fig. 5E9).

Taken together, these data suggest that the CB1 signal-
ing pathway regulates CART3 expression in specific
brain regions, and this occurs only when the embryos are
in a specific physiological state induced by fasting. These
results thus refine our current vision of the intricate rela-
tionship existing between the cannabinoid pathway,
CART, and appetite regulation and suggest that these
relationships are extremely context specific.

Discussion

Our results showed that rimonabant decreased yolk sac
use and inhibited the fasting-induced decrease of CART3
expression in specific brain areas implicated in food in-
take. It is tempting to link these two observations and to
suggest that, by acting on CART3 (and possibly other
CART genes, see below), rimonabant decreases the speed
at which the embryo uses its limited nutrient reserve for its
development. Recently it has been shown that treatment
of zebrafish embryos with clofibrate induces a malab-
sorption syndrome that is reminiscent of the effect we
observed in our study (23). This reinforces the notion that
rimonabant treatment effectively impairs the use of the
vitelline reserve of the embryo, linking, at a metabolic
level, yolk sac use with appetite regulation. It is important
to stress that the effect of rimonabant treatment is not a
general toxic effect and is CB1 specific because it is not
observed in the absence of the CB1 receptor, after mor-
pholino knockdown of CB1. The fact that rimonabant,
which is a CB1 antagonist, inhibits yolk sac uses whereas
CB1 knockdown does not produce the same effect is puz-
zling and may suggest that either rimonabant induces a
specific inhibitory action at the receptor level or, alterna-
tively, that the apoolipoprotein-CB1 receptor has a spe-
cific action. A detailed genetic comparison of the CB1

knockout models with animals in which the production of
endogeneous ligand is impaired could bring interesting
data with that regard.

CB1 action on fasting on specific territories of
CART in the brain

Recent data, obtained in mammals, converge toward
the notion that the brain endocannabinoid system con-
trols food intake at two levels: 1) it reinforces the moti-
vation for food searching and consumption, most likely
by interacting with the mesolimbic reward system (3), and
2) it is activated in the hypothalamus after short-term
food deprivation and then transiently regulates the levels
and/or action of other orexigenic and anorexigenic medi-
ators to induce appetite. It is at this second level that the
regulation observed in our analysis is taking place.

After fasting, the endocannabinoid system in the hy-
pothalamus is transiently activated, which increases en-
ergy uptake, because we have shown that, in zebrafish,
CB1 lies upstream of CART. This may explain why
CART3 expression is down-regulated by fasting in only
some brain areas in which CB1 is expressed, including the
hypothalamus. This is consistent with data obtained in
mice showing that mice deficient in FAAH, which is re-
sponsible for the degradation of anandamide, have re-
duced levels of CART in brain regions implicated in ap-
petite control (15). Of note, the CB1 inhibition by
morpholino, which led to a decrease of CART3 (and
CART2a) expression, suggests that CB1 normally acti-
vates CART3 expression. This contrasts to the effect ob-
served in fasted animals, in which CB1 was activated, and
we observed a decrease in CART expression, reversed by
rimonabant. However, it has to be mentioned that these
experimental paradigms represent different physiological
situations that are difficult to compare. Indeed, the effect
of morpholinos was studied in normal embryos that had
access to their yolk reserve, which was comparable with
being fed. In these later conditions, the fact that CART2b
behaved oppositely may be explained by a different signal
transduction pathway that translates the agonist action of
endocannabinoids into negative gene regulation. Alterna-
tively, it is possible that in certain brain areas, in which
CART2b was expressed, CB1 was not occupied by
agonists.

Interestingly, rimonabant treatment of FAAH knock-
out mice induces an increase in CART levels, an observa-
tion similar to the effect on CART3 that we observed in
zebrafish. Despite the striking difference in gene number,
this highlights the very similar regulatory inputs control-
ling CART expression between teleost fish and mammals,
specifically concerning the cannabinoid system-CART re-
lationship. This suggests that the regulation of CART by
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endocannabinoids is an ancient, conserved, and essential
node in appetite control in vertebrates.

If it has been clearly shown that CART is a down-
stream mediator of the orexigenic effect of endocannabi-
noids, the mechanisms behind this effect are not well un-
derstood (3). Because of the predominantly presynaptic
localization of CB1 receptors and their capacity to de-
crease neurotransmitter release via inhibition of presyn-
aptic Ca2� channels (35), it is possible, based on our
expression data in zebrafish (Fig. 5), one scenario of the
CB1 effect on anorexic signals is that CB1-mediated in-
hibition of the release of an anorexigenic mediator, such
as CART, could be one of the main factors responsible for
the appetite-stimulating effect of cannabinoids, although
this remains to be directly tested. Indeed, endogenous
CART may actively inhibit food intake, as indicated by
the ability of human CART to act as a potent satiety
factor when centrally injected in goldfish (36). This is
further supported by the fasting-induced decrease in
CART expression in brain regions involved in appetite
control, including the hypothalamus, an effect that we
also observed in zebrafish 12 dpf larvae (34, 37).

Of note, the effect we describe in this paper is mecha-
nistically very different from the regulation proposed in
the above studies. In our study, we investigated CART
mRNA levels and not the amount of CART peptide pres-
ent, a task that would be more complex, given that at least
four different gene products exist in zebrafish. This means
that, in our study, CB1 inhibition by rimonabant led to
CART3 gene transcription through a classical signal
transduction pathway that, in the nucleus, modifies
CART3 promoter activity. This mechanism is different,
and not mutually exclusive, from the more direct effect of
CB1 on the release of CART peptide. Interestingly, the
transcriptional effect we describe can last longer than a
direct effect of CART peptide release. It will be important,
in the future, to delineate the roles of these two mecha-
nisms in food intake and in the regulation of energy
metabolism.

We have to point out that our study does not yet show
a direct effect of this regulation in food intake in the 12-d
larvae. In addition, our conclusion of an effect on appetite
relies on the observation of rimonabant effects on yolk
use in embryos. It will be important in the future, using
video monitoring, to directly survey the food intake of the
zebrafish larvae. Finally, it is also important to mention
that leptin has been identified in mammals as a third
important player in this regulation (38). Interestingly, in
zebrafish, the leptin receptor is expressed in the medulla
oblongata and the hypothalamus, suggesting that it can
play a role in the regulatory hierarchy (39). CART levels
in the hypothalamus are reduced in leptin-deficient obese

mice and leptin can increase CART levels in mammals
(20, 40). Murine leptin has been shown to induce a sig-
nificant decrease in food intake in goldfish and is able to
modulate orexigenic neuropeptides (41, 42). Therefore, it
will be important to study the effect of leptin on CART
gene levels in zebrafish in the presence or absence of
rimonabant.

Zebrafish as a model system for appetite
regulation

In addition to providing a better understanding of the
complex regulations linking CB1 and CART, our work
also reveals that several aspects of the pathways regulat-
ing appetite are conserved between zebrafish and mam-
mals. Zebrafish could be a powerful genetic system to
better understand the mechanisms controlling appetite
and obesity in an in vivo context (43). In addition, be-
cause zebrafish development is entirely external, it is an
ideal model to performed pharmacological studies. Previ-
ous reports have indicated that key players in appetite
regulation are present in other fish species, such as gold-
fish, which was previously the best known nonmamma-
lian model of appetite regulation. For example, in gold-
fish, several appetite-regulated neuropeptides, such as
neuropeptide Y, corticotropin-releasing factor, chole-
cystokinin, and gastrin-releasing peptide, have been iso-
lated (26). Several CART genes are known to be present in
this species, and their expression has been shown to be
induced by food intake and decreased by fasting. In ad-
dition, because it is relatively easy to monitor food intake
in a slow fish like the goldfish, it has been shown that
injection of human CART induced a significant decrease
in food intake. This suggests that CART has an anorexi-
genic effect in goldfish (36). Measuring food intake in
zebrafish may prove to be difficult because of their high
mobility compared with goldfish. However, zebrafish ap-
pear to be a promising model for these studies. Given the
transparency of the embryo and larvae (after 1-phenyl-2-
thiourea treatment) for more than 10 dpf, it is possible to
combine pharmacological treatments and gene expres-
sion studies to determine the precise relationship between
a given signaling pathway (e.g. the cannabinoid pathway)
and its putative targets (e.g. CART genes). In addition,
because gene expression knockdown by morpholino in-
jection is easy to perform, zebrafish allow us to directly
test the epistatic relationship between several genes dur-
ing embryogenesis. Finally, zebrafish allow us to perform
genetic screens to isolate genes implicated in various and
complex developmental processes. It would be very inter-
esting, for example, to isolate mutants for which rimon-
abant does not induce a decrease in the yolk sac use be-
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cause this could lead to the identification of new
important players in appetite regulation.

Materials and Methods

Bioinformatics
Basic local alignment search tool analysis of the National

Center for Biotechnology Information NCBI expressed se-
quence tag database (Bethesda, MD) was used to identify ex-
pressed sequence tags with sequence similarity to mammalian
CART and CB genes. From the resulting sequences, a new align-
ment was constructed using Muscle, and we performed a
PhyML analysis using the default parameters (1000 bootstrap
replicates).

Isolation of zebrafish CART genes
CART and CB1 cDNA were cloned from a zebrafish 48 or 72

hpf total RNA by using TRIzol Reagent (Invitrogen, Carlsbad,
CA). RT-PCR was done to detect and amplify CART cDNA
using primers designed from the zebrafish cDNA sequence. The
cDNA was prepared by reverse transcription of total RNA with
random primers (Promega, Madison, WI) and Moloney murine
leukemia virus reverse transcriptase (Invitrogen, Carlsbad, CA).
Primers for each gene are indicated in Supplemental Fig. 2. The
complete sequences of the four CART cDNA have been depos-
ited in Genbank under the following accession numbers:
GU057833-GU057836.

cAMP response and incorporation of labeled
rimonabant

The construction of the p658-derived vector expressing the
zebrafish CB1 receptor was adapted from Shire et al. (44), and
transfected using Lipofectamine 2000 (Invitrogen) into Chines
hamster ovary cells. cAMP response was determined as previ-
ously reported (44).

For the calculations, each curve was fitted using SAS (SAS
Institute, Cary, NC) to calculate the respective EC50. The em-
pirical pA2 value as an affinity parameter was calculated from
the IC50 according to the formula of Furchgott: pA2 � log
(CR-1) � log ([antag]).

Embryos and larvae, 30 or 60 individuals, were incubated in
20-ml dishes (E3 buffer) in the presence of 0.5 �M rimonabant
supplemented with 0.1 �Ci/ml [3H]rimonabant (TRK1028;
Amersham, Piscataway, NJ) for 96 h at 28 C. Then embryos and
larvae were collected and washed in 20 ml PBS before their
transfer and drying on a Whatman filter (Middlesex, UK). Em-
bryos and larvae were vortexed and dissolved in 500 �l NaOH
1 N. Scintillation cocktail (10 ml) was added, and the radioac-
tivity associated for each embryo and larvae groups was quan-
tified using a liquid scintillation analyzer, Tri-Carb 2900 TR
(PerkinElmer, Norwalk, CT).

Quantitative RT-PCR
For all experiments, reverse transcription was performed

with Moloney murine leukemia virus-reverse transcriptase (In-
vitrogen) using 1 �g of total RNA mixed with 500 ng of hex-
amer oligonucleotides according to the manufacturer’s instruc-
tions. One 100th of cDNA were used for Q-PCR using specific

primers (as listed below) and SYBR-Green PCR kit (QIAGEN,
Valencia, CA). Q-PCR were performed at least three times in
duplicate on a DNA engine. Each couple of oligonucleotides
hybridizes on different exons. The sequences of the oligonucle-
otides used are indicated on Supplemental Fig. 3. Specificity of
the amplification was optimized by determining melting curves
of the amplicons. In all experiments �-actin was used for the
normalization of the amplified products.

Animals and injections
Zebrafish (Danio rerio) were kept at 28 C in a 14-h light,

10-h dark cycle with light on at 0900 h [Zeitgeber time (ZT) 0]
and light turned off at 2300 h (ZT14). Adults were crossed
overnight, resulting in spawning and fertilization around ZT0
the next morning. Embryos were collected after spawning to
perform the morpholino injection and then raised at 28 C in
petri dishes. To prevent pigmentation, 0.2 mM 1-phenyl-2-thio-
urea (Sigma, St. Louis, MO) was added to the water at 12 hpf.
Parafin sections from embryos were cut at 10 �m and processed
according to current protocols (45). Antisense morpholinos
(Gene Tools, Philomath, OR) were injected at the one- to four-
cell stage. The targeted sequences of the morpholinos used are as
follows: CB1 untranslated region MO1, 5�-GAATGAC-
TACGCTTACATGGACATC-3�; CB1 AUG MO2, 5�-AA-
CAGCATGGTCAGAGATGCTCTAG-3�; CB2 AUG MO1, 5�-
CTGCTCTTGTGTGGTCAAAACCATG-3�; and standard
control MO, 5�-CCTCTTACCTCAGTTACAATTTAT-3�.

Whole-mount in situ hybridization and
immunohistochemistry

Embryos at 48 hpf stage were fixed in 4% paraformaldehyde
in PBS overnight at 4 C and then stored in methanol. Whole-
mount in situ hybridization using digoxigenin- and FLU-labeled
riboprobes was performed as described elsewhere (46). The ze-
brafish CART probes for in situ hybridization were PCR ampli-
fied using the same primers we used for RT-PCR and subcloned
into pCRII-TOPO vector (Invitrogen). Control experiments
performed in parallel with the CART sense RNA probe did not
reveal any staining. Nomenclature of brain areas was based on
the work of Mueller and Wullimann (32).

Starving experiments
For treatments on larvae, 60 individuals in 30-ml dishes were

fed with paramecia from 6 to 10 dpf and from 10 dpf supple-
mented with brine shrimp. For the fasting group, embryos from
6 dpf were transferred to 30-ml dishes and kept there until the
animals were killed. We performed in situ hybridization of the
two groups in the same tube.

For the adults, animals (n � 4) were either fed (once a day) or
fasted for 96 h and were collected on d 5. Whole brains were
collected, frozen in liquid nitrogen, and stored at �80 C until
analyzed, and total RNA was extracted using Trizol (Invitro-
gen). Deoxyribonuclease I-treated total RNA (2 �g) from each
tissue was used for Q-PCR analysis to quantitate mRNA using
SYBR Green dye. Oil Red O staining was performed as previ-
ously described (47).
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