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Ethanol, a widely abused substance, elicits evolutionarily conserved behavioral responses in a concentration-dependent manner in vivo.
The molecular mechanisms underlying such behavioral sensitivity to ethanol are poorly understood. While locomotor-based behavioral
genetic screening is successful in identifying genes in invertebrate models, such complex behavior-based screening has proven difficult
for recovering genes in vertebrates. Here we report a novel and tractable ethanol response in zebrafish. Using this ethanol-modulated
camouflage response as a screening assay, we have identified a zebrafish mutant named fantasma ( fan), which displays reduced behav-
ioral sensitivity to ethanol. Positional cloning reveals that fan encodes type 5 adenylyl cyclase (AC5). fan/ac5 is required to maintain the
phosphorylation of extracellular signal-regulated kinase (ERK) in the forebrain structures, including the telencephalon and hypothala-
mus. Partial inhibition of phosphorylation of ERK in wild-type zebrafish mimics the reduction in sensitivity to stimulatory effects of
ethanol observed in the fan mutant, whereas, strikingly, strong inhibition of phosphorylation of ERK renders a stimulatory dose of
ethanol sedating. Since previous studies in Drosophila and mice show a role of cAMP signaling in suppressing behavioral sensitivity to
ethanol, our findings reveal a novel, isoform-specific role of AC signaling in promoting ethanol sensitivity, and suggest that the phos-
phorylation level of the downstream effector ERK is a critical “gatekeeper” of behavioral sensitivity to ethanol.

Introduction
Diseases due to excessive alcohol intake are a leading cause of
morbidity and mortality worldwide. While low doses of ethanol
induce euphoria and disinhibition, high doses have depressant
effects. Sensitivity to these acute intoxicating effects of ethanol is
strongly correlated with the risk of developing alcoholism in hu-
mans (Schuckit, 2000). Safe and effective therapies for alcohol-
related disorders remain limited (Hester and Miller, 2006; As-
sanangkornchai and Srisurapanont, 2007). Thus, elucidation of
the molecular mechanisms underlying behavioral sensitivity to
acute ethanol exposure may shed important light on the cause
and prevention of alcoholism in susceptible individuals.

The effects of acute ethanol exposure have been studied in

model organisms, including Caenorhabditis elegans (Davies et al.,
2003), Drosophila (Moore et al., 1998), zebrafish (Gerlai et al.,
2000), and rodents (Phillips and Shen, 1996). These studies have
found remarkable similarity among ethanol responses across spe-
cies. For example, analyses of the cheapdate mutant in Drosophila
have indicated that cAMP signaling is necessary to suppress be-
havioral sensitivity to ethanol (Moore et al., 1998). Reverse ge-
netics studies in mice have found that mutants defective in ad-
enylyl cyclase 1 (AC1) and AC8 display enhanced sensitivity to
the sedative effects of ethanol, thus corroborating the findings in
Drosophila and furthering the notion that cAMP signaling plays
an important role in suppressing behavioral sensitivity to ethanol
(Maas et al., 2005).

Forward genetic studies in zebrafish (Driever et al., 1996;
Haffter et al., 1996; Dooley and Zon, 2000; Shin and Fishman,
2002; Guo, 2004) represent an important complementary ap-
proach to uncover novel molecular mechanisms underlying be-
havioral sensitivity to ethanol. While high-throughput behav-
ioral assays for ethanol sensitivity have been established
(Lockwood et al., 2004), it has been difficult to recover behavioral
mutants or underlying molecular lesions. The recent develop-
ment of insertional mutagenesis shall help with gene cloning
(Amsterdam et al., 2004); however, its lower mutagenesis effi-
ciency compared with chemical mutagenesis hampers the recov-
ery of mutants with desired phenotypes.

Here we report a strategy to identify behavioral mutants that
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are sensitive to ethanol, through the use of a novel and tractable
ethanol response observed in zebrafish. Using this ethanol-
modulated camouflage response as a screening assay, we isolated
the fantasma ( fan) mutant, which displayed reduced behavioral
sensitivity to the locomotor stimulatory effect of ethanol. Posi-
tional cloning reveals that fan disrupts AC5. Expression of fan/
ac5 is detectable in the forebrain, where it is required to maintain
phosphorylation of extracellular signal-regulated kinase (ERK).
Ethanol also affects phosphorylation of ERK in a concentration-
dependent manner. Partial inhibition of phosphorylation of ERK
in wild-type (WT) zebrafish reduces behavioral sensitivity to the
stimulatory effect of ethanol, hence mimicking the phenotype of
the fan mutant. More complete inhibition of phosphorylation of
ERK in WT, strikingly, renders a stimulatory dose of ethanol
sedating. Our findings reveal a novel, isoform-specific role of AC
signaling in promoting ethanol sensitivity. Moreover, our results
identify ERK signaling as a previously unknown downstream ef-
fector of AC in regulating behavioral sensitivity to ethanol, and
suggest that the phosphorylation level of ERK is a critical regula-
tor of the dose-dependent response to ethanol.

Materials and Methods
Zebrafish strains, husbandry, and genetic screening. Two WT strains were
used in this study: AB and Tübingen, which were obtained from Ze-
brafish International Resource Center. All fish were raised and kept in
our fish facility at University of California, San Francisco. Fish breeding
and maintenance were performed as described previously (Guo et al.,
1999a). Embryos were raised in an incubator at 28°C from birth to 7 d
postfertilization (dpf), and staged according to Kimmel et al. (1995).

The three-generation genetic screening was performed as previously
described (Driever et al., 1996; Haffter et al., 1996). The allele designation
for the fan mutant is s2000.

Mapping and positional cloning. fan mutant fish on the AB background
were crossed to Tübingen WT fish. The F1 progeny were raised to adult-
hood. The heterozygous F1 fish were identified by the ethanol-sensitive
camouflage response test using 7 dpf F2 progeny derived from crossing
between F1 fish. F2 progeny were collected and sorted into WT and mu-
tant groups based on the ethanol-sensitive camouflage phenotype.
Genomic DNA was extracted from WT or fan mutant pools of 20 larvae,
and used for PCR with microsatellite Z-marker primers (http://zfin.org/
cgi-bin/mapper_select.cgi). Subsequent fine mapping was performed us-
ing a panel of 2976 individual fan mutant embryos with more polymor-
phic Z markers from the MGH genetic map as well as additional
polymorphic markers that we identified. The mutation region was nar-
rowed down to a 21.5 kb region in the zKp60A7 (BAC clone: DKEYP-
60A). A nonsense mutation was detected in the first exon of the predicted
type 5 adenylyl cyclase gene through genomic sequencing. Phylogenetic
analysis was performed using PHYLIP release 3.64.

In situ hybridization and immunocytochemistry. Whole-mount in situ
hybridization and immunocytochemistry were performed as previously
described (Guo et al., 1999b). For immunostaining on sections, 7 dpf
larvae were fixed in 4% paraformaldehyde in PB (phosphate buffer, pH
7.4) overnight at 4°C. The fixed larvae were washed twice for 30 min. each
in PB and cryoprotected in 30% sucrose in PB overnight before embed-
ding in OCT (Tissue Tek) and sectioned on a Leica Kryostat. The anti-
body incubation and detection procedure was done as previously de-
scribed (Mueller et al., 2006). Immunostained sections of the larval brain
were analyzed and designated according to the atlas of early zebrafish
brain development (Mueller and Wullimann, 2005). ACTH antibody
was obtained from National Hormone and Peptide Program, Harbor-
UCLA Medical Center, and was used at 1:1000 dilution. Anti-phospho-
ERK antibody was purchased from Cell Signaling and used at 1:1000
dilution. Anti-Hu antibody, which recognizes the Hu protein, which is
specifically expressed in differentiating but immature neurons (Mueller
and Wullimann, 2002), was purchased from Invitrogen and used at 1:500
dilution. Quantification of fluorescence intensity was performed using
MetaMorph software to compute the ratio of integrated fluorescence

intensity between phospho-ERK staining and Hu staining. Because the
fluorescent signal intensity varies between experiments, the ratio of inte-
grated intensity is only comparable within experiments, but not between
experiments.

Assays to measure ethanol uptake and metabolism. For measuring eth-
anol uptake, �120 larval fish were kept under light in a 90 mm Petri dish
with 80 ml of blue egg water (0.12 g of CaSO4, 0.2 g of Instant Ocean Salts
from Aquatic Eco-systems, 30 �l of methylene blue in 1 L of H2O) for 30
min. Subsequently 20 ml of 15% ethanol in egg water was added to
achieve final ethanol concentration of 3% in the medium. At 4 min, 10
min, and 16 min time points after adding ethanol, 40 larvae were re-
moved and thoroughly washed with deionized water through a fine mesh
at 6 min, 12 min, and 18 min after ethanol treatment. They were briefly
dried on a Kimwipe, and subsequently homogenized in 500 �l of cold 50
mM Tris-HCl, pH 7.5. Control larvae without ethanol treatment were
prepared using the same method. The homogenates were centrifuged at
14,000 rpm (4°C for 20 min). The ethanol concentration in the superna-
tant was obtained using the ethanol assay kit (catalog #229-29, Diagnos-
tic Chemicals) following the manufacturer’s instructions. The volume of
one larva was estimated by volume displacement as �1 �l.

Methods similar to those described above were used for measuring
ethanol metabolism, except for the following modifications: 20 larval fish
were used per condition. After an 18 min ethanol treatment, ethanol was
removed by filtering through a fine mesh. Larvae were thoroughly
washed with blue egg water. Larval homogenates were prepared at 0, 6,
and 12 min after ethanol removal.

Ethanol-related behavioral assays. The fan mutant was isolated in the
*AB genetic background, and was backcrossed to WT *AB strain for
more than five generations. To minimize influences of the genetic back-
ground and other experimental variables, behavioral analyses were per-
formed on siblings derived from crosses between fan heterozygous fish.
Since progeny derived from the heterozygous crossing were of mixed
genotypes, we recorded the behavior of individual animals, followed by
genotyping with the assistance of an independent observer (supplemen-
tal Fig. S13, available at www.jneurosci.org as supplemental material). All
behavioral recordings were performed in a 28°C behavioral room, and
the movies were analyzed using the Dynamic Image Analysis System
(DIAS, Solltec) as described previously (Lockwood et al., 2004) with the
following modifications: instead of using 10 animals in a group, individ-
ual larvae were used for the behavioral assays so that its genotype can be
determined. Briefly, larval zebrafish were acclimated to the behavioral
room, and subsequently recorded by digital video camera in a transpar-
ent viewing chamber (L � W � H: 5 � 4 � 2 cm) contained in a
compartment (L � W � H: 56 � 51 � 39 cm). For 1.5% ethanol treat-
ment, larval zebrafish were transferred to 12 ml of blue egg water and
allowed to habituate for 5 min. Movies were recorded immediately after
the addition of 3 ml of 7.5% ethanol solution. For 3% ethanol treatment,
larval zebrafish were transferred to 9 ml of blue egg water and allowed to
habituate for 5 min. Movies were recorded immediately after the addi-
tion of 6 ml of 7.5% ethanol solution. For the recovery assay, larval
zebrafish were treated with intoxicating 3% ethanol for 18 min. Then
they were briefly washed with ethanol-free water, and subsequently
transferred into the recording chamber. Movies were recorded exactly at
1 min after removal from ethanol.

To determine the effect of inhibiting phosphorylation of ERK on
ethanol-related locomotor behavior, individual larvae were pretreated
with different concentrations of PD98059 for 1 h in a 50 ml Falcon tube
with 12 ml of blue egg water. The larva together with blue egg water was
transferred into the recording tray and allowed to habituate for 2 min in
the behavioral setting. Two-minute movies were subsequently recorded
for the basal locomotor activity. Movies for ethanol responses were re-
corded immediately after the addition of 3 ml of 7.5% ethanol solution
containing the same concentration of PD98059 as in the pretreatment.

Statistic analysis. We used SPSS 16.0 for windows to do two-way
ANOVA statistical significance analysis. Melanosome dispersal assay was
further tested by Dunnett’s T3 pairwise comparison post hoc analysis
(equal variances not assumed). For the significant difference test between
two groups, we used the Student’s t test assuming equal variances. Mean
values for each group were plotted with error bars representing the SEM.
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Results
Ethanol modulates the camouflage
response by stimulating melanosome
dispersal in larval
zebrafish melanocytes
When exposed to ambient light, 5–7 dpf
larval zebrafish became significantly
lighter in color in �20 min. Such lighten-
ing was caused by an altered appearance of
individually observable melanocytes com-
pared with those of dark-exposed larvae
(Fig. 1A,B). Systemic exposure to ethanol,
at a physiologically relevant internal con-
centration and under light, led to robust
“enlargement” of melanocytes and hence a
“dark” appearance (Fig. 1C,J). Closer ex-
amination by high-resolution microscopy
in vivo (Fig. 1D–I) and in culture (Fig. 1K)
showed that the change of melanocyte ap-
pearance was due to movement of intra-
cellular organelles called melanosomes. In
the light, melanosomes aggregated toward
the nucleus (Fig. 1E,H); in the dark (Fig.
1D,G) or in ethanol (Fig. 1F, I), melano-
somes disperse throughout the cytoplasm.
The main effects of ethanol (F(2,125) �
38.864, p � 0.001), interval (F(6,125) �
36.821, p � 0.001), ethanol � interval
(F(12,125) � 6.490, p � 0.001) were signifi-
cant. The post hoc test revealed significant
effects of both 1.5% ( p � 0.001) and 3%
ethanol ( p � 0.001) compared with 0.5%
ethanol treatment, respectively. However,
no significant difference was detected be-
tween 1.5% and 3% ethanol treatments
( p � 0.999). These results indicate that
ethanol is able to robustly disperse mela-
nosomes, hence modifying the camouflage
response in larval zebrafish. Since the cam-
ouflage response involves sensory detec-
tion and processing that in turn regulates
melanocyte behavior, the mechanism
whereby ethanol modifies the camouflage
response remains to be understood. In this
study, we focused on demonstrating the
utility of this assay as a screening paradigm to identify mutants
that alter ethanol-modulated behaviors similarly observable in
other species.

The ethanol-modulated camouflage screen recovers the fan
mutant, which does not appear “dark” in the presence of
ethanol yet exhibits grossly normal morphology and neuronal
patterning
We performed a genetic screen to isolate zebrafish mutants with
altered sensitivity to the ethanol-modulated camouflage re-
sponse. After screening �1200 clutches of F3 larvae (derived from
�200 mutagenized F2 family), one mutant was isolated, which
was morphologically indistinguishable from WT siblings, but did
not appear “dark” in the presence of ethanol (Fig. 2A,B). We
named the mutant fantasma ( fan; Spanish for ghost), to reflect its
ghost-like translucent appearance. Many aspects of development
examined thus far appeared normal in the fan mutant (Fig. 2C–
F), which grow into viable and fertile adults. Ethanol absorption

and metabolism also appeared normal (Fig. 3A,B), indicating
that the impaired ethanol response in the fan mutant is not due to
a defect in the rate of ethanol uptake or metabolism. The mech-
anism by which fan affects the ethanol-modulated camouflage
response was described in the supplemental text and supplemen-
tal Figures S1 and S2 (available at www.jneurosci.org as supple-
mental material). In this report, we characterize the role of fan in
regulating locomotor behavioral sensitivity to ethanol.

The fan mutant exhibits reduced behavioral sensitivity
to ethanol
Upon exposure to a low concentration of ethanol (1.5% v/v in the
medium), larval zebrafish display increased locomotor activity.
Exposure to a high concentration of ethanol (3% v/v in the me-
dium), however, causes them to move slowly and eventually be-
come sedated. The systemic concentrations of ethanol in larval
zebrafish upon these treatments are comparable to what intoxi-
cating humans experience (Lockwood et al., 2004).

Figure1. Ethanolmodulatesthecamouflageresponseinlarvalzebrafishbystimulatingmelanosomedispersal.A–C,Nomarski images
of 7 dpf larval zebrafish exposed to dark (A), light (B), or ethanol in light (C), showing the appearance of melanocytes on the head region.
D–I, In vivo time-lapse Nomarski images (D–F ) or Nomarski superimposed with fluorescence images (G–I ) showing two GFP-positive
melanocytes (arrows) undergoing dispersal in dark (D), aggregation in light (E), and dispersal in ethanol and light (F ). J, Quantification of
melanocyte dispersal upon treatment with different concentrations of ethanol. K, A snapshot from a high-magnification movie (supple-
mental Movie S1, available at www.jneurosci.org as supplemental material) of a cultured melanocyte, showing individual organelles
inside the melanocytes, called melanosomes (arrows), undergoing aggregation.
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The fan mutant displayed normal basal locomotor activity
(Fig. 4A); however, the fan mutant gene (F(1,443) � 27.983, p �
0.001) and interval (F(11,443) � 4.347, p � 0.001) exerted signifi-
cant effects on the stimulatory response to 1.5% ethanol (two-
way ANOVA). Upon exposure to a stimulatory dose of ethanol
(1.5% v/v in the medium), the fan mutants exhibited a signifi-
cantly attenuated response compared with their WT siblings (Fig.
4B), suggesting that they are less sensitive to the stimulatory ef-
fect of ethanol. Treatment with 3% ethanol significantly de-
creased locomotor activity in both the fan mutants and their WT
siblings (Fig. 4C). The effect of the fan gene ( fan vs WT) (F(1,310)

� 1.760, p � 0.186) on 3% ethanol-induced intoxication was not
significant. This result suggests that the fan mutant is equally
susceptible to the locomotor-depressant effects of ethanol.

We next determined the sensitivity of fan mutant to the seda-
tive effect of ethanol. Sedation was induced in the fan mutants

and their WT siblings by exposure to a high concentration of
ethanol (3% v/v in the medium) until all animals stopped moving
(usually within �20 min), after which they were transferred to a
fresh ethanol-free medium. Interestingly, the fan mutants exhib-
ited signs of recovery from ethanol-induced sedation at a signif-
icantly shorter latency than their WT siblings. Signs of recovery
included the ability to regain locomotor activity (Fig. 4D), as well
as postural balance (data not shown). The effects of the fan gene
(F(1,869) � 12.968, p � 0.001) and interval (F(11,869) � 26.744, p �
0.001) on recovery are significant; however, fan gene � interval
interactions were not significant (F(11,869) � 1.227, p � 0.264).
Together, our behavioral analyses show that the fan mutant has a
significantly reduced sensitivity to the stimulatory effect of etha-
nol, and appears also to recover faster from ethanol-induced
sedation.

fan encodes AC5, an isoform expressed in the brain
To identify which gene is disrupted by the fan mutation, we per-
formed positional cloning. Genetic mapping using bulk seg-
regant analyses located fan to linkage group (LG) 9 (Fig. 5A).
Recombination analyses using �3000 individual mutant larvae
narrowed down the molecular lesion to a �25 kb genomic re-
gion, which encompassed the 3� end of protein tyrosine
phosphatase-like, member b ( ptplb), as well as the first 5� exon of
an ac gene. Sequencing analyses revealed a single nucleotide
change from T to G (nucleotide #893 from the start codon ATG),
leading to a premature stop codon (Leu 2983Stop) in the first
exon of the ac gene (Fig. 5B,C). The mutant ac gene encodes a
severely truncated protein with no AC domain.

Phylogenetic analyses suggest that this AC is most homolo-
gous to the mammalian AC5 (Fig. 5D). It shares 74% overall
amino acid identity with the human AC5. Within the catalytic
domain, the amino acid identity reaches 92% (C1) and 90% (C2).

Figure 2. The fan mutant is insensitive to ethanol-modulated camouflage response but
displays normal morphology and grossly normal neuronal patterns. A, B, Nomarski images of 7
dpf WT (left) and fan mutant (right) larval zebrafish exposed to light (A) or ethanol in light (B),
showing the appearance of melanocytes on the head region. C, Images of live 7 dpf WT and the
fan mutant showing normal overall morphology. D–F, Immunostaining with the pan-neuronal
anti-Hu antibody (D), anti-adrenocorticotropic hormone (ACTH) (E), and anti-serotonin (5-HT)
(F ), showing overall normal neuronal patterns in the fan mutant.

Figure 3. The fan mutant has normal ethanol absorption and metabolism. A, Measurement
of systemic ethanol concentration at the defined latency following treatment with 3% ethanol
(in the medium) in 7 dpf WT and the fan mutant. B, Measurement of systemic ethanol concen-
tration at the defined latency following removal of ethanol in 7 dpf WT and the fan mutant,
pretreated with 3% ethanol for 18 min.
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Moreover, both the human ac5 and this zebrafish ac are located
next to the ptplb gene, indicating conserved synteny. Therefore,
we conclude that this zebrafish ac gene is an ortholog of the
mammalian ac5.

To further verify that fan indeed encodes the zebrafish AC5
ortholog, a morpholino-modified antisense oligonucleotide was
designed to interfere with the splicing of the ac5 transcript. Injec-
tion of this antisense oligonucleotide into WT phenocopied the
camouflage response to ethanol observed in the fan mutant (sup-
plemental Fig. S3, available at www.jneurosci.org as supplemen-
tal material). fan/ac5 displayed adenylyl cyclase activity when
transfected into cultured HEK-293 cells (t(10) � 8.322, p �
0.001). Moreover, using a previously described method (Yo-
shimura and Tabakoff, 1995), we found that its AC activity can be

further stimulated by the addition of ethanol in the presence of
the prostaglandin E1 (PGE1) ligand (supplemental Fig. S4, avail-
able at www.jneurosci.org as supplemental material) (t(8) �
3.320, p � 0.011). These results suggest that the fan mutant dis-
rupts a gene encoding an ethanol-responsive zebrafish AC5.

Whole-mount in situ hybridization showed low-level but de-
tectable expression of fan/ac5 throughout the developing larvae,
including the brain and heart (Fig. 5E). RT-PCR analysis further
confirmed a moderately enriched expression of fan/ac5 in the
head region (Fig. 5F).

fan/ac5 is required to maintain a normal level of
phosphorylation of ERK in forebrain structures, including
the telencephalon and hypothalamus
The downstream targets of cAMP signaling that determine the
behavioral sensitivity to ethanol is not known. Since the ERK
signaling cascade (Shaul and Seger, 2007) can be a downstream
regulatory target of cAMP signaling in cell culture studies of pro-
liferation and organelle dynamics (Stork and Schmitt, 2002; Dea-
con et al., 2005), and moreover, was affected in the fan-mutant
melanocytes (see the supplemental material, available at www.
jneurosci.org), we examined whether phosphorylation of ERK
might be affected in the fan/ac5 mutant brain. Because phospho-
ERK is dynamic and often exhibits a highly tissue-specific pat-
tern, we resorted to immunocytochemistry to examine phospho-
ERK levels in the brain.

Immunostaining of sectioned larval zebrafish brains with an
antibody specific for ERK activated by dual phosphorylation at
Thr-202 and Tyr-204 (phospho-ERK) (Sturgill et al., 1988; Hong
et al., 2006; Zhu et al., 2008) revealed strong immunoreactivity in
regions of the forebrain, including the olfactory bulb, telenceph-
alon (pallium and subpallium), thalamic eminence (EmT), pre-
optic region, and hypothalamic areas, with the staining being
most prominent in the telencephalon and hypothalamus (Fig.
6B,C; supplemental Fig. S5, available at www.jneurosci.org as
supplemental material). Other brain regions showed relatively
low phospho-ERK levels (data not shown). Such immunoreac-
tivity in the forebrain was markedly reduced following acute
treatment with the inhibitor of MEK (a MAPKK), which phos-
phorylates ERK (a MAPK) at these sites (Fig. 6D,E), suggesting
that the immunoreactivity is specific to the phospho-ERK
epitopes.

The teleostean pallium (dorsal telencephalon) is largely com-
posed of limbic structures such as the pallial amygdala (Dm,
medial zone of dorsal telencephalic area) and hippocampus-like
region (Dl, the lateral zone of the dorsal telencephalon) (Wulli-
mann et al., 1996; Wullimann and Mueller, 2004; Northcutt,
2006). The molecular organization of the teleostean subpallium
(Mueller et al., 2008) and the ascending dopaminergic system to
the striatum (Rink and Wullimann, 2001) resemble the mamma-
lian situation. The basal ganglia-related part of the subpallium is
known to be important for locomotor and motivational behav-
ior, whereas the preoptic region and hypothalamus are function-
ally related and together control somatic homeostasis in normal
as well as stressful conditions. Since the 7-d-old zebrafish brain is
not fully developed, impeding histological identification of spe-
cific brain nuclei, we combined phospho-ERK staining with an
immunolabeling of the Hu protein, which is specifically ex-
pressed in differentiating but immature neurons (Mueller and
Wullimann, 2002). The morphological appearance, low Hu pro-
tein expression level, and location of phospho-ERK-
immunoreactive cells remote from the periventricular prolifera-
tive zones (supplemental Fig. S6, available at www.jneurosci.org

Figure 4. The fan mutant displays reduced behavioral sensitivity to ethanol. A, The fan
mutant shows normal basal locomotor activity. B, The fan mutant is less sensitive to ethanol-
evoked hyperlocomotor activity (right). *p � 0.05, **p � 0.01, ***p � 0.001, n � 28 and 35
for fan/fan and�/�, respectively. C, Locomotor activity of WT sibling and the fan mutant after
treatment with 3% ethanol in the medium. Ethanol-induced hypo-locomotion is not signifi-
cantly different between WT sibling and the fan mutant (n � 11 for each genotype). D, Loco-
motor activity of WT sibling and the fan mutant recovering from 18 min treatment with 3%
ethanol in the medium. The fan mutant recovers significantly faster than WT sibling (*p�0.05,
n � 37 and 36 for fan/fan and �/�, respectively).
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as supplemental material) suggest that they are differentiated
neurons in the forebrain.

Phospho-ERK immunoreactivity in both the telencephalon
and hypothalamus was significantly decreased in the fan mutant
(Fig. 6F–H) compared with WT siblings (Fig. 6B,C) (supple-
mental Fig. S5, available at www.jneurosci.org as supplemental
material) (t(28) � 2.933, p � 0.007). The decrease was not as
marked as what was observed in the animals treated with 50 �M

PD98059 (Fig. 6D,E), suggesting a partial loss of phospho-ERK
in the fan mutant brain. Since the distribution of unphosphory-
lated ERK is rather broad and not subject to dynamic regulation
as in the case of phospho-ERK, we examined ERK protein levels
by Western blot, and found no difference between WT and the
fan mutant larvae (supplemental Fig. S7, available at www.
jneurosci.org as supplemental material). Together, these results

indicate that fan/ac5 is required for normal level of phosphoryla-
tion of ERK in forebrain structures, including the telencephalon
and hypothalamus.

Acute ethanol exposure alters phosphorylation of ERK in the
brain in a concentration-dependent manner
Acute exposure to ethanol is known to influence the level of
phosphorylation of ERK in the mammalian brain, and different
studies have found either an increase (Bachtell et al., 2002; Sharko
and Hodge, 2007) or a decrease (Davis et al., 1999; Bachtell et al.,
2002; Kalluri and Ticku, 2002; Tsuji et al., 2003; Chandler and
Sutton, 2005; Ohrtman et al., 2006; Sharko and Hodge, 2007) of
phospho-ERK upon acute ethanol exposure. To determine
whether ethanol can modify phosphorylation of ERK in the ze-
brafish brain, we examined phospho-ERK immunoreactivity in

Figure 5. fan disrupts type 5 adenylyl cyclase that is expressed in the brain. A, Map of the fan mutation. Bulk segregant and individual mutant recombination analyses map fan to a �21.5 kb
region on chromosome 9, between polymorphic markers PM2 and PM6, which encompasses the 3� exons of ptplb and 5� first exon of an adenylyl cyclase gene. B, Sequence chromatograms showing
the mutated nucleotide and amino acid in the ac5 gene of the fan mutant. C, Secondary structure diagram of the AC5 protein showing that the fan mutation leads to a truncated adenylyl cyclase
protein without the adenylyl cyclase transmembrane domain 2 (M2) and both cytoplasmic enzymatic domains (C1 and C2). D, Phylogenetic analysis indicates that this adenylyl cyclase belongs to
the ac5 family. E, In situ hybridization analysis shows that fan/ac5 is expressed in the brain proper in larval zebrafish. F, Quantitative RT-PCR analysis using RNAs isolated from the head or whole fish
indicates that fan/ac5 is expressed in the head.
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larval zebrafish treated with ethanol. Treatment with 1.5% v/v
ethanol, a stimulatory dose, increased phospho-ERK immunore-
activity in the forebrain (t(28) � 2.387, p � 0.024), while 3% v/v
ethanol, a sedative dose, decreased phospho-ERK immunoreac-
tivity (t(28) � 3.620, p � 0.001), suggesting a dose-dependent
effect of ethanol on phosphorylation of ERK in the brain (sup-
plemental Fig. S8, available at www.jneurosci.org as supplemen-
tal material).

Since the fan mutant showed a reduced level of phospho-ERK
in the forebrain and a reduced sensitivity to the stimulatory effect
of 1.5% ethanol, we next determined whether the increase of
phospho-ERK by 1.5% ethanol required Fan/AC5. We found that
treatment with 1.5% ethanol did not significantly alter phospho-
ERK immunoreactivity in the fan mutant brain (supplemental
Fig. S9, available at www.jneurosci.org as supplemental material)
(t(30) � 1.446, p � 0.159). This result suggests that fan/ac5 is
required for the increased phosphorylation of ERK in the brain
induced by a stimulatory dose of ethanol.

Partial inhibition of phosphorylation of ERK reduces
behavioral sensitivity to ethanol
Reduced phosphorylation of ERK in the fan/ac5 mutant brain
might be the cause of the reduced sensitivity to the stimulatory
effect of ethanol observed in the fan/ac5 mutant. Alternatively, it
might be a mere correlation. An ideal experiment to distinguish
these possibilities would be to rescue the fan/ac5 mutant behav-
ioral phenotype by increasing phospho-ERK levels in the mutant
brain. However, the lack of tools such as specific chemical ago-
nists or conditional lines allowing specific activation of ERK in
the brain precluded the possibility of carrying out such experi-
ments at present. Therefore, we asked the question in a converse
way: would inhibiting phosphorylation of ERK in WT affect be-
havioral sensitivity to ethanol in a way that would “phenocopy”
the fan mutant? If so, it would strongly suggest that the ERK
signaling impairment in the fan mutant is responsible for its al-
tered ethanol sensitivity.

We first inhibited phosphorylation of ERK partially in the WT
larvae, to mimic the partial reduction in phosphorylation of ERK
observed in the fan/ac5 mutant brain. After testing various con-
centrations of the compound (supplemental Fig. S10, available at
www.jneurosci.org as supplemental material), we found signifi-
cant effects of PD98059 treatment (F(3,485) � 55.657, p � 0.001),
interval (F(9,485) � 9.706, p � 0.001), and PD98059 treatment �
interval interaction (F(27,485) � 4.739, p � 0.001) on the stimula-
tory effect of 1.5% ethanol. We also found that animals treated
with 1 �M PD98059 exhibited a partial reduction in phosphory-
lation of ERK in the brain (t(34) � 2.099, p � 0.043) (supplemen-
tal Fig. S11, available at www.jneurosci.org as supplemental ma-
terial) and normal basal locomotor activity (Fig. 7A). Upon
addition of 1.5% ethanol in the medium, whereas control ani-
mals showed an ethanol-induced hyperlocomotor activity, ani-
mals pretreated with 1 �M PD98059 had a time-dependent atten-
uation of the response, starting at �7 min after ethanol exposure
(Fig. 7B). The effects of 1 �M PD98059 treatment (F(1,334) �
13.967, p � 0.001) and interval (F(11,334) � 16.863, p � 0.001)
were significant. Such a reduction in behavioral sensitivity to
ethanol resembled the fan mutant response to 1.5% ethanol, al-
beit at a slower time scale, as the reduction of locomotor stimu-
lation in the fan mutant was evident �2 min after ethanol expo-
sure (Fig. 4B). This difference in time course could be due to the
possibility that the magnitude of the decrement in phosphoryla-
tion of ERK and consequently ERK activity in the fan mutant was
not precisely recapitulated in the larvae treated with 1 �M

PD98059.

Strong inhibition of phosphorylation of ERK renders a
stimulatory dose of ethanol sedating
When phosphorylation of ERK was severely inhibited by treat-
ment with a high concentration of PD98059 (50 �M) (Fig. 6D,E),
we made a striking observation. While such treatment had no
effect on basal locomotor activity (Fig. 7C), it significantly de-

Figure 6. In the telencephalon and hypothalamus, fan/ac5 is required to maintain phos-
phorylation of ERK. A, Schemata showing anatomical regions of the larval zebrafish brain. Line
1 indicates sectioned regions shown in B, D, and F, and line 2 indicates sectioned regions shown
in C, E, and G. B, C, Phospho-ERK immunoreactivity in the WT telencephalic (B) and hypotha-
lamic (C) regions. Strong phospho-ERK staining is detected in the dorsal telencephalon (also
know as the pallium) and the hypothalamus, whereas other brain regions show relatively low
immunoreactivity. D, E, Phospho-ERK immunoreactivity in WT treated with 50 �M PD98059 for
1 h. Significant reduction of phospho-ERK staining is observed in both the pallium (D) and the
hypothalamus (E) compared with untreated WT. F, G, Phospho-ERK immunoreactivity in the
fan mutant telencephalic (F ) and hypothalamic (G) regions, showing a significant reduction of
immunoreactivity in both regions compared with a WT sibling. H, Quantification of immuno-
fluorescence intensity in the pallial and hypothalamic regions in various conditions. The y-axis
represents average ratio of integrated intensity between sectioned phospho-ERK and Hu im-
munostaining images. **p � 0.01, ***p � 0.005 (n � 15 brain sections from 3 animals in
each assay condition). P, Pallium; SD, Dorsal division of subpallium; Sv, Ventral division of
subpallium; TeO, tectum opticum; Hc, caudal hypothalamus.
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pressed locomotor activity upon the addition of 1.5% ethanol in
the medium, which should be a stimulatory dose in WT larvae
(Fig. 7D). The results of two-way ANOVA revealed significant
main effects of 50 �M PD98059 treatment (F(1,161) � 138.263, p �
0.001) and interval (F(5,161) � 4.361, p � 0.001) on the locomotor
activity. Thus, strong inhibition of ERK phosphorylation ren-
dered a stimulatory dose of ethanol sedating.

An examination of phospho-ERK immunoreactivity in ani-
mals treated with both 50 �M PD98059 and 1.5% ethanol did not
reveal a further decrease compared with animals treated with 50
�M PD98059 alone (supplemental Fig. S12, available at www.
jneurosci.org as supplemental material), suggesting that the ob-
served striking behavioral effect upon addition of ethanol is not
simply due to a further reduction of phospho-ERK levels by eth-
anol. Together, our findings suggest that the level of phosphory-
lation of ERK is critical for behavioral sensitivity to ethanol.

Discussion
We found that ethanol robustly modulates the innate camouflage
response in larval zebrafish. Using this ethanol-sensitive camou-
flage response as a screening assay, we have identified the fan
mutant that exhibited a reduced behavioral sensitivity to ethanol.
This result has validated our hypothesis that genetic screening
using the simple and tractable ethanol-sensitive camouflage re-
sponse assay can uncover mutants that alter behavioral responses
to ethanol, which are universally observable in many species,
including humans. Positional cloning reveals that the fan mutant
disrupts AC5. While previous work shows that cAMP signaling is
critical to suppress behavioral sensitivity to ethanol, our result
surprisingly reveals a novel and likely AC isoform-specific role of
cAMP signaling in promoting behavioral sensitivity to ethanol.
Finally, downstream targets of ACs that determine the sensitivity
to ethanol are unknown. Through the analysis of the phosphor-
ylation of ERK, we suggest that this signaling component acts as a
downstream effector of AC5 and a critical regulator of behavioral
sensitivity to ethanol.

Behavioral sensitivity to ethanol is not
simply correlated with cellular
cAMP levels
Through isolation and characterization of
the fan mutant zebrafish, we found that
disruption of cAMP signaling by mutating
AC5 leads to a reduced behavioral sensitiv-
ity to ethanol, in that the mutant is less
sensitive to the stimulatory effect of etha-
nol, and can recover faster from ethanol-
induced sedation. This phenotype of the
fan/ac5 mutant stands in stark contrast to
the increased ethanol sensitivity observed
in Drosophila mutants that are defective in
cAMP signaling (Moore et al., 1998) or
mouse mutants lacking AC1 and 8 (Maas
et al., 2005). While we cannot categorically
exclude that cAMP signaling may play a
different role in mediating ethanol sensi-
tivity in zebrafish, given its conserved ac-
tion from flies to mammals, this is an un-
likely scenario. Thus, our findings indicate
that behavioral sensitivity to ethanol is not
simply correlated with cellular cAMP lev-
els. This conclusion is particularly impor-
tant when considering the use of pharma-
cotherapy to target cAMP signaling to
thereby modulate behavioral sensitivity to

ethanol, as it uncovers the in vivo complexity of the involvement
of cAMP signaling in ethanol sensitivity.

While only a single AC gene is detected in invertebrates, 10
different AC isoforms have been identified in vertebrates (Su-
nahara and Taussig, 2002). How different AC isoforms differen-
tially regulate behavioral sensitivity to ethanol is an important
question for future investigation. It is possible that different AC
isoforms are expressed in distinct neuronal types. Even for the AC
isoforms that are expressed in the same cell types, they may be
coupled to distinct downstream effector molecules. We show in
this study that Fan/AC5 regulates ERK signaling. At present it is
not known what signaling pathways are regulated by cAMP in
Drosophila or in mice downstream of AC1 or AC8.

ERK signaling as a downstream effector of AC5 in mediating
behavioral sensitivity to ethanol
Our results identify ERK signaling as an important downstream
effector of AC5 in mediating ethanol sensitivity. First, phosphor-
ylation of ERK in the brain is reduced in the fan mutant. Al-
though this decrease is mild compared with that caused by ad-
ministration of the MEK inhibitor PD98059 at 50 �M, this could
be due to partial compensation by other ACs that are expressed in
the same cell/tissue types as AC5, or other molecules that regulate
ERK signaling. Second, since both Fan/AC5 and ERK are broadly
expressed in the larval brain,

Fan/AC5 is likely to be a permissive regulator of phospho-
ERK levels in the brain. The distinct spatial distribution of
phospho-ERK immunoreactivity may reflect spatially and tem-
porally dynamic signaling events in the brain. Last but not least,
mild inhibition of phosphorylation of ERK mimics the locomo-
tor sensitivity to ethanol observed in the fan mutant, further
supporting the notion that although AC5 leads to a moderate
decrease in phosphorylation of ERK, it is nevertheless function-
ally significant.

Figure 7. Pharmacological inhibition of phosphorylation of ERK alters behavioral sensitivity to ethanol. A, C, Basal locomotor
activity of PD98059-treated (blue lines) animals is not significantly different from control (red lines) (n � 15 for A, and n � 12 for
C). B, Partial (1 �M PD98059) inhibition of phosphorylation of ERK reduces the locomotor stimulatory activity of 1.5% ethanol
(*p � 0.05, **p � 0.01, n � 14 for each condition). D, Severe inhibition of ERK phosphorylation (with 50 �M PD98059) renders
a normally stimulatory dose of ethanol sedating (**p � 0.01, ***p � 0.001, n � 12 and 15 for PD98059-treated and DMSO-
treated control, respectively).
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The level of phosphorylation of ERK as a critical “gatekeeper”
of behavioral sensitivity to ethanol
ERK signaling has been shown to play important roles in cocaine
addiction in rodents (Lu et al., 2006; Girault et al., 2007). Studies
in rodents also suggest that ERK signaling may underlie ethanol-
induced neuroplasticity. However, effects of ethanol on ERK sig-
naling appear complex, in that different studies have found both
an increase (Bachtell et al., 2002; Sharko and Hodge, 2007) and a
decrease (Davis et al., 1999; Kalluri and Ticku, 2002; Tsuji et al.,
2003; Chandler and Sutton, 2005; Ohrtman et al., 2006) of brain
phospho-ERK levels upon acute ethanol exposure. Such a dis-
crepancy may be due to variations in ethanol dose, brain regions
examined, age, genetic background, or other handling-related
issues. In contrast to acute ethanol treatment, a consistent in-
crease in phosphorylation of ERK is detected during ethanol
withdrawal (Sanna et al., 2002; Roberto et al., 2003; Chandler and
Sutton, 2005) or cue-induced reinstatement of alcohol seeking
behavior in specific limbic brain regions, including the basolat-
eral amygdala and nucleus accumbens shell (Radwanska et al.,
2008; Schroeder et al., 2008). Blockade of phosphorylation of
ERK is suggested to attenuate the reinforcing property of ethanol
and in turn lead to a compensatory increase of ethanol intake
(Hansson et al., 2008; Faccidomo et al., 2009).

In this study, we found that ethanol altered the phosphoryla-
tion status of ERK in the zebrafish forebrain in a dose-dependent
manner: a stimulatory low dose of ethanol increased brain
phospho-ERK, whereas a sedating high dose decreased brain
phospho-ERK. Moreover, pharmacological inhibition of phos-
phorylation of ERK, while not affecting basal locomotor activity,
has a significant impact on locomotor sensitivity to ethanol. First,
partial inhibition of phosphorylation of ERK reduces the loco-
motor stimulatory effect of ethanol. This result suggests that an
optimal level of phosphorylation of ERK is required for a full
stimulatory effect of ethanol. Second, marked inhibition of phos-
phorylation of ERK renders a stimulatory dose of ethanol sedat-
ing. This observation suggests that phosphorylation of ERK, even
at a suboptimal level (as in the fan mutant or upon treatment with
1 �M PD98059), plays a role to counteract the sedative effect of
ethanol.

How does 1.5% ethanol (stimulatory dose) plus 50 �M

PD98059 lead to sedation? Since the addition of ethanol does not
appear to further decrease phosphorylation of ERK in the brain
compared with 50 �M PD98059 treatment alone, the observed
sedation is unlikely due to a further reduction in phosphorylation
of ERK. Although multiple possibilities exist, we favor the model
of a common downstream target (or targets), which are regulated
by both phospho-ERK and ethanol. In this scenario, one may
envision the role of ERK analogous to a “checkpoint” or a “gate-
keeper,” the removal of which alone may not have an effect, but
could have a drastic consequence in combination with other
stimulus or challenge (in this case, ethanol). What might such
target(s) of ERK and ethanol be in mediating the sedative effect of
ethanol? Previous studies suggest that the sedative effect of etha-
nol is likely mediated by its ability to inhibit the activity of NMDA
receptor and potentiate the activity of GABA receptors (Lovinger
et al., 1989; Harris et al., 1995; Diamond and Gordon, 1997).
Along these lines, it is interesting to note that the NMDA receptor
complex was recently found to contain components of ERK sig-
naling pathway (Husi et al., 2000), and phosphorylation by ERK
was shown to play a role in inhibiting GABAA receptor function
(Bell-Horner et al., 2006).

A model for the role of Fan/AC5 and ERK in mediating the
stimulatory versus sedative effects of ethanol in zebrafish
The neurostimulatory effect of low doses of ethanol manifests as
disinhibition or euphoria in humans and locomotor stimulation
in animal systems (Phillips and Shen, 1996). Both the dopamine
and the opioid systems are involved in mediating such stimula-
tory effect of ethanol (Phillips and Shen, 1996; Herz, 1997). On
the other hand, the neurodepressive effect of high doses of etha-
nol manifests as sedation in both humans and animal systems,
and is likely mediated by inhibition of NMDA receptor and po-
tentiation of GABA receptors (Lovinger et al., 1989; Harris et al.,
1995; Diamond and Gordon, 1997). How the dynamics of the
action of ethanol shifts in a concentration-dependent manner is
unclear.

Consistent with the established importance of ERK activation
for cocaine (Lu et al., 2006) and ethanol (Hansson et al., 2008;
Faccidomo et al., 2009) reinforcement in rodents, our data sug-
gest that Fan/AC5 together with ERK are important to promote
the stimulatory effect of ethanol (Fig. 8A). They may act down-
stream of dopamine and/or opioid receptor signaling, which are
known to be important for the stimulatory effect of ethanol in
rodents (Phillips and Shen, 1996; Herz, 1997). Our data also sug-
gest that ERK signaling is critical to counteract the sedative effect
of ethanol, because a blockade of phosphorylation of ERK ren-
ders a stimulatory dose of ethanol sedating (Fig. 8B). In this case,
phospho-ERK may modify its targets (e.g., NMDA receptor
and/or GABA receptor), rendering them resistant to the effect of
ethanol thus allowing the stimulatory effect to manifest. High
doses of ethanol, however, can inhibit phosphorylation of ERK,
and in turn lead to modifications of NMDA and GABA receptors
(Lovinger et al., 1989; Harris et al., 1995; Diamond and Gordon,
1997).

AC5 is evolutionarily conserved and the fan mutant ze-
brafish are adult viable and fertile, suggesting that ac5 may be
a good candidate gene to be evaluated for its possible involve-
ment in the pathogenesis of human alcoholism. Acute inhibi-
tion of phosphorylation of ERK has a profound effect on eth-
anol sensitivity without affecting basal locomotor activity,

Figure 8. A proposed model to depict the role of Fan/AC5 and phosphorylation of ERK in
mediating the acute dose-dependent effect of ethanol. A, A stimulatory dose of ethanol acti-
vates target(s) (e.g., dopamine and/or opioid receptors). This activation increases intracellular
cAMP through Fan/AC5. Fan/AC5 in turn promotes the phosphorylation of ERK, which acts via
yet-to-be identified target(s), leading to increased neuronal activity in locomotor regulatory
circuits and accordingly an increase in locomotor activity. B, A sedative dose of ethanol inhibits
the phosphorylation of ERK. This inhibition abolishes the ability of phospho-ERK to counteract
the effect of ethanol on the target(s) (e.g., inhibition of NMDA and/or potentiation of GABA
receptors). Together this leads to decreased neuronal activity in locomotor regulatory circuits
and accordingly a decrease in locomotor activity.
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suggesting that polymorphisms in genes of the ERK signaling
pathway may also contribute to susceptibility of developing
alcoholism in humans.
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