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Ethanol-Induced Sedation in Drosophila
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Steroids profoundly influence behavioral responses to alcohol by activating canonical nuclear hormone receptors and exerting allosteric
effects on ion channels. Accumulating evidence has demonstrated that steroids can also trigger biological effects by directly binding
G-protein-coupled receptors (GPCRs), yet physiological roles of such unconventional steroid signaling in controlling alcohol-induced
behaviors remain unclear. The dopamine/ecdysteroid receptor (DopEcR) is a GPCR that mediates nongenomic actions of ecdysteroids,
the major steroid hormones in insects. Here, we report that Drosophila DopEcR plays a critical role in ethanol-induced sedation. DopEcR
mutants took longer than control flies to become sedated during exposure to ethanol, despite having normal ethanol absorption or
metabolism. RNAi-mediated knockdown of DopEcR expression revealed that this receptor is necessary after eclosion, and is required in
particular neuronal subsets, including cholinergic and peptidergic neurons, to mediate this behavior. Additionally, flies ubiquitously
overexpressing DopEcR cDNA had a tendency to become sedated quickly upon ethanol exposure. These results indicate that neuronal
subset-specific expression of DopEcR in adults is required for normal sedation upon exposure to ethanol. We also obtained evidence
indicating that DopEcR may promote ethanol sedation by suppressing epidermal growth factor receptor/extracellular signal-regulated
kinase signaling. Last, genetic and pharmacological analyses suggested that in adult flies ecdysone may serve as an inverse agonist of
DopEcR and suppress the sedation-promoting activity of DopEcR in the context of ethanol exposure. Our findings provide the first
evidence for the involvement of nongenomic G-protein-coupled steroid receptors in the response to alcohol, and shed new light on the
potential roles of steroids in alcohol-use disorders.
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Introduction
The fruit fly Drosophila melanogaster expresses a unique
G-protein-coupled receptor (GPCR) called the dopamine/ecdys-

teroid receptor (DopEcR), which can be activated by both the
major insect hormone ecdysone and the catecholamine dopa-
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Significance Statement

Alcohol abuse is an alarming personal and societal burden. The improvement of prevention and treatment strategies for alcohol-
use disorders requires a better understanding of their biological basis. Steroid hormones profoundly affect alcohol-induced
behaviors, but the contribution of their unconventional, nongenomic actions during these responses has not yet been elucidated.
We found that Drosophila DopEcR, a unique G-protein-coupled receptor (GPCR) with dual specificity for dopamine and steroids,
mediates noncanonical steroid actions to promote ethanol-induced sedation. Because steroid signaling and the behavioral re-
sponse to alcohol are evolutionarily well conserved, our findings suggest that analogous mammalian receptors likely play impor-
tant roles in alcohol-use disorders. Our work provides a foundation for further characterizing the function and mechanisms of
action of nonclassical steroid GPCR signaling.
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mine (Srivastava et al., 2005). In heterologous cell culture sys-
tems, DopEcR induces rapid mitogen-activated protein kinase/
extracellular signal-related kinase (MAPK/ERK) signaling in
response to ecdysteroids, and cAMP/PI3K signaling in response
to dopamine. Although DopEcR is insect specific, it is similar in
sequence to vertebrate �2-adrenergic receptors and similar in
function to the mammalian G-protein-coupled estrogen recep-
tor GPER1 (formerly known as GPR30; Srivastava et al., 2005;
Evans et al., 2014). Recent studies have revealed various roles
for DopEcR in vivo. For instance, DopEcR can act as a dopamine
receptor in primary gustatory neurons to control the proboscis
extension reflex (Inagaki et al., 2012) and as a nongenomic
ecdysone receptor in mushroom body neurons to regulate
experience-dependent courtship suppression (Ishimoto et al.,
2013). In Agrotis ipsilon moths, DopEcR requires both dopamine
and ecdysone as ligands to modulate the perception of sex pher-
omones (Abrieux et al., 2013, 2014).

Intriguingly, several signaling components associated with
DopEcR—steroids, dopamine, cAMP, and ERK— have been im-
plicated in evolutionarily conserved behavioral responses to al-
cohol (Moore et al., 1998; Bainton et al., 2000; Koob, 2008; Corl
et al., 2009; Kong et al., 2010). Like in mammals, flies acutely
exposed to a constant flow of ethanol vapor will increase locomo-
tion, lose postural control, and eventually become sedated (Wolf
et al., 2002). Thus, studies using Drosophila as a genetically trac-
table model system have facilitated the discovery and analysis of
various genes linked to alcohol-use disorders (AUDs) (Kaun et
al., 2012; Devineni and Heberlein, 2013). Although we lack a
comprehensive understanding of the complex physiology under-
lying the pathological conditions of AUDs, the importance of
steroid hormones in modulating behavioral responses to alcohol
has long been appreciated (Devaud et al., 2006). Steroids classi-
cally exert their biological effects by binding cognate nuclear re-
ceptors and altering gene transcription. However, they are also
known to elicit rapid cellular actions by directly activating GPCRs
(Lösel and Wehling, 2003; Olde and Leeb-Lundberg, 2009), and
the consequences of such nongenomic actions of steroids in the
nervous system, particularly in the context of alcohol-related be-
haviors, remain unknown.

Here, we show that Drosophila DopEcR is necessary for nor-
mal levels of ethanol-induced sedation in flies. Our data indicate
that DopEcR suppresses epidermal growth factor receptor
(EGFR)/ERK signaling to promote ethanol-induced sedation,
and that ecdysone can negatively regulate this effect during eth-
anol exposure. These findings contribute to our knowledge of
GPCR-mediated, nongenomic actions of steroids and provide
novel insight into the neurobiological mechanisms underlying
behavioral responses to alcohol.

Materials and Methods
Fly stocks. Flies were raised on standard cornmeal/agar food at 25°C in
65% humidity under a 12 h light/dark cycle. For all experiments, newly
eclosed males were collected over a 2 d period, housed 10/vial, and aged
3–5 d. Two DopEcR mutant alleles were used in this study. A hypomor-
phic allele DopEcRPB1 (also known as DopEcRc02142; Ishimoto et al., 2013)
that carries an intronic piggyBac transposon insertion was obtained from
the Bloomington Stock Center. The presumptive null allele DopEcRGAL4

was generated by replacing part of the first coding exon of DopEcR (133
bp from 4370598 to 4370730) with GAL4 and GMR-white. Gene-
targeting experiments were performed as describe previously (Huang
et al., 2008). DopEcRPB1 and DopEcRGAL4 mutants were backcrossed six
generations to the w1118 strain obtained from the Vienna Drosophila
RNAi Center (VDRC). UAS-myrGFP-2A-dsRednls (Daniels et al., 2014)
was shared by Dr. Barry Ganetzky (University of Wisconsin, Madison).

UAS-DopEcR-RNAi (KK111211) and UAS-Egfr-RNAi (KK107130) were
obtained from the VDRC phiC31 RNAi library. UAS-DopEcR-cDNA
was created previously in our laboratory (Ishimoto et al., 2013). The
GAL4 lines, UAS-GFP, DTS-3 (also known as mldDTS-3), and
DopRPL00420 were obtained from the Bloomington Stock Center, and
the DATfmn flies were a gift from Dr. Kazuhiko Kume (Nagoya City
University, Nagoya, Japan).

Immunostaining and confocal microscopy. Immunostaining was per-
formed essentially as described in Ishimoto et al. (2013). Briefly, adult
male brains were dissected, fixed, blocked, and stained with either mouse
anti-Elav IgG (1:500) or mouse anti-Repo IgG (1:200; Developmental
Studies Hybridoma Bank, University of Iowa), followed by goat Alexa
Fluor 647-conjugated anti-mouse IgG (1:500; Invitrogen). A confocal
microscope (Olympus FV1000 or Zeiss 510) was used to collect
z-sections of the adult brain, expressing fluorescent reporters (GFP or
RFP) or stained with antibodies, at 1 or 2 �m intervals with a 20�
objective lens. ImageJ was used to pseudocolor and create maximum
intensity z-projections. For colocalization analysis of two fluorescent sig-
nals, the default settings of ImageJ plug-in Colocalization were applied to
stacks of 10-�m-deep horizontal sections.

Behavioral assays. Sensitivity to ethanol was assessed using similar
methods described in previous studies (Chen et al., 2008; Cavaliere et al.,
2012). Approximately 10 3–5-d-old flies were transferred from regular
vials containing food to empty polystyrene vials (22.5 � 90 mm) with a
cotton-ball stopper. Following 5 min for acclimation, 0.5 ml of 50%
ethanol was applied to the center of the cotton ball, and the vials were
quickly sealed with Parafilm and placed on a white background under
constant light. Without mechanical stimulation, flies were scored every 5
min for “loss of postural control” (on vial bottom) and “sedation” (aki-
nesia, i.e., on vial bottom, not standing in a normal posture, and lack of
movement other than small twitches). The percentage of flies scored at
each time point was calculated, and the time for 50% of flies to be
scored—loss of postural control [time for 50% of flies to lose postural
control (LT50)] and sedation [the time for 50% of flies to become se-
dated (ST50)] was determined by linear interpolation. Graphs represent
the average and SEM across vials (n � the number of vials tested). All
ethanol-sensitivity assays, including those using temperature-shift para-
digms, were performed at 25°C in 65% humidity between zeitgeber time
(ZT) 0 and ZT6.

Ethanol absorption and metabolism assay. Analysis of internal ethanol
levels was performed as described in previous studies (Moore et al.,
1998; Wolf et al., 2002; Corl et al., 2009). Approximately 30 flies were
subjected to the ethanol-sensitivity assay for 0, 15, or 30 min (absorp-
tion), or for 30 min and were then allowed to recover in the presence
of food for 30, 60, or 120 min (metabolism). Flies were then imme-
diately transferred to empty polystyrene vials, frozen at �80°C, ho-
mogenized in 300 �l of 50 mM Tris HCl, pH 7.5, and centrifuged for
20 min at 4°C. Homogenate (2 �l) was added to alcohol reagent
(200 �l) from an ethanol assay kit (catalog #229-29, Genzyme Diag-
nostics Sekisui). After 20 min incubation at room temperature, OD340

readings were taken using plate spectrophotometry. Readings from
technical replicates were averaged, and ethanol concentrations were
derived from standard curves. Experiments were performed �4 times
independently. The water content of a single male fly was assumed to
be 0.6 �l, in accordance with the findings of Devineni and Heberlein
(2012).

Western blot analysis. Western blot analysis was performed essentially
as described by Harlow and Lane (1988). Approximately 30 3–5-d-old
flies were transferred to empty polystyrene vials, frozen at �80°C, and
briefly vortexed to dissociate heads. Heads were then homogenized in 2�
Laemelli’s loading buffer (5 �l/head), and the homogenates were centri-
fuged at 13,200 rpm for 10 min. Supernatant [12 �l for phosphorylated
ERK (p-ERK) and total ERK; 4 �l for tubulin] was run on 10% TGX
polyacrylamide gels (Bio-Rad). Protein bands were transferred to PVDF
Immobilon membranes (Millipore) using a semidry system, and probed
with mouse anti-diphospho-MAPK (1:2000; Sigma M8159), rabbit anti-
MAPK (1:2000; Sigma M5670), or mouse anti-tubulin (1:10,000; Sigma
T9026) antibodies (Sigma-Aldrich). Antigen-antibody complexes were
then detected using appropriate goat anti-IgG antibodies conjugated
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with HRP (1:10,000; Santa Cruz Biotechnology). Membranes were ex-
posed to the Western Lightning ECL-Plus reagent (PerkinElmer Life and
Analytical Sciences), and signals were developed on Kodak-Biomax x-ray
film (Eastman Kodak). ImageJ software was used for densitometric anal-
ysis (Schneider et al., 2012).

Feeding of 20-hydroxyecdysone. A 50 mM stock solution of 20-hydr-
oxyecdysone (20E; Sigma-Aldrich) was prepared in 70% ethanol and
added to reheated food. For vehicle controls the same amount of 70%
ethanol was added. Three-to-five-day-old adult male flies, raised 10/vial,
were transferred to vials with food containing 0.01 mM 20E or vehicle for
24 h before being tested in the ethanol-sensitivity assay.

Statistics. SigmaPlot (Systat Software) was used to determine statistical
significance for ethanol-induced behaviors and Western blot results. Be-
havior over time was analyzed by two-way repeated-measures ANOVA
on ranks, followed by Holm–Sidak multiple-comparisons procedures.
LT50 and ST50 data were assessed using ANOVA on ranks, Dunn’s, or
Mann–Whitney rank-sum tests. The � 2 test was used to assess survival of
sedated flies following 90 min exposure to ethanol. All graphs display
data averages, with error bars representing SEM.

Results
A GAL4 knock-in allele indicates widespread neuronal
expression of DopEcR in the adult brain
To examine the potential role of DopEcR in behavioral respo-
nses to alcohol, we used hypomorphic DopEcRPB1 and null
DopEcRGAL4 mutants. The DopEcRPB1 allele contains an intronic
piggyBac transposon insertion that significantly reduces levels of
the DopEcR transcript (Ishimoto et al., 2013), whereas the newly
generated DopEcRGAL4 knock-in mutant has an in-frame GAL4
construct in which part of the first coding exon is replaced, ren-
dering it a null allele (Fig. 1A). Both DopEcRPB1 and DopEcRGAL4

homozygotes were viable, and displayed grossly normal develop-
ment and morphology. DopEcR expression has previously been
observed in the developing fly nervous system using in situ hy-
bridization (Srivastava et al., 2005), and suggested in the adult
nervous system through reporter gene expression driven by the
putative DopEcR enhancer (Ishimoto et al., 2013). Here, we de-

Figure 1. DopEcR mutants and the endogenous DopEcR expression pattern in the brain deduced using a GAL4 knock-in allele, DopEcRGAL4. A, DopEcR genomic locus illustrating the piggyBac
transposon insertion mutant DopEcRc02142 (PB1) and GAL4 knock-in mutant DopEcRGAL4 (GAL4 ). An arrow, gray boxes, and black boxes depict the transcription start site, exons, and coding region,
respectively, of the DopEcR gene. B, Anterior view of the adult brain displaying GFP reporter expression driven by GAL4 activity associated with DopEcRGAL4. C, D, Double labeling of the adult brain
(DopEcRGAL4/UAS-myrGFP-2A-dsRednls) for nuclear RFP reporter for DopEcR (magenta) and neuronal marker Elav (C, green) or glial marker Repo (D, green). Colabeling (white) is visualized using
ImageJ plug-in Colocalization.
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duced the endogenous DopEcR expression in the adult brain
using GAL4 activity associated with the knock-in DopEcRGAL4 allele.
DopEcRGAL4-driven GFP reporter expression was widely observed
throughout the adult brain in UAS-GFP/�;DopEcRGAL4/� flies (Fig.
1B). Consistent with our previous findings (Ishimoto et al., 2013),
the prominent neuropil structures, the mushroom bodies, were also
GFP-positive (Fig. 1B). Next, using a nuclear localized RFP reporter
(Daniels et al., 2014) for DopEcR (DopEcRGAL4/UAS-myrGFP-2A-
dsRednls) in combination with antibodies against neuronal marker
Elav (Fig. 1C) or glial marker Repo (Fig. 1D), we found that
DopEcRGAL4 expression was primarily observed in neurons but not
glial cells.

DopEcR mutants are resistant to ethanol-induced sedation
To assess ethanol sensitivity, we subjected control and DopEcR
mutant flies to ethanol vapor in an empty vial and observed
their behavioral responses every 5 min for 2 h. Upon exposure,
flies gradually lost postural control, falling from the vial sides,
and were increasingly seen on the vial bottom. Thus, the per-
centage of flies on the vial bottom was used as an indicator of
ethanol-induced loss of postural control. Flies homozygous

for DopEcRPB1 or DopEcRGAL4, and flies trans-heterozygous
for the two alleles (DopEcRPB1/DopEcRGAL4) lost their posture
around the same time as controls (Fig. 2A). LT50 values were
�20 min for all genotypes. Moreover, �20 min into exposure,
the control flies began to fail in all motor activity, other than
minor twitching, and were no longer standing; these flies were
considered to be sedated (Fig. 2B). Within �50 min of expo-
sure, nearly all of the control flies were sedated. In contrast,
DopEcR mutants continued to move in an uncoordinated
manner, typically while on their backs, as if trying to regain
their posture, long after most control flies were sedated. It
took nearly 2 h for all DopEcR mutants to become sedated.
ST50 values were �30 min for control flies and 60 min for the
DopEcR mutants (Fig. 2B). Heterozygous DopEcRPB1 or
DopEcRGAL4 flies also showed significant resistance to sedation
(ST50: 41 � 3 min, n � 10 or 43 � 4 min, n � 14, respectively)
compared with controls, albeit to a lesser extent than homozygous
mutants. Virgin DopEcRPB1 or DopEcRGAL4 females also exhibited
resistance to ethanol-induced sedation (ST50: 75 � 3 min, n � 8 or
65 � 3 min, n � 13, respectively) compared with virgin female
controls (ST50: 33 � 2 min, n � 13).

Figure 2. DopEcR mutants show increased resistance to ethanol-induced sedation. A, B, Behavioral responses of DopEcR mutants to ethanol vapor. Left, Percentage of flies exhibiting loss of
posture (A) or sedation (B) as a function of ethanol exposure. Right, LT50 (A) or ST50 (B) as calculated by linear interpolation. Empty vials containing 8 –10 control (Ctrl; w1118, n � 15), PB1
(DopEcRPB1, n � 15), GAL4 (DopEcRGAL4, n � 13), and PB1/GAL4 (DopEcRPB1/DopEcRGAL4, n � 13) flies were exposed to ethanol vapor and scored every 5 min. C, Ethanol absorption and metabolism
among genotypes (n�4, each with�30 flies). All figures display averages with SEM, with two-way repeated-measures ANOVA on ranks, Holm–Sidak (A and B, left; C), and ANOVA on ranks, Dunn’s
(A and B, right) versus control, *p � 0.05.
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We additionally addressed whether the absorption or metab-
olism of ethanol was abnormal in DopEcR mutants, measuring
internal ethanol levels at various time points using an ethanol
assay kit. Neither slow absorption nor fast metabolism of ethanol
could explain the resistance to sedation in the mutants (Fig. 2C),
suggesting that DopEcR modifies the behavioral response to al-
cohol by means other than influencing absorption or metabo-
lism. Since DopEcR is expressed in the nervous system (Graveley
et al., 2011), primarily in neurons (Fig. 1C), we hypothesized that
this receptor plays a neurobiological role in promoting sedation
during naive ethanol exposure.

DopEcR mutants are more susceptible to death after
ethanol sedation
While performing the ethanol sensitivity assays, we observed
that, unlike controls, a large proportion of sedated DopEcR
mutants displayed a “wings up” phenotype commonly seen
upon death. To determine whether DopEcR mutants are more
likely than their wild-type counterparts to die following seda-
tion, control and mutant flies were exposed to ethanol for 90
min and then allowed to recover on food for 24 h. As com-
pared with sedated control flies, significantly fewer sedated
DopEcR mutants survived intoxication: 41% w1118, n � 220;
4% DopEcRPB1, n � 230; 25% DopEcRGAL4, n � 177; X 2 �
87.079, df � 2, p � 0.001. These findings suggest that, despite
the fact that DopEcR mutants were more resistant to ethanol
sedation than control flies, once they were sedated, they were
less likely to survive. It is possible that the majority of DopEcR
mutants never truly become sedated during ethanol exposure,
but rather die when movement ceases.

DopEcR expression is inversely correlated with resistance to
ethanol-induced sedation
To further validate a role for DopEcR in modulating ethanol-
induced sedation, we manipulated the expression of DopEcR
using the GAL4/UAS binary expression system (Brand and
Perrimon, 1993). Ubiquitous knockdown of DopEcR with da-
GAL4 and UAS-DopEcR-RNAi (for knockdown efficiency, see
Ishimoto et al., 2013) led to significant resistance to ethanol-
induced sedation similar to that observed in DopEcR mutants
(Fig. 3A). This RNAi-induced phenotype was lessened upon
simultaneous expression of a DopEcR cDNA transgene (ST50:
36 � 3.5 min, n � 5), suggesting that it was not an off-target
effect of the RNAi. Furthermore, ubiquitous overexpression of
DopEcR cDNA in a DopEcR wild-type background tended to
reduce the time required for sedation, although the difference
in values between experimental flies and UAS controls did not
reach statistical significance (Fig. 3B). These results reveal an
inverse relationship between levels of DopEcR expression and
resistance to ethanol-induced sedation, further supporting the
notion that DopEcR promotes sedation during exposure to
ethanol.

DopEcR is required in adulthood to promote
ethanol-induced sedation
Next, we asked when during development DopEcR expression is
necessary for modulating the response to ethanol in adulthood.
To this end, we used the temporal and regional gene expression
targeting (TARGET) method (McGuire et al., 2004), which al-
lowed for temporal control of DopEcR-RNAi expression via
the temperature-sensitive GAL4 inhibitor, GAL80 ts. When flies
were raised at 18°C throughout development and adulthood, the

experimental genotype (UAS-DopEcR-RNAi/�;tub-GAL80ts/
da-GAL4) did not exhibit resistance to ethanol sedation comp-
ared with either of its controls (UAS-DopEcR-RNAi/�;tub-
GAL80ts/� and �/�; �/da-GAL4; Fig. 3C). However, when
raised continuously at 29°C, the experimental flies showed
greater ST50 values and exhibited significant resistance to
sedation (Fig. 3D). The results of these constant-temperature
paradigms assured us that the TARGET system was working as
expected. Next, we chose to restrict DopEcR knockdown to before
or after eclosion since DopEcR expression has been detected very
early in development and throughout life (Srivastava et al., 2005;
Graveley et al., 2011). When flies were reared at 29°C during the
embryonic, larval, and pupal stages, and transferred to 18°C
just after eclosion, experimental flies did not show resistance
(Fig. 3E). However, when flies were reared at 18°C during
development and then transferred to 29°C just after eclosion,
the experimental group exhibited significant resistance rela-
tive to controls (Fig. 3F ). These data suggest that posteclosion
expression of DopEcR is necessary for proper ethanol sedation
in adults.

Knockdown of DopEcR in neurons enhances resistance to
ethanol-induced sedation
To determine the possible sites of DopEcR action for promoting
ethanol-induced sedation, we examined the sedation response of
flies expressing DopEcR-RNAi in a variety of cell populations,
using cell type-specific GAL4 drivers. Significant increases in re-
sistance to sedation were observed when DopEcR-RNAi was ex-
pressed using a pan-neuronal driver, elav-GAL4, indicating that
neuronal expression of DopEcR is required for normal ethanol
sedation (Fig. 4A). Among GAL4 lines that drive expression
in specific subsets of neurons, those driving cholinergic (Cha-
GAL4) and pan-peptidergic (c929-GAL4) expression of DopEcR-
RNAi increased resistance to ethanol sedation compared with
both control genotypes (Fig. 4B,C). Knockdown of DopEcR with
several other GAL4 lines, including mushroom body (c772-
GAL4), dopaminergic (TH-GAL4), and insulin-like peptide
(dilp2-GAL4) drivers, had little effect on ethanol sedation (Fig.
4D; data not shown). Together, these data suggest that DopEcR is
required in particular subsets of neurons, including cholinergic
and peptidergic neurons, to promote ethanol-induced sedation.

EGFR knockdown alleviates the sedation-resistant phenotype
in DopEcR mutants
Next, we sought to understand the downstream mechanisms by
which DopEcR influences ethanol-induced sedation. Previous
studies have demonstrated that EGF signaling plays a bidirec-
tional role in ethanol-induced sedation, with activation of EGFR/
ERK signaling increasing resistance but its suppression decr-
easing resistance to ethanol (Corl et al., 2009; Eddison et al.,
2011). Since DopEcR has also been reported to activate the
MAPK/ERK cascade in heterologous cell culture systems (Srivas-
tava et al., 2005), we reasoned that DopEcR might interact with
the EGFR/ERK pathway to modulate ethanol-induced sedation.
We tested this hypothesis by examining sedation in the context of
suppressed EGFR signaling in a DopEcR mutant background. As
reported previously (Corl et al., 2009), when Egfr-RNAi was ex-
pressed in all neurons with elav-GAL4, ethanol-induced sedation
was hastened compared with control flies (data not shown). Pan-
neuronal expression of Egfr-RNAi also led to more rapid ethanol
sedation in DopEcRPB1 mutants (Fig. 5A). Similarly, expression of
Egfr-RNAi in DopEcRGAL4 mutants by its intrinsic GAL4 led to
even more rapid sedation than that of Egfr-RNAi controls (Fig.
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5B). These behavioral observations for DopEcR mutants implied
that their resistance to ethanol-induced sedation is the result of
enhanced EGFR signaling in neurons. The strength of EGFR sig-
naling is often estimated based on the degree of phosphorylation
of the downstream effector ERK. Western blot analyses revealed
that, although total ERK levels were lower in the heads of DopEcR
mutants, the total levels of p-ERK were significantly increased
relative to those of control flies (Fig. 5C). This result suggests that
in DopEcR mutants the EGFR/ERK pathway is aberrantly acti-
vated and contributes to their increased resistance to ethanol-
induced sedation.

Dopaminergic mutants DATfmn and DopRPL00420 display
normal ethanol sedation
Since both dopamine and ecdysone are known ligands for
DopEcR (Srivastava et al., 2005), we examined whether either was
important for the effects of DopEcR in ethanol-induced sedation.
Dopamine mediates ethanol-induced enhancement of locomo-
tor activity in Drosophila (Bainton et al., 2000; Kong et al., 2010),
as well as in mammals (Shen et al., 1995; Boileau et al., 2003;

Budygin et al., 2003). However, the manipulation of dopami-
nergic neurotransmission, by either genetic or pharmacologic
means, does not appear to influence ethanol-induced sedation in
flies (Bainton et al., 2000; Kong et al., 2010). Consistent with
these findings, we observed that ethanol-induced sedation was
not affected by either an increase in synaptic dopamine signaling
in flies defective for dopamine transport (DATfmn), or a reduc-
tion in dopamine signaling in flies expressing hypomorphic do-
pamine D1-like receptors (DopRPL00420; Fig. 6, red). Double
mutants for each of these mutations with DopEcRGAL4 were also
created and examined for potential genetic interactions. The
sedation phenotype of the DATfmn;DopEcRGAL4 mutants was in-
distinguishable from that of DopEcRGAL4 mutants. The ethanol-
induced sedation of DopRPL00420DopEcRGAL4 double mutants was
similarly, but slightly less, resistant than the DopEcRGAL4 mutant
(Fig. 6, green). These results together with previous findings
(Bainton et al., 2000; Kong et al., 2010) indicate that dopamine
signaling does not significantly contribute to DopEcR-dependent
regulation of ethanol-induced sedation.

Figure 3. Normal ethanol-induced sedation requires DopEcR expression in the adult. A, B, Ethanol-induced sedation in the presence and absence of a ubiquitously expressed DopEcR-RNAi (A) or
DopEcR cDNA (B). Left, Percentage of flies exhibiting sedation. Right, ST50. da	RNAi (UAS-DopEcR-RNAi/�;da-GAL4/�, n � 13) significantly increased resistance to ethanol sedation compared
with RNAi (UAS-DopEcR-RNAi/�, n �14) and da-GAL4 (da-GAL4/�, n �12) controls (A). da	cDNA (da-GAL4/UAS-DopEcR-cDNA, n �9) showed a trend to increase sensitivity to become sedated
compared with cDNA (UAS-DopEcR-cDNA/�, n � 10) and da-GAL4 (da-GAL4/�, n � 12) controls (B). C–F, Effects of temporal knockdown of DopEcR expression on ethanol-induced sedation. Flies
were either reared at constant temperature (C, 18°C; D, 29°C) or transferred to a different temperature after eclosion (E, 29°C ¡ 18°C; F, 18°C ¡ 29°C). Adult-specific knockdown of DopEcR
expression resulted in increased resistance to ethanol-induced sedation compared with RNAi and da-GAL4 controls; UAS-DopEcR-RNAi/�;da-GAL4/tub-GAL80ts (n � 11, 12, 11, 3 for C–F ),
UAS-DopEcR-RNAi/�;tub-GAL80ts/� (n � 9, 10, 12, 8), and da-GAL4/� (n � 8, 7, 6, 6). All figures display averages with SEM, with two-way repeated-measures ANOVA on ranks, Holm–Sidak (A
and B, left) and Mann–Whitney rank sum tests (A and B, right; C–F ). #p � 0.05 from RNAi and da-GAL4 controls and *p � 0.05 from da-GAL4 control.
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Ecdysone negatively modulates DopEcR during
ethanol exposure
To investigate the potential role of ecdysone in ethanol seda-
tion, we first fed control (w1118) flies the active form of ecdy-
sone, 20E. Acute supplementation for 24 h before ethanol
exposure did not significantly change ethanol-induced seda-
tion (ST50: vehicle, 43 � 5 min, n � 7; 20E, 47 � 4 min, n �
7). We then used the ecdysone-defective mutant Dominant
temperature-sensitive-3 (DTS-3; Holden and Suzuki, 1973) to
modulate endogenous ecdysone levels. The DTS-3 mutation is
homozygous lethal regardless of temperature, but heterozy-
gous mutants survive at 22°C (permissive temperature) and
only fail to molt at 29°C (restrictive temperature) due to re-
duced levels of ecdysone (Holden and Suzuki, 1973). The eth-
anol sensitivity of control and DTS-3 (DTS-3/�) flies reared
continuously at 18°C did not differ significantly (ST50: 32 � 4
min, n � 6; 25 � 2 min, n � 12, respectively). However, when
reared at 18°C during development and transferred to 29°C
after eclosion, DTS-3 flies were sedated more quickly than
controls upon ethanol exposure (Fig. 7A). This suggests that
reducing ecdysone levels in the adult promotes ethanol-
induced sedation, which is the opposite of the DopEcR loss-of-

function phenotype. To examine the interaction between
DTS-3 and DopEcR, we generated flies that were heterozygous
for DTS-3 and homozygous for DopEcRGAL4. When reared at
18°C and transferred to 29°C after eclosion, these double mu-
tants showed significant resistance to ethanol-induced seda-
tion (comparable to that of DopEcRGAL4 mutants; Fig. 7A).
This finding suggests that DopEcR function is required for the
sensitizing effect of DTS-3 on ethanol sedation. In further
support of this, ubiquitous expression of DopEcR-RNAi in
DTS-3/� mutant flies also mitigated the sensitivity of
ecdysone-defective flies to sedation (Fig. 7B). Together these
results suggest that reducing posteclosion ecdysone levels re-
sults in DopEcR-dependent promotion of ethanol-induced
sedation.

To test the potential negative relationship between ecdy-
sone and DopEcR in controlling ethanol-induced sedation, we
again looked at the effects of acute feeding of 20E. The de-
creased sedation resistance of DTS-3 mutants shifted to the
restrictive temperature after eclosion was slightly mitigated by
treatment with 20E, but statistical significance was not
reached (DTS-3 ST50: vehicle, 23 � 3 min, n � 11; 20E, 29 �
3 min, n � 12). In contrast, the decreased sedation resistance

Figure 4. Resistance to ethanol-induced sedation is promoted by DopEcR-RNAi expression in cholinergic or peptidergic neurons. A–D, Effects of neuronal expression of DopEcR-RNAi on
ethanol-induced sedation. Left, Percentage of flies exhibiting sedation. Right, ST50. DopEcR knockdown in all (A), cholinergic (B), or peptidergic neurons (C), but not in mushroom body neurons (D),
significantly increased resistance to ethanol sedation compared with controls; elav	RNAi (elav-GAL4/Y;;UAS-DopEcR-RNAi/�, n � 15), Cha	RNAi (Cha-GAL4/�;UAS-DopEcR-RNAi/�, n � 11),
c929	RNAi (c929-GAL4/�;UAS-DopEcR-RNAi/�, n � 11), c772	RNAi (c772-GAL4/�;UAS-DopEcR-RNAi/�, n � 14), RNAi (UAS-DopEcR-RNAi/�, n � 14), elav (elav-GAL4/�, n � 13), Cha
(Cha-GAL4/�, n�6), c929 (c929-GAL4/�, n�11), and c772 (c772-GAL4/�, n�6). All figures display averages with SEM, with two-way repeated-measures ANOVA on ranks, Holm–Sidak (left),
and Mann–Whitney rank-sum tests (right). #p � 0.05 from both RNAi and GAL4 controls.

Petruccelli et al. • DopEcR Modulates Behavioral Response to Ethanol J. Neurosci., April 20, 2016 • 36(16):4647– 4657 • 4653



of flies ubiquitously overexpressing DopEcR was significantly re-
versed after feeding with 20E (Fig. 7C). Collectively, these findings
suggest that ecdysone negatively regulates DopEcR activity to ulti-
mately control the timing of ethanol-induced sedation.

Discussion
In humans, resistance to ethanol-induced sedation positively
correlates with an individual’s risk for becoming an alcoholic
(Schuckit et al., 2000). Therefore, a better understanding of the

Figure 5. Inhibition of downstream EGFR/ERK signaling mitigates the DopEcR mutant phenotype in ethanol-induced sedation. A, Pan-neuronal expression of Egfr-RNAi in DopEcRPB1

mutants. Left, Percentage of flies exhibiting sedation. Right, ST50; elav	Egfri; PB1 (elav-GAL4/Y;UAS-Egfr-RNAi/�;DopEcRPB1, n � 10), elav;; PB1 (elav-GAL4/Y;;DopEcRPB1, n � 13),
and Egfri;PB1 (UAS-Egfr-RNAi/�;DopEcRPB1, n � 9). B, Expression of the Egfr-RNAi in DopEcRGAL4 mutants using its GAL4 activity; GAL4	Egfri (UAS-Egfr-RNAi;DopEcRGAL4, n � 10), RNAi
(UAS-Egfr-RNAi, n � 8), and GAL4 (DopEcRGAL4, n � 13). Knockdown of EGFR expression in DopEcRPB1 (A) or DopEcRGAL4 (B) mutants significantly increased their sensitivity to
ethanol-induced sedation. C, Left, Representative Western blots for basal p-ERK, total ERK, and �-tubulin in head lysates of Ctrl (w1118), PB1 (DopEcRPB1), and GAL4 (DopEcRGAL4) flies.
Right, Densitometric quantification of the bands (n � 4). All figures display averages with SEM, with two-way repeated-measures ANOVA on ranks, Holm–Sidak (A and B, left),
Mann–Whitney rank-sum tests (A and B, right), and ANOVA on ranks, Dunn’s versus control (C). #p � 0.05 from both RNAi and GAL4 controls and *p � 0.05 from the wild-type control.

Figure 6. Ethanol-induced sedation is normal in dopaminergic mutants DATfmn and DopRPL00420. A, B, Effects of DAT and DopR mutations on ethanol-induced sedation in the presence or absence of
DopEcRGAL4. Left, Percentage of flies exhibiting sedation. Right, ST50. Both DAT and DopR mutations (A, DATfmn; B, DopRPL00420) did not have a significant effect on ethanol-induced sedation regardless of DopEcR
genotype; control (Ctrl; w1118, n�13), fmn (DATfmn, n�10), fmn;GAL4 (DATfmn;DopEcRGAL4, n�10), DopR (DopRPL00420, n�14), GAL4 (DopEcRGAL4, n�11), and DopR GAL4 (DopRPL00420 DopEcRGAL4, n�
10). Two-way repeated-measures ANOVA on ranks, Holm–Sidak (left), and ANOVA on ranks, Dunn’s multiple comparisons (right). a– c represent p � 0.05 from first, second, third genotype displayed.
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biological mechanisms underlying ethanol-induced sedation is of
great clinical importance. Fruit flies have proven to be a useful
model in which to study evolutionarily conserved genes involved
in drug addiction (Kaun et al., 2012). In the study reported here,
we found that mutants for Drosophila DopEcR, a unique GPCR
with dual specificity for dopamine and ecdysone, exhibited resis-
tance to ethanol-induced sedation despite having normal initial
behavioral responses (i.e., loss of postural control) as well as
proper ethanol absorption and metabolism (Fig. 2). These find-
ings indicate that DopEcR is necessary for normal sedation dur-
ing ethanol exposure. RNAi-mediated knockdown of DopEcR,
either after eclosion (Fig. 3) or in specific neuronal populations,
including peptidergic and cholinergic neurons (Fig. 4), recapitu-
lated the sedation-resistant phenotype of DopEcR mutants. Our
study further implicates EGFR/ERK signaling downstream of
DopEcR in this process (Fig. 5), and suggests that ecdysone may
negatively regulate DopEcR to influence ethanol-induced seda-
tion (Fig. 7). This and future investigations into the actions of
DopEcR offer important insight into the elusive function and
mechanism of GPCR-mediated noncanonical steroid signal-

ing, particularly in the context of the physiological response to
alcohol.

Role of DopEcR ligands in ethanol-induced sedation
Dopamine and ecdysone are known ligands of DopEcR in flies
(Srivastava et al., 2005; Inagaki et al., 2012; Ishimoto et al., 2013).
As shown by others (Bainton et al., 2000; Kong et al., 2010) and in
our study (Fig. 6), dopaminergic signaling is not significantly
involved in the sedating effect of ethanol in Drosophila. Thus,
dopamine is not relevant to the activation of DopEcR to promote
ethanol-induced sedation. Interestingly, however, DopEcR-
mediated dopaminergic signaling may play a role in different
aspects of the behavioral response to ethanol, namely ethanol-
induced hyperactivity, which depends on conventional dopa-
mine signaling via the D1-like receptor, DopR (Kong et al., 2010).
Our recent experiments show that this dopamine-dependent be-
havioral response to ethanol is exaggerated in DopEcR mutants
(data not shown). This observation raises the possibility that,
although dopamine is not involved in the DopEcR-mediated
regulation of ethanol-induced sedation, it may act through

Figure 7. The active form of ecdysone, 20E, suppresses the sedation-promoting activity of DopEcR upon ethanol exposure. A, B, Effects of DTS-3 on ethanol-induced sedation. Left,
Percentage of flies exhibiting sedation. Right, ST50. The temperature-sensitive DTS-3 mutants were raised at 18°C then transferred to 29°C after eclosion. As compared with control (Ctrl),
DTS-3 flies showed decreased resistance to ethanol sedation (A). Reduction of DopEcR function by means of DopEcRGAL4 (A) or DopEcR knockdown (B) eliminated the effect of DTS-3 on
ethanol sedation; Ctrl (w1118/Y, n � 9), DTS-3 (w1118/Y;DTS-3/�, n � 12), GAL4 (w1118/Y;DopEcRGAL4, n � 7), DTS-3 GAL4 (w1118/Y;DTS-3/� DopEcRGAL4, n � 8), da	RNAi
(UAS-DopEcR-RNAi/�;da-GAL4/�, n � 10) and da	RNAi DTS-3 (UAS-DopEcR-RNAi/�;da-GAL4/DTS-3, n � 8). C, Effects of 20E feeding on ethanol-induced sedation in flies
ubiquitously overexpressing DopEcR-cDNA. Left, Percentage of flies exhibiting sedation. Right, ST50. Resistance to ethanol sedation was increased in da	cDNA (UAS-DopEcR-cDNA/da-
GAL4 ) flies fed 0.1 mM 20E (n � 10) in food for 24 h before ethanol exposure compared with those fed vehicle (n � 9). All figures display averages with SEM, with two-way
repeated-measures ANOVA on ranks, Holm–Sidak (A and B, left), and ANOVA on ranks, Dunn’s multiple comparisons (A and B, right), and Mann–Whitney rank-sum test (C, right). a and
b represent p � 0.05 from first and second genotype displayed; *p � 0.05 from the vehicle control.
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DopEcR to counteract DopR-mediated ethanol-induced
hyperactivity.

In the case of ecdysone, we found that acute 20E feeding had
no effect on the ethanol-induced sedation of control flies. How-
ever, DTS-3 mutants, which were deficient for ecdysone synthesis
in adults, displayed increased sensitivity to ethanol-induced se-
dation in a DopEcR-dependent manner. In addition, acute 20E
feeding to flies overexpressing DopEcR led to a significant in-
crease in their resistance to ethanol-induced sedation (Fig. 7).
These data suggest that ecdysone can negatively affect DopEcR
activity that promotes ethanol-induced sedation.

Despite the resistance of DopEcR mutants to ethanol-induced
sedation, our results indicate that neither dopamine nor ecdysone is
required for the activation of DopEcR during ethanol exposure to
promote sedation. One potential explanation for this is that other
unidentified DopEcR agonists are responsible for promoting
ethanol-induced sedation. Another possibility is that DopEcR exerts
agonist-independent activity. Historically, GPCRs were thought to
have two distinct conformations—an active and an inactive state—
contingent upon ligand availability. It is now accepted that GPCRs
occupy a wide range of conformational states that influence the ex-
tent and specificity of downstream signaling events. Also, in addition
to the effects of agonists and inverse agonists, which stabilize unique
GPCR states (Rasmussen et al., 2011), many GPCRs inherently show
agonist-independent basal activity (Bond and Ijzerman, 2006; Na-
kashima et al., 2013). Considering our experimental findings, it is
possible that DopEcR exerts agonist-independent activity to pro-
mote ethanol-induced sedation, and that this activity can be sup-
pressed by ecdysteroids acting as inverse agonists. This hypothesis
would explain how reduced ecdysone levels in DTS-3 mutants could
lead to DopEcR disinhibition, and thus decreased resistance to
ethanol-induced sedation, a result similar to that of overexpressing
DopEcR. Although this scenario predicts that increasing levels of 20E
will increase ethanol-induced resistance to sedation, an effect of
acute 20E feeding was only observed in flies overexpressing DopEcR.
There are several potential reasons for this discrepancy. First, per-
haps the majority of DopEcR receptors are already occupied by 20E,
or other endogenous steroidal ligands for DopEcR, such as makis-
terone A and the prohormone ecdysone. Second, it is possible that
ecdysteroids, like neurohormones, have refined site-specific actions
and 20E feeding fails to recapitulate localized ecdysone signaling
necessary for DopEcR-mediated processes. Third, genomic and
nongenomic actions of the canonical ecdysone receptor EcR may
affect DopEcR-mediated ecdysone signaling in controlling the re-
sponse to alcohol. It is also important to consider that the availabil-
ity, specificity, and competition of GPCR ligands is often a complex
and site-specific phenomenon (Kenakin and Christopoulos, 2013).
The extent of DopEcR expression may even affect the neuroactive
pools of 20E, which then modulates nuclear ecdysteroid (EcR) sig-
naling. Further molecular and cellular analyses are required to test
the validity of these possibilities and fully understand the mecha-
nisms by which 20E regulates behavioral response to ethanol.

EGFR/ERK signaling mediates DopEcR-dependent behavioral
response to ethanol
Our finding that DopEcR negatively affects EGFR/ERK signaling
to promote ethanol sedation (Fig. 5) is consistent with prior in-
vestigations, in both flies and rodents, demonstrating that the
EGFR/ERK activity positively correlates with resistance to
ethanol-induced sedation (Corl et al., 2009). Previous studies
have also provided insight into the spatial requirements of
EGFR/ERK signaling in ethanol-induced sedation. Specifically,
reducing EGFR/ERK in either insulin-producing (dilp2�) or do-

paminergic (TH�) neurons increases resistance to ethanol-
induced sedation (Corl et al., 2009). At first glance our data seem
incompatible with these models since restricted DopEcR-RNAi
expression in TH� or dilp2� neurons did not significantly affect
ethanol-induced sedation (data not shown). In mammals, how-
ever, EGFR can be transactivated or transinhibited by alcohol
itself or GPCRs, via intracellular or intercellular mechanisms
(Mill et al., 2009; Berasain et al., 2011). Therefore, there is the
possibility that DopEcR may modulate EGFR signaling, via inter-
cellular mechanisms, in neurons that do not express DopEcR. It is
also possible that DopEcR independently influences the EGFR
and ERK pathways. Indeed, DopEcR-mediated ERK phosphory-
lation was previously observed in Chinese hamster ovary cells,
which are known to lack EGFR expression (Srivastava et al.,
2005). Altogether, our data show that DopEcR may influence
EGFR/ERK signaling either directly or indirectly to alter the tim-
ing of ethanol-induced sedation.

Unlike the sedation-resistant happyhour (Ste20 kinase) mu-
tants, which showed increased p-ERK levels only after short ex-
posure to ethanol vapor (Corl et al., 2009), DopEcR mutants
exhibited higher basal levels of p-ERK (Fig. 5). We suspect that
this disparity is caused by distinct roles of DopEcR and Ste20
kinase in regulation of EGFR/ERK signaling; DopEcR may be
involved in maintaining the steady-state activity of EGFR signal-
ing, whereas Ste20 kinase may play a role in modulating the acute
response of the signaling pathway upon exposure to ethanol.
We also found that EGFR/ERK signaling and DopEcR function
have different temporal requirements. Experiments using pan-
neuronal knockdown of EGFR indicate that the EGFR/ERK path-
way is required both during development and in adulthood to
influence ethanol-induced sedation sensitivity (Eddison et al.,
2011). Our findings using DopEcR-RNAi in combination with
the TARGET system suggest that DopEcR function is required,
particularly after eclosion, for normal sensitivity to the sedative
effect of ethanol. We cannot rule out the possibility that DopEcR
plays a role in posteclosion development, such as neuronal re-
modeling. However, the results shown in Figures 3–5 support the
idea that DopEcR is involved in adult neuronal processing, in-
cluding the modulation of EGFR/ERK signaling, which is critical
for the proper sedative response to ethanol.

Functional similarities of DopEcR to vertebrate GPER1
DopEcR is similar to GPER1, the vertebrate GPCR for 17�-estradiol,
in terms of its cellular location, signaling properties, and pharmacol-
ogy (Evans et al., 2014). In particular, GPER1 shares downstream
effectors with DopEcR, modulating EGFR/ERK and cAMP signaling
pathways (Olde and Leeb-Lundberg, 2009). In addition to the in-
volvement of EGFR/ERK signaling discussed above, we have evi-
dence to suggest that DopEcR requires cAMP signaling to control
ethanol sedation timing. Specifically, a cAMP phosphodiesterase
mutation (dunce1), but not by an adenylyl cyclase mutation (ruta-
baga1), eliminated the sedation resistance of DopEcR mutants (data
not shown). These findings are consistent with those of previous
work demonstrating that cAMP is crucial for the conserved behav-
ioral response to alcohol and that cAMP signaling can be activated
downstream of DopEcR (Moore et al., 1998; Srivastava et al., 2005;
Ishimoto et al., 2013).

GPER1 also responds to dopamine in a dose-dependent man-
ner when expressed in Xenopus oocytes (Evans et al., 2014). Fur-
thermore, both the DopEcR and GPER1 protein sequences
contain putative cholesterol recognition/interaction amino acid
consensus sequences that have been proposed as a sterol-binding
domain in GPCRs (Jafurulla et al., 2011). In consideration of
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these intriguing parallels and our current findings, the potential
function of GPER1 in the response to ethanol warrants further
investigation. The results obtained from our DopEcR experi-
ments emphasize the importance of a unique steroid GPCR in
alcohol response and lay the foundation for future works to
probe the evolutionarily conserved mechanisms underlying the
roles of G-protein-coupled steroid receptors in AUDs.

Notes
Supplemental material for this article is available at https://youtu.be/
K9yrRXbhitg. DopEcR mutants are resistant to ethanol-induced seda-
tion. This video of control (w1118) flies (left) and DopEcRGAL4 mutants
(right) after 30 min of ethanol exposure demonstrates the robust seda-
tion resistance of DopEcR mutants. The frame rate has been sped up 3�
real time. This material has not been peer reviewed.
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