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S6 Kinase Reflects and Regulates Ethanol-Induced Sedation
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Alcohol use disorders (AUDs) affect people at great individual and societal cost. Individuals at risk for AUDs are sensitive to alcohol’s
rewarding effects and/or resistant to its aversive and sedating effects. The molecular basis for these traits is poorly understood. Here, we
show that p70 S6 kinase (S6k), acting downstream of the insulin receptor (InR) and the small GTPase Arf6, is a key mediator of ethanol-
induced sedation in Drosophila. S6k signaling in the adult nervous system determines flies’ sensitivity to sedation. Furthermore, S6k
activity, measured via levels of phosphorylation (P-S6k), is a molecular marker for sedation and overall neuronal activity: P-S6k levels are
decreased when neurons are silenced, as well as after acute ethanol sedation. Conversely, P-S6k levels rebound upon recovery from
sedation and are increased when neuronal activity is enhanced. Reducing neural activity increases sensitivity to ethanol-induced seda-
tion, whereas neuronal activation decreases ethanol sensitivity. These data suggest that ethanol has acute silencing effects on adult
neuronal activity, which suppresses InR/Arf6/S6k signaling and results in behavioral sedation. In addition, we show that activity of
InR/Arf6/S6k signaling determines flies’ behavioral sensitivity to ethanol-induced sedation, highlighting this pathway in acute responses
to ethanol.
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Introduction
Alcohol use disorders (AUDs) and alcoholism have significant
consequences for individuals and society at large. People at risk
for AUDs are more sensitive to the positive, “rewarding” effects
of ethanol exposure and/or are more resistant to its intoxicating

and sedating effects (Newlin and Thomson, 1990; Schuckit, 1994;
King et al., 2011; Quinn and Fromme, 2011). Although numer-
ous studies indicate that alcoholism has a large genetic compo-
nent (Goldman and Ducci, 2007; Gelernter and Kranzler, 2009;
Rietschel and Treutlein, 2013), our understanding of the genes
and molecules contributing to AUDs is still lacking.

Drosophila melanogaster, the vinegar fly, is a genetically trac-
table organism used to model ethanol-induced behaviors rele-
vant to AUDs (Rodan and Rothenfluh, 2010; Kaun et al., 2011).
As in mammals, low doses of ethanol induce disinhibition (Lee et
al., 2008) and hyperlocomotion (Wolf et al., 2002), whereas high
doses cause loss of postural control and sedation (Rothenfluh et
al., 2006). In addition to the behavioral similarities between flies
and mammals, there is also substantial mechanistic overlap. For
example, proper regulation of the actin cytoskeleton is required
in mammals and flies for normal behavioral responses to ethanol.
Mice with a genetic knock-out of EPS8, an actin-capping protein,
are resistant to ethanol-induced sedation and they drink more
alcohol (Offenhäuser et al., 2006). In flies, the small Rho-family
GTPase Rac1, a regulator of actin dynamics, is required for nor-
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Significance Statement

Genetic factors play a major role in the development of addiction. Identifying these genes and understanding their molecular mecha-
nisms is a necessary first step in the development of targeted therapeutic intervention. Here, we show that signaling from the insulin
receptorinDrosophilaneuronsdeterminesflies’sensitivitytoethanol-inducedsedation.Weshowthatthissignalingcascadeincludesthe
small GTPase Arf6 and S6 kinase (S6k). In addition, activity of S6k is regulated by acute ethanol exposure and by neuronal activity. S6k
activity is therefore both an acute target of ethanol exposure and a regulator of ethanol’s effects on behavior.
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mal ethanol responses (Rothenfluh et al., 2006) and we have
shown recently that the Arfaptin protein links Rac1 to another
small GTPase, Arf6 (Peru y Colon de Portugal et al., 2012). Arf6 is
important in membrane trafficking and actin organization at the
plasma membrane (Palamidessi et al., 2008; Schweitzer et al.,
2011) and its loss causes sensitivity to ethanol-induced sedation
(Peru y Colon de Portugal et al., 2012). Genetically, Arf6 acts
downstream of Rac1, but other components acting in concert
with Arf6 to modulate ethanol-induced sedation are currently
not known.

Here, we show that Arf6 acts in the insulin receptor (InR)
signaling pathway both in vivo and in Drosophila cell culture. Arf6
is required for insulin-induced activation of S6 kinase (S6k) and
adult neuronal activity of the pathway correlates with the degree
of resistance to ethanol-induced sedation. In addition, we show
that the pathway is also acutely regulated by ethanol and that
sedation correlates with the loss of S6k activity, as measured by
loss of S6k phosphorylation (P-S6k). Activity of S6k is thus both
a molecular marker and a behavioral determinant for ethanol-
induced sedation. Last, we show that neuronal inhibition causes
loss of P-S6k and facilitates ethanol-induced sedation, whereas
the opposite is true for neuronal activation. Our findings suggest
that acute ethanol causes neuronal silencing and that InR signal-
ing is under dynamic regulation by neural activity and by acute
ethanol. Neuronal InR/Arf6/S6k signaling also determines the
level of sensitivity to ethanol-induced sedation.

Materials and Methods
Fly stocks, genetics, and behavioral experiments. Flies were maintained on
regular cornmeal/yeast/molasses at 25°C/65% humidity (unless other-
wise specified). Flies were out-crossed for at least five generations to the
w* Berlin (wild-type) genetic background. The following fly strains were
obtained from the Bloomington stock center: Arf6 P2 (EP2612, #17076),
Arf6 KG (KG02753, #13763), and UAS-TrpA (#26264). Arf6 G4 was ob-
tained from the Kyoto stock center (NP5226, #104910). UAS-shi ts on the
second chromosome was a gift from Toshi Kitamoto. Drivers used were
elav-Gal4, which expressed pan-neuronally, and whir 1-Gal4/� and
whir 3-Gal4/�. The latter two are expressed more specifically in the brain
in neurons requiring both Arf6 (Peru y Colon de Portugal et al., 2012)
and RhoGAP18B (Rothenfluh et al., 2006) for normal ethanol-induced
sedation. Of the two, whir 3-Gal4/� expresses Gal4 more strongly
(Rothenfluh et al., 2006), but flies containing whir3-Gal4/� and UAS-
TrpA had seizures even at room temperature and we therefore used the
weaker whir 1-Gal4/� for the experiments shown in Figure 6. Because the
whir gene is on the X chromosome, we used (whir-Gal4/� heterozygous)
females for these experiments (see Figs. 2 A, B, 6). For all other experi-
ments, males were used.

Ethanol exposure and determination of the ST-50 via measuring the
flies’ loss-of-righting reflex in the Booz-o-mat was performed as de-
scribed previously (Rothenfluh et al., 2006). In brief, groups of 20 flies
per tube (for an n of 1) were exposed to vaporized ethanol (130/20
ethanol/air flow rate, unless specified otherwise) and manually counted
for loss-of-righting reflex at 5 min intervals until 50% of the flies were
unable to right themselves upon gentle tapping. Our previous studies
indicate that systemic levels of ethanol in flies at the ST50 using 150/0
ethanol/air concentration is �17 mM (Peru y Colon de Portugal et al.,
2012), which is about equivalent to the legal driving limit of alcohol in
humans (�0.08% blood alcohol concentration). Flies’ locomotion activ-
ity was measured for 3 d in a 12:12 h light:dark cycle with a standard
circadian rhythm Drosophila Activity Monitor system (Trikinetics). In it,
single flies are kept in a small glass cuvette with food and an infrared
emitter and detector measures their beam breaks in 30 min bins.

Rapamycin feeding treatment. Rapamycin (LC Laboratories) was dis-
solved in ethanol to make 1 M stock solutions. Flies were fed rapamycin
on filter paper (final concentration: 400 �M rapamycin in 100 mM su-
crose) for 3 consecutive days at 25°C before testing. Control flies were fed

100 mM sucrose with equivalent amounts of ethanol as in the experimen-
tal condition.

Cell culture. Drosophila S2-Gal4 cells were maintained at 26°C in Sch-
neider medium (Invitrogen) with 10% fetal bovine serum. Constructs
were made using Gateway cloning (T. Murphy, Carnegie, Baltimore,
MD) and clonase (Invitrogen) and transfected using a standard calcium
chloride protocol. A stably transfected Arf6 Q67L (Arf6 CA) line was gen-
erated with pCoHygro (Invitrogen) and maintained in the presence of 22
mg/ml hygromycin in the medium. Anti-Arf6 dsRNAi was generated
using the Megascript T7 kit (Ambion) and cells were treated daily for 3 d
with 15 �g of dsRNAi. Serum-starved cells were treated with bovine
insulin (Sigma-Aldrich) or wortmannin (150 nM; LC Laboratories) for 30
min before harvesting.

Antibody techniques. Western blots were performed using anti-Arf6
antibody (1:1000, Sigma-Aldrich, #A5230), anti-S6k (1:1000 a gift from
Thomas Neufeld, University of Minnesota), anti-P-S6k (1:2000, #9206,
Cell Signaling Technology) and visualized using enhanced chemilumi-
nescence (GE Healthcare). Densitometry was conducted using the
Adobe Photoshop Creative Suite 3 (CS3) analysis tool. Each n of 1 consist
of the ratio of mean gray value relative to background, which was then
averaged with three separate blots probed with both anti-S6k and anti-
P-S6k taken from three independent biological replicates. Arf6.GTP
levels were determined using the Active Arf6 pull-down and detection
kit (#16122Y; Thermo Scientific) and compared with total Arf6
(Sigma-Aldrich, #A5230) in the lysate in three independent pull-
down experiments.

Statistical analysis. Data were analyzed using Prism software (Graph-
Pad). Student’s t test or ANOVA followed by Dunnett’s post hoc compar-
isons were conducted when appropriate. A p � 0.05 was considered
significant.

Results
Previously, we isolated mutations in Arf6 and showed that they
cause sensitivity to ethanol-induced sedation (without affecting
overall locomotor activity; Peru y Colon de Portugal et al., 2012).
In mammalian HepG2 liver cell culture, Arf6 has been shown to
participate in InR signaling (Lim et al., 2010), but in 3T3-L1
adipocytes, Arf6 is not required for activation of InR downstream

Figure 1. Adult neuronal InR signaling regulates ethanol-induced sedation. Adult neuronal
expression of constitutively activated InR (UAS-InR CA; Student’s t test, ***p � 0.001, t � 5.4,
n � 8, 12, where an n of 1 is a group of 20 flies) or the downstream effector S6k (UAS-S6k CA; t
test, *p � 0.05, t � 2.4, n � 8, 10) led to reduced sensitivity to ethanol-induced sedation.
Neither of the two altered overall locomotor activity (total daily counts: 1662 � 147 for elav-
Gal4;UAS-InR CA vs 1969 � 154 for control; t test, p � 0.16, t � 1.4, n � 16, where an n of 1 �
1 fly; and 1400 � 149 for elav-Gal4;UAS-S6k CA vs 1569 � 130 for control; t test, p � 0.40, t �
0.85, n � 16). Conversely, adult neuronal expression of the Pi3k inhibitor p60 (UAS-p60; t test
*p � 0.05, t � 2.3, n � 9, 8) causes increased sensitivity to ethanol. Flies were exposed to
130/20 ethanol/air (E/A), and results are shown as means � SEM. Gal4 activity was repressed
by growing flies at 18° during development with expression of the temperature-sensitive Gal4
repressor Gal80 ts. Adults were placed at 29° for 3 d to inactivate Gal80 ts, thus allowing Gal4-
induced UAS-transgene expression. (Note that pharmacological inhibition of mTOR by feeding
adults rapamycin also caused ethanol sensitivity; see Results.)
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targets (Li et al., 2012). To investigate whether Arf6 plays a role in
InR signaling in the context of behavioral ethanol responses, we
first investigated whether changes in InR signaling would affect
ethanol-induced sedation in ways similar to changes in Arf6
(Peru y Colon de Portugal et al., 2012). Previous studies have
found that suppression of InR signaling during development
caused subsequent resistance to ethanol sedation in adults (Ed-
dison et al., 2011; McClure et al., 2011). Because we showed pre-
viously that Arf6 is required in the adult nervous system for
normal ethanol sedation behavior (Peru y Colon de Portugal et
al., 2012), we specifically examined the consequences of changes
in InR signaling in the adult nervous system. We used flies ex-
pressing the pan-neuronal driver elav-Gal4 together with the
ubiquitous temperature-sensitive Gal4-inhibitor Gal80 ts (Tub-
Gal80 ts) to express a constitutively active InR, UAS-InR CA and
found that adult-only expression of the UAS-InR CA led to re-
duced sensitivity to ethanol-induced sedation, leaving flies’ loco-
motor activity unchanged (Fig. 1). Adult neuronal expression of
the activated downstream effector UAS-S6k CA also caused re-
duced ethanol sensitivity without changing overall locomotion
(Fig. 1). Conversely, adult-specific inhibition of the InR signaling
pathway, via expression of an inhibitor of phosphatidylinositol
3-kinase (Pi3k), UAS-p60 (Weinkove et al., 1999), caused an in-
crease in ethanol sensitivity (Fig. 1). To confirm pharmacologi-
cally these findings that sensitivity to ethanol-induced sedation
inversely correlates with the activity of the InR pathway, we fed
adult wild-type flies for 3 d with 400 �m rapamycin, an inhibitor
of the S6k activator mTOR (mechanistic target of rapamycin;
Bjedov et al., 2010) and found that this treatment increased sensi-
tivity to ethanol (ST-50 for rapamycin-fed flies � 10.3 � 0.3 min; for
vehicle-fed flies � 12.9 � 0.7, p � 0.05, t � 3.3, n � 4, Student’s t
test). Together, these data indicate that the activity of neuronal InR
signaling in adult flies determines the sensitivity to ethanol-induced
sedation, just as is the case for Arf6 activity (Peru y Colon de Portugal
et al., 2012), and they are consistent with the hypothesis that Arf6 is
required for mediating InR signaling.

To test genetically whether Arf6 acts in this pathway in vivo,
we performed genetic epistasis experiments. We used the whir 3-

Gal4 driver, which expresses more specifically in neurons in-
volved in ethanol-induced sedation (Rothenfluh et al., 2006),
including neurons requiring Arf6 for normal ethanol-induced
sedation (Peru y Colon de Portugal et al., 2012). Adult expression
of activated InR in these neurons (whir 3-Gal4/�; UAS-
InR CA/�) caused reduced ethanol sensitivity. Introducing an
Arf6� mutation in these flies expressing InR CA led to enhanced
ethanol sensitivity in the double mutants that was indistinguish-
able from flies with only Arf6� mutation on its own (Fig. 2A).
These results indicate that Arf6 acts downstream of InR in the
regulation of ethanol-induced sedation. Conversely, reduced
ethanol sensitivity of whir 3-Gal4/�;UAS-S6k CA/� flies was not
altered by the introduction of the ethanol-sensitive Arf6� muta-
tion (Fig. 2B), which suggested that S6k acts downstream of Arf6
in the regulation of ethanol-induced sedation.

We next investigated whether InR signaling affected Arf6 ac-
tivation in vivo and performed pull-down experiments with a bait
protein, GGA3, that specifically recognizes activated, GTP-
bound Arf6 (Arf6.GTP). Flies expressing UAS-InR CA showed a
slight, but nonsignificant, increase in Arf6 activation, whereas
neuronal expression of dominant-negative UAS-InRDN led to a sig-
nificant reduction in Arf6 activation (Fig. 2C,D). These data show
that neuronal InR signaling affects Arf6 activity and that Arf6 medi-
ates InR signaling, regulating ethanol-induced sedation.

To find a Drosophila cell culture model in which Arf6 was
similarly downstream of InR, we examined wild-type Schneider
S2 cells. We observed that insulin application on serum-starved
cells resulted in a dose-dependent activation of Arf6 (Fig. 2E,F)
and also caused dose-dependent activation of S6k, as assessed
with a phosphospecific antibody against phosphorylated S6k
threonine 398 (P-S6k; Lizcano et al., 2003; Fig. 3A,D). As ex-
pected, this activation was suppressed by the Pi3k inhibitor wort-
mannin (Fig. 3A,D). RNAi-mediated knock-down of Arf6
suppressed S6k activation (Fig. 3B,D), whereas expression of
GTP-locked, constitutively active Arf6 Q67L (Arf6.GTP) increased
baseline P-S6k levels, potentiated insulin’s effect on S6k activa-
tion, and required higher levels of wortmannin for inhibition
(Fig. 3C,D). These data show that Arf6 mediates S6k activation

Figure 2. Arf6 functions downstream of InR and upstream of S6k to control ethanol responses. A, Arf6 double mutants with UAS-InR CA are as sensitive as Arf6 mutants alone (F(3,29) � 54 for
overall differences, p � 0.001, n � 8, 12, 7, 6; one-way ANOVA with Dunnett’s post hoc test: ns p � 0.99, q � 0.12) and more sensitive than UAS-InR CA alone [**p � 0.01, q � 10.6; 130/20
ethanol/air (E/A)]. B, Arf6 double mutants with ethanol-resistant UAS-S6k CA are as resistant as UAS-S6k CA mutants (F(3,36) � 12 for overall differences, p � 0.001, n � 13, 12, 6, 9; one-way ANOVA
with Dunnett’s post hoc test: ns p � 0.99, q � 0.64) and significantly more resistant than Arf6 mutants alone (**p � 0.01, q � 5.0). C, D, Pull-down of activated Arf6.GTP followed by anti-Arf6
Western blot of UAS-InR flies shows significant downregulation of Arf6 activation with dominant-negative InR compared with control without transgene (F(2,6) � 31 for overall differences, p �
0.001, one-way ANOVA with Dunnett’s post hoc test: n � 3, **p � 0.01, q � 6.0). E, F, Pull-down in serum-starved S2 cells shows that 30 min of incubation with insulin causes dose-dependent
activation of Arf6 ( p � 0.001, r 2 � 0.89, Pearson’s correlation coefficient; one-way ANOVA with Dunnett’s post hoc test, n � 3: **p � 0.01, q � 4.7, ***p � 0.001, q � 8.5 vs negative control).
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induced by InR activation in Drosophila S2 cells, as it does in
neurons in vivo.

The above in vivo data indicated that the level of activity of the
InR signaling pathway determines the degree of resistance to
ethanol-induced sedation. We next investigated whether ethanol
exposure had any acute effects on InR signaling. We found that
low doses of ethanol showed a trend toward potentiation of InR
signaling, reflected in an increase in both Arf6 and S6k activation
(Fig. 4). Conversely, high doses of ethanol suppressed InR signal-
ing: Arf6.GTP levels were significantly decreased and P-S6k be-
came undetectable (Fig. 4). The ethanol-induced loss of P-S6k
levels was correlated with ethanol-induced behavioral sedation
(p � 0.05, Pearson’s r 2 � 0.27, n � 15). Flies lacking Arf6, which
are very sensitive to ethanol (Fig. 2), showed very little P-S6k
regardless of ethanol exposure (Fig. 4C,D). If lack of P-S6k cor-

relates with sedation, then this would suggest that Arf6 mutant
flies might already be close to sedation before ethanol exposure.
Indeed, Arf6 mutants sedate with very low levels of ethanol expo-
sure that fail to sedate wild-type flies and these mutants are more
sensitive than other known ethanol-sensitive mutants (Peru y
Colon de Portugal et al., 2012). This suggests that acute loss of
P-S6k correlates with ethanol-induced sedation and that genetic
lack of P-S6k predisposes flies to sensitivity to ethanol-induced
sedation.

To further test the inverse correlation between S6k activity
and ethanol-induced sedation, we performed sedation recovery
experiments. The speed of recovery from sedation depends on
the ethanol dose (i.e., exposure time) that caused the sedation,
with longer exposures leading to slower behavioral recovery (Fig.
5D). We measured the percentage of awake flies and of P-S6k
after three different exposure doses/lengths at three successive
recovery time points. Levels of sedation and of P-S6k were nega-
tively correlated both during exposure (Fig. 5A–C, p � 0.001,
Pearson’s r 2 � 0.73, n � 12) and during recovery (Fig. 5D–F, p �
0.001, Pearson’s r 2 � 0.49, n � 27). S6k activity therefore reflects
acute sedation during exposure and recovery from ethanol (Figs.
4, 5) and also determines the levels of sensitivity to ethanol-
induced sedation (Figs. 1, 2).

We then turned our attention to understanding the physio-
logical process responsible for the loss of P-S6k and ethanol-
induced sedation. A recent report showed that, in the rodent
brain, phosphorylation of the S6 ribosomal subunit, the canoni-
cal S6k substrate, is a molecular marker for neuronal activity
(Knight et al., 2012). To test whether this was also true in Dro-
sophila, we used the whir 1-Gal4/� driver (which, like whir 3-
Gal4/�, is expressed in the same neurons important for ethanol
resistance, but expresses less strongly; Rothenfluh et al., 2006) to
drive temperature-sensitive UAS-shi ts to silence (Kitamoto,
2001) and UAS-TrpA to activate (Hamada et al., 2008) neurons,
respectively. Flies in which neurons were silenced had decreased
P-S6k levels, whereas flies with neuronal activation showed in-
creased P-S6k (Fig. 6A,B). As in mammals, P-S6k activity in flies
thus reflects neuronal activity and we hypothesized that loss of
P-S6k caused by ethanol exposure was a reflection of loss of neu-
ronal activity. If so, neuronal silencing should enhance ethanol-
induced sedation, whereas neuronal activation should suppress
it. Flies expressing UAS-TrpA driven by whir 1-Gal4/� showed
some incidence of seizures at 34°C, so we assayed these flies at
32°C, where they showed normal behavior in the absence of eth-
anol. As hypothesized, neuronal activation suppressed sedation,
whereas neuronal silencing of whir 1-Gal4 expressing neurons en-
hanced ethanol-induced sedation (Fig. 6D). At the ineffective
temperature, UAS-shi ts showed no effect on sedation, whereas
UAS-TrpA had a significant effect that was smaller than at the
high temperature. This may be due to leakiness of the TrpA chan-
nel (cf. Liu et al., 2012; Fig. 6C). These findings thus show that
activity of S6k is a reflection of neuronal activity in Drosophila
and suggest that ethanol causes sedation by acutely suppressing
neuronal activity and thereby S6k activity.

Discussion
Insulin signaling in the nervous system regulates behavioral
response to ethanol
Identifying the molecular mechanisms mediating ethanol-
induced sedation is critical for understanding the development of
AUDs. Here, we show that neuronal InR to S6k signaling is an
important pathway in regulating ethanol-induced sedation. We
found that adult-specific reduction in InR signaling causes in-

Figure 3. Arf6 mediates insulin-induced S6k activation in serum-starved S2 cells. A, Western
blot showing dose-dependent S6k activation (left half), inhibited by wortmannin (right half, cf.
lanes 2 and 4 on the right with lane 3 on the left). B, S6k activation is reduced after Arf6
knock-down by RNAi, whereas stable transfection of activated Arf6.GTP (C) potentiates S6k
activation. D, Quantification of three independent blots shown in A–C. S6k is activated in a
dose-dependent manner by insulin (left, gray circles, p � 0.001, r 2 � 0.77, Pearson’s correla-
tion coefficient). Altering Arf6 activity changes P-S6k levels (left, genotype main effect, p �
0.001, F(2,24) � 48, two-way ANOVA), with RNAi-mediated knock-down decreasing them
(*p � 0.05, q � 3.1, **p � 0.01, q � 3.4; Dunnett’s post hoc test, n � 3) and activated
Arf6.GTP increasing them (*p � 0.05, q � 2.6, **p � 0.01, q � 3.7; Dunnett’s post hoc test,
n � 3). Wortmannin (right) significantly inhibited P-S6k at 2.5 �M insulin (dose main effect
p � 0.001, F(2,18) � 12; two-way ANOVA).
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creased sensitivity to ethanol’s sedating
effects, whereas activation of the pathway
caused reduced ethanol sensitivity. These
findings are consistent with initial reports
showing that constitutive global and
neuron-specific reductions in InR signal-
ing caused sensitivity to ethanol-induced
sedation (Corl et al., 2005). We also show
that the small GTPase Arf6, which we have
shown previously to act in the adult ner-
vous system to regulate ethanol sedation
(Peru y Colon de Portugal et al., 2012),
acts downstream of InR. Arf6 activation
reflects the activity of InR signaling both
in the nervous system of flies and in
hematocyte-derived Drosophila S2 cells.
Unlike flies lacking other essential core
components of the insulin signaling path-
way, such as InR (Corl et al., 2005) and
S6k (Montagne et al., 1999), flies lacking
Arf6 are viable. This may reflect condi-
tional requirements for Arf6 signaling in
specific cell types or under distinct physi-
ological conditions. For example, in
HepG2 cells, Arf6 mediates InR signaling
(downstream of CNK1, a direct interactor
with the Arf6 activator cytohesin-2; Lim et
al., 2010). In contrast, Arf6 is not neces-
sary for immediate downstream InR sig-
naling in 3T3-L1 adipocytes (Yang and
Mueckler, 1999; Bose et al., 2001; Law-
rence and Birnbaum, 2001; Li et al., 2012).
We show that InR signaling in Drosophila
neurons and S2 cells requires Arf6.

Our data show that adult increases in
InR signaling caused resistance to
ethanol-induced sedation. This is in
contrast to findings by Eddison et al.
(2011) showing that strong increases in
InR signaling throughout development
and into adulthood led to ethanol sensi-
tivity. This may be explained by the devel-
opmental effects of insulin signaling on
neural proliferation (McClure et al., 2011)
and wiring (Song and Zinsmaier, 2003),
overriding any opposing effects from
adult InR changes. In addition, the InR
pathway is known to be under homeo-
static regulation (Copps and White, 2012;
Boucher et al., 2014) and the adult behav-
ioral phenotypes observed after develop-
mental interference with InR signaling
(Eddison et al., 2011; McClure et al., 2011)
could therefore be due to a homeostatic
upregulation of the signaling pathway af-
ter suppressing the pathway through de-
velopment.

Role for S6k in ethanol-induced
sedation
Pioneering work showed that S6k is ac-
tivated in the nucleus accumbens of ro-
dents that were injected with a

Figure 4. Acute ethanol exposure affects adult fly InR signaling in vivo. A, B, Activated Arf6.GTP pull-downs show a change in Arf6
activation as a function of ethanol exposure (F(4,10) � 8.3, p � 0.01, one-way ANOVA, n � 3). There is a trend toward activation at low
doses ( p�0.12) and high doses of ethanol suppress Arf6 activity [*p�0.05, q�3.0; Dunnett’s post hoc test vs 0/150 ethanol/air (E/A),
left lane]. C, D, LowdosesofethanolalsoshowatrendtowardS6kactivation( p�0.09),whereashighdosesleadtoundetectablelevelsofP-S6k.
NoP-S6kisdetectableinArf6mutants(*p�0.05,q�3.6;one-wayANOVAwithDunnett’sposthoctestvs0/150E/Awild-type;n�3).Flieswere
exposed for 20 min to various doses of ethanol (combined ethanol � air flow rate was 150) and the resulting levels of sedation are indicated
underneath.

Figure 5. Levels of P-S6k correlate inversely with levels of sedation during adult ethanol exposure and recovery. A, Increasing duration of
ethanol/air(E/A)150/0exposureleadstoincreasingsedation,withresultinglossofP-S6ksignal(n�3;B,C).D,Fliesrecovergraduallyafterethanol
exposure and do so more quickly after shorter exposure (lower dose). E, F, Recovery of P-S6k signal is correlated with behavioral recovery and takes
longer after a longer prior ethanol exposure (main effects of recovery, p � 0.05, F(2,18) � 4.2, and exposure p � 0.001, F(2,18) � 13, two-way
ANOVA).TheoverallcorrelationofbehavioralsedationandP-S6kmeasures inthis figureishighlysignificant( p�0.0001, r 2�0.56, n�36).
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nonsedating dose or that self-administered ethanol (Neasta et
al., 2010). In addition, pharmacological inhibition of mTOR
(a direct activator or S6k) with rapamycin led to a reduction in
acute ethanol intake (Neasta et al., 2010) and drinking relapse
(Barak et al., 2013). Therefore, mTOR and S6k appear to be
positive mediators of ethanol drinking (Neasta et al., 2014)
and the pathway is induced by acute ethanol exposure (Neasta
et al., 2010) and even ethanol-associated memories (Barak et
al., 2013). Here, we show for the first time a direct role for S6k
in regulating behavioral responses to ethanol. Increasing adult
neuronal activity of S6k or its upstream regulator, InR, leads to
a decrease in ethanol sensitivity. Conversely, decreasing the
activity of Arf6, another upstream regulator of S6k, increases
ethanol sensitivity. We also observed a trend toward activation
of the pathway by nonsedating doses of ethanol, similar to
observations in mammalian studies (Neasta et al., 2010). Be-
cause addiction is a result of both sensitivity to the reinforcing
effects of ethanol and resistance to its intoxicating/sedating
effects (Newlin and Thomson, 1990; Schuckit, 1994; King et
al., 2011; Quinn and Fromme, 2011), S6k may play a role both
in the activating, nonsedating limb of ethanol-induced behav-
ior and reinforcement (Neasta et al., 2010) and in the intoxi-
cating, aversive limb of ethanol-induced behavior (this study).

Physiological role of S6k activity
We demonstrate that an acute, sedating dose of ethanol causes
loss of S6k activity. In addition, we show that behavioral re-
covery from sedation correlates with molecular recovery of
S6k activity. If S6k activity both reflects and regulates ethanol-

induced sedation, what might be the un-
derlying physiological process that is
relevant to these functions? Recently,
Knight et al. (2012) showed that, in the
mouse brain, activity of S6k reflects
neuronal activation. Loss of P-S6k by
acute ethanol exposure might thus re-
flect loss of neural activity. Indeed,
when we increased neurons’ activity
with the temperature-gated TrpA cation
channel, we were able to suppress
ethanol-induced sedation, whereas si-
lencing neurons with shi ts led to en-
hanced sensitivity. This suggests that
ethanol causes loss of neural activity,
likely via the inhibition of numerous
membrane channel targets (Olsen et al.,
2014; Trudell et al., 2014), which in turn
leads to downregulation of S6k. In addi-
tion, alterations in InR, mTOR, and S6k
signaling alter both the strength and size
of synapses in mammals and flies (Tava-
zoie et al., 2005; Martín-Peña et al.,
2006; Knox et al., 2007; Bateup et al.,
2011). Therefore, stronger synapses
achieved by activating the InR pathway
would predispose animals to be more
resistant to ethanol-induced loss of neu-
ral activity and consequently sedation.
Neuronal InR signaling, mediated by
the small GTPase Arf6 and by S6k, is
therefore a critical pathway for acute
neural activation and inhibition by
ethanol.
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