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Abstract

Delineating the factors that affect behavioral and neurological responses to alcohol is critical to
facilitate measures for preventing or treating alcohol abuse. The high degree of conserved
molecular and physiological processes make Drosophila melanogaster a valuable model for
investigating circadian interactions with alcohol-induced behaviors and examining sex-specific
differences in alcohol sensitivity. We found that wild-type Drosophila exhibit rhythms in alcohol-
induced sedation under light-dark and constant dark conditions with considerably greater alcohol
exposure necessary to induce sedation during the late (subjective) day and peak sensitivity to
alcohol occurring during the late (subjective) night. The circadian clock also modulated the
recovery from alcohol-induced sedation with flies regaining motor control significantly faster
during the late (subjective) day. As predicted, the circadian rhythms in sedation and recovery were
absent in flies with a mutation in the circadian gene period or arrhythmic flies housed in constant
light conditions. Flies lacking a functional circadian clock were more sensitive to the effects of
alcohol with significantly longer recovery times. Similar to other animals and humans, Drosophila
exhibit sex-specific differences in alcohol sensitivity. We investigated whether the circadian clock
modulated the rhythms in the Loss-of-Righting Reflex, alcohol-induced sedation, and recovery
differently in males and females. We found that both sexes demonstrate circadian rhythms in the
Loss-of-Righting Reflex and sedation with the differences in alcohol sensitivity between males
and females most pronounced during the late subjective day. Recovery of motor reflexes following
alcohol sedation also exhibited circadian modulation in male and female flies, although the
circadian clock did not modulate the difference in recovery times between the sexes. These studies
provide a framework outlining how the circadian clock modulates alcohol-induced behaviors in
Drosophila and identifies sexual dimorphisms in the circadian modulation of alcohol behaviors.
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Introduction

Alcohol is the most commonly abused substance in the U.S. resulting in severe individual
health consequences and enormous economic impacts to businesses and society. Acute binge
drinking represents a critical issue with 40.6% of adults between ages 18-25 engaging in
binge drinking (Substance Abuse and Mental Health Services Administration, 2014).
Moreover, the Center for Disease Control and Prevention reports that alcohol poisoning is
the cause of 2,200 deaths per year in the United States (Center for Disease Control and
Prevention, 2015). Understanding the factors underlying alcohol responses is necessary to
ameliorate the individual and societal costs resulting from acute alcohol abuse.

The circadian clock broadly regulates behavioral and physiological activities of the body
including the rest-activity cycle, immune responses, cardiovascular activity, metabolism,
gene expression and enzymatic activity (Ko and Takahashi, 2006; Kyriacou and Hastings,
2010; Gamble et al., 2014). The role of the circadian clock in regulating physiological
responses to alcohol initially was identified more than 50 years ago with early toxicity
studies demonstrating a time of day specificity in alcohol lethality (Haus and Halberg,
1959). Recent behavioral research has shown a daily rhythm in the effects of alcohol on
postural control in mice (Perreau-Lenz et al., 2009) and circadian regulation of alcohol-
induced decrements in motor reflexes in Drosophila (van der Linde and Lyons, 2011).
Furthermore, the absence of a functional circadian clock exacerbates alcohol-induced tissue
damage, such as seen for alcohol-induced intestinal hyperpermeability (Forsyth et al., 2015).
However, the mechanism through which the circadian clock interacts with alcohol
responsiveness at the behavioral and cellular levels is not well understood creating the need
for a model system appropriate to conduct joint research in alcohol neurobiology and the
circadian clock. Additionally, the consequences of alcohol abuse and excessive consumption
affect males and females differently. Men are more prone to binge drinking than women, but
women are more vulnerable to alcohol-induced liver and brain damage (Hommer et al.,
2001; Pfefferbaum et al., 2001). Thus, any model system for alcohol research should be
suitable to accommodate studies on both males and females.

The fruit fly, Drosophila melanogaster with its well-characterized circadian clock (Allada
and Chung, 2010), represents an excellent model for investigating circadian modulation of
alcohol neurobiology. With clear parallels to mammalian systems at the molecular and
behavioral levels, Drosophilais a suitable model for dissecting molecular and neural
pathways of alcohol regulation (Wolf et al., 2002; Devineni and Heberlein, 2009; Devineni
and Heberlein, 2010; Grotewiel and Bettinger, 2015). Upon initial exposure to alcohol, flies
exhibit hyperactivity and behavioral disinhibition (Wolf et al., 2002; Lee et al., 2008),
followed by loss of motor coordination with prolonged alcohol exposure. Further increases
in alcohol exposure induce sedation with continued alcohol exposure leading to death
(Scholz et al., 2000; Guarnieri and Heberlein, 2003; Scholz, 2009; Rodan and Rothenfluh,
2010). Previous research found that the circadian clock modulates alcohol sensitivity in
Drosophila as observed through the Loss of Righting Reflex (LORR) (van der Linde and
Lyons, 2011). However, not all alcohol induced behaviors and alcohol processes are
regulated by the circadian clock. Similar to humans, Drosophila develop rapid and chronic
functional tolerance with repeated occurrences of alcohol exposure resulting in decreased
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sensitivity to subsequent alcohol exposure (Wolf and Heberlein, 2003). Rapid tolerance
following a single alcohol exposure does not appear to be modulated by the circadian clock
(van der Linde and Lyons, 2011). Moreover, alcohol absorbance in Drosophila is not
circadianly regulated.

We used Drosophila melanogasterto characterize the circadian modulation of sedation and
recovery following a single alcohol exposure. We also investigated whether the circadian
clock differentially modulates alcohol-induced behaviors in males and females. Alcohol
differentially affects male and female Drosophila with females exhibiting greater sensitivity
to alcohol-induced sedation, although males display higher mortality in response to high
alcohol doses (Devineni and Heberlein, 2012). Thus, Drosophila presents an excellent model
for investigating circadian modulation of alcohol behaviors and analyzing differences
between male and females. We found that the circadian clock modulates alcohol-induced
sedation such that flies were most sensitive to alcohol during the mid-to-late (subjective)
night under light-dark (LD) or constant dark conditions. Surprisingly, despite longer alcohol
exposures necessary during the late day (ZT or CT 9) to achieve 100% sedation, flies
regained control of motor reflexes significantly faster during the late subjective day
compared to the mid to late subjective night. Both males and females exhibit a circadian
rhythm in their sedative and recovery responses to alcohol with males sedating slower at all
time points and recovering faster than females. However, we found phase specificity in the
degree of difference in sensitivity between males and females for both LoRR and sedation
with the greatest difference observed between males and females during the late subjective
day (CT 9). These results demonstrate that alcohol sedation and recovery varies with
circadian time and the circadian clock modulates the difference in acute alcohol sensitivity
between males and females.

Materials and Methods

Fly Maintenance

Wild-type Canton-S (CS) flies and per® flies in a CS background were maintained at 25 °C
in 12h—12h light-dark cycles and reared on molasses-cornmeal medium. Circadian
experiments were performed on the 2" day of constant darkness (DD). Zeitgeber Time (ZT)
0 refers to dawn or “lights on” while ZT 12 represents dusk and the time when lights were
turned off. For experiments conducted in DD, the Circadian Time (CT) refers to the
subjective free-running time of the animal with respect to the previous LD entrainment
cycle. In Drosophila, circadian rhythms under constant dark conditions (DD) approximate
24 hours so that the Circadian Time reflects the previous Zeitgeber Time. All experiments
were performed in an environmentally controlled room at 25 °C and 60-70% relative
humidity. All experiments were performed in the dark using dim red light.

Alcohol Exposure

Exposure to alcohol vapor was performed as described previously (van der Linde and Lyons,
2011; van der Linde et al., 2014). Four tubes of Drosophila (3-5 days old; ~30 flies per tube)
were exposed to ethanol vapor by mixing proportional fractions of an airstream bubbled

through deionized water with an airstream bubbled through 95% ethanol (Koptec) to achieve
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the pre-determined percentage of ethanol vapor. Flow rates for airstreams were monitored
during the experiment to maintain predetermined flow rates and ensure a steady
concentration of ethanol vapor.

Behavioral Assay for the Loss-of-Righting Reflex (LOoRR)

Sedation

Recovery

Statistics

The loss-of-righting reflex assay was performed as previously described in Drosophila (van
der Linde and Lyons, 2011; van der Linde et al., 2014). Prior to the start of alcohol exposure,
flies were habituated to dark room conditions for one hour (25° Celsius, 60 — 70 %
humidity). During continuous exposure to 30% ethanol vapor, flies received a gentle tap to
the tube every 5 minutes over the course of an hour. At each interval, flies were scored to
determine the number of flies that could not right themselves, with the LORR representing
the fraction of flies that lost the ability to right themselves. For all experiments, flies of two
circadian time points (an LD time point and a reversed cycle-DL time point) were tested
simultaneously. The 50% LoRR was estimated for each experiment by linear extrapolation.
The difference in male-female responses was determined from experiments in which one
tube of male flies and one tube of female flies from each time point were exposed to alcohol.
The difference in 50% LoRR between males and females was calculated for each
experiment.

On the second day of DD, flies were exposed to 50% alcohol vapor for one hour and
visually assayed for sedation at 5-minute intervals. A gentle tap was administered to each
vial and flies were scored as sedated if lying immobile with no coordinated leg movement,
particularly the two front legs as spontaneous twitching may be observed in the middle and
hind legs (Cowmeadow et al., 2005). For all experiments, flies of two circadian time points
were tested simultaneously. The time at which 50% of the flies reached sedation (ST50) was
determined by linear extrapolation. For all experiments performed during light time points,
flies were acclimated to the dark for one hour prior to the experiment to avoid potential
acute effects of light on alcohol sensitivity.

Flies were transferred to new vials containing food after 100% of the flies reached sedation
(the sedation end-point was different for each circadian time and between males and
females). Vials were tapped every five minutes to assess recovery of postural control and the
number of flies that were standing upright or walking were counted. For each circadian time
point, the time at which 50% of the flies recovered from sedation (RT50) was determined by
linear extrapolation.

Statistics were performed using Graph Pad PRISM version 6.0. Differences between
circadian time points were assessed using an analysis of variance (ANOVA), with 50%
LoRR, 50% ST or 50% RT as the dependent variable and circadian time as the categorical
independent variable. Post-hoc analyses were performed using the Bonferroni correction for
multiple comparisons.
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Circadian Clock Modulates Alcohol-Induced Sedation
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After prolonged exposure to alcohol, flies lose coordination of motor reflexes affecting
postural control, specifically the ability to right themselves (Moore et al., 1998; Scholz et al.,
2000; van der Linde and Lyons, 2011). Previously, we found that the circadian clock
modulates the LoRR in flies with the greatest sensitivity to alcohol observed during the mid-
to-late subjective night (van der Linde and Lyons, 2011). To better understand circadian
modulation of alcohol neurobiology, we investigated whether the circadian clock modulated
additional alcohol-induced behaviors potentially controlled by other neuronal circuits.
Sedation in response to alcohol is a sleep like state characterized by immobility and
represents a behavior that may be separated from the initial loss of postural control as
assessed by the LORR. Low to moderate levels of alcohol exposure can induce a loss of
motor coordination in the majority of flies without inducing sedation, as flies may continue
exhibiting active and seemingly coordinated leg movement in attempts at righting
themselves (van der Linde et al., 2014; data not shown). In humans, alcohol sedation is
induced during the descending limb of the blood alcohol concentration curve and consists of
motor impairment and inactivity (Hendler et al., 2013) and requires higher alcohol
concentrations relative to motor and balance impairments alone (Dubowski, 2006). The
increased alcohol exposure necessary for sedation may reflect the effect of alcohol on an
increased number of neuronal circuits or brain regions affected by alcohol or may represent
the recruitment of additional cell signaling pathways in response to alcohol exposure.
Although previous research suggested that sedation also may be modulated by the circadian
clock (van der Linde et al., 2014), no comprehensive study has been performed examining
the effects of the circadian clock on sedation or the recovery from sedation in Drosophila. To
investigate if the circadian clock modulated alcohol-induced sedation, flies were exposed to
50% alcohol vapor with behavioral state assessed every five minutes. We found a significant
circadian rhythm in alcohol-induced sedation with a phase similar to the rhythm in LoRR
(Figure 1A and 1B). Flies sedated significantly faster during the mid-to-late subjective night
(CT 17 & CT 21) indicating greater alcohol sensitivity at these times. In addition, circadian
differences in alcohol sedation were apparent throughout the length of alcohol exposure
(Figure 1C - 1E).

While experiments performed under constant conditions reveal circadian regulation and
prevent potential confounds such as the masking effects by light, we were interested in
whether modulation of alcohol sensitivity also occurred in light-dark conditions. Age-
matched flies were tested for alcohol-induced sedation at six time points of the light-dark
cycle. We found a significant rhythm in alcohol-induced sedation for flies maintained in LD
cycles with a similar phase to the observed circadian rhythm (Figure 1F — 1J). Significantly
longer alcohol exposure was necessary for sedation during the late day compared to flies
exposed to alcohol during the night.

Functional Circadian Clock is Necessary for the Rhythm in Alcohol Sedation

To verify that the observed rhythm in sedation was dependent upon the circadian clock, we
performed similar experiments using the circadian per’ mutant. Sedation was assessed at
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six time points on the second day of DD. No time of day differences were observed in
alcohol-induced sedation for the per®Z mutant flies (Figure 2A). In comparison to wild-type
CS flies, the duration of alcohol exposure necessary for 50% alcohol-induced sedation in
perL mutant flies was similar to the most sensitive phase of the wild-type flies at CT 21 and
significantly different than the length of alcohol exposure required for 50% sedation of wild-
type flies at CT 9 (ANOVA: £, 73 = 154.2, p<0.0001, per’. n=40,vs CSCT9,n =18,
post-hoc test p < 0.01). The increased sensitivity of the per? mutants also can be observed
in the slope of the response curve during the period of alcohol exposure (Figure 2A-2E).

In addition to genetic manipulations, the circadian clock can be rendered non-functional by
environmental manipulations. In Drosophila, constant light exposure is sufficient to dampen
molecular circadian oscillations and abolish circadian rhythms in locomotor activity,
memory formation, and the rhythm in alcohol-induced LoRR (Konopka et al., 1989; Ewer et
al., 1992; Power et al., 1995; Price et al., 1995; Yoshii et al., 2005; Lyons and Roman, 2009;
van der Linde and Lyons, 2011). To corroborate the necessity of the circadian oscillator for
modulation of alcohol-induced sedation, we transferred newly eclosed flies to LL conditions
and tested them for alcohol sensitivity on the 4! day of LL. We found that LL conditions
abolished the rhythm in alcohol-induced sedation with no significant differences observed in
sedation between any of the time points (Figure 2F-J). The length of alcohol exposure
necessary for sedation was at mid-trough levels compared to CS flies in DD with flies in LL
significantly more sensitive to the sedative effects of alcohol than CS flies at CT 9 and
significantly less sensitive than CS flies at CT 21(ANOVA: £, g1 = 72.60, p< 0.0001, LL
flies, n = 48, vs CS CT 9, n = 18, post-hoc test p < 0.001; vs CS CT 21, n = 18, post-hoc test
p < 0.001). These results confirm that an intact circadian oscillator is necessary for the
circadian rhythm in alcohol-induced sedation and suggest that a non-functional circadian
oscillator may result in phase-specific changes in alcohol sensitivity.

Circadian Rhythm in the Recovery of Motor Control

The duration of recovery may be linked to the effects of alcohol on neuronal function,
underlying alcohol toxicity at the cellular and tissue levels, or differences in ethanol
metabolism. In Drosophila, alcohol absorbance does not appear to be regulated by the
circadian clock (van der Linde and Lyons, 2011). Moreover, recovery may not be tightly
correlated with alcohol absorbance and metabolism as recovery of the righting reflex
following alcohol-induced sedation in mice takes longer in females than males, even with
lower blood alcohol levels (Gamsby et al., 2013). Similarly in Drosophila, recovery does not
appear correlated with ethanol metabolism as ethanol-induced sedation and recovery can be
genetically dissociated (Singh and Heberlein, 2000). Thus, recovery from the effects of
alcohol-induced sedation is likely dependent upon the effects of alcohol on neuronal
function or alcohol toxicity. To determine whether the circadian clock modulated the rate at
which flies recovered from the sedative effects of alcohol, flies were exposed to 50% alcohol
vapor until 100% of the flies were sedated. As expected, this resulted in significantly longer
alcohol exposure at CT or ZT 9 than at 17 or 21 (Figure 1B and 1G). For our experiments,
recovery was defined as the restoration of the righting reflex in which flies regained
coordinated motor control to resume an upright position after a gentle tap. Although
sedation recovery can be evaluated in Drosophila as the re-emergence of a standing posture,
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the recovery of the righting reflex represents a more complete recovery and is similar to
assays in mice in which the LoRR duration is measured after ethanol injections (Perreau-
Lenz et al., 2009). Given that flies at CT 9 received a significantly longer duration of alcohol
exposure, we predicted that if the circadian clock did not modulate recovery, flies at CT 9
would take longer to recover the righting reflex. If the circadian clock modulated recovery,
we hypothesized that the time to regain motor control would be comparable across time
points since flies at CT 9 received a greater alcohol exposure. Surprisingly, we found a
circadian rhythm in alcohol recovery with flies recovering significantly faster at CT 9
compared to CT 13, 17 and 21 even with the longer alcohol exposures at CT 9 (Figure 3A —
3D). We confirmed these results with analysis of recovery alcohol-induced sedation using
flies in LD cycles. We found that flies exposed to alcohol late in the day at ZT 9 recovered
significantly faster than flies exposed to alcohol during the night (Figure 3E — 3H).

Rhythm in Recovery from Alcohol-induced Sedation Requires the Circadian Clock

To verify that a functional circadian clock was necessary for the observed rhythms in
recovery from alcohol-induced sedation we analyzed recovery in per% mutants and flies
housed in LL conditions. As expected, recovery from alcohol-induced sedation in per? flies
did not show any time of day differences (Figure 2E — 2G). Due to the increased sensitivity
of per® flies, the duration of alcohol exposure for 100% of the flies to reach sedation
averaged 35.0 min, a significantly shorter length of alcohol exposure compared to CS flies at
CT1,5,9,13,and 17 (ANOVA: F5 125 = 42.85, p< 0.0001; Bonferroni post-hoc analyses p
< 0.05). perYI flies took significantly longer to recover than CS flies at either CT 9 or CT
21(ANOVA: £, g5 = 133.8, p < 0.0001; post-hoc comparisons per’Lvs. CT 9 and per01 vs.
CT 21 p<0.001). These results confirm that the rhythms in recovery are dependent upon a
functional circadian oscillator and demonstrate the robustness of recovery from alcohol-
induced sedation in wild-type CS flies compared to per? flies. Similarly, flies in LL
conditions did not exhibit any time of day differences in the recovery from alcohol-induced
sedation (Figure 4E — 4H). LL flies took significantly longer to recover than CS flies at
either CT 9 or at CT 21 (ANOVA: F; 73 = 163.60, p < 0.0001, Bonferroni post-hoc analyses
for LLvs. CT 9and LL vs. CT 21 p < 0.001).

Circadian Modulation of Alcohol-induced Behaviors in Males and Females

As differences in alcohol sensitivity between males and females are observed from
Drosophila to rodents to humans, and differences in circadian locomotor activity are also
observed in Drosophila (Fujii et al., 2007), we extended our investigations to determine
whether the circadian clock differentially regulated alcohol-induced behaviors between
males and females. For comparison, we replicated our previous studies with mixed
populations of age-matched flies using a lower concentration of alcohol vapor (30%) to
achieve a slow steady curve for better assessment of differences in alcohol sensitivity
(Figure 5A and 5B). We found a robust circadian rhythm in the LoRR with flies significantly
more sensitive to alcohol in the subjective night (CT 21). We then measured the LoRR with
alcohol exposure in separated male and female wild-type flies in concurrent experiments.
Males and females were separated approximately 30 hours after eclosion and maintained
separately. We found a significant circadian rhythm in LoRR with analogous phases in males
and females (Figure 5C and 5D). Interestingly, the amplitude of the circadian rhythm was

J Biol Rhythms. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

De Nobrega and Lyons Page 8

higher in males than in females. At every time point, females reached 50% LoRR faster than
male flies with the difference in response to alcohol exposure between male and female flies
apparent throughout the entirety of the alcohol exposure (Figure 5E). Analysis of sex and
circadian effects with a two way ANOVA determined that a significant interaction effect
occurred between sex and circadian time (Interaction Fs og) = 4.60, p =.0008). Using
analysis of the magnitude of the difference in sensitivity between males and females in
paired experiments, a significantly greater difference in the sensitivity between male and
female flies was observed in the late subjective day at CT 9 compared to the night (Figure
5F). Thus, although the circadian clock modulates alcohol sensitivity in male and female
flies, phase specific differences exist in the relative sensitivity between the sexes.

We also investigated circadian modulation of sedation separately in males and females.
(Figure 6A and 6B). Both males and females demonstrated significant circadian rhythms in
alcohol-induced sedation with the greatest sensitivity to alcohol sedation occurring during
the late subjective night. Similar to previous research (Devineni and Heberlein, 2012);
females reached 50% sedation faster than males, indicating a greater sensitivity to alcohol
sedation in females (Figure 6C and 6D). Although females were more sensitive to alcohol
sedation than males at all the circadian time points tested, significant interaction effects were
observed between sex and circadian time (Two way ANOVA Interaction Fs, 156) = 2.58, p
=.028). Greater differences in alcohol sedation between males and females were observed
during the mid to late subjective day compared to the night (Figure 6E and 6F).

We extended these studies to determine whether differences occurred in circadian
modulation of alcohol recovery between males and females. Males and females were
exposed to 50% alcohol vapor until 100% of the flies were sedated and recovery assessed as
described above. We found that the circadian clock modulated the recovery from alcohol-
induced sedation in males and females (Figure 7A and 7B). Males and females exhibited the
fastest recovery from alcohol sedation during the late subjective day (CT 9) and the slowest
recovery during the late subjective night (CT 21; Figure 7A — 7C). Compared to females,
males took longer to reach 100% sedation (Figure 6F) and recovered significantly faster than
females from alcohol sedation at all circadian times. No time of day variance or phase
specificity was seen in the difference in recovery between males and females from alcohol-
induced sedation as determined by two way ANOVA (Interaction Fs, g4) = 1.49, p = .229)
and by one way ANOVA analysis of the magnitude of the difference between males and
females at each time point (Figure 7D).

Sensitivity to Sedation is Different during the Late Subjective Night in Mated vs Virgin flies

As a first step in understanding the difference in alcohol responses between male and female
flies at CT 9 compared to CT 21, we tested whether the reproductive status of the females
influenced sensitivity to the ethanol exposure at different times of the day. Research has
shown that mating and reproduction significantly decrease the immune defense capabilities
of female Drosophila (Peng et al., 2005; Short et al., 2012; Short and Lazzaro, 2013).
Potentially, reproductive status also may affect the response to stress induced by the re-
allocation of resources to egg-production. To investigate potential differences in alcohol
sensitivity, virgin females were collected within 4 hours of eclosion. Remaining newly
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eclosed females and males were collected and housed together in vials for approximately 30
hours prior to separation and placement into DD. Drosophila females become receptive to
courtship between 12 and 14 hours after eclosion (Ashburner et al., 2005). We performed
control experiments to validate mating within the 30 h length of incubation of males and
females. We found that 30 h of male female group housing resulted in 86.2% of females
mated as determined by progeny production when females were separated into individual
tubes following mating period (n = 13 vials of mixed males and females, 65 females
assessed). Alcohol-induced sedation was assessed on the second day of DD at two time
points (CT9 and CT 21) with concurrent comparisons of virgin females, mated females and
male flies. We found no significant difference in the sensitivity to alcohol-induced sedation
between virgin females and mated females during the late subjective day (CT 9; Figure 8).
However, virgin females were more sensitive than mated females to the sedative effects of
alcohol during the late subjective night. As this was a time point at which the difference in
alcohol sensitivity between males and females was minimized in our previous experiments
(Figure 6E), presumably most of the females were mated in those experiments. These results
show that reproductive status does not account for the difference observed between males
and females in alcohol sensitivity during the late subjective day (CT 9).

Discussion

Identification of the factors that modulate the effects of alcohol on behavior and the
processes through which alcohol impedes neuronal function or induces cellular damage is
necessary to understand alcohol pathologies and develop future therapies. Alcohol
bidirectionally interacts with the circadian clock. Acute and chronic alcohol abuse shift core
circadian oscillator function and disrupt circadian rhythms, and the circadian clock
modulates alcohol consumption and the physiological effects of alcohol (Brick et al., 1984;
Rosenwasser, 2015). Alcohol-induced tissue damage is exacerbated with circadian
dysfunction potentially acting as a lynchpin in the severity of alcohol-induced liver damage
(Forsyth et al., 2015). Well-established as a model system for circadian biology (Allada and
Chung, 2010), Drosophila has become a powerful model for identifying genes involved in
alcohol use disorders (Grotewiel and Bettinger, 2015).

Previously we found that the circadian clock modulated the acute sensitivity to alcohol by
assessing the LORR in Drosophila; whereas rapid tolerance to alcohol did not appear to be
independently modulated by the circadian clock (van der Linde and Lyons, 2011). This
dichotomy suggests that the circadian influence on alcohol-induced behaviors varies
between behaviors. Potentially, anatomical, molecular or functional differences between
alcohol-induced behaviors could underlie the differential circadian modulation. With
exposure to low alcohol concentrations, flies exhibit hyperactivity, followed by decreased
postural control and sedation with increased alcohol exposure. Although LoRR has been
used as a marker for alcohol-induced sedation when flies or mice are exposed to high
alcohol concentrations (Rothenfluh et al., 2006; McClure and Heberlein, 2013), impairment
of motor control and complete sedation represent distinct behaviors that can be temporally
separated in flies using moderate alcohol exposures (van der Linde et al., 2014). To
determine the range of circadian interactions with alcohol-induced behaviors, we
investigated whether the circadian clock modulated alcohol-induced sedation and the
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recovery from sedation. We found robust circadian rhythms in alcohol-induced sedation with
increased sensitivity to sedation observed during the mid-late subjective night (CT 17 - CT
21). The phase of modulation was similar to what was previously observed for LORR,
although as expected higher alcohol concentrations were necessary to induce sedation
relative to LORR. In mice, the circadian clock modulates alcohol-induced sedation with an
opposite phase as expected for a nocturnal animal. Alcohol-induced sedation is rhythmically
regulated with the longest duration at ZT 11 during the late day in wild-type mice with
circadian clock mutant Per2 mice arrhythmic (Perreau-Lenz et al., 2009). Thus, it appears
that circadian modulation of alcohol-induced behaviors is coordinated with the animal’s
activity period.

Multiple neurons and neural circuits are implicated in alcohol-induced LoRR and sedation in
Drosophila. In adult flies, the central complex is important for locomotion and ethanol-
induced changes in locomotion (Scholz et al., 2000; Scholz, 2009; Rodan and Rothenfluh,
2010) and is comprised of four synaptic neuropil domains: the fan shaped body, the ellipsoid
body, paired noduli and photocerebral bridge. The central complex also has been implicated
in the development of functional tolerance to ethanol (Rodan et al., 2002; Scholz, 2009;
Rodan and Rothenfluh, 2010) with a subset of neurons within the ellipsoid body mediating
the effects of alcohol in sedation and the development of rapid tolerance to alcohol (Nassel,
2002; Urizar et al., 2007). Alcohol-induced sedation also involves the neuroendocrine
system through neurons in the pars intercerebralis and the pars lateralis (McClure and
Heberlein, 2013; Sha et al., 2014), neurosecretory clusters analogous to the mammalian
hypothalamus (de Velasco et al., 2007). Peripheral axons of these neurosecretory cells
project to a neuroendocrine gland complex, the ring gland, comparable to the hypothalamic-
pituitary axis in mammals (reviewed in (Nassel, 2002). This axis functions in energy
metabolism, water balance, growth and reproduction (Néssel, 2002). Additionally, neurons
within the pars intercerebralis and pars lateralis serve in regulating the amount of sleep and
rest/activity rhythms in Drosophila (Cavanaugh et al., 2014; Afonso et al., 2015). A subset
of neurons within the pars lateralis secrete the neuropeptide Corazonin (Crz), the insect
ortholog of the gonadotropin-releasing hormone, which functions in metabolism, energy
expenditure, homeostatic control and stress responses (Choi et al., 2005; Zhao et al., 2010)
and have been recently shown to mediate alcohol-induced sedation (McClure and Heberlein,
2013; Sha et al., 2014). However, the neurons within these brain regions do not contain
circadian oscillators indicating that temporal information must be relayed from circadian
oscillatory cells. In the Drosophila brain, approximately 110 — 150 circadian pacemaker
neurons are organized into seven primary clusters: the large (I-LN,s) and small ventral
lateral neurons (s-LN,s), the dorsal lateral neurons (LNgs), the lateral posterior neurons
(LPNs) and three groups of dorsal neurons (DN1, DN2, DN3; (Shafer et al., 2006; Allada
and Chung, 2010; Helfrich-Forster, 2014).

The s-LNys function as the primary drivers for circadian activity as functional clocks within
these neurons are both necessary and sufficient for circadian locomotor activity rhythms in
constant conditions (Frisch et al., 1994; Renn et al., 1999; Grima et al., 2004; Stoleru et al.,
2004; Allada and Chung, 2010) Synchronization between circadian oscillatory neurons and
temporal relay of information to other neurons for circadian rhythms occurs through the
neuropeptide Pigment Dispersing Factor (PDF) released by the s-LN,s (Renn et al., 1999;
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Grima et al., 2004; Stoleru et al., 2004; Allada and Chung, 2010). The s-LNys send
widespread projections throughout the Drosophilabrain and terminals of these neurons lie
close to CRZ neuron cell bodies in the pars lateralis (Kaneko and Hall, 2000; Choi et al.,
2005) suggesting a possible functional connection through which the circadian clock can
modulate ethanol-induced sedation. Dorsal terminals of the circadian PDF neurons also
arborize near the pars intercebralis soma suggestive of circadian modulation of arousal and
sleep promoting neurons within the pars intercerebralis (Gorostiza et al., 2014). Thus, the
anatomical interactions from circadian pacemaker cells to the pars intercerebralis and the
pars lateralis provide a mechanism for circadian modulation of alcohol sedation.

Additional neurons in other brain regions also may be involved or responsive to ethanol-
induced sedation and potentially functioning in circadian interactions with alcohol
behaviors. Although the mushroom bodies are not necessary for alcohol-induced sedation
(Rodan et al., 2002; Rodan and Rothenfluh, 2010), alcohol locomotor responsiveness and
alcohol-induced behaviors may involve mushroom body neurons (King et al., 2014). The
mushroom body functions in olfactory associative memory (Davis, 2011; Guven-Ozkan and
Davis, 2014) and has been shown to be involved in acquired ethanol preference (Xu et al.,
2012; Ojelade et al., 2015), ethanol-induced hyperactivity (King et al., 2011), the habituation
to ethanol-induced startle (Cho et al., 2004), and the conditioned preference or aversion to
alcohol (Kaun et al., 2011). As the circadian clock also has been shown to modulate
olfactory conditioning in both short and long-term memory (Lyons and Roman, 2009; Fropf
et al., 2014), interactions between the circadian pacemaker cells and the mushroom body
have been hypothesized. Anatomically, circadian PDF neurons project to the mushroom
bodies with circadian changes in the synaptic contacts (Gorostiza et al., 2014) providing a
mechanism for conveyance of temporal information necessary for circadian regulation of
behavior and physiological processes. Thus, circadian input through mushroom body
neurons may contribute to circadian modulation of alcohol-induced behaviors.

The time course of recovery from the sedative effects of alcohol may be an important
parameter affecting alcohol abuse and addiction. As recovery time differences may influence
alcohol consumption preferences, we examined whether the circadian clock mediated the
recovery from alcohol —induced sedation using the recovery of postural control as the
criterion. Despite greater alcohol exposure necessary for sedation during the late subjective
day, flies recovered faster during this phase compared to the subjective night. Thus, at the
same phase, circadian modulation results in decreased sensitivity to the sedative properties
of alcohol and speeds the recovery process from those sedative effects. In mice, the circadian
clock affects recovery from alcohol hangover symptoms including motor coordination and
anxiety with constant darkness shortening recovery periods and circadian desynchronization
inhibiting the recovery (Karadayian et al., 2014). We found that the absence of a functional
circadian clock in per®Z mutants significantly increased the time necessary to recover from
the sedative effects of alcohol. Circadian differences in recovery from the deleterious effects
of alcohol abuse may influence time-of-day drinking preferences or binge drinking. Time-
of-day drinking preferences for alcohol have been long established in rodent models (Geller,
1971; Geller and Purdy, 1979; Wasielewski and Holloway, 2001; Trujillo et al., 2011) and
humans (Arfken, 1988; Danel et al., 2003). The evening preference for alcohol consumption
is exacerbated by an evening chronotype as individuals categorized as evening-types display
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greater alcohol consumption and increased risks of alcohol abuse and binge drinking (Prat
and Adan, 2011; Urbéan et al., 2011; Watson et al., 2013).

Alcohol consumption preferences and the deleterious effects of alcohol vary between males
and females across species. Similarly, in Drosophila the sensitivity to alcohol differs
between males and females with females more acutely sensitive to the sedative effects of
alcohol while males are more sensitive to alcohol-induced hyperactivity and alcohol-induced
mortality (Devineni and Heberlein, 2012). We investigated whether the circadian clock
modulated alcohol sensitivity differently in males and females. Whereas the phase responses
in LoRR and sedation were similar between males and females, the amplitude of the
circadian rhythm was significantly reduced in females compared to males. Interestingly, the
difference in male-female sensitivity to alcohol was most pronounced during the late
subjective day with differences minimized during the night. Sleep and alcohol-induced
sedation may involve common or overlapping neural circuitry and signaling pathways so
potentially sleep differences between the sexes may partially account for the difference in
alcohol-induced sedation between the sexes. In Drosophila, male and female sleep varies
significantly during the day as opposed to sleep during the night with males showing greater
daytime sleep (Huber et al., 2004; Andretic and Shaw, 2005). However, differences in
daytime sleep patterns appear unlikely to explain the difference in alcohol sedation as
daytime sleep is greatly reduced in mated females during the day compared to virgin female
or male flies (Isaac et al., 2010). We found no difference in alcohol-induced sedation
between mated and virgin female flies during the subjective day and both were significantly
different than male flies (Figure 8) suggesting that the timing of sleep and the sensitivity to
alcohol-induced sedation are distinctly regulated. In the wild, fruit flies locate food sources
through the attraction to ethanol vapor. Potentially, the damped amplitude of the circadian
rhythm in females with comparatively increased sensitivity during the late subjective day is
coordinated with the predicted higher alcohol vapor concentrations due to higher afternoon
temperatures that may be encountered by flies in the wild. This increased sensitivity may
counterbalance the attraction of females for egg-laying in ethanol rich food sources
(Mckenzie and Parsons, 1972; McKenzie, 1972; Azanchi et al., 2013) to prevent egg-laying
under conditions in which the alcohol levels may be toxic to development (McClure and
Heberlein, 2013).

Anatomically, sexual dimorphism exists in multiple brain regions in Drosgphila with male-
enlarged regions including the olfactory neurons, pars intercerbralis and the gamma lobes of
mushroom body (Cachero et al., 2010). Neuroendocrine regulation mediated by a subset of
pars intercerebralis neurons regulates sexual dimorphism in locomotor activity (Belgacem
and Martin, 2002). Potentially, the pars intercerebralis acting as a junction for circadian
modulation of multiple output pathways results in amplitude differences in circadian
modulation of alcohol-induced behaviors between males and females. Sexual dimorphism in
neuropeptidergic signaling such as observed for Neuropeptide F (NPF) (Lee et al., 2006), the
Drosophila ortholog of Neuropeptide Y, also may partially account for some of the
differences in circadian mediated alcohol sensitivity. NPF is expressed in subsets of
circadian pacemaker cells, functions in circadian regulation of evening locomotor activity,
and has been hypothesized to couple the core oscillator with output signals and behaviors
(Hermann et al., 2012; He et al., 2013a; He et al., 2013b). The involvement of the NPF
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(NPY) pathway in alcohol-induced behavioral responses and intake is conserved from
Drosophilato mammals with NPF in Drosophila acting as a key signaling pathway in
mediating alcohol sedation (Wen et al., 2005; Chen et al., 2008). NPF also functions through
reward pathways in voluntary alcohol intake (Shohat-Ophir et al., 2012). Thus, while sex-
specific gene expression may underlie the basic difference in alcohol sensitivity between
males and females, sexual dimorphism in neuroendocrine signaling may generate sex-
specific circadian modulation of alcohol sensitivity.

Understanding circadian interactions with alcohol provides a foundation for future
therapeutic treatments for alcohol use disorders and addiction. Recent research using rodent
models has shown that inhibition of Casein-Kinase-1 —epsilon/delta, a key component of the
circadian oscillator, decreases relapse drinking after alcohol withdrawal (Perreau-Lenz et al.,
2012). Similarly, phase-specific treatment with melatonin or the melatonin receptor agonist
agomelatine also reduces relapse-like alcohol consumption after withdrawal in rats
(Vengeliene et al., 2015). Given the impact of the circadian clock with alcohol consumption
and alcohol toxicity and the bidirectional impact of alcohol use on circadian rhythms, there
is a continuing need to understand the mechanisms of these interactions. Using Drosophila, a
genetically tractable model, the current study lays the groundwork for future research
investigating the neural circuitry and molecular signaling pathways through which the
circadian clock modulates alcohol-induced behaviors.
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Figure 1. Circadian rhythmsin alcohol-induced sedation
(A) The time necessary for 50% of wild-type flies to become sedated is circadianly

modulated. Sedation using 50% alcohol vapor was measured at six time points during the
2"d day of DD in age-matched mixed populations of male and female CS flies (ANOVA:
F5 106 = 44.01, p<0.0001). Post-hoc analyses performed using Bonferroni corrections for
multiple comparisons. Means and standard error of the mean plotted for all experiments, n
(number of vials of flies) on bars for each group. Different letters above columns denote
statistically different responses at time points (p < 0.05), while shared letters between groups
indicate no difference. (B) The time for 100% of the flies to become sedated was
significantly higher at CT 5 and 9 (ANOVA: /5 196 = 39.13, p< 0.001). (C) Complete time
courses for CT 1 and 13; (D) 5and 17 and (E) 9 and 21. (F) The time necessary for 50% of
wild-type flies to become sedated during alcohol exposure is rhythmically regulated under
LD conditions. Sedation using 50% alcohol vapor was measured at six time points for flies
housed in LD cycles in age-matched mixed populations of male and female CS flies
(ANOVA: £ 47 = 38.66, p< 0.0001). For all light time points, flies were habituated to the
dark for one hour prior to the experiment with all experiments conducted in the dark using
dim red light. (G) The time for flies to reach 100% sedation was significantly regulated
under LD conditions ((ANOVA: £ 42 = 40.41, p<0.0001). (H) Complete time courses for
ZT 1and 13; (I) 5and 17 and (J) 9 and 21.
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Figure 2. Rhythm in alcohol-induced sedation is abolished in flieslacking a functional circadian
clock
(A) There was no significant time of day difference in the time necessary for 50% of per®!

flies to become sedated during alcohol exposure (ANOVA: f5 34 = 1.16, p =0.35). (B) The
time for 100% of the per?! flies to become sedated was the same at all time points for all
experiments as measured using 5 min bins. Complete time courses shown for alcohol-
induced sedation in per? flies for (C) CT 1 and CT 13, (D) CT 5and 17 and (E) CT 9 and
21. F) There was no significant time of day difference in the time necessary for 50% flies
housed in LL conditions to become sedated during alcohol exposure (ANOVA: /5 47 = 0.87,
p =0.51). (G) The time for 100% of CS flies housed in LL to become sedated. Complete
time courses shown for alcohol-induced sedation in CS-LL flies for (H) 1 and 13, (I) 5 and
17 and (J) 9 and 21.
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Figure 3. Circadian clock modulates recovery from the sedative effects of alcohol
(A) The time necessary for 50% of the flies to exhibit the righting reflex following sedation

in DD, means and SEMs plotted (ANOVA: /5 g6 = 29.67, p< 0.001). Columns with
common letters indicate no significant differences between time points based upon
Bonferroni post hoc analyses. (B, C, D) The complete recovery curves for CT 1 and 13, 5
and 7, and 9 and 21 are shown respectively. (E) The time necessary for 50% of the flies to
regain the righting reflex following alcohol-induced sedation was significantly affected by
time of day in LD cycles with flies at ZT 9 exhibiting significantly shorter recovery times
(ANOVA: F5 49 = 23.25, p<0.0001). (F, G, H) The complete recovery curves for ZT 1 and
13,5and 7, and 9 and 21 are shown respectively.
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Figure 4. A functional circadian clock is necessary for rhythmsin alcohol-induced recovery
(A) There was no significant time of day difference in the time necessary for 50% of per®!

flies to recover from alcohol-induced sedation as assessed by recovery of the righting reflex
(ANOVA: £ 34 =0.76, p= 0.59). Complete time courses shown for recovery of the righting
reflex following alcohol-induced sedation in per?! flies for (B) CT 1 and 13, (C) CT 5 and
17 and (D) CT 9 and 21. (E) There was no significant time of day difference in the time
necessary for 50% of CS flies housed under LL conditions to recover from alcohol-induced
sedation as assessed by recovery of the righting reflex (ANOVA: /5 47 = 0.95, p= 0.46).
Complete time courses shown for recovery of the righting reflex following alcohol-induced
sedation in CS flies in LL for (F) 1 and 13, (G) 5and 17 and (H) 9 and 21.
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Figure5. Circadian modulation of the alcohol-induced L oss-of-Righting Reflex in males and
females

LoRR induced by 30% alcohol vapor was measured at six time points during the 2" day of
DD. (A) Mixed populations of male and female CS flies exhibited significant circadian
rhythms in the LoRR (ANOVA: /5, 102 = 86.52, p< 0.001). (B) Complete course of LoRR
during 1 h alcohol exposure shown for CT 9 and CT 21. (C) Circadian rhythm in 50% LoRR
for male CS flies (ANOVA: F5 43 = 53.55, p < 0.001) and (D) female CS flies (ANOVA:

F5 48 =19.64, p<0.001). (E) Comparison of time course of LORR during 1 h alcohol
exposure shown for males and females, CT 9 and CT 21. (F) Magnitude of the difference in
LoRR between males and females in yoked experiments is phase-specific with the greatest
difference between the sexes observed at CT 9 (ANOVA: f5 43 = 6.23, p < 0.002).
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Figure 6. Thecircadian clock differentially affects sensitivity to alcohol-induced sedation in
males and females

(A) The time to 50% sedation for males was circadianly regulated (ANOVA: f5 gg = 71.25,
£ <0.0001). (B) Circadian rhythm in sedation for females (ANOVA: 5 76 = 66.20, p<
0.0001). (C) The complete sedation time courses for males and females at CT 5 and 17 and
(D) CT 9 and 21. (E) The difference in sensitivity of males and females to alcohol sedation
was regulated by the circadian clock observed (ANOVA: f 75 = 12.52, p< 0.0001). (F)
Mean time for 100% of the males (ANOVA: £ gg = 61.95, p< 0.0001) and females
(ANOVA: F5 76 = 58.19, p< 0.0001) to reach sedation was circadianly regulated.
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Figure 7. Circadian modulation of alcohol recovery in males and females
(A) Males (ANOVA: F5 4o = 21.58, p<0.001) and (B) females (ANOVA: 5 4 = 14.72, p<

0.001) display a circadian rhythm in alcohol recovery. (C) The complete recovery time
course for males and females at CT 9 and 21. (D) No phase specific differences were
observed between males and females for recovery from alcohol-induced sedation (ANOVA:
F5 42 =2.020, p<0.098).
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Figure 8. Circadian modulation of sedation in virgin and mated females
(A) The mean time to 50% sedation for virgin females (VF), mated females (MaF) and

males (M) for the late subjective day (CT 9) and night (CT 21) (ANOVA: 5 4o = 82.87, p<
0.001). Post-hoc analyses revealed no significant differences in alcohol sedation between
virgin and mated females at CT 9 while virgin females demonstrated significantly increased
sensitivity at CT 21. Virgin and mated females sedated significantly faster than males at CT
9 and 21. (B) Mean time to 100% sedation in virgin females, mated females and males.
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