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Abstract

Research over the past decade has demonstrated substantial interactions between the circadian
system and the processes through which alcohol affects behavior and physiology. Here we
summarize the results of our collaborative efforts focused on this intersection. Using a
combination of in vivo and in vitro approaches, we have shown that ethanol affects many aspects
of the mammalian circadian system, both acutely as well as after chronic administration.
Conversely, we have shown circadian influences on ethanol consumption. Importantly, we are
beginning to delve into the cellular mechanisms associated with these effects. We are also starting
to form a picture of the neuroanatomical bases for many of these actions. Finally, we put our
current findings into perspective by suggesting new avenues of inquiry for our future efforts.

1. Introduction: The synergy of complementary approaches

Before reviewing our research on alcohol-circadian system interactions, it is worth noting
the various techniques we have used, and the benefits derived from, combining in vivo and
in vitro approaches. Using both approaches in parallel generates extremely useful data on
the effects of ethanol and on the mammalian circadian system, taking into account their
respective advantages and disadvantages.

In general, in vivo studies offer the advantage of being able to assess how the intact
organism reacts to specific stimuli through the measurement of a wide array of physiological
and behavioral parameters. For example, studying circadian rhythms in vivo readily allows
simultaneous measurements of multiple behavioral parameters, including entrainment to
environmental stimuli, free-running period, phase-angle of entrainment, phase-shifting
responses, and the duration of activity (or inactivity). Likewise, in vivo studies of ethanol
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allow behavioral testing of ethanol effects, daily patterns of ethanol consumption, and
monitoring differential effects of ethanol on multiple physiological outputs. Studies of intact
animals can also combine behavioral analyses with other techniques such as microdialysis,
multi-unit neuronal activity recordings, telemetric recording, conditional gene manipulation
and optigenetics.

Conversely, in vitro approaches, and specifically the acute brain slice preparation that we
use, have different strengths. This methodology allows for fine control over both the
location and timing of stimulus application, which can be especially important for
investigating rapidly-changing cellular events. It can simplify pharmacological experiments,
since issues such as animal toxicity, metabolism, and brain penetration are avoided, and you
can easily combine pharmacological and electrical stimulations within the same brain area.
A variety of techniques to assess cell activity can be used in addition to the extracellular
recordings we use, including ionophoresis, patch-clamp and whole-cell electrophysiology,
and Ca?*-imaging. With respect to studying the circadian clock located in the
suprachiasmatic nucleus (SCN), while behavioral and neuronal activity are both outputs of
the clock, the neuronal activity rhythm is a more direct and fundamental output, and
therefore has less potential to be modulated by other factors. And in general, using
deafferented brain slices eliminates modulatory input by other brain regions, whether
investigating circadian or ethanol responses.

There are also techniques that can be used in both in vivo and in vitro preparations. For
example, conditional regulation of gene expression and optigenetics can be implemented
under both approaches, with minor modifications. And analogous stimuli (e.g., light pulses
vs. glutamate application) can be applied under the two conditions to investigate photic-
input processes in the SCN.

Thus, there are significant advantages in bringing both in vivo and in vitro approaches to
bear on the neural processes underlying the effects of ethanol on the functioning of the
mammalian circadian system. Importantly, we have found that the experiments conducted in
vivo and in vitro yield complementary data, essentially providing a cross-check of the results
without unnecessary duplication. Importantly, novel conclusions are often possible only
through comparing the results of both sets of experiments. Thus, integrating these different
experimental approaches in a single study offers a robust and reliable means to advance this
developing area of ethanol-circadian research.

2. Acute ethanol inhibits photic phase resetting of the SCN circadian clock

through actions within the SCN

When we started investigating the effects of ethanol on the circadian system, the existing
literature was quite sparse. There were scattered studies assessing physiological rhythms in
humans during or after ethanol (acute or chronic) consumption (Rojdmark et al.,
1993;Kuhlwein et al., 2003;Adinoff et al., 1991;Danel and Touitou, 2003;Danel et al.,
2006). Studies on chronic ethanol modulation of circadian rhythms in rodents reported
inconsistent effects (Rosenwasser, 2004;Rosenwasser et al., 2005a,c;Seggio et al.,
2007;Holloway et al., 1993;Mistlberger and Nadeau, 1992;Chen et al., 2004;Rajakrishnan et
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al., 1999). On the other hand, there was a general consensus that ethanol impairs sleep, and
that sleep problems often contribute to relapse drinking (Landolt and Gill, 2001;Schwartz et
al., 1997;Roehrs et al., 1996;Roehrs and Roth, 2001;Clark et al., 1998;Brower et al., 2001).
Because of the strong circadian modulation of sleep processes, it seemed worthwhile to
more systematically assess ethanol interactions with the SCN circadian system.

A. Ethanol inhibits glutamate-induced phase delays and phase advances in vitro

In light of ethanol's well known inhibitory actions on glutamate signaling (Grosshans and
Browning, 2001;Hoffman, 2003;Allgaier, 2002), we started by focusing on ethanol
modulation of glutamate-induced phase resetting of the SCN clock in vitro. In much the way
long-term potentiation in hippocampal brain slices mimics memory formation in vivo,
applying glutamate to SCN brain slices mimics photic phase resetting of in vivo behavioral
rhythms. As a quick note, in all of our in vitro experiments we have used adult male
C57BL/6 mice housed under 12:12 light-dark (LD) conditions with food and water available
ad libitum unless specifically mentioned. Brain slices are prepared during early subjective
day and maintained in vitro as described in detail (Prosser, 2001;Prosser, 2003;Prosser et al.,
2008). These conditions allow us to maintain the tissue for up to 3 days in vitro in serum-
free medium. We and others have demonstrated that the circadian clock continues to
generate 24 h rhythms in neuronal activity, metabolism, neurotransmitter release, etc. in
vitro that parallel those expressed in vivo (Newman et al., 1988;Gillette and Reppert,
1987;Ding and Gillette, 1993;Newman et al., 1992). We assess clock phase by recording
SCN spontaneous electrical activity, which exhibits a highly stable, robust circadian rhythm
(Prosser, 2003;Ding and Gillette, 1993).

Not surprisingly, in our initial experiments we found that acute application of ethanol to
SCN brain slices at Zeitgeber time 16 (ZT 16, where ZT 0 = the time of lights-on and ZT 12
= the time of lights-off in the animal colony) could inhibit glutamate-induced phase delays,
while ethanol inhibited glutamate-induced phase advances when co-applied at ZT 23 (Fig 1;
Prosser et al., 2008). Ethanol applied by itself, in the day or night, did not alter SCN clock
phase. Although the inhibition by ethanol could not be prevented by co-application of
glycine or D-serine, it could be reversed by co-application of brain-derived neurotrophic
factor (BDNF). These results are consistent with research in the hippocampus showing the
ethanol can inhibit TrkB receptor enhancement of glutamate signaling (Kolb et al.,
2005;Ron, 2004) and studies showing similar interactions between BDNF and glutamate
signaling in the SCN (Kim et al., 2006;Michel et al., 2006;Mou et al., 2009).

We also found that ethanol inhibition of glutamate-induced phase delays is dose-dependent,
with an EDsg around 10mM. This represents a much greater ethanol sensitivity than that
reported for most NMDA and GABA receptors, but is consistent with ethanol levels
normally experienced during ethanol consumption by humans. This led us to run additional
experiments on the neurochemistry underlying ethanol effects (McElroy et al., 2009).
Ethanol inhibition of glutamate-induced phase shifts in vitro could be prevented by co-
application of RO15-4513, an antagonist of a subgroup of GABA receptors that contain
[.delta] subunits and that are reported to have a high sensitivity to ethanol similar to what we
had seen in our experiments (Wallner et al., 2003;Wei et al., 2004;Liang et al., 2009;Nie et
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al., 2011). Conversely, diazepam, which enhances GABA signaling through y-subunit
containing GABA receptors did not mimic the inhibitory actions of ethanol (McElroy et
al., 2009). Together with additional data showing expression and activity of GABAas
subunits in the SCN (Ehlen and Paul, 2007; Ehlen and Paul, 2009), these data strongly
support ethanol acting in the SCN at least in part through enhancing the tonic GABA
currents thought to involve GABA g receptors.

B. Ethanol pharmacokinetics

Based on our exciting in vitro results, we quickly progressed to in vivo experiments in
Syrian hamsters and C57BL/6J mice (Brager et al., 2011c; Ruby et al., 2009b). It had been
shown previously in hamsters that chronic, free-choice ethanol drinking disrupts circadian
phase-resetting responses to light pulses delivered late in the dark-phase (ZT 21; Seggio et
al., 2007). However, little was known about the timing of daily ethanol self-administration
and the impact of central ethanol pharmacokinetics on photic phase resetting, entrainment,
and rhythm stability. We therefore explored the actions of ethanol on several critical aspects
of circadian clock regulation, including 1) the pharmacokinetic profiles of ethanol and 2) the
in vivo effects of acute ethanol treatments on behavioral activity patterns and photic phase
resetting.

Using microdialysis, the profiles of ethanol in the extracellular fluid compartment of the
SCN following acute i.p. injections in hamsters and mice were characterized. In hamsters,
peak levels of ethanol (approximately 50 mM) from 2 g/kg i.p. ethanol injections, occurred
within 20-40 min (Ruby et al., 2009b; Fig. 2). The half-life of this ethanol accumulation in
the SCN was approximately 3 h. A similar analysis was undertaken in mice using a range of
dosages (0.5 g/kg to 2.0 g/kg; Brager et al., 2011c). Peak levels of ethanol in the SCN also
occurred within 20-40 min post-administration. Estimated levels in the SCN ranged from
about 9 to 58 mM, and the half-lives of the ethanol ranged from 0.6 to 1.8 hr for the same
doses.

C. Ethanol effects on in vivo circadian photic phase-shifting

In our initial work in hamsters (Ruby et al., 2009b), acute i.p. injection of ethanol (2 g/kg)
preceding a light pulse delivered during the late night significantly attenuated the phase-
advancing action of this photic stimulus (Fig. 3). Interestingly, however, ethanol did not
affect photic phase-delay shifts during the early night. This result is largely consistent with a
previous study in chronically drinking hamsters where ethanol inhibited photic advances but
not delays (Seggio et al., 2007). The basis of this differential effect of ethanol on phase
resetting is not clear but could reflect differential influence of extra-SCN areas that prevent
ethanol actions in the hamster during the early night that are absent in the late night.

In extending this work, we found that in mice (as opposed to hamsters), photic phase-delays
during the early night were inhibited by acute i.p. ethanol treatment (Fig. 3), but phase-
advances during the late night are not (Brager et al., 2011c). Again, these results are
consistent with those of Seggio et al., (2009), demonstrating attenuation of phase delays but
not phase advances in mice. However, the latter result could stem, in part, from the small
phase advances normally seen in mice in vivo. Notably, reverse microdialysis perfusion of
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the SCN with ACSF containing ethanol (50 mM estimated tissue concentration) for 1 hr also
markedly inhibited photic phase-delay shifting at ZT 14. Neither ACSF nor ethanol
perfusions had phase-shifting effects in the absence of a light pulse. Together with our
previous in vitro data showing ethanol inhibition of glutamate-induced phase resetting in
SCN brain slices (Prosser et al., 2008), inhibition of photic phase resetting by intra-SCN
perfusion of ethanol in the mouse and in the hamster demonstrates that the inhibitory action
of ethanol occurs directly within the SCN. However, the lack of ethanol inhibition of photic
phase delays in hamsters leaves open the possibility of additional ethanol actions outside the
SCN that impinge on the circadian system.

3. Ethanol effects on circadian non-photic phase resetting

Phase regulation of the SCN circadian clock involves both photic/glutamate signaling and a
variety of non-photic signals. Behaviorally, these signals are usually associated with
enhanced activity or arousal occurring during an animal's normal rest period (e.g., during the
day for nocturnal rodents) (van Reeth and Turek, 1989;Janik and Mrosovsky, 1994;Meyer-
Bernstein et al., 1997;Meyer-Bernstein and Morin, 1999). Neurochemically, these signals
have been linked to increases in both serotonin and NPY input in the SCN (Cutrera et al.,
1994;Janik and Mrosovsky, 1992;Biello and Mrosovsky, 1995;Dudley et al., 1998;Edgar et
al., 1997;Antle et al., 2000;Vrang et al., 2003). Complicating matters, the photic and non-
photic signals are generally antagonistic in their phase-resetting actions (Biello et al.,
1997;Glass et al., 1992;Ralph and Mrosovsky, 1992;Selim et al., 1993; Morin and
Blanchard, 1991;Prosser, 2001). Therefore, to provide a more comprehensive assessment of
ethanol actions within the circadian system, we investigated the daytime effects of ethanol.

A. Ethanol enhances serotonergic phase resetting in vitro

In the SCN slice, we and others had previously shown that serotonin and serotonin agonists
applied during mid-subjective day (ZT 6) induce 3 hr phase-advances of the circadian clock
through activating 5HT 5 and/or 5HT7 receptors (Lovenberg et al., 1993;Prosser et al.,
1990,1993;Shibata et al., 1992;Sprouse et al., 2005). Other studies extended these findings
to suggest involvement of 5HTga receptors in these non-photic phase shifts (Sprouse et al.,
2004). In our ethanol experiments we found that co-application of ethanol and the
5HT1a/5a/7 agonist, 8-OH-DPAT, increased the size of 8-OH-DPAT-induced phase
advances by about 50%, from 3 h to about 4.5 h (Fig 4; Prosser et al., 2008). We further
demonstrated that this enhancement of serotonergic phase resetting was dose-dependent,
although in this case the ED5y was about 50 mM. Finally, we found that substances that
inhibit glutamate/BDNF signaling in the SCN mimicked the enhancing effects of ethanol.
These results are consistent with the hypothesis that the enhanced non-photic phase shifts
are the result of ethanol decreasing endogenous daytime glutamate signaling in the SCN.

B. Ethanol inhibits serotonergic phase resetting in vivo

To further explore these effects in intact animals we first evaluated the action of acute
ethanol on serotonergic phase advances in hamsters. In parallel with our in vitro
experiments, we used i.p. injections of 8-OH-DPAT, as it has been employed widely in
circadian studies, and induces phase shifts of similar magnitude and at the same phases as
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other non-photic stimuli (~1.5 h) when administered systemically (Bobrzynska et al., 1996;
Tominaga et al., 1992), or in the SCN (Ehlen et al., 2001). In contrast to our in vitro results,
we found that acute ethanol markedly diminished the phase-advancing action of 8-OH-
DPAT (Ruby et al., 2009b; Fig. 5). The basis for these different results is unclear. It is
possible that there is rapid internalization of serotonin receptors in the SCN or other
circadian-related areas secondary to an ethanol-induced increase in 5-HT, resulting in a
smaller serotonergic phase shift. Another possibility is that the inhibitory effects of ethanol
invivo involve pathways registered outside of the SCN, which would not occur in the
deafferented SCN slice.

Consistent with our in vivo work in hamsters, acute i.p. ethanol injections of ethanol in mice
also inhibited 8-OH-DPAT phase-advance shifting. In hamsters, a dose of 2 g/kg suppressed
8-OH-DPAT shifts by 72%, while in mice this dose completely blocked shifting (Brager et
al., 2011c; Fig. 5). As discussed above, the basis of this inhibition by ethanol is unclear, but
this action seems contrary to observations that acute ethanol enhances serotonergic activity
by increasing release and decreasing uptake of 5-HT (reviewed in Rosenwasser, 2001,
LeMarquand et al., 1994). However, as suggested above, it is possible that ethanol-induced
enhancement of serotonergic activity causes a rapid down-regulation of 5-HT receptors as
can happen in the SCN in vitro (Prosser et al., 2006), leading to decreased 8-OH-DPAT-
induced phase shifts. In our in vivo systemic trials, ethanol was administered 30 min prior to
8-OH-DPAT injection, which (according to the present pharmacokinetic analyses)
potentially could have down-regulated 5-HT receptors prior to 8-OH-DPAT entry to the
brain, thus attenuating its phase-advancing response.

4. Evidence of Ethanol Tolerance in the SCN circadian system

Thus far, all of the experiments described involve acute administration of ethanol, either in
vivo to intact animals or in vitro to SCN brain slices. However, exclusively studying the
acute effects of ethanol provides a limited view of how alcohol affects behavior and
physiology. The most debilitating effects of ethanol are associated with long-term alcohol
abuse, and ultimately alcohol dependency (Johnson et al., 2006;Miller and Spear,
2006;Goodman, 2008;Spanagel and Kiefer, 2008). One component of alcohol dependency is
a decreased sensitivity to alcohol's effects, which leads to increased consumption (Fillmore
et al., 2005;Gass and Olive, 2008;Sung et al., 2005). The strong link between ethanol
tolerance and alcohol dependency let us to investigate more chronic forms of ethanol
administration.

Ethanol tolerance has been subdivided into three categories based on the duration of ethanol
exposure (Radcliffe et al., 2006;Vieira et al., 2008;Pohorecky and Roberts, 1992;Velazquez-
Marrero et al., 2011). Acute tolerance is a form of desensitization that occurs within 5-30
min of initial ethanol exposure, and has been seen to last approximately 24 h. Rapid
tolerance is seen approximately 8-24 h after initial ethanol exposure, and the amount of time
it lasts has not been routinely assessed. Chronic tolerance is generally seen after multiple
days or weeks of ethanol administration (or years, in the case of humans). In animal models,
chronic tolerance is typically followed by a 2-4 day period of heightened responsiveness
after ethanol is withdrawn, and increased ethanol preference/consumption when ethanol is

Alcohol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prosser and Glass

Page 7

again available (post-withdrawal rebound). Many experimental paradigms have been used
for chronic ethanol administration, including daily ethanol injections or intra-gastric lavage,
daily ethanol vapor exposure, continuous ad libitum ethanol (5-25%) drinking (either in
free-choice or a forced-consumption situation), or fixed interval drinking, with ethanol
available at specified times each 24 h (e.g., chronic intermittent drinking, or drinking-in-the-
dark). The choice of paradigm used often depends on whether the focus of the study is on
regulating the exact amount and/or timing of ethanol administered vs. allowing subjects to
control their own ethanol consumption (Kliethermes et al., 2005;Logan et al.,
2010;Rosenwasser et al., 2010;lancu et al., 2013;Pisu et al., 2011;Ahmed, 2012;Damaggio
and Gorman, 2013).

We have investigated all three types of tolerance using our in vitro and in vivo approaches.
The various in vitro experimental protocols we use are illustrated in Fig. 6. For our acute
tolerance experiments all ethanol exposure occurs in vitro in the brain slices; in the rapid and
chronic tolerance experiments ethanol is initially given to the animals to drink, then
tolerance is assessed in vitro.

A. Acute tolerance to ethanol

In the first set of experiments we demonstrated that the SCN clock exhibits acute tolerance
with respect to the ability of ethanol to inhibit glutamatergic and to enhance serotonergic
phase resetting. While a 5-10 min pre-exposure of the SCN brain slices to ethanol prior to
co-applying ethanol with either 8-OH-DPAT or glutamate did not prevent ethanol's normal
effects, a 30 min pre-exposure to ethanol completely prevented the acute effects of ethanal,
as assessed the following day (Fig 7; Prosser and Glass, 2009). Extending the pre-incubation
period to 3 h did not reverse this effect, indicating that the acute tolerance does not dissipate
during continued exposure to ethanol. However, this study did not assess how long acute
tolerance lasts after ethanol is removed. Also, we have not investigated whether acute
tolerance occurs in vivo.

B. Rapid tolerance to ethanol

Next we investigated rapid tolerance using both in vivo and in vitro approaches (Lindsay et
al., 2014). In both cases, mice were given no-choice 15% ethanol to drink for a single night.
The following morning (for in vitro experiments) brain slices were prepared, and ethanol
was co-applied with glutamate 12-18 hours later (ZT 16 or ZT 23; Fig 6). Using this
protocol, we found that the sensitivity to ethanol inhibition of glutamate-induced phase
shifts was decreased 10 fold by the single night of drinking (Fig 8 vs. Fig 1). Interestingly,
this decreased ethanol sensitivity was not short-lived. If we delayed brain slice preparation
after animals were placed back on ad libitum water, it took 3-4 days before ethanol could
again inhibit glutamate-induced phase resetting with its normal effectiveness (Fig 8).

We also assessed rapid tolerance in vivo. Again, mice were provided no-choice 15% ethanol
for 1 night, followed by ad libitum water beginning at lights-on. The subsequent night mice
were given i.p. ethanol followed by a light pulse at ZT 16. As we saw in vitro, the single
night of ethanol consumption suppressed ethanol inhibition of photic phase delays (Lindsay
etal., 2014).
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C. Effects of chronic ethanol

Thus far, our investigation of chronic tolerance has primarily involved in vivo experiments,
although we are beginning to assess the effects of chronic ethanol in vitro. As with the other
aspects of our ethanol-circadian research, we have used a multi-pronged approach, and the
results observed using the different protocols has been extremely useful in designing
appropriate protocols and in drawing conclusions from the data.

i. Chronic ethanol pharmacokinetics—As with our in vivo experiments on acute
ethanol, we felt it was important to begin these experiments by measuring ethanol
pharmacokinetics during chronic consumption. Therefore, we used similar microdialysis
techniques to measure ethanol levels in the SCN, with concomitant monitoring of drinking
and locomotor behavior, and subcutaneous measurements of ethanol concentrations. In
chronically drinking hamsters, the estimated peak level of ethanol in the SCN (~20 mM)
occurred during the early dark-phase (Ruby et al., 2009a), with relatively low levels (~5
mM) at ZT 18.5 (when the phase-advancing light pulses are administered; Fig 9). Similar
measurements in mice drinking 10% and 15% ethanol (Brager et al., 2010b) revealed that
peak SCN ethanol levels (averaging ~10-20 mM and ~20-30 mM, respectively) also
occurred predominately during the dark-phase, with smaller sporadic drinking bouts during
the day. Notably, for both mice and hamsters, each ethanol drinking episode preceded a peak
in SCN ethanol concentration by 20-40 min, and individual peak durations ranged from 30-
60 min. Several points are evident from these experiments: first, drinking bouts are
temporally matched with clustered locomotor activity bouts; second, there is a ~20-min
latency between a drinking episode and increases in tissue ethanol; third, the intensity and
duration of a drinking bout are proportionate to the size of the ensuing peak; and fourth, the
effect of multiple drinking bouts spaced over a few hours is cumulative, resulting in a
prolonged presence of ethanol in the brain and periphery.

ii. In vivo chronic ethanol effects—In sharp contrast to our observations of acute
tolerance (in vitro) and rapid tolerance (in vivo and in vitro), we see little evidence for
chronic tolerance in vivo. Beginning with our work on hamsters, we showed that chronic
forced 20% ethanol consumption continued to disrupt phase-advance shifting in hamsters
presented with photic stimuli late in the dark phase (Ruby et al., 2009a). The number and
duration of circadian locomotor activity bouts were also affected by this ethanol treatment.
Again, these results are consistent with previous studies showing that chronic ethanol
consumption can affect photic phase-resetting in hamsters (Seggio et al., 2007). It is notable
that this chronic ethanol consumption differentially affected multiple circadian timekeeping
processes, including attenuation of photic phase-advances. However, ethanol had little
apparent effect on entrainment of the locomotor activity rhythm to LD, even in hamsters
maintained under very low light intensities. Similar results have been reported in other
studies (Mistlberger and Nadeau, 1992). One explanation for this lack of effect is that photic
phase-delays in hamsters are insensitive to ethanol (Ruby et al., 2009a;Seggio et al., 2007).
Because hamsters have a short circadian period and thus entrain to 24 h LD cycles primarily
through phase-delay shifts, they would theoretically have little problem entraining. Another
possibility, based on the masking effect of light on activity, is that locomotor behavior is
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suppressed by light and stimulated by darkness, producing a seemingly entrained rhythm,
irrespective of ethanol-disrupted clock function.

Similar to our results in hamsters, we and others have shown that chronic ethanol drinking
(10-15%) in mice continues to inhibit photic phase delay shifts during the early night
(Brager et al., 2010b; Seggio et al., 2009). Again, chronic ethanol inhibition of photic phase
shifts did not prevent entrainment to the normal LD cycle or reentrainment to a shifted LD
cycle, however, it disrupted the daily pattern of locomotor activity (Brager et al., 2010b; Fig.
10).

Given that ethanol inhibits light pulse-induced phase-shifting (discussed above) and alters
free-running tau (Mistlberger and Nadeau, 1992; Seggio et al., 2009), it seemed reasonable
to speculate that in the absence of photic masking effects, ethanol should disrupt photic
entrainment. This idea is supported by the effects seen with the skeleton photocycle
consisting of a daily 1 min pulse of low intensity light (25 lux), where ethanol disrupted
stable photic entrainment, and in particular attenuated the robust onset of activity associated
with the onset of the subjective night (Brager et al., 2010b). Thus, this work shows that
chronic ethanol consumption can produce marked disturbances in circadian photic
entrainment capacity and circadian locomotor activity patterns. These assessments are
relevant to potential disruptive effects of alcohol in individuals exposed to shifting light-
dark cycles, including rotating shift work and repeated rapid trans-meridian travel. It is
noteworthy, however, that the studies provide little evidence of chronic tolerance developing
in the SCN circadian clock.

iii. In vitro chronic ethanol effects—The lack of observed in vivo chronic tolerance to
ethanol to inhibition of photic phase resetting is surprising in light of our data showing that
both acute and rapid tolerance can develop in the SCN (Lindsay et al., 2014; Prosser and
Glass, 2009). One possible explanation is that the cellular mechanisms in SCN make it
resistant to chronic tolerance development. Evidence to support this possibility derives from
research showing that the SCN is relatively immune to excitotoxic damage, perhaps due to
strong glutamate sequestration capabilities (Bottum et al., 2010). This capacity could
potentially diminish the compensatory responses to chronic ethanol. An alternative
possibility is that chronic tolerance in the SCN is masked or compensated by input from
other brain regions. To help differentiate between these possibilities, we have started to
investigate chronic tolerance using our SCN brain slice preparation. In these experiments,
we are using a restricted access paradigm, where mice have access to 15% ethanol only
during a 4 h period each day, from ZT 11 to ZT 15 (Fig 6). This corresponds to the interval
when our in vivo experiments indicated that mice consume the most ethanol (e.g., Fig 11).
Using this paradigm, our mice consume 2.7 + 0.3 gm/kg ethanol per day, and day-to-day
variability in ethanol consumption is low. The morning following 10 days of ethanol
consumption, SCN brain slices are prepared, and the ability of ethanol to inhibit glutamate-
induced phase shifts is assessed. While preliminary, our data suggest that, when mice
undergo this protocol for 10 days, the SCN clock subsequently shows in vitro tolerance to
ethanol similar to what we previously saw with rapid tolerance — a 10-fold decrease in
sensitivity to ethanol. In additional preliminary experiments, it appears to take between 7
and 9 days for this chronic tolerance to develop. Thus, our tentative conclusion is that the
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SCN clock does in fact develop chronic tolerance to ethanol, and that the apparent lack of
tolerance observed using in vivo may be due to compensatory actions occurring outside the
SCN.

iv. Ethanol withdrawal effects—A general consequence of chronic tolerance typically is
an enhanced sensitivity during ethanol withdrawal (e.g. (Gilpin and Koob, 2010;Roberts et
al., 2000). In our in vivo experiments we have investigated whether the SCN clock exhibits
withdrawal-associated hypersensitivity with respect to photic phase resetting. Interestingly,
the results differ between hamsters and mice. Photic phase shifts in hamsters undergoing
ethanol withdrawal were nearly twice the size of those exhibited by control hamsters (Ruby
et al., 2009a), consistent with withdrawal-associated hypersensitivity. In contrast, photic
phase shifts in mice undergoing ethanol withdrawal continued to be smaller than those seen
in control mice (Brager et al., 2010b), consistent with continued ethanol inhibition of photic
phase shifts 2-3 days after ethanol access ended, and 2-3 days after microdialysis
measurements indicate the ethanol has been completely metabolized. Likewise, Seggio et al.
(2009) observed continued inhibition of photic phase delays in mice 1 day after withdrawal
from ethanol consumption. This prolonged inhibition is similar to the extended tolerance we
see in vitro following rapid tolerance (i.e., 1 night of ethanol consumption), and the
continued ethanol-induced hypo-locomotion during withdrawal seen by others (Logan et al.,
2010, 2012).

Thus, our in vivo data are puzzling in both species: hamsters show signs of ethanol
withdrawal-induced hypersensitivity while showing no signs of chronic tolerance.
Conversely, mice appear to show an extended ethanol-induced inhibition well past the end
of ethanol exposure. Both of these results will require more investigation to understand the
cellular mechanisms involved.

Although quite preliminary, we have initiated experiments to assess the effects of ethanol
withdrawal in vitro. For these experiments mice have undergone the chronic restricted-
access ethanol consumption paradigm (Fig. 6), followed by 2-3 days of withdrawal. Brain
slices are then prepared, and the slices treated at ZT 16 with glutamate. Our preliminary
results are consistent with ethanol withdrawal-associated enhanced sensitivity: 1 uM
glutamate applied to these brain slices for 10 min at ZT 16 induces a 3 h phase delay, the
response normally induced by 10 uM glutamate, while in control (ethanol naive) brain slices
1 uM glutamate does not induce a significant phase shift. Again, these effects are different
from what is seen in vivo, and will require additional investigation.

5. Ethanol consumption: genetic, environmental, reward and

pharmacological modulation

To fully understand the factors contributing to alcohol abuse and dependency, it is necessary
to expand our perspective to assess how genetic and environmental factors modulate the
processes through which ethanol acts on the brain. Moreover, with respect to our
investigations on circadian/ethanol interactions, it is important to understand how they tie
into ethanol's actions on reward systems. This is critical for developing treatments to prevent
or reverse alcohol dependency and abuse. Again, we have taken a multi-faceted approach to
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this question, mostly involving in vivo experiments, utilizing genetic, environmental,
behavioral, and chemical manipulations.

A. Per2 modulation of ethanol effects

Studies focusing on circadian-related influences on alcohol dependence have revealed that
circadian gene mutations profoundly affect ethanol intake. Notably, mutations of circadian
clock genes, including Per2 and CLOCK, which are important for stabilizing endogenous
clock functions, are associated with increased alcohol intake (see Spangel and Perreau-Lenz,
this volume;Spanagel et al., 2005;0zburn et al., 2010;Sjéholm et al. 2010). Mice with
mutated mPer2 have greatly potentiated ethanol intake and preference (Spanagel et al.,
2005), and have an earlier onset in nocturnal wheel-running activity relative to wild-type
mice (Pendergast et al., 2010). Neurochemically, the Per2 potentiation in ethanol intake is
thought to arise from elevated levels of extracellular glutamate in brain areas controlling
alcohol reward and craving, which is considered a key factor contributing to alcohol
dependence (Dodd et al., 2000;Gass and Olive-Foster, 2007;Krystal et al., 2003;Spanagel et
al., 2005). From these and other studies described below, it is likely that a normally
functioning circadian timing system moderates alcohol use and dependence, and that
conversely, perturbations of this system can promote alcohol intake.

We extended the findings of Spanagel et al., 2005 by exploring the behavioral circadian
phenotype of the Per2 mutants as it relates to enhanced ethanol intake (Brager et al., 2011a).
Our results confirmed the potentiated ethanol intake and preference in the Per2 mutants and
found that it involves higher total fluid intake that does not include an increase in pure water
intake (Fig. 11), The analyses also showed that the enhanced ethanol intake in Per2 mutant
mice was associated, in part, with their perturbed circadian behavior: namely a ~2 h advance
in the onset of nocturnal locomotor activity and corresponding increase in the duration of the
nighttime activity/wakefulness period (Fig. 11). There were also more drinking bouts during
the dark-phase in the Per2 mutants, and Per2 mutants exhibited more drinking episodes
during the light-phase compared to wild-types, whose ethanol drinking mostly occurred near
light-dark transitions. Thus, the advanced phase of behavioral activity, longer duration of
nocturnal drinking, and increased daytime ethanol consumption all contributed to the
increased daily ethanol intake. It will be important in future experiments to determine the
extent to which elevated ethanol intake in Per2 mutant mice is associated with background
strain-dependent effects on circadian behavioral and ethanol drinking rhythms.

B. Constant light-induced circadian disruptions

i. Syrian hamsters—Exposure of rodents to constant light (LL) disrupts circadian timing
because it suppresses locomotor activity and can split the activity rhythm into two anti-phase
components in the majority (~75%) of hamsters (de la Iglesia et al., 2000). In addition, LL
induces depression-like behaviors (Fonken et al., 2009), and abolishes circadian rhythmicity
in corticosterone (Claustrat et al., 2008) and melatonin secretion (Wideman and Murphy,
2009; Wurtman et al., 1963). We and others have shown that LL attenuates the circadian
expression of Per gene activity within the SCN and depresses circadian activity rhythms
(Sudo et al., 2003). Given these multiple circadian-related disruptions and their associations
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with augmented alcohol drinking, we hypothesized that LL conditions would increase the
drive for ethanol reward.

In hamsters, paired comparisons between initial LD levels of activity and ethanol intake and
subsequent LL levels in the group revealed that, although locomotor activity was suppressed
under LL, there was little change in ethanol consumption or preference (Hammer et al.,
2010; Fig. 12). This latter effect differs from that of rats, where LL decreases ethanol intake
(Geller, 1971). Retrospective analysis of our data revealed marked differences between
hamsters with split rhythms and those that maintained intact rhythms. Although ethanol
consumption and preference were not affected by LL in either of the phenotypes, there was
significantly less ethanol intake at all time-points in splitters compared to non-splitters (Fig.
12). Notably, these differences in ethanol consumption occurred under LD prior to the LL
exposure, revealing the existence of an underlying predisposition for subdued ethanol intake
linked to rhythm splitting. A connection between a propensity for ethanol intake and rhythm
splitting under LL was also seen in a previous study in rats, where (in contrast to hamsters)
selectively bred ethanol-preferring (HAD?2) rats exhibited a higher degree of rhythm
splitting compared to other lines of rats tested (Rosenwasser et al., 2005b). Regardless of
these opposing correlations between rhythm splitting propensity in ethanol intake, it is
evident that underlying genetic and/or physiological components of the SCN clock can
contribute to the propensity for ethanol intake

ii. Mice—We also explored the effects of LL exposure on ethanol drinking in wild-type and
Per2 mutant mice (Brager et al., 2010a). As single-nucleotide polymorphisms of Per2 have
been implicated in predisposition for alcohol abuse and alcoholism as discussed above, we
exploited this suppressive effect of LL on Per2 and circadian activity as a physiological
approach to explore the etiology of alcohol abuse and alcoholism in the male mouse. In
contrast to rats and hamsters, LL exposure in wild-type mice transiently potentiated ethanol
consumption and preference (Fig. 13). This effect occurred concomitantly with a severe LL-
induced disruption of the circadian locomotor activity rhythm. Interestingly, unlike the wild-
type mice, the Per2 mutants did not exhibit increased ethanol drinking under LL, possibly
because of a ceiling effect (their ethanol drinking is normally very high) and/or because their
impaired Per2 expression could not be lowered further by LL.

C. Wheel-running as hedonic substitute

Non-photic circadian influences, including wheel-running, can be reinforcing stimuli, and
brain systems involved in circadian regulation are linked to the mesocorticolimbic reward
pathway (Webb et al., 2009). Ethanol and other drugs of abuse are thought to override the
reward circuitry (Kelley, 2004), such that drugs are perceived as having greater subjective
value than natural rewards. Moreover, evidence suggests that such agents can regulate
circadian phase (Kosobud et al., 2007). Thus, the interaction of addictive drugs with the
reward and circadian systems may contribute to the development of drug dependency.

Central to the maladaptation of brain and behavior to drugs is hedonic substitution, whereby
ethanol or drugs are chosen by addicted humans or animals in lieu of natural rewards.
Notably, the idea of hedonic substitution implies that natural rewards can also replace drug
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rewards. This is supported by recent evidence that wheel-running decreases cocaine self-
administration in cocaine-dependent animals (Smith et al., 2008), and that environmental
enrichment reduces heroin reward (El Rawas et al., 2009). We explored the possibility that
rewarding manipulations that can modulate circadian timing can decrease ethanol intake in
hamsters (Hammer et al., 2010). First, access to a running wheel (a non-photic phase
resetting signal and a rewarding stimulus) decreased ethanol drinking, while conversely,
access to ethanol decreased wheel-running (Figs. 14). These results are consistent with
previous studies where running wheel access decreased ethanol intake in other high alcohol-
preferring species including the C57BL/6J mouse (Ehringer et al., 2009) and the alcohol
preferring (P) (but not the non-alcohol perfering [NP]) rat (McMillan et al., 1995). These
observations support the hypothesis that the rewarding effects of exercise may substitute for
the hedonic effects of drug and alcohol abuse. An alternative explanation relates to the
proposed role of central ghrelin signaling in modulating alcohol reward. Stimulation of
ghrelin receptors in the ventral tegmental area (VTA) is required for reward stimulation by
ethanol (Jerlhag et al., 2009). Vigorous exercise markedly suppresses blood levels of the
acylated (active) form of ghrelin that crosses the blood-brain barrier (Broom et al., 2007),
and this suppression of ghrelin could decrease the incentive value of ethanol. A third
possibility is that animals running on a wheel for much of the night (averaging 11-12 km)
would have less time and/or inclination to drink. Regardless of the mechanism behind the
wheel-running effect, the present data support exercise as a natural substitute for the hedonic
aspects of alcohol.

It should be noted that the results discussed above contrast somewhat with results from a
study in C57BL/6J mice, showing ethanol consumption was largely unaffected by running
wheel access, although there was an increase in wheel-running when ethanol was
withdrawn, suggestive of a reward substitution effect (Ozburn et al., 2008). Also, it has been
reported that wheel-running can increase ethanol intake and preference in Lewis rats
(Werme et al., 2002). These discrepancies could be related to procedural differences: the
mouse study employed repeated, alternating 6-day exposures to locked and unlocked wheels
with no constant locked-wheel control group, while in our study hamsters had continuous
access to unlocked or locked wheels for 30 days. Another difference is that the Lewis rats
exhibit a uniquely high level of addiction and excessive wheel-running behavior that could
possibly produce an additive, rather than substitutive reward effect.

D. Acamprosate suppression of ethanol consumption

Acamprosate has been used clinically since 1989 as a pharmacological agent to help
promote abstinence in alcohol-dependent patients. In the majority of clinical trials, this drug
was shown to have a statistically significant effect over placebo in controlling relapse, at
least during the initial period of abstinence (Kranzler and Gage,2008; Rosner et al., 2010).
In rodents, acamprosate's overall suppressive effect on ethanol intake is consistent across
studies, despite wide differences in drug and/or ethanol treatment regimens.

In our study, a six-day acamprosate treatment regimen (300 mg/kg/day i.p.) was used in
wild-type and Per2 mutant mice. This treatment significantly reduced overall daily ethanol
intake in both mPer2 mutants and wild-types (Brager et al., 2011a; Fig. 15). Similar to
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previous findings, acamprosate treatment reduced mPer2 mutant ethanol intake to that of
untreated wild-type mice. Our combined drinkometer and microdialysis assessments
revealed that acamprosate reduced daily total drinking bouts and systemic ethanol peaks
without altering the general diurnal pattern of ethanol drinking. In agreement with other
studies (Spanagel et al., 2005), we also found that systemic acamprosate treatment
suppressed ethanol preference in Per2 mutants, although it was still higher than in wild-type
mice. This could be related to the advanced activity onset that was unaffected by
acamprosate. Our observation that systemic acamprosate treatment (300 mg/kg)
significantly suppressed ethanol intake and preference in wild-type mice differs somewhat
from the observation that systemic acamprosate (200 mg/kg) had no effect on wild-type
intake and preference levels (Spanagel et al., 2005). A separate study in mice using a
drinking-in-the-dark protocol to enhance ethanol consumption showed 200 mg/kg systemic
acamprosate suppressed ethanol intake (Gupta et al., 2008). Hence, discrepancies between
our findings and those of Spanagel et al., 2005 may be due to different genetic backgrounds
or drinking procedures.

To address the question of the brain site(s) of acamprosate action, we undertook a separate
study (Brager et al., 2011b), also in wild-type and Per2 mutant mice, using intracranial
constant-release acamprosate-containing microimplants (with an output of ~50 ng/day) to
map brain areas responsive to the suppressive effect of acamprosate on ethanol intake and
preference. Targeted brain areas represented major alcohol reward [VTA, peduculopontine
tegmentum (PPT), and nucleus accumbens (NA)] and circadian-related brain areas
[intergeniculate leaflet (IGL) and SCN] (Glass et al., 2010; Koob et al., 1998; Luo et al.,
2009; Samson and Chappell, 2001). In this experiment, the most pronounced response to
acamprosate was in the VTA and PPT, where acamprosate decreased ethanol intake by 60%
and preference by 40% in wild-type mice (Fig. 16). While there is little direct
neurochemical evidence for acamprosate acting in these regions, such action is plausible
given that ethanol activation of the VTA stimulates dopamine release in the NAc (Larsson
and Engel, 2004), which is also affected by acamprosate via modulation of VTA ACh
receptors (Chau et al., 2010a,b). Also, acamprosate inhibits NMDA (glutamatergic) receptor
response in mesencephalic neurons, presumably containing elements of the VTA (Allgaier
et al., 2000). Acamprosate implants in the NAc of wild-type mice also significantly
suppressed ethanol intake and preference, but to a lesser extent than in the other reward
areas. Nevertheless, this suppression is noteworthy given previous observations that
strychnine administration into the NAc of ethanol-preferring rats (to inhibit glycine
receptors) completely blocked acamprosate suppression of ethanol intake (Chau et al.,
2010a). Also, previous studies have shown that acamprosate administration in the NAc
increases levels of accumbal extracellular dopamine (Chau et al., 2010a,b) and dopamine
reuptake transporters (Cowen et al., 2005). Further, acamprosate dampens ethanol and
NMDA-induced accumbal dopamine release (Cano-Cebrian et al., 2003; Olive et al., 2002;
Spanagel and Weiss, 1999). Together, these results strongly implicate the NAc as a target
for acamprosate (Chau et al., 2010a,b), consistent with NAc involvement in alcohol intake
(Nie et al.,2011). It is also notable that the degree to which all three reward areas responded
to acamprosate in Per2 mutants was less than in wild-type mice. It is possible that the
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enhanced drive for ethanol in Per2 mutants rendered them less susceptible to acamprosate
action.

In the same study (Brager et al., 2011b), acamprosate implants were targeted to brain sites
involved in regulating circadian timing. Studies have shown that the circadian system
regulates ethanol seeking and consumption as reflected in the distinct daily rhythm in
ethanol intake (Brager et al., 2010b; Dole and Gentry, 1984; Ruby et al., 2009z;
Wasielewski and Holloway, 2001). The circadian phase of alcohol intake could be regulated
by signaling from the SCN to the VTA (Luo and Aston-Jones, 2009) and/or by clock gene
activity within the reward areas (Rosenwasser, 2010; Wehb et al., 2009). In view of findings
that 1) the SCN clock is directly disrupted by ethanol (Brager et al., 2011c; McElroy et al.,
2009; Prosser et al., 2008; Ruby et al., 2009b); and 2) the SCN and IGL possess transmitter
systems sensitive to acamprosate, including ACh, glutamate, and glycine (Hargraves and
Fuchs, 1994; Moore and Speh, 1993; Stamp et al., 1997), these areas represent potential
substrates for acamprosate's modulation of ethanol intake. Results from the present study
bear out this hypothesis, as acamprosate implants targeted to the SCN and IGL inhibited
ethanol intake in wild-type mice to a similar degree as acamprosate implants in the VTA and
PPT. Also, unlike other targeted regions, acamprosate in the SCN suppressed ethanol intake
and preference in wild-types and mPer2 mutants to a similar extent. It is notable that
actogram analysis of circadian locomotor activity revealed that acamprosate suppression of
ethanol intake was associated with few changes in circadian rhythm parameters, and
importantly, did not perturb rhythm stability, phase angle of entrainment to the LD cycle, or
the duration of nocturnal activity. This indicates that the suppression of alcohol intake by
acamprosate within the SCN is not a direct consequence of altered circadian timekeeping.

6. Future directions

A. Pharmacology/receptor expression approaches

While we have made substantial progress in determining how ethanol modulates the SCN
circadian clock, and how the clock in turn affects ethanol consumption, there are many
questions still unanswered. It will be important to clarify the conditions under which the
different forms of tolerance develop, and what brain areas are involved in modulating those
effects. In particular, we believe that the timing of ethanol consumption may be a key factor
regulating tolerance. We are also beginning to investigate acute ethanol-induced cellular
changes that occur within the SCN, as well as the changes occurring in association with each
form of tolerance. In particular, we are focusing on changes in glutamate and GABA
receptors. Our initial experiments found no change in total expression or phosphorylation of
the NMDA NR2B subunit (Lindsay et al., 2014) in response to rapid tolerance. However,
this does not rule out changes in other NMDA subunits and/or changes in membrane
localization of these receptors. Based on data showing the importance of TrkB receptors in
enhancing glutamate signaling in the SCN and elsewhere (Kim et al., 2006;Michel et al.,
2006;Mou et al., 2009), and ethanol's ability to disrupt these interactions (Kolb et al.,
2005;Ron, 2004), we also plan to assess ethanol-induced changes in BDNF and TrkB
signaling in the SCN. Finally, to fully understand the acute actions of ethanol and how these
change across different time courses of ethanol consumption, it will be important to assess

Alcohol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prosser and Glass Page 16

changes downstream from these receptors. Again, there is substantial precedence for
investigating these cellular processes (Lin et al., 2006;Choi et al., 2008;Hellmann et al.,
2009;Wu et al., 2011).

B. Molecular approaches

As discussed in detail by several contributors to this Special Issue, circadian clock genes
participating in transcriptional, post-transcriptional, and post-translational feedback
mechanisms (Ko and Takahashi, 2006) are known to play central roles in the etiology of
drug abuse, including alcoholism (Bryant et al., 2009; Falcon and McClung, 2009; Perreau-
Lenz and Spanagel, 2008; Rosenwasser, 2010). These genes include Periodl (Per1; Dong et
al., 2011) and Period2 (Per2; Spanagel et al., 2005; Brager et al., 2011a,b), Clock (Andretic
et al., 1999) and casein-kinase 1 &5 (CK1é&/ 5, Perreau-Lenz et al., 2012). For example, Perl
mutant mice exhibit enhanced alcohol consumption under stressful conditions compared to
wild-types, and Per2Brdml mytant mice show enhanced consumption (Brager et al., 2011a,b;
Spanagel et al., 2005; Perreau-Lenz et al., 2009) and pharmacological inhibition of CK1&/6
attenuates relapse-like ethanol intake (Perreau-Lenz et al., 2012). From a translational
perspective, it has been shown that altered expression of clock genes, including Per genes in
humans is linked to alcohol abuse and alcoholism (Comasco et al., 2010;Spanagel et al.,
2005; Huang et al., 2010). It is apparent, therefore, that studies aimed at elucidating the
mechanisms and sites for the modulatory actions of these circadian clock genes on ethanol
reward offer a propitious approach for understanding the basis of drug abuse at the
molecular level. Unfortunately, compensatory responses to genetic mutations and lack of
regional specificity can complicate interpretation of the differences observed. However,
more advanced methods of investigating genetic regulation are now available. For example,
viral vectors containing short hairpin RNA (shRNA) can be used to conditionally knock
down the expression of clock genes in a site-specific manner (Mukherjee et al., 2010).
Microinjecting these probes into brain sites involved in ethanol reward and drive (i.e. the
VTA and NACc) as well as circadian-related areas (i.e. the SCN and IGL) could provide
information on which clock genes acting at what specific sites are involved in modulating
various aspects of ethanol intake and dependence. Similarly, experiments utilizing
conditionally regulated clock genes (e.g., tet-on/off-regulated gene expression) could clarify
time-dependent roles of clock proteins in ethanol-induced effects, both in vivo and in vitro.

Another approach linking ethanol abuse to the circadian system is investigating how and
where ethanol disrupts expression of microRNAs (miRNAs) that regulate the expression of
mRNA and their proteins (Barbato et al., 2008). Recent studies have revealed that ethanol
significantly alters miRNA expression in the brain and elsewhere (Sathayan et al., 2007;
Tang et al., 2008; Pietrzykowski et al., 2008). Significantly, miRNAs likely play critical
roles in SCN circadian clock photic regulation and Per gene activity (Cheng et al., 2007;
Nagel et al., 2009). Clarifying potential ethanol-induced changes in miRNAs in the SCN
presents an important conceptual model for understanding how ethanol directly affects
circadian functioning at the molecular level.
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Fig 1.

Et?\anol dose-dependently inhibits in vitro glutamate-induced phase shifts. A. Shown are the
2 h means £ SEM of SCN neuronal activity from several experiments. Under control (no
treatment) conditions, neuronal activity peaks near ZT 6 on the second day in vitro.
Neuronal activity peaks approximately 3 h later than normal after brain slices are treated
with glutamate (ImM) at ZT 16, indicating the SCN clock has been phase-delayed by 3 h.
Co-application of 20mM ethanol treatment with glutamate blocks the phase delay.
Glutamate treatment alone at ZT 23 advances the time of peak activity by about 3 hr, and
again, this is prevented by co-treatment with 20 mM EtOH. Horizontal bars: time of lights-
off in the animal colony; vertical bars: time of drug treatment; dotted line: mean time-of-
peak in control experiments. B. Dose response curve for ethanol inhibition of glutamate-
induced phase delays. Shown are the mean phase delays (SEM) induced by 1 mM
glutamate applied alone or co-applied with EtOH at ZT 16.
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Fig 2.

Phgarmacokinetics of ethanol (EtOH) in the suprachiasmatic nucleus (SCN) (n = 5 hamsters)
following ip injection (Inj) of EtOH (2.0 g/kg). Peak levels (estimated at 50 mM) occurred
within 20-40 min of injection, and the half-life (t1/2) for clearance was 3 h. Bars represent
means + SE.
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Fig 3.

Lgft panel: representative double-plotted actograms of general locomotor activity showing
EtOH attenuation of photic phase-advance responses to light pulses delivered at ZT 18.5. A
and B: vehicle-injection. C and D: EtOH (2.0 g/kg) injection. Arrows denote the time of
injection. Right panel: ethanol dose-dependently attenuates light-induced phase-resetting
response. Bars with different letters are significantly different (p<0.05). Bars represent
means + S.E.

Alcohol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Prosser and Glass Page 29

A 1o DPAT(10uM) | B
£l T
e 8 : —
T 6
2 4 ! g° %
£ 2 | 3
0 L . § 4 §
DPAT(10uM) + EtOH (100mM) b}
12 —T o
N N
z } 2310 @ DPAT + EtOH
R o | g /\' DPAT +AP5
T 6 | !
D 4 2 7/
£, % 0 1 10 100
ic i
0 \ . \ AP5 Concentration (uM)
0 6 12 18 24 6 12 18 24 EtOH Concentration (mM)

Zeitgeber time (h)

Fig 4.

Et%anol enhances in vitro serotonergic phase shifts. A. Shown are the 2 h means + SEM of
SCN neuronal activity after treatment with the 5-HT 14 54 7 receptor agonist, 8-OH-DPAT
(DPAT) alone at ZT 6, which induces a 3 h phase advance, and DPAT co-applied with
100mM EtOH, which induces a 4.5 h phase advance. B. Dose-response curves for DPAT
when co-applied with either EtOH (circles) or the NMDA receptor agonist AP5 (triangles).
Both treatments enhanced DPAT-induced phase shifts to a similar degree, which together
with our other experiments, is consistent with the EtOH and APS5 effects acting through
similar modes of action.
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Top panel: EtOH (2.0 g/kg) inhibition of non-photic phase-advance responses to the
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Page 30

serotonin 5-HT1a,7 agonist (+)8-OH-DPAT (5.0 mg/kg) administered during the middle of
the light phase (ZT 6; left). EtOH had no phase-resetting effect when administered before

vehicle (dimethyl sulfoxide) injection at ZT 6 (right). Bars with different letters are

significantly different (P < 0.05). Bars represent the means + SE. Bottom panel: Dose-
dependent EtOH inhibition of phase-advance responses to i.p. injection of (+)8-OH-DPAT
delivered during the middle of the light-phase (ZT 6; bottom). Bars with different letters are
significantly different (p<0.05). Bars represent means + S.E.
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Fig 6.

Ingvitro ethanol tolerance experimental paradigms. Diagrams illustrate the different
experimental protocols used to assess acute tolerance (top), rapid tolerance (middle), and
chronic tolerance (bottom) of in vitro phase resetting. For the latter two paradigms, EtOH is
initially provided to the mice to drink, while in the first paradigm, EtOH is only applied to
the brain slices for varying amounts of time immediately prior to EtOH co-application with
either glutamate or the 5-HT1 A 54 7 receptor agonist, 8-OH-DPAT (DPAT). Dark bars:
lights-off (in vivo), or subjective night (in vitro).
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Fig 7.

Agute tolerance to in vitro ethanol. Shown are the mean (SEM) phase shifts induced by
glutamate and DPAT alone, or after varying lengths of pre-treatment and then co-treatment
with EtOH . In both cases, a 5 min pretreatment with ethanol does not prevent ethanol
modulation of glutamate or DPAT-induced phase shifts. However, ethanol pre-treatments of
30 min or longer prevent the EtOH enhancement (DPAT) and EtOH inhibition (glutamate)
effects.
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Rapid tolerance to ethanol assessed in vitro. Shown on the left are the mean (SEM) phase
shifts induced by 1 mM glutamate co-applied with varying concentrations of ethanol after a
single night of ethanol consumption. 175-200 mM ethanol is needed to inhibit both the ZT
16 phase delays (top) and ZT 23 phase advances (bottom) induced by glutamate. Shown on
the right are the phase shifts (SEM) induced by 1 mM glutamate + 20 mM ethanol applied to
brain slices prepared 0-3 days after a single night of ethanol consumption. Tolerance is still
evident 48 hr (ZT 16, top) and 72 hr (ZT 23, bottom) after ethanol consumption, but is gone
24 h later in each case.
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Composite 24-h pharmacokinetic profiles of SCN and subcutaneous EtOH superimposed
with drinking and general locomotor activity rhythms from an individual hamster during
forced 20% EtOH drinking. The black bar (top) represents the dark phase of the light-dark

(LD) cycle.
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Fig 10.
A,B; Representative double-plotted actograms showing re-entrainment to a skeleton

photoperiod (1 min light pulse designated by the vertical line) delivered daily at ZT 6 of the
initial LD photocycle in mice chronically drinking 15% ethanol (shading) or water,
respectively (n=7/group). C,D: double-plotted actograms showing the effect of chronic 15%
ethanol or water, respectively on entrainment to the 1 min skeleton photoperiod delivered at
ZT 11 of the initial LD photocycle (n=10/group). The horizontal black bars represent the
dark phase of the initial LD cycle.
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Figure 11.
Representative double-plotted actograms of general circadian locomotor activity (top) and

ethanol drinking (bottom) of individual mPer2 mutant (A,C) and wild-type (WT) (B,D)
mice. Horizontal filled and empty bars represent the dark and light phases of the 24 hr LD
cycle, respectively.
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Figure 12.
Free-choice 20% EtOH consumption (top) and EtOH preference (bottom) for hamsters

under LL exhibiting non-split and split rhythms (middle and right side, respectively) and
averaged for all hamsters (Group; left side). Gray bars represent the averages measured
under the initial LD photocycle. White bars represent the first and last 5 days of LL. Bars
represent meanstSEM. For each parameter, bars with different letters are significantly
different (p<0.05).
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Figure 13.
Free-choice EtOH consumption (top) and preference (bottom) with respect to photocycle

(LD; 12L:12D photocycle: LL; constant light). Constant light exposure transiently augments
ethanol consumption and preference. Asterisks designate significant difference LL vs. LD
(p<0.05); “a” designates significant difference wild-type vs. mPer2 mutant mice (p<0.05).
Bars represent means+SEM.
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Figure 14.

Wheel running suppresses EtOH consumption. Top panel:Top graph, mean daily ethanol
consumption for all animals (dashed line; these animals were considered statistically as a
single group, as they were not randomly separated into running and non-running groups
until the start of Phase 1), runners (solid line), and non-runners (dotted line). Phase I:
ethanol acclimation period (wheels locked). Phase 11 (shaded): wheels unlocked for
experimental group and locked for controls. Phase I11: all wheels locked. Bottom graph,
ethanol consumption and preference for runners and non-runners averaged over each phase.
Bars represent meanstSEM. Among all groups and phases, bars with different letters are
significantly different (p<0.05). Bottom panel:Top graph, daily distance run by animals
given free-choice between 20% ethanol and water (solid line) or water only (dotted line).
Shaded area represents wheel acclimation period; EtOH introduction occurred at the
beginning of the non-shaded region. Bottom graph, distance run by drinkers (EtOH) and
non-drinkers (water) during the initial 3 wks of EtOH drinking. Bars represent means+SEM.
Bars with different letters are significantly different (p<0.05).
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EtOH intake (left) and preference (right) in mPer2 mutant (PER2) and wild-type (WT) mice
during the daily regimen of i.p. acamprosate (ACAMP; 300 mg/kg/day) or saline injection
(n=4/group). Bars represent means+SEM. For each parameter, bars with different letters are

significantly different (p<0.05). Asterisks denote strain difference (p<0.05).
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Figure 16.

Li?le graphs show percent change of ethanol intake + SE from pretreatment levels in mice
receiving acamprosate (ACAMP) or no acamprosate (BLANK) from microimplants in
reward areas [ventral tegmental area (VTA) andpeduculopontine tegmentum (PPT)during
simulated relapse. “a” significant difference from pretreatment levels (p < 0.05). *
Significant difference between treatment groups for any given day (p < 0.05). Bar graphs
show means + SEM for the time point of maximal suppression of ethanol intake by
acamprosate microimplants in WT vs. mPer2 mutant (PER2 KO) mice. * Significant
difference between strains (p < 0.05).
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