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Abstract

Background—Alcohol abuse is associated with impaired circadian rhythms and sleep. Ethanol
administration disrupts circadian clock phase-resetting, suggesting a mode for the disruptive effect
of alcohol abuse on the circadian timing system. In this study, we extend previous work in
C57BL/6J mice to: 1) characterize the SCN pharmacokinetics of acute systemic ethanol
administration; 2) explore the effects of acute ethanol on photic and non-photic phase-resetting;
and 2) determine if the SCN is a direct target for photic effects.

Methods—First, microdialysis was used to characterize the pharmacokinetics of acute i.p.
injections of 3 doses of ethanol (0.5, 1.0 and 2.0 g/kg) in the mouse suprachiasmatic (SCN)
circadian clock. Second, the effects of acute i.p. ethanol administration on photic phase-delays and
serotonergic ([+]8-OH-DPAT-induced) phase-advances of the circadian activity rhythm were
assessed. Third, the effects of reverse-microdialysis ethanol perfusion of the SCN on photic phase-
resetting were characterized.

Results—Peak ethanol levels from the 3 doses of ethanol in the SCN occurred within 20-40 min
post-injection with half-lives for clearance ranging from 0.6-1.8 hr. Systemic ethanol treatment
dose-dependently attenuated photic and serotonergic phase-resetting. This treatment also did not
affect basal SCN neuronal activity as assessed by Fos expression. Intra-SCN perfusion with
ethanol markedly reduced photic phase-delays.

Conclusions—These results confirm that acute ethanol attenuates photic phase-delay shifts and
serotonergic phase-advance shifts in the mouse. This dual effect could disrupt photic and non-
photic entrainment mechanisms governing circadian clock timing. It is also significant that the
SCN clock is a direct target for disruptive effects of ethanol on photic shifting. Such actions by
ethanol could underlie the disruptive effects of alcohol abuse on behavioral, physiological, and
endocrine rhythms associated with alcoholism.
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INTRODUCTON

Reliance on alcohol to alleviate the malaise of sleep/wake cycle disturbance is common
among shift workers and others exposed to challenging circadian environments (Roehrs and
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Roth, 2001; Smart, 1979; Trinkoff and Storr, 1998). Alcohol abuse can create a self-
perpetuating cycle of alcohol dependence and chronobiological disturbance by disrupting
circadian rhythms in hormone release, metabolism, core body temperature, and sleep/wake
consolidation (Chen et al., 2004; Wasielewski and Holloway, 2001; Brower, 2001; Sack et
al., 2007; Rojdmark et al., 1993; Iranmanesh 1989; Kiihlwein et al. 2003, Fonzi et al. 1994;
Mukai et al., 1998). There is also a disruption of central glutamatergic transmission caused
by ethanol's inhibition of glutamate signaling at the NR2B subunit of the N-methyl-D-
aspartate (NMDA) receptor (Krystal et al., 2003; Dodd et al., 2000). In abstaining
alcoholics, this situation can promote a hyperglutamatergic condition, precipitating relapse,
seizures, cognitive impairments and neural necrosis (Dodd et al., 2000; Floyd et al., 2003).
Ethanol has also been shown in animal models to alter serotonergic activity, with increases
following acute administration and decreases during chronic exposure (reviewed in
Rosenwasser, 2001; LeMarquand et al., 1994).

The disruptive effects of ethanol on glutamate and serotonin (5-HT) have a strong impact on
circadian timing, since both of these transmitters play key roles in regulating the circadian
clock of the suprachiasmatic nucleus (SCN). Specifically, glutamate mediates photic
entraining input from the retina to the SCN clock (Johnson et al., 1988; Meijer et al., 1988;
reviewed in Challet and Pévet, 2003), and 5-HT from the midbrain raphe modulates photic
input and mediates behavior-induced non-photic signaling to the clock (Dudley et al., 1998,
1999; Glass et al., 2000, 2003; Meyer-Bernstein et al., 1997; Rea et al., 1994; Grossman et
al., 2000; Mistlberger and Antle, 1998; reviewed in Challet and Pévet, 2003). We and others
have demonstrated that ethanol can block both photic and serotonergic circadian phase-
resetting in Syrian hamsters (Ruby et al., 2009a, b; Seggio et al., 2007). In the C57BL/6
mouse, chronic ethanol drinking impairs photic phase-resetting and photic entrainment in
vivo (Ruby et al., 20094, b; Brager et al., 2010) and acute ethanol treatment blocks
glutamatergic phase-resetting and enhances serotonergic phase-resetting in the in vitro SCN
slice preparation (Prosser et al., 2008). We have also shown that the mouse SCN slice
quickly develops tolerance to ethanol, with rapid (<15 min) loss of the differential ethanol
effects on glutamatergic and serotonergic phase-resetting responses (Prosser and Glass,
2009).

Despite these studies, little is known of the in vivo circadian effects of acute ethanol
administration in the mouse. To fill this knowledge gap, a multifold approach was used in
mice to: 1) characterize the pharmacokinetic profile of i.p. injected ethanol in the SCN; 2)
explore the effects of i.p. ethanol administration on photic and serotonergic phase-resetting;
and 3) determine if the SCN is a direct target of ethanol on photic phase-resetting using
reverse microdialysis application of ethanol to the SCN. Results from these experiments
would expand our knowledge of the nature of ethanol actions on the mammalian circadian
timing system.

MATERIALS AND METHODS

Animals

Adult (~8 week-old) male C57BL/6J mice were obtained from The Jackson Laboratory (Bar
Harbor,ME). Animals were singly housed in polycarbonate cages under a 12:12 LD
photoperiod at a light intensity of 270 lux in a temperature-controlled vivarium (23°C) with
food (Prolab 3000, PMI Feeds, St. Louis, MO) and water provided ad libitum. The
experiments followed the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by the Kent State Institutional Animal Care and Use
Committee.
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SCN pharmacokinetics of acute systemic ethanol administration

In vivo microdialysis was used to characterize the pharmacokinetics of EtOH within the
SCN in freely-behaving mice following i.p. EtOH administration. The SCN microdialysis
procedures have been described previously (Dudley et al., 1998; Ruby et al., 20093, b).
Briefly, concentrically designed probes were constructed from a 26-gauge stainless steel
outer cannula into which was inserted 32-gauge fused silica tubing. Hemicellulose dialysis
tubing (230 um outer diameter; 12kDa MW cutoff; Spectra-por; Fisher) was affixed to the
outer cannula with epoxy glue. The active dialysis length was 1.0 mm. Two days prior to
experimentation, the animals were pretreated with Marcaine (0.25% bupivicaine; 0.05 ml) in
the scalp area and atropine subcutaneously (0.09%; 0.10 ml) to reduce localized pain and
respiratory occlusion, respectively, and subsequently anesthetized with pentobarbital sodium
(Nembutal; 35 mg/kg). The probe was stereotaxically aimed at the lateral margin of the SCN
(anteroposterior —0.46 mm from bregma; lateral +0.2 mm from midline; horizontal 5.5 mm
from dura) to avoid damaging the nucleus. Probes were secured to the skull with dental
cement and stainless steel screws. The 2 day recovery period was used, as this is considered
optimal for tissue recovery and probe function. Microdialysis sampling was undertaken 1 h
before, and extended 4.3 h after an i.p. injection of ethanol (0.5 g/kg, 1.0 g/kg and 2.0 g/kg
each diluted to 20% v/v in physiological saline; n=3/group). The sampling interval was 20
min at a flow rate of 1.0 pl/min. Ethanol in 5 pl aliquots of microdialysate was measured
with an Analox AM1 ethanol analyser (Analox Instruments, Lunenburg, MA). Probe
efficiency was estimated in vitro by measuring the yield of ethanol from probes immersed in
a 50 mM ethanol solution at 37°C and averaged ~10%. Pharmacokinetic measurements
included peak EtOH concentration (mM), time of peak EtOH concentration (Tpayx), and the
half-life (t1/» elimination) of EtOH elimination. These values were used to determine the
optimum timing for ethanol administration prior to a phase-resetting treatment. Following
experimentation, probe placement was verified from 60 pum-thick frozen sections stained
with cresyl violet.

Effects of acute systemic administration of ethanol on photic phase-resetting

This experiment was undertaken to determine if ethanol inhibits photic phase-resetting in
vivo as previously reported in hamsters (Ruby et al., 2009a). Mice under LD were
individually caged and their general locomotor activity rhythm was measured over a 2 wk
pre-experimentation period using overhead passive infrared motion detectors interfaced with
a computerized data acquisition system (Clocklab: Coulbourn Instruments, Whitehall, PA).
Data was collected in 1 min bins, and activity onset associated with lights-off (designated as
zeitgeber time [ZT] 12) was defined by the initial 6 min period that 1) coincided with an
intensity of activity that exceeded 10% of the maximum rate for the day; 2) preceded by at
least 4 hr of activity quiescence; and 3) followed by at least 60 min of sustained activity.
Phase shifts were calculated as the difference between the projected times of activity onset
of baseline entrainment and days following EtOH-photic treatment as determined by 1) back
extrapolation of the least-squares line through activity onsets on days 3-7 after EtOH-photic
treatment and 2) extrapolation of the least-squares line calculated from activity onset data
collected the last 5 days of baseline entrainment.

On the day of experimentation, animals received an i.p. injection one of three doses of
ethanol (0.5 g/kg, 1.0 g/kg or 2.0 g/kg [all 20% v/v in physiological saline]; n=7/group) or
saline alone preceding a 30 min phase-delaying light pulse (25 lux) delivered from ZT 16—
16.5. Immediately following the light pulse, the animals were released into constant
darkness (DD) for 2 wks to assess the extent of phase-delaying using an Aschoff Type Il
procedure (Daan and Pittendrigh, 1976). Under DD, activity onset is designated as circadian
time (CT) 12 and is the phase reference point for the onset of the subjective night.
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Effects of SCN ethanol reverse microdialysis perfusion on photic phase-resetting

In this experiment, ethanol was administered directly to the SCN region using reverse
microdialysis perfusion to determine if the SCN is a direct target of ethanol's inhibitory
effect on photic phase-resetting. Animals under LD were singly caged, and their circadian
activity rhythms were measured over a 2 wk period prior to experimentation. Two days
before experimentation, the animals were outfitted with a microdialysis probe stereotaxically
aimed at the lateral margin of the SCN as described above. On the day of experimentation,
microdialysis probes were perfused with ACSF alone or ACSF+ethanol (500 mM) from a
syringe pump. Based on in vitro probe efficiency of 10% this provided a theoretical ethanol
concentration of ~ 50mM outside the probe. Continuous perfusion of ACSF or ACSF
+ethanol commenced 30 min before, and extended throughout a 30 min phase-delaying light
pulse (25 lux) (or no light pulse for controls) administered at ZT 14 (n=4 for both groups).
Immediately following this treatment, the animals were released into DD to assess phase-
shifting responses using the Aschoff Type Il procedure. Following experimentation, probe
placement was verified histologically from fixed frozen sections stained with cresyl violet.

Effects of acute systemic ethanol administration on serotonergic phase-resetting

The effect of ethanol on serotonergic phase-resetting was explored to determine if ethanol
suppresses non-photic phase regulation in vivo as previously reported in hamsters (Ruby et
al., 2009a). Mice under LD were individually caged, and their circadian locomotor activity
rhythms measured over a two week period prior to experimentation. On the day of the
experiment, animals received an i.p. injection of one of three doses of ethanol (0.5 g/kg, 1.0
g/kg or 2.0 g/kg) 30 min before i.p. injection of the serotonin; 5;7 agonist (+)8-OH-DPAT
(10.0 mg/kg; Sigma Chemical Co., St. Louis MO) dissolved in dimethyl sulfoxide (DMSO)
or DMSO alone at ZT 6 (n=7/group) which coincides with the phase-advancing portion of
the non-photic PRC. Immediately following drug injection, the animals were released into
constant darkness to assess phase-advancing responses using the Aschoff Type Il procedure.

Effects of acute systemic ethanol administration on Fos expression in the SCN

Statistics

This experiment was undertaken to determine if ethanol affects basal SCN neural activity at
midday. Mice received an i.p. injection of ethanol (2.0 g/kg) or saline vehicle at ZT 6 (n=5/
group). One hundred minutes after injection, the animals were deeply anesthetized with
Nembutal and intracardially perfused with 100 ml of 4% buffered paraformaldehyde (pH =
7.3). The brains were extracted, and immersion-fixed in 4% paraformaldehyde for 24 h,
followed by immersion in 30% sucrose for 24 h at 4°C. Cryostat sections (40um-thick) were
incubated with a rabbit polyclonal 1gG antibody (c-fos (4); Santa Cruz Biotechnology; Santa
Cruz, CA), and Fos expression was visualized using Vectastain Elite ABC kit with 3,3-
diaminobenzidine tetrahydrochloride as chromagen (Vector Labs, Burlingame, CA).
Sections were mounted with permount (Fisher), and Fos expression was quantified using
ImageJ (National Institutes of Health, Bethesda, MD). Counts of immunostained nuclei were
undertaken blindly from within the entire mid-posterior region of the SCN.

Multivariate analysis of variance was used to compare the pharmacokinetic profiles of the
different ethanol doses. The effects of ethanol on photic and non-photic phase-resetting were
assessed by one-way ANOVA. Student Neuman-Keuls post-hoc comparisons were utilized
when the analysis of variance revealed significant treatment effects. The effect of ethanol on
SCN Fos expression was assessed using an unpaired t-test. The level of significance was set
at p<0.05.
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RESULTS

Ethanol pharmacokinetics in the SCN

The pharmacokinetic profiles of ethanol in the SCN following acute i.p. injections of ethanol
(0.5 g/kg to 2.0 g/kg) as assessed in freely-behaving mice by microdialysis are presented in
Fig. 1. Peak levels of ethanol in the SCN were independent of dose, and all occurred within
20-40 min post-administration. These levels, estimated using a 10% probe efficiency, were
57.7+5.9 mM, 20.2+3.0 mM, and 8.8+1.5 mM, for the 2.0, 1.0 and 0.5 g/kg doses,
respectively. The half-lives of the absorbed ethanol (t1/, elimination) were 1.8+0.2 hr,
1.140.5 hr, and 0.6%0.1 hr, for the same doses, respectively.

Acute systemic EtOH administration dose-dependently attenuates photic phase-resetting

Photic phase-delay shifts at ZT 16 were significantly attenuated by i.p. injection of ethanol
in a dose-dependent manner (F3 24=3.89; p<0.03; Fig. 2). Vehicle controls receiving i.p.
saline injection had phase-delay shifts averaging 1.4+0.2 hr, while animals receiving i.p.
injection of ethanol at doses of 0.5, 1.0, and 2.0 g/kg showed reduced phase delays
averaging 1.320.1 hr, 1.2+ 0.2 hr, and 0.7+0.2 hr, respectively. The two higher doses
significantly inhibited photic phase resetting (both p<0.05 vs. vehicle). Representative
actograms for vehicle- and ethanol-treated animals are shown in Fig. 3.

Intra-SCN EtOH administration attenuates photic phase-resetting

Reverse microdialysis perfusion of the SCN with ACSF containing ethanol (50 mM
estimated tissue concentration) for 1 hr markedly inhibited photic phase-delay shifting at ZT
14. Controls receiving SCN ACSF perfusion alone had phase delays averaging 2.4+0.5 hr
(Fig. 4), whereas mice receiving SCN ethanol perfusion exhibited much smaller phase
delays averaging 0.6+0.2 hr (F1 12=16.56; p<0.01). Neither ACSF nor ethanol perfusions
had phase-shifting effects in the absence of a light pulse. Representative actograms for
ACSF and ethanol perfused mice are shown in Fig. 5.

Acute systemic EtOH administration attenuates serotonergic phase-resetting

Serotonergic phase-advance shifts induced by i.p. injection of 8-OH-DPAT at ZT 6 were
significantly attenuated by i.p. injection of ethanol in a dose-dependent manner (F3 24=8.89;
p<0.01; Fig. 2). Vehicle controls receiving i.p. DMSO injection had phase-advance shifts
averaging 0.5+0.2 min, while animals receiving i.p. injection of ethanol at doses of 0.5, 1.0
and 2.0 g/kg showed reduced phase advances averaging 0.4+0.1 hr, 0.3+0.1 hr, and 0.0+0.0
hr, respectively. The highest dose significantly inhibited photic phase resetting (p<0.01 vs.
vehicle). Representative actograms for vehicle- and ethanol-treated animals are shown in
Fig. 3.

Acute systemic EtOH does not alter basal SCN Fos expression

Acute i.p. injection of ethanol did not affect basal levels of Fos expression in the SCN when
compared to saline injected controls (273.6+£39.4 cells vs. 279.6+27.8 cells, respectively;
p>0.05). Photomicrographs illustrating Fos expression in the SCN of mice receiving the
EtOH and saline treatments are presented in Fig. 6.

DISCUSSION

Alcohol abuse and subsequent withdrawal are highly disruptive to circadian clock-regulated
homeostatic functions, including the sleep-wake cycle, metabolism, and feeding (Chen et al.,
2004; Wasielewski and Holloway, 2001; Brower, 2001; Sack et al., 2007; Thiele et al.,

2003, Sookoian et al., 2007; Rojdmark et al., 1993; Iranmanesh 1989; Kihlwein et al. 2003,
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Fonzi et al. 1994; Mukai et al., 1998). Chronic alcohol abuse can promote desynchronization
of such rhythms with respect to the LD cycle and to internal SCN clock timing. This lack of
internal rhythm coordination together with a loss of control from environmental timekeeping
cues ultimately increases the risk of pathologies including diabetes, obesity, ulcers, sleep/
circadian rhythm disorders, cardiovascular pathology and cancer (Thiele et al., 2003;
Sookoian et al., 2007; Sack et al., 2007; Brower, 2001; Wasielewski and Holloway et al.,
2001; Davis and Mirick, 2006). As the temporal regulation of circadian clock-generated
rhythms is mediated by photic and non-photic entrainment inputs to the SCN, it is possible
that these pathways could be vulnerable to the adverse chronobiological effects of ethanol.
This assumption has been borne out by in vivo studies in hamsters and mice that have
characterized ethanol's impairment of photic and non-photic signaling processes (Brager et
al., 2010; Ruby et al., 2009a, b; al., Seggio et al., 2007, 2009). The present results extend
these findings, showing that acute ethanol strongly inhibits phase-resetting responses of the
mouse circadian clock to photic and non-photic (serotonergic) signals. Interestingly, the
intra-SCN reverse microdialysis ethanol perfusion trials revealed that ethanol's inhibition of
photic, but not serotonergic phase-resetting is manifested within the SCN itself. This latter
result strongly implicates the SCN as a target for ethanol's disruption of photic phase-
resetting, but that ethanol's inhibition of serotonergic phase resetting involves an extra-SCN
site. Collectively, these findings are the first evidence that acute ethanol can affect phase-
resetting mechanisms of the circadian clock in mice, and suggest that the SCN represents a
critical target for ethanol's disruptive effects on photic but not non-photic phase-resetting
mechanisms.

It is apparent that the extent of attenuation of photic shifting associated with the intra-SCN
ethanol perfusion was greater than that produced by i.p. injection (~75% vs. ~50%,
respectively). This result indicates an increased effectiveness of ethanol when delivered
directly to the SCN. The concentrations of ethanol in the SCN (~40-60 mM) were
equivalent for both applications, so the reason for this difference is unclear. Possibly it could
have been due to the lack of behavioral/whole-body physiological responses to isolated SCN
ethanol treatment that are manifest after systemic treatment. Another possibility is the
difference in pharmacokinetics of ethanol in the SCN between the two treatment modes.
Also, there may have been an effect of the different times of light+ethanol delivery (ZT 16
and ZT 14, respectively for the systemic and intra-SCN treatments), as control photic phase-
delay responses were greater at ZT 14 than at ZT 16. Regardless of the magnitude of effects
of the different treatments, our result suggests that intra-SCN ethanol treatment significantly
attenuated photic phase-resetting.

Ethanol disrupts photic phase-resetting

Treatment with ethanol in hamsters and mice has been shown to strongly suppress photic
phase-resetting in a species-specific manner. In hamsters, acute or chronic ethanol
administration inhibits phase-advances but not phase-delays, while in mice, chronic ethanol
treatment inhibits phase-delays but not phase-advances (Ruby et al., 2009b; Brager et al.,
2020; Seggio et al., 2009). Here we show further that photic phase-delays in mice are also
inhibited by acute systemic and intra-SCN ethanol treatments. Importantly, this inhibition of
photic phase-resetting by intra-SCN perfusion of ethanol in the mouse (present study) and in
the hamster (Ruby et al., 2009a) as well as the inhibition of the phase-resetting action of
glutamate on spontaneous electrical activity of the isolated mouse SCN slice (Prosser et al.,
2008) strongly suggests that the inhibitory action of ethanol occurs within the SCN photic
signaling cascade. One possible mechanism for this action is the inhibition of brain-derived
neurotrophic factor (BDNF), since application of BDNF reverses the inhibitory action of
ethanol on glutamate-induced shifts in the mouse SCN slice (Prosser et al., 2008).
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Ethanol disrupts serotonergic phase-resetting

Serotonergic signaling from neurons of the midbrain raphe nuclear complex is implicated in
behavioral phase-resetting (Glass et al., 2000, 2003; Grossman et al., 2000; Meyer-Bernstein
etal., 1997) as well as modulating photic input to the SCN (Rea et al., 1994; Grossman et
al., 2000; Mistlberger and Antle, 1998). The role for 5-HT in non-photic phase-resetting is
supported in part by the potent shifting actions of 5-HT agonists, principally 8-OH-DPAT,
in vivo (Ehlen et al., 2001; Horikawa and Shibata, 2004) and in vitro (Prosser et al., 1993,
2003; Shibata et al., 1992). This 5-HT 14 7 receptor agonist has been used widely to study
non-photic mechanisms, and has a phase-response curve (PRC) similar to behavioral PRCs
(Mrosovsky, 1988; Reebs and Mrosovsky, 1989; Grossman et al., 2000; reviewed in
Mistlberger et al., 2000). It also produces shifts of similar magnitude as behavioral stimuli
(Knoch et al., 2004; reviewed in Mistlberger et al., 2000). Consistent with our previous
report in hamsters (Ruby et al., 2009a), acute i.p. ethanol injection in mice inhibits 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. The basis of these strong
inhibitory effects of 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). A possible explanation
for this inhibition of 8-OH-DPAT shifting is that an ethanol-induced enhancement of
serotonergic activity causes a rapid down-regulation of 5-HT receptors as reported in vitro
(Prosser and Glass, 2009). In our in vivo systemic trials, ethanol was administered 30 min
prior to 8-OH-DPAT injection, which (according to the present pharmacokinetic analyses)
could have down-regulated 5-HT receptors prior to 8-OH-DPAT entry to the brain, thus
attenuating its phase-advancing response. It also must be noted that the inhibition of 8-OH-
DPAT-induced phase-advances by i.p. ethanol treatment contrasts with our earlier studies in
the mouse SCN slice where ethanol potentiated, rather than inhibited, 8-OH-DPAT phase-
advance shifting (Prosser et al., 2008). It was suggested that the potentiated in vitro (~30%)
shifting was due to ethanol's inhibition of glutamate signaling, since glutamate agonists
inhibit serotonergic phase-resetting in the SCN (Prosser, 2001). Why such an effect was not
evident in vivo is not clear, but could relate to the heightened responsiveness of the
deafferented slice to 5-HT agonists (Prosser et al., 2006).

In addition to assessing the actions of ethanol on non-photic phase-resetting, a trial
involving the assessment of Fos expression was undertaken to determine if acute ethanol
may affect cellular activity in the SCN during midday when spontaneous neuronal activity is
high. Injection of ethanol (2 g/kg) at midday did not significantly affect the number of Fos-
immunostained nuclei, indicating that ethanol neither increased nor decreased overall basal
levels of neuronal activity in the SCN at this time. This result is in general agreement with
those of other studies on ethanol effects on hypothalamic Fos expression, where there was
little overall effect of ethanol in anterior and lateral hypothalamic areas, although such
effects of ethanol were highly region- and dose-dependent (Bachtell et al., 2000; Ryabinin et
al., 2000). With regard to photic phase-resetting effects of ethanol, it will be important in
future experiments to determine if light-induced Fos expression in the SCN, used a marker
for the activation of the photic signaling cascade (Kornhauser et al., 1990; Glass et al.,
1994), is inhibited by ethanol. This would constitute additional evidence for an inhibitory
action of ethanol registered in the signaling cascade.

SCN ethanol pharmacokinetics

Brain microdialysis assessment of the pharmacokinetic profile of ethanol in the SCN
following i.p. injection was undertaken to verify that the timing of phase-resetting
treatments coincided with sufficiently raised ethanol levels. It was also of interest to
compare the pharmacokinetics of acute ethanol with that of other species. Similar to our
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previous measurements in the hamster (Ruby et al., 2009a), peak levels associated with a 2
g/kg dose of ethanol occurred within 20-40 min of injection (hamster, 50 mM; mouse 58
mM). In the mouse, however, the half-life for clearance was shorter than that of the hamster
(1.8 hr vs. 3.0 hr, respectively). These measurements confirmed that the administration of
the light and 8-OH-DPAT treatments 30 min following ethanol injection would have
coincided with near-maximal ethanol levels. Consistent with our previous report (Ruby et
al., 2009a), the pharmacokinetic profiles of acute ethanol in the mouse and hamster SCN is
similar to that observed in the rat nucleus accumbens (Yan, 1999), striatum (Job et al., 2003)
following i.p. injection of 2 g/kg ethanol, with peak levels (~60 mM) occurring 15-30 min
post-injection. The half-life for clearance in these reports was 1.5 to 3.0 hrs, which is also
similar to the present assessments. It is also notable from the present analyses of multiple
doses of ethanol that the estimated SCN concentration was about 3 times higher at 2.0 g/kg
compared to that at 1.0 g/kg. We believe that this is attributable to the physiological effects
of the different does of i.p. ethanol. The lower doses (0.5 and 1.0 g/kg) caused behavioral
excitation for ~1 hr, while the higher dose (2.0 g/kg) caused sedation and possible
hypothermia for ~2 hr. It is thus plausible that the clearance/metabolism of the higher
ethanol dose could be slowed by sedation, causing disproportionately higher peak levels and
prolonged half-life compared to the lower doses.

In conclusion, the present study is the first to confirm that acute ethanol dose-dependently
attenuates photic phase-delay shifts and serotonergic phase-advance shifts in the mouse.
This dual effect theoretically could disrupt photic and non-photic entrainment mechanisms
governing circadian clock timing. It is also significant that the SCN clock is a direct target
for disruptive effects of ethanol on photic shifting. This suggests that ethanol could impair
the activity of multiple transmitter systems and sites involved in circadian timing regulation.
Such diversity of action by ethanol could underlie the disruptive effects of alcohol abuse on
behavioral, physiological and endocrine rhythms associated with alcoholism.
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Figure 1.

Pharmacokinetic profiles of ethanol in the SCN following i.p. injections of three doses of
ethanol. For each dose, peak levels occurred within 20-40 min of injection. Clearance rate
was dose-dependent. Time points are the means + S.E.
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Figure 2.

Dose-dependent inhibition of phase-delay responses to a light pulse delivered at ZT 16 (top)
and phase-advance responses to i.p. injection of (x)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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Representative double-plotted actograms of general locomotor activity showing ethanol
attenuation of photic phase-delay responses to a 30 min light pulse delivered at ZT 16 and
phase-advance responses to an i.p. (£)8-OH-DPAT injection delivered at ZT 6. A, ethanol (2
g/kg) + light; B, saline + light; C, ethanol (2 g/kg) + 8-OH-DPAT; D, saline + 8-OH-DPAT.
Asterisks denote the time of ethanol injection and subsequent light pulse or (+)8-OH-DPAT

injection.
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Figure 4.

Inhibition of phase-delay responses to a light pulse delivered at ZT 14 by direct reverse-
microdialysis perfusion of ethanol to the SCN. The ethanol and artificial cerebrospinal
(ACSF) perfusions had no phase-resetting effect in the absence of a light pulse. For all
treatments, bars with different letters are significantly different (pz.05). Bars represent
means + S.E.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brager et al.

Page 16

. L
L. | ll ﬂl“l‘.h

1lL_
4 el .

FTTYY

o Bl

aLLiL.I
111hj‘

Wwils

h I‘lwil

mynu Lnj

il

; H.'-.ll“h a bl |..ﬂ.ll|“

T M
dﬁnll
‘Iﬂl.ﬂl .li.ll.n.ldhklill
th“_l “llil“ L“.M J
" “ﬂ‘r«L].LL‘JJ |

unul

HIL
dl“l“u.i‘ Pl

il

o T

|

lill.LiuU Con) aomitdll
e

‘lh. I .IHI“
Ll ...Jﬂ..in
R TR jumu

Illli

. “ﬂ
l Lo, "l'hlll
[ S I L- Llulil | |i‘

| L.ﬂhﬂ“_h NTIThY |iu.l R ITRI R T
‘i.lllJ..u'....l ‘Li ™ dl‘]nﬂl“
Mol o lebbss.. _ .la 11 'u| o Lol
n.i- TR -J-jln.;l
N TR TS ™ I I
Vr‘i“ii.llll | ...l :
12 24 36 12 24 36
TIME (H)
Figure 5.

Representative double-plotted actograms of general locomotor activity showing the

inhibition by reverse-microdialysis perfusion of ethanol to the SCN of photic phase-delays
induced by a light pulse delivered at ZT 14. A, vehicle (artificial cerebrospinal fluid); B,
ethanol; C, vehicle/no light pulse; D, ethanol/no light pulse. Asterisks denote onset of the
perfusions and subsequent light pulse (or no pulse).
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Figure 6.

Photomicrographs and graph illustrating the lack of effect of i.p. ethanol injection (2 g/kg)
on immunoreactive Fos expression in the SCN at midday (ZT 6; A, ethanol; B, saline) . 3V,
third ventricle; OC, optic chiasm. Bars represent means + S.E.
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