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Abstract

The alcohol-preferring (P) rat is a valid animal model of alcoholism. However, the effect of
alcohol on sleep in P or alcohol non-preferring (NP) rats is unknown. Since alcohol consumption
has tremendous impact on sleep, the present study compared the effects of binge alcohol
administration on sleep-wakefulness in P and NP rats.

Using standard surgical procedures, the P and NP rats were bilaterally implanted with sleep
recording electrodes. Following post-operative recovery and habituation, pre-ethanol (baseline)
sleep-wakefulness was electrographically recorded for 48 hr. Subsequently, ethanol was
administered beginning with a priming dose of 5 g/Kg followed by two doses of 2 g/Kg every 8
hrs on the first day and three doses of 3 g/Kg/8 hr on the second day. On the following day (post-
ethanol), undisturbed sleep-wakefulness was electrographically recorded for 24 hr.

Our initial results suggest that, during baseline conditions, the time spent in each of the three
behavioral states: wakefulness, non-rapid eye movement (NREM) sleep and REM sleep, was
comparable between P and NP rats. However, the P rats were more susceptible to changes in
sleep-wakefulness following 2 days of binge ethanol treatment. As compared to NP rats, the P rats
displayed insomnia like symptoms including a significant reduction in the amount of time spent in
NREM sleep coupled with a significant increase in wakefulness on post-ethanol day. Subsequent
analysis revealed that binge ethanol induced increased wakefulness and reduced NREM sleep in P
rats occurred mainly in the dark period.

This is the first study that : 1) demonstrates spontaneous sleep-wake profile in P and NP rats, and
2) compares the effects of binge ethanol treatment on sleep in P and NP rats. Our results suggest
that as compared to NP rats, the P rats were more susceptible to sleep disruptions after binge
ethanol treatment. In addition, the P rats exhibited insomnia-like symptoms observed during
abstinence from alcohol in human subjects.
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Ethanol intake has a profound impact on sleep. In healthy non-alcoholics, acute ethanol
intake promotes NREM sleep, but suppresses REM sleep during first half of the sleep
period. However, during the second half, increased wakefulness coupled with increased
REM sleep occurs resulting in severe disturbance in sleep architecture (Roehrs and Roth,
2001).

Acute discontinuation of alcohol in alcoholics results in severe insomnia coupled with
profound sleep disruptions (Roehrs and Roth, 2001; Brower, 2003; Brower, 2001). In
addition, recent studies suggest that sleep disturbances are predictors of relapse in
recovering alcoholics (reviewed in Brower, 2003).

Strong evidence suggests that the alcohol-preferring (P) rat is a viable model of alcoholism
(McBride and Li, 1998; Murphy et al., 2002). The P and its counterpart, alcohol-non-
preferring NP rat were selectively bred for high and low alcohol-drinking behavior at the
Indiana University (Lumeng et al., 1977). In last 30 years, the P rat has been extensively
studied and meets all the criteria put forth for a valid animal model of alcohol abuse and
alcoholism (Cicero, 1979; Bell et al., 2006a).

The P and NP rats showed profound differences in behavioral responses to ethanol. For
example, compared to NP rats, the P rats displayed 1) genetic predisposition for high ethanol
consumption (Bell et al., 2006a), 2) early onset high alcohol-consuming behavior (McBride
and Li, 1998; Murphy et al., 2002; Bell et al., 2006b), 3) binge- or bender-like excessive
ethanol drinking in short time period (Rodd-Henricks et al., 2001; Rodd-Henricks et al.,
2000), 4) reduced sensitivity to ataxic and hypothermic effects of ethanol (Bell et al., 2001;
Stewart et al., 1992), 5) rapid tolerance to the ataxic and hypnotic [as evidenced by a longer
latency to lose righting reflex] effects of ethanol (Kurtz et al., 1996; Bell et al., 2001), 6)
increased locomotor activity after low doses of ethanol (Waller et al., 1986; Rodd et al.,
2004; Lumeng et al., 1982), 7) greater behavioral activation in odor-enhanced novel
environment (Nowak et al., 2000), 8) loss of control over drinking under relapse conditions
(Bell et al., 2006a) and 9) reinstatement of ethanol consumption and the expression of an
alcohol deprivation effects (Rodd-Henricks et al., 2000; Rodd-Henricks et al., 2002). As
described above, the P and NP rats have been extensively evaluated for many behavioral
responses to ethanol; however, sleep-wakefulness following ethanol has not been evaluated
in these animals.

Do P rats exhibit sleep disturbances observed in humans during withdrawal? The main
objective of this study was to evaluate sleep-wakefulness following ethanol administration
in P and NP rats.

EXPERIMENTAL

Animals

Adult male P and NP rats, (age 5 weeks) were obtained from Indiana University. After 8
weeks of quarantine at the University of Missouri Animal facility, the animals were moved
to the Harry S. Truman Memorial Veteran's Hospital Animal Facility and housed under
constant temperature, 12:12 h light and dark cycle (light on =0200 to 1400 hr) and with ad
libitum availability of food and water for one week before surgery. All animals were treated
in accordance with the American Association for Accreditation of Laboratory Animal Care's
policy on care and use of laboratory animals and every effort was made to minimize animal
suffering and to reduce the number of animals used. All experiments were carried out in
accordance with the National Institute of Health Guide for the Care and Use of Laboratory
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Animals (NIH Publications No. 80-23; revised 1996) and approved by the Harry S. Truman
Memorial Veterans Hospital Animal Committee.

Surgical procedures were done under aseptic conditions and under inhalation anesthesia (1%
isoflurane). Adult P and NP rats (N=6/group; 350-500 gm) were stereotaxically implanted
with bilateral screw electrodes fixed onto the skull above the frontal area (4 mm anterior to
the bregma and 3 mm lateral to the mid saggital suture for recording electroencephalogram
(EEG) (Thakkar et al., 2003). Two flexible wires with stainless steel loops were fixed onto
the superior nuchal muscles for recording electromyogram (EMG). These electrodes were
connected to a multichannel electrode pedestal (MS363, Plastics One Inc, Roanoke, VA),
and fixed on the skull by acrylic cement.

Post operative recovery and habituation

Ethanol

Experiments were conducted in a sound-attenuated chamber with the same light conditions,
and with food and water available ad libitum. After 3 days of post-operative recovery, the
rats were tethered to a light weight recording cable and habituated for 7 days before the
experiment was begun.

The 200 proof ethyl alcohol (Acros Organics) was purchased from Fischer Scientific and
diluted to 35% (v/v) in sterile water. Ethanol or sterile water was administered by
intragastric intubation (Thakkar et al., 2010).

Experimental Protocol

Following habituation to the recording cable the experiment was begun with the initiation of
sleep-wakefulness recording on experimental day 1 at light onset (ZTOQ). The electrographic
recording of sleep-wakefulness with a 16 channel, bipolar Physiodata Amplifier System
(Model 15LT; Grass Technologies, West Warwick, RI) and 4 Quad Neuroamplifiers (Model
15A54). The EEG signal was recorded differentially from two bilateral skull electrodes with
high pass filter settings at 0.3 Hz and low pass filter settings at 100 Hz. Similarly, the EMG
signal was recorded differentially from two bilateral implanted electrodes in the nuchul
muscle and filtered between 30 to 300 Hz. In addition, both EEG and EMG signals were
filtered at 60 Hz with a notch filter.

On experimental day 1 and 2, the animals were administered sterile water (10 ml/Kg; by
intragastric intubation) with the first dose administered at ZT6 (6 hr after light onset)
followed by a second dose at ZT14 (2 hr after dark onset) and the third dose at ZT22 (10 hr
after dark onset). This experimental paradigm allowed maximal undisturbed sleep during the
light period. Sleep-wakefulness recording that began at ZT0 on Experimental day 1 was
continued until experiment day 3 (described below).

For next two days (Experimental Days 3 and 4), a dose of 9 g/kg of ethanol was
administered each day in three divided doses. The priming dose of 5 g/kg of ethanol (35% v/
v in sterile water) was administered on experimental day 3 at ZT6. This was followed by
administration of two doses; each dose of 2 g/Kg administered at ZT 14 and ZT22. On the
second day (Experimental Day 4), three doses of 3 g/Kg were administered every 8 hr
beginning with the first dose administered at ZT6 and ending at ZT22 on experiment day 4
(Marutha Ravindran et al., 2007; Majchrowicz, 1975; Mendelson et al., 1978; Obernier et
al., 2002). We had to stop recording on experimental day 3 and unhook the animals from the
recording cables because the cables interfered with inadvertently assumed positions of
intoxicated animals (especially the NP rats). Thus, we did not continue recording during
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alcohol treatment and the animals were left unhooked from the cable until the last dose of
ethanol administration on experiment day 4.

Just before light onset on experiment day 5, the animals were reconnected to the recording
cable and the recording was begun at ZT0 on experimental day 5 (withdrawal day) and
continued for 24 hr. There was no treatment and the animals were left undisturbed for the
next 24 hr except for sleep-wakefulness recordings to ascertain the effects during
withdrawal.

Analysis of Behavioral States

The sleep-wakefulness was visually scored in 10 sec epochs as (1) Wakefulness, which
included both active and quiet waking; (2) NREM sleep; (3) REM sleep. Wakefulness was
identified by the simultaneous presence of desynchronized EEG with high (active W) or
reduced (quiet W) EMG activity, whereas NREM sleep was identified by the simultaneous
presence of synchronized EEG without transient periods of desynchronization and reduced
EMG activity. REM sleep was identified by the concomitant presence of desynchronized
EEG with no muscle tone (Thakkar et al., 2008).

Data analysis

The percent time spent in each state of behavior, by P and NP rats, on baseline and post-
ethanol days, was analyzed separately by t-test with o = 0.05.

RESULTS

Sleep-wakefulness in P and NP rats during pre-ethanol baseline

The percent time spent in wakefulness, NREM sleep and REM sleep during baseline days
were comparable in P and NP rats (Figure 1A) suggesting that there are no inherent
difference in sleep-wakefulness states between P and NP rats.

Sleep-wakefulness in P and NP rats on post-ethanol day

The effect of binge ethanol treatment on the percent time spent in sleep-wakefulness in P
and NP rats is described in Figure 1B. The P rats spent significantly (t = 2.3; df = 10; p <
0.05) more time in wakefulness (Mean £ SEM = 58.4% + 4.2%) and significantly (t = 2.7; df
=10; p <0.05) less time in NREM sleep (Mean = SEM = 38.0% + 3.2%) as compared to NP
rats (Mean = SEM; Wakefulness =45. 9% + 3.7%; NREM = 50.9% = 3.6%). Interestingly,
the amount of time spent in REM sleep was comparable in P (Mean + SEM = 3.6% + 1.1%)
and NP rats (Mean £ SEM = 3.1% + 0.9%).

In order to examine whether binge ethanol induced changes in sleep-wakefulness observed
in P rats occurred during the inactive (light) or active (dark) period, sleep-wakefulness data
for light and dark periods was separately analyzed.

Sleep-wakefulness in P and NP rats during the light (inactive) period on post-ethanol day

The percent time spent in wakefulness (t=1.4; df = 10; p = 0.2), NREM sleep (t=1.4; df =
10; p = 0.2), and REM sleep (t=0.7; df = 10; p = 0.9), during the light period on post-ethanol
day were comparable in P and NP rats (Figure 2A).

Sleep-wakefulness in P and NP rats during the dark (active) period on post-ethanol day

The effect of binge ethanol treatment on the percent time spent in three states of sleep-
wakefulness in P and NP rats during the dark period is described in Figure 2B. As compared
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to NP rats(Mean = SEM; 57.2% + 2.5%), the P rats spent significantly (t = 2.5; df =10; p<
0.05) greater amount (> 25) of time in wakefulness (Mean + SEM =72.5% + 6.1%).

The P rats displayed a significant reduction in NREM sleep (t = 3.2; df =10; p <0.01) during
the dark period as compared to NP rats. The mean (£ SEM) percent time spent in NREM
sleep by NP rats was 40.2% (+ 2.1%). In contrast the P rats spent only 24.6% (z 4.4%) time
in NREM sleep, a > 40% reduction in NREM sleep.

Surprisingly, both P (Mean + SEM = 2.9% + 1.3%) and NP rats (Mean + SEM =2.1% +
0.9%) spent comparable time (t = 0.5; df =10; p = 0.6) in REM sleep during the dark period.

The temporal distribution of percent time spent in wakefulness (Panel A), NREM sleep
(Panel B), and REM sleep (Panel C), by P and NP rats, across 24 hr following binge
ethanol treatment is described in Figure 3.

DISCUSSION

This is the first study that demonstrates 1) sleep-wakefulness profile in P and NP animals
during normal conditions, and 2) the effects of binge ethanol treatment on sleep-wakefulness
in P and NP rats. The results of our study suggest that both P and NP rats spent comparable
time in each of the three states of behavior during baseline conditions. However, binge
ethanol treatment affected sleep-wakefulness states differently in P and NP rats. The P rats
showed a significant increase in wakefulness and a significant reduction in NREM sleep on
post-ethanol day as compared to NP rats. The amount of time spent in REM sleep was
comparable in P and NP rats.

We used the binge ethanol paradigm to evaluate the effects of ethanol on sleep-wakefulness
in P and NP rats. The binge ethanol method has been extensively and successfully used
[>300 papers citation of the original article in last 20 years (Faingold, 2008)] as a model to
understand the effects of ethanol withdrawal in experimental animals. This method offers
several advantages including 1) modeling binge drinking in experimental animals, 2)
mimicking heavy ethanol consumption in alcoholics, 3) rapid induction of alcohol
dependency with relatively short period of ethanol administration, and 4) relatively easy to
use (Crews and Nixon, 2008; Faingold, 2008; Feng and Faingold, 2000; Mhatre et al., 1988;
Crews et al., 2004).

We performed two days of binge ethanol treatment because previous studies have shown
that two days of binge ethanol treatment is sufficient to produce significant neuronal damage
in rat brain (Obernier et al., 2002). We did not measure blood ethanol concentration because
drawing of blood required restraining of the animals and causing pain which may affect
sleep-wakefulness and confound our findings. However, previous studies suggest that the
blood alcohol concentration is comparable in P and NP rats after binge ethanol treatment
(Crews and Braun, 2003).

Our results suggest that, as compared to the NP rats, the P rats were more susceptible to
changes in sleep-wakefulness following binge ethanol treatment. The P rats displayed
insomnia like symptoms including a significant reduction in the amount of time spent in
NREM sleep and a significant increase in wakefulness. Interestingly, there was no change in
REM sleep. Further analysis revealed that the binge ethanol induced changes in sleep-
wakefulness in P rats occurred during the dark period on post-ethanol day. There was no
significant difference in either wakefulness or sleep (both NREM and REM phases) during
the light period, most likely due to different cerebral metabolism rates in P and NP rats
(Smith et al., 2001; Strother et al., 2008). Our data is supported by previous animal studies.
Insomnia-like symptoms (increased wakefulness and reduced sleep) have also been
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observed in rodents, during withdrawal, after chronic ethanol exposure (Ehlers and
Slawecki, 2000; Kubota et al., 2002; Rouhani et al., 1998; Mendelson et al., 1978). Clinical
studies also suggest that insomnia is highly prevalent during acute and chronic withdrawal in
recovering alcohol (Brower et al., 2001; Brower, 2001; Brower, 2003). Thus, our results
suggest that the P rats exhibit sleep disruptions observed in human alcoholics following
discontinuation of alcohol.

Our data suggesting insomnia like symptoms in P rats as compared to NP is not surprising
because the P rats displayed greater region-specific brain damage after binge ethanol
treatment than NP rat (Crews and Braun, 2003). Clinical evidence exists to suggest that
ethanol induced neurotoxicity may be a likely cause of insomnia and sleep reduction in
recovering alcoholics (Brower, 2003).

Although the mechanism of binge ethanol induced reduction in NREM sleep is unknown,
our recent studies suggest that adenosinergic mechanisms in the wake-promoting basal
forebrain have a critical role in mediating sleep promoting effects of ethanol (Sharma et al.,
2010; Thakkar et al., 2010). Are basal forebrain adenosinergic mechanisms impaired in P
rats after chronic binge alcohol treatment? How long does the effect of binge ethanol
treatment on sleep-wakefulness last? Further studies are required to answer these questions.
In addition, studies performed in recovering alcoholics suggest that sleep disruptions predict
relapse (Brower, 2001; Brower et al., 2001; Foster and Peters, 1999; Drummond et al.,
1998). Since ethanol intake promotes sleep, it has been suggested that alcoholics use ethanol
to self-medicate sleep disturbances which then results in return to drinking. While P rats
display “alcohol deprivation effect” (ADE) and are vulnerable to relapse-like drinking (Bell
et al., 2006a), it is yet unknown whether alcohol dependent P rats consume ethanol to
improve their sleep quality.

CONCLUSION

This is the first study to demonstrate sleep-wakefulness profile in P and NP rats, and to
evaluate the effect of binge ethanol treatment on sleep in P and NP rats. Our data suggest
that as compared to NP rats, the P rats are more susceptible to changes in sleep-wakefulness
after binge ethanol treatment. Thus, the P rats may provide an appropriate animal model for
future studies on the neurobiological regulation of sleep disturbances induced by ethanol.
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ANOVA Analysis of variance
EEG Electroencephalogram
EMG Electromyogram
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Figure 1.

Panel A: The percent time spent in sleep—wakefulness by P and NP rats during 24 hr of pre-
ethanol baseline is described. The amount of time spent in each behavioral state by P and NP
rats was comparable suggesting that there was no inherent difference in sleep-wakefulness
in P and NP rats.

Panel B: The effect of chronic binge ethanol treatment on the percent time spent in sleep-
wakefulness during the 24 hr period of post-ethanol day is described. As compared to NP
rats, the P rats displayed a significant increase in wakefulness coupled with a significant
decrease in NREM sleep on post ethanol day. REM sleep was comparable in P and NP rats.
* = p<0.05
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Figure 2.

Panel A: The effect of chronic binge ethanol treatment on the percent time spent in sleep-
wakefulness during the 12 hr light period of post-ethanol day is described. The P and NP
rats spent comparable time in all three states of behavior during the light period on post-
ethanol day.

Panel B: The effect of chronic binge ethanol treatment on the percent time spent in sleep-
wakefulness during the 12 hr dark period of post-ethanol day is described. As compared to
NP rats, the P rats displayed a significant increase in wakefulness coupled with a significant
decrease in NREM sleep. REM sleep was comparable in P and NP rats. * = p<0.05; **
=p<0.01
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Figure 3.

The temporal distribution of the percent time spent in wakefulness (Panel A), NREM sleep
(Panel B) and REM sleep (Panel C) by P rats and NP rats across 24 hr on post ethanol day
is described.
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