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Rapid Tolerance Development to the NREM Sleep Promoting Effect of Alcohol
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Study Objectives: Alcohol tolerance is a major contributor towards the development of alcohol dependence. Does alcohol intake result in rapid
tolerance development to alcohol induced NREM sleep promotion? This has never been examined. Our objective was to examine whether two
bouts of alcohol consumption on consecutive days results in rapid tolerance development to alcohol-induced NREM sleep promotion.

Design: N/A.

Setting: N/A.

Patients or Participants: C57BL/6J mice.

Interventions: Mice (N = 5) were implanted with sleep electrodes using standard surgical conditions. Following postoperative recovery and habituation,
the experiment was begun. On baseline day, water bottle changes were performed at 10:00 (3 h after dark onset) and 14:00 to mimic conditions during
alcohol consumption days. On next 2 days, (Days 1 and 2) mice were allowed to self-administer alcohol (20% v/v) for 4 h beginning at 10:00 and ending
at 14:00. Sleep-wakefulness was continuously recorded from 10:00 to 18:00 (8 h; 4 h during alcohol + 4 h post-alcohol) on all 3 days.
Measurements and Results: Although mice consumed comparable amounts of alcohol on Days 1 and 2, NREM sleep and wakefulness were
significantly and differentially affected during 4 h post-alcohol period. A robust alcohol-induced NREM sleep promotion was observed on Day 1.
However, no such sleep promotion was observed on Day 2, suggesting rapid tolerance development.

Conclusions: Our study is the first to demonstrate that alcohol consumption for two consecutive days results in development of rapid tolerance to

alcohol-induced sleep promotion.
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INTRODUCTION

Alcohol tolerance is defined as an accentuated reduction
of its effect with the constant use of the same quantity or a
need to progressively consume higher amounts of alcohol
to achieve the same effect. Alcohol tolerance is a diagnostic
criterion of alcohol dependence, a predictor of vulnerability to
alcoholism and a major contributor toward the promotion of
alcohol drinking behaviors.'® Functional tolerance to alcohol
is the result of the brain adapting to alcohol-induced disruption
and is temporarily classified as: (1) acute tolerance, which is
observed during a single session of alcohol consumption; (2)
rapid tolerance, which is observed between 8 to 24 hours after
the effects of first alcohol administration has disappeared; and
(3) chronic tolerance, which is detected after long term (days)
alcohol exposure.*”'? Tolerance to several behavioral effects
of alcohol including hypothermia, loss of righting reflex, and
ataxia has been examined.*'*"'> However, rapid tolerance to the
sleep promoting effects of alcohol has never been examined.

Alcohol is a potent somnogen and promotes NREM sleep.
It is among the most extensively used “over-the-counter” sleep
aid. Several different population-based studies suggest that
approximately 10% to 40% of general population use alcohol
as a sleep aid.'®*' Does alcohol intake result in rapid tolerance
to the NREM sleep promoting effects? We hypothesized that
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alcohol consumption for two consecutive days would result in
rapid tolerance to the sleep-promoting effect of alcohol.

MATERIALS AND METHODS

Animals

Adult male C57BL/6J mice (7-8 weeks; 22-26 g; Jackson
Laboratories [Bar Harbor, ME]) were housed under reverse
12-12 hour light/dark cycle (light onset = 19:00) with ad lib
access to standard laboratory chow and water for 8 to 10 days
before experiments were begun. All experimental procedures
were approved by the Institutional Animal Care and Use
Committee of Harry S. Truman Memorial Veterans’ Hospital.

Surgery

Under aseptic conditions and isoflurane anesthesia, mice
were stereotaxically implanted with 3 screw electrodes to
record brain activity (electroencephalogram [EEG]) with 2
screws implanted at posterior 2.2 mm and lateral + 1.5 mm; and
one screw at anterior 2.5 mm and lateral = 1.5 mm (all coordi-
nates relative to bregma??). Three flexible wire electrodes were
secured to the neck (nuchal) muscle to record muscle activity
(electromyogram [EMG]). Two anchors were also fixed onto
the skull. All EEG and EMG electrodes were connected to a
multi-channel electrode pedestal (MS363, Plastics One Inc.,
Roanoke, VA), and the entire assembly was secured to the skull
with dental cement. The wound was sutured and animals moni-
tored until ambulatory. Subcutaneous flunixin (2.5 mg/kg/12 h
for one day) was used as a postoperative analgesic.

Postoperative Recovery and Habituation
Following surgery, each animal was housed singly (with
identical conditions as described previously) and allowed to
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recover for 3 days, with last 2 days in the sleep recording cage.
The recording cage was similar to the home cage except taller
(height = 10 inches) with open top, and a grommeted hole
on one (shorter) side of the cage for dispensing water (and/
or alcohol) in 15 mL bottles fitted with metal sipper tubes.
During the next 7 days, mice were allowed to habituate to the
special lightweight cables (Plastics One Inc., Roanoke, VA) that
minimally interfere with animal movements. Mice were unre-
strained and were able to move freely.

Alcohol Self-Administration

We used the modified version of “drinking in the dark”
protocol.”® The basic paradigm was to offer each mouse a single
bottle containing 20% (v/v; in tap water) alcohol (200-proof
ethanol; Fisher Scientific, Pittsburgh, PA, USA; prepared fresh)
instead of its usual water bottle, for a period of 4 h, beginning
3 h after dark onset.

Baseline Day

The experiment was begun by initiation of electrographic
recording of sleep-wakefulness on baseline day along with
mimicking the conditions as on alcohol exposure days. The
protocol in detail is as follows. Beginning at approximately
09:30, the animals were untethered from their recording cable,
weighed, and re-connected. At 10:00 (3 h after dark onset) the
water bottles were replaced with new water bottles. Sleep-
wakefulness recording was initiated. The animals were left
undisturbed for next 4 hours. At 14:00, the new water bottles
were replaced with original water bottles. Sleep-wakefulness
was continuously recorded until 18:00 (total 8 h; 4 h during
alcohol + 4 h post-alcohol).

Alcohol Days 1 and 2

On alcohol Days 1 and 2, the same protocol, as described for
baseline day was repeated, except at 10:00 water bottles were
replaced with pre-weighed alcohol bottles (containing 20%
alcohol), and at 14:00 alcohol bottles were replaced with orig-
inal water bottles. The removed alcohol bottles were weighed to
calculate the amount of alcohol consumed. Sleep-wakefulness
was continuously recorded for § hours.

Data Acquisition and Analysis

Sleep-wakefulness data was acquired using 16-channel poly-
graph and manually scored as (a) wakefulness, (b) non-rapid
eye movement (NREM) and (c) rapid eye movement (REM)
sleep as described previously.?*?

Blood Alcohol Concentration (BAC)

Measurement of BAC requires animal handling, nicking the
tail, and removal of blood. This may disturb/stress the animal
and affect sleep.>? Thus, BAC was measured in a separate
group of animals that were not implanted with sleep electrodes
but were exposed to same alcohol drinking paradigm (without
sleep-wakefulness recordings) for 2 days. The BAC measure-
ment was performed as follows: Immediately after measure-
ment of alcohol consumption, mice were removed from their
cages and a small amount (~ 25 pL) of blood was removed from
the tail vein for BAC measurement. Subsequently, mice were
returned to their cages and left undisturbed until the next day (4
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h post drinking) when another blood sample was collected (as
described above). The collected blood sample was centrifuged
to separate plasma which was used for BAC analysis using
Ethanol Measurement Kit (Ethanol L3K) as per manufacturer’s
instructions (Sekisui Diagnostics LLC, Lexington, MA).

Statistics

One-way repeated measure ANOVA (Graphpad Prism, San
Diego, CA) followed by Dunnett post hoc test was used to
examine rapid tolerance development to the sleep promoting
effects of alcohol.

RESULTS

Mice (N = 5) consumed comparable amounts of
alcohol on Days 1 (Mean + SEM = 3.67 + 0.74 g/kg) and 2
(Mean + SEM = 3.97 + 0.67 g/kg) and amount of time spent
in different states of sleep-wakefulness during 4 h of alcohol
consumption was comparable (Figure 1A). However, signifi-
cant effects were observed in the amount of time spent in wake-
fulness (F; 1, = 5.7, P = 0.03; repeated measures ANOVA) and
NREM sleep (£ ,=75.8, P=0.02; repeated measures ANOVA)
during 4 h post-alcohol. There was no change in REM sleep
(F5,,4=0.28, P=0.8; Figure 1B).

Alcohol consumption for 4 h on Day 1 resulted in a strong
NREM sleep promotion. Mice spent significantly more time
in NREM sleep (P < 0.05, Dunnett post hoc test) and signifi-
cantly less time in wakefulness (P < 0.05, Dunnett post hoc test)
during 4 h post-alcohol on Day 1 as compared to baseline.

However, no such NREM sleep promotion was observed
on the second day suggesting rapid tolerance development. As
compared to baseline, there was no change in any sleep-wake-
fulness state during 4 h post-alcohol.

Blood Alcohol Concentration (BAC)

BAC was measured in a separate group of mice (N = 5; no
surgery or sleep recording). Mean (= SEM) alcohol consump-
tion (g/kg) on Day 1 = 3.66 (+ 0.12), and on Day 2 = 3.75
(£ 0.19). Mean (= SEM) BAC (mg/dL; measured immediately
after 4 h of alcohol consumption) on Day 1 = 58.3 (+ 14.8) and
on Day 2 =70.8 (+ 7.6).

DISCUSSION

Our study is the first to demonstrate that two episodes of
alcohol consumption within 24 hours results in rapid tolerance
development to the NREM sleep promoting effects of alcohol.
Since tolerance to alcohol is a major contributor towards the
development of alcohol dependency, our study has potential
clinical implications, especially since alcohol is extensively
used as a sleep aid.

In the present study, we used C57BL/6J mice to examine the
development of rapid tolerance to the sleep promoting effects
of alcohol because the C57BL/6J mice self-administer high
amounts of alcohol in relatively short period of time for post-
ingestive intoxicating effects, and not simply for taste or caloric
fulfillment.””*® Since human alcohol dependency is associated
with oral self-ingestion, we preferred alcohol self-ingestion
protocol rather than forced alcohol administration (intraperi-
toneal or intragastric administration), to examine rapid toler-
ance development to the NREM sleep-promoting effects of
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Figure 1—Rapid tolerance development to NREM sleep-promoting effects of alcohol. (A) The amount of time spent in wakefulness, NREM sleep and REM
sleep during 4 hours of alcohol consumption was comparable across all 3 days. (B) Alcohol consumption on Day 1 resulted in a robust NREM sleep promotion
during 4 hours post-alcohol. However, although the animals consumed comparable amount of alcohol on Day 1 and Day 2, no such NREM sleep promotion
was observed on Day 2 suggesting the development of rapid tolerance to NREM sleep-promoting effects of alcohol (see text for details).
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alcohol.”” In addition, forced alcohol administration requires
animal handling which can be stressful and can cause pain
(especially intraperitoneal injections), which may affect sleep-
wakefulness.”® In our paradigm, we allowed the animals to
voluntarily consume alcohol in a non-stressful environment (in
their own cage). Although alcohol was the only source of fluid
and no other fluid choice was offered, previous studies have
shown that several other genotypes avoid alcohol or consume
very little in the same paradigm. Avoidance or voluntary fluid
deprivation for four hours has no major effects on mice physi-
ologically.’*** Finally, we used “within subject” design that
offers several advantages including an increase in statistical
power without increasing animal numbers and a reduction in
error variance associated with individual differences.

Tolerance to alcohol can be either metabolic or functional.
Metabolic tolerance results from a more rapid elimination of
alcohol from the body and is associated with a specific group
of alcohol metabolizing liver enzymes that are only activated
after chronic drinking.*** Thus, tolerance development to the
NREM sleep promoting effects observed within 24 hours after
first episode of alcohol consumption suggests that tolerance
developed to the NREM sleep promoting effects was not due
to rapid elimination of alcohol. This is also supported by our
BAC results, which suggested similar BAC levels after alcohol
consumption on Day 1 and 2.

Temporally, functional tolerance is divided into acute toler-
ance, rapid tolerance, and chronic tolerance.® Of these three,
rapid tolerance development to NREM sleep promoting effects
of alcohol has significant importance because rapid tolerance is
an index of chronic tolerance and development of rapid toler-
ance promotes development of cross-tolerance to several seda-
tive drugs including benzodiazepines, which are among the
most commonly prescribed drugs for insomnia and other sleep
disorders.”17:37-40

Interestingly, our study is supported by the human study
in which Yules and his colleagues showed tolerance develop-
ment to REM sleep reducing effects of alcohol following the
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administration of the same dose of alcohol on the previous
day.” What are the mechanisms responsible for rapid tolerance
development to the NREM sleep promoting effects of alcohol?
While this is yet unclear, we have demonstrated that adenosine
acting via Al receptor plays an important role in alcohol induced
NREM sleep promotion. Thus, it is likely that adenosinergic
mechanisms may play a critical role in rapid tolerance devel-
opment to NREM sleep promoting effects of alcohol. 4! Is
development of rapid tolerance, the result of reduced adenosin-
ergic tone in the wake-promoting basal forebrain? Indeed, in
vitro studies suggest that acute alcohol interacts with equili-
brative nucleoside transporter 1 (ENT1) to inhibit adenosine
influx resulting in increased extracellular adenosine. However,
chronic alcohol exposure reduces this inhibition.*> Does rapid
tolerance development involve ENTI1 down-regulation in the
wake-promoting basal forebrain? Further studies are required
to answer these questions.

We believe our study is the first to demonstrate that alcohol
consumption for two consecutive days results in tolerance
development to the NREM sleep promoting effects of alcohol.
Although, our study is simple and straightforward, it is relevant
and timely, especially since alcohol is extensively used as a
sleep aid.
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