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Abstract
Although adolescent ethanol (EtOH) exposure has been associated with long-lasting changes in
brain function, little is known as to whether EtOH exposure during adolescence alters sleep and
cortical arousal. This study examined protracted alterations in sleep in adult rats exposed to EtOH
during adolescence. Adolescent male Wistar rats were exposed to EtOH vapor for 12 hr/day for
five weeks. Cortical electroencephalograms (EEGs) were obtained during 4-hr recording sessions
after five weeks of withdrawal from EtOH. Adolescent EtOH exposure significantly reduced the
mean duration of slow-wave sleep (SWS) episodes and the total amount of time spent in SWS in
EtOH-exposed rats, compared to controls. Spectral analysis revealed that adolescent EtOH
exposure significantly increased cortical peak frequencies during SWS in the 2-4 Hz, 4-6 Hz and
6-8 Hz bands. Taken together, our findings suggest that chronic EtOH exposure in adolescent rats
reduces measures of SWS, an effect also seen as part of normal aging. Although the cellular and
molecular mechanisms mediating the consequences of EtOH exposure on the aging process are
not known, the similarities between adolescent EtOH exposure and aging merits further
investigation.
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Introduction
Disturbances in sleep architecture are symptoms commonly observed in alcohol-dependent
individuals. Understanding the mechanisms mediating the effects of ethanol (EtOH) on
sleep patterns and cortical arousal is a research topic of considerable importance, in view of
the evidence supporting a relationship between sleep disturbances and relapse to alcohol
drinking (Brower et al., 1998; Clark et al., 1998, 1999; Drummond et al., 1998; Foster &
Peters, 1999; Gillen et al., 1994). Deficits in sleep architecture in adult alcoholics during
EtOH withdrawal include increased latency to sleep onset, increased rapid eye movement
(REM) sleep and reduced slow-wave sleep (SWS) activity (Gillen et al., 1994; Williams &
Rundell Jr., 1981). Studies in animal models have also shown that chronic EtOH exposure
produces alterations in sleep patterns and on cortical EEG power (Ehlers & Slawecki, 2000;
Kubota et al., 2002). Results from our previous studies have demonstrated that chronic
EtOH exposure in rats results in significantly reduced spectral power in the δ (2-4 Hz), θ

Corresponding author: Cindy L. Ehlers, Ph.D. The Scripps Research Institute Molecular and Integrative Neurosciences Department
10550 North Torrey Pines Road, SP30-1501 La Jolla, CA 29037 Tel: (858) 784-7058 Fax: (858) 784-7409 cindye@scripps.edu.

NIH Public Access
Author Manuscript
Alcohol. Author manuscript; available in PMC 2010 April 22.

Published in final edited form as:
Alcohol. 2008 December ; 42(8): 631–639. doi:10.1016/j.alcohol.2008.08.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(4-8 Hz), and β (16-32 Hz) frequencies (Ehlers & Slawecki, 2000). These effects were also
found to persist after five weeks of EtOH withdrawal (Ehlers & Slawecki, 2000). Chronic
EtOH exposure has been also shown to reduce the circadian variation of REM sleep and
increase non-REM sleep in rats (Kubota et al., 2002). These findings provide the basis for
the development of future studies characterizing the neural and cellular mechanisms
mediating changes in sleep patterns following chronic EtOH exposure.

Despite these findings, many questions remain unanswered regarding the consequences of
chronic EtOH on sleep and cortical arousal. As a result of the increasing reports of
adolescent EtOH consumption, one question that needs to be addressed is whether
adolescent EtOH exposure also produces alterations in sleep. Alcohol is one of the most
abused drugs in adolescents (U.S. Dept. Health and Human Services, 1999) and it has been
shown to have detrimental effects on brain development (Crews et al., 2007).
Neurodevelopmental changes during adolescence may confer increased vulnerability to
insult by drug use and/or abuse (reviewed by, Barron et al., 2005; Crews et al., 2007).
Consistent with those findings, early onset of drinking has been associated with the
development of alcohol-related problems during adulthood (Ehlers et al., 2006; Grant et al.,
2001; Hawkins et al, 1997).

There is evidence to suggest that EtOH produces age-related effects on behavioral and
physiological responses that could influence and/or interact with mechanisms regulating
sleep and arousal. For instance, studies have shown that adolescent rats are less sensitive
than adult rats to acute EtOH-induced motor incoordination, sedation, and hypothermia
(Little et al., 1996, Pian et al., 2008; Silveri & Spear, 1998; Varlinskaya & Spear, 2002).
Adolescent rats also show greater tolerance than adult rats to the acute effects of high doses
of EtOH on sleep times, the righting reflex, and the expression of anxiogenic signs during
acute EtOH withdrawal (Doremus et al., 2003; Silveri & Spear, 1998). These age-related
differences may lead to higher consumption and tolerance to EtOH than adults and may
enhance the risk for alcohol dependence in adolescents (Ehlers et al., 2006; Spear, 2000;
Witt, 1994).

The electroencephalogram (EEG) and event-related potentials (ERPs) have been used to
study neurophysiologic brain activity associated with age-related changes during
development and with neuroelectric endophenotypes associated with the risk of alcoholism
(Dustman et al., 1996; Porjesz & Begleiter, 1991; Porjesz et al., 2005). Electrophysiological
studies have shown that repeated exposure to EtOH during adolescence produce long-lasting
changes in cortical and hippocampal EEG and ERP activity of adult rats (Slawecki, 2002;
Slawecki et al., 2001, 2006). EtOH exposure during adolescence is also associated with an
increase in the mean frequency of the EEG in the 1-2 Hz range, in the parietal cortex of
adult rats. Moreover, we have recently shown that, following administration of acute
intoxicating doses of EtOH, adolescent rats exhibited shorter sleeping time and higher blood
EtOH levels after regaining reflex than adult rats (Pian et al., 2008). Our findings also
suggested that acute EtOH significantly increased the parietal EEG power of slow-wave
frequency bands in adult, but not adolescent rats. These data suggest age-related differences
in the effects of EtOH on cortical EEG and behavior. However, whether chronic EtOH
exposure during adolescence produces long-lasting effects on sleep is not known. The
present study assessed whether changes in the frequency content of the sleep EEG is altered
in adult rats following adolescent EtOH exposure. In these experiments, rats were exposed
to EtOH vapor for five weeks during adolescence. The initial onset and duration of slow-
wave sleep (SWS) episodes and EEG spectral analyses were evaluated in adult rats five
weeks after EtOH withdrawal to determine whether adolescent EtOH exposure had long-
lasting effects on cortical sleep EEG.
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Materials and methods
Subjects

Male Wistar rats (n= 40) were used in these experiments (Charles River, Wilmington, MA).
Rats were housed three per cage in standard plastic cages [25 cm (w) × 20 cm (h) × 45 cm
(l)] and maintained under a 12 h light-dark cycle (lights on at 9 AM) with ad libitum food/
water. The Scripps Research institutional IACUC committee approved the animal use
protocol. Animal care was in accordance with NIH guidelines.

EtOH vapor exposure
The EtOH vapor inhalation procedure and the chambers used in this study were previously
described (Rogers et al., 1979, Slawecki, 2002, Slawecki et al., 2001). In brief, rats were
divided into two groups (EtOH-exposed, n = 22; control, n = 18). EtOH-exposed rats were
housed in sealed chambers, which were infused with vaporized 95% EtOH for 12 h/day
during the dark cycle (from 9 pm to 9 am). For the remaining 12 h of the day, EtOH vapor
was not infused into the chamber. This EtOH exposure regimen continued for five weeks. At
the start of the EtOH exposure, adolescent rats were 24 days old and continued until rats
were 60 days old. Age-matched controls were handled identically to EtOH-exposed rats.
Food and water were always available. Blood samples were collected from the tip of the tail
once per week to assess blood EtOH assessment (target: 175-225 mg/dl). BALs were
determined using the Analox micro-statGM7 (Analox Instr. Ltd, Lunenberg, MA). When
exposure ended, all rats were maintained in the Scripps vivarium and maintained under a 12
h light-dark cycle (lights on at 12 PM) for the rest of the study. After two weeks, recording
electrodes were implanted.

Surgical procedure
Rats were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneally). Atropine
(24 μg, subcutaneously) coadministration minimized respiratory suppression. Screw
electrodes were placed in the skull overlying the frontal cortex (AP: + 1.5 mm, ML: ± 3.0
mm) and parietal cortex (AP: −4.5 mm, ML: ± 4.5 mm) (Paxinos & Watson, 1986). A
midline screw electrode was placed posterior to lambda in the skull overlying the
cerebellum. The tooth bar was set at −3.3 mm. Electrode connections were made to an
Amphenol 5-pin connector, and the assembly was anchored to the skull with dental acrylic
and anchor screws. A two-week recovery period was provided before the beginning of
electrophysiological studies.

Electrophysiological recording procedures
EEG was collected from freely moving rats, in a sound-attenuated and electrically grounded
BRS/LVE recording chamber [(90 cm (w) × 90 cm (h) × 85 cm (d)], equipped with a single
house light and an exhaust fan. The light was turned on during the recording session. All rats
were habituated to the testing apparatus before the first test day. Rats were habituated two
days preceding the recording session. Rats were placed in the recording chamber and
attached to the recording cable each day for 15 minutes. The day of the recording session, a
5-10 min habituation period was followed by the EEG recording session that lasted 4 h (11
AM - 3 PM). The EEG was recorded from two monopolar leads referenced to cerebellum
ground (i.e., frontal cortex and parietal cortex) on a Sensorium preamplifier/amplifier unit
(Shelburne, VT). Raw EEG signals were amplified (50% gain), band-pass filtered (0.53 - 70
Hz), digitized at a rate of 256 Hz and then transferred to an IBM compatible PC.

A Fourier transform of 4 s epochs was used to generate the power spectrum. Mean power
density was quantified in μV2/octave and peak frequency was calculated in Hz. Individual
spectra were averaged and compressed into seven frequency bands: 1-2 and 2-4 Hz
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frequency bands to assess slow waves, 4-6 and 6-8 Hz to assess θ activity, 8-16 Hz to assess
high frequency spindling, 16-32 Hz to assess β activity, and a 32-50 Hz frequency band to
assess γ activity. Frequencies greater than 50 Hz were not assessed to minimize potential
interference from 60 Hz AC line current. EEG spectra were identified as containing artifact
when average cortical power was > 2000 μV2/octave. Artifact epochs were excluded only
after visual analysis of the raw EEG and spectral distributions.

Mean spectral power and peak frequency within each band were calculated from the entire 4
hr recording session and from the recording time spent in SWS. Mean spectral power was
defined as the measure of the amplitude of the EEG; and, peak frequency was defined as the
measure of the predominant frequency of the EEG. These analysis procedures have been
described previously (Ehlers & Havstad, 1982).

Sleep analysis
SWS was visually identified as synchronized slow-wave activity with voltage higher than 50
μV during the 4-h EEG recording session. Increases in the EEG power of at least twice the
amplitude of the baseline EEG power were counted as episodes of SWS. Sleep patterns were
analyzed by: (1) calculating the total amount of time spent in SWS in the frontal cortex; and,
(2) determining the duration and onset latency of the first episode of SWS in the frontal
cortex. The duration of each individual SWS episode was added to determine total sleep
time. The onset latency of the first SWS episode lasting at least 8 s was determined from the
raw EEG. The onset of the first SWS episode in the EEG was identified as the first transition
from low-amplitude high-frequency EEG to SWS (high-amplitude low-frequency EEG).

Statistical analysis
Statistical analyses were performed by using SPSS for the Macintosh (SPSS, Inc., Chicago,
IL). Brain regions were assessed independently. EEG data analyses consisted of mean
spectral power and peak frequency for each frequency band. The effects of treatment
(EtOH-exposed vs. control) on body weight, total sleep time, sleep episodes, the onset and
duration of the first sleep episode and EEG spectra were assessed using a one-way analysis
of variance (ANOVA) with a group as a between subject factor (P < 0.05 for significance).
To determine whether the effects of adolescent EtOH exposure were consistent across the 4-
hr recording session, EEG spectra were reduced into 1-hr time blocks, and a two-way
ANOVA with repeated measures (group × interval) was used, when appropriate. For all
repeated measures analyses, Greenhouse-Geisser corrected P-values are reported (P < 0.05
for significance). When appropriate, post hoc assessment of adolescent EtOH exposure
effects for each interval consisted of one-way ANOVA (vs. control group; P < 0.05 for
significance).

Results
At the time of SWS assessment, one rat from the EtOH-exposed group had to be removed
from the study because it lost the Amphenol connector that was anchored to the skull. In
addition, due to initial problems with the software, four rats from the EtOH-exposed group
and four rats from the control group were not included in the spectral analysis.

Body weight and blood EtOH assessment
Blood alcohol levels during the exposure period averaged 194 ± 6 mg/dl. At the start of
treatment, body weight averaged 54 ± 1 g in EtOH-exposed rats and 53 ± 1 g in controls
[F(1,38) = 0.8, P > 0.05]. At the end of treatment, body weight was lower in EtOH-exposed
rats (296 ± 5 g; n = 22) relative to controls (317 ± 4 g; n = 18) [F(1,38) = 11.3, P < 0.005].
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At the end of the sleep study, no weight differences were found between EtOH-exposed rats
(464 ± 7 g; n = 21) and controls (478 ± 8 g; n = 18) [F(1,38) = 1.7, P > 0.05].

Effects of adolescent EtOH exposure on SWS
There were no significant differences in duration or time to onset of the first SWS episode or
in the total number of sleep episodes between the control and the EtOH-exposed group.
However, the mean duration of SWS episodes [F(1,38) = 6.7, P < 0.05] and total SWS
duration [F(1,30) = 4.4, P < 0.05] were significantly reduced in EtOH-exposed rats,
compared to controls (Figure 1A-B).

Effects of adolescent EtOH exposure on EEG spectral analysis: Total recording session
EEG spectral analysis of the entire 4-h recording session showed that EtOH exposure during
adolescence had no effect on EEG power in the frontal cortex [F’s (1,30) < 2.0, P’s > 0.05]
and parietal cortex [F’s (1,30) < 2.4, P’s > 0.05]. Whereas, adolescent EtOH exposure
increased peak frontal EEG frequency in the 4-6 Hz band [Control: 4.78 ± 0.01 Hz; n = 14;
EtOH-exposed: 4.81 ± 0.01 Hz; n = 17; F(1,30) =9.9, P < 0.05], it had no effect on other
frequency bands in the frontal cortical EEG [F’s (1,30) < 2.5, P’s > 0.05] (Data not shown).
Adolescent EtOH exposure produced no significant changes on parietal EEG frequency [F’s
(1,30) < 3.8, P’s > 0.05] (Data not shown).

Effects of adolescent EtOH exposure on EEG spectral analysis: SWS
Adolescent EtOH exposure had no effect on EEG power in the frontal cortex [F’s (1,30) <
2.0, P’s > 0.05] and parietal cortex [F’s (1,30) < 1.8, P’s > 0.05] (Data not shown). In
contrast, EtOH exposure during adolescence produced significant shifts in cortical EEG
frequency during SWS. Adolescent EtOH exposure significantly increased EEG frequency
in the 2-4 Hz, 4-6 Hz and 6-8 Hz bands in the frontal and parietal cortices (Table 1). To
determine whether this increase in EEG frequency following adolescent EtOH exposure was
consistent across the 4-hr recording session, EEG spectra were reduced into 1-hr time
blocks, and a two-way ANOVA with repeated measures was used for the analyses. Two-
way ANOVA revealed significant group × interval interactions on parietal EEG frequency
in the 4-6 Hz band [F(1.6,56.6) = 4.9, P < 0.05 ]. Post hoc assessment showed that
adolescent EtOH exposure increased EEG frequency in the fourth 1-hr time block [EtOH-
exposed rats (4.69 ± 0.01 Hz; n = 20) and controls (4.65 ± 0.01 Hz; n = 17)]. There was also
a trend toward an increase in the third 1-hr time block, but this was not significant (Data not
shown). Statistical analyses of the EEG sleep spectral data showed that the effects of
adolescent EtOH exposure on the parietal EEG frequency were not different from controls
when reduced into 1-hr time blocks in the 2-4 Hz [F(2,70) = 0.9, P > 0.05] and 6-8 Hz
[F(1.6,56.9) = 0.1, P > 0.05] and in the frontal EEG frequency in the 2-4 Hz [F(1.2,42.5) =
0.2, P > 0.05], 4-6 Hz [F(1.4, 47.4) = 2.1, P > 0.05] and 6-8 Hz bands [F(1.8,63.3) = 0.1, P
> 0.05] (Data not shown).

Discussion
The present investigation extends our previous studies by determining whether repeated
exposure to EtOH during adolescence produces long-lasting changes in SWS and in the
spectral power and frequency of the cortical EEG. We previously demonstrated that adult
rats exposed to chronic EtOH exhibited a reduction in the spectral power in the δ and θ
frequencies five weeks after EtOH withdrawal (Ehlers & Slawecki, 2000). Consistent with
our previous observations, the present study found that adolescent EtOH exposure produced
alterations in cortical sleep EEG activity. Adult EtOH exposure produced no effect on the
total time spent in SWS or on cortical EEG frequency after EtOH withdrawal (Ehlers &
Slawecki, 2000), whereas, adolescent EtOH exposure significantly reduced the duration of
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SWS episodes and the total amount of time spent in SWS in adult rats. Adolescent EtOH
exposure also increased cortical EEG frequency during SWS in both frontal and parietal
cortices, while having no effect on cortical EEG power. These data suggest no differences in
the sensitivity of these cortical regions to the long-term consequences of adolescent EtOH
exposure. The mechanisms mediating the long-term consequences of adolescent EtOH
exposure on cortical EEG peak frequency during SWS are not well understood. However,
taking in consideration our initial results characterizing the effects of chronic EtOH on sleep
in adult rats (Ehlers & Slawecki, 2000), our findings suggest that the effects of chronic
EtOH exposure on SWS are dependent upon the developmental stage when the chronic
EtOH was administered.

The importance of studying the consequences of adolescent EtOH exposure on mean EEG
spectral power is based on the evidence that EEG power is considered a measure of cortical
information processing (reviewed by Klimesch, 1999) and a neuroelectric endophenotype
associated with the risk of alcoholism (Porjesz & Begleiter, 1991; Porjesz et al., 2005). The
EEG, which is produced by postsynaptic potentials, consists of complex rhythms and
oscillations generated by different brain regions (Steriade, 2005). SWS is characterized by
high-amplitude (> 50μV) synchronized slow-wave activity and by spindle oscillations
(Jones, 2005). While slow-wave activity predominates in SWS, multiple frequency bands
have been shown to emerge during SWS including δ (1-4 Hz), θ (4-8 Hz), α (8-16 Hz), β
(16-32 Hz) and γ (32-50). It has been suggested that EEG oscillations or rhythms are basic
forms of information transmission in the brain (Klimesch, 1996). Despite considerable
amount of progress, the functional role of brain oscillations in the sleep-wake cycle remains
unclear (Steriade, 2003).

The present study assessed the mean spectral power within each EEG frequency band during
SWS. This study also assessed the peak frequency for each EEG band during SWS.
Assessing the mean peak frequency allowed us to determine whether adolescent EtOH
exposure produced shifts in the predominant frequency for each of the EEG bands studied.
The present findings demonstrated that adolescent EtOH exposure significantly increased
cortical peak frequencies in the θ band. Studies characterizing the functional role of θ
oscillations during sustained wakefulness have suggested that brain oscillations in the θ band
are associated with the ability to encode new information (Klimesch, 1999). However,
whether the long-term effects of adolescent EtOH exposure on cortical peak frequencies in
the θ band during SWS are associated with alterations in cognitive processes remains to be
determined.

Findings from our earlier electrophysiological studies suggest that adolescent EtOH
exposure produce changes in adult cortical and hippocampal event-related potential (ERPs)
associated with learning and memory function. Specifically, adolescent EtOH exposure
decreased hippocampal P3 amplitude and decreased cortical and hippocampal P2 amplitudes
(Slawecki, et al., 2001). Since decreases in the amplitude of P3 are associated with impaired
cognitive processing (reviewed by Polich & Criado, 2006), the decrease in P3 amplitude
observed after adolescent EtOH exposure may partially contribute to deficits in
hippocampal-dependent learning and memory observed after chronic EtOH exposure
(Arendt et al., 1989; Beracochea et al., 1992). Moreover, we also showed a reduction in P2
amplitude when reinforcement contingencies associated with a conditioned stimulus is
extinguished (Ehlers et al., 1998; Slawecki, et al., 2000a). Taken together, the long-term
effects of adolescent EtOH exposure on P2 and P3 amplitudes may be considered
neurophysiological indices of EtOH-induced learning and memory deficits.

The relationship between the effects of adolescent EtOH on SWS and these cognitive ERPs
is presently unclear. Further research is also needed to determine whether the deficits in
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SWS duration and the increase in cortical peak frequencies in the δ and θ bands observed in
the present study play a role on the long-term behavioral consequences of adolescent EtOH
exposure. For instance, we previously reported behavioral data suggesting that adolescent
EtOH exposure increased prepulse inhibition in adult rats, which is a neurobehavioral index
of sensorimotor gating, and produced a more pronounced EtOH withdrawal-associated
hypoactivity (Slawecki & Ehlers, 2005; Slawecki & Roth, 2004). The relationship among
these neurophysiological and behavioral consequences of adolescent EtOH exposure is still
not well understood.

The present study found that adolescent EtOH exposure produced a significant increase in
cortical peak frequencies in the 2-4 Hz, 4-6 Hz and 6-8 Hz bands during SWS in adult rats.
While these statistically significant differences between groups appeared to be small,
previous studies have consistently shown that changes in these tightly regulated peak EEG
frequencies are functionally significant. There is considerable evidence to suggest that
variations in cortical peak frequencies correlate with cognitive performance and have been
associated with attentional demands and arousal (Angelakis et al., 2004,2007;Klimesch et
al., 1990). We have also demonstrated that acute EtOH consumption is associated with a
reduction in the frontal peak frequency in the θ and β bands in humans (Ehlers, et al., 1989).
Moreover, differences in cortical peak frequencies have been shown in rats and mice models
of high EtOH consumption compared to their low drinking counterparts (e.g., Katner, et al.,
2002;Morzorati, et. al., 1994;Robledo, et al., 1994; Slawecki et. al., 2000b,2001,2003).
Further research is needed to determine the functional significance of the increase in cortical
peak frequencies in the δ and θ bands observed in the present study.

Evidence from human studies has provided insight into the consequences of chronic EtOH
exposure on sleep. Earlier studies have shown that sleep-related deficits in alcohol-
dependent patients could last for up to almost two years after cessation of EtOH
consumption (e.g., Williams & Rundell Jr., 1981). Consistent with the present findings, a
previous study found an increase in the EEG peak frequencies in alcohol-dependent
individuals (Irwin et al., 2000). Moreover, we have previously shown greater slow-wave
frequencies as a normal function of aging (Ehlers & Kupfer, 1989). The present results
together with those earlier findings indicate that the aging process may be accelerated as a
consequence of adolescent chronic EtOH exposure. The similarities between adolescent
EtOH exposure and aging merits further investigation.

We have previously shown that the effects of chronic EtOH on cortical spectral EEG power
were attenuated five weeks after EtOH withdrawal, compared to its actions immediately
after termination of treatment (Ehlers & Slawecki, 2000). The present study only assessed
the animal’s SWS and cortical EEG activity five weeks after EtOH withdrawal. We
previously demonstrated that neurophysiological changes following chronic EtOH exposure
are transient and subtle (Ehlers & Chaplin, 1991; Slawecki et al., 1999). In fact, in those
studies the chronic effects of EtOH on EEG normalized in only two weeks following four
weeks of continuous EtOH exposure (Ehlers & Chaplin, 1991). Whether the increase in
cortical peak frequencies during SWS in the δ and θ bands and the reduction in the total
amount spent in SWS observed in the present study were triggered during adolescent EtOH
exposure or during the prolonged withdrawal period remains unknown.

There is evidence to suggest that the neurophysiological consequences of adolescent EtOH
exposure on adult SWS could have been triggered during the EtOH withdrawal period. In
fact, consistent with the present findings, we previously demonstrated that
intracerebroventricular administration of the neuropeptide corticotrophin-releasing factor
(CRF) significantly reduced the amount of time spent in SWS and increased EEG and
behavioral signs of arousal (Ehlers et al., 1986,1997). CRF, a potent anxiogenic agent,
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appears to play an important role in the regulation of the stress response and the negative
affective state associated with EtOH withdrawal (reviewed by Valdez & Koob, 2004). While
further studies are needed to determine the role of CRF on the long-term effects of
adolescent EtOH exposure on adult SWS, recent studies have provided support for a direct
role of CRF-containing neurons on circuits regulating sleep-wake states (Winsky-Sommerer,
et al., 2004). Therefore, we speculate that the increase in cortical peak frequencies in the δ
and θ frequency ranges and reduction in the amount of time spent in SWS could be triggered
during the EtOH withdrawal period and mediated by the increase in CRF activity.

There are two important factors to take in consideration when interpreting the present
findings. First, as recently discussed by Veatch (2006), several brain regions and networks
implicated in the regulation of sleep are also sensitive to the effects of EtOH. For instance,
neurons from the basal forebrain, the preoptic area, the brainstem and the diffuse
thalamocortical projection relay have been shown to play a role in the regulation of sleep-
wake states (Jones, 2005; Pace-Schott & Hobson, 2002) and are also sensitive to the effects
of EtOH (Fadda & Rossetti, 1998). Secondly, neurotransmitter systems known to be
sensitive to EtOH exposure such as glutamate, norepinephrine, dopamine, serotonin, GABA
and acetylcholine (Fadda & Rossetti, 1998) have been shown to play a role in the generation
and maintenance of sleep-wake states (Jones, 2005; Siegel, 2004).

However, despite the multiple networks and neurotransmitter systems that could partially
account for the present findings, evidence from studies in adolescent rats suggest an
important role for glutamate transmission on the lasting compensatory effects of adolescent
EtOH exposure on SWS. In fact, studies characterizing the cellular and molecular
mechanisms mediating the enhanced vulnerability to EtOH exposure during adolescence
have focused on studying glutamatergic neurotransmission (Crews et al, 2002; Fadda &
Rossetti, 1998), in particular, the N-methyl-D-aspartate (NMDA) type of glutamate receptor.
Findings from a substantial number of studies have provided a better understanding of the
interactions between NMDA receptors and EtOH during adolescence. Adolescence is
characterized by a transient overproduction of NMDA receptors in the developing brain
(e.g., Insel et al, 1990). Cortical and hippocampal NMDA receptors play an important role
regulating cognitive processes that are impaired by adolescent EtOH exposure (Carpenter-
Hyland & Chandler, 2007; Crews et al., 2007; Krystal et al, 2003; Robbins & Murphy,
2006). Electrophysiological studies have demonstrated age-related differences in the
sensitivity of NMDA receptor function to the acute and chronic effects of EtOH. Those
studies have shown that the inhibitory effects of EtOH on NMDA-mediated cortical post-
synaptic currents and hippocampal long-term potentiation and excitatory post-synaptic
potentials are more pronounced in adolescent rats compared to adult rats (Li et al., 2002;
Pyapali et al., 1999; Swartzwelder et al., 1995). Moreover, there is also evidence of
compensatory upregulation of NMDA systems after prolonged EtOH exposure and
withdrawal (Carpenter-Hyland & Chandler, 2007).

We have recently found evidence of complex compensatory changes in NMDA receptor
function after adolescent EtOH exposure (Criado et al., 2008). Our study found that
adolescent EtOH exposure produced no significant effects on parietal EEG power assessed 5
weeks post-EtOH exposure. Systemic administration of MK-801 significantly reduced
parietal EEG power in the 4-6, 6-8, 8-16 and 16-32 Hz frequency bands in EtOH-exposed,
but not in control rats. These data suggest that a compensatory upregulation of NMDA
systems following prolonged adolescent EtOH exposure and withdrawal may regulate the
generation of these EEG frequency bands. While the effects of EtOH exposure are likely due
to developmental changes in the adolescent brain (Slawecki, et al., 2001), it is likely that
NMDA-mediated neuroadaptive changes and neurotoxicity during EtOH withdrawal may
also account for some of the findings in the present study. Consistent with those findings,
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enhanced NMDA activity has been associated with several behavioral and
neurophysiological characteristics of EtOH withdrawal, including irritability and anxiety
(Erden et al., 1999), increased seizure susceptibility (Morrisett et al, 1990), and
neurophysiological hyperarousal (Nelson et al., 1999). These symptoms could mediate the
reduction in the duration of total amount of SWS and SWS episodes found in the present
study.

It is still unclear whether lasting neuroadaptive changes of NMDA-mediated activity during
adolescent EtOH exposure and withdrawal could be mediating their compensatory effects on
SWS. The mechanisms by which changes in NMDA receptor function mediate the
consequences of adolescent EtOH exposure on SWS are complex and involve multiple
neural circuits and neurotransmitters regulating several stages of the sleep-wake cycle.
Moreover, glutamate neurotransmission is primarily associated with arousal, rather than
sleep promotion. In fact, glutamate-containing neurons are the main component of the
cortical-activating and behavioral-arousal systems in the CNS (reviewed by Jones, 2005).
Neurons of the caudal pontine and medullary reticular formation (RF), of the
thalamocortical projection relay and of the basal forebrain, use glutamate as a
neurotransmitter (Fujiyama et al., 2001; Henny & Jones, 2008; Manns et al., 2001). These
glutamatergic projections play a variety of roles, from facilitating postural muscle tone to
stimulating cortical activation (reviewed by Jones, 2005). However, these arousal-promoting
glutamatergic pathways are also regulated by sleep-promoting GABAergic-containing
neurons in regions such as the brainstem and thalamus. GABAergic projections have been
shown to inhibit glutamate-containing neurons in the brainstem RF and thalamocortical
projection relay to suppress cortical activation (Maloney et al., 1999, 2000; Steriade, 1994).
Likewise, activation of arousal-promoting pathways blocks the generation of synchronized
low-frequency oscillations that are associated with SWS (Steriade, 2003; Steriade &
McCarley, 1990). Moreover, there is electrophysiological evidence to suggest an increased
sensitivity of GABAergic neurotransmission to EtOH during adolescence (Fleming, et al.,
2007; Li, et al., 2003). Therefore, EtOH-induced changes in the regulation of glutamate
cortical-activating systems by GABAergic sleep-promoting neurons during adolescence may
also partially account for the findings in the present study.
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Figure 1.
Estimated sleep duration of the 4 h recording session (A) and mean durationof SWS
episodes (B) in the control (n = 14) and EtOH-exposed (n = 17) groups. Error bars represent
the SEM. * Represent statistically significant difference between treatment groups, P < 0.05.
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Table 1

Effects of Adolescent EtOH Exposure on Mean Peak Frequency during SWS

Control Ethanol-Exposed Treatment effects

Frontal Cortex

1-2 Hz 1.37 ± 0.004 1.37 ± 0.006 F (1,30) = 0.0, p > 0.05

2-4 Hz 2.63 ± 0.009 2.67 ± 0.014 F (1,30) = 5.2, p < 0.05*

4-6 Hz 4.70 ± 0.009 4.73 ± 0.008 F (1,30) = 7.7, p < 0.05*

6-8 Hz 6.72 ± 0.010 6.76 ± 0.010 F (1,30) = 4.9, p < 0.05*

8-16 Hz 9.68 ± 0.056 9.65 ± 0.055 F (1,30) = 0.2, p > 0.05

16-32 Hz 17.53 ± 0.034 17.56 ± 0.035 F (1,30) = 0.4, p > 0.05

32-50 Hz 35.73 ± 0.052 35.85 ± 0.105 F (1,30) = 0.9, p > 0.05

Parietal Cortex

1-2 Hz 1.38 ± 0.005 1.38 ± 0.004 F (1,30) = 0.0, p > 0.05

2-4 Hz 2.54 ± 0.010 2.59 ± 0.015 F (1,30) = 5.1, p < 0.05*

4-6 Hz 4.65 ± 0.013 4.68 ± 0.007 F (1,30) = 6.0, p < 0.05*

6-8 Hz 6.72 ± 0.008 6.75 ± 0.009 F (1,30) = 4.9, p < 0.05*

8-16 Hz 9.58 ± 0.042 9.55 ± 0.039 F (1,30) = 0.2, p > 0.05

16-32 Hz 17.67 ± 0.026 17.69 ± 0.024 F (1,30) = 0.4, p > 0.05

32-50 Hz 35.63 ± 0.042 35.74 ± 0.055 F (1,30) = 2.4, p > 0.05

Values represent mean ± SEM.

*
Represent statistically significant difference between treatment groups, p < 0.05. EtOH-exposed (n = 17) and control (n = 14) rats
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