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Abstract
Electrophysiological studies have shown that adolescent ethanol (EtOH) exposure can produce long-
term changes in hippocampal EEG and ERP activity. Recently, evidence has emerged suggesting
that event-related oscillations (EROs) may be good indices of alcoholism risk in humans, however,
have not been evaluated for their ability to index the effects of EtOH exposure. The objective of the
present study was to characterize EROs generated in hippocampus in adult rats exposed to EtOH
during adolescence. Adolescent male Sprague-Dawley rats were exposed to EtOH vapor for 12 h/d
for 10 days. A time-frequency representation method was used to determine delta, theta, alpha and
beta ERO energy and the degree of phase variation in the hippocampus of adult rats exposed to EtOH
and age-matched controls. The present results suggest that the decrease in P3 amplitudes, previously
observed in adult rats exposed to EtOH during adolescence, is associated with increases in evoked
theta ERO energy. These studies suggest that EROs are suitable for characterizing the long-term
effects of adolescent EtOH exposure. Further studies are needed to determine the relationship
between the mechanisms that regulate these neurophysiological endophenotypes and the
consequences of adolescent EtOH exposure.
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Introduction
Ethanol (EtOH) is one of the most abused drugs in adolescents [34,69] and has been shown to
have significant detrimental effects on brain development [12]. Early onset of drinking has
also been associated with the development of EtOH-related problems during adulthood [19,
26,30,56]. Moreover, adolescents with a history of EtOH abuse or dependence also display
deficits in cognitive function and memory [66,67]. Studies in humans have shown that
adolescent EtOH abuse is associated with decreases in hippocampal volume and reductions in
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the activity of frontal and parietal cortical areas during spatial working memory tasks [18,
68]. Consistent with these findings, studies in animal models have shown that EtOH exposure
during adolescence produces a more severe impairment of hippocampal neurogenesis in
comparison to equivalent adult EtOH exposure [13]. Despite these findings, the mechanisms
mediating age-related vulnerabilities to EtOH exposure remain under investigation.

The electroencephalogram (EEG) and event-related potentials (ERPs) have been used to
identify neuroelectric endophenotypes associated with the risk of alcoholism and to study
neurophysiologic changes in brain activity associated with aging and development [21,49,
50]. Our previous studies showed that repeated exposure to EtOH during adolescence produced
changes in cortical and hippocampal EEG and ERP activity of adult rats [61-63]. Findings from
these studies demonstrated that EtOH exposure during adolescence decreased P2 and P3
amplitudes, while increasing N2 amplitudes in the hippocampus of adult rats [61]. In addition,
these results showed that adolescent EtOH exposure increased the mean frequency of the EEG
in the 16-32 Hz range in the hippocampus of adult rats. However, the mechanisms mediating
these neurophysiological effects of adolescent EtOH exposure and the extent of the changes
after prolonged withdrawal period are not well understood.

There is evidence indicating that some ERP components, including the P3 component, may
arise from superimposed event-related oscillations (EROs) induced by sensory or cognitive
processes that influence the dynamics of EEG rhythms (e.g., [20,39]). There is also ample
evidence to suggest that brain oscillations represent neurophysiological correlates of
information processing and cognitive function [3,39]. EROs are estimated by a decomposition
of the EEG signal into phase and magnitude information for a range of frequencies and then
changes in those frequencies are characterized over a millisecond time scale with respect to
task events. Load dependent reductions in P3 amplitude during a working memory task have
been related not only to decreased delta ERO energy but also to reductions in the delta phase
locking index (PLI), suggesting higher phase variability [58].

Brain oscillations have been proposed to be endophenotypes for complex genetic disorders in
humans, including drug addiction and psychiatric disorders (for reviews, see [5,50]). Findings
from the Collaborative Study on the Genetics of Alcoholism (COGA) have achieved significant
progress in identifying EROs associated with the human P3 component and several genes
potentially involved in their regulation (for reviews see [5,50,52]). Those studies have also
identified several genes that increase the susceptibility for risk of EtOH dependence (for
reviews, see [5,50,52]). For instance, there is evidence to suggest that EtOH dependent
individuals manifest significantly less evoked delta and theta ERO power than age-matched
controls [36]. Studies from the COGA project have shown a significant linkage and association
between parietal delta ERO power and the cholinergic muscarinic receptor gene (CHRM2) on
chromosome 7 [35,37]. These findings have provided a better understanding of the
neurophysiological mechanisms and genes contributing to the human P3 component (for
reviews, see [5,50,52]).

In contrast to the considerable progress understanding the relationship among brain
oscillations, the P3 component and EtOH dependence in humans, the relationship between
EROs and EtOH dependence in animal models exhibiting deficits in P3 amplitudes is not well
understood. We have recently focused our research efforts studying EROs associated with
increased susceptibility to EtOH dependence in animal models (see [16,27]). Our recent
findings showed that the decrease in P3 amplitudes in high EtOH preference C57BL/6 (B6)
mice, in comparison to the low EtOH preference DBA/2J (D2) mice, are associated to
reductions in evoked delta ERO energy and delta and theta phase locking [16]. Identifying
changes in EROs in adult rats exposed to EtOH during adolescence could provide valuable
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information of specific changes in brain oscillatory activity that have been shown to be under
genetic control.

We have previously shown developmental differences in hippocampal EEG and ERP responses
to chronic EtOH exposure in rats [23,60,61]. Results from one of these studies demonstrated
that EtOH exposure during adolescence decreased P2 and P3 amplitudes, while increasing N2
amplitudes in the hippocampus of adult rats [61]. The present study extended these initial
findings by obtaining ERO energy levels and the degree of phase variability from the same
datasets used to generate the hippocampal ERP data reported previously [61]. We determined
whether the effects of adolescent EtOH exposure on long-latency ERP components [61] are
associated with changes in hippocampal oscillatory activity in the delta, theta and beta
frequency ranges. Changes in hippocampal ERO energy and PLI were estimated for time-
frequency ROIs derived using standard, rare and noise tones in a passive auditory oddball
paradigm. We hypothesize that differences in hippocampal P2 and P3 amplitudes previously
reported in adult rats exposed to EtOH during adolescence, compared to control rats [61] are
associated to differences in delta and theta ERO energy.

Materials and methods
Animals

Fifty-six (56) male Sprague-Dawley rats were used. Rats averaged 86 ± 8 g upon receipt and
were maintained in a 12 h light/dark cycle (lights on at 6 am) and ad libitum access to food
and water. Detailed description of the environmental conditions of rats can be found elsewhere
[61]. The work described herein adheres to the guidelines stipulated in the NIH Guide for the
Care and Use of Laboratory Animals (NIH publication No. 80-23, revised 1996) and was
reviewed and approved by The Scripps Research Institute's Institutional Animal Care and Use
Committee.

EtOH vapor exposure
The EtOH vapor inhalation procedure and the chambers used in this study were previously
described [55,61]. In brief, rats were divided into an EtOH group (n = 16) and a control group
(n = 16). EtOH-exposed rats were housed in sealed chambers, which were infused with
vaporized 95% EtOH for 12 h/day during the dark cycle (from 9:30 pm to 9:30 am). For the
remaining 12 h of the day, EtOH vapor was not infused into the chamber. The control group
was housed in similar chambers infused with air. The EtOH group was exposed to EtOH vapors
or air for 10 consecutive days (postnatal day (PND) 30-40). Age-matched controls were
handled identically to EtOH-exposed rats. Food and water were available ad lib. Blood samples
were collected from the tip of the tail once per week to assess blood alcohol levels (BALs).
Blood samples were collected from the tip of the tail at the end of the 1st, 4th, 7th and 10th
days of exposure. BALs were determined using the Analox micro-statGM7 (Analox Instr. Ltd.;
Lunenberg, MA). When exposure ended, all rats were maintained in the Scripps vivarium.
Recording electrodes were implanted two weeks following EtOH exposure.

Surgical and electrophysiological recording procedures
Surgical and electrophysiological recording procedures performed in this study were
previously described [61]. In brief, rats were anesthetized with sodium pentobarbital (50 mg/
kg, intraperitoneally). Atropine (24 μg, subcutaneously) coadministration minimized
respiratory suppression. Bipolar depth electrodes were implanted into the amygdala (AP: +1.0
mm, ML: ±5.3 mm, DV: -8.5 mm) and dorsal hippocampus (AP: -3.0 mm, ML: ± 3.0 mm,
DV: -3.0 mm). The tooth bar was set at +5.0 mm. Depth electrodes were constructed from
stainless steel, polyamide-coated wires (California Fine Wire: Grover Beach, CA). Stainless-
steel screw electrodes were placed in the skull overlying the frontal cortex (AP: +3.0 mm, ML:
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± 3.0 mm) and parietal cortex (AP: -4.0 mm, ML: ± 4.0 mm) [47]. A midline stainless-steel
screw electrode was placed posterior to lambda in the skull overlying the cerebellum. Electrode
connections were made to a 9-pin Amphenol 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. EEG signals were recorded with a band pass of
0.53-70 Hz with a 60-Hz notch filter in. ERP trials were digitized at a rate of 256 Hz. Potential
artifacts identified by computer software were excluded only after visual analysis of raw EEG.
Only neurophysiological data recorded from the hippocampus was included in the present
study.

General procedures
Electrophysiological recordings were collected in one recording session in a sound-attenuated
and electrically grounded BRS/LVE recording chamber (90 × 90 × 85 cm). The passive
auditory ERP session consisted of 312 individual tone presentations and lasted approximately
10 mins. A three-tone auditory ‘oddball’ paradigm originally developed to directly model
studies employed in humans was used [38]. Three tone types were presented: standard tones
(1000 Hz square wave, 75 dB, 84% probability), rare tones (2000 Hz square wave, 85 dB, 10%
probability), and noise tones (white noise, 100 dB, 6% probability). All tones were presented
for 20 ms with rise and fall times of < 1 ms. Individual trials were 1000 ms in duration (100
ms pre-stimulus +900 ms post-stimulus) and were separated by variable intervals ranging from
500 to 1000 ms. Presentation of standard, rare and noise tones were randomized with at least
one presentation of a standard tone between each rare tone, no more than 6 standard tones
between each rare tone, and no more than 12 trials between the presentation of noise tones.
Further details about the auditory ERP sessions were described previously [61].

ERO and PLI analyses
ERO and PLI analyses were accomplished from the same datasets that were used to generate
the hippocampal ERP data reported in a previous publication [61]. Data from each trial
generated by the stimuli were processed by a time-frequency analysis algorithm, which utilizes
the S-transform [64], a generalization of the Gabor transform [29], defined as:

The equation for calculation of the S-transform of discrete time series h(kT) at time jT and
frequency n/NT is where T is the sample period of the discrete time series, j is the sample index,
N is the number of samples in the time series, n is the frequency index, and H[ ] is the Fourier
spectrum of the discrete time series. The computer code we used is based closely on a C
language S-transform subroutine available from the NIMH MEG Core Facility web site
(http://kurage.nimh.nih.gov/meglab/). The defining equation of the S-transform is a
convolution integral in continuous time. The method we use is equivalent to the finite discrete
time version of this, but for computational efficiency, multiplications in frequency domain are
used rather than convolution in time domain. The inputs to the S-transform are real, but the
outputs are complex. We use the magnitudes squared of the time-frequency output values,
discarding the corresponding phase angles.

The PLI was calculated to measure phase variability in relation to stimulus onset, as previously
described [58]. The PLI, which ranges between zero and one, is a measure of phase. An
increased PLI indicates less phase variability and stronger phase locking to the onset, whereas
a reduced PLI indicates higher phase variability and weaker phase locking [58].
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To reduce consequences of resulting discontinuities, we use a cosine window over the initial
and final 100 msec of the input time series of each trial. The output of the transform for each
stimuli and electrode site was calculated by averaging the individual trials containing the time-
frequency energy distributions. To quantify S transform magnitudes, a region of interest (ROI)
was identified by specifying the band of frequencies and the time interval contained in the
rectangular ROI. ERO energy was determined as the measure of the energy values in the ROI.
PLI was determined as the peak amplitude of the PLI in the ROI. These analyses are similar
to what has been previously described [58]. Baseline corrected post-stimulus activity (900 ms)
was calculated by subtracting pre-stimulus ERO energy values (100 ms) from the post-stimulus
ROI values, as previously described [46]. Normalized pre-stimulus ERO energy values for
each ROI were determined by calculating a normalized baseline, defined as: V1 - (Hb × A1),
where V1 is the volume energy of ROI1, Hb is the average height of the baseline for ROI1, and
A1 is area of ROI1. The area of ROI1 (A1) is calculated as the frequency range of ROI1 × the
total duration of ROI1. Hb is defined as: Vb ÷ Ab, where Vb is the volume of the baseline for
ROI1, and Ab is the area of the baseline for ROI1. The ROI frequencies were: delta (0-4 Hz),
theta (4-12 Hz) and beta (12-35 Hz). The ROI time intervals correspond to the P2 component
(75 - 100 ms), N2 component (150 - 200 ms) and the P3 component (250 - 400 ms). ROI
frequencies and time intervals are similar to those used in our previous ERP study [61].

Statistical Analysis
Statistical analyses were performed by using SPSS for the Macintosh (SPSS, Inc., Chicago,
IL). Data analyses were performed on hippocampal ERO energy and PLI for the ROIs in
response to standard, rare and noise tones. The effects of treatment (EtOH exposed vs. control)
on hippocampal ERO energy and PLI was assessed using a 1-way ANOVA. To correct for
multiple comparisons of ROIs, P-value was set at P < 0.01 to determine the levels of statistical
significance.

Results
The present study extended our initial analyses of neurophysiological endophenotypes in
periadolescent rats exposed to high levels of EtOH vapor for a 10-day period by characterizing
changes in ERO mean energy and the degree of phase variability in the hippocampus.
Differences in body weight between the EtOH-exposed group and control group were described
previously [61]. In brief, exposure of EtOH vapor (10-d intermittent exposure) produced BALs
averaging 252 ± 37 mg/dl. Body weight disparity between the EtOH-exposed group and the
control group were observed during the exposure phase. The results suggested that EtOH-
exposed rats showed a reduction in the normal increase of body weight observed in the control
group [Control group: baseline, 108 ± 3 g. After 10 days, 168 ± 9 g; EtOH-exposed group:
baseline, 107 ± 1 g. End of EtOH exposure, 124 ± 3 g]. However, body weight between both
groups was not significantly different prior to electrophysiological recording (i.e.,
approximately 1.5 months after EtOH exposure; Control group: 381 ± 28 g; EtOH-exposed
group: 373 ± 28 g).

ERO differences between control and EtOH-exposed rats: Baseline activity
Adolescent EtOH exposure had no effect on baseline ERO mean energy in all frequency bands
studied in the 75-100 ms (F(1,21) = 1.0; P > 0.05), 150-200 ms (F(1,21) = 0.03; P > 0.05), and
250-400 ms (F(1,21) = 1.5; P > 0.05) time windows.

ERO differences between control and EtOH-exposed rats: ERO energy and PLI
No significant effect of adolescent EtOH exposure on ERO energy in response to standard,
rare and noise tones was found in the 75-100 ms window in the hippocampus (F's(1,21) < 2.5;
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P > 0.05). Adolescent EtOH exposure had no significant effect on hippocampal PLI (F's(1,21)
< 0.8; P > 0.05).

No significant effect of adolescent EtOH exposure on ERO energy in response to standard,
rare and noise tones was found in the 150-200 ms window in the hippocampus (F's(1,21) <
0.6; P > 0.05). Adolescent EtOH exposure had no significant effect on hippocampal PLI (F's
(1,21) < 0.9; P > 0.05).

No significant effect of adolescent EtOH exposure on theta ERO energy in response to standard
and rare tones was found in the hippocampus (Fig. 1; F's(1,21) < 3.0; P > 0.05). However,
EtOH exposure during adolescence significantly increased hippocampal theta ERO energy in
response to noise tones [F(1,21) = 8.6; P < 0.01] in the 250-400 ms time window, compared
to control rats (Fig. 1). Adolescent EtOH exposure had no effect on delta and beta ERO energy
in response to standard, rare and noise tones in the 250-400 ms window in the hippocampus
(F's(1,21) < 2.0; P > 0.05). Adolescent EtOH exposure had no significant effect on hippocampal
PLI (F's(1,21) < 1.6; P > 0.05). Figure 2 illustrates grand-averaged ERO time-frequency
representations of the noise tones for the theta frequency Figure 2 (inset) also shows
representative hippocampal ERP grand averages in control and EtOH groups in response to
the noise tones from the data reported previously [61].

Discussion
The present study demonstrated that adolescent EtOH exposure increased hippocampal theta
ERO energy in the 250-400 ms window, which corresponded to the time domain of the P3
component of the ERP. These data indicate that the effects of adolescent EtOH exposure
responsible for reducing adult hippocampal P3 amplitudes [61] may be mediated by an increase
in evoked hippocampal theta band energy. Results from the present study also showed that
adolescent EtOH exposure had no effect on hippocampal ERO activity in the 75-100 ms and
150-200 ms time windows, corresponding to the P2 and N2 ERP components, respectively.
These data suggest that the changes in P2 and N2 components previously shown in adult rats
exposed to EtOH during adolescence [55] are not mediated by changes in hippocampal
oscillatory activity.

Role of brain oscillatory activity regulating ERP responses
Most studies characterizing electrophysiological deficits in individuals with EtOH dependence
and at risk of EtOH dependence have employed several ERP components to assess sensory
and cognitive processing [50,52]. ERPs consist of positive and negative voltage deflections in
the event-related EEG response that represents the summation of synchronous neuronal activity
that takes place during information processing [28,50]. It has been proposed that the
physiological basis of hippocampal and cortical ERPs lies on the field potentials generated by
interacting neurons [6,44]. The neural activity integrated by field potentials recorded from
hippocampal or cortical neurons can range from intracortical local field potentials (LFP) to the
extracranial EEG [6]. Procedures traditionally used for ERP quantification include filtering
and averaging several EEG epochs that are time-locked to a specific event (e.g., sensory, motor
or cognitive) [28,50]. Those procedures are based on the evoked model that assumes that the
event-related EEG response consists exclusively of the ERP, which is independent of the
ongoing EEG [41].

There is also evidence to suggest that some ERP components are generated by superimposition
of ongoing EEG oscillatory activity (for reviews, see [41] and [57]). For instance, it has been
proposed that the P3 component and other ERP components in humans arise from changes in
EEG oscillatory activity [5,20,39,50,52]. Evoked-EEG oscillatory activity generates
synchronous neural activity that plays an important role regulating sensory and cognitive
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processes [7,8,31,40] and the timing of neural activity [41]. However, whether ERPs are
generated by additive responses with a fixed latency and fixed polarity and independent of
ongoing EEG (evoked model) or by a phase reorganization of ongoing oscillatory activity is a
matter of current debate [41,57].

Effects of adolescent EtOH exposure on hippocampal ERO energy: The P3 ERP component
The P3 component of the ERP has been intensively used to study EtOH effects and EtOH-
related risks in human subjects [4,32,33,48,50]. While EROs associated with the P3 ERP
component in humans have been also linked to several relevant genes associated with EtOH
dependence phenotypes [5,50,52], the relationship between EROs and EtOH dependence in
animal models has not been well characterized. Findings from the present study suggest that
the effects of adolescent EtOH exposure responsible for reducing adult hippocampal P3
amplitudes [61] are mediated by an increase in evoked hippocampal theta band ERO energy.
The present study did not address the question of which model provides the most accurate
representation of the ERP response. In fact, there is support to the notion that both models are
likely responsible for the generation of the ERP [41,57].

Progress identifying neurophysiological endophenotypes associated with increased risk for
EtOH dependence in humans is due in part to the success characterizing the genetics of the
EROs underlying the P3 component (for review, see [50]). Findings from the present study are
an initial step toward identifying a neurophysiological endophenotype associated with
increased risk for EtOH dependence in animal models. Further research in rodent models is
needed to characterize the EROs responsible for generating the P3 ERP component and whether
those EROs are also linked to putative genes regulating EtOH dependence phenotypes. These
findings are needed in order to characterize the neurotransmitter systems mediating the changes
in hippocampal theta ERO energy associated with P3 amplitudes.

Analyses to determine hippocampal ERO energy were accomplished from the same datasets
that were used to generate the hippocampal ERP data in response to auditory stimuli, reported
in a previous publication [61]. Therefore, the neurophysiological activity integrated in the
auditory hippocampal ERP is likely modulated by a larger neural network than the hippocampal
LFP, which is thought to be one of the most spatially localized signals [6]. However, the
mechanisms mediating the changes in hippocampal theta ERO energy and their relationship
with the mechanisms regulating theta oscillatory activity in the hippocampal LFP is presently
unknown.

Effects of adolescent EtOH exposure on hippocampal neurophysiology: Neurotransmitter
systems

Previous studies have shown that the differential sensitivity to EtOH seen during development
is most likely the result of changes in many brain systems, including GABAergic and
glutamatergic systems [1,43,65] that occur over the course of adolescence. Studies
characterizing the cellular and molecular mechanisms underlying the enhanced vulnerability
to EtOH exposure during adolescence have frequently focused on studying glutamatergic
neurotransmission (see [11]), and in particular the N-methyl-D-aspartate (NMDA) type of
glutamate receptor. Findings from several electrophysiological studies have provided evidence
for interactions between NMDA receptors and EtOH during adolescence. In fact, there is
evidence to suggest that NMDA receptors play an important role in the short- and long-term
consequences of adolescent EtOH exposure. Moreover, cortical and hippocampal NMDA
receptors play an important role regulating cognitive processes that are impaired by adolescent
EtOH exposure [9,12,54].
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Hippocampal P3 amplitude has been demonstrated to be sensitive to altered glutamatergic
function, as administration of the NMDA antagonist MK-801 has been found to produce
decreases in the amplitude of the rat hippocampal P3 [24]. We recently determined the role of
NMDA receptors in the development of long-term compensatory neurophysiological changes
following adolescent EtOH exposure and found that MK-801 significantly reduced P3 ERP
amplitude and increased P3 ERP latency in control, but not in EtOH-exposed rats [14]. These
data suggest neuroadaptive changes in NMDA-mediated regulation of the P3 ERP component
following adolescent EtOH exposure.

There is evidence to suggest that hippocampal theta oscillations are modulated by both
GABAA and NMDA receptor systems [7]. Electrophysiological studies have demonstrated
that the inhibitory effects of EtOH on NMDA-mediated cortical post-synaptic currents,
hippocampal LTP, excitatory post-synaptic potentials, and on the hyperpolarization activated
cation current (Ih) in hippocampal GABAergic interneurons are more pronounced in adolescent
rats compared to adult rats [42,51,65,72]. However, the mechanisms mediating how the
increase in theta ERO energy attenuates P3 amplitudes in the hippocampus is presently not
well understood.

Effects of adolescent EtOH exposure on hippocampal P3 and theta ERO energy: Additional
interpretations

The decrease in hippocampal P3 amplitude previously reported [61] and the increase in evoked
theta ERO energy found in the present study were observed in response to noise tones, but not
to standard and rare tones. Since hippocampal P3 amplitudes and theta ERO energy generated
in response to standard and rare tones were not significantly different between adult rats
exposed to EtOH during adolescence and control rats it is likely that factors other than
neurotoxicity may have also play a role in these findings. An important observation is that the
reduction in P3 amplitude and increase in evoked theta energy in adult rats exposed to EtOH
during adolescence were revealed in response to louder noise tones (100 dB), in comparison
to the standard (75 dB) and rare (85 dB) tones. Therefore, it is possible that these findings were
due to startle-like response as a result to an increase in anxiety-like behaviors in adult rats
exposed to EtOH during adolescence. Previous studies have used the acoustic startle response
to noise as measure to assess EtOH withdrawal in rats. A study characterizing the effects of
the acoustic startle response to a noise stimulus in rats with a genetic predisposition toward
EtOH drinking found the 100 dB noise tone as the most effective in detecting the difference
in startle magnitude between EtOH- and water-treated alcohol-preferring (P) rats [10]. Studies
have shown that an increase in anxiety-like behaviors can be observed up to 28 days after EtOH
withdrawal [53,70]. Moreover, recent evidence suggest that anxiety-like behaviors after EtOH
withdrawal in adolescent rats last longer than in adult rats [71]. However, the present study did
not assess anxiety levels in adult rats following adolescent EtOH exposure. The period of
abstinence (7 weeks) in the present study was chosen based on previous studies demonstrating
prolonged effects of EtOH exposure on EEG and ERPs after similar or longer abstinence
periods [25,60]. The neurophysiological consequences of these long-lasting effects were also
recently confirmed in adult rats exposed to EtOH during adolescence [14,15].

Another issue that must be considered is whether the effects of adolescent EtOH exposure on
the processing of auditory information and hearing perception could have played a major role
influencing the findings from the present study and our previous ERP study [61]. In contrast
to late cognitive components of the ERP such as P2 and P3, the amplitude of the early N10
and N1 sensory components were not altered by adolescent EtOH exposure [61]. The N10
component (0-15 ms) is an early auditory evoked potential for indication of preattentional
information processing [17]. Moreover, if the effects of adolescent EtOH exposure on
hippocampal P2 and P3 amplitudes were due to perceptual impairments in hearing, the results
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would have also shown P2 and P3 attenuations in other brain regions such as the amygdala
and frontal cortex. However, adolescent EtOH exposure had no effect on the amplitudes and
latencies of ERP components recorded from the amygdala and frontal cortex [61]. These data
suggest that the effects of adolescent EtOH exposure on hippocampal EROs were not due to
perceptual impairments in hearing.

The present study did not measure whether EtOH exposed rats were EtOH dependent and
exhibited signs of EtOH withdrawal. Our previous study found that adolescent EtOH exposure
had no effect on locomotor activity assessed at 1 or 6-7 weeks post-EtOH exposure [61]. Those
findings are consistent with results from other reports indicating that early life EtOH exposure
had inconsistent effects on locomotor activity (e.g., [22]). Those data suggests that the ERO
effects observed in the present study were not due to gross differences in arousal or motor
activity between control and EtOH-exposed groups.

Effects of adolescent EtOH exposure on hippocampal ERO energy: The P2 and N2 ERP
components

In our initial study adolescent EtOH exposure reduced P2 amplitudes in response to the noise
tones [61]. Our study also suggested that adolescent EtOH exposure increased hippocampal
N2 amplitude in response to the standard, rare and noise tones [61]. Results from the present
study showed that adolescent EtOH exposure had no significant effect on ERO energy in the
time windows corresponding to the P2 and N2 components in response to standard, rare and
noise tones in the adult hippocampus. In addition, adolescent EtOH exposure had no effect on
phase variability in the time windows corresponding to N2 and P2 components. Findings from
the present study suggest that the effects of adolescent EtOH exposure on P2 and N2 amplitudes
[61] are not due to differences in evoked ERO energy nor in PLI.

Conclusions
Considerable progress has been made to develop rat models that simulate several relevant
human endophenotypic behavioral traits associated with EtOH-related disorders. Our previous
studies in adult rats showed that alterations in hippocampal EEG normalize within 2 weeks
following a 28-day EtOH exposure period [23]. In contrast, following just 10 days of adolescent
EtOH exposure we found prolonged changes in hippocampal EEG that persisted for 6-8 weeks
[61]. Consistent with our findings in hippocampal EEG, exposure to EtOH during adolescence
decreased P2 and P3 amplitudes, while increasing N2 amplitudes in the hippocampus of adult
rats [61]. These initial electrophysiological studies provided evidence of increased sensitivity
to the effects of EtOH on EEG and ERP responses during adolescence. We extended our initial
analyses of neurophysiological endophenotypes associated with adolescent EtOH exposure by
characterizing changes in ERO mean energy and the degree of phase variability in the
hippocampus of adult rats exposed to EtOH during adolescence [61]. Our present study showed
that the inhibitory effects of adolescent EtOH exposure on adult hippocampal P3 amplitudes
[61] are associated with an increase of evoked hippocampal theta band energy. In contrast,
adolescent EtOH exposure had no effect on hippocampal ERO activity in the 75-100 ms and
150-200 ms time windows, corresponding to the P2 and N2 ERP components, respectively.
These data suggest that the changes in P2 and N2 components previously shown in adult rats
exposed to EtOH during adolescence [61] are not mediated by changes in evoked hippocampal
oscillatory activity. Further studies are needed to determine whether the expression of these
neurophysiological endophenotypes was triggered during adolescent EtOH exposure or during
the prolonged withdrawal period following adolescent EtOH exposure. Understanding the
relationship between evoked theta oscillatory activity and P3 responses may provide insight
into the brain processes underlying the long-term consequences of adolescent EtOH
dependence in adult rats [2,45,59].
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Figure 1.
Mean amplitude values of ERO energy for the theta band in response to standard, rare and
noise stimuli in the hippocampus. Adult rats exposed to EtOH during adolescence showed
greater hippocampal theta ERO energy than control rats in the 250-450 ms time window in
response to noise tones. * Significant differences between control and EtOH-exposed rats (P
< 0.05).
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Figure 2.
Time-frequency representation of evoked delta, theta, alpha and beta band energy distribution
of noise stimuli in the hippocampus of adult control and adult rats exposed to EtOH during
adolescence. Time-frequency responses of evoked theta (a) band energy distribution to noise
stimuli in control (A) and EtOH-exposed (B) groups in the hippocampus. Time-frequency ROI
window used was 250-400 ms (white squares). The inset shows representative ERP grand
averages in control (black line) and EtOH (gray line) groups from the hippocampus in response
to the noise tones.
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