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Abstract
Human and animal studies suggest adolescence is a period of heightened sensitivity to adverse
cognitive sequelae of alcohol exposure. The current study assessed the effects of intermittent binge
ethanol intoxication during the periadolescent period of Wistar rats on subsequent performance in a
Morris water maze spatial navigation task. For 4 weeks (P32–56), rats were exposed to ethanol or
air 3 days/week via vapor inhalation chambers. Acquisition of spatial navigation was assessed
beginning 5 days after the final day of exposure, with 3 days of training in the Morris Water maze
(4 trials per day spaced at 90 sec inter-trial intervals [ITI]). Rats were placed into the water maze at
one of 4 positions along the perimeter, with a different release position to begin each trial. A probe
trial assessed retention of platform location on the day after the final set of training trials. Four days
after this probe trial, rats entered a working memory phase in which the platform was in a new location
each day and a variable ITI of 1, 2, or 4 hr was inserted between Trials 1 and 2; Trials 3 and 4 followed
at 90 sec intervals after Trial 2 on each day. The “savings” in latency to find the platform and distance
traveled before finding it from Trial 1 to Trial 2 on each day served as an index of working memory.
Ethanol-exposed rats showed similar acquisition of spatial navigation as control rats during training,
as well as similar retention of platform location during the probe trial. However, rats exposed to
average BAL >200 mg% showed accelerated forgetting, with decreased retention of platform location
at the 2 hr ITI (p<.05), compared to control rats. Therefore, a 4-week history of intermittent ethanol
exposure at BAL in excess of 200 mg% during periadolescence led to a working memory deficit in
young adult rats, demonstrated by accelerated forgetting of novel information. These behavioral data
are consistent with findings from adolescent human studies, indicating that binge-style alcohol
exposure during the periadolescent stage of development is associated with deficits in retention of
information.
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Introduction
Alcohol is the most widely consumed intoxicant among adolescents in the U.S., with about
80% of high school students reporting prior alcohol use, and over 30% of 12th graders reporting
having gotten drunk in the past month (Johnston et al., 2007). While adults typically drink
more frequently, adolescents consume more per occasion, and are more likely than adults to
engage in heavy episodic or “binge” drinking (Substance Abuse and Mental Health Services
Administration, 2003), defined as consuming 5 or more drinks on an occasion. Given the
prevalence of heavy alcohol use during adolescence, its effects on neuromaturation and
behavior are of great interest.

Evidence from human and animal studies suggests that adolescence may be a period of
heightened sensitivity to the adverse cognitive sequelae of alcohol exposure, perhaps because
neuromaturation continues throughout this stage of life (Giedd et al., 1999; Giedd et al.,
1996; Jernigan and Gamst, 2005; Lenroot and Giedd, 2006; Paus, 2001; Sowell et al., 2004).
In human adolescents with histories of heavy alcohol use, hippocampal (De Bellis et al.,
2000; Medina et al., 2008; Medina et al., 2007; Nagel et al., 2005) and prefrontal cortex (De
Bellis et al., 2005; Medina et al., 2008) volumes appear smaller, and poorer performances are
observed on tests requiring verbal and non-verbal retrieval (Brown et al., 2000), attention
(Marlatt and Tapert, 1993), visuospatial functioning (Giancola et al., 1998; Sher et al., 1997;
Tapert et al., 2002), verbal working memory (Tapert et al., 2002), and spatial working memory
(Tapert et al., 2001). Brain function abnormalities have also been detected: despite similar
performance on a spatial working memory task, adolescents with histories of heavy drinking
showed less prefrontal cortex and cerebellar activation to complete the task as compared to
non-drinking controls, with a greater degree of abnormality linked to lifetime alcohol hangover
and withdrawal symptoms (Tapert et al., 2004). Thus, although adolescents have short lifetime
drinking durations, heavy alcohol use is associated with abnormalities in brain structure and
function.

Animal models have supported that periadolescence (postnatal day [PD] 20–60; Spear, 2000)
is a period of particular vulnerability to the acute effects of alcohol on spatial working memory,
with rats showing significant impairment in acquisition of spatial navigation in a Morris water
maze when pretreated on PD30 with doses of ethanol (1–2 g/kg) that did not disrupt
performance in young adult rats (PD65) (Markwiese et al., 1998). Such increased sensitivity
to the acute amnestic effects of ethanol in periadolescent rats extends beyond spatial navigation
tasks, with 0.5 - 1.0 g/kg doses of ethanol administered post-training disrupting retention of
an odor discrimination task in early adolescent (PD28) rats treated but not adult rats (PD 100–
120) (Land and Spear, 2004). Finally, ethanol disrupts long-term potentiation in the
hippocampus of periadolescent rats (PD15–30) at concentrations that do not disrupt this
electrophysiological measure of plasticity in adult rats (PD70–100) (Pyapali et al., 1999;
Swartzwelder et al., 1995a, b).

Chronic treatment with high doses of ethanol results in increased damage to certain cortical
regions in adolescent (PD35) versus adult rats (PD80–90) (Crews et al., 2000; Monti et al.,
2005), and also leads to lasting deficits in spatial memory that outlast the period of ethanol
treatment (Tomlinson et al., 1998; White et al., 2000). However, in the latter studies reporting
such lasting deficits the range of ethanol doses employed (4–6 g/kg) produce very high blood
alcohol levels (BAL) and loss of righting reflex for 5 hr or more, with BAL still in excess of
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300 mg% upon return of righting reflex (Silveri and Spear, 1998; Swartzwelder et al., 1998).
In addition, differential weight gain between ethanol and control rats when ethanol is repeatedly
administered across the periadolescent period (PD30–50) is seen with these doses of ethanol
(Silvers et al., 2003; Silvers et al., 2006). In the current study, we sought to develop a model
of lasting spatial memory deficits produced by alcohol exposure in periadolescent rats, where
the peak BAL achieved would more closely approximate levels achieved by heavy binge
drinking youth. Therefore, we exposed Wistar rats to intermittent ethanol (3 days/week for 10
hr/day, from PD 32 to 56) via vapor inhalation, with an average BAL of 200–300 mg% targeted,
representing a high but not uncommon BAL achieved during binge drinking. Rats were tested
in the Morris water maze for the first time as young adults (PD 60–72). Based on prior findings,
it was hypothesized that rats exposed to ethanol during periadolescence in a paradigm akin to
binge drinking (i.e., intermittent high doses) would demonstrate lasting deficits in the
acquisition and retention of spatial information, as compared to a placebo-exposed group.
Because a prior study has also reported that repeated weekly dosing with ethanol (albeit at a
high dose of 5 g/kg) during periadolescence produces increased anxiety-like behavior in a
novelty exploration task (Popovic et al., 2004), we also examined a cohort of ethanol-exposed
and control rats in the elevated plus maze model of anxiety.

Materials and Methods
Animals

Male Wistar rats (n = 63, Harlan Labs, Indianapolis, IN) arriving from the vendor at PD-26 to
PD-28 were used as experimental subjects. All rats were pair-housed in a temperature- and
humidity-controlled room with a 12 hour light/12 hour dark cycle (lights ON at 6:00 AM).
Rats had ad libitum access to food and water at all times. All experimental procedures were
approved by the Subcommittee on Animal Studies of the VA San Diego Healthcare System,
an AAALAC-accredited facility, and are in strict accordance with the “Guide for the Care and
Use of Laboratory Animals” (revised 1996).

Ethanol Vapor Delivery
The apparatus from La Jolla Alcohol Research (La Jolla, CA) consisted of 8 rat shoebox cages
with lids equipped to form a tight seal with the cage. Each cage was divided in half across the
long axis of the cage to create two square compartments with a Plexiglas wall that had multiple
holes drilled into it; this permitted pairs of cage mates to be exposed to ethanol vapor in the
same cage, while keeping them separated to avoid one from lying on top of the other while
both are intoxicated. Each lid was equipped with two built-in reservoirs with a lick spout
protruding from the bottom to provide water ad libitum, and each side of the cage contained a
stainless steel food bowl with standard rat chow pellets also available ad libitum. Separate inlet
and outlet ports delivered ethanol-vapor-containing air to each chamber and scavenged air from
the chamber into exhaust venting in the room at an equal rate to avoid excess pressure build-
up in the vapor chambers.

Ethanol vapor was created by dripping 95% ethanol into a large spherical vacuum flask kept
at 50° C on a temperature-controlled heating unit. Air was blown over the bottom of the flask
at a rate of 11–15 liters/min. Concentrations of the ethanol vapor were adjusted by varying the
rate at which ethanol is pumped into the flask. Separate outlet ports delivered air to each ethanol
chamber through tubing connected to the inlet ports of each chamber. Two separate pump,
vapor flask, and heating units permitted independent delivery of ethanol to two sets of 4
chambers each, permitting groups of vapor-exposed (ETOH) and control (AIR) rats to be
exposed and tested simultaneously. AIR controls were treated identically to ETOH
counterparts, except the air delivered to their chambers did not contain ethanol vapor because
the pumps were not active.
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Cohorts of rats were exposed to ETOH (n=36) or AIR (n=27) conditions for 10 hr/day, 3
consecutive days/week, beginning at PD 32–34, and continuing for four consecutive weeks.
These timing parameters were based on earlier work (Obernier et al., 2002; Popovic et al.,
2004) which reported lasting consequences of binge alcohol exposure in 3–4 day epochs during
periadolescence or young adulthood. Pilot experiments determined proper ethanol delivery
rates to achieve blood alcohol levels (BAL) between 200–350 mg% for each rat at different
stages in maturation. Ethanol was delivered continuously for the first 4 hr of each exposure
session, to ensure a rapid rise to near-peak BAL, and that BAL was subsequently maintained
for the duration of the 10 hr session by cycling the pumps off and on at hourly intervals. Pilot
work demonstrated that this vapor exposure regimen resulted in similar BAL at 4 hr and 10 hr.
As the periadolescent rats were rapidly increasing in size (more than doubling in weight across
the 4-week test interval), 15–20% increases in initial delivery rate of ethanol were required
from week to week to maintain stable BAL across weeks for each rat. Within each given week,
rates were increased about 2–3% per day to ensure stable BAL across days for each rat.

Blood Alcohol Level (BAL) Determination
In keeping with blood volume collection standard operating procedures of the VA San Diego
Healthcare System’s Veterinary Medical Unit (no more than 10% total volume every 2 weeks),
blood samples (0.1–0.2 ml) were collected from the tail vein into heparinized 1.5 ml Eppendorf
tubes after one of the three binge alcohol sessions each week. The day of exposure on which
samples were taken varied from week to week for a given rat, and no more than one sample
was ever taken in a week for each rat. Samples were spun for about 5 minutes at 3200 RPM
and the plasma was removed and assayed for ethanol content using an ANALOX model AM1
blood analyzer (Analox Instruments, Lunenburg, MA). The enzymatic oxidation of ethanol in
the sample to acetaldehyde was catalyzed by adding the enzyme AOD (alcohol: oxygen
oxidoreductase). Required oxygen was abstracted from solution and the resultant oxygen
change was measured by an oxygen sensor (pO2 electrode). Under conditions of the assay, the
alcohol concentration is directly proportional to and can be calculated from the rate of oxygen
consumption. The analyzer was calibrated to a reference standard of 100 mg% ethanol.

Morris Water Maze Procedure
The apparatus consisted of a black circular pool, 1.52 m in diameter, filled with tap water
adjusted to 20 ± 0.5° C temperature, and a black escape platform submerged 3 cm below the
water surface. The room was dimly lit, with a 40 W bulb providing indirect light pointed at
only one wall of the room to serve as a spatial cue; additional cues in the room were a clock
on one wall, a door painted a different color from the wall, and a hose on a rack. The white
rat’s position in the black pool was recorded by a video tracking system connected to a computer
running Chromotrack software (San Diego Instruments, San Diego, CA USA). The computer
recorded swim path, distance, and latency to find the platform. A map of the maze configured
with concentric rings separating the outer rim of the maze, inner ring where the target platform
was located during training, and center circle of the maze allowed the software to calculate
relative time in each ring; similarly, division of the maze into four equal quadrants (NE, SE,
SW, NW) allowed calculation of time spent in each quadrant, particular the target quadrant
where the platform was located (see Figure 1).

Acquisition Phase—The acquisition phase began 3–5 days after the final exposure to ETOH
or AIR vapor, and consisted of 3 consecutive days of training, with 4 trials per day separated
by 90 sec intertrial intervals (ITI). The platform was located in a fixed position in the NW
quadrant throughout training (location A in Figure 1). To begin each trial, a rat was gently
released into the pool facing the wall at one of 4 defined release points (N, S, E, W) that were
varied semi-randomly for each trial, so that each day there was one release from each point
with varying order between rats tested on that day, and with varying order across days for each
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given rat. Once released, the rat was given 90 sec to find the platform, and if it failed to find
it within the allotted time, it was gently guided to the platform by the investigator. After locating
and climbing onto the platform, the rat was allowed to remain on it for 30 sec to attend to
visuospatial cues in the environment, then was removed for a 90 sec ITI during which the rat
was dried gently with a towel and placed under a heat lamp. This was repeated 3 additional
times per training day.

Probe Trial—One day after the final training day, the rats were placed back into the pool for
a single 90-sec trial in which the platform was removed, and the relative time spent in each
quadrant was recorded to estimate the spatial memory of the rat for the previous platform
location (Stewart and Morris, 1993). This probe trial also served the purpose of partially
extinguishing the memory of previous platform location in preparation for the working memory
phase of the experiment, which began 4 days later.

Working Memory Phase—During this phase which began 10–12 days after the final vapor
exposure session, the platform location was varied each day for each cohort of rats among 8
possible locations, all different from the fixed platform location used during acquisition (see
Figure 1 locations B–I). Separate cohorts of rats had different combinations of platform
locations across days, with platform locations varied by quadrant and radius from center each
day, to preclude swim strategies in which rats could rapidly find subsequent locations by
swimming a fixed radius within the pool. On Trial 1 each day, the rat had no knowledge of
where the platform would be located, and after release from one of the four defined start points,
it had 90 sec to explore the maze and identify the new target location. If a rat failed to find the
platform in 90 sec, it was guided to it by the investigator. Once on the platform, the rat was
given 30 sec to collect visuospatial information, then was removed for a 1, 2, or 4 hr ITI that
varied semi-randomly across consecutive days of working memory testing. After the ITI for
that given day, the rat was returned to the maze and released from a different starting point for
its second trial. Trials 3 and 4 followed at 90 sec ITI, using the same procedure as described
for the Acquisition Phase, again from different starting points such that each day the rat was
released from each of the 4 starting points once. The “savings” in latency to find the platform
and distance traveled before finding it from Trial 1 to Trial 2 on each day served as an index
of working memory, the ability of the animal to retain the information on platform location on
each given day across the extended ITI imposed between Trials 1 and 2. Trials 3 and 4 served
as an index that any deficits observed in “savings” from Trial 1 to Trial 2 could be attributed
to the extended ITI between those trials, and not a general disruption in performance or
reference memory for how to solve the maze and escape from the water.

Elevated Plus Maze Apparatus and Procedure
The elevated plus maze apparatus and procedure has been described in detail elsewhere (Zhang
et al., 2007; Zhang and Schulteis, 2008). The automated maze (Kinder Scientific, Poway, CA)
consisted of two open arms (Length: 50 cm, Width 10.8 cm) with 4-mm-high ledges on the
sides and at the end of the arms, and two perpendicular closed arms of equal length and width
but with 33.5 cm high walls on all sides except the entrance to the open center of the maze
(10.8 x 10.8 cm) which connected all 4 arms at 90° relative to each adjacent arm. The maze
floor was elevated 85 cm from the floor of the testing room. All surfaces of the open and closed
arms were constructed from black Plexiglas. Position of the rat in the maze was continuously
tracked by photo beam arrays.

On PD 63–65, 8 ETOH and 8 AIR control rats were tested on the plus maze for 5 min. The
rats were handled gently one day prior to testing (for about 5 min/rat). Testing was conducted
in a quiet room with a white noise generator providing approximately 65 dB background noise.
The testing room was illuminated only by two 25-W light bulbs in clip-on fixtures that were
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attached to the legs of the enclosed arms and positioned to direct light against the walls of the
testing room behind each closed arm. These conditions ensure a high baseline exploration of
the open arms (about 30–45% time spent and entries into the open arms), readily permitting
detection of anxiety-like behavior elicited by experimental treatments (Zhang et al., 2007;
Zhang and Schulteis, 2008). To begin a test session, rats were placed in the center of the maze
facing towards one of the enclosed arms and allowed to freely explore the entire apparatus for
5 min. Between each trial, the maze was cleaned with a damp sponge and dried with paper
towels.

Data were collected and analyzed by a Windows-XP-driven computer using MotorMonitor
Software (Kinder Scientific, Poway CA). From the computer-recorded data, the following
measures were computed for each rat: 1) time spent in the open arms as a percentage of the
total time spent exploring both the open and closed arms (Percent Time); and 2) number of
entries into the open arms as a percentage of the total number of entries into both open and
closed arms (Percent Entries). These two measures consistently have been shown in factor
analyses to have the highest loading on the factor representing the “anxiety” dimension (Cruz
et al., 1994; Rodgers and Dalvi, 1997; Wall and Messier, 2001).

Statistical Analysis
Data from the Acquisition, Probe Trial, and Working Memory phases of Morris water maze
testing were analyzed separately. Distance to platform, latency to escape onto platform, swim
speed, and percent distance traveled near outer walls (a measure of perseveration of most
common initial behavior in the maze as rats attempt to escape from the edges) served as
dependent variables for the Acquisition and Working Memory Phases. For the Acquisition
Phase, each dependent variable was analyzed in a mixed factor ANOVA with training day (1–
3) and trial within each day (1–4) as within-subjects factors and treatment condition (ETOH,
AIR) as a between-subjects factor. For the Working Memory Phase, difference for each
dependent variable from Trial 1 to each of Trials 2, 3 and 4 was calculated, and this difference
measure was analyzed in a mixed factor ANOVA with ITI (1, 2, 4 hr) and Retention Trial (2,
3, and 4) as within-subjects factors and treatment condition (ETOH, AIR) as a between-subjects
factor. Follow-up comparisons consisted of interaction contrasts or simple main effects as
dictated by the outcome of the overall ANOVA, followed by individual means comparisons
as appropriate (Newman-Keuls, significance set at p< .05 two-tailed). Probe Trial data were
expressed as percent of time (90 sec total) spent in each quadrant, and time spent in each
quadrant by the ETOH and AIR groups was compared by between-subjects ANOVA. Finally,
Percent Time in and Percent Entries onto the open arms of the elevated plus maze were
compared between ETOH and AIR groups using Student’s t-tests.

Results
Blood Alcohol Levels (BAL)

Among 36 rats exposed to ethanol, 30 had a BAL of at least 200 mg% on three or more of the
weekly BAL determinations, an average BAL across all four determinations above 200 mg%,
and no more than 25% variation from this average BAL of any single BAL determination across
exposure weeks. The average BAL in these 30 subjects, of which 22 were entered into Morris
water maze testing and 8 into elevated plus maze testing, was 241 + 7.5 mg% (range of 202 -
314 mg%). The remaining 6 ETOH rats showed significant variability in BAL across weeks
despite identical ethanol exposure conditions, with BAL ranging from as low as 97 mg% on
some days to over 240 mg% on others for the same rat, and all 6 rats had individual BAL
readings for a given week of exposure that differed by 25–50% from their average BAL across
all 4 weeks (e.g. Rat #07–360 had an average BAL of 170 mg%, but individual BAL
determinations of 158, 185, 241, and 97 mg%). This cohort of 6 variable rats was excluded
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from further study as a consequence of their unpredictable BAL across weeks of the
periadolescent treatment period. Nineteen AIR control rats were tested in the Morris water
maze, and 8 were tested in the elevated plus maze. Rats in the ETOH and AIR groups showed
comparable weights at the beginning (127 ± 3 g versus 121 ± 4) and conclusion (263 ± 11 g
versus 271 ± 9 g) of the 4-week vapor chamber exposure period.

Acquisition Phase
As confirmed by mixed design ANOVA both ETOH and AIR groups showed significant
decreases in distance traveled and latency to find the escape platform (see Figure 2, Panels A
and B) as a function of both training day and trials within each day (Main Effects of Trial: F
[3,123] = 101 and 85.2, respectively, p’s <.0001; Main Effects of Day: F [2,82] = 120 and 110,
respectively, p’s< .0001; Trial x Day Interaction: F [6,246] = 9.69 and 9.95, respectively,
p’s<.001). Lack of a significant main effect of treatment condition or any interaction with this
factor indicated that there were no significant differences across treatment groups for either
measure of acquisition (all F’s<2.16, p’s>.10). Thus, both ETOH and AIR groups showed
comparable learning of the spatial navigation strategy to a fixed platform location within the
water maze across training days in the Acquisition Phase.

Swim speed showed a significant main effect of trial (F [3,123] = 20.4, p<0.0001), but no other
main effect or interaction for this measure achieved significance (all F’s<2.26, p’s>.10). Thus,
swim speed significantly decreased across trials within each day, but this did not vary across
days of training or between ETOH and AIR groups (data not shown).

Percent distance traveled along the outer wall significantly differed by day (Main Effect: F
[3,123] = 32.1, p<.0001) and trial (Main Effect: F[2,82] = 46.1, p<.0001), and a day x trial
interaction (F [6,246] = 4.12, p<.01) revealed that distance along the outer walls decreased
systematically across trials within a day and across days of training, as would be expected given
the location of the platform away from the outer edges (see Figure 2, Panel D). The main effect
of treatment condition (ETOH, AIR) also approached significance (F [1,41] = 3.68, p = .062),
suggesting a trend towards increased time spent along the outer walls in the ETOH group (most
prominent on Trial 2 of Day 1 and Trial 3 of Day 2). There was no significant interaction of
treatment condition with any other factor (F’s<1.13, p’s>.10).

Probe Trial
On the Probe Trial, both ETOH and AIR groups showed a nearly identical distribution of
percentage of distance traveled in each of the four quadrants. Both ETOH and AIR groups
spent the majority of time in the SW target quadrant (39.45 ± 2.36 and 41.52 ± 2.44 percent
time, respectively), and the least time in the opposite NE quadrant that shared no borders with
the target quadrant (16.56 ± 1.24 and 15.58 ± 1.84 percent time, respectively). There was no
statistically significant difference between ETOH and AIR groups in time allotted to any of
the four quadrants (all F’s< 1.79, p’s > 0.10). The distribution of exploratory activity on the
probe trial reflects significant retention of former platform location by both ETOH and AIR
groups.

Working Memory
A comparison of performance on Trial 1 at each ITI (1, 2, 4 hr) in ETOH and AIR groups
revealed no main effect of condition, ITI, or their interaction for distance traveled or latency
to escape onto platform (all F’s<1.21, p’s >.10), indicating equivalent performance on Trial 1
across groups. This permitted subsequent evaluation of savings from Trial 1 to subsequent
trials without concern over pre-existing group differences. As shown in Figure 3, ETOH and
AIR groups showed comparable savings from Trial 1 of the working memory test conducted
at the 1 hr ITI between Trials 1 and 2, with the ETOH group showing a significant deficit on
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Trial 2 at both the 2 and 4 hr ITI, and the AIR control group showing a similar deficit only at
the 4 hr ITI. As revealed by the outcomes of the overall ANOVA analyses for each dependent
measure of interest, significant interactions of Trial (2, 3, 4) x treatment condition (Latency:
F [2,82] = 3.33, p<.05; Distance: F [2,82] = 3.42, p<.05) and Trial x ITI (1, 2, 4 hr) (Latency:
F [4,164] = 3.97, p<.01; Distance: F[4,164] = 4.66, p<.01) suggested that this differential rate
of onset of working memory deficit was restricted to Trial 2, with both groups showing marked
improvement in locating the platform on Trials 3 and 4 regardless of ITI. Follow-up interaction
contrasts revealed a significant interaction of condition and Trial only at the 2 hr ITI (F[2, 82]
= 3.88 and 3.33 for distance and latency, respectively, p’s <.05). Similar analyses at the 1 hr
and 4 hr ITI revealed significant main effects of Trial (F[2, 82] = 13.58 and 11.62 for distance
and latency, respectively, p’s <.05), but no main effect of condition or condition x trial
interaction, indicating identical patterns of performance across groups on these days. Swim
speed did not differ across treatment groups under any ITI condition.

Elevated Plus Maze Behavior
ETOH and AIR groups tested on the elevated plus maze on PD63–65 did not differ in terms
of Percent Time (33.89 ± 5.43 and 31.58 ± 3.78, respectively) or Percent Entries (35.14 ± 3.04
and 32.33 ± 2.87, respectively) measures of elevated plus-maze behavior (t’s < 0.97, p’s > .
85), suggesting no differences in baseline anxiety-like behavior when tested at a time
corresponding to the Acquisition phase of Morris maze testing.

Discussion
The results of the present study indicate that exposure to repeated binges of ethanol (BAL ≥200
mg %) throughout the adolescent period of Wistar rats results in significant deficits in working
memory for a spatial navigation water maze task 10–15 days after the final day of exposure.
The deficit is revealed as a more rapid forgetting of spatial information from Trial 1 to Trial 2
of a given working memory test as a function of increasing ITI between those trials. Thus,
whilst both ETOH rats and AIR controls show good savings from Trial 1 to Trial 2 with a 1
hr ITI (1000–1200 cm less distance traveled and 20–22 sec decreased latency), the ethanol-
exposed rats shows a significant savings deficit from Trial 1 to Trial 2 relative to controls at
the 2 hr ITI. These data indicate that adolescent binge ethanol exposure for 3 days/week, in
which BAL is rapidly increased to 200–350 mg% over 2–4 hr then maintained for 6 hr, results
in lasting deficits in capacity to hold information in a working memory buffer for periods of 2
hr or longer.

These results are consistent with a prior study (Sircar and Sircar, 2005) which demonstrated
that 5 daily treatments beginning at PD-30 with 2 g/kg ethanol, a dose that produces peak BAL
around 200–300 mg% (Schulteis and Liu, 2006), disrupted spatial navigation in a Morris water
maze for at least 25 days post-treatment. Sircar and Sircar, however, trained their rats in the
water maze under the influence of ethanol on PD-30 to PD-34, and then subsequently tested
ethanol-free, making it unclear whether subsequent impaired performance was due at least in
part to disrupted acquisition produced by acute ethanol during initial training. Yttri and
colleagues (Yttri et al., 2004) found that 4 treatments at 48 hr intervals from PD-28 to PD-32
with a slightly higher ethanol dose (2.5 g/kg) could impair trace conditioning in a conditioned
fear paradigm when rats were trained and tested ethanol-free beginning on PD-40. Our current
findings similarly indicate that lasting consequences of periadolescent ethanol exposure can
be observed with all training and testing taking place after the ethanol exposure period has
concluded.

Thus, the deficit in spatial working memory induced by periadolescent ethanol exposure in the
current study cannot be attributed to residual intoxication with ethanol, since the deficit was
observed at least 10 days after the final exposure to ethanol. One might argue instead that the
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effect was due to ethanol withdrawal, but behavioral consequences of ethanol withdrawal
usually peak within the first 48–72 hr post-ethanol, even with sustained durations of ethanol
exposure of 2 weeks or more (Roberts et al., 1996; Roberts et al., 2000; Schulteis et al.,
1995; Valdez et al., 2002). Therefore, the unimpaired acquisition of spatial navigation in the
first week after exposure and retention of spatial memory for location 6 days after exposure
argue against the deficits emerging later still during the Working Memory Phase as being due
to withdrawal.

At first glance it might appear somewhat surprising that rats exposed to ethanol were not
impaired in their acquisition of the spatial memory task. However, this finding is not unique,
as it has previously been reported that acquisition of Morris water maze performance is not
impaired when rats are trained during the ETOH exposure phase, with training occurring on
non-treatment days between successive treatments with high dose ethanol (5 g/kg) once every
48 hr from PD30 to PD50 (Silvers et al., 2003; Silvers et al., 2006). In addition, young adult
rats treated with intragastric ethanol for a 4 day “binge” showed normal acquisition of Morris
water maze spatial navigation when training began 5 days after the final ethanol treatment
(Obernier et al., 2002). In addition, as shown in Figure 3 ETOH rats in the current study did
not differ from controls in retention of platform location in a short-term memory buffer for
periods of at least 1 hr. Instead, evidence of an ethanol-dependent deficit required ITI of 2 hr
or greater. Because the training trials during the Acquisition Phase consisted of 4 massed trials
per day with only a 90 sec ITI, and earlier work reporting no deficit in acquisition of reference
memory also employed massed training trials with 60–90 sec ITI (Obernier et al., 2002; Silvers
et al., 2003; Silvers et al., 2006), it is likely that these training conditions were sufficient to
permit normal retention of information acquired on the previous trial, and therefore improved
performance on the subsequent trials. Had the Acquisition Phase consisted of fewer trials per
day and/or with longer intervals between subsequent trials, our findings of a spatial working
memory deficit in ETOH rats at ITI of 2 hr and greater indicates that deficits in acquisition
may have been observed. However, this was not the primary intention of the current study, as
we wished to specifically model working memory deficits observed in human adolescent binge
drinkers, and a priority was to train ETOH and AIR animals to equivalent levels of performance
prior to assessment of such potential deficits.

There was a trend towards increased time near the walls of the water maze in ETOH-treated
versus AIR control rats that approached significance (p = 0.062, see Figure 2D). Wall-hugging
behavior or thigmotaxis can be interpreted as anxiety-like behavior in animals exploring a
novel environment (Prut and Belzung, 2003), and thigmotaxis produced by cocaine
pretreatment prior to Morris maze training has been interpreted as increased anxiety-like
behavior (Mendez et al., 2008). Popovic et al., (2004) reported that repeated binges of 3 daily
treatments with 5 g/kg ethanol for 4 weeks during the periadolescent period produced behaviors
consistent with increased anxiety in a novelty exploration task administered to the rats as young
adults. As described above, this dose of ethanol produces severe intoxication and loss of
righting for several hours post-injection (Silveri and Spear, 1998; Swartzwelder et al., 1998).
In contrast, under the ethanol exposure conditions employed herein which produce BAL more
consistent with those that might typically be achieved by an adolescent drinker, we found that
ETOH rats were not different from AIR controls in their exploration of the elevated plus maze,
a model well-validated as an index of anxiety-like behavior in rodents (Cruz et al., 1994;
Rodgers and Dalvi, 1997; Wall and Messier, 2001).

Increased time and distance traveled near the walls of the Morris maze also could be interpreted
as a tendency towards perseveration of the initial response strategy of most rats in a water
maze, which is to swim near the walls and attempt to “climb” from the apparatus (Stewart and
Morris, 1993). This would be consistent with earlier reports that binge ethanol exposure in
young adult rats can elicit perseverative responding or cognitive inflexibility as measured in a
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reversal learning paradigm when tested several weeks after ethanol exposure (Obernier et al.,
2002). Therefore, the trend towards increased thigmotaxis on days 2 and 3 of the Acquisition
phase of testing might most parsimoniously be explained as perseveration of initial escape
strategy.

In summary, the results from our animal model parallel human findings of subtle but reliable
decrements in retention and working memory in individuals who drank alcohol heavily during
adolescence (Brown et al., 2000; Tapert et al., 2001; Tapert et al., 2002). For example, alcohol
dependent adolescents were tested on learning and memory of verbal and visuospatial material
after a 3-week detoxification period. While they initially learned the material adequately, they
retrieved 10% less verbal and non-verbal material after a delay period than demographically
similar non-drinking youth (Brown et al., 2000). The current model should therefore serve as
a useful tool for analysis of neurobiological substrates mediating impaired working memory
resulting from occasional heavy binge alcohol intoxication during the critical adolescent
period.
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Figure 1.
Schematic diagram of the Morris water maze. Position A represents the platform location
during the Acquisition Phase of testing. Positions B through I represent possible platform
locations during the Working Memory Phase of testing, from which 3 positions were semi-
randomly selected for each rat for the 1 hr, 2 hr, and 4 hr ITI test days. To prevent swim
strategies for identifying platform locations independent of visuospatial cues, the platform was
located in a different quadrant and at a different radius from the center from its location on the
preceding day. Thus, a combination of H-F-D would be permissible, but H-C-G would not.

Schulteis et al. Page 13

Alcohol. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Acquisition of spatial navigation in the Morris water maze was not impaired by prior exposure
to ethanol (ETOH). Each panel represents the average performance of ethanol-exposed (ETOH,
n= 22) and control (AIR, n= 19) rats across 3 days of testing, with 4 trials/day, beginning 3–5
days after the final exposure to ethanol. Data represent mean ± SEM for each dependent
variable. A) Distance traveled in cm from start position until platform was located; B) Latency
in sec to find and escape onto the platform; C) Distance traveled along the outer rim of the
maze (white-shaded region in Figure 1) as a percent of total distance traveled on a given trial
(#p =.062, Main Effect of Treatment Condition, a trend towards significant increase in time
spent hugging the walls of the maze in ETOH rats versus AIR controls).
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Figure 3.
Prior exposure to ethanol (ETOH) during adolescence leads to more rapid forgetting of
platform location in the Working Memory Phase of water maze testing as compared to AIR
controls. “Savings scores” were calculated for each rat as the difference in distance traveled
(Panel A) or latency to escape onto platform (Panel B) between Trial 2, 3 or 4 and Trial 1 (e.g.
Trial 2 distance minus Trial 1 distance, etc). For example, a savings score of “0” for Trial 2
would represent no difference in distance traveled on Trial 2 from distance traveled before
finding the platform on Trial 1, whereas a savings score of “1500” would indicate that the rat
traveled 1500 cm less on Trial 2 than on Trial 1 before finding the platform. Thus, AIR controls
show good “savings” of spatial information acquired on Trial 1 at intertrial intervals (ITI) of
1 hr and 2 hr between Trial 1 and Trial 2, but showed significantly reduced savings at the 4 hr
ITI in both distance traveled and latency to find the platform (#p < .05 vs. AIR at 1 hr ITI).
ETOH animals show performance equivalent to AIR controls at the 1 hr ITI, but reduced
savings at the 2 hr ITI and beyond (*p < .05 vs. AIR at 2 hr ITI, # p < .05 vs. ETOH at 1 hr
ITI).
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