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Abstract
Background—Alcohol abuse disorders emerge over time with repeated consumption of ethanol,
but not all ethanol drinkers develop these disorders. There are pre-existing characteristics that
indicate which drinkers are most likely to abuse alcohol. Adolescence, novelty seeking, and high
stress reactivity are among the characteristics of the most vulnerable individuals. In addition, an
individual’s response to his or her first exposure to the drug influences future consumption. We
assessed an array of behavioral and hormonal characteristics in adolescent (28-day-old) male rats
before exposure to ethanol, and then determined which rats were most prone to high levels of
alcohol drinking.

Methods—The assessments consisted of measures of anxiety (elevated plus maze), response to
novelty (open field locomotion, novel object exploration), and circulating corticosterone levels
after mild restraint and after the elevated plus maze task. After this test battery, the rats were
placed in lickometer cages nightly (5 PM to 9 AM) for evaluation of fluid consumption. Rats were
first habituated to the cages with water in the lickometer bottles, and then given 10% (v/v) ethanol
for 3 nights as the only available fluid. After this forced ethanol exposure, the rats were allowed to
choose between 8% ethanol and water for 10 consecutive nights. After 2 nights of abstinence, the
rats were again placed in the lickometer cages and given a choice between 8% ethanol and water
to assess ethanol consumption in response to alcohol deprivation, a measure of relapse-like
behavior.

Results—Ethanol consumption on the third day of forced consumption was significantly
correlated with ethanol consumption on days 8 to 10 of the choice phase, which in turn was
significantly correlated to relapse-like consumption. Preference for ethanol was also significantly
correlated with early consumption. Novel object exploration, open field activity, open arm time in
the elevated plus maze, initial water consumption, and circulating corticosterone levels did not
significantly predict deprivation-stimulated consumption.

Conclusions—These results suggest that consumption during early exposure to ethanol
establishes a pattern leading to development of increased alcohol consumption and preference in
adolescent male rats. In addition, they represent an animal model of the well-described
observation that humans who consume large quantities of ethanol during early exposure are the
most likely to repeat heave drinking behavior. Furthermore, early consumption is distinct from
novelty seeking, anxiety, and stress hormone levels which are also thought to contribute to
vulnerability to alcoholism.
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Alcohol abuse disorders Result from the interaction between an individual’s genetic and
environmental susceptibility and repeated intake of alcohol over time. No one can become
an alcoholic without repeatedly consuming alcohol, but only a small percentage of all
drinkers become alcoholics. In the United States, where alcohol is commonly available, only
about 8% of the population can be classified as alcohol-abusing or dependent (NIAAA,
2001– 2002). Substantial research efforts are aimed at determining what makes some
individuals susceptible to alcoholism, while others can consume as casual drinkers.
Personality characteristics such as impulsivity and risk-taking influence initial drug taking
(Clark et al., 2005; Cloninger et al., 1988; Kreek et al., 2005;Masse and Tremblay, 1997),
while comorbid psychiatric disorders, genetics, and environmental factors such as stressors
contribute to regular use and the transition to addiction (Kreek et al., 2005).

Stress and the hypothalamic pituitary adrenal axis response to it may also impact the
development of dependence. Alcohol is often used to self-medicate symptoms of stress and
anxiety (Kushner et al., 2000). Furthermore, an atypical response to stress may contribute to
relapse once a person has become addicted (Brown et al., 1995; Kreek et al., 2005). In fact,
stress is one of the most common explanations given for relapse among abstinent alcoholics
(Brown et al., 1995). Studies in rodent models have shown that exposure to stressors can
initiate relapse-like behaviors in alcohol-drinking rats (Vengeliene et al., 2003).

The quality of a person’s response to his or her early experiences with alcohol significantly
influences subsequent drinking behavior. For example, alcoholism is rare among
populations that have genetically low levels of aldehyde dehydrogenase activity due to
genetic polymorphism that inactivates aldehyde dehydrogenase-2 (Goedde et al., 1982). This
enzyme metabolizes acetaldehyde, a metabolite of alcohol that contributes to unpleasant side
effects of ethanol consumption (Goedde et al., 1982). Reduced activity of this enzyme leads
to acetaldehyde accumulation after alcohol consumption, leading to aversive effects
(Goedde et al., 1983). In contrast, individuals who are relatively insensitive to ethanol and
require more alcohol to become intoxicated are more likely to become alcohol dependent
(Schuckit et al., 2006, 2004; Wilhelmsen et al., 2003). This predisposition is also genetically
based (Duranceaux et al., 2006; Hinckers et al., 2006; Schuckit et al., 2005). Thus, genetic
factors can either increase or decrease risk of alcoholism.

Age is another key factor influencing development of alcoholism. Younger users are more at
risk than older users. According to one study, approximately 38% of people who begin use
of any drug before age 15 develop dependence, whereas only 4% of those who initiate after
age 25 do so (Robins and Przybeck, 1985). These statistics demonstrate a striking
vulnerability in younger users, but also underscore the point that not all users become
addicted. In fact, experimenting with alcohol is normal during this age range. The
Monitoring the Future Study has revealed that approximately 73% of twelfth graders, 61%
of tenth graders, and 40% of eighth graders have tried alcohol at least once. Fifty-six percent
of twelfth graders have been drunk at least once. However, regular use of alcohol is less
common. Less than 50% of twelfth graders claimed to have used alcohol in the past 30 days
and less than 30% had participated in binge drinking in the past 30 days. The current study
was undertaken in an effort to develop a model that will be useful to understand biological
mechanisms differentiating casual alcohol users from those who escalate intake.
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The adolescent rat provides a model of neurobehavioral development that is highly relevant
for adolescent humans. Adolescent rats undergo a growth spurt, puberty, and social
realignment similar to human teenagers (Spear, 2000b). Rats have proven to be a useful
model for ethanol use during adolescence (Spear, 2000a). There is some evidence that
adolescent rats consume more ethanol than adult rats (Brunell and Spear, 2005; Doremus et
al., 2005; Vetter et al., 2007), but this is not evident in all strains (Bell et al., 2006;
Siegmund et al., 2005).

Aversive responses to ethanol are clearly different between adolescent and adult rodents.
Adolescent rats are less sensitive to hangover-induced anxiety (Doremus et al., 2003;
Varlinskaya and Spear, 2004a) and also to the social inhibitory effects of high ethanol doses
(Varlinskaya and Spear, 2004b). Adolescent rats are also less sensitive to the sedative effects
of ethanol (Little et al., 1996;Moy et al., 1998; Silveri and Spear, 1998; White et al., 2002).
These observations suggest that insensitivity to aversive effects may be one reason that some
adolescents drink more often and in larger quantities than adults and are more likely to
become alcohol dependent.

The purpose of the present study was to evaluate the range of alcohol consumption levels in
an adolescent population, and to examine which individual differences might predict intake
and relapse-like behavior. Rather than use a genetically-selected strain, we took advantage
of the high degree of interindividual variability inherent in the outbred Sprague-Dawley
strain. To model relapse-like behavior, we used the alcohol deprivation effect, which is a
long-standing behavioral model of alcohol craving and relapse (Spanagel and Holter, 1999).
In this model, rats consume ethanol by choice for an extended period of time, and then are
deprived of it. When ethanol is again available after deprivation, rats consume significantly
more than they did before deprivation (Sinclair and Senter, 1968). This strategy is thought to
model the observation that human alcoholics who attempt to abstain from alcohol consume
higher quantities upon relapse than they had previously consumed when drinking regularly
(Rodd et al., 2004).

Outbred rats, like humans, exhibit a wide range of individual sensitivity to ethanol. We
behaviorally phenotyped adolescent rats before exposure to ethanol and then used
multivariate statistical methods to identify factors that predict postdeprivation drinking in
adolescent rats. We hypothesized that stress hormone levels, anxiety, novelty seeking
behaviors, and initial intake of ethanol would combine to predict relapse-like behavior. We
found that early ethanol intake is predictive of relapse-like behavior, but that the other
behavioral and hormonal markers we assessed did not predict increased postdeprivation
consumption. This system provides an animal model in which we can examine biological
mechanisms mediating consumption of ethanol during free-choice and postdeprivation
periods.

MATERIALS AND METHODS
Animals

Forty-eight male CD (Sprague–Dawley) rats were purchased from Charles River
Laboratories (Raleigh, NC) and delivered at 21 days of age (weighing approximately 100 g
at the start of the study). Thirty-six rats were used in the initial characterization and 12 rats
were used to confirm the findings. Rats were housed 2 to 3 per cage with food and water
available ad libitum. Cages were maintained on a ventilated rack with a 12:12-hour light:
dark cycle (lights on at 7 AM).
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Experimental Design
Screening began on Day 28 (Prescreen Day 1) with collection of blood to assess
corticosterone levels during a mild restraint stress (see blood collection procedure). On Day
2, each rat was videotaped in the novel object task (see below). On Day 3, rats were tested in
the locomotor box task as another measure of novelty seeking behavior, and then
immediately placed on the elevated plus maze (EPM) to measure anxiety-like behavior. This
was followed by a second collection of blood to evaluate corticosterone levels in response to
exposure to the locomotor box and EPM.

At 35 days of age, rats were placed in lickometer cages equipped with bottles at each end.
The computer program Quick-Lick Win (Davis & Henderson, v.1.0.0) detected and recorded
the number of licks on each bottle. Rats were placed in cages between 4 and 5 PM each day
and removed between 8 and 9 AM the following day for 14 consecutive days. Water was
always available in the home cage, and liquids were available in the lickometer cages as
described below. Bottles were filled and weighed each night, and reweighed in the morning
to determine the mass of each liquid consumed. Mass consumed was converted to volume
and then g/kg based on the density of the fluids. On the first night, rats were placed in the
cage to acclimate to the lickometers with water in both bottles. The following 3 nights
(Forced Consumption Period), rats were exposed to a solution of 10% ethanol (v/v) in both
bottles. We chose a relatively high concentration during this phase to be sure that the rats
would overcome any neophobia for the taste of ethanol, and to acquaint them with its
pharmacological effects if they drank even a small amount. For the next 10 nights (Days 1 to
10 of Choice Consumption Period), rats were in a 2-bottle choice paradigm in which they
were exposed to a bottle of 8% ethanol (v/v) and a bottle of water. We switched to the lower
concentration during this phase in an effort to increase the volume consumed and potentially
increase interindividual variability during the choice phase. To avoid placement preference,
bottle position was alternated in the lickometer cage each night. After 10 days of choice
consumption, rats were deprived of ethanol for 2 nights, and then allowed to choose between
8% ethanol and water to assess alcohol deprivation-stimulated drinking. The light cycle
during all measured consumption tests was the same as in the home cages (12:12, lights on
at 7 AM). Food was available ad libitum in both the home cages and lickometer cages.

Blood Collection From Saphenous Vein
Rats in their home cages were placed on a heating pad set at medium for 5 to 10 minutes to
stimulate blood flow. Each rat was restrained in a Decapi-cone (Braintree Scientific,
Braintree, MA). The hind leg was held above the joint for shaving which also served as a
tourniquet to assist in blood collection. The area around the vein was coated with a thin layer
of petroleum jelly. A 25-guage needle was used to puncture the vein and removed to allow
blood flow outside the skin. Approximately 300 ul of blood was collected in EDTA-coated
Sarstedt Multivette tubes. Following blood collection, direct pressure was applied to the vein
for hemostasis (Adapted from Hem et al., 1998). During this procedure, the rat was
restrained for a total of 2 to 3 minutes. Blood was placed on ice until centrifugation at 3,000
× g and the serum was frozen at −80°C for later analysis of corticosterone levels using an
RIA kit according to kit directions (DPC Los Angeles, CA). Although this procedure may be
stressful to the rats, preliminary studies showed that the experience did not affect subsequent
behavior in the elevated plus maze (Schramm-Sapyta et al., 2006).

Novel Object Task
An object (aluminum foil ball, sea shell, Lego pyramid, or shiny pink holiday ornament) was
placed in the rats’ cages 18 hours before the experiment was performed. One hour before the
experiment, rats were moved to the experimental room for habituation (filtered cage lids
were removed but wire racks were left in place). For the test, a video camera was used to
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record 2 cages simultaneously (separated by piece of black Plexiglas). An incandescent lamp
provided illumination of 20 to 25 lux inside the cages. Each rat was briefly placed in a
holding cage while the home cage was prepared with 1 novel object and the familiar object
in view of the camera. The rat was then placed back in his home cage in front of the camera
and activity was recorded for 5 minutes. While each rat was tested, his cagemates were left
in the holding cage. After each individual’s test, all rats were returned to the home cage with
the familiar object and allowed to re-acclimate for at least 15 minutes before the next
cagemate was tested.

Video recordings were later scored for the time each rat spent exploring both the novel and
familiar objects. Exploring was defined as chewing on, playing with, and sniffing the object.
Time when the animal stood on an object as a means to smell something else or fell on it
was not counted as object exploration. Most rats spent 0 to 2 seconds exploring the familiar
object, and there was significant inter-individual variation (ranging from 3 to 150 seconds)
in the time spent exploring the novel object. Preliminary experiments demonstrated that
exploration of the novel object was maximal during the first 5 minutes, and that the time
spent exploring the novel object was not a function of the particular object chosen.

Locomotor Activity
Rats were placed in locomotor boxes (Hamilton–Kinder, 40 × 40 × 40 cm) in the same room
as the EPM for 5 minutes immediately before placement on EPM. Light in the chamber was
provided by an incandescent torch lamp (7 lux). The floor of the box was covered with corn
cob bedding. Infrared beams surrounding each box detected the animal’s position. Beam
breakages were then converted into position and distance by Hamilton-Kinder software. The
dependent measure of interest was total distance traveled (inches). Rats that traveled a
greater distance were deemed to be more active in response to novelty.

Elevated Plus Maze
The EPM measures anxiety by comparing time spent in the open versus closed arms of the
maze, and general activity by measuring transitions between arms (Pellow et al., 1985). The
maze is made of sealed wood painted black, and arranged in a “+ ” shape that is elevated 90
cm above the floor. Two of the arms (north and south) are open and are 50 cm long and 10
cm wide. The other arms (east and west) are enclosed with walls that are 36 cm high on the
2 long sides. The areas surrounding the EPM were made visually neutral by hanging white
curtains on all 4 sides. The room was dimly lit by an incandescent torch light so that the
brightness on the open arms was approximately 7 lux, and in the closed arms was
approximately 3.5 lux. Rats were placed in the center of the EPM and their behavior was
recorded for 5 minutes using a low-light recording mode. Video recordings were later scored
for the number of entries into and time spent in each arm. Percentage of time in the open
arms is calculated as:

Measured Ethanol Drinking
Ethanol consumption was measured in standard rat housing cages (45 × 24 × 20 cm) with
lick-blocks attached at each end (a front/-back arrangement). A bottle containing
approximately 100 ml of water or ethanol, as described, was placed in each lick-block
nightly. Lick-blocks were connected to a computer equipped with QuickLick-Win software
which recorded licks on each bottle. Nightly lick patterns did not differ between water and
ethanol-containing bottles (data not shown). Total amount consumed was measured by
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weighing the bottles before and after the consumption session and then calculating the
difference.

Data Analysis
All statistical analyses were performed using JMP 7 statistical software (SAS Institute, Cary,
NC). Distributions of the measures were tested for normality using the Shapiro–Wilk test.
Non-normal distributions were transformed appropriately (see Table 2). Data were analyzed
using multiple-linear regression and correlation.

RESULTS
Prescreen Phenotyping Measures

Values obtained during the prescreen phenotyping from the novel object task, circulating
corticosterone collections, open field locomotion, and elevated plus maze task are listed in
Table 1. All parameters measured in these rats fell within the range of expected values based
on the literature and our prior experience.

Consumption During Ethanol-Only Phase
During the 3 days when ethanol was the only available fluid, the rats as a group exhibited a
general decline in ethanol consumption [RMANOVA, F(2,70) = 49.48, p < 0.0001; see Fig.
1A]. There was a significant decrease in consumption from days 1 to 2 [F(1,35) = 39.47, p <
0.0001] and from day 2 to day 3 [F(1,35) = 6.81, p = 0.0132]. There was substantial inter-
individual variation in consumption which increased across the 3 days (see Fig. 1B).

Consumption During Ethanol Versus Water Choice Phase
During the choice consumption phase, rats initially avoided the ethanol-containing solution
and consumed mostly water. Over the course of 10 days, however, the group exhibited an
increase in ethanol consumption [RMANOVA, F(9,315) = 13.005, p < 0.0001; see Fig. 1].
Consumption on day 10 was significantly greater than consumption on day 1 of the choice
phase [RMANOVA, F(1,35) = 19.567, p < 0.0001]. There was also an increase in inter-
individual variation in consumption (see Fig. 1B). This result suggests that individual
patterns of consumption emerged gradually over the 10 days of the 2-choice period. On
average, the rats exhibited an increase in consumption following the deprivation period.
Ethanol intake (g/kg) was significantly greater on the rebound day than on day 10 of the
choice phase [RMANOVA, F(1, 35) = 8.677, p = 0.0057; Fig. 1A].

Preference for ethanol (percent of total fluid intake) also increased over the course of 10
days of choice consumption in a pattern similar to g/kg consumption [RMANOVA, F(9,315)
= 7.156, p < 0.0001; Fig. 2]. There was a significant increase in preference for ethanol from
choice day 1 to choice day 10 [F(1,35) = 7.417, p = 0.0100, RMANOVA], and from choice
day 10 to the relapse day [F(1, 35) = 11.201, p=0.002, RMANOVA, Fig. 2]. Alcohol
preference was significantly correlated with total alcohol (g/kg) intake on choice days 8 to
10 (R2 = 0.95 p < 0.0001) and on the relapse day (R2 = 0.90, p < 0.0001), but not on choice
day 1, when little ethanol was consumed by all of the rats.

Individual Differences in Consumption
Individual variation in ethanol consumption patterns began to emerge during the forced
consumption phase, and was maintained throughout the course of the experiment. As shown
in Fig. 1, there is variance in gram EtOH consumed per kilogram during the 3 days of
ethanol-only consumption. This variance largely disappears when water is offered as an
option (choice days 1 to 2), but re-emerges over 10 days of choice consumption. Individual
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levels of ethanol consumption which were established by day 3 of the ethanol-only phase
reemerged over the 10 days of the choice consumption period. There is a significant positive
correlation between ethanol consumption on forced day 3 and ethanol consumption on
choice days 8 to 10 (R2 = 0.13, p=0.029; Fig. 3A) as well as a significant correlation
between forced day 3 and relapse day (R2 = 0.28, p = 0.0009; Table 2). However, the level
of early consumption does not fully account for the variation in consumption in the later
days measured. Consumption on forced day 3 accounts for only 13% of the variance (R2) in
consumption on days 8 to 10, and 28% of the variance in consumption on the relapse day.
Thus, other factors, as yet unidentified, determine the level of postdeprivation consumption.

By days 8 to 10 of choice consumption, patterns are strongly established. There is a
significant correlation between consumption on days 8 to 10 of the choice phase and
consumption on the relapse day (p = 0.0002; Fig. 3B). The variance in consumption on days
8 to 10 accounts for 35% (R2 = 0.35) of the variance in relapse consumption.

These correlations are probably not the result of consistent patterns of thirst. There was no
correlation between consumption of water during the first night in the lickometer cages and
consumption of ethanol on ethanol-only nights, nor was there a significant correlation
between water consumption on the first night and ethanol consumption on days 8 to 10 of
the choice phase, or postdeprivation ethanol consumption (data not shown).

Patterns of alcohol preference were similarly established early in the experiment and
maintained through the postdeprivation consumption test. As shown in Table 2,
consumption (g/kg) on Forced day 3 was significantly correlated with postdeprivation
preference (R2 = 0.26, p = 0.0015). In addition, preference on days 8 to 10 was significantly
correlated to preference on relapse day (R2 = 0.22, p = 0.0039). As mentioned above,
preference was highly correlated to consumption within days 8 to 10 and relapse day (i.e.,
preference on days 8 to 10 was correlated with g/kg consumption on days 8 to 10, etc.).
These data suggest that preference, along with consumption pattern, is established early in
the experiment.

Ability of Prescreen to Predict Alcoholism-Like Behaviors
We hypothesized that our prescreen measures would be useful for predicting relapse-like
behavior. To test these predictions, we assessed correlations between postdeprivation
ethanol consumption and each of the prescreen measures individually. In this analysis, only
the number of entries into the open arms of the EPM was significantly correlated with
postdeprivation ethanol consumption (R2 = 0.17, p = 0.0138). None of the prescreen
measures were correlated with drinking on days 8 to 10 of the choice phase or consumption
on forced day 3.

We also tested whether the prescreen measures could account for additional variance in
relapse drinking when combined with consumption on forced day 3. In a multiple linear
regression model, a significant beta coefficient was obtained for open arm entries in the
elevated plus maze when combined with consumption on forced day 3. However, the model
containing both forced day 3 and open arm entries together (R2 = 0.39; p = 0.0003) did not
account for significantly more variance in rebound drinking than forced day 3 alone (R2 =
0.28; p = 0009) (F-ratio, 2 factor model vs. 1 factor model = 1.12; p > 0.05). Similarly, a
model containing choice days 8 to 10 and open arm entries did not predict significantly more
variance in relapse drinking than a model containing choice days 8 to 10 alone. Overall, our
prescreen was not useful for predicting postdeprivation consumption.
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Test of Predictive Value
As we performed so many correlational analyses in the original data set, it was possible that
we obtained false-positive results. Therefore, to confirm our conclusions we tested an
additional 12 rats to see if the same relationships emerged. As shown in Table 2,
consumption on forced day 3 was again correlated with consumption on days 8 to 10 of the
choice phase (R2 = 0.46, p = 0.0153) and there was a trend toward a correlation between
forced day 3 and rebound consumption (R2 = 0.25, p = 0.099). Postdeprivation consumption
was also significantly correlated to ethanol consumption on choice days 8 to 10, as in the
original model (R2 = 0.89, p < 0.0001).

Our findings relating to alcohol preference were nearly but not exactly replicated in the
confirmatory group. Preference on days 8 to 10 was significantly correlated to consumption
on forced day 3, which was not observed in the original group (R2 = 0.39, p = 0.029, Table
2). Preference on the relapse day was nearly significantly correlated to consumption on
forced day 3 (R2 = 0.31, p = 0.06, Table 2). The relationship between entries into the open
arms of the elevated plus maze and relapse consumption was not replicated, suggesting that
the weak correlation in the original group may have been a false positive result. All other
relationships were replicated in the confirmatory group as indicated in Table 2.

Based on the results from these 2 separate groups of rats, we conclude that relapse-like
ethanol consumption and preference in adolescent male rats is partially predicted by early
ethanol consummatory behaviors. Individual consumption and preference levels continue to
emerge across the choice phase, but are partially established early in the experiment.

DISCUSSION
There are 2 principal findings from these experiments. First, individual patterns of ethanol
consumption emerged quickly in adolescent male rats. The rats that consumed the most
ethanol postdeprivation were among the heaviest drinkers by their third exposure to alcohol.
After an initial decrease when water was presented as an option, some individuals increased
ethanol consumption over the 10-day choice period. Thus, the rats that eventually exhibited
high relapse consumption were the individuals that had high early consumption levels.
Additional patterns of alcohol consumption continued to emerge, as shown by the fact that
the heaviest drinkers on the relapse day included additional individuals that increased
drinking during the choice phase. This phenomenon was also evident in the preference data.
Preference for alcohol during choice and postdeprivation consumption periods was partly
determined by early intake, and postdeprivation preference was strongly related to choice
consumption. Thus, early drinking behavior seems to predict both future intake and
preference.

The second finding is that several behavioral phenotypes which we assessed were not
significantly correlated with either initial intake or relapse drinking. Most notably, novelty
seeking (as assessed either by novel object exploration or by locomotion in an open field)
was not correlated with ethanol consumption at any phase. This was surprising since
epidemiological studies have demonstrated that novelty seeking is related to initiation of
drug and alcohol experimentation in human adolescents (Cloninger et al., 1988; Conway et
al., 2003; Kreek et al., 2005; Masse and Tremblay, 1997), although at least one other study
has failed to demonstrate an association between alcohol intake and novelty seeking in adult
male Wistar rats (Bienkowski et al., 2001). In contrast, there are several studies which have
demonstrated a relationship between novelty-seeking and self-administration of
psychostimulants (Abreu-Villaca et al., 2006; Cain et al., 2005; Deminiere et al., 1992;
Grimm and See, 1997; Mitchell et al., 2005; Piazza et al., 1990; Pierre and Vezina, 1997;
Suto et al., 2001) but see (Sutton et al., 2000), and one study that demonstrated a
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relationship between novelty seeking and operant self-administration of ethanol (Nadal et
al., 2002). The lack of correlation that we and Bienkowski et al. observed may be due to
drug- or method-specific effects. It is possible that the underlying (dopaminergic)
mechanisms mediating novelty seeking in rodents are more relevant to psychostimulant
intake than alcohol intake, or that operant self-administration of any drug is more related to
novelty seeking than voluntary drinking.

It was surprising that circulating corticosterone levels were not significantly correlated with
ethanol consumption at any phase of the experiment, considering the large body of literature
suggesting that stress and stress hormones play a large factor in both ethanol abuse (Funk et
al., 2006; Menzaghi et al., 1994; Merlo Pich et al., 1995; Rassnick et al., 1993; Valdez et al.,
2002; Zimmermann et al., 2007) and alcohol withdrawal-induced anxiety (Baldwin et al.,
1991; Menzaghi et al., 1994). Our findings contrast with a previous report showing that
rhesus macaques with high stress-induced circulating cortisol levels as juveniles consumed
more alcohol as young adults (Fahlke et al., 2000). It is possible that the transient response
to a mild stressor in a rodent, which we measured, is not related to alcohol intake in the
same way that intense chronic stress (such as childhood trauma or maternal separation) is
related to alcohol intake in humans and primates. A study comparing several alcohol-
preferring rat lines demonstrated that ethanol consumption in response to a stressor was
strain-specific (Vengeliene et al., 2003). Thus, rats may model genetic but not
environmental contributors to the link between stress hormones and alcohol intake.

One important question emerging from these findings relates to the mechanisms that drive
early ethanol consumption. None of our prescreen measures were significantly correlated
with ethanol consumption on forced day 3. Consumption on day 3 is likely related to
multiple factors that were not included in our prescreen. It is likely that animals that find
alcohol initially rewarding are most likely to repeat drinking. In addition, animals that are
insensitive to the aversive effects of ethanol are also more likely to repeat drinking. In
addition, impulsivity may play a role, as has been demonstrated in genetically modified and
inbred mice ((Bowers and Wehner, 2001; Logue et al., 1998) but see (McMillen et al.,
1998)). It is possible that natural variation in all of these behavioral characteristics in our
outbred strain of rats contributed to variation in ethanol intake.

Initial insensitivity to ethanol may have been another significant predictor of alcohol intake.
Previous studies have shown that adolescent rats are relatively insensitive to the sedating
effects of ethanol (Little et al., 1996; Moy et al., 1998; Silveri and Spear, 1998), but have not
examined interindividual differences in the sedative effects. We hypothesize that
insensitivity to ethanol may be a predictor of alcohol consumption which is developmentally
regulated and also interacts with individual variation. This possibility is under investigation
in our laboratory.

This study focused on adolescent male rats. We do not yet know whether similar findings
would emerge in female rats, or whether any of our predictors would be relevant in females.
There are clear sex differences in alcohol consumption which emerge during puberty
(Almeida et al., 1998; Blanchard et al., 1993; Cailhol and Mormede, 2001; Jones and
Whitfield, 1995; Lancaster et al., 1996; Piano et al., 2005), as well as clear sex differences in
sedative (Cha et al., 2006; Webb et al., 2002) and aversive (Cailhol and Mormede, 2002;
Foy and Foy, 2003) effects. Future studies will focus on whether differential predictors are
related to intake in males versus females.

In conclusion, our results suggest that early exposure to ethanol may initiate a pattern of
heavy drinking and increased vulnerability to relapse in some adolescent rats. By using
natural variation in an outbred strain of rats, our model allows examination of multiple
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etiologies of alcoholism, which complements existing genetic models focusing on a single
heritable characteristic. This method could be used in future studies which examine factors
that emerge with repeated exposure to ethanol.
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Fig. 1.
Time course of ethanol consumption. (A) Average consumption (g/kg) across the time
course of the experiment. Error bars, standard error, *, significant difference between choice
day 10 and relapse day, RMANOVA, p < 0.05. (B) Grams of ethanol consumed per
kilogram by individual rats during 10% ethanol-only (forced) days 1 to 3, 8% ethanol versus
water (choice) days 1 to 10, and relapse day. Closed circles, rats that were in the highest
tertile of consumption on forced day 3, open circles, middle tertile, closed squares, lowest
tertile.
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Fig. 2.
Time course of ethanol preference. Ethanol fraction of total fluid consumption during 8%
ethanol versus water (choice) days 1 to 10, and relapse day. Closed circles, rats that were in
the highest tertile of consumption on forced day 3, open circles, middle tertile, closed
squares, lowest tertile. Error bars, standard error, *, significant difference between choice
day 10 and relapse day, RMANOVA, p < 0.05.
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Fig. 3.
Scatterplot showing the relationship between early and later ethanol consumption. (A) g/kg
consumed on forced day 3 is significantly correlated with g/kg consumed on choice days 8
to 10. (B) g/kg consumed on choice days 8 to 10 is significantly correlated with g/kg
consumed on relapse day. Closed circles, original group; X’s, confirmatory group; Lines,
best fit by least squares regression. See text and Table 2 for statistical details.
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Table 1

Values Obtained in Prescreen Test Battery

Measurement Mean (n = 36) SD

Time exploring novel object (seconds) 39 38

Time exploring familiar object (seconds) 1.0 2.6

Corticosterone, restrained in decapi-cone only (ng/ml) 185 83

Corticosterone post-EPM (ng/ml) 302 95

Locomotor distance, inches 924 155

EPM % open arm time 24 12

EPM open entries 4.6 2.0

In confirmatory group (n = 12): 4.5 2.3
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Table 2

Correlations (R values) Among Alcohol Consumption Measures

Ethanol-only
(forced) day 3

Choice drinking,
days 8 to 10
(log transformed)

Postdeprivation ethanol
drinking (square
root transformed)

Ethanol-only (forced) day 3 0.37*,** 0.53*

Choice drinking days 8 to 10 (log transformed) 0.37*,** 0.59*,**

Preference, choice days 8 to 10 (log transformed) 0.27** 0.97*,** 0.53*,**

Preference, postdeprivation (log transformed) 0.51* (in confirmatory group, R = 0.56,
p = 0.06)

0.54*,** 0.95*,**

*
Significant correlation, p < 0.05, in initial characterization group, n = 36 rats.

**
Significant correlation, p < 0.05 in confirmatory group, n = 12.
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