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Background: Alcohol use disorders (abuse and dependence, AUD) are multifactorial phenom-
ena, depending on the interplay of environmental and genetic variables.

Method: This review describes current developments in animal research that may help (a)
develop gene therapies for the treatment of alcoholism, (b) understand the permissive role of
stress on ethanol intake, and (c) elucidate why exposure to ethanol early in life is associated with
a greater risk of AUD.

Results: The polymorphisms found in liver alcohol dehydrogenase (ADH) and aldehyde dehy-
drogenase (ALDH) affect the elimination of ethanol and the susceptibility to ethanol intake. A
highly active ADH protects against alcoholism, an effect related to a presteady state burst in
arterial acetaldehyde. Social stressors, such as repeated early maternal separation or social defeat,
exert a permissive effect on ethanol intake, perhaps by altering the normal development of the
hypothalamic-pituitary-adrenal axis. Ethanol exposure during gestation, infancy, or adolescence
increases the likelihood of AUD later in life. Early perception of ethanol’s positive and negative
(anti-anxiety) reinforcing effects may play a role in this phenomenon.

Conclusions: The review underscores the advantages of using preclinical animal models of
AUD and highlights points of intersection between the topics to help design a more integrated
approach for the study of alcohol-related problems.

Key Words: Ethanol Consumption, Gene Therapy, Stress, Social Stress, Rat, Mouse,
Ontogeny, Behavioral Sensitization, Motivational Learning, Intake.

A LCOHOL ABUSE AND dependence (AUD) are per-
vasive disorders. In a recent study conducted in the

United States, 42% of men and 19% of women reported hav-
ing had alcohol-related problems at some point in their lives
(Hassin et al., 2007). It is generally accepted that these disor-
ders are determined by multiple genetic and environmental
factors. This review focuses on several factors that contribute
to modifying alcohol consumption, as revealed by recent pre-
clinical animal research.
Specifically, the review will focus on a triad of factors

encompassing drug-induced effects, genetic and environmen-
tal factors. We describe developments in animal research that
may help to (i) develop gene therapies for the treatment of
alcoholism, (ii) understand the permissive role of stress on

ethanol intake, and (iii) elucidate why exposure to alcohol
during adolescence significantly increases the likelihood of
AUD later in life (DeWit et al., 2000). While some of these
topics have been extensively covered in the literature (see
Ducci and Goldman, 2008; Miczek et al., 2008; Pautassi
et al., 2009; Rivera-Meza et al., 2009; Spear and Varlinskaya,
2005), the one purpose of the review is to provide a brief
account of recent findings presented at the RSA-ISBRA 2009
Conference and to highlight points of intersection between
the topics, to help design a more integrated approach for the
study of alcohol-related problems. Substantial effort is also
made to explain the specific human phenomena that each ani-
mal model aims at reproducing and the translation between
human and animal research.
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GENETIC DETERMINANTS IN ALCOHOL
METABOLISM AND POTENTIAL THERAPIES FOR

ALCOHOL ABUSE DISORDERS

Genetic factors have long been studied in the etiology of
AUD. These factors have been unraveled through screening
of family histories: those with first-, second-, or third-degree
relatives with an AUD diagnosis are labeled as family history
positive and face a significantly higher risk of developing alco-
hol dependence than unrelated individuals. Indeed, the level
of heritability for alcohol dependence is of the order of 50%
(Ducci and Goldman, 2008). The search for a specific, single
gene that regulates the vulnerability to become an alcoholic
has, however, generally proven elusive. AUD are likely poly-
genic disorders with more than one gene involved (Strat et al.,
2008).
One way to narrow down the search for the genes that

contribute to the development of AUD is to focus on bio-
markers of alcohol problems. These so-called endophenotypes
can be defined as indirect links between genes and the behav-
ioral expressions of AUD (Dick and Agrawal, 2008). Among
these markers, the P300 event-related potential (Singh and
Basu, 2009) has been one of the most studied. Yet another
research path involves conducting genome-wide scans of large
cohorts of individuals who either met the diagnostic criteria
for AUD or have a family history of AUD (Strat et al.,
2008). These linkage studies, many conducted by the collabo-
rative study on the genetics of alcoholism (COGA), led to the
identification of several genes or genetic polymorphisms that
appear associated with the vulnerability to develop alcoholism
(Edenberg and Foroud, 2006).
Recently, a review by a number of prominent alcohol scien-

tists (Crabbe et al., 2006) addressed the polymorphisms that
affect a wide range of alcohol responses (akin to endopheno-
types in humans) in selected animal strains. These investiga-
tors, who analyzed 93 genes that affect alcohol responses,
indicated: ‘‘despite the importance of inherited contributions,
we know for certain that only two genes affect the alcoholism
risk’’ (Crabbe et al., 2006). These are the polymorphisms of
genes coding for liver alcohol dehydrogenase (ADH) and
aldehyde dehydrogenase (ALDH). ADH and ALDH are the
most important enzymes involved in alcohol metabolism.
ADH oxidizes alcohol to acetaldehyde, which in turn is oxi-
dized to acetic acid by ALDH2 (the high affinity liver mito-
chondrial ALDH). Both ADH and ALDH are polymorphic
in humans. There are amino acid differences in these poly-
morphic enzymes that result from changes in single nucleo-
tides, which change the activity of these enzymes (Edenberg,
2007). Some individuals carry a dominant negative ALDH2
allele (ALDH2*2). This polymorphism, highly prevalent in
populations from East Asia, is associated with a less active
ALDH2 and, hence, with high blood acetaldehyde levels
upon ethanol intake. In these individuals, alcohol ingestion
leads to a number of unpleasant effects, including hypoten-
sion, nausea, dizziness, and a characteristic facial flushing
response. This aversive reaction seems to act as a protective

factor for alcohol abuse and alcoholism, reducing the likeli-
hood of developing these disorders by 60 to 95% (Luczak
et al., 2002; Tu and Israel, 1995). The discovery of this phe-
nomenon is consistent with the use of pharmacological thera-
pies, notably the use of disulfiram, a drug that blocks the
metabolism of acetaldehyde after alcohol consumption
(Kiefer, 1995). One in every ten physicians in the United
States prescribes disulfiram (Mark et al., 2003). The use of
disulfiram has, however, faced several obstacles, mainly the
low drug-taking compliance of alcoholics and the inhibition
of dopamine beta hydroxylase, which inhibits the synthesis of
norepinephrine. When compliance is assured by a third
person, disulfiram has a powerful inhibitory effect on alcohol
consumption (Chick et al., 1992).
There is also the belief that disulfiram has untoward hepatic

effects, although this has been not clearly demonstrated, except
for case reports of idiosyncratic hypersensitivity known tomost
drugs. The FDA, which critically follows untoward Phase IV
reactions, has clearly not recalled disulfiram nor has pointed
out to liver dysfunction contraindications (http://www.drugs.
com/pro/disulfiram.html). Indeed, well-conducted animal
studies indicate that disulfiram protects from liver necrosis and
inflammation induced by alcohol (Lindros et al., 1999).
Recently, Ivan Diamond and associates (Arolfo et al., 2009),
following nearly a decade of work on the search of analogs of
the inhibitor of ALDH2 present in the Chinese herb kudzu,
developed analogs that display dual effects; elevating acetalde-
hyde levels by inhibiting ALDH2, thus preventing ethanol
volition, and also reducing relapse. Compliance for this short
half-life analogwill likely bemet by slow release formulations.
Although at present there are no human gene therapies that

modify the expression of the two genes that markedly affect
the levels of acetaldehyde and thus volition, two recent pre-
clinical studies provide a ‘‘proof of concept’’ for this possibil-
ity. In the first of these studies alcohol drinker rats (UChB),
selectively bred for 70 generations for their high alcohol
intake, were rendered alcohol dependent (and likely tolerant)
by offering 10% ethanol and water for 2 months and subse-
quently alcohol was withdrawn for 3 days. When alcohol
availability was reestablished in a limited access paradigm,
these animals consumed 10-times more alcohol than naı̈ve
rats. Ocaranza and colleagues (2008) administered a single
dose of an anti-Aldh2 antisense gene to these animals, which
reduced liver ALDH2 activity by 80% and inhibited by 50%
the voluntary ethanol intake. The inhibitory effect lasted for a
full month, the duration of the study.
In this 2009 ISBRA-RSA-LASBRA symposium, Israel and

colleagues concentrated primarily on the study of the mecha-
nisms by which the high-activity of alcohol dehydrogenases
(ADH1*B2) protects against alcoholism (Quintanilla et al.,
2007; Rivera-Meza et al., 2009). This group demonstrated that
an elevated liver ADH activity achieved by the administration
of the rat analog of the high activity human ADH1B*2 cDNA
to alcohol drinker rats led to a blood ‘‘acetaldehyde burst,’’
which inhibited alcohol intake by 50%. There were two impor-
tant characteristics to this ‘‘burst’’ (i) it was short duration,
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disappearing 15 minutes after ethanol administration and (ii)
it was only evidenced in arterial blood (blood that flows before
perfusing most body tissues). The latter feature is explained by
the fact that, unless the ALDH2 is inactivated chemically or
genetically, virtually all body tissues have a highALDH2 activ-
ity, which removes acetaldehyde from the blood; thus this
metabolite of ethanol is not found in venous blood. Indeed,
humans who are markedly protected against alcoholism by the
ADH1B*2 allele show no venous acetaldehyde levels (Peng
et al., 2007). The short duration was explained by the initial
contribution of endogenous blood and liver pyruvate, which
reoxidizes NADH into NAD+, thus speeding the generation
of acetaldehyde by ADH (Quintanilla et al., 2007). Thus, the
title of Israel’s talk was ‘‘It Takes Two to Tango,’’ namely pro-
posing that both a high ADH and the high pyruvate levels that
exist at the very start of ethanol metabolism are needed to gen-
erate an acetaldehyde burst, and an aversion to alcohol.
Overall, these studies suggest that increasing hepatic ADH

activity or reducing liver ALDH2 activity by gene therapy
may become valuable long-lasting adjuncts in the therapy of
alcoholism. It is well known, however, that genetics can be
modulated by environmental conditions, such as stress and
precocious exposure to ethanol. The effects of stress and early
exposure to ethanol on alcohol abuse or dependence are dis-
cussed in the next paragraph.

ENVIRONMENTAL FACTORS: PERMISSIVE ROLE OF
STRESS ON ALCOHOL INTAKE

The tension reduction hypothesis (Conger, 1956) depicts
alcohol consumption as a self-medication behavior aimed at
reducing an ongoing aversive state. In this framework, etha-
nol intake would be mainly driven by the anxiolytic effects of
alcohol. Indeed, a relationship between stress and alcohol
consumption has been long claimed (for an early review, see
Pohorecky, 1981). The exact nature of the association
between stress events and ethanol consumption, although, is
still unclear and many findings are contradictory. Exterocep-
tive nociceptive stimulation (i.e., footshock), prototypical
common source of stress, has been observed to either increase,
decrease or exert no effects on ethanol intake, as measured in
preclinical animal models of ethanol intake. Factors such as
intensity, frequency, and the interval between stress exposure
and ethanol intake assessments are critical in determining the
outcome of footshock on ethanol intake patterns (Caplan
and Puglisi, 1986; Champagne and Kirouac, 1987; Volpicelli
et al., 1990). For instance, rats given unavoidable and high-
intense footshock exhibited heightened ethanol intake
(Caplan and Puglisi, 1986). Yet in another rat study, the same
stressor failed to alter ethanol sensitivity when given twenty
minutes before the intake assessment (Ponce et al., 2004).
Similar controversies have been observed when employing
alternative stress sources. For example, chronic swim and
restraint stress have been observed to decrease and increase,
respectively, ethanol intake in rodents (Boyce-Rustay et al.,
2008; Overstreet et al., 2007).

It has been suggested that the validity of stress-related
research can be enhanced by designing animal models that
rely on biologically significant stimuli and situations. Social
stress models are among these ethologically relevant models.
Social stress should be particularly relevant when the species
of choice relies heavily on parental care and social organiza-
tion. Among these models, the stress associated with social
conflict and maternal separation exhibits good face and con-
struct validity (see Miczek et al., 2008).
Social defeat and subsequent social subordination is a

means to determine reduced access to food and resources, but
can also be evoked in experimental conditions by introducing
an intruder rat to an aggressive resident (Miczek et al., 2008).
These conflicts, particularly when they are inescapable or
unpredictable (Tornatzky and Miczek, 1993), lead to a
number of short- and long-lasting hormonal, behavioral, and
neural changes and are also thought to play significant role in
the maintenance of alcohol intake, facilitating the transition
from a controlled to a more problematic pattern of drug self-
administration (Tidey and Miczek, 1996). The evidence for
the latter statement is substantial for psychostimulant drugs
(e.g., cocaine, Tidey and Miczek, 1997) but much less so for
ethanol. Social defeat stress has a long-term increasing effect
on ethanol intake in CRH1 mutant mice (Sillaber et al., 2002)
and rats exposed to an odor cue previously paired with
social defeat show significant reinstatement of ethanol self-
administration (Funk et al., 2005). The latter finding suggests
that social stress can endow previously neutral stimulus with
the capability of inducing relapse into alcohol drinking. Other
studies, however, indicate that chronic social defeat or subor-
dination leads to a reduction in ethanol intake (Van Erp et al.,
2001) or ethanol reinforcement (Van Erp andMiczek, 2001).
Besides differences in strain or species, the discrepancy in

the effects of stress on ethanol intake might be explained by
procedural differences. The heightened voluntary alcohol
intake displayed by mutant mice (Sillaber et al., 2002) was
observed after a relatively brief (3 consecutive days) schedule
of repeated social defeat. On the other hand, the (Van Erp
et al., 2001) study employed three periods of five consecutive
days of social stress. The postulates of the Yerkes-Dodson
law (1908) may also help understand these differences. This
law suggests that an inverted U-shaped curve is the best fit for
the relationship between stress and drug taking. Brief, moder-
ate and intermittent stress would yield behavioral activation,
arousal and, if available, drug intake; whereas more intense
stress events would lead to behavioral suppression and less
engagement in drug taking (Miczek et al., 2008).
Maternal separation stress has been proposed as a model of

early maltreatment. The disruption of the mother–infant
bond, even for relatively brief periods of time, causes short
(e.g., ultrasonic distress calls, Kraebel et al., 2002), and long-
term alterations (e.g., differential functionality of the HPA
axis, Plotsky and Meaney, 1993; Rosenfeld et al., 1992) in the
developing organism. Animals subjected to relatively brief or
prolonged episodes of social stress exhibit heightened anxiety
when subsequently confronted with stressors and, perhaps
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more important for the purposes of this review, high vulnera-
bility to initiate self-administration of several drugs of abuse,
including ethanol (Huot et al., 2001). Perhaps one of the most
impressive findings of the permissive role of social stress on
ethanol intake has been provided by Huot and colleagues
(2001). These researchers assessed the initial intake of ethanol
and sucrose in adult animals that, on postnatal days 2 to 14,
had been separated from their mother 180 minutes each day
or reared under standard animal facility conditions. Early
maternal separation engendered in adulthood a 5-fold increase
in ethanol intake and with a decrease in sucrose preference,
the latter likely reflecting an anhedonic state (Huot et al.,
2001). In a recent study, mice that underwent prolonged
maternal separation (180 min ⁄day, PDs 2-14; Cruz et al.,
2008) not only drank more ethanol when assessed in a three-
bottle procedure (see Fig. 1, upper panel), but also exhibited
higher operant ethanol-administration relative to those reared
under standard conditions (particularly when offered a rela-
tively high ethanol concentration, 10% v ⁄v; see Fig. 1, lower
panel). Operant conditioning procedures provide more com-
pelling evidence of ethanol preference, as they require animals
execute a given behavior to gain access to ethanol.
Some conflicting results on the effects of early maternal

separation have been also reported. Employing procedures
that closely resembled those of Huot and colleagues (2001),
Jaworski and colleagues (2005) also observed greater ethanol
consumption in rats with a history of prolonged maternal
separation than in animals that had experienced no or
minimal maternal separation. Yet the greatest level of ethanol
consumption, among the conditions under analysis, was
observed in nonhandled animals.
It has been suggested (Cruz et al., 2008) that the effects of

early maternal separation on ethanol intake are a by-product
of the alterations induced by this treatment on the functioning
of the hypothalamic-pituitary-adrenal (HPA) axis. Indeed, it
is intriguing that maternal separation treatments usually occur
during a developmental time point known as the stress hypo-
responsive period (Walker et al., 1986). During approximately
the first 2 weeks of life, rats have a blunted hormonal response
to several stressors (Rosenfeld et al., 1992). Adequate mater-
nal care during this period is critical for the integrity of HPA
axis; even brief handling at this period is known to alter the
functioning of the system (Stamatakis et al., 2008). In general
terms, brief (15 minutes) and long (180 minutes) daily mater-
nal separation result in hypo- and hypersensitivity, respec-
tively, of the HPA axis (Miczek et al., 2008). Intriguingly,
some studies (e.g., Ploj et al., 2003) have suggested that brief
maternal separation episodes may be linked with a decreased
vulnerability to ethanol intake in adulthood. Early maternal
separation as a mean to induce early stress shares many fea-
tures with prenatal stress (PNS), a protocol in which dams are
subjected to daily stress events, usually during the last section
of the pregnancy (Campbell et al., 2009). The offspring of
these dams exhibits alteration in the HPA axis function,
enhanced sensitivity to stressors and greater operant respond-
ing for alcohol (Campbell et al., 2009).

There is also an extrahypothalamic corticotrophin-releasing
factor system; and this system has been implicated in the
regulation of ethanol’s effects and ethanol dependence
(Soomer and Saavedra, 2008). For instance, extrahypo-
thalamic corticotropin-releasing factor receptors might be
responsible for the expression of ethanol-induced behavioral
sensitization, once already formed (Pastor et al., 2008), and
also play a role in stress-induced reinstatement of alcohol
seeking (Liu andWeiss, 2002). Perhaps the changes on ethanol
intake after early maternal separation relate to alterations
in this extrahypothalamic system rather than on the
HPA access. The important role of extrahypothalamic
corticotrophin-releasing hormone receptors in the modula-
tion of the alcohol-stress interaction has motivated the

Fig. 1. Upper panel: Ethanol intake (gram per kilogram of body weight,
g ⁄ kg) in adult mice that underwent maternal separation as infants (MS) or
were reared under normal animal facility conditions (AFR). Ethanol intake
was tested in a three-bottle choice procedure (6% ethanol, 10% ethanol,
or its vehicle, a 0.05% saccharin solution). To facilitate data, visualization
ethanol intake has been averaged over two 5-day blocks. Lower panel:
Ethanol intake in the home cage (gram per kilogram of body weight, g ⁄ kg)
of a 10% alcohol solution, by AFR and MS mice in 60-minute sessions using
an operant self-administration procedure. Asterisks indicate significant differ-
ences between a paired group and its corresponding unpaired control
(p < 0.05). Vertical bars indicate the standard error of the means (SEM).
Adapted from Cruz and colleagues (2008).
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development of antagonists for this system. Among these,
3-(4-Chloro-2-morpholin-4-yl-thiazol-5-yl)-8-(1-ethylpropyl)-
2,6-dimethylimidazo[1,2-b]pyridazine (MTIP) has proved
effective in reducing alcohol consumption and blocking
stress-induced relapse in alcohol-dependent rats and in
rats with genetic susceptibility to alcohol consumption
(Gehlert et al., 2007).
Recent studies have provided an exciting new perspective

as to how genetic factors interact with early social stress to
produce phenotypes exhibiting heightened vulnerability to
alcohol consumption. Barr and colleagues (2009) detected a
single-nucleotide polymorphism (SNP) in the gene coding for
the corticotropin-releasing factor (CRH) in rhesus macaques.
These animals showed heightened release of adrenocorticotro-
pic hormone and heightened sensitivity to the facilitating
effects of early social stress upon alcohol consumption. These
results suggest an interaction between genotype and early
stress experiences. Analogous conclusions can be drawn from
a human study that assessed if alterations in the CRH R1
gene would modulate the association between stressful life
events and an early onset of alcohol consumption (Schmid
et al., 2009). There was a negative correlation between num-
bers of stressful life events prior to drinking onset and age at
first drink, but only for those subjects homozygotes for one of
the SNP analyzed.
The facilitatory effects of stress on ethanol consumption or

in ethanol effects are not restricted to the studies reviewed
here. Stress can facilitate the expression of behavioral sensiti-
zation to ethanol (Roberts et al., 1995) and conditioned place
preference induced by the drug (Matsuzawa et al., 1998,
2000). Also it is important to remark that social stress leading
to higher ethanol intake (Wolffgramm, 1990) and increased
sensitivity to ethanol’s motor activating effects (Araujo et al.,
2005) can result from simply changing the standard housing
conditions of rodents to create conditions of social isolation
or social crowding.
In summary, stress successfully modulates initiation, main-

tenance and relapse of ethanol-self administration. The
employment of species-specific stress models holds promise
for understanding the exact mechanisms underlying these
effects.

ENVIRONMENTAL FACTORS: EARLY EXPOSURE TO
ETHANOL IN EARLY ONTOGENY AND

ADOLESCENCE AND LATER AFFINITY FOR THE
DRUG

Epidemiological research (Baer et al., 2003) indicates that a
prenatal history of ethanol exposure strongly predicts alcohol
consumption in adolescence. The timing andmagnitude of eth-
anol exposure during adolescence, in turn, relates to the likeli-
hood of problematic drug use later in life (Grant and Dawson,
1997). In general terms, the earlier children start to drink, the
higher the likelihood of alcohol abuse and dependence (‘‘early
debut effect,’’ Pedersen and Skrondal, 1998). The relationship,
however, is not strictly linear, as there are developmental

periods (e.g., 12 to 13 years; DeWit et al., 2000) in which alco-
hol exposure exerts an even greater effect upon later affinity
for the drug. Furthermore, early contact with ethanol is not
restricted to the prenatal and adolescent stages of develop-
ment. Cultural practices promote exposure to ethanol through
milk during breastfeeding (Menella and Beauchamp, 1993) as
well as through routine medical procedures (Fildes, 1986;
Flores-Huerta et al., 1992). For instance, in some cultures
infants suffering from stomach spasms are treated with a
heated cloth containing alcohol placed on the abdomen. The
practice, which intends to alleviate the pain associated with the
spasms, can yield high infantile blood ethanol concentrations
(Croce, 1987). Preclinical research that employed an analogous
high-dose exposure to ethanol during the preweanling period
of the rat (PDs 6-12) found heightened ethanol consumption
when tested at infancy (PD 15, Lopez and Molina, 1999) or
adulthood (PD 120,Hayashi andTadokoro, 1985).
There is an ongoing debate as to whether the relationship

between age of first alcohol experience and problematic alco-
hol use reflects a causal relationship (Buchmann et al., 2009).
On the one hand, exposure to alcohol early in life can alter
the normal pattern of brain development or interfere with the
accomplishment of several age-specific tasks. This possibility
is particularly serious during adolescence, a time point in
which the dopaminergic mesocorticolimbic system and the
prefrontal cortex undergo profound changes and organisms
are required to weaken their parental bonds and explore new
social opportunities (Spear, 2000).
Several studies suggest that adolescence is a period of

heightened vulnerability to the neurotoxic effects of alcohol
(Medina et al., 2008). Alcohol drinking during adolescence is
associated with a reduction in the volume of several brain
structures, including the hippocampus and the prefrontal cor-
tex (PFC) (Lubman et al., 2007; Squeglia et al., 2009). The
ethanol-related damage to the PFC is usually greater in
women than in men and seems to be driven by alterations in
the volume of white matter (Medina et al., 2008). These find-
ings are consistent with female drinkers having less frontal
activation when tested in a spatial working memory test
(Caldwell et al., 2005) and reduced blood flow into the brain
when compared with age-matched light drinkers (Suzuki
et al., 2002). Heavy-drinker adolescents also exhibited greater
brain activation in several brain areas (including PFC) when
exposed to alcohol-related advertisements than when exposed
to neutral advertisements (Tapert et al., 2003).
Early onset of drinking and later alcohol abuse or depen-

dence could also be the expression of a common genetic sus-
ceptibility. This hypothesis has received some support from
twin studies (McGue et al., 2001; Prescott and Kendler,
1999). The mechanisms underlying these early exposure
effects are not well understood and will be uncovered only by
ontogenetic study. The use of animal models has proven to be
a valuable tool for answering these questions (Spear and Var-
linskaya, 2005).
The last years have seen an explosion in the study of etha-

nol’s effects during adolescence. Adolescent rats (i.e., animals
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28 to 42 days old), when compared to adults (i.e., animals
>70 days old) show a distinctive pattern of reactivity to drugs
of abuse, including ethanol (Badanich et al., 2006; Camarini
et al., 2008; Faria et al., 2008). Adolescents are less sensitive
to a wide array of sedative (e.g., narcosis, motor coordination,
Spear, 2004; White et al., 2002) and stimulant effects of etha-
nol (e.g., behavioral sensitization, Faria et al., 2008; Stevenson
et al., 2008) but, conversely, show more cognitive impairment
after treatment with the drug, particularly when assessed in
tasks that require the integrity of the hippocampus (Markwi-
ese et al., 1998). It has been suggested that this differential pat-
tern of reactivity to ethanol might put adolescents at risk for
problematic drug use (Spear and Varlinskaya, 2005). The
underlying rationale is that the drug’s sedative effects serve as
biologic cues to limit further drug intake, while heightened
cognitive impairment may preclude adequate judgment about
the size of the drinking bout or cause engagement in risky
behavior, which in turn could lead to an escalation in drinking
behavior. In agreement with these postulates, several preclini-
cal studies reported heightened ethanol intake (2 to 3 times
higher when measured as gram per kilogram of body weight)
in adolescents than in adults, under a variety of testing cir-
cumstances (Brunell and Spear, 2005; Doremus et al., 2005;
Truxell et al., 2007; Vetter et al., 2005, 2007).
Recent data also suggest that adolescent rats may be more

sensitive to ethanol’s positive motivational reinforcing effects
relative to their older counterparts. Adolescent, but not adult,
rats expressed ethanol-mediated first (Philpot et al., 2003)
and second-order conditioned preferences (Pautassi et al.,
2008a). By first-order conditioning preference, we mean the
capability of ethanol to transfer its appetitive motivational
information to a distinctive conditional stimulus (CS1), which
then is preferred at test. A second-order procedure comprises
an additional set of pairings. In these pairings, the CS1 signals
a second stimulus (CS2). During this stage, the CS1 transfers
behavioral control to the CS2, which now can evoke condi-
tioned preference (Molina et al., 2007). Furthermore, early
work (Fernandez-Vidal et al., 2003) suggested that low-dose
ethanol (0.5 g ⁄kg) may induce conditioned taste preference.
The study of ethanol-mediated conditioned preferences in
adolescent animals, however, is still under development and
more work is needed to achieve firm conclusions. Yet it is
intriguing that adolescent rats exhibit conditioned preference
by ethanol (Pautassi et al., 2008a,b; Philpot et al., 2003). Sev-
eral studies suggest that, at adulthood, rats and mice differ in
their sensitivity to ethanol’s appetitive effects in the place con-
ditioning paradigm, a first-order conditioning paradigm that
measures conditioned preferences. Adult mice readily express
ethanol-mediated place conditioning (dose: 0.5 to 4.0 g ⁄kg;
Cunningham et al., 2006). In contrast, the expression of
ethanol-mediated place conditioning in adult rats has proven
problematic. Unlike mice, rats tend to avoid contexts or sur-
faces that signal the drug (Cunningham et al., 1993). Some
success has been observed when ethanol is co-administered
with other drugs (Marglin, 1988) or with stressors such as
footshock (Matsuzawa et al., 1998).

Interestingly, some studies with mice revealed a somewhat
different pattern, with adolescent mice requiring either a
higher ethanol dose or more conditioning trials to express
similar ethanol-mediated conditioned preference than adult
mice (Dickinson et al., 2009). Also in mice, administration of
2.0 g ⁄kg ethanol for 15 consecutive days in the ethanol-paired
environment induced a typical pattern of behavioral sensitiza-
tion in adult but not in adolescent mice (Faria et al., 2008).
The younger subjects showed much less ethanol-induced
motor activity than adults and exhibited a progressive
decrease in their locomotor frequency across trials, a finding
that suggests tolerance to a low dose of ethanol. However,
ethanol-treated adolescents, but not adults, exhibited context-
independent behavioral sensitization and also a desensitized
expression of immediate-early genes in the nucleus accumbens
and prefrontal cortex (Faria et al., 2008). These results sug-
gest that associative mechanisms involved in the context-
dependent behavioral sensitization are not functionally
mature in adolescent mice. Behavioral sensitization induced
by ethanol and other drugs of abuse is thought to contribute
to the sensitivity to the reinforcing effects of these psychotrop-
ics (Araujo et al., 2005).
Based on the previous studies, it could be postulated that

the usual pattern of species-related differences in ethanol-
mediated place conditioning reverses when testing takes
places at adolescence rather than at adulthood. Adult mice
and rats usually express preference and aversion, respectively,
when trained with ethanol. Yet adolescent rats but not adoles-
cent mice, apparently express place conditioning by ethanol.
This is just a hypothesis, however, as these species have not
been yet examined in a comparable manner during the adoles-
cent stage and, therefore, the differences may relate to differ-
ences in housing conditions, apparatus, stimuli, or temporal
parameters across the studies.
The mechanisms underlying the facilitative effects of early

ethanol exposure on later drinking are, as mentioned, still
poorly understood. A recent work, however, found that ado-
lescent rats given chronic and intermittent ethanol (3.0 g ⁄kg)
exhibited heightened ethanol intake as adults and also exhib-
ited alterations in the mesolimbic dopaminergic and glutama-
tergic systems (Pascual et al., 2009). Specifically, adolescent
but not adults, given chronic ethanol had greater basal dopa-
mine levels in the nucleus accumbens and a downregulated
NMDA receptor expression in prefrontal cortex (Pascual
et al., 2009). These results fit well with the hypothesis that eth-
anol exposure during adolescence may be interfering with the
normal pattern of neural pruning and synaptic reorganization
occurring at this developmental stage (Spear, 2000).
Yet another possibility is that early ethanol exposure may

facilitate the effect of stress on alcohol drinking. As men-
tioned in the previous section, under certain conditions, stress
exposure leads to greater affinity for alcohol. In an attempt to
model the ‘‘early debut effect,’’ Siegmund and colleagues
(2005) found that, among animals initiated with alcohol at
either adolescence or adulthood, those initiated at adolescents
drank more alcohol than adults if given foot-shock or swim

GENETIC AND ENVIRONMENTAL INFLUENCES ON ETHANOL CONSUMPTION 981



stress. These results agree with a subsequent human study
(Dawson et al., 2007) revealing that the number of stress epi-
sodes in the last year was associated with greater alcohol con-
sumption in those subjects that began drinking at age £14 but
not in those that delayed their first drink until age ‡18. Over-
all, these studies suggest that early ethanol initiation may
interact with stress experiences, facilitating initiation or esca-
lation in alcohol consumption.
Alcohol exposure can also occur before adolescence, in the

womb, as a result of maternal consumption, and this exposure
can increase the vulnerability to problematic drinking in
adulthood. Several preclinical studies conducted with rats
have indicated that maternal treatment with ethanol during
late gestation (gestational days 17 to 20, dose 1 to 2 g ⁄kg) is
associated with heightened ethanol intake in infancy (Abate
et al., 2000, 2004), adolescence (Chotro and Arias, 2003), or
adulthood (Bond and Di Giusto, 1976). Teratogenic effects
are well-known consequences of ethanol during early onto-
geny, as can be observed in rats (Stanton and Goodlett,
1998), mice, and in children diagnosed with fetal alcohol
syndrome (FAS). Individuals with FAS have developmental
delays expressed in low weight and height for their age group,
a characteristic pattern of facial dismorphology and neuro-
logic alterations (i.e., agenesis of the corpus callosum) that
translates into moderate to severe mental retardation. Yet the
association between early exposure to ethanol and heightened
ethanol affinity can be exhibited in the absence of obvious ter-
atology (see Dominguez et al., 1996). Chotro and colleagues
(2007) reviewed potential mechanisms underlying this associa-
tion and proposed that heightened postnatal preference for
ethanol can result from chemosensory learning about ethanol.
Maternal ethanol intoxication results in the fetus being
exposed to both the odor and taste of ethanol and to the
pharmacological postabsorptive effects of the drug. Accord-
ing to these and other authors (Abate et al., 2008; Spear and
Molina, 2005), fetuses may learn an association between the
chemosensory effects of the drug and its positive, rewarding
effects. This Pavlovian learning, in turn, could regulate
later ethanol seeking and intake. Yet, it is also possible that
prenatal alcohol serves as a stressor, hence producing a simi-
lar endophenotype as that resulting from prenatal stress
(PNS) protocols. As mentioned in the previous section, PNS
not only induces neuroendocrine and behavioral hyper-
responsiveness to stressors but also heightened sensitivity to
the reinforcing properties of substances of abuse and greater
affinity for alcohol (Campbell et al., 2009).
Although reviewing the evidence for these proposals (Abate

et al., 2008; Chotro et al., 2007; Spear andMolina, 2005) goes
beyond the scope of this review, these theoretical accounts do
highlight the need to assess ethanol’s reinforcing effects during
the period of development corresponding to the third trimes-
ter in humans. The infant rat brain during the preweanling
period (first three postnatal weeks, postnatal days 1 to
21, PDs 1-21) closely resembles the third-trimester human
(Goodlett and Johnson, 1997). The analysis of early sensitivity
to ethanol in preweanling rats has indicated that infants are

extremely sensitive to ethanol’s aversive effects, as indexed
through conditioned aversion tests (Pautassi et al., 2002,
2005). But appetitive, positive rewarding effects are also
apparent when employing first- and second-order place condi-
tioning preparations (Molina et al., 2007; Nizhnikov et al.,
2009; Pautassi et al., 2008a,b). Similar to what has been found
in adult rats, these reinforcing effects of ethanol seem to be
facilitated by a prior history of nonreinforced exposure to the
drug (Pautassi et al., 2008a,b; Ponce et al., 2008) and can be
blocked by opoid antagonism (Nizhnikov et al., 2009). Rat
pups given pairings of a tactile CS (sandpaper) and 1.0 g ⁄kg
ethanol exhibit heightened preference for this CS than coun-
terparts given unpaired exposure to this stimulus. This condi-
tioned response, indicative of ethanol reinforcement, was
completely inhibited in animals given naloxone (0.75 or
1.5 mg ⁄kg) at time of conditioning. A lower dose of the antag-
onist (0.25 mg ⁄kg) reduced but did not block reinforcement
(Nizhnikov et al., 2009). These results are depicted in Fig. 2.
In summary, the study of ethanol reinforcement and intake

in infant and adolescent rodents provides a window to ana-
lyze the effect of early onset of alcohol drinking upon later
vulnerability to alcohol abuse and dependence. It also helps
in the search for risk factors associated with heightened alco-
hol consumption during adolescence that favors the develop-
ment of AUD.

DISCUSSION

Alcohol abuse and dependence (AUD) is a multifactorial
phenomenon, requiring the interplay of environmental and
genetic variables (Pautassi et al., 2008a,b). It has been more

Fig. 2. Percent time spent on a conditioned stimulus (sandpaper, CS) as
a function of conditioning procedures (sandpaper paired or unpaired with
administration of 1.0 g ⁄ kg ethanol) and naloxone dose at time of condition-
ing (0.0, 0.25, 0.75, or 1.5 mg ⁄ kg). Ethanol was administered intragastrical-
ly, naloxone was given via the intraperitoneal route. Animals (14-day-old
rats) were tested in a two-way, 5-minute preference test (sandpaper vs.
cardboard). Asterisks indicate significant differences between a paired group
and its corresponding unpaired control (p < 0.05). Vertical bars represent
the standard error of the means (SEM). Adapted from Nizhnikov and collea-
gues (2009). Used with permission.
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difficult, however, to experimentally combine these different
factors and assess the common and specific genetic and envi-
ronmental contributions to AUD, although twin studies (e.g.,
Xian et al., 2008) and the use of rodents selectively bred for
expressing differential sensitivity to ethanol’s effects have pro-
ven useful.
The present review describes recent preclinical advances on

genetic and environmental factors that regulate ethanol seek-
ing and intake. We first analyzed genetic polymorphisms of
the enzymes associated with alcohol drinking. This natural
pattern of genetic variability inspired the development of gene
therapies aimed at interfering with the metabolism of a by-
product of alcohol, acetaldehyde (Rivera-Meza et al., 2009).
Exposure to maltreatment or aversive environments is known
to strongly modulate alcohol consumption and relapse. We
reviewed studies employing stress derived from social sources
(i.e., social conflict and early maternal separation; Miczek
et al., 2008) that, when contrasted with more traditional stress
models, such as nociceptive exteroceptive stimulation (i.e.,
footshock), have the advantage of relying on age and species-
specific aversive situations. We then changed the focus from
adult rodents to the study of immature, preweanling (Pautassi
et al., 2009) or adolescent (Faria et al., 2008) rats so as to pro-
vide information on the modulatory effect of early exposure
to alcohol on later AUD development.
A common denominator across the experiments and lines

of research reviewed is the aim of identifying sub-populations
with differential susceptibility to develop AUD and, on the
basis of that knowledge, to develop specific interventions for
reducing problematic drinking. In other words, although pin-
pointing different mechanisms, each approach tries to under-
stand why some individuals move quickly from alcohol use to
abuse and dependence, while some subjects avoid engaging in
problematic consumption. Another common denominator is
that each model provides quite important information for
understanding AUD, but, at the same time, fails to com-
pletely account for the total variance in the outcome under
analysis. Indeed, discrepant findings across experiments seem
to be the rule rather than the exception. Although alcoholism
runs in families, the level of heritability of this disorder in the
overall population rarely exceeds 50% (Ducci and Goldman,
2008). As mentioned, exposure to sources of stress often leads
to heightened ethanol consumption (Overstreet et al., 2007),
but sometimes is followed by a reduced propensity to engage
in ethanol intake (Boyce-Rustay et al., 2008) or fails to alter
this variable (Ponce et al., 2004). The effect of prior ethanol
exposure is not immune to these considerations. Early expo-
sure to ethanol is usually associated with heightened ethanol
sensitivity (Abate et al., 2008) and apparently facilitates later
learning comprising ethanol’s positive effects (Nizhnikov
et al., 2009; Pautassi et al., 2008a,b). However, some studies
reported a lack of effect of age at drinking onset, in that initia-
tion of exposure to ethanol during adolescence (via vapor
inhalation, Slawecki and Betancourt, 2002; via oral forced
access, Tolliver and Samson, 1991) did not affect ethanol
consumption in adulthood.

One obvious weakness of the present studies, and a poten-
tial source of variability in their results, is the lack of interac-
tion between the approaches. For instance, there is little to
say about potential genetic modulation of the association
between stress and ethanol intake. The work by Barr and
colleagues (2009) with rhesus macaques helps to understand
these multiple phenomena. These researchers found an associ-
ation between polymorphisms in the CRH gene and sensitiv-
ity to early-stress-induced alcohol intake. As mentioned, early
ethanol exposure can lead to heightened ethanol consumption
later in life; the magnitude of this effect, although, markedly
varies. Genetic differences in the response to ethanol may be
important factors in the regulation of these differences. A
fruitful path of research may involve analyzing early onset of
drinking effects in lines of rats or mice selected for their high
or low sensitivity to ethanol’s effects. The present review also
highlighted studies indicating that differential sensitivity to
alcohol can result from adverse experiences early in life. Early
stress in the form of maternal separation or prenatal stress
affect alcohol affinity, apparently by altering the functioning
of the HPA axis or the extrahypothalamic CRF system
(Campbell et al., 2009; Cruz et al., 2008). The animal models
described in the present review are certainly limited, but they
should provide an avenue for analyzing the interactions
between genetic polymorphism, early stress and early contact
with the drug and how these influences affect initiation, main-
tenance, and relapse into problematic alcohol intake.
For instance, epidemiological studies suggest that an

early onset of ethanol consumption may exacerbate stress-
mediated ethanol consumption (Dawson et al., 2007). To
our knowledge, there have been little attempts to replicate
this finding in a more controlled, experimental animal
model. Yet it has been found that animals initiated with
alcohol are more likely to engage in stress-mediated alcohol
consumption than animals initiated at adulthood (Siegmund
et al., 2005). This is a promising model for scrutinizing the
interaction between stress-reactive drinking and alcohol
consumption.
Novelty seeking and increased risk taking are considered

hallmark traits of adolescence (Spear, 2000) that may repre-
sent ‘‘biological markers’’ or endophenotypes for drug depen-
dence (Kleabaur and Bardo, 1999). The analysis of ethanol
reinforcement and sensitivity in genotypes or phenotypes
exhibiting varying degrees of overlap between these traits
has been, however, scarce. The work by Schramm-Sapyta and
colleagues (2008) represents progress toward this direction.
Schramm-Sapyta and colleagues (2008) screened hetero-
geneous adolescent rats in terms of novelty-seeking, stress
hormone levels, and initial acceptance of ethanol. The aim was
to use the normal range of individual differences in these
variables to predict which individuals would later be vulnera-
ble to high ethanol acceptance and relapse to drinking after an
ethanol-deprivation period. Neither novelty-seeking nor the
hormonal markers predicted later vulnerability to ethanol.
Early ethanol intake, however, was significantly associated
with later relapse-like behavior.
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In summary, the present review focused on current
developments in preclinical animal models with the aim of
understanding different features associated with the initiation,
maintenance or relapse into problematic ethanol consump-
tion. Besides the scholarly purpose of describing their find-
ings, the mini-review also underscored the need to promote
interaction between these different approaches and translating
animal research findings to epidemiological research.
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