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Abstract

The motivational effects of drugs play a key role during the transition from casual use to abuse and
dependence. Ethanol reinforcement has been successfully studied through Pavlovian and operant
conditioning in adult rats and mice genetically selected for their ready acceptance of ethanol. Another
model for studying ethanol reinforcement is the immature (preweanling) rat, which consumes ethanol
and exhibits the capacity to process tactile, odor and taste cues and transfer information between
different sensorial modalities. This review describes the motivational effects of ethanol in
preweanling, heterogeneous non-selected rats. Preweanlings exhibit ethanol-mediated conditioned
taste avoidance and conditioned place aversion. Ethanol's appetitive effects, however, are evident
when using first- and second-order conditioning and operant procedures. Ethanol also devalues the
motivational representation of aversive stimuli, suggesting early negative reinforcement. It seems
that preweanlings are highly sensitive not only to the aversive motivational effects of ethanol but
also to its positive and negative (anti-anxiety) reinforcement potential. The review underscores the
advantages of using a developing rat to evaluate alcohol's motivational effects.
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1. Introduction

1.1. Preliminary considerations

Ethanol is arguably the most consumed psychoactive drug in the world. Controlled drinking
may be common, but for many individuals ethanol consumption leads to severe psychiatric
disorders, with estimates of lifetime prevalence of alcohol dependence reaching 20% and 8%
of men and women in the United States, respectively (Enoch, 2003). Genetic factors have been
traditionally considered as the main determinants of ethanol affinity (Tyndale, 2003). The level
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of heritability for alcohol dependence has been claimed to be approximately 50% (Ducci and
Goldman, 2008; Enoch, 2003). Indeed, a positive family history for alcoholism is strongly
associated with later alcohol abuse or dependence. Male adults with a family history of
alcoholism (in first-degree and either second- or third-degree relatives) exhibit a three-fold
greater incidence of alcoholism than subjects without a family history of alcoholism (Dawson
et al., 1992). However, a family history of alcoholism has long been acknowledged to
encompass the shared influences of both genetic and environmental influences (National
Institute on Alcohol Abuse and Alcoholism, 1993). In the past two decades, the paramount
role usually ascribed to genetics in alcohol research has been somewhat tempered by
epidemiological and experimental preclinical research indicating that early prenatal or
postnatal ethanol experience is significantly associated with later responsiveness to the drug
(for a review, see Spear and Molina, 2005). Additionally, ethanol initiation during certain
ontogenetic stages, notably adolescence, constitutes a risk factor for the development of later
problems with the drug. Specifically, people who begin drinking at age 15 are four-times more
likely to become alcohol-dependent than those who start at age 21 (Grant and Dawson,
1997). Ethanol intake usually begins during adolescence, with a decrease in the average age
of initiation in the United States from 17.8 years in 1987 to 15.9 years in 1996 (Windle,
2003). A recent study suggests that the peak year for alcohol initiation is even earlier (13-14
years, Faden, 2006). Heavy drinking in this population is also widespread; with 30% of 12th
graders reporting that they had been drunk at least once in the last 30 days (Johnston et al.,
2007). The insights derived from this and related research (Spear & Molina, 2005; Abate et
al., 2008) have added to the conceptualization of alcohol abuse and dependence, which now
is considered a developmental disorder with etiological onset at childhood and adolescence
(National Institute on Alcohol Abuse and Alcoholism, 2008).

Therefore, understanding the experiential factors that can interact with genetic predisposition
to promote high alcohol consumption is important. Ethanol is a complex
psychopharmacological agent that exerts a wide array of behavioral effects. Ethanol is a
nutrient rich in calories (7 kcal/g; Molina et al., 2007) with a distinctive flavor and taste
characterized by a combination of sweet and bitter qualities. These orosensory features can
serve as signals (conditioned stimulus, CS) for the upcoming presence of biologically relevant
situations (unconditioned stimulus, US) (Molina et al., 1986). For example, contingent
experience with the scent of alcohol and aversive stimulation resulted in conditioned avoidance
toward the ethanol odor and reduced ethanol intake measured in 21-day-old rats (Serwakta et
al., 1986). Ethanol also can act as an interoceptive context that, when present during the
acquisition and retrieval phases of a given learning situation, regulates the storage and
expression of memories. State dependency mediated by ethanol has been reported in infant,
adolescent, and adult rats (Fernandez-Vidal et al., 2003; Hunt et at., 1990; Bruins Slot et al.,
1999).

Caloric, orosensory, and state-dependent properties of ethanol play important roles in the
regulation of alcohol-seeking and consumption. Initial acceptance of oral ethanol in humans
and in non-initiated genetically heterogeneous rats is modulated by these species' apparent
dislike for the flavor of ethanol. Ethanol's sensory features have been proposed to constitute a
“taste barrier,” precluding substantial intake of the drug (Pautassi et al., 2008b). Ethanol intake
in two-bottle choice tests decreases sharply as ethanol concentration increases. If faced with a
forced choice between water and a relatively low concentration of ethanol (1 to 5%),
heterogeneous non-selected rats may show a modest preference for the drug, but ethanol
consumption decreases dramatically as higher concentrations are employed (Kiefer et al.,
1987; Samson et al., 1988). Consistent with the hypothesis of a “taste barrier,” Kiefer et al.
(2005) found that naive rats displayed aversive orofacial reactions when intraorally stimulated
with ethanol.
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However, beyond caloric or sensory effects, environmental vulnerability to alcohol abuse is
mostly influenced by the balance between the contrasting motivational effects of ethanol
(Lynch and Carroll, 2001; Roma et al., 2008). Rather than being peripheral constructs,
motivational concepts are at the core of all major modern theories of drug abuse and
dependence. The compulsive pattern of drug-seeking and -taking found in dependent subjects
has been suggested to result from the sensitization of a motivational system responsible for
providing incentive salience to environmental stimuli (Robinson and Berridge, 2004; Berridge
and Robinson, 1998). Koob and Le Moal (2001, 2008) proposed that drug dependence involves
a deviation from the normal reward set point of the organism. Alcohol abuse and dependence
are no exceptions to these considerations—motivational properties of ethanol represent critical
factors in the modulation of drug-seeking and -taking. Appetitive and aversive consequences
of ethanol increase and decrease, respectively, the subsequent probability of such ethanol-
focused behaviors (Cunningham, 1998). These factors seem to be particularly important for
understanding why certain individuals progress rapidly from controlled use of alcohol to abuse
and dependence, while others continue controlled drinking despite continuous exposure to the
drug. These subpopulations, consisting of controlled users and those that abuse the drug, may
exhibit differential sensitivity to the motivational effects of ethanol. For example, some Asian
subjects exhibit an impaired ability to metabolize acetaldehyde, a toxic by-product of ethanol
metabolism, because of the lack of one or more alleles for aldehyde dehydrogenase. These
persons have increased sensitivity to the aversive peripheral effects of ethanol, a fact that could
explain their lower rates of alcohol abuse and dependence (Duranceaux etal., 2006). In contrast,
subjects who are at risk for developing alcohol dependence exhibit aldehyde dehydrogenase
allelic variations as well as a differential pattern of heart rate activation when given ethanol
(Conrod et al., 1997, 1998; Montano et al., 2006; Mulligan et al., 2003). Ethanol-induced
changes in heart rate are considered an index of the affective effects of ethanol.

In summary, the balance between the contrasting motivational effects of ethanol is thought to
contribute, among several and varied causes, to the progression from moderate consumption
to the compulsive pattern of alcohol-seeking behavior observed in alcohol dependence
(Robinson and Berridge, 2004; Stewart and Badiani, 1993). Early exposure to alcohol seems
to further accelerate this progression (Abate et al., 2008). Therefore, elucidating the
motivational reactivity to ethanol early in ontogeny should provide helpful insights into the
understanding of the development of alcohol abuse and dependence (Cunningham et al.,
2000a).

1.2. Ethanol-mediated reinforcement

Ethanol exerts positive and negative reinforcing effects as well as acute aversive effects. The
latter include peripheral physiological alterations, such as gastrointestinal disturbance (Adinoff
et al., 1998) and autonomic reactions (e.g., facial flushing; Duranceaux et al., 2006), as well
as central nervous system effects possibly related to the release of endogenous « opioid ligands
(Marinelli et al., 2000; Shippenberg et al., 2007). A significant proportion of ethanol's
reinforcing consequences involve pleasurable postingestive effects mediated by the activation
of reward centers in the midbrain (Tupala and Tiihonen, 2008). Indeed, ethanol-mediated
positive reinforcement has often been considered the hallmark mechanism underlying the
initiation and maintenance of alcohol intake (National Institute on Alcohol Abuse and
Alcoholism, 1993). Systemic ethanol enhances the central release of dopamine and endogenous
ligands for p and & opioid receptors, neurotransmitter systems involved in the hedonic
assessment of drugs and other stimuli (Ericson et al., 2003). Ethanol also has the ability to
ameliorate negative central states such as anxiety or dysphoria (Wilson et al., 2004). These
negative reinforcing effects also play a role in shaping alcohol-seeking and consumption.
Recent work has suggested that baseline anxiety and stress vulnerability increase after several
years of heavy ethanol consumption (Koob, 2006). Under this framework, these changes would
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be associated with a shift in motivational control from positive to negative ethanol-mediated
reinforcement. Hence, alcohol use may become predominantly motivated not by ethanol's
rewarding effects but rather by the ability of the drug to counteract stress and relieve anxiety
or depressed mood states (Koob, 2006; Koob and Le Moal, 2008).

In fact, despite mediation by different central mechanisms, positive and negative ethanol
reinforcement share similar behavioral consequences. Both sources of reinforcement (i)
increase the probability of behaviors directed at gaining access to ethanol and (ii) induce
conditioned preferences to stimuli predicting these consequences (Abate et al., 2008).

Ethanol's motivational effects serve as an effective US, supporting the acquisition of
associative learning (Cunningham et al., 2000a). Ethanol's postabsorptive effects can act as an
aversive US, decreasing preference for stimuli paired with administration of the drug.
Conditioned taste aversion (CTA) has proven to be one of the most reliable and sensitive
paradigms for assessing the aversive effects of ethanol. Rats or mice given access to a gustatory
stimulus (conditioned stimulus) followed by ethanol subsequently exhibit avoidance of the
drug-related taste. Conditioned place preference (CPP) has been perhaps the paradigm most
widely employed for assessing ethanol-mediated motivational learning (Schechter and
Calcagnetti, 1998; Tzschentke, 1998; 2007). In this paradigm, animals (generally, rats or mice)
are exposed to a distinctive chamber while experiencing the effects of ethanol intoxication.
The drug-paired chamber contains visual, tactile, or odor cues. On alternate sessions, the animal
could also receive saline administration paired with an alternative context. Testing is usually
conducted by placing the animal in a two-compartment apparatus containing the cues signaling
the drug effects as well as those previously paired with saline administration. The time spent
in the ethanol-paired compartment is considered an index of conditioned preference mediated
by the drug treatment. Pairings between ethanol's pharmacological consequences and visual
or tactile stimuli can result in appetitive memories measured as increased preference for these
CSs in the CPP paradigm (Cunningham et al., 2000a). Anti-anxiety effects of ethanol also are
inferred by the drug's facilitatory effects in approach-avoidance tasks, such as the elevated plus
maze or light-dark transition test (Hitzemann, 2000), or Pavlovian tasks (Pautassi et al.,
20053, 2006).

1.3. Ethanol reinforcement in mature rats and mice

Understanding ethanol reinforcement and the factors that inhibit or exacerbate these
motivational effects is required for understanding the mechanisms underlying seeking and self-
administration processes. Ethanol reinforcement has been studied with great benefit in adult
rats and mice (Cunningham et al., 2000a).

Mature subjects from both species readily express ethanol-mediated CTA (Cunningham et al.,
1988, 1992b), particularly after three or four conditioning trials and when employing moderate
to high ethanol doses as the US in rats (1.2-3.0 g/kg; Cappell et al., 1973; Sherman et al.,
1983) and mice (2.0-4.0 g/kg; Risinger and Cunningham, 1995; Risinger and Boyce, 2002).
Lower doses (0.4-1.0 g/kg) do not appear to induce reliable CTA in mature rats (Sherman et
al., 1983) or mice (Aragon and Amit, 1993). One of the earliest examples of ethanol-mediated
CTA can be seen in the work by Berman and Cannon (1974). Although they employed an
extremely long pre-exposure phase (35 days) and an ethanol-beer mixture as US, this
pioneering work defined characteristics of ethanol-induced CTA that are yet to be challenged.
These researchers gave rats varying levels of non-reinforced ethanol exposure prior to pairings
of saccharin and postabsorptive consequences of ethanol [2.0, 4.0, or 6.0 g/kg, intragastric
(i.g.)]. Ethanol-mediated CTA was attenuated, but not eliminated, by previous experience with
the drug. The CTA was dose-dependent (i.e., better learning with higher doses), emerged after
two conditioning trials, and was inversely related to the amount of previous ethanol experience.
These results were replicated on several occasions (e.g., Cannon et al., 1975). Furthermore,
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Davies and Parker (1990) observed that previous ethanol experience not only reduced ethanol-
mediated CTA but also suppressed the otherwise strong conditioned disgust reaction (e.g.,
gaping, chin rubbing, paw treading, limb flicking) observed when rats were intraorally (i.0.)
stimulated with the ethanol-related taste. Among the mechanisms likely underlying ethanol's
ability to induce CTA, two have received compelling empirical support: drug-induced
hypothermia (Cunningham et al., 1988, 1992b) and induction of emesis-like effects by
activation of chemoreceptors in the brainstem (Thiele et al., 1998).

Mice easily learn to prefer a place paired with ethanol's pharmacological effects. The
prototypical protocol involves a few training sessions in which an ethanol injection (0.5-4.0 g/
kg) is followed by exposure to a distinctive set of environmental cues (CS*; Cunningham et
al., 2006a). Interspersed between CS*/ethanol trials, mice receive vehicle and are exposed to
an alternate set of cues (CS™). This protocol typically yields a monotonic dose-response pattern,
with higher doses resulting in greater learned preferences (Groblewski et al., 2008). The finding
of reliable ethanol-mediated CPP in mice has proven to be an invaluable asset in the search for
the mechanisms underlying ethanol reinforcement. Among many other factors, this paradigm
has aided in analyzing the role of brain structures (e.g., ventral tegmental area and nucleus
accumbens; Bechtholt and Cunningham, 2005), pharmacological treatments such as baclofen
(Bechtholt and Cunningham, 2005), N-methyl-o-aspartate (NMDA\) ligands (Boyce-Rustay
and Cunningham, 2004), and dopamine receptor antagonists (Cunningham et al., 1992a),
genetic background (Cunningham et al., 2000b), and behavioral variables (e.g., apparatus bias;
Cunningham et al., 2003) associated with the acquisition or expression of ethanol
reinforcement. Furthermore, the same paradigm can be employed after minimal variations in
timing to assess ethanol-mediated conditioned place aversion (CPA). The typical outcome is
CPP when mice are subjected to CS exposure 5 min after ethanol administration (4 g/kg,
intragastric administration) but CPA if ethanol is infused just before exposure to the CS
(Cunningham et al., 2002a).

Duration of exposure to CS is another important variable that can affect the strength of CPP
or CPA. It seems that a short trial duration is more effective to induce CPP than longer trials.
In an intriguing study, DBA/2J mice were given ethanol (2g/kg) and immediately exposed to
a CS* until 5, 10 or 30 minutes after ethanol administration. As expected, all mice expressed
CPP. The magnitude of this conditioned preference, however, was inversely proportional to
trial duration (Cunningham & Prather, 1992). A subsequent study (dose: 3.0 g/kg: Risinger &
Cunningham, 1992) observed similar CPP when using the 5 min trial but found signs of
conditioned aversion when the trial lasted until post-administration time 60 min. These results
suggest that ethanol's rewarding effects may be more clearly observed during the early phase
of the intoxication, when blood alcohol levels are rising. This possibility will be discussed
later.

The expression of ethanol-mediated CPP in the rat has proven difficult. Heterogeneous (i.e.,
non-genetically selected) rats generally do not exhibit appetitive learning following pairings
of visual/tactile cues and postabsorptive effects of alcohol. Conditioned place aversion appears
to be the most common outcome of such associative process. These aversions are easily
established when the ethanol dose exceeds 1 g/kg (Cunningham and Niehus, 1988;
Cunningham et al., 1993; Gauvin and Holloway, 1992; Schechter and Krimmer, 1992). Lower
doses rarely exert significant aversive or appetitive conditioning (Stewart and Grupp, 1985;
van der Kooy et al., 1983; Fidler et al., 2004). The conditions under which ethanol induces
CPPinadultrats are still unclear. Studies that achieved alcohol-mediated CPP in heterogeneous
rats employed very extensive training and pre-exposure procedures (Bozarth, 1990; Peana et
al., 2008; Reid et al., 1985) or concurrent presentation of other reinforcers (Marglin et al.,
1988). The employment of genetically selected rats (e.g., Marchigian Sardinian alcohol-
preferring; Ciccocioppo et al., 1999b) has also yielded some success.
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A more general obstacle in the analysis of ethanol's reinforcing properties has been the non-
selected rodent's natural disinclination to drink ethanol as adults. Heterogeneous, nonselected
rats and mice may drink ethanol when offered at low concentrations or under conditions with
restricted access to fluids or food. However, consumption decreases sharply in unrestricted
situations and particularly when the ethanol concentration reached or exceeded approximately
5% viv (Kiefer et al., 1987; Ponce et al., 2004). This problem has been solved in part by genetic
selection (Crabbe et al., 2006) and also through the development of initiation procedures,
notably the sucrose-fading procedure (Samson, 1986), that overcome the apparent “taste
barrier” represented by the unlearned dislike of ethanol's chemosensory properties.

1.4. Theinfantrat as amodel for testing ethanol reinforcement and the effects of early ethanol

exposure

Another vehicle for studying ethanol reinforcement is the immature, preweanling rat [first 3
postnatal weeks, postnatal days (PD) 1 to 21]. An analysis of early sensitivity to ethanol in
neonates and infants serves as a fast, economical, and highly analytical model of the effects of
the drug in humans. The immature heterogeneous rat readily consumes ethanol at rates
comparable to genetically selected adults, without the need for initiation procedures.
Specifically, if given access to oral ethanol in conditions defined as “independent

feeding” (Hall, 1990), 2- to 3-week-old infant rats will consume enough 25% v/v ethanol in
20 min to increase their blood alcohol levels (BALS) to approximately 300 mg% (Truxell and
Spear, 2004; also see Sanders and Spear, 2007). Generally, consumption of ethanol surpasses
that of water by PD6, reaches its maximum by PD12-14, then declines monotonically
throughout ontogeny, with the level of intoxication nearing adult levels (i.e., 30-50 mg%) by
the end of the third postnatal week (Truxell et al., 2007; Doremus et al., 2005). High affinity
for ethanol can also be observed even earlier in development. Neonatal rats consumed similar
levels of ethanol and saccharin when the solution was offered through a device resembling the
maternal nipple (Petrov et al., 2001; Varlinskaya et al., 1999; see section 3.3.1). The clear shift
between high to low ethanol acceptance through ontogeny does not happen in a neuro-
developmental vacuum. As will be discussed later, neurotransmitter systems change in their
function as the animal ages. These ontogenetic shifts in neurochemical function, viewed along
side the dramatic change in ethanol acceptance, may allow for the study of possible mechanisms
involved in ethanol's acceptance.

Infancy in the rat appears to provide a useful preparation for the analysis of ethanol
reinforcement. An obvious advantage of using an infant model is its logistical ease (i.e., easy
manipulation, brevity of training and testing procedures, short housing associated with lower
costs, etc.). The infant rat also has the capacity to process tactile, odor and taste cues and transfer
information between different sensory modalities (Spear and Molina, 1987). These information
processing capabilities allow testing ethanol's effects through complex and highly analytical
learning preparations, such as second-order conditioning (see section 3.3.2).

The usefulness of a developmental approach is not restricted to the understanding of ethanol
ingestion and reinforcement. The ontogenetic strategy has helped to understand more general
phenomena, such as the role of hippocampus in conditioned fear (Stanton et al., 2000; Ivkovich
et al., 2000), the differences between trace and long-delay fear conditioning (Hunt and
Richardson, 2007) or the role of specific sets of proteins in the expression of social behavior
(Garcia et al., 2009). In all these cases the strategy was to correlate a given outcome with
corresponding changes in the normal neural pattern of development. For instance, Garcia and
coworkers (2009) found that the ontogenetic differentiation from nurse to forager worker in
the honeybee is correlated with differential protein expression. In regards to ethanol, there is
an intriguing correlation between the affinity for this drug and the ontogeny of certain
neurotransmitters, notably y-aminobutyric acid-A (GABA,). Although on PD4 genetically
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heterozygous infant rats drank less ethanol (5% v/v) than water, this pattern reversed by PD6
and by PD8, when ethanol ingestion was twice that of water ingestion (Sanders and Spear,
2007). The GABA system initially has an excitatory function that switches to inhibitory by
about postnatal day 9 (depending on brain area; Rivera et al., 1999). It could be hypothesized
that these developmental changes in GABA function are linked to the patterns of ethanol
consumption observed in infant rats. This serves only as an example, and confirmation of this
hypothesis is still pending, but the study by Sanders and Spear (2007) underscores the value
of ontogenetic analysis to assess affinity for ethanol and, potentially, ethanol reinforcement.

The study of ethanol-mediated learning in the immature rat may provide further benefits by
clarifying the effect of early prenatal or postnatal experience with alcohol on later affinity for
the drug, particularly during adolescence. Regardless of a family history of alcoholism, humans
with earlier alcohol initiation are more likely to become alcohol-dependent than those with a
later onset of drinking (Grant, 1998; also see Rhee et al., 2003). Alcohol exposure, however,
can also begin in the womb. A longitudinal evaluation of the offspring of 439 parents assessed
the relative weight of prenatal and genetic factors upon alcohol use by age 14 and 21. Prenatal
alcohol was a direct and significant predictor of alcohol abuse during adolescence and early
adulthood, even after adjusting for a family history of alcoholism (Baer et al., 1998, 2003).
Similar results were observed in studies that employed alternative methodological approaches
(e.g., assessment of adoptees with or without prenatal alcohol exposure; Yates et al., 1998).
Furthermore, cultural practices promote early contact with ethanol not only during pregnancy
(Chambers et al., 2005; Morris et al., 2008) but also through milk during breastfeeding (Chien
et al., 2005, 2008; Menella, 2001; Mennella and Beauchamp, 1993) and routine medical
procedures (Croce, 1987; Fildes, 1986; Flores-Huerta et al., 1992).

Afull experimental analysis of the relationship between early prenatal and postnatal experience
with alcohol and heightened affinity for the drug in humans is limited by the obvious ethical
and legal constraints regulating experimental behavioral research in infancy, childhood and
adolescence (Witt, 1994). During the last two decades, however, employment of developmental
rat models has provided a valuable tool for the analysis of these and related phenomena (Spear
and Varlinskaya, 2005). In rats, contamination of the amniotic fluid by ethanol before partum
results in neonatal memories for the sensory attributes of ethanol (Molina et al., 1995).
Moreover, infant rats exposed to moderate doses of ethanol during late gestation exhibit a
differential pattern of responsiveness when stimulated with ethanol odor and, perhaps more
important, heightened ethanol consumption (Dominguez et al., 1998). Chronic daily
administration of ethanol throughout the preweanling period (PD6-12) also leads to heightened
ethanol consumption when assessed during infancy (PD15; Lopez and Molina, 1999) or
adulthood (PD120; Hayashi and Tadokoro, 1985). These results, combined with several other
animal studies (e.g., Abate et al., 2000, 2002, 2004; Arias and Chotro, 2005, 2006b; Bond and
Di Giusto, 1976; Chotro and Arias, 2003; Pepino et al, 2004; Ponce et al., 2004; Randall et al.,
1983) indicate increased ethanol ingestion after early exposure to ethanol. A recent review of
this literature (Chotro et al., 2007) evaluated 22 studies that explored the effect of maternal
ethanol intoxication during gestation on later ethanol intake by the offspring. Only four of these
studies failed to report significant effects, and Chotro et al. (2007) pinpointed procedural and
statistical issues that could underlie the lack of significant results. Interestingly, all of the
remaining 18 studies reported increased ethanol intake in infancy, adolescence, or adulthood
after in uterus ethanol experience.

With regard to the mechanisms underlying this association, Chotro et al. (2007) discussed

potential ethanol-induced teratology and alterations in neurohormonal responses that may be
related to heightened consumption of the drug during adolescence or adulthood. However, the
evidence for these possibilities was scarce or only correlational. On the other hand, Chotro et
al. (2007) found substantial support for the hypothesis that heightened postnatal preference for
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ethanol can result from early chemosensory learning about ethanol. Maternal intoxication with
ethanol results in fetal exposure to both chemosensory and toxic effects of the drug (Szeto,
1989). An associative account for the effects of early ethanol exposure was proposed by Spear
and Molina (2005). They suggested that, in addition to simple passive pre-exposure effects,
associative conditioning is likely to occur in the fetus or infant when it is exposed to ethanol.
The young organism learns that chemosensory properties of ethanol (e.g., taste, flavor) or other
stimuli present in the context of ethanol administration predict the positive rewarding
postabsorptive effects of the drug. This process may result in increased seeking or consumption
of the drug later in life.

An enormous body of clinical and preclinical research as well as intriguing hypotheses
regarding the mechanisms underlying the link between early ethanol exposure and later alcohol
abuse has been amassed in reviews by Spear and Molina (2005), Chotro et al. (2007) and Abate
et al. (2008). However, little has been described concerning how and if ethanol exerts
pharmacologically reinforcing effects in developing organisms. Clearly, for these hypotheses
to be tested, further analyses of early associative conditioning through ethanol's motivational
properties need to be conducted. The present review may help fill this gap by describing our
current knowledge concerning the sensitivity of preweanling rats to the appetitive, aversive,
and negative reinforcing consequences of ethanol.

aims

The current review discusses the motivational properties of ethanol assessed in preweanling
rats (PD0-21; PO is date of birth). One of the purposes of this review is to describe our current
understanding of how the rat pup learns about ethanol's hedonic properties. Given the long-
term difficulty of testing ethanol reinforcement in normal genetically heterozygous adults, what
are the prospects for testing ethanol conditioned reinforcement in the normal developing
genetically heterozygous rat? The present review discusses potential answers to this question.
It should be noticed that the review will not focus on the ontogeny of ethanol intake nor the
consequences of ethanol in uterus. Studies on ethanol intake and prenatal exposure will be
briefly discussed in some sections when they provide relevant information for the
understanding of ethanol reinforcement (for more information on ethanol intake in infant rats,
see Chotro et al., 2007; Kozlov et al., 2008; Truxell and Spear, 2004; Truxell et al., 2007).

This article is guided by the hypothesis that considerable evidence has been accumulated in
the past decade to conclude that infant rats are highly sensitive to not only the aversive
motivational properties of postabsorptive ethanol but also its positive reinforcing and negative
reinforcing (anti-anxiety) effects.

2. Conditioned aversion mediated by ethanol in the preweanling rat

Ethanol-mediated CTA has been observed in 10-day-old or older rats. Although adults usually
require a rather extensive training phase, one-trial ethanol-mediated CTA is common in infants
(Abate et al., 2001; Arias and Chotro, 2006b; Molina and Chotro, 1989; Hunt and Spear,
1989; Pueta et al., 2005), although two CS-US trials appears to be the standard training phase
for the studies assessing factors modulating or underlying the expression of ethanol-mediated
CTA in infants (Pautassi et al., 2002a, 2005b; Hunt et al., 1990). Moreover, pups can acquire
ethanol-mediated taste aversions without the need of explicit CSs. Molina and Chotro (1989)
aswell as Hunt et al. (1993) and Lee et al. (1998) found that pups given only high-dose ethanol
(>2.5 g/kg, i.g.) subsequently avoided the odor and taste of ethanol. These studies took
advantage of the fact that about 12% of ethanol is excreted unchanged through respiration,
salivation, perspiration, and urine (Winger et al., 1992), thus allowing perception of ethanol's
odor and taste cues during the toxic process and acquisition of aversion to them. The level of
ethanol intoxication leading to this chemosensory stimulation seems to be around 200 mg%:
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conditioned aversion following ethanol was found when BALS were greater than 250 mg% but
not when BALSs were lower than 150 mg% (Molina et al., 1989).

At high doses (>2.0 g/kg, yielding BALs >150 mg%), the ability of ethanol to induce CTA in
preweanling rats may be related to its capacity to activate the emetic centers of the brainstem.
Arrias et al. (2007) found similar one-trial CTA in pups receiving ethanol or lithium chloride
(LiCl) (2.5 g/kg and 0.5% of body weight, respectively; CS: saccharin). When briefly
stimulated with the taste CS, these rats exhibited increased wall climbing, head shaking,
locomotion, and grooming, and less mouthing movements than controls. These conditioned
disgust reactions, indicating a change in the palatability of the tastant from relatively neutral
to aversive, were similar across ethanol- and LiCl-treated pups and were inhibited by systemic
administration of domperidone, a peripheral dopamine receptor antagonist with potent anti-
emetic effects (Arias et al., 2007). These results suggest that, in the preweanling rat, ethanol
may share some postabsorptive effects with LiCl. Emetic-like effects are critical for the
expression of LiCl-mediated disgust reactions in the infant rat (Pautassi et al., 2008a).

Even relatively low ethanol doses successfully establish CTA in preweanlings. Hunt et al.
(1990) found CTA in rat pups given two pairings of sucrose and 1.2 g/kg ethanol. A striking
finding was that preweanlings also expressed CTA when employing a much lower ethanol
dose, 0.4 g/kg. Results by Hunt et al. (1990) pinpoint certain specific conditions in which
ethanol-mediated taste learning is likely to occur. Specifically, low-dose ethanol (0.4 g/kg)
elicited CTA only when (i) ethanol administration during conditioning preceded sucrose by 30
min, and (ii) rats also received 0.4 g/kg ethanol immediately before testing. Presumably, the
30-min interval allowed the CS to be experienced during a post-administration interval
characterized by maximum BALSs for that particular low dose. In contrast, the need for ethanol
administration at testing implied that the expression of the aversive memory was state-
dependent. For conditioned rejection of the sucrose CS to occur, testing had to be conducted
under the same pharmacological state experienced during conditioning. Another study also
analyzed the animal's ability to concurrently perceive the state of alcohol intoxication as a
distinctive state and to develop conditioned responses to ethanol-paired flavors. Fernandez-
Vidal et al. (2003) trained adolescent rats (PD30-33) to discriminate a moderate ethanol toxic
state from a non-drug state by allowing rats to have access to sucrose after ethanol (0.5 g/kg)
or sham intubation. The adolescents learned this discrimination after four training trials.
Perhaps more interesting, sucrose-seeking and intake increased in those rats in which sucrose
availability had been signaled by ethanol. A common denominator between the Hunt et al.
(1990) and Fernandez-Vidal et al. (2003) studies is state-dependent learning when employing
low-dose ethanol. Additionally, in both studies a few pairings of sucrose and the postabsorptive
consequences of ethanol altered later responsiveness to the sweet taste. However, although
infants exhibited ethanol-mediated conditioned aversion, conditioned sucrose preference was
found in adolescent rats. These results suggest that age-related differences may exist in terms
of ethanol's ability to induce conditioned flavor learning.

Age-related differences in ethanol-mediated CTA were also found within the period of infancy.
Hunt et al. (1991) reported CTA in 16-day-old, but not in 10 or 20 day-old, rats that received
pairings of sucrose and ethanol (1.6 g/kg). The younger animals only expressed CTA when
employing a higher dose (3.0 g/kg). Ethanol-mediated aversion was also related to ambient
temperature, with low temperatures promoting acquisition of the CTA. Very few studies have
analyzed ethanol's ability to induce conditioned flavor responses before PD10. In an intriguing
study (Arias and Chotro, 2006a), 7- to 8-day-old rats receiving ethanol (3.0 g/kg) showed
heightened ethanol intake and more appetitive responses to ethanol's flavor than rats treated
with vehicle when tested 3 days later. At the same dose, ethanol intoxication induced taste and
flavor aversion in older animals (10- to 11-day-old). A follow up study (Chotro and Arias,
2007) found that pretreatment with an opioid antagonist (naloxone, 1 or 10 mg/kg) inhibited
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the heightened ethanol consumption in the younger pups but had no effect on the aversion
observed in the older rats. These studies (Arias and Chotro, 2006a; Chotro and Arias, 2007)
suggest that sensitivity to the motivational effects of ethanol may differ across early ontogeny
and also underscore the involvement of the opioid system in ethanol's hedonics.

Infants also appear to be affected differently by ethanol pre-exposure than adults. As stated
above, prior ethanol exposure disrupts later ethanol-mediated CTA in adult subjects (Berman
and Cannon, 1974). Pautassi et al. (2005b) gave infant rats 4 days of non-reinforced ethanol
exposure (2.5 g/kg, PD10-13) followed by pairings of ethanol (0.5 or 2.5 g/kg, i.g., PD 14-15)
and sucrose. Pups receiving the highest dose exhibited ethanol-mediated CTA after one
conditioning trial. Interestingly, after two CS-US pairings, the lower dose also promoted CTA.
No sign was evident of conditioned aversions being altered by ethanol pre-exposure.
Conditioned taste aversion induced by ethanol was also assessed in rat pups that had
experienced alcohol in uterus and then been reared by an alcohol intoxicated dam (Pueta et al.,
2005). Ethanol-mediated CTA (1.0 — 2.0 g/kg) was expressed following a single conditioning
trial and was unaffected by prenatal or nursing experiences with ethanol. These results indicate
high sensitivity to ethanol's aversive effects in the infant rat. These animals exhibit drug-
mediated CTA after ethanol pre-exposure and when conditioned with a relatively low dose of
ethanol (0.5 g/kg; maximal BAL 42 mg%). One of these studies (Pautassi et al., 2005b)
employed a discriminative conditioning procedure, a fact that may explain the strength of the
ethanol-mediated CTA as well as its apparent insensitivity to the pre-exposure treatment. In
Pautassi et al., (2005b) a tactile stimulus (CS™) predicted the initial phase of ethanol
intoxication, while the gustatory stimulus (sucrose, CS*) was presented during a later period
of the toxic processes, characterized by peak BALs. Employment of a CS™/CS* Pavlovian
strategy is known to facilitate, particularly in young rats, the acquisition of aversive memories
otherwise not detected through simple excitatory conditioning procedures that only utilize a
CS* (Kucharski et al., 1985 Spear et al., 1989). It should also be noted that prenatal ethanol
has been found to ameliorate ethanol-mediated CTA during infancy (Arias and Chotro,
2006b). This study employed a high ethanol dose (3.0 g/kg, one or three conditioning trials).

3. Beyond the aversive unconditioned effects of ethanol: Appetitive and
negative reinforcement effects

3.1. Appetitive reinforcing effects of ethanol in preweanling rats

Associative learning has been suggested as one likely mechanism underlying the link between
early ethanol exposure and heightened consumption of the drug. As proposed by Spear and
Molina (2005) and later developed by Chotro et al. (2007) and Abate et al. (2008), the young
organism may associate the positive reinforcing consequences of ethanol with stimuli present
during drug administration. This process would later lead to enhanced preference for the drug
or for stimuli predicting its positive consequences. In the preceding section, we accounted for
studies involving ethanol as US and gustatory cues as CS. The results provide little indication
that infant rats could perceive the positive reinforcing effects of ethanol when assessed in
conditioning models. Apparently, we need to look elsewhere to find evidence of such an
outcome.

3.1.1. Ethanol-mediated conditioned place preference in infant rats—Ethanol-
mediated appetitive effects are easily observed in mice when employing the CPP procedure
(Cunningham et al., 2006a; Green and Grahame, 2008). However, under similar testing
conditions, rats usually display a conditioned place aversion (CPA). Similar conclusions were
derived from a study that sought to pair tactile stimuli with the postabsorptive effects of ethanol
in infant rats (Molina et al., 1996). In this work, 10-day-old pups were subjected to paired or
unpaired presentations of a soft texture and ethanol intoxication (2.0 g/kg). Importantly, for
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reasons that will be explained later in this review, the CS presentation occurred 30 min
following drug administration, when alcohol reached peak concentrations in brain and blood.
This procedure resulted in the expression of conditioned aversion. That is, those subjects that
received paired CS-ethanol presentations avoided the soft texture during the test session. Lee
et al. (1998) similarly reported ethanol-mediated CPA in infant rats that drank ethanol from
the floor of a distinctive chamber.

Pautassi et al. (2002a) sought to assess responsiveness to tactile cues signaling ethanol
intoxication in 2-week-old rats. A main procedural difference from the Molina et al. (1996)
study was that the tactile CS (sandpaper) was presented relatively soon after induction of
ethanol intoxication (2.5 g/kg). Our objective was to pair the tactile CS with the initial, early
ethanol postabsorptive interval, when BALS are still rising. By doing this, we were guided by
data derived from animal and human preclinical studies. Investigations in mice (Cunningham
and Prather, 1992; Risinger and Cunningham, 1992) have suggested that during the onset of
the state of intoxication, ethanol may exert appetitive unconditioned effects, and aversive
consequences are likely to emerge at later stages. Cunningham et al. (2002) had also found that
minor variations between the timing of ethanol administration and CS exposure exerts dramatic
effects on the outcome of an ethanol-mediated CPP. Additionally, human studies have
indicated that subjects at risk for developing alcohol-related problems show heightened heart
rate, psychomotor stimulation, and positive hedonic ratings during the ascending but not
descending limb of the blood alcohol curve (Conrod et al., 2001). In summary, the duration of
tactile conditioning in Pautassi et al (2002a) was restricted to a temporal window (i.e., post-
administration interval of 5-15 min) that overlapped with the initial, ascending limb of the
blood alcohol curve. Following sandpaper presentation, pups were exposed to an alternative,
gustatory CS (saccharin). Intraoral stimulation with the gustatory CS occurred 25-35 min after
ethanol administration. Pups were exposed to a differential conditioning procedure in which a
tactile cue signaled the onset of ethanol's effects and a taste cue was associated with the later
peak of the blood alcohol curve. Would this procedure result in differential motivational
learning (i.e., appetitive and aversive conditioned responses involving the tactile and gustatory
cues, respectively), or would ethanol's aversive effects prevail, with both cues being aversively
conditioned? Not surprisingly, saccharin intake assessments revealed the expression of CTA.
However, no evidence of appetitive or aversive learning was found when examining
responsiveness toward the texture CS.

The data also revealed, however, that infants indeed processed information about the
contingency between the texture CS and the onset of the ethanol toxic process. As shown in
Fig. 1, a dramatic and complete inhibition of ethanol-mediated CTA was found when infants
were exposed to this tactile cue during testing or immediately before assessment of saccharin
intake (Pautassi et al., 2002a). This intriguing phenomenon suggested that pups were able to
encode differential hedonic effects during the course of ethanol's toxic process. That is, the
tactile cue encoded information about ethanol's postabsorptive effects that were perhaps
appetitive and counteracted the expression of ethanol-mediated aversive conditioned
responses. Subsequent replications confirmed the reliability of this empirical finding and also
dispelled alternative explanations such as the possibility of the tactile cue exerting nonspecific
interference effects on the expression of CTA (Pautassi et al., 2002b). In addition to the
possibility of ethanol exerting appetitive consequences, these results can also be explained in
terms of inhibitory and excitatory conditioning associated with ethanol's support of aversive
conditioning. Under this framework, the tactile cue and the saccharin taste predicted the
absence and presence, respectively, of ethanol's aversive effects. Therefore, contingent
presentation of both CSs canceled the expression of the otherwise strong aversive excitatory
response. Regardless, the most fruitful outcome of this experiment was the finding of a non-
aversive motivational effect of ethanol early in development. This observation led us to further
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scrutinize the pups' perceptions of ethanol's hedonic effects, particularly during the onset of
postabsorptive processing of ethanol.

3.1.2. Further analysis of ethanol-mediated tactile conditioning in infants—Often
overlooked, method of drug delivery exerts significant effects on expression of drug-mediated
motivational learning. The rate of glucose utilization and neurotransmitter turnover differs
when using forced or self-administration procedures with drugs such as cocaine or morphine
(Porrino et al., 1998; Smith et al., 1984). Furthermore, different routes of administration result
in differential peak drug levels and rates of drug accumulation (Kuczenski and Segal, 2005).
With regard to ethanol, Ciccocioppo et al. (1999a) found that ethanol (1.0 g/kg) induceda CTA
in selectively bred Marchigian adult rats when employing the i.g. but not intraperitoneal (i.p.)
route. Mode of ethanol administration also affected ethanol-mediated CPP (Ciccocioppo et al.,
1999b). The oral route of administration has greater face validity than the i.g. or i.p. routes of
ethanol administration when the objective is to model the typical pattern of alcohol self-
administration observed in humans. The intraoral (i.0.) route also allows researchers to analyze
the specific role of the orosensory properties of ethanol (e.g., taste, smell) in the acceptance
and modulation of the drug's effects. In adult rats, the orosensory effects of ethanol appear to
constitute a “taste barrier” that precludes substantial consumption of the drug (Kiefer et al.,
2005; Samson et al., 1988).

These observations were considered when continuing to pursue the analysis of ethanol's
positive reinforcing effects in infants (Pautassi et al., 2008b; Nizhnikov et al., 2009). The
general strategy of these experiments involved exposing 14- to 15-day-old pups to distinctive
tactile cues while sober or while experiencing a given effect of ethanol administered i.o.
(Pautassi et al., 2008b), i.p., i.g. (Nizhnikov et al., 2008; Nizhnikov, Pautassi, Truxell, Spear,
unpublished) or via vapor inhalation (Nizhnikov et al., 2009). These conditioning sessions
were followed by a drug-free test in which the pup had the opportunity to choose between the
ethanol-related cue and an alternative stimulus. Ethanol dose was kept relatively low compared
with the preceding studies (e.g., Pautassi et al., 2002a; b). We were guided by an increasing
amount of literature indicating that ethanol appetitive consequences might be more easily
observed during early development when dosage is kept below 1.0 g/kg. These data
encompassed our own work involving ethanol's interaction with aversive conditioning
(Pautassi et al., 2002a; b, 2006, 2007) and evidence gathered in neonate rats by means of a
surrogate nipple technique (Petrov et al., 2001, 2003; Cheslock et al., 2001). This literature is
discussed in detail in sections 3.2 and 3.3.

A first experiment was intended to assess, primarily, the hedonic value of ethanol's flavor
(Pautassi et al., 2008b). During daily conditioning sessions (PD14-15), infant rats were exposed
to a tactile CS for 20 min in contiguity with i.0. delivery of ethanol (5% v/v) or water. Twenty-
four hours later, a tactile preference test indicated that pups avoided the CS that had been paired
with i.0. ethanol stimulation. The results revealed that pups perceive the orosensory features
of i.0.-delivered ethanol as an aversive US, reflected in the rejection (i.e., CPA) of a stimulus
signaling the taste and smell of ethanol. However, this assertion did not preclude the possibility
that the delayed, postingestive consequences of ethanol may exert positive reinforcing effects.
We tested this possibility in a follow-up experiment. The study comprised an ethanol pre-
exposure phase (PD13) defined by passive i.0. stimulation with water or 5% ethanol. During
conditioning (PD14-15), i.o. ethanol administration (0.33-0.66 g/kg, BALs <70 mg%) was
immediately followed by CS exposure (sandpaper; trial duration, 7.5 min). The goal was to
capture the onset of the ethanol postabsorptive process when BALS are rising. Control groups
experienced both the CS and i.o. ethanol but in an explicit unrelated fashion (unpaired groups)
or experienced only the CS (CS-only group). When tested on P16, ethanol-preexposed rats
given pairings of sandpaper and postabsorptive ethanol exhibited greater preference for
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sandpaper than unpaired counterparts. This increased predilection was observed even
compared with the CS-only group.

Strikingly corresponding results were found in a recent study that used conditioning procedures
similar to those in Pautassi et al. (2008b), but delivered ethanol via vapor inhalation (Nizhnikov
etal., 2009). Vapor ethanol exposure has the advantage of minimizing handling and injection-
related stress associated with i.p. or i.g. administration (Pal and Alkana, 1997), and seems to
be one of the instances in which ethanol exposure occurs in human infancy (Choonara et al.,
1994; Puschel, 1981). Pups were preexposed to vapor ethanol on PD13, before experiencing
pairings of a tactile cue (sandpaper, CS*) and ethanol's effects on PD 14-15. Aversive learning
(CPA) emerged when employing relatively long conditioning trials (12 min, maximal BALSs:
55 mg%). Aversive reinforcement was seemingly driven by aversive sensory stimulation
associated with a high level of ethanol exposure (particularly that related to potential irritation
of the respiratory system). Yet, ethanol-mediated appetitive learning (i.e., CPP) was found in
rat pups given vapor ethanol in distributed conditioning trials and pre-exposed to the drug prior
to training. In these animals, BALSs at conditioning were low (15 mg%) and the CS™ signaled
the onset of the ethanol postabsorptive process.

These results (Pautassi et al., 2008; Nizhnikov et al., 2009) helped clarify how sensory and
postabsorptive effects of ethanol interact to determine ethanol-seeking and acceptance in infant
rats. As previously observed in older rats (Kiefer et al., 2005), the infant appears to perceive
the chemosensory features of ethanol as an aversive stimulus, a factor that may limit oral
consumption of the drug. This assertion does not discount that oral ethanol can be accepted by
the infant and exert positive reinforcing effects in alternative, self-administration models,
particularly when high levels of intake are achieved in short periods of time (Sanders and Spear,
2007; see sections 1.4 and 4). These results also show that when the “taste barrier” is overcome,
the postingestive consequences of the drug support first-order appetitive conditioning. The
conclusions derived from this rat model fit well with those found with certain distinct inbred
strains of mice, such as DBA/2J (D2). This strain drinks very little ethanol in the home cage,
particularly when contrasted with other strains, such as C57BL/6J (Belknap et al., 1993;
Camarini and Hodge, 2004). Differences in taste and olfactory reaction to the preabsorptive
characteristics of ethanol have been suggested to underlie this phenomenon (Camarini and
Hodge, 2004). Interestingly, when ethanol chemosensory factors are bypassed by means of
systemic administration, D2 mice express robust and reliable ethanol-induced CPP
(Cunningham et al., 2006a).

In both studies (Pautassi et al., 2008; Nizhnikov et al., 2009), pre-exposure to alcohol was
required for the conditioned preference to emerge. Indeed, pre-exposure to ethanol has been
one of the few manipulations that allows expression of conditioned place preference by ethanol
in naive, adult heterogeneous rats (Bienkowsky et al., 1995: Reid et al., 1985). As already
mentioned (see section 1.3), adult heterogeneous rats generally do not exhibit appetitive
learning when ethanol's postabsorptive effects are paired with distinctive tactile cues (e.g.,
Cunningham etal., 1993). The studies assessing the effects of ethanol pre-exposure in rats have
produced conflicting results. Despite data indicating that ethanol pre-exposure promotes
ethanol-induced appetitive learning (Bienkowsky et al., 1995), other data indicates a lack of
effect of ethanol pre-exposure on subsequent ethanol-mediated learning (Pautassi et al., 2005).
Based on mouse data, Cunningham and co-workers (2002) proposed that preexposure to
ethanol may diminish the aversive effects of ethanol while leaving the appetitive effects
unchanged (Cunningham et al., 2002b). Generally, however, the role of ethanol pre-exposure
in the expression of ethanol reinforcement is uncertain and more work is needed to clarify the
conditions in which this treatment alters ethanol reinforcement.
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A recent set of studies conducted in our lab indicated that pre-exposure to alcohol is not always
required for the emergence of ethanol-mediated conditioned preference in the preweanling rat
(Nizhnikov et al., 2008; Nizhnikov, Pautassi, Truxell, Spear, unpublished). In most of these
experiments pups were trained in a differential conditioning procedure in which a distinctive
tactile CS (sandpaper) was paired with the onset of the intoxication whereas an alternative
texture signaled the absence of ethanol's effects. Conditioned preference was found following
1.0 but not 2.0 g/kg ethanol and only when the drug was delivered i.g. (but notif i.p., Nizhnikov
et al., 2008). Subsequent experiments (Nizhnikov, Pautassi, Truxell, Spear, unpublished)
replicated this resultand found that ethanol-mediated preference was inhibited by pre-treatment
with either a general opioid antagonist (naloxone, 0.75 -- 1.5 mg/kg) or with antagonists
specific for mu- and delta receptors (CTOP and naltrindole, respectively). These results not
only underscore the importance of method of drug delivery in ethanol's hedonics but also fit
well with human (Peterson et al., 2006) and animal experiments (neonate and older infant rats:
Nizhnikov et al., 2006a; 2007; Arias et al; 2008; 2009; mice: Bechtholt & Cunningham
2005) suggesting that activation of the endogenous opioid system is critical for appetitive
effects of ethanol. Some of these rat studies (Arias et al; 2008; 2009) will be described in the
next section.

3.1.3. Motor activation as a measure of ethanol's hedonics—Motor activation
induced by psychoactive drugs has been long considered an index, albeit indirect, of positive,
rewarding central effects (Orsini et al., 2004: Wise and Bozarth, 1987). The theoretical
postulate is that a common neurobiological factor underlies forward locomotion (also known
as “psychomotor activation”) and these reinforcing effects, namely, the activation of the medial
forebrain bundle. Ethanol induces robust biphasic motor effects in mice (Cunningham et al.,
1993), with activation at low doses and sedation at high doses (Masur and Boerngen, 1980).
These effects seem to be mediated by several neurotransmitter systems, notably the opioid,
dopaminergic and glutamatergic systems (for review and references, see Pastor & Aragon,
2006). For instance, Camarini et al. (2000) found acute motor activation by ethanol (2.0 g/kg)
in mice, which was counteracted in a dose-response manner by naloxone (1.0 — 3.0 mg/kg). It
has been difficult to observe these results in rats, although central administration to specific
brain regions have been show to exert some motor stimulating effects (Arizzi-LaFrance et al.,
2006; Pastor & Aragon 2008). Generally, the most common outcome of ethanol administration
in genetically heterogeneous rats is a dose—response sedative effect (Chuck et al.2006). Low
ethanol doses, however, exert motor activation in rats selectively bred for high ethanol intake
[i.e., alcohol-preferring (P) or Sardinian alcohol preferring rats (Waller, 1986; Agabio et al.,
2001)]. Perhaps more important for the purposes of this review is a series of studies recently
conducted by Arias and co-workers (2008; 2009; in press). These studies assessed acute motor
effects of ethanol in preweanling heterogeneous rats (8-12 day-olds) and found results
strikingly similar to those found in adult mice. Specifically, moderate and high (1.25 and 2.5
g/kg, respectively), but not low (0.5 g/kg), ethanol doses exerted motor activating effects when
assessed during the onset of the intoxication (5-10 min post-administration). The highest dose,
in turn, exerted sedation at 30-35 min. There were also signs of acute tolerance, with
preweanlings quickly recovering from sedation within the state of intoxication, despite the fact
that blood ethanol levels remained high and stable (Arias et al., 2008). A subsequent study
(Ariasetal., 2009) assessed the role of opioid and GABAR receptors in ethanol-mediated motor
activation in infant rats. Naloxone (1.0 — 2.0 mg/kg) and baclofen (0.5 — 2.5 mg/kg)
significantly attenuated the stimulating effects of ethanol, hence suggesting a modulatory role
for these transmitter systems.

It is interesting to note that there are striking parallels between the time course of ethanol's
motor (Arias et al., 2008) and motivational effects (Molina et al., 2006; 2007; Nizhnikov et
al., 2008). Both effects seem to share a common neurobiological mechanism (i.e., the
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opiodergic transmitter system). This phenomenon will be further commented in the discussion
section.

3.2. Can ethanol exert negative reinforcement consequences early in life?

The motivational consequences of ethanol are not restricted to its appetitive and aversive
effects. Ethanol ameliorates dysphoria and reduces anxiety (Wilson et al., 2004). These
anxiolytic effects modulate, through negative reinforcement mechanisms, the initiation and
maintenance of drug-seeking and consumption (Koob and Britton, 1996). Assessment of these
anti-anxiety-like effects in infant rats has been hindered by several factors. Techniques
commonly employed in tests of adults (e.g., elevated plus maze, light-dark transition test) are
not well suited for infants. The length of the training protocol usually outlasts the stage of
infancy, and obvious sensory limitations of the infant hinder assessment of early anti-anxiety-
like effects of ethanol (but see lijima and Chaki, 2005, for a model based on the assessment of
ultrasonic vocalizations). We attempted to address these problems by taking advantage of the
highly developed associative learning abilities of the infant. Infant rats can learn to avoid a
distinctive odor CS predicting aversive stimulation (e.g., Miller et al., 1989, 1991). In a first
experiment (Pautassi et al., 2005a), we paired a lemon scent (CS) with high-rate i.o. infusion
of a flavored tastant (US). Conditioning took place after the administration of various doses of
ethanol or its vehicle. During the test session, vehicle-treated pups showed a lower preference
for the lemon CS than did unpaired controls, hence exhibiting conditioned aversion. Ethanol
dose-dependently affected learning acquisition. Low doses (0.25-0.50 g/kg) inhibited aversive
learning; whereas infant rats given a higher dose (1.25 g/kg) showed levels of odor aversion
similar to controls given vehicle. These results suggested that the affective, perhaps anxiolytic,
properties of low-dose ethanol counteracted the acquisition of aversive learning. In other
words, the postabsorptive effects of ethanol weakened the ability of the US to mediate
conditioned aversion (Pautassi et al., 2005a). Although useful, confounding variables with this
strategy precluded clear interpretation. The unconditioned effects of ethanol acted on the
hedonic representation of the US, the hedonic representation of the CS, the associative link
between the latter two elements, and the processing of the context where the learning
experience took place. These considerations were considered when designing an alternate
approach that is similar to a US revaluation procedure (Delamater & Lolordo, 1991; Holland
& Rescorla, 1975).

The magnitude of an aversive memory, derived from a CS-US association, is by no means
fixed after initial training (Kraemer et al., 1992). Post-training pairings of the original US and
alternative USs of similar or opposite hedonic value result in a heightened or ameliorated
conditioned response (inflation and devaluation, respectively). This phenomenon inspired an
experiment (Pautassi et al., 2006) in which 14-day-old pups were exposed first to a distinct
lemon scent (CS) while stimulated with an aversive taste (citric acid, i.0., US). Twenty-four
hours later, during the devaluation phase, the rats were briefly given the citric acid solution
while experiencing the initial postabsorptive effects of ethanol (post-administration interval
5-10 min). A two-way odor preference test revealed that CS-US pairings resulted in strong
avoidance of lemon odor (i.e., less time spent close to the lemon scent) in control pups given
vehicle (no ethanol) during the devaluation phase, whereas this conditioned aversion was
significantly ameliorated in subjects given ethanol (0.25, 0.5, and 1.25 g/kg, BALs 17-70 mg
%) paired with citric acid flavor during this phase (Figure 2). These results indicate that ethanol
reduces a conditioned fear response by acting on the rat's representation of the US, an effect
presumably related to its anxiolytic effects. The revaluation paradigm also detected biphasic
motivational effects of ethanol. At high doses, ethanol’s ability to revalue the aversive memory
changed during the course of the toxic process. Specifically, infants exhibited as much
conditioned odor aversion as controls if re-exposed to citric acid 5-15 min after 2.5 g/kg ethanol,
but the conditioned aversion was enhanced (i.e., inflated) if the pairing was delayed until a
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later post-administration interval (25-35 min). Thus, at high doses, the initial and late stages
of the ethanol post-administration process differed with respect to hedonic effects, with
aversive effects predominating at about 30 min post-administration.

One could wonder if there is any evidence of ethanol's devaluating effects in ontogenetic stages
other than infancy. To our knowledge, there has been no such an attempt. Becker and Flaherty
(1982), however, found in adult rats results strikingly analogous to those of Pautassi et al
(2006; 2007). Specifically, ethanol (0.5 g/kg, i.g.) reduced the negative contrast that occurred
when rats were shifted from 32% to 4% sucrose. Negative contrast is thought to be associated
with frustration and anxiety-like behavior (Becker et al., 1984).

3.2.1. Neural mechanisms underlying the early negative reinforcement effects
of ethanol—Ethanol interacts with several neurotransmitters, including facilitative effects
on GABAergic transmission that are frequently linked to ethanol's anti-anxiety effects (Wilson
et al., 2004). Could ethanol's effects in a devaluation paradigm, demonstrated by Pautassi et
al. (2006), be GABA-related? We compared the effects of ethanol and the fast-acting
GABA agonist midazolam on the expression of citric acid-induced ultrasonic vocalizations
(Pautassi et al., 2007). Rat pups emit ultrasonic vocalizations when confronted with stressors,
such as maternal separation (lijima and Chaki, 2005). These vocalizations are hypothesized to
reflect anxiety and can be inhibited by several compounds, including midazolam (Engel and
Hard, 1987). We found similar calming effects of 0.5 g/kg ethanol and 0.09 mg/kg midazolam.
The effects of these drugs were then assessed in the devaluation paradigm employed by Pautassi
etal. (2006). Training was defined by pairings of lemon odor and citric acid i.0. infusions. One
day later, pups were briefly stimulated with citric acid following administration of ethanol (0.5
g/kg), midazolam (0.09 or 0.18 mg/kg) or vehicle. Both vehicle- and midazolam-treated
animals spent significantly less time near the lemon CS, thus expressing conditioned odor
aversion. This response was completely inhibited in pups that received 0.5 g/kg ethanol. We
concluded that ethanol's devaluation effects are not shared by midazolam, suggesting that these
effects of ethanol may not be GABAA-mediated. Notably, ethanol at the dose tested in this
study exerted appetitive effects when assessed in other behavioral preparations (Molina et al.,
2006; Pautassi et al., 2008b, also see section 3.3). Therefore, a potential role for the appetitive
effects of ethanol in the devaluation of the avoidance response should not be discounted.

3.3. Alternative learning preparations, more robust results: Ethanol exerts positive
reinforcing effects shortly after birth and when assessed by second-order conditioning

3.3.1. Tests of ethanol reinforcement in neonatal rats—Shortly after birth, as early
as 3 hours postnatally, neonatal rats readily self-administer ethanol through a latex nipple made
to resemble that of a rat dam (termed a “surrogate” nipple). Ingestion from a surrogate nipple
dispensing 5% or 10% ethanol over a 10-minute period results in detectable BALSs of 15-25
mg% and absolute ethanol intake of about 0.5 g/kg (Cheslock et al. 2001; Varlinskaya et al.,
1999). If a similar nipple that does not deliver any fluid (“empty” nipple) is given an hour later,
neonates readily attach if they had previously experienced ethanol, milk or saccharin but not
if they had previously experienced only an empty nipple or a nipple delivering water. It seems
that ethanol endowed the empty nipple with conditioned reinforcing properties. Subsequent
experiments (described below) identified the pharmacological effects of ethanol (as opposed
to its taste or caloric content) as the source of reinforcement. The data have further indicated
no difference in the reinforcement effects of ethanol, milk and saccharin in this circumstance
(Cheslock et al., 2001; Petrov et al., 2001). To achieve more complete experimental control
over the nature and contingency of the CS-US pairing, an early step was to apply a paradigm
previously found effective for assessing milk reinforcement at this age (Cheslock et al.,
2000). In this paradigm, pups learn that a brief (60-sec) exposure to a novel odorant predicts
intraoral infusion of ethanol. Although one pairing of this kind is sufficient to increase
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responsiveness to an empty nipple in the presence of the odorant, significantly more
conditioning is evident with 2-5 pairings. Control groups given only the CS (odorant exposure)
or only the US (ethanol infusion), or both in unpaired fashion, have yielded little or no
responding to an empty nipple in the presence of the odorant (Cheslock et al., 2001).

Ethanol reinforcement was found to depend on concentration of the ethanol in these neonates,
but in an unexpected fashion. Although responsiveness to an empty nipple was equivalent an
hour after consuming either saccharin, 5% or 10% ethanol from a similar nipple, after an
interval of 24 hours elapsed there was greater responsiveness by pups previously given 10%
ethanol than for those previously given 5% or saccharin. This result is notable because in these
experiments, the pups ingested less 10% ethanol solution than 5% ethanol solution (although
absolute intake of ethanol was equivalent in these two conditions). This finding adds to other
evidence that ingestion does not always have a 1:1 correspondence to strength of reinforcement
(e.g., Czachowski et al., 2001, 2005; Files et al., 1997, 1998; Ritz et al., 1994).

As mentioned, although it was clear that ethanol exerts appetitive reinforcing effects in the
neonate, it was unclear whether the source of such reinforcement was the gustatory or
pharmacological effects of ethanol. To minimize the role of ethanol's chemosensory
components, Cheslock et al., (2001, Exp. 8) injected (i.p.) neonates with an arbitrary, small
amount of ethanol (10 pl of 5% ethanol) followed 5 min later by exposure to a nipple delivering
water (thus pairing the nipple with the postingestive effect of ethanol). In the control condition
the order of nipple and i.p. ethanol was reversed. The results indicated reinforcement from i.p.
ethanol, but required verification in an extensive subsequent study (Petrov et al., 2003) that
included several control experiments in addition to fine-grain variation in ethanol dose (0.0,
0.125, 0.25, 0.5, or 0.75 g/kg). The lower two doses (yielding BALs of 15 to 35 mg%) induced
robust appetitive conditioning, indicated by greater nipple attachment at test in paired
(“before”) compared with unpaired (“after”) animals (Fig. 3, bottom panel). The basis of
ethanol reinforcement in neonatal rats appeared to be primarily pharmacological. To test this
further by eliminating hematogenic detection of gustatory or olfactory cues from i.p. ethanol,
Nizhnikov et al. (2006¢, 2007) determined significant ethanol reinforcement in neonates from
central ethanol delivered intracisternally. It therefore seems clear that the pharmacological
effects of ethanol are sufficient for appetitive reinforcement in neonatal rats, at central doses
as low as 25 mg% (Nizhnikov et al., 2006c).

Toward determining the neural mechanisms of this phenomenon, Nizhnikov et al. (2006b)
demonstrated that systemic administration of p and « antagonists (o-Pen-Cys-Tyr-o-Trp-Orn-
Thr-Pen-Thr-NH, [CTOP] and norbinaltorphimine, respectively) completely blocked
ethanol's reinforcing effects, suggesting the involvement of the opioid neurotransmitter system.
The central reinforcing effects of ethanol were similarly blocked by catalase inhibitors (i.e.,
(sodium azide), indicating that products derived from ethanol metabolism in the brain, such as
acetaldehyde, may underlie expression of this phenomenon (Nizhnikov et al., 2007).
Interestingly, ethanol's appetitive effects in the nipple technique can be increased by prenatal
ethanol exposure. Nizhnikov et al. (2006a) found that neonates exposed to ethanol in uterus
(1 g/kg, gestational days 17-20) showed robust reinforcement when employing 0.25, 0.5, or
0.75 g/kg ethanol, demonstrating a broadening of the effective reinforcing doses of ethanol.
Only the intermediate dose provided effective ethanol reinforcement for control pups not
prenatally exposed to ethanol.

3.3.2. Second-order conditioning procedure—One advantage of using an immature
(infant) rat model is that infants possess robust higher-order stimuli processing capabilities.
For example, 2-week-old rats encode stimuli of different sensory modalities by taking into
account their so-called amodal properties, including their common affective and intensity

properties (Kraebel and Spear, 2000; Spear and Molina, 1987; Spear and McKinzie, 1995).
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These learning and memory abilities are expressed early during development as demonstrated
by sensory preconditioning (Chen et al., 1992) and second-order conditioning (Miller et al.,
1990).

Recent experiments (Molina et al., 2006, 2007) have provided robust evidence that ethanol
exerts appetitive effects during the second week of life, as indexed by a test of second-order
conditioning. With reinforcers other than ethanol, this test had been known to reveal
conditioned place preference in infant rats (Miller et al., 1990) and conditioned approach in
adult pigeons (Rescorla, 1980) when inherent weakness in the circumstance of first-order
conditioning otherwise precluded evidence of conditioning. Molina et al. (2006, 2007)
suspected a similar weakness in tests of CPP after primary conditioning with ethanol in infant
rats, hence their application of second-order conditioning. Among several possibilities was the
likelihood that conventional circumstances of primary conditioning with ethanol as a US
(paired with, for example, intraoral stimulation of water) yield conditioned responses that
compete with selection of the correct alternative in the CPP test. Molina et al. (2006; 2007)
identified one candidate --conditioned wall climbing -- that might conceivably preclude
expression of CPP.

To test ethanol-mediated second-order conditioning, experiments used relatively low (0.25 and
0.5 g/kg) or relatively high (2.0 g/kg) ethanol doses (Molina et al., 2006). The main question
was whether a gustatory CS paired with ethanol's postabsorptive effects would indicate
reinforcement by ethanol. This question was answered not through direct responsiveness to
the taste but rather by assessing whether the ethanol-paired taste would serve as an effective
second-order reinforcer to transfer motivational information to a tactile cue.

In the first of these studies (Molina et al., 2006), 14-day-old rats received ethanol (0.0, 0.25,
or 0.5 g/kg, i.g.) paired with i.o0. sucrose (CS1, first-order conditioning phase). Sucrose was
delivered during the onset of ethanol's effects (5-20 min after ethanol intubation) in an
intermittent, discrete fashion. During the second-order conditioning phase 24 hours later, pups
were briefly re-exposed to the taste while experiencing a rough texture (sandpaper). When
tested in a tactile preference test, control pups that received pairings of only sucrose and 0.0
g/kg ethanol (water) spent roughly 50% of the test on either texture: sucrose-sandpaper pairings
alone experienced during the second conditioning phase were not sufficient to alter sandpaper
preference during the test session. Yet pups given the sucrose-ethanol pairing prior to sucrose-
sandpaper had 60-70% preference for the sandpaper, significantly more than their control
counterparts. This indicated CPP and ethanol reinforcement. A follow-up experiment
confirmed these results, even when pairing, as a test of the generality of this CPP, a relatively
neutral gustatory stimuli (water) with ethanol (0.5 and 2.0 g/kg) during the first conditioning
phase. (Molina et al., 2006).

Recently, the second-order conditioning procedure was modified to examine the apparent
biphasic nature of ethanol's motivational effects (Molina et al., 2007). In this case “biphasic”
refersto initial appetitive effects followed by aversive consequences as BALs reach peak values
(e.g., Pohorecky, 1977). This was accomplished by varying the post-administration time
interval in which conditioning takes place. Fourteen-day-old rat pups received pairings of i.0.
water (CS1) and ethanol (US, 0.5 or 2.0 g/kg) during an early (5-20 min) or late (30-45 min)
post-administration interval. Phase 2 followed on PD15 and comprised pairings of sandpaper
(CS2) and water. Sandpaper preference registered during the 5-min test is shown in Fig. 4.
Animals given pairings of the CS1 and the early or late effects of low-dose ethanol (0.5 g/kg;
BAL 40 mg%) exhibited greater conditioned preference for sandpaper than did the (unpaired)
controls. A similar outcome was observed in animals receiving a higher dose of ethanol (2.0
g/kg; BAL 157 mg%) and conditioned during the onset of intoxication (5-20 min). In contrast,
an aversion for sandpaper emerged when the CS1 was paired with the late stage of the toxic
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process induced by 2.0 g/kg ethanol (BAL 200 mg%). The experiment indicated that, at high
doses, the initial and later stages of ethanol's effects seem to differ in their hedonic value, a
result consistent with data gathered by means of alternative experimental procedures (Pautassi
et al., 2002a; 2006).

Although beyond the scope of this review, the second-order conditioning procedure has been
recently employed to assess appetitive reinforcement by ethanol in ontogenetic stages other
than infancy. Ethanol (0.5-2.0 g/kg, i.g.) induced appetitive effects in adolescent, but not adult,
rats (Pautassi et al., 2008c).

4. Ethanol-mediated operant responding in infant rats

The experiments thus far reviewed employed a type of training in which salient stimuli (CSs)
are paired with the effects of experimenter-administered ethanol. Motivational effects of
ethanol were then indexed by exposing the animal to the CS. These Pavlovian conditioning
procedures are rightfully valued for their analytical power (Cunningham, 1993). They allow
systematic variation of dose, post-administration time, and stimulus intensity (Rescorla,
1988). However, they lack face validity when contrasted with the typical human pattern of
ethanol self-administration. Compelling evidence of ethanol's positive reinforcing effects in
laboratory animals can also be obtained by having animals (e.g., rats, mice, primates) work or
emit a particular behavior to gain access to oral ethanol. Assessment with operant procedures
is important for understanding the seeking behaviors associated with ethanol availability and
the actual self-administration of the drug (Tabakoff and Hoffmann, 2000).

In adult rats, implementation of operant procedures to assess the motivational effects of ethanol
usually involves lever-pressing for small quantities of ethanol dispensed in a reservoir (Samson
et al., 1988). Lever-pressing leading to physiologically relevant BALs can be achieved, but
requires a rather lengthy protocol that includes rats having previous access to oral ethanol for
several days, sometimes mixed with sweeteners (e.g., Samson et al., 2004) or the induction of
dependence previous to the actual operant testing (e.g., Roberts et al., 2000). Naive (i.e.,
without acclimatation to the sensory properties of ethanol) heterogeneous rats drink little
ethanol, particularly as the concentration increases. Not surprisingly, rate of lever-pressing for
ethanol in these animals can be quite low. Moreover, because naive heterogeneous rats usually
distribute their operant responses over the time span of training sessions (30-60 min), they may
never reach BALSs sufficient to induce central reinforcing effects. The interacting constraints
of low palatability and irrelevant levels of intoxication have posed difficulties in the
development of an animal model of ethanol self-administration (Stewart et al., 1988). Several
procedures have been devised to address these problems. Some early work reported successful
initiation of ethanol-self administration following stressor exposure. This approach was later
dismissed due to contradictory results and concerns about the procedure's apparent inability to
discriminate between the positive and negative reinforcing effects of ethanol (for review, see
Pohorecky, 1981; Roske et al., 1994). In a newer and widely employed procedure (Samson,
1986), rats initially learn to respond for a sweet solution. As training progresses, the rats are
offered this solution with progressively decreasing sweetness mixed with progressively
increasing concentrations of ethanol. After several weeks, rats readily lever-press for ethanol,
even at high concentrations (e.g., 40%). Prolonged pre-exposure to ethanol also serves as a
means of increasing later ethanol self-administration (Camarini and Hodge, 2004). Fidler et
al. (2006) subjected rats to passively infused ethanol or its vehicle for up to 6 days and then
trained these animals in an operant procedure defined by the contingency between licking a
flavored solution and i.g. infusion of ethanol (delivered by means of a gastric fistula). Ethanol-
preexposed rats, but not their ethanol-naive counterparts, showed substantial self-
administration of ethanol (4-7 g/kg/day).
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Some similarities emerge among the operant ethanol self-administration paradigms
successfully developed for adult rats, including prolonged training or passive pre-exposure,
complex motor requirements often combined with high-rate responding criteria, concurrent
access to an alternative positive reinforcer (e.g., a sweet solution), and testing under stressful
conditions. For example, Fidler et al. (2006) showed that ethanol can support substantial
operant responding when employing procedures that (i) likely induce tolerance to the drug's
aversive postingestive effects or sensitization to its rewarding effects due to the procedure's
length, and (ii) minimize the role of the aversive chemosensory properties of the drug.

The employment of adult operant models of ethanol self-administration in infant rats has been
hindered by the animals' rapid development and limited sensory and motor abilities. Only a
few successful procedures have been created to assess whether rat pups will self-administer
ethanol in an operant paradigm. The first of such attempts was by Dominguez et al. (1993),
who employed an operant procedure [originally devised by Johanson and Hall (1979) to assess
the reinforcing effects of milk] in which 3-4, 9-10, and 15-16-day-old pups were placed for
long periods in a container equipped with a small lever. Application of a small amount of
pressure to this lever (achieved by head probing or forelimb movements) yielded i.o. infusion
of milk or a mixture of milk and ethanol. Pups were maternally deprived for 12 h prior to
training, and establishment of operant responding required between 3 and 6 h. Interpretation
of these data was somewhat complicated because of the pups' considerable loss of weight and
possibly deprivation-induced stress as training progressed. Despite these methodological
constraints, Dominguez et al. (1993) replicated the basic findings of Johanson and Hall
(1979), including heightened responding in pups reinforced with milk compared with yoked
controls. Lever pressing was much less when the milk contained 6% ethanol, although still
greater than yoked controls. This pattern of responding remained across all ages tested. Ponce
et al. (2006) found similar results in two-week-old rats. These animals rapidly learned to
respond for i.0. sucrose, but mixing the sweet tastant with ethanol, either from the very start
of training or when using a progressive substitution schedule, resulted in a significant drop in
operant responding.

Lever-pressing can be considered a complex motor skill and, in fact, pups in the Dominguez
et al. (1993) study required several hours to establish stable levels of responding. In a more
recent study (Pautassi et al., 2008d; see Fig. 5, upper panel), we employed a much simpler
operant response, namely contacting a touch-sensitive disk placed on the floor of the operant
cage. The rationale behind this procedure was that this high-frequency behavior might result
in high levels of intake in shorter periods of time, thus allowing ethanol's postingestive effects
to play a role in maintaining operant responding. This was not the case, however. No evidence
of ethanol's positive reinforcing effects was found (highest mean level of drug intake: 0.27 g/
kg/20 min). In fact, sensor-touching was significantly less in pups reinforced with ethanol (3
or 5%) than in yoked controls given non-contingent drug infusions. As shown in Fig. 5 (upper
panel), decreased responding in paired compared with yoked pups was found even during
extinction sessions (i.e., when the reinforcer was withheld). Operant responding appeared to
be driven by the pre-absorptive properties of ethanol (i.e., odor or taste), which apparently were
aversive (Pautassi et al., 2008d).

These studies (Dominguez etal., 1993; Ponce et al., 2006; Pautassi et al., 2008d) provide further
evidence that pups reject the orosensory attributes of i.0. ethanol. Any attempt to establish i.o.
ethanol as a successful reinforcer in an operant setting will need to overcome this aversion.
Two recent studies, however, have succeeded in inducing substantial ethanol-mediated
responding in rat pups. A close examination of these studies should provide clues to the
conditions that facilitate the emergence of ethanol's reinforcing properties. The first study
(Bordner et al., 2008) employed a derivative of the surrogate nipple technique (described in
section 3.3.1). These researchers noted that suckling-related behaviors (i.e., forelimb or head
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movements) occurred during both attachment to a surrogate nipple providing milk and when
exposed to a milk-related CS. They hypothesized that neonates may associate the emission of
suckling-related behaviors with the availability of milk. To test this hypothesis, one-day old
rats were tested while resting in a supine position, secured by a vest. The vest kept the animal
in a fixed positioned while allowing head or forelimb movements. During 15-min operant
sessions, execution of these behaviors activated a touch-sensitive sensor located just above the
head of the animal and resulted in i.0. infusion of a given solution. Pups readily learned to gain
access to milk or low concentrations of ethanol (1.5 or 3%; Fig. 5, middle panel). Responding
in animals provided with access to 5, 7.5, or 10% ethanol was higher than in unpaired controls
but still much lower than responding for milk or lower ethanol concentrations. Operant
responding for the low concentrations of ethanol was associated with BALSs in the 15-30 mg
% range. Increased responding in paired pups provided with low-concentrations of ethanol
may be attributable to nonspecific activating effects of the drug. That is, operant responding
while ingesting ethanol might conceivably exacerbate the normal repertoire of body
movements in these animals. This possibility appears to be unlikely, however, given the
substantial responding that continued during extinction. Sensor-touching in paired animals not
only persisted but also showed some characteristics commonly associated with the expression
of operant learning, such as an initial increase in overall responding compared with levels found
during acquisition (i.e., a “spike” or “rebound effect”, also found in a similar study with milk
reinforcement, Arias et al., 2007).

Theresults by Bordner et al. (2008) are consistent with those obtained by means of the surrogate
nipple technique (Cheslock et al., 2001; Petrov et al., 2001). Both techniques indicate great
sensitivity to ethanol's reinforcing effects in the neonatal rat. The ease with which these effects
are observed at this early age suggests that sensitivity to ethanol's reinforcing effects might be
greater shortly after birth before declining during subsequent development. A similar pattern
has been suggested for alcohol intake when measured by a seemingly voluntary intake
preparation (consumption-off-the-floor; Lee et al., 1998). Unselected infant rats exhibit a high
initial acceptance of ethanol that increased during the second postnatal week, then decreases
slowly thereafter to the low levels of acceptance observed in non-initiated adults (Sanders and
Spear, 2007; Truxell et al., 2007). However, the nipple technique and the operant derivative
of Bordner et al. (2008) may favor the expression of appetitive effects of ethanol by using more
appropriate, age-specific and ecologically compatible procedures than those employed for
older rats. Some support for the latter possibility derives from a recent study by Ponce et al.
(2008). Infant rats were given a brief non-reinforced exposure to ethanol or its vehicle prior to
operant conditioning. Daily operant sessions (20 min) were conducted from PD14 to PD17.
The target behavior was nose-poking, a very simple behavior present throughout most of the
ontogeny of the rat. Nose-poke responding resulted in i.0. infusion of a sizable amount of
ethanol (25 pl, 3.75 or 7.5%) or its vehicle. Initial responding was very low (five or fewer nose-
pokes per session). However, by the end of training on PD17, pups reinforced with ethanol
showed greater frequency of responding and shorter latencies to execute the target behavior
than infants reinforced with water or yoked controls, a phenomenon that was particularly clear
in ethanol-preexposed animals (Ponce et al., 2008; Fig. 5, bottom panel). A subsequent
experiment replicated these results and indicated that infant operant responding for ethanol
resulted in detectable BALs (25-48 mg% on PD17). Moreover, infant learning mediated by
ethanol affected voluntary intake of the drug during adolescence. Adolescent rats (PD 33-36)
that had been trained to nose-poke for 3.75% ethanol during infancy drank more ethanol,
assessed in a two-hottle choice test, than counterparts reinforced during infancy with water or
yoked controls.

A common denominator between Bordner et al. (2008) and Ponce et al. (2008) is reliable
operant conditioning when utilizing low concentrations of ethanol, but decreasing operant
responding as the concentration increases. Additionally, in both studies, responding for ethanol
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was associated with very similar BALSs (15-50 mg%:; see below). Both techniques eliminate
the need for shaping procedures or long acquisition phases in favor of shorter training sessions
and relatively simpler (compared with lever-pressing) and age-specific target behaviors.

5. Summary, conclusions, and closing comments

Alcohol use and abuse are complex phenomena resulting from the interplay of genetic (Ducci
and Goldman, 2008) and environmental variables (Spear and Molina, 2005). Epidemiological
and animal preclinical research indicates that early prenatal and postnatal exposure to ethanol
increases the likelihood of later alcohol problems. Exposure to alcohol in the womb ranks
among the strongest predictors of alcohol consumption during adolescence and early adulthood
(Baer et al., 1998, 2003; Streissguth, 2007; Yates, 1998). Animal models (Lopez and Molina,
1999; Spear and Molina, 2005) also indicate heightened ethanol consumption following early
pre- or postnatal ethanol exposure. Spear and Molina (2005) posited an explanation for this
phenomenon based on learning mechanisms. Their simplest account invoked a passive pre-
exposure effect. Under the “mere exposure” hypothesis (Spear and Molina, 2005), non-
reinforced exposure to ethanol leads to increased acceptance of the drug, but they ultimately
proposed that early exposure to ethanol results in associative conditioning (Chotro et al.,
2007; Abate et al., 2008). The young organism learns that chemosensory properties of ethanol
(e.g., taste, flavor) or other stimuli present in the context of ethanol administration predict
reinforcing postabsorptive effects of the drug, a process leading to heightened ethanol seeking
and consumption later in life.

The present review is not intended to assess the associative hypothesis linking early contact
with ethanol and later affinity for the drug or to establish a model for alcohol abuse or
dependence in developing rats. The objective of this review is much narrower—to describe
ethanol's motivational effects in the rat during the developmental window between PDO and
PD21, a period considered infancy. However, the present review did provide support for an
accessory hypothesis of the theoretical account of Spear and Molina (2005), namely that
ethanol can exert reinforcing effects in neonates and infants when tested in contemporary
animal models. These affective consequences go beyond the well-known ability to associate
gustatory stimuli with ethanol-mediated malaise. Furthermore, the results of Ponce et al.
(2008) are consistent with the directional hypothesis of greater affinity for ethanol following
early motivational learning with the drug. These researchers found that operant ethanol self-
administration in infancy increased drug consumption during adolescence, a significant result
even when compared with subjects given equivalent drug exposure during infancy but in a
passive manner that required no operant response.

A summary of the studies analyzing ethanol-mediated motivational learning in infants can be
found in Table 1. We described the ease with which ethanol intoxication results in CTA. Table
1 briefly describes these studies. When ethanol's postabsorptive effects are made contingent
upon a taste, the infant rat readily expresses ethanol-related memories characterized by an
aversive component (Hunt et al., 1990,1991). At high doses, emetic-like effects appear to
underlie this associative process (Arias et al., 2007). Infants acquire ethanol-mediated CTA at
lower doses and fewer CS-US trials (0.4-0.5 g/kg, one or two trials; Pautassi et al., 2005b;Hunt
and Spear, 1989) than older rats. The younger animals also appear more resistant than mature
animals to the ameliorating effects of ethanol pre-exposure on later CTA mediated by the drug
(Pautassi et al., 2005b;Pueta et al, 2005; but see Arias and Chotro, 2006b).

We then discussed studies of conditioned place preference mediated by tactile conditioning
(see table 1). Initial reports (Molina et al., 1996;Lee et al., 1998) were consistent with adult
studies in finding ethanol-mediated conditioned aversions. But subsequent work (Pautassi et
al., 2002a;Pautassi et al., 2008b) raised the possibility of ethanol-mediated conditioned tactile
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preferences. These non-aversive effects of ethanol were found when conditioned stimuli
signaled the onset of the toxic process (Pautassi et al., 2002a) or when drug dosage was kept
low and the apparent aversive stimulation associated with the i.0. route was minimized
(Pautassi et al., 2008b). Nonreinforced exposure to ethanol before conditioning also facilitated
early expression of ethanol's appetitive effects (Pautassi et al., 2008b;Nizhnikov et al., 2009),
possibly by inducing tolerance to the drug's aversive effects or by sensitizing the animal to
ethanol's positive reinforcing effects. Further evidence of ethanol's appetitive properties was
found by a second-order conditioning procedure. Pairings of ethanol and a taste stimulus
allowed the latter cue to transfer appetitive information to a distinctive surface (Molina et al.,
2006,2007). Second-order conditioning appears to be highly sensitive to ethanol's hedonic
effects and can be easily transferred to ontogenetic stages other than infancy. Implementation
of techniques with these features has long been claimed as a priority in the field of drug abuse
research (Witt, 1994). Recent studies (Pautassi et al., 2008c) have employed this procedure in
adolescent and adult rats to assess conditioned reinforcement mediated by ethanol.

Thisreview sheds light on an interesting mechanistic issue, namely the apparent biphasic nature
of ethanol's mativational effects. Biphasic effects of ethanol on neuroendocrine, autonomic,
and motor parameters have been extensively described in mature rats (Pohorecky, 1977).
However, not until recently has similar evidence been reported with regard to ethanol's
motivational effects, and these studies were mainly conducted in mouse models (Cunningham
and Prather, 1992). A common denominator across the experiments presented in the present
review is that ethanol's hedonic effects vary across and between drug doses as a function of
the course of ethanol intoxication. Ethanol-mediated aversion is more common at doses greater
than 1.0 g/kg and when CS exposure is delayed until later post-administration intervals
characterized by peak BALSs (Pautassi et al., 2002a, b, 2005b; Hunt et al., 1990, 1991). In
contrast, expression of alternative motivational consequences is associated with procedures
that use relatively low ethanol doses or capture the onset of intoxication when BALS are still
rising (Pautassi et al., 2002a, 2008b; Molina et al., 2006, 2007). These results are consistent
with previous studies with mice indicating that a short trial duration (5 min) is more effective
for inducing CPP than longer trial durations (i.e., 60 min; Cunningham & Prather, 1992;
Risinger & Cunningham, 1992).

The results obtained through second-order conditioning (Molina et al., 2006, 2007) and
ethanol-induced motor activation (Arias et al., 2008) clearly illustrate the biphasic nature of
ethanol during infancy. Second-order appetitive conditioning resulted when using several
combinations of dose and CS-US timing. However, conditioned aversion was also found in
the same circumstances when the target CS was presented 25 min following administration of
a relatively high dose (2.0 g/kg). Assessment of negative reinforcement by ethanol (Pautassi
et al., 2005a, 2006, 2007) provides similar results. Low-dose (0.25-1.25 g/kg) but not high-
dose (2.5 g/kg) ethanol weakened the expression of aversive conditioning. In fact, the delayed
pharmacological effects of the latter dose exerted aversive effects, reflected in an augmented
avoidance response at test (Pautassi et al., 2006). Furthermore, conditioned aversion mediated
by high-dose ethanol was found following CS presentation at the peak of the blood ethanol
curve (dose: 2.5 g/kg; Pautassi et al., 2002a, b). This conditioned aversion was dramatically
suppressed when tested under the simultaneous presence of a tactile CS that had signaled the
onset of intoxication. Employing a similar dose and infant rats of about the same age, Arias et
al. (2008) found ethanol-induced psychomotor activation during the onset of the intoxication
(5-10 min) but sedation if the test was delayed until postadministration time 30-35 min. In
summary, these results support the hypothesis that the ascending and descending limbs of the
blood ethanol curve are associated with different hedonic effects. Under this framework, the
appetitive properties of ethanol may be present during the ascending limb of the blood ethanol
curve but disappear or are counteracted by aversive effects as BALSs peak and then begin to
fall. This theory fits well with human research indicating that differential sensitivity to ethanol's
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activating and depressing effects might constitute a biological marker for predisposition to
alcohol abuse (e.g., King et al., 2002). Subjects who are at risk for alcohol problems are
hypothesized to be more sensitive to the rewarding effects of ethanol observed during the
ascending limb of the blood ethanol curve, but less sensitive to the negative effects of ethanol
that occur during the descending limb (Conrod et al., 2001; Newlin and Thompson, 1999).

The review also underscores the intrinsic value of ontogenetic analysis in the search for
mechanisms underlying the affinity for ethanol and ethanol reinforcement. Specifically, future
studies could benefit from the use of genetically heterozygous, developing rats as an
experimental model for uncovering determinants of alcohol affinity and reinforcement. The
rationale is that features of brain and behavior qualitatively and quantitatively fluctuate during
the normal course of development. This provides an opportunity to identify mechanisms of
ethanol's effects by identifying changes in brain corresponding to ontogenetic changes in the
affinity for ethanol and conditioned reinforcement. An obvious example is the dramatic change
in neurotransmitter function that occurs between birth and the second to third weeks of life.
Some systems show ontogenetic increases in the density or number of, for example, pand &
opioid receptors and NMDA glutamate receptors, while other systems exhibit a switch in
function, notably GABA receptors, k opioid receptors, and 5-hydroxytryptamine (5-HT,
serotonin) receptors (Herlenius and Lagercrantz, 2004; Spain et al., 1985). Among the
numerous neurotransmitter systems, the opioid and dopaminergic systems have been
repeatedly related to ethanol abuse and dependence. Shortly after birth p receptors are more
common than « or & receptors. The difference decreases during the first week of life, only to
reappear by PD14-15 (Spain et al., 1985). In regard to the dopamine system, the expression of
messenger RNA (mMRNA) for D1A and D2 receptors in the striatum of newborn rats is similar
to that seen in adults (Schambra et al, 1994). This is not the case for D4 mRNA, which is barely
appreciable at PD1, achieves a maximum at PD3, only to decline by day 28 (Nair and Mishra,
1995). Another important site of action of ethanol is the GABAg receptor. GABA function
exhibits a change from an excitatory role early in development to its more traditional role as
an inhibitory system, approximately by PD9 (Rivera et al., 1999). As mentioned, there is a
striking correlation between this developmental change in GABA function and acceptance of
ethanol (Sanders and Spear, 2007).

Although the methods for analyzing early brain development at morphological, cellular, and
molecular levels have been available for years (Sturrock et al., 1983; Sturrock, 1987; Spain et
al., 1985), behavioral assays for assessing the reinforcing effects of ethanol in infants have
been scarce and hampered by technical constraints. However, the present review indicates that
sensitive models for assessing the aversive, appetitive, and negative reinforcing effects of
ethanol in developing rats are now available and can be used to analyze potential
neurophysiologic determinants of ethanol-related problems. An unfortunate weakness of the
present review is that the information regarding the neurotransmitters that seem most relevant
for ethanol reinforcement is quite limited. We consider this review a first step in the search for
these underlying mechanisms. Still, the available information seems to indicate that the
appetitive effects of ethanol in preweanlings is critically mediated by the opioid system, as
shown in different learning preparations and age groups. Ethanol reinforcement in neonates,
as indexed by the surrogate nipple technique, was suppressed by systemic administration of
u and « opioid antagonists (Nizhnikov et al., 2006b). Moreover, pretreatment with a more
general antagonist (naloxone) suppressed the heightened ethanol consumption in rat pups given
non-reinforced ethanol exposure at PD7 (Arias and Chotro, 2006a). Analogous effects were
found later in ontogeny, with a general opioid antagonist blocking the expression of ethanol-
induced activation (Arias et al., 2009) and conditioned place preference by ethanol in 14-15
day old rats (Nizhnikov, Pautassi, Truxell, Spear, unpublished). CPP by ethanol in
preweanlings was also reduced or eliminated by drugs tailored to block p and « receptors
(CTOP and naltrindole, respectively; Nizhnikov, Pautassi, Truxell, Spear, unpublished). As
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mentioned, these appetitive properties of ethanol may be associated with the ascending limb
of the blood ethanol curve. Interestingly, Froehlich et al. (1991; 1994) linked the appetitive
properties of the drug during the onset of the intoxication to an ethanol-induced activation of
the endogenous opioid system. Hence, it is possible that opioid antagonists inhibit early ethanol
reinforcement through a disruption of ethanol's early stimulant effects. This hypothesis fits
well with previous human data indicating that naltrexone blocks the acute psychomotor
stimulant effects of alcohol during the rising limb of the intoxication (King etal., 1997; Peterson
etal., 1996).

Behavioral reactions to pre-absorptive characteristics of ethanol (e.g., taste, odor) have been
consistent across Pavlovian and operant conditions. Infants avoid tactile stimuli signaling i.o.
delivery of ethanol (Pautassi et al., 2008b). Operant responding for sucrose or milk is quite
robust in neonates and older infants, but contamination of these solutions with ethanol (even
at low concentrations; Ponce et al., 2006) sharply decreased responding (Dominguez et al.,
1993; Ponce et al., 2006). A negative association between ethanol concentration and amount
of operant responding was found even in procedures in which overall responding for ethanol
was robust (i.e., Bordner et al., 2008). Consistent with studies conducted in adults (Kiefer et
al., 2005), these findings suggest that i.0. ethanol administration has aversive chemosensory
consequences in infants. The latter statement does not contradict that infants may consume
substantial oral ethanol if presented under more appropriate, age-related testing circumstances,
which allow sharp increases in BAL over short periods. This observation is important
considering findings of substantial intake of ethanol between PD6 and PD12 when tested
through an independent feeding procedure (i.e., consumption-off-the-floor; Sanders and Spear,
2007).

Still unclear, however, are the critical factors promoting operant responding for oral ethanol
in infant rats (Bordner et al., 2008; Ponce et al., 2008). Some similarities between studies
include higher responding at lower ethanol concentrations and relatively simple response
requirements (e.g., FR1, absence of shaping procedures, no timeout between reinforcers).
Interestingly, in both studies, reliable ethanol-mediated responding was associated with
similarly low BALSs (20-50 mg %). This result does not appear to be simply a spurious
coincidence. These BALS are in the same range as those that mediate appetitive
pharmacological effects in neonates and infants when employing Pavlovian techniques. For
example, ethanol administration yielding BALSs as low as 25 mg % promoted appetitive
learning with the surrogate nipple technique (Nizhnikov et al., 2006b). Ethanol doses resulting
in BALs of 17-60 mg % devalued aversive conditioning mediated by an innate aversive tastant
(citric acid; Pautassi et al., 2006, 2007). Pharmacological consequences of low-dose ethanol
(0.5 g/kg, i.g., resulting in BALs of ~50 mg%) have also been reported in adolescent rats
(PD33). These animals exhibited conditioned preference for an ethanol-paired flavor
(Fernandez-Vidal et al., 2003). Therefore, a reasonable postulate is that during early
development the expression of the non-aversive effects of ethanol may be associated with
moderate to low levels of intoxication in the range of 15-70 mg %.

In summary, this review was inspired by the hypothesis that experimental methods and
evidence gathered during the past decade may allow characterization of rat infancy as a
developmental period of high sensitivity to not only the aversive motivational properties of
ethanol but also to the drug's positive reinforcing and negative reinforcing (anti-anxiety)
effects. The studies reviewed provide substantial support for this assertion and provide a
theoretical and methodological basis for researchers interested in analyzing the neurobiology
of conditioned reinforcement and ethanol intake.
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Figure 1.

Saccharin consumption scores expressed through percentage body weight gain (% BWG) as a
function of conditioning treatment (postnatal days 14-15, 2.5 g/kg ethanol or saline as
unconditioned stimulus paired with saccharin, conditioned stimulus) and testing conditions on
postnatal day 16 [standard intake test, sandpaper exposure immediately before test (SE), or
sandpaper concurrently presented with saccharin during the intake test (S)]. During
conditioning, sandpaper was presented during the rising limb of the blood ethanol curve (5-15
min postadministration). Vertical lines represent SEM. Adapted from: Pautassi, R.M., Godoy,
J.C., Spear, N.E., Molina, J.C., 2002. Early responsiveness to stimuli paired with different
stages within the state of alcohol intoxication. Alcohol. Clin. Exp. Res. 26, 644-654, Blackwell
Publishing. Used with permission from publisher.
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Figure 2.

Time spent on conditioned stimulus (lemon odor), as a function of paired (P) or unpaired
(control conditions) presentations of lemon odor and citric acid stimulation (aversive
conditioning) and time at test (min 1, 2, 3, 4, and 5). Animals subsequently experienced citric
acid after being administered with ethanol (0.25, 0.5, 1.25, or 2.5 g/kg) or with vehicle (0.0 g/
kg, devaluation phase). Vertical bars represent the standard error of the means. Adapted from:
Pautassi, R.M., Sanders, S., Miller, S., Spear, N., Molina, J.C., 2006. Early ethanol's anxiolytic
effects assessed through an unconditional stimulus revaluation procedure. Alcohol. Clin. Exp.
Res. 30, 448-459, Blackwell Publishing. Used with permission from publisher.
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Figure 3.

Upper panel: Neonatal responsiveness to an empty surrogate nipple (total time attached,
expressed in seconds) following exposure to the surrogate nipple providing water, milk, or 5%
ethanol. Vertical bars represent the standard error of the means (SEM). Adapted from:
Cheslock, S.J., Varlinskaya, E.I., Petrov, E.S., Silveri, M.M., Spear, L.P., Spear, N.E., 2001.
Ethanol as a reinforcer in the newborn's first suckling experience. Alcohol. Clin. Exp. Res. 25,
391-402, Blackwell Publishing. Used with permission from publisher. Lower panel: Time
attached (seconds) to an empty surrogate nipple in pups pre-exposed to the surrogate nipple
while experiencing the postaborptive effects of ethanol (0.125, 0.25, 0.5, or 0.75 g/kg, i.p).
Control pups (“After” condition) were given ethanol administration 5 min after nipple
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exposure. Vertical bars represent the standard error of the means (SEM). Adapted from: Petrov,
E.S., Varlinskaya, E.I., Spear, N.E., 2003. Reinforcement from pharmacological effects of
ethanol in newborn rats. Alcohol. Clin. Exp. Res. 27, 1583-1591. Blackwell Publishing. Used
with permission from publisher.
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Figure 4.

Time spent over sandpaper and a novel surface (seconds) as a function of intraoral water paired
with the early (5-20 min postadministration) or late (30-45 min postadministration)
postabsortive effects of ethanol (0.5 or 2.0 g/kg) and time at test (1-5 min). Unpaired control
groups were exposed to intraoral water and ethanol's effects, but in an explicitly unrelated
fashion. In this study, intraoral water was subsequently paired with sandpaper. Vertical bars
represent the standard error of the means (SEM). Adapted from: Molina, J.C., Pautassi, R.M.,
Truxell, E., Spear, N., 2007. Differential motivational properties of ethanol during early
ontogeny as a function of dose and postadministration time. Alcohol 41, 41-55, Elsevier. Used
with permission from publisher.
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Figure 5.

Upper panel: Mean number of target operant responses (sensor contacts) during training
(postnatal days 14-16, PD 14-16) and extinction (PD 17) sessions as a function of the
contingency between behavior and delivery of the reinforcer [target behavior either paired or
unpaired (yoked control) with reinforcer availability]. The vertical dashed line in the y-axis
indicates that PD16 was the last day that ethanol was delivered. Adapted from: Pautassi, R.M.,
Truxell, E., Molina, J.C., Spear, N.E., 2008. Motivational effects of intraorally-infused ethanol
in rat pups in an operant self-administration task. Physiol. Behav. 93, 118-129, Elsevier.
Middle panel: Mean number of target operant responses (sensor contacts) in neonates rats
during a 15-minute session as a function of the contingency between behavior and delivery of
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the reinforcer [target behavior either paired or unpaired (yoked control) with availability of
0.75, 1.5, or 3.0% v/v ethanol]. Adapted from: Bordner, K.A., Molina, J.C., Spear, N.E.,
2008. Analysis of ethanol reinforcement in 1-day-old rats: assessment through a brief and novel
operant procedure. Alcohol. Clin. Exp. Res. 32, 580-592, Blackwell Publishing. Lower
panel: Mean number of target operant responses (nose-pokes) during daily training sessions
(PD 14-17), as a function of the contingency between behavior and delivery of the reinforcer
[target behavior either paired or unpaired (yoked control) with availability of water or 3.75%
v/v ethanol]. Adapted from: Ponce, L.F., Pautassi, R.M., Spear, N.E., Molina J.C., 2008.
Ethanol-mediated operant learning in the infant rat leads to increased ethanol intake during
adolescence. Pharmacol. Biochem. Behav. 90, 640-650, Elsevier. In all figures vertical lines
represent standard errors of the mean. All figures used with permission from publisher.
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