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Ethanol, the main psychopharmacologically active ingredient of alcoholic drinks, 
represents a paradigmatic example of a research subject intrinsically able to 
perpetually self-generate interdisciplinary cutting-edge investigations.

This eBook was inspired by the aim of providing an up-to-date characterization of 
the diverse effects of ethanol, of the possible mechanisms of action on different 
intracellular systems as well as of the hypothesized actions of ethanol and/or its 
metabolites on various neurotransmitters and neuromodulators.

Indeed, the eBook provides a factual example of an excellent synthesis on the 
complex relationship between ethanol and its main biologically active metabolites 
(Chapter 1), on the behavioral and molecular consequences of early exposure to them 
(Chapter 2), on the recent proposals, advanced by the preclinical research, for new 
therapeutic approaches to distinct aspects of alcoholism (Chapter 3) and on the most 
recent and original preclinical evidence of the interactions between ethanol and/
or its metabolites and the dopaminergic, adenosinergic and endocannabinoidergic 
systems (Chapter 4).

Overall we believe that this eBook accomplishes its main goals of widening the 
perspective on this research subject and offering the readership a newer and, 
simultaneously, up-to-date and comprehensive scenery on ethanol’s and ethanol’s 
active metabolites neurophysiological and behavioral effects.
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Editorial on the Research Topic

Ethanol, Its Active Metabolites, and Their Mechanisms of Action: Neurophysiological and

Behavioral Effects

Over the last century the neurobiology of ethanol has come a long way since the original proposal
that the two main pharmacological effects, intoxication and sedation, could be explained by the
ability of ethanol to cause perturbation of neuronal membrane lipids (Meyer, 1901). This view,
although questioned on the basis of the advancement of knowledge on the effects of ethanol on
membrane proteins and intracellular kinases (Tabakoff and Hoffman, 2013), continued to be highly
considered up to the late’80s, whereby disruption of the order or increase of the fluidity of biological
membranes was still identified as a critical determinant for its biological and behavioral effects
(Kalant, 1975).

Current views on the neurobiology of ethanol have been based on preclinical studies conducted
in the last few decades. New approaches are based on processes ranging from identifying
ethanol-sensitive molecules to determining the role of such molecules in ethanol-mediated
physiological and behavioral changes (bottom-up), but also by establishing the correlation between
ethanol-dependent physiological and behavioral effects and the involvement of specific molecular
mechanisms (top-down). These views presently allow an in-depth distinction between direct (ion
channels, protein kinases) and indirect (intracellular signaling proteins, growth and transcription
factors) molecular targets (Abrahao et al., 2017). In addition, by virtue of its peripheral and central
metabolism, ethanol generates a number of biologically active molecules. This raises the need for
characterization of the relationship between ethanol, its metabolites (mainly acetaldehyde but also
acetate and salsolinol), and some of their central and peripheral effects. In this regard, acetaldehyde
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in particular has received a great deal of attention. After
the serendipitous observation made by Chevens (1953) that
patients under treatment with the aldehyde dehydrogenase
(ALDH) inhibitor antabuse experienced pleasurable effects
upon taking small amounts of ethanol, and the discovery of
catalase-mediated central metabolism of ethanol (Aragon and
Amit, 1985), it was recognized that acetaldehyde could be
significantly mediating ethanol’s stimulant effects on behavior.
These discoveries led to the recognition of acetaldehyde as a
pharmacologically neuroactive molecule (Correa et al., 2012).
Along the way there have been long discussions of controversial
issues such as the uncertainties surrounding central acetaldehyde
determination (discussed in the present topic by the review
of Enrico and Diana), and the ability of acetaldehyde to cross
the blood brain barrier. More recently, much attention has
focused on the differential role of acetaldehyde in acquiring and
maintaining voluntary ethanol intake (thoroughly discussed in
the contributions by Israel et al. and Peana et al.).

In view of the continued progress being made in research
on ethanol and its metabolites, we decided to host this
research topic 4 years after another successful research
topic “Neuroactive metabolites of ethanol: a behavioral and
neurochemical synopsis” (Correa et al., 2014). We reasoned that
widening the perspective beyond ethanol’s active metabolites
to ethanol’s neurophysiological and behavioral effects, as
well as proposed mechanisms of action, would result in
an up-to-date and integrated view of current research on the
neurophysiological and behavioral effects of ethanol and its active
metabolites.

The four review papers of this topic make a picture
of the state of the art of preclinical research on the role
of ethanol metabolites, ethanol intake, and ethanol-elicited
motivated behavior. Israel et al. discuss the recent evidence
gained using high-ethanol drinker rats of the UChB line,
pointing to the differential role played by acetaldehyde in
acquisition, maintenance, and relapse. In particular, whereas
acetaldehyde availability seems critical for the initial boost
(first hit) of ethanol self-administration (acquisition), and also
for relapse after long term withdrawal, this does not apply
to the maintenance phase since that is not prevented by
the interference with catalase-mediated central metabolism of
ethanol. A similar view is presented in the paper by Peana
et al. which also discusses the recent hypothesis that 4-
methylpyrazole may indirectly affect central as well as peripheral
metabolism of ethanol. In fact, mainly known for its ability to
inhibit alcohol dehydrogenase (ADH), 4-methylpyrazole may
also affect the availability of hydrogen peroxide to act as
a factor critical for catalase-mediated oxidation of ethanol.
In addition, the reviews by Israel et al., and Peana et al.
place a great emphasis on salsolinol as a bioactive molecule
that shares locomotor stimulant and motivational properties
with ethanol and acetaldehyde. In this regard, the paper by
Berrios-Carcamo et al. adding to the recent demonstration that
systemic administration of salsolinol exerts central effects such
as behavioral sensitization and conditioned place preference,
provides fresh and elegant biochemical (classical G protein-
adenylate cyclase pathway assessments), and molecular (docking

simulations using the crystal structure of the mouse µ

opioid receptor) evidence in support of the suggestion that
the central actions of salsolinol are mediated by µ opioid
receptors.

A distinct and original point of view in regards to the ethanol-
acetaldehyde relationship is provided by the contribution of
Brancato et al. Besides focusing on the acetaldehyde’s mirroring
effects of ethanol in the brain, these authors center the discussion
of their paper on the relevance of three critical players (a
“ménage à trois” on their words) worth of further investigations:
(1) the mesolimbic dopamine system, (2) the stress response
system, due to the acetaldehyde-mediated activation of the
hypothalamic-pituitary-adrenal (HPA) axis and increased CRH
and NPY expression, and (3) the endocannabinoid system,
due to the ability of CB1 genetic deletion and receptor
antagonists to prevent behavioral and neuroendocrine effects of
acetaldehyde.

In another review Virgolini et al. discuss the available
literature on the ability of the environmental contaminant
lead (Pb) to affect the motivational properties of ethanol.
This analysis, based on the observation that Pb may affect
catalase-mediated central ethanol metabolism as well as
ethanol intake, highlights that early exposure to Pb may
increase susceptibility to engage in abnormal ethanol taking
behaviors through an interference with its central metabolizing
enzymes.

Two contributions to this research topic focus on the
role that pre-natal exposure to acetaldehyde may have on
post-natal acceptance to ethanol as well as on respiratory
plasticity in newborns. Gaztañaga et al. report that acetaldehyde
acts as a reinforcer in the appetitive learning that occurs
upon ethanol exposure during the late gestational days. In
particular, this paper shows that pre-natal brain acetaldehyde
formation via catalase may be responsible for post-natal
acceptance of ethanol, evidence gained by studies involving
administration of ethanol and the acetaldehyde-sequestering
agent, D-penicillamine, to dams. Moreover, an evaluation of
the consequences of exposure of the immature brain to ethanol
and acetaldehyde in terms of subsequent self-administration
procedures is offered by the study from Acevedo et al.
demonstrating that early exposure to both compounds exerts
similar effects on respiratory plasticity and thermoregulatory
alterations of the neonates as well as on seeking behavior
of ethanol as a reinforcer in an operant task in neonate
rats.

The ability of previous exposure to ethanol or to
environmental enrichment in modulating ethanol consumption
in adulthood has been taken into account in the studies by
Carrara-Nascimento et al. and Berardo et al. In particular,
using a three-bottle choice paradigm to evaluate the escalation
into ethanol consumption in adulthood, Carrara-Nascimento
et al. showed that rats that received ethanol during adolescence
had greater intake of ethanol. Berardo et al. on the other
hand, analyzed, in male and female rats, the consequences
of early-life exposure to maternal separation (post-natal
days 1–21) and environmental enrichment (post-natal
days 21–42) on ethanol consumption and found that male
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but not female rats exposed to environmental enrichment
consume more ethanol during late adolescence in a two-
bottle intake procedure than controls, a result not affected by
previous experience of maternal separation. Moreover, since
heightened exploration of novel stimuli and greater risk-taking
behaviors were more evident in male rats exposed to enriched
environments, these authors postulate that such increases in
ethanol consumption could be due to the effects of exposure
to enriched environment upon exploratory and risk-taking
behaviors.

The suggestion of potential therapeutic approaches for
preventing relapse in alcoholism and abnormal ethanol taking
behaviors, which originated based on preclinical evidence,
has been dealt with in the contributions by Orrico et al.
for the suggestion of D-penicillamine, and by Rivera-Meza
et al. for the suggestion of the peroxisome proliferator-
activated receptor alpha (PPARα) agonist, fenofibrate. In
particular, Orrico et al. discuss recent evidence on the
effectiveness of the acetaldehyde sequestering agents in the
alcohol deprivation effect, a reliable operant rodent model of
relapse-like drinking behavior, which allowed a comparison
of the effectiveness of D-Penicillamine with other FDA
approved medications such as Acamprosate, Nalmefene
and Naltexone. However, based on the conflicting evidence
that D-penicillamine may or may not represent a valid
pharmacological approach against voluntary ethanol intake
in long-term experienced patients, the authors conclude that
their suggestion of D-penicillamine as a therapeutic agent
against relapse necessitates full clinical testing either alone and
in association with other FDA approved medications such as
nalmefene.

Using high drinkers UChB rats Rivera-Meza et al. extend
their own previous work on the ability of fenofibrate to
affect voluntary ethanol intake by a peripheral action linked
to increased liver catalase expression and, hence, to increased
peripheral acetaldehyde, to the possibility that fenofibrate may
also act by a centrally-mediated mechanism. To address this
point, the authors evaluated the ability of fenofibrate to affect
ethanol-elicited conditioned place preference and voluntary
ethanol or saccharine intake. The results of the study show
that fenofibrate prevents ethanol-elicited conditioned place
preference but also decreases ethanol and saccharin intake, thus
supporting the suggestion that its actions might be ascribed to
both peripherally- and centrally-mediated mechanisms, perhaps
linked to catalase overexpression in the liver but not in the
brain.

The contribution by Bassareo et al. provides original
evidence of the involvement of nucleus accumbens shell
and core dopamine transmission in response-contingent
10% ethanol self-administration under a FR1 schedule of
nose-poking, and compares this involvement with that of
20% sucrose and of 10% ethanol + 20% sucrose. The results
of this study reveal that active ethanol self-administration
similarly increases dopamine transmission in the shell
and core subdivisions, whereas under extinction trial this
is preferentially increased in the shell of the accumbens.
In contrast, under sucrose operant taking and extinction,

dopamine transmission increases selectively in the shell
overall demonstrating that the 10% ethanol self-administration
procedure, without the interference of moving the animals
from the home cage to the operant box, increases dopamine in
both accumbens subdivisions and that these play different
roles in sucrose as compared to ethanol reinforcement
stimuli.

Finally, two research papers address the point of how other
highly consumed drugs (nicotine and caffeine) can interfere
in ethanol’s actions. Coming from the perspective that tobacco
use presents a strong positive correlation with alcohol use,
the interesting research by Lárraga et al. investigates the
relationship between exposure to 10 days of nicotine, or
ethanol, or nicotine + ethanol intravenous self-administration,
age (adolescents or adults) and sex on ethanol intake in
adulthood determined using the two-bottle choice procedure.
The results of this longitudinal study indicate major age- and
sex-dependent differences whereby adolescent males that appear
more sensitive to the reinforcing effects of nicotine + ethanol
also result to have greater ethanol intake, suggesting that early
exposure to nicotine may determine greater vulnerability to
alcohol abuse. Authors conclude, in a translational perspective,
that this evidence provides strong support for the suggestion
to limit adolescent access to nicotine and tobacco products
(including e-cigarettes). The research by López-Cruz et al.
focuses on the possible impact that ethanol, caffeine and
their interaction may exert on motivation for social contact
(recognition and memory) as assessed in CD-1 mice in a
three-chambered box. Based on the observations that ethanol
affects social interaction in a biphasic manner without affecting
social preference, while caffeine reduces social contact and
blocks social preference, and that ethanol and caffeine have
opposite effects on adenosine system, this study tests the
hypothesis that a common mechanism of action, via the
adenosine system, may regulate these opposite actions. Results
showed that ethanol, at appropriate doses, could reverse the
caffeine-mediated reduction of social exploration. However,
given that selective antagonists of the adenosine A1 and
A2A receptor subtypes do not mimic the effects of caffeine,
the authors conclude, from a translational perspective, that
the usefulness of highly caffeinated drinks in counteracting
high doses of ethanol-induced impairments in social processes
is questionable.
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This review article addresses the biological factors that influence: (i) the acquisition
of alcohol intake; (ii) the maintenance of chronic alcohol intake; and (iii) alcohol
relapse-like drinking behavior in animals bred for their high-ethanol intake. Data from
several rat strains/lines strongly suggest that catalase-mediated brain oxidation of
ethanol into acetaldehyde is an absolute requirement (up 80%–95%) for rats to
display ethanol’s reinforcing effects and to initiate chronic ethanol intake. Acetaldehyde
binds non-enzymatically to dopamine forming salsolinol, a compound that is self-
administered. In UChB rats, salsolinol: (a) generates marked sensitization to the
motivational effects of ethanol; and (b) strongly promotes binge-like drinking. The
specificity of salsolinol actions is shown by the finding that only the R-salsolinol
enantiomer but not S-salsolinol accounted for the latter effects. Inhibition of brain
acetaldehyde synthesis does not influence the maintenance of chronic ethanol
intake. However, a prolonged ethanol withdrawal partly returns the requirement for
acetaldehyde synthesis/levels both on chronic ethanol intake and on alcohol relapse-like
drinking. Chronic ethanol intake, involving the action of lipopolysaccharide diffusing
from the gut, and likely oxygen radical generated upon catechol/salsolinol oxidation,
leads to oxidative stress and neuro-inflammation, known to potentiate each other. Data
show that the administration of N-acetyl cysteine (NAC) a strong antioxidant inhibits
chronic ethanol maintenance by 60%–70%, without inhibiting its initial intake. Intra-
cerebroventricular administration of mesenchymal stem cells (MSCs), known to release
anti-inflammatory cytokines, to elevate superoxide dismutase levels and to reverse
ethanol-induced hippocampal injury and cognitive deficits, also inhibited chronic ethanol
maintenance; further, relapse-like ethanol drinking was inhibited up to 85% for 40 days
following intracerebral stem cell administration. Thus: (i) ethanol must be metabolized
intracerebrally into acetaldehyde, and further into salsolinol, which appear responsible
for promoting the acquisition of the early reinforcing effects of ethanol; (ii) acetaldehyde is
not responsible for the maintenance of chronic ethanol intake, while other mechanisms
are indicated; (iii) the systemic administration of NAC, a strong antioxidant markedly
inhibits the maintenance of chronic ethanol intake; and (iv) the intra-cerebroventricular
administration of anti-inflammatory and antioxidant MSCs inhibit both the maintenance
of chronic ethanol intake and relapse-like drinking.

Keywords: ethanol, acetaldehyde, catalase, relapse, reinforcement (psychology), inflammation, stem cells,
reactive oxygen species
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INTRODUCTION

This review addresses the biological factors that influence: (i) the
acquisition of alcohol intake; (ii) the maintenance of chronic
alcohol intake; and (iii) alcohol relapse-like drinking behavior in
animals bred for their high-ethanol intake.

Two animal lines derived from the Wistar strain generated
60 years ago (see Mardones and Segovia-Riquelme, 1983;
Quintanilla et al., 2006) have been kept for over 90 generations
by selective and genetic breeding. These are: an Abstainer
rat (UChA) line and a high-ethanol drinker line referred to
as Bibulous rat (UChB). The mechanisms leading to alcohol
rejection in the virtually abstainer UChA line are mainly
related to polymorphisms in nuclear and mitochondrial genes
that lead to a slow metabolism of acetaldehyde and to high
blood acetaldehyde levels. These UChA studies have been
previously described (Sapag et al., 2003; Quintanilla et al.,
2005, 2006; Israel et al., 2013) and thus not covered in the
present review. Studies conducted in UChB rats are indicated in
the text.

Alcohol-Use Disorders: Genetic Aspects
Since alcoholism is 40%–60% genetically determined (Heath
et al., 1997; Li, 2000), animals bred to consume high amounts
of alcohol while on a constant environment might provide an
answer for an elusive single ‘‘alcoholism gene’’ or the lack thereof.
It took years for science to conclude that there is no single
gene that could promote a high ethanol intake. Such a view
could already be derived from crosses between inbred mice with
markedly different ethanol intakes: the second generation (F2)
of crosses between high-intake (C57BL) and low intake animals
(DBA) results in animals presenting the complete alcohol intake
phenotype spectrum spanning their original strains (Phillips
et al., 1994).

While in human and animals, analyses of hundreds of genes
and genome-wide studies indicate that several polymorphisms
or chromosomal markers correlate with alcohol intake and/or
alcohol use disorders, these polymorphisms/markers have only
minor effects in predicting alcohol-use disorders, compared to
the marked effect of the polymorphisms of genes coding for
alcohol and acetaldehyde metabolizing enzymes. The reader is
referred to a recent review in this area (Tawa et al., 2016).

ACQUISITION OF ETHANOL INTAKE

The Reinforcing Effect of Ethanol-Derived
Brain Acetaldehyde
A number of studies in laboratories in Spain, Chile and
Italy, using Sprague-Dawley, UChB or Wistar rats, respectively
(Tampier and Mardones, 1979; Aragon and Amit, 1992; Peana
et al., 2008) have indicated that acetaldehyde generated in
the brain by the action of catalase mediates the ethanol
reinforcing mechanism. Acetaldehyde generated by the hepatic
metabolism of ethanol and present in blood at levels within
10–50 µM, does not cross the blood brain barrier (Eriksson
et al., 1977; Lindros and Hillbom, 1979; Petersen and Tabakoff,
1979; Stowell et al., 1980). However, large doses of exogenous

acetaldehyde are able to overcome the blood brain barrier
limitation. It has been shown that a single intraperitoneal
injection of 50 mg acetaldehyde/kg, resulting in blood levels of
350–400 µM acetaldehyde, doubles voluntary ethanol intake in
UChB rats (Quintanilla and Tampier, 2003). Thus, a large dose of
acetaldehyde sensitizes ethanol reinforcement in UChB rats. This
sensitizing effect may be mediated by brain-generated salsolinol
formed by the condensation of acetaldehyde and dopamine
(vide infra).

Operant self-administration studies have shown that rats bred
as alcohol high-drinkers (Indiana University, P and HAD rats)
will bar-press to self-administer both ethanol and acetaldehyde
into the ventral tegmental area (VTA). Noteworthy, the levels of
acetaldehyde required for self-administration into the VTA are
three orders of magnitude lower for acetaldehyde, in the range
of 10 µM than those for ethanol, which are in the range of
10–20 mM (Rodd et al., 2005). These studies indicate that as a
reinforcing agent acetaldehyde is more potent than ethanol.

Studies on the mechanisms that generate brain acetaldehyde
in Wistar rats show that catalase is responsible for 70% of the
brain oxidation of ethanol into acetaldehyde (Zimatkin et al.,
2006). Acetaldehyde is rapidly converted into acetate, likely via
a low Km aldehyde dehydrogenase (ALDH). In the presence of
ethanol, acetate levels in brain homogenates are 7-fold greater
than those of acetaldehyde (Zimatkin et al., 2006). Studies by
Zimatkin et al. (2006) also suggest that 15% of brain acetaldehyde
is generated from CYP2E1 (Figure 1).

Two types of studies conducted in UChB rats strongly suggest
that the generation of acetaldehyde in the VTA is an absolute
requirement for the acquisition of alcohol reinforcement:

(a) Genetic inhibition of catalase synthesis. Figure 2A shows
that the intra VTA administration of a lentiviral vector
coding for an anticatalase shRNA blocked ethanol intake
by 95%. It is noted that ethanol administration to Sprague-
Dawley and UChB rats significantly increases dopamine
release in nucleus accumbens (Imperato and Di Chiara,
1986; Di Chiara and Imperato, 1988; Quintanilla et al.,
2007; Bustamante et al., 2008), while blocking the synthesis
of catalase by the injection of the lentiviral vector coding
for an shRNA anticatalase abolished the increases in

FIGURE 1 | Ethanol metabolism into acetaldehyde and acetate in the
brain (Scheme from data of Zimatkin et al., 2006).
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FIGURE 2 | Anticatalase-Lentiviral vector (A) or aldehyde
dehydrogenase-2 (ALDH2)-coding Lentiviral vector (B) injection into the
ventral tegmental area (VTA) of naïve UChB rats markedly reduces voluntary
ethanol intake. A liver alcohol dehydrogenase (ADH)-coding Lenti vector
injection (C) significantly increases ethanol intake in ethanol naïve rats. Arrow

(Continued)

FIGURE 2 | Continued
indicates the time of administration of either control-lentiviral vector,
anticatalase- (A), ALDH2-lentiviral vector (B) or ADH-lentiviral vector
(n = 5 rats per group). UChB rats significantly (p < 0.001) reduced their
alcohol intake (10% v/v) when injected into the VTA with a lentiviral vector
coding for: (i) a shRNA against catalase (anticatalase-Lenti) (A); or
(ii) ALDH2-coding Lentiviral vector (B), compared to animals injected with an
empty lentiviral vector (control-Lenti). Rats significantly (p < 0.01) increased
their alcohol l (5% v/v) intake when injected with a lentiviral vector coding liver
ADH (C) (Panel A,C were adapted from Karahanian et al., 2011 and Panel B
was adapted from Karahanian et al., 2015).

dopamine release induced by ethanol administration. Such
an effect, studied in the UChB rat, was specific for
ethanol, since dopamine release induced by amphetamine
or KCl depolarization was not changed by the intra VTA
administration of the shRNA anticatalase coding lentiviral
vector (Karahanian et al., 2011)

(b) Transducing a gene encoding an enzyme that degrades
acetaldehyde. The administration to naïve UChB rats of a
lentiviral vector coding for the wildtype high affinity Aldh2,
aimed at increasing the VTA ability to degrade acetaldehyde
resulted in an 85% inhibition of ethanol (10% v/v) intake
(Karahanian et al., 2015; Figure 2B).

In addition to the above, transducing into the VTA a gene
coding for liver alcohol dehydrogenase (ADH), an enzyme that
generates acetaldehyde, increased 2–4 fold the reinforcing effect
of 5% ethanol (Karahanian et al., 2011; Figure 2C).

The above studies would preclude other brain systems in the
acquisition (development) of ethanol reinforcement in rats.

Systemic Acetaldehyde Can be Both
Aversive and Reinforcing
Systemic acetaldehyde generated endogenously at levels that do
not cross the endothelial cell layer of the blood brain barrier
is aversive (e.g the acetaldehyde protection against alcoholism
of East Asians carrying the ALDH2∗2 genotype). However high
systemic concentrations of acetaldehyde prior reached when
acetaldehyde itself is orally consumed or it is administered
intraperitoneally which can cross the blood brain barrier and
are reinforcing, as shown by Peana et al. (2010, 2011) in a
nose-poking for oral acetaldehyde in an operant model in Wistar
rats. Although blood acetaldehyde levels were not reported, these
studies further support the reinforcing-motivational role of brain
acetaldehyde and are in line with studies of Diana and associates
(Foddai et al., 2004) who postulated a preferential reinforcing
effect of systemic acetaldehyde over its aversive effects. In
UChB rats, Quintanilla and Tampier (2003) showed that the
injection of a large dose of acetaldehyde results in conditioned
place preference (CPP). Early studies by Brown et al. (1980)
demonstrated that infusion of acetaldehyde directly into the left
lateral ventricle of the brain of Wistar rats leads to increases in
ethanol intake. In this case the peripheral aversive effects are
expected to be minimal.

These findings, together with microdialysis studies (Melis
et al., 2007; Deehan et al., 2013a,b) show that local administration
of acetaldehyde into the posterior VTA leads to increases in
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dopamine release in nucleus accumbens further suggesting that
the reinforcing effect of acetaldehyde is mediated by activation
of dopaminergic neurons. Thus, the effect of acetaldehyde on
dopamine release mimics the effects of many drugs of abuse (Di
Chiara and Imperato, 1988).

Overall, literature studies support the view that brain
acetaldehyde is reinforcing. The possibility that acetaldehyde
may be converted into another reinforcing substance is
subsequently discussed.

The Reinforcing Effect of Salsolinol:
An Acetaldehyde-Derived Product
Ethanol-derived acetaldehyde condenses non-enzymatically with
brain dopamine to generate racemic (R/S)-salsolinol (R/S-
SAL; Figure 3). Rodd et al. (2008) and Deehan et al.
(2013b) have shown that (R/S)-SAL at concentrations of
0.03–0.3 µM is self-administered intra VTA by Wistar rats.
These concentrations of (R/S)-SAL are one to two orders
of magnitude lower than the concentrations required for
acetaldehyde self-administration in the same brain area.

Microinjections of (R/S)-SAL into the VTA of Wistar rats
also result in an increased release of dopamine in the nucleus
accumbens (Deehan et al., 2013a,b). Rommelspacher et al. (1995)
showed that SAL was increased in the blood of alcoholics.
Animal studies have shown that chronic ethanol administration
to Sprague-Dawley and to high alcohol drinker (HAD) rats
results in a significant increase of SAL levels in dopamine-rich
areas of the brain (Sjöquist et al., 1982; Matsubara et al., 1987;
Rojkovicova et al., 2008).

Several questions arise in relation to the action of SAL:
(i) is endogenous dopamine required to generate SAL? (ii)
does the chronic administration of (R/S)-SAL generate a
sensitized state similar to that generated by chronic ethanol
intake, which augments ethanol reinforcement? (iii) does (R/S)-
SAL administration to naïve rats induce ethanol motivational
effects? (iv) is there an enantiomer specificity distinguishing the
effects of R-salsolinol vs. S-salsolinol; and (v) does (R/S)-SAL

FIGURE 3 | Condensation of dopamine and acetaldehyde yielding
salsolinol. Schematic representation of the spontaneous condensation of
acetaldehyde with dopamine, yielding salsolinol (adapted from King et al.,
1974; Bates et al., 1986).

administration result in locomotor sensitization, as it happens
after chronic ethanol administration?

As will be discussed below; the answer to all these questions is
‘‘yes’’:

(i) In vitro studies by Melis et al. (2015) showed that inhibition
of dopamine synthesis by α-methyl-p-tyrosine, a tyrosine
hydroxylase inhibitor, fully abolishes the ability of ethanol
and acetaldehyde to activate VTA dopaminergic neurons, an
effect that was specific for ethanol and acetaldehyde (as SAL
precursors) but was not seen for pre-formed SAL.

(ii) Intra-cerebroventricular (Figure 4A) or systemic
administration of (R/S)-SAL (Figure 4B) to ethanol

FIGURE 4 | Prior salsolinol administration increases voluntary ethanol
intake in UChB rats. (A) UChB rats (n = 5) pretreated with salsolinol into the
VTA (30.0 pmol/0.2 µl; days 1, 3, 8, 12; arrows) increased ethanol intake
(60 min/day) during seven consecutive days (stippled bars), vs. rats pretreated
with artificial cerebrospinal fluid (aCSF; n = 5) into the VTA (0.2 µl; days 1, 3, 8,
12; arrows; white bars). (B) UChB rats (n = 5) pretreated with systemic
salsolinol (10 mg/kg, i.p.; days 1, 3, 8, 12; arrows) increased ethanol intake
(60 min/day) during seven consecutive days (striped bars), vs. UChB rats
(n = 5) pretreated with saline (7 ml/kg, i.p.; days 1, 3, 8, 12; arrows; white
bars) (Data from Quintanilla et al., 2014). Symbol ∗ means significant difference
from aCSF control rats p < 0.001 (Two way ANOVA).
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naïve UChB rats induces major increases in voluntary
ethanol intake (Quintanilla et al., 2014). This effect was
also observed by Myers and Melchior (1977) in Sprague-
Dawley rats. Noteworthy, the high ethanol intakes are of
the same order as those ingested by rats that had consumed
ethanol for several weeks and were exposed to the ethanol
deprivation condition followed by ethanol re-access (vide
infra).

(iii) Studies by Quintanilla et al. (2016a), in UChB rats showed
that the intra-cerebroventricular or systemic administration
of (R/S)-SAL increased the motivational effects of ethanol as
shown by the place preference technique (Figure 5), in line
with studies by Matsuzawa et al. (2000) in Sprague-Dawley
rats and by Hipólito et al. (2011) in Wistar rats.

FIGURE 5 | Salsolinol, injected intracerebrally or systemically,
produced conditioned place preference (CPP) in UChB rats. Salsolinol
or vehicle was administered either (A) intra-VTA (30 pmol/left VTA) or
(B) intraperitoneally (10 mg/kg, i.p.) in UChB rats (n = 28). Data are
means ± SEM and represent the time spent in the salsolinol-paired
compartment (seconds; means ± SEM, n = 7 for each group; ordinate) during
the pre- (white columns) and postconditioning (gray columns) phases. Asterisk
represents significant difference in time spent by the salsolinol group on the
salsolinol-paired side in the postconditioning phase vs. the preconditioning
phase and vs. the vehicle group: ∗p < 0.001 (two-way ANOVA) (Data from
Quintanilla et al., 2014).

(iv) Intracerebral administration studies in UChB rats showed
that the ethanol motivational and intake sensitization effects
of (R/S)-SAL is also seen with R-SAL while the S-SAL
enantiomer is inactive (Figure 6; Quintanilla et al., 2016a).
Although the pharmacological mechanisms responsible for
the action of (R/S)-SAL remain unclear, the specific effect
of the R-enantiomer in inducing the motivational effects
of ethanol, suggests that in vivo the chirality of the C-1
center of (R/S)-SAL plays an important role in changing its
affinity for transporters or receptors associated with ethanol
intake.

(v) The administration of (R/S)-SAL to Wistar or UChB rats
induced a sensitization to its locomotor effects (Hipólito
et al., 2010; Quintanilla et al., 2014).

In addition to the above, the findings that microinjections of
salsolinol into the posterior VTA increase dopamine release in
nucleus accumbens (Hipólito et al., 2011; Deehan et al., 2013a)
suggest that the reinforcing effect of salsolinol is mediated by the
activation of dopaminergic neurons.

Overall, the above studies suggest that brain SAL mediates the
effect of ethanol-derived acetaldehyde to motivate the acquisition
of ethanol consumption. Further, these studies are also in line
with the work of Rodd and associates (Rodd et al., 2008; Deehan
et al., 2013b) who showed that rats will self-administer (R/S)-SAL
into the posterior VTA at concentrations that are below those
required for acetaldehyde self-administration.

MAINTENANCE OF CHRONIC ETHANOL
INTAKE

Ethanol-Derived Acetaldehyde Is no
Longer Required to Maintain Chronic
Alcohol Intake
Studies by Quintanilla et al. (2012) and Karahanian et al. (2015)
have shown that after the UChB rats have reached a steady
state of chronic ethanol intake, the administration into the
VTA of either a lentiviral vector coding for an anti-catalase
shRNA (Figure 7A) or coding for the high affinity Aldh2 do
not influence voluntary ethanol intake (Figure 7B). It is noted
that the unabated ethanol intake seen in these studies after the
transduction of genes aimed at lowering acetaldehyde levels is
not due to negative reinforcement since addition of quinine
(bitter taste) to the ethanol solutions fully inhibits ethanol intake
(Quintanilla et al., 2012).

The failure of the anticatalase or ALDH2 coding lentiviral
vectors to reduce ethanol intake in rats that had consumed
alcohol for 2 months suggests that following chronic alcohol
consumption other signaling pathways might be recruited.
Chronic consumption of drugs of abuse induces changes at the
molecular, cellular and neurocircuitry levels that mediate the
transition from occasional, controlled substance use to loss of
control in drug intake and chronic addiction (Koob and Le Moal,
2008). Although chronic drug consumption induces changes in
several neurotransmitter systems, including dopamine, GABA,
cannabinoids and opioid systems (see Fattore and Diana, 2016),
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FIGURE 6 | Prior repeated administration of (R)-SAL, but not of (S)-SAL, increases voluntary ethanol intake in ethanol-naïve UChB rats. UChB rats
(n = 5 rats per group) were pretreated intra-VTA with (R)-SAL (black columns), (S)-SAL (gray columns) or control aCSF (white columns) on days 1, 3, 5 and 13
(arrows); then (from day 14) animals were exposed to ethanol for 1 h/day. Asterisk symbol (∗P < 0.05) indicates that the ethanol intake is significantly higher than that
of the control (aCSF) group of the same day. Single plus (+ cross-like) sign indicates that the ethanol intake of (S)-SAL treated animals is significantly different lower
(p < 0.001) than that of the (R)-SAL group on the same day (Data from Quintanilla et al., 2016a).

without implying a lesser role for other neurotransmitter
systems, we mainly focus our review on glutamate transmission
since: (i) many addictive drugs lead to an increased glutamatergic
signaling (Wolf et al., 2003; Koob and Volkow, 2010); which
(ii) drive the enhanced motivation to obtain several drugs,
including cocaine (Kalivas and McFarland, 2003; Pickens et al.,
2011) and, now also ethanol (Sari et al., 2013; Das et al., 2015);
and (iii) can be modified by the administration of drugs that
normalize the glutamate homeostasis (vide infra).

The Hyperglutamatergic Hypothesis
Mechanisms that lead subjects to maintain drug intake involve:
(a) learned cues (see Volkow et al., 2002; Hyman et al.,
2006; Berridge et al., 2009); for ethanol likely its odor (see
Bragulat et al., 2008); and (b) an increased glutamatergic tone
(see Reissner and Kalivas, 2010). An increased glutamatergic
tone has been shown in Sprague-Dawley rats to be associated
with the maintenance of chronic ethanol intake, as well as
with the relapse of several drugs of abuse (Weiland et al.,
2015). Alcohol preferring rats (P strain) on a chronic ethanol
intake schedule show marked increases in extracellular glutamate
in nucleus accumbens (Ding et al., 2012), resulting from
a reduction in the levels of the Na+-glutamate (exchange)
transporter (GLT1) in astrocytes of tripartite glutamatergic
synapses. Sari et al. (2013) studied the maintenance of chronic
ethanol intake in P rats. In these studies, the administration of
ceftriaxone, a drug that increases the levels of GLT1, resulted
in a 60%–70% reduction in chronic ethanol intake. Das et al.
(2015) confirmed an elevation of extracellular glutamate in
nucleus accumbens of P rats exposed to ethanol chronically,

and showed that ceftriaxone markedly inhibited chronic ethanol
intake.

Studies in Sprague-Dawley rats show that extracellular
glutamate levels are regulated not only by the astrocyte Na+
gradient-dependent GLT1 transporter but also by the astrocyte
exchange of cystine for glutamate via the cystine/glutamate
exchanger (Herrera-Marschitz et al., 1996; Baker et al., 2003).
Scofield and Kalivas (2014) demonstrated that a number of drugs
of abuse reduce the levels of the GLT1 transporter and increase
the extracellular levels of glutamate. In rodents, operant cocaine
self-administration reduces both the nucleus accumbens cystine-
glutamate exchange and glutamate transport by the GLT-1
transporter. Most importantly, administration of the antioxidant
drug N-acetyl cysteine (NAC) normalizes these two processes.
Reissner et al. (2015) concluded that restoring GLT-1, not the
cystine-glutamate exchange, is the key mechanism whereby daily
NAC reduces the hyperglutamatergic state.

The Administration of N-Acetyl Cysteine
in Drug Dependence and Motivation
A number of studies have shown that NAC reduces relapse (or
reduces CPP) of many addictive drugs including: (i) cocaine
(Madayag et al., 2007; Moussawi et al., 2009; Reichel et al.,
2011; Kupchik et al., 2012; Reissner et al., 2015); (ii) nicotine
(Ramirez-Niño et al., 2013; Bowers et al., 2016; Moro et al.,
2016); (iii) heroin (Zhou and Kalivas, 2008); and now (iv) ethanol
(Quintanilla et al., 2016b).

Most of the above studies were conducted in rodents, while
only one clinical study has reported the effect of NAC on a
drug use disorder (LaRowe et al., 2013). These investigators
indicated that their studies failed to demonstrate that NAC
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FIGURE 7 | Injection of an shRNA anti-catalase (A) or ALDH2 coding
vector (B) into the VTA did not reduce alcohol (10%) intake in UChB rats that
had chronically ingested ethanol. Arrow indicates the time of administration in
(A) control-lentiviral vector (-�-) or anticatalase-lentiviral vector (-N-) and in
(B) the control-lentiviral vector (-�-) or the ALDH2-coding vector (-4-). The
number of animals was 8 or 10 rats/group. Neither the anticatalase, the
ALDH2-coding vector nor the control vector modified the voluntary ethanol
intake of the animals that had already been under free choice ethanol
consumption for 60 days (Panel A was adapted from Quintanilla et al., 2012
and Panel B was adapted from Karahanian et al., 2015).

reduced cocaine use in cocaine-dependent individual actively
self-administering the drug. However, they also report that NAC
prevented the return to cocaine use (relapse) in individuals who
had already achieved abstinence from cocaine. In the latter,
NAC administration reduced cocaine relapse by 90% (LaRowe
et al., 2013; Figure 2). Despite the promising studies showing
an inhibition of cocaine relapse in animals, these studies in
abstinent cocaine users will require confirmation before their
clinical application.

A possible explanation for the effect of NAC in preventing
cocaine relapse only in detoxified patients may relate to the dual
effect of cocaine in generating oxygen radicals (ROS) in the
brain: (i) cocaine inhibits both the dopamine transporter and the
norepinephrine transporter (Dohi et al., 2002), thus increasing
the exposure of both extracellular dopamine and norepinephrine
to a physiological pH, which leads to the autooxidation

of catecholamines, generating one-electron oxidant semi-
quinones; and (ii) both neurotransmitters are deaminated by
monoamine oxidases generating hydrogen peroxide (Kopin,
1994). Thus, NAC is expected to be considerably less active
when cocaine continues to be self-administered, while most
active in a condition where only the remaining cocaine-
induced ROS self-potentiating effects promote drug relapse.
Amphetamine-like drugs have similar properties as cocaine in
generation of ROS as amphetamines release not only dopamine
but also norepinephrine (Rothman et al., 2001). McClure et al.
(2014) suggest that NAC may prove to be an ideal relapse
prevention aid when given after periods of abstinence or
when combined with other forms of pharmacological and/or
behavioral treatments to promote abstinence.

Despite the above, NAC markedly inhibited the chronic
intake of ethanol of rats (vide infra). Animals were
chronically self-administering alcohol; thus not in an abstinent
condition (Quintanilla et al., 2016b), suggesting that the
ROS/neuroinflammation generated by chronic ethanol intake
is less intense than that generated by drugs that increase the
extracellular levels of both dopamine and norepinephrine. We
are not aware of clinical studies aimed at testing the effect
of NAC as a treatment of alcoholism, whether prior or after
abstinence. However, a recent clinical study showed that when
successful, NAC treatment of marihuana users also reduced their
alcohol use (Squeglia et al., 2016).

As shown by Quintanilla et al. (2016b) the daily
administration of NAC, although not inhibiting the acquisition
of chronic ethanol intake (Figure 8A), was a strong inhibitor
(70%–75% reduction) of ethanol intake maintenance
(Figure 8B). These results are in line with the findings of
Doyle et al. (2014) indicating that glutamatergic signaling in
the nucleus accumbens of Sprague-Dawley rats, although not
essential for modifying initial cocaine use in non-addicted stages,
becomes critical for post withdrawal relapse after the addiction
has developed.

Oxidative Stress and Neuroinflammation:
A General Role in the Addiction Process
Several studies indicate that oxidative stress is a relevant
mechanism contributing to neural cytotoxicity and behavioral
changes associated with drug addiction (see Cunha-Oliveira
et al., 2013). Oxidative stress in the nervous system has been
found upon in vivo exposure to amphetamine or amphetamine
derivatives (Frey et al., 2006; Jung et al., 2010) and heroin
(Qiusheng et al., 2005; Xu et al., 2006). Withdrawal from cocaine
or heroin also induces oxidative stress in rodent’s brain (Cemek
et al., 2011; Pomierny-Chamiolo et al., 2013). The effect NAC
in both normalizing glutamate levels and reducing drug relapse
(Reissner et al., 2015) likely results from its high antioxidant
activity. N-acetylcysteine is also used to treat an acetaminophen
overdose due to its high antioxidant activity, being a precursor of
cysteine and glutathione (Lucyk et al., 2016).

A number of studies in Wistar and Sprague-Dawley rats
have shown that chronic ethanol administration leads to both
oxidative stress and neuroinflammation (reviewed by Crews
et al., 2015; Crews and Vetreno, 2016). Noteworthy, oxidative
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FIGURE 8 | Chronic N-acetyl cysteine (NAC) administration (30 or
60 mg/kg, i.p.) administered during the acquisition of alcohol
consumption did not reduce ethanol intake (A), but given during the
chronic ethanol maintenance phase markedly reduced ethanol intake (B) in
UChB rats. Three groups of rats (n = 5 rats per group) under continuous
access to 10% ethanol and water were treated with either saline (black
square), 30 mg/kg NAC i.p. (black triangles), or 60 mg/kg N AC i.p (black
circles) from day 5–18 (acquisition phase) of ethanol intake (A). Different
groups of rats under continuous access to 10% ethanol and water rats
(n = 5 rats per group) were treated with either saline (black square), 30 mg/kg
NAC (black triangles), or 60 mg/kg NAC (black circles) from day 65 to day 78
(maintenance phase) of ethanol intake (B). Data are means ± SEM of daily
ethanol intake. Asterisk symbol ∗p < 0.05, indicates that the ethanol intake is
significantly lower than that of the saline control group of the same day. (§)
Symbol p < 0.001, indicates that the ethanol intake of NAC 60 mg/kg group
is lower than that of NAC 30 mg/kg group (Data from Quintanilla et al., 2016b).

stress and neuroinflammation potentiate each other via the
oxidation of IκB with activation of NFκB and the generation
of inflammatory cytokines; the latter in turn generate oxygen
radicals via mitochondrial uncoupling (Kastl et al., 2014).
Montesinos et al. (2016) reviewed the direct relationship between
neuroinflammation and brain injury. In alcoholics, a marked
hippocampal cell loss and injury has been shown (Sullivan
et al., 1995). Long Evans rats that consume alcohol for several
months in nutritionally adequate liquid diets also display
marked hippocampal damage (Walker et al., 1980). Studies in
C57/BL mice have shown that chronic alcohol intake increases

brain TLR4 and NF-κB, both involved in the generation of
inflammatory cytokines (Alfonso-Loeches et al., 2010).

In a most relevant study causally linking neuroinflammation
to an increased ethanol intake, Blednov et al. (2011) showed
long-lasting increases in ethanol intake in C57/BL mice
following the administration of a single dose of bacterial
lipopolysaccharide, a well know neuroinflammatory agent,
thus increasing the reinforcing effect of ethanol. Ethanol
intake, via gut-generated acetaldehyde, induces the entrance
of intestinal lipopolysaccharide into the blood (Ferrier et al.,
2006), which via TNF-α generates neuroinflammation (see
Crews et al., 2015). Additionally, in the brain itself a
pro-oxidant and pro-inflammatory agent generated from ethanol
is salsolinol; an oxygen radical-generating agent when oxidized
into semi-quinones by metals ions present in biological
systems (Jung and Surh, 2001). Thus, oxygen radicals and
lipopolysaccharide potentiate each other in generating a
neuroinflammation.

An additional link between neuroinflammation and an
increased glutamatergic signal has been recently reported
(David et al., 2016). The authors demonstrated a significant
reduction in the primary astrocytic glutamate transporter, GLT-1
and increases in extracellular glutamate levels induced by
neuroinflammation following an infection due to toxoplasma
administration to mice. Thus, these studies further support the
sequence oxidative stress/neuroinflammation—low glutamate
transporter—hyperglutamatergic state.

Overall, the studies reviewed indicate that different
mechanisms are responsible for the acquisition of ethanol intake
and for its chronic maintenance. A number of studies strongly
support the view that chronic ethanol intake is maintained
by mechanisms known to increase the extracellular levels of
brain glutamate, likely in nucleus accumbens. The inhibition of
chronic ethanol intake by NAC, a strong antioxidant, further
suggests that the reactive oxygen species/neuroinflammation
system plays a role in chronic ethanol maintenance. The
reactive oxygen radical species and inflammatory cytokines (e.g.,
TNF-alpha) are known to potentiate each other.

RELAPSE-LIKE ALCOHOL INTAKE

Following Ethanol Deprivation, Ethanol
Intake Upon Re-Access Is Again
Dependent on Brain Acetaldehyde
In UChB rats ingesting ethanol chronically for 2-months, a
4-week ethanol deprivation leads to a partial recovery of the
inhibitory effect of the anti-catalase vector on ethanol intake
(Figure 9; Quintanilla et al., 2012). The fact that the effect on 24-h
ethanol intake is not seen immediately after ethanol re-access
may relate to the marked intake in the first few hours following
the alcohol deprivation and re-access, in line with studies of
Hölter and Spanagel (1999); Rodd et al. (2009) and Vengeliene
et al. (2014) for Wistar and HAD rats.

The relapse-like drinking also known as the ‘‘alcohol
deprivation effect’’ (ADE) is a condition in which animals
subjected to chronic ethanol intake followed by a long
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FIGURE 9 | A period of alcohol deprivation is required to reduce
voluntary alcohol intake following the anticatalase-lentiviral vector
administration into the VTA in UChB rats. UChB rats (n = 10 rats per
group) allowed to access 10% ethanol and water on a 24-h basis for
2 months did not change their voluntary alcohol intake when these were
subsequently injected into the VTA with a single dose of a lentiviral vector
coding for an shRNA against catalase (anticatalase-Lenti), but significantly
(ANOVA; F(1,33) = 111.54, p < 0.001) reduced (50%) their alcohol intake
following 4 weeks of alcohol deprivation when compared to the ethanol intake
of animals (n = 10) that received a control lentiviral vector (control-Lenti). After
the alcohol deprivation period, the animals were returned to a free access of
10% ethanol and water on a 24-h basis (Data from Quintanilla et al., 2012).

deprivation, consume intoxicating amounts of ethanol in as little
as 60-min upon ethanol re-access. The ADE paradigm in animals
has good predictive value in representing relapse-like drinking
in humans as it is inhibited by three medications used clinically
to reduce ethanol intake, namely: naltrexone, nalmefene and
acamprosate-Ca (Spanagel and Zieglgänsberger, 1997; Orrico
et al., 2014; Spanagel et al., 2014), indicating that several
neurotransmitter systems- including a hyperglutamatergic tone
and importantly the opiate system also mediate ADE. As will
be discussed below, acetaldehyde also plays a role in relapse-like
ADE drinking.

In the ADE model in UChB rats, chronic ethanol intake for
1–3 months is interrupted by an alcohol deprivation of 7–15 days
before animals are allowed ethanol re-access. Upon ethanol
re-access, animals consume intoxicating amounts of ethanol of
the order of 2–2.5 g ethanol/kg/in the first 60 min of re-access
(Tampier et al., 2013; Karahanian et al., 2015). In the UChB
model, ethanol intake studies in the ADE condition were aimed
at dissociating ADE ethanol intake from the ethanol ‘‘drinking-
in-the-dark’’ condition, where high ethanol intakes are observed
primarily if water is not offered (Thiele et al., 2014). Since,
as shown in Wistar and P rats, the endogenous opiate tone
is increased upon food intake (Jalowiec et al., 1981) which is
per se involved in ethanol intake (Froehlich et al., 1990), the
studies in UChB rats were conducted at 1–2 PM (on a 7 AM to
7 PM normal light cycle). Animals rapidly and almost exclusively
approach the alcohol solution bottles and not the water bottles,
consuming minimal amounts of water upon re-access. A large
ADE-induced intake is observed mainly during the initial hour of

ethanol re-access (Tampier et al., 2013; Karahanian et al., 2015),
in line with studies of Hölter and Spanagel (1999) and Rodd
et al. (2009) for HAD and Wistar rats, respectively. The latter
authors have demonstrated that on ethanol re-access in the ADE
condition, animals are willing to work for alcohol to a greater
extent (e.g., to a higher bar-pressing breakpoint), suggesting a
more rewarding effect of ethanol in such condition (Hölter et al.,
1998). An additional characteristic of the ADE mechanism is
‘‘kindling-like’’ effect that increases the post ADE ethanol intake
following several periods of ethanol deprivation and ethanol
reinstatement (Hölter and Spanagel, 1999; Rodd et al., 2009), a
characteristic also observed in UChB rats (Tampier et al., 2013;
Karahanian et al., 2015; Figures 10A,B). Figures 10A,B further
show that the deprivation period partly allows the recovery of
the inhibitory effect on ethanol intake exerted by the intra-VTA
administration of a lentiviral vector coding for an anticatalase
shRNA or an ALDH enzyme (Tampier et al., 2013; Karahanian
et al., 2015). These findings are in line with the observations of
Muggironi et al. (2013) and Orrico et al. (2013) who showed
that administration of penicillamine, an acetaldehyde trapping
agent, partly inhibited the relapse-like alcohol intake in Wistar
rats. Vengeliene et al. (2005) showed in Wistar rats that the i.p.
administration of ethanol prior to oral re-access (which per se
generates acetaldehyde before oral ethanol intake occurs) partly
reduced ADE ethanol intake upon re-access.

Overall, studies show that in animals that have consumed
ethanol chronically and are subjected to a protracted abstinence
followed by ethanol re-access, brain-derived acetaldehyde plays a
significant role in the relapse-like drinking. Noteworthy, relapse
drinking is a characteristic of alcoholism in humans.

Maintenance and Relapse-Like Alcohol
Drinking: Stem Cells Administration
As indicated above, neuroinflammation leads to cognitive
dysfunction and increases chronic alcohol intake (Blednov
et al., 2011; Crews and Vetreno, 2016; Montesinos et al.,
2016). These studies suggest that reducing neuro-inflammation
could reduce both chronic ethanol intake (maintenance) and
possibly relapse-like drinking. Developments in the stem cell
field have shown that most tissues contain mesenchymal stem
cells (MSCs; Prockop et al., 2010), known to be activated by
inflammatory mediators (e.g., TNFα) in damaged areas, leading
to the generation of anti-inflammatory cytokines including IL-10
(Lee et al., 2016) and a soluble TNFα receptor, which neutralizes
TNFα (Yagi et al., 2010). MSCs can be isolated and expanded
from a number of tissues, such as bone marrow and adipose
tissue (Contador et al., 2015; Ezquer et al., 2016).

Yang et al. (2015) showed that hippocampal apoptosis
and neurocognitive impairments generated by chronic ethanol
administration in Sprague-Dawley rats could be reversed by the
infusion of mesenchymal bone marrow stem cells. The study
indicated that increases in hippocampal superoxide dismutase
(which lowers oxidative stress and likely neuroinflammation) as
well as increases in neural growth factor were associated with the
reversal of apoptosis and cognitive deficits.

Recent work in UChB rats (Israel et al., 2017) tested whether
MSCs from bone marrow or adipose tissue of ethanol-naïve rats
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FIGURE 10 | A single VTA area injection of a shRNA
anticatalase-coding lentiviral vector (A) or an ALDH2-coding lentiviral
vector (B) inhibit first-hour ethanol (EtOH) relapse-like ethanol intake after the
first and second and third deprivation periods. Baseline data correspond to
the average of EtOH intake restricted to only 1 h a day, for 7 days immediately
prior to alcohol deprivation before intra-VTA injections (A,B) by UChB rats.
Control-Lenti or Anticatalase-Lentiviral vector (n = 5 rats per group) were
injected during the first day of deprivation (A). Control-Lenti or
ALDH2-lentiviral vector (n = 5 rats per group) were injected during the first day
of deprivation (B). The -/ /- symbol in the x-axis represents the 15-day
deprivation period. The first, second and third re-exposure consumptions
were ∗symbol, means significant different from control-Lenti p < 0.001; and
†symbol, means significant different from its own baseline value p < 0.01
(Panel A was adapted from Tampier et al., 2013 and Panel B, was adapted
from Karahanian et al., 2015).

injected intra-cerebroventricularly could inhibit chronic ethanol
intake both in the maintenance condition and in the relapse-
like condition induced by the ethanol deprivation effect (ADE).
Figure 11 shows the inhibitory effect of MSCs on intake of
ethanol of rats that had freely ingested 10% ethanol for 3 months.
Data show that a significant inhibition of ethanol intake exerted
by the MSCs; a single dose of MSCs (5× 105 cells in 5 µL)

FIGURE 11 | Intra cerebroventricular injection of bone marrow-derived
mesenchymal stem cell (MSC) or adipose tissue—MSC reduces
chronic 24-h ethanol consumption in UChB rats. Rats under chronic
ethanol access were injected with bone marrow-derived or adipose
tissue—derived MSCs or vehicle into the left cerebral ventricle (n = 5 rats per
group). Ethanol consumption is shown as g ethanol/kg/day. Asterisk
∗p < 0.001 indicates a reduction of ethanol intake compared to vehicle during
all MSCs post-treatment days (Data from Israel et al., 2017).

injected into the brain lateral ventricle reduced by 40%–60% the
maintenance of chronic alcohol intake for the 10 days studied.

Relapse-like alcohol intake as affected by MSCs under the
ADE condition, was studied in a separate group of UChB
rats. Animals that had freely consumed ethanol solutions
for 87 days were deprived of ethanol for 14 days. On the
fourth day of deprivation animals were administered the MSCs
and on deprivation day 15 animals had re-access to ethanol
solutions. Prior to the alcohol deprivation, animals displayed
a basal alcohol intake of 1.1 g ethanol/kg/60 min (Figure 12),
intake which was doubled after repeated alcohol deprivation
(ADE) and re-access cycles, reaching 2.2 g alcohol/kg/60 min
(equivalent to the consumption of over 10 standard drinks/70 kg
in a 1-h sitting). Data in Figure 12 show that animals
treated with MSCs reduced up to 80%–85% their relapse-like
alcohol intake compared to sham control rats. There were no
significant differences between the effects of bone marrow-
derived MSCs and adipose tissue-derived MSCs. It is noted
that a single intra-cerebroventricular injection of both MSC
types inhibited relapse-like drinking for the 40 days investigated,
suggesting a marked inhibition of the ADE-activated brain
reward systems.

Overall, the inhibition of ethanol intake by MSCs, both
under chronic and relapse-like conditions, further supports
the view that chronic ethanol intake is maintained by brain
oxidative stress/neuroinflammatory conditions, also indicating
a role of inflammatory mechanisms on relapse-like ethanol
intake. Noteworthy is the long-lasting inhibition afforded by a
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FIGURE 12 | Intra cerebroventricular injection of bone marrow-derived
or adipose-tissue derived MSCs block relapse-like (60-min) ethanol
intake in UChB rats. Rats allowed 87 days of free-choice ethanol access
were injected on the fourth day of deprivation with bone marrow-derived MSC
(gray columns), adipose tissue-derived MSC (black columns) or vehicle
(dashed columns) in the left cerebral ventricle (n = 5 rats per group) and
deprived of ethanol for 14-days, after which ethanol re-access was allowed.
Animals were further subjected to three additional cycles of 3 days of
ad libitum ethanol drinking and further 7-days of deprivation prior to the next
ethanol re-access. The symbol / / represents the deprivation period prior to
ethanol re-access: (a) 14-day deprivation, (b) 7-day deprivation.
∗p < 0.001 and ++p < 0.05 indicate ethanol intake increases vs. baseline.
§p < 0.001 indicates a reduction of ethanol intake compared to baseline value
for each of the MSC types (Data from Israel et al., 2017).

single administration of MSCs on the relapse-like ethanol intake
condition.

CONCLUSIONS

The studies presented:

(a) Confirm, by the use of genetic modifications, studies by
several groups in several rat strains that had indicated
that catalase-mediated brain oxidation of ethanol
into acetaldehyde is required for animals to initiate
(acquisition) chronic ethanol intake. In the UChB rat,
brain-derived acetaldehyde was shown to be an absolute
requirement (80%–95%) for the initiation of chronic ethanol
intake.

(b) Demonstrate that after a steady chronic ethanol intake
(maintenance) has been attained, brain acetaldehyde
generation is no longer required to perpetuate its intake.
This effect seen in UChB and Wistar rats has also been

observed in operant ethanol self-administration studies
in mice. Following a protracted ethanol deprivation,
acetaldehyde is again required to induce a relapse-like
condition.

(c) Demonstrate that the daily administration of the antioxidant
drug N-acetyl cysteine to UChB rats that have consumed
ethanol chronically markedly inhibits (70%–75%) voluntary
ethanol intake. Noteworthy, N-acetyl cysteine did not inhibit
the initial acquisition of ethanol intake of naïve animals.

(d) Demonstrate in UChB rats that the intracerebral
administration of salsolinol—the condensation product
of dopamine and acetaldehyde—results in enhanced ethanol
reinforcement, leading to binge-like ethanol intakes (up to
3 g ethanol/kg in 60 min, equivalent to 15 drinks/70 kg) and
in an enhancement of ethanol motivational effects as shown
by the place preference technique.

(e) Demonstrate that a single intra-cerebroventricular
administration to UChB rats of mesenchymal stem cells,
known to have marked anti-inflammatory and antioxidant
properties, inhibited relapse-like ethanol drinking by
60%–85% for 40 days.

(f) Overall, studies indicate that ethanol-derived metabolites
are by themselves involved in the acquisition of ethanol
intake; while these metabolites are indirectly involved
in maintenance of chronic ethanol intake and in
relapse-like ethanol drinking. A new element playing
a role in maintenance and relapse-like drinking is
neuroinflammation, partly mediated by acetaldehyde
increasing the diffusion of gut lipopolysaccharide into
the systemic circulation and possibly by oxygen radicals
generated in the oxidation of salsolinol.

A final note, while many of the studies discussed have been
conducted in rodents of different species and strains or in cells,
extrapolation of these findings to humans requires caution.
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After decades of uncertainties and drawbacks, the study on the role and significance of
acetaldehyde in the effects of ethanol seemed to have found its main paths. Accordingly,
the effects of acetaldehyde, after its systemic or central administration and as obtained
following ethanol metabolism, looked as they were extensively characterized. However,
almost 5 years after this research appeared at its highest momentum, the investigations
on this topic have been revitalized on at least three main directions: (1) the role and the
behavioral significance of acetaldehyde in different phases of ethanol self-administration
and in voluntary ethanol consumption; (2) the distinction, in the central effects of
ethanol, between those arising from its non-metabolized fraction and those attributable
to ethanol-derived acetaldehyde; and (3) the role of the acetaldehyde-dopamine
condensation product, salsolinol. The present review article aims at presenting and
discussing prospectively the most recent data accumulated following these three
research pathways on this never-ending story in order to offer the most up-to-date
synoptic critical view on such still unresolved and exciting topic.

Keywords: ethanol, acetaldehyde, salsolinol, ethanol metabolism, epigenetics, neuroinflammation, mesolimbic
system, dopamine

INTRODUCTION

The investigations on the role of acetaldehyde and ethanol metabolism in the central effects
of ethanol have been a long-standing issue of interest and controversy (McBride et al., 2002;
Quertemont et al., 2005; Correa et al., 2012). Thus, although numerous lines of research have
focused on the role of acetaldehyde in different aspects of ethanol effects, the role of its main
metabolite in the biological basis of its effects and, in particular, of its reinforcing properties, are
still not fully understood. Accordingly, contrasting theories have arisen suggesting, on one hand,
that ethanol is a molecule responsible of the reinforcing properties of alcoholic drinks and, on
the other hand, that ethanol acts as pro-drug and hence owns most of its central effects to other
compounds generated, directly or indirectly, from its metabolism. Followers of the first view
suggest that ethanol exerts its properties within the brain by affecting numerous neurotransmitter
systems, that there is no significant evidence that its metabolites cross the blood brain barrier and
that the metabolites occur for only short periods to mediate the effects of ethanol intoxication.
The working hypothesis that envisions ethanol as a pro-drug, on the other hand, suggests that
its activating and reinforcing properties are supported by the central actions of its metabolites

Frontiers in Behavioral Neuroscience | www.frontiersin.org May 2017 | Volume 11 | Article 8124

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
https://doi.org/10.3389/fnbeh.2017.00081
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbeh.2017.00081&domain=pdf&date_stamp=2017-05-11
http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00081/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00081/abstract
http://loop.frontiersin.org/people/17968/overview
http://loop.frontiersin.org/people/93480/overview
http://loop.frontiersin.org/people/389270/overview
http://loop.frontiersin.org/people/185424/overview
http://loop.frontiersin.org/people/434729/overview
http://loop.frontiersin.org/people/434508/overview
http://loop.frontiersin.org/people/421571/overview
http://loop.frontiersin.org/people/29586/overview
http://loop.frontiersin.org/people/83234/overview
http://loop.frontiersin.org/people/18043/overview
https://creativecommons.org/licenses/by/4.0/
mailto:apeana@uniss.it
mailto:acquas@unica.it
https://doi.org/10.3389/fnbeh.2017.00081
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Peana et al. Ethanol’s Metabolism, Acetaldehyde and Salsolinol

(Deng and Deitrich, 2008; Deitrich, 2011; Karahanian et al.,
2011; Correa et al., 2012; Hipólito et al., 2012; Peana and
Acquas, 2013; Israel et al., 2015), no matter if generated centrally
or peripherally. In the latter case, according to the pro-drug
theory, acetaldehyde’s plasma levels, following ethanol intake,
would reach concentrations sufficient to significantly affect
its targets within the central nervous system (CNS). Another
possibility predicts that the activating and reinforcing properties,
mostly mediated through the involvement of the dopaminergic
mesolimbic system, could depend on the actions of ethanol
itself in combination with those of its metabolites produced
within the brain from local metabolism of ethanol (Sánchez-
Catalán et al., 2008; Hipólito et al., 2009; Martí-Prats et al., 2013,
2015). Accordingly, after ethanol administration, the net effect
on the activity of dopamine (DA) neurons would be the algebraic
consequence of the activation, due to the action of the ethanol
derivatives, and the depression, due to ethanol itself (Martí-Prats
et al., 2013, 2015). Indeed, the concentrations and duration of the
effects of ethanol and its derivatives determine the final effect on
DA neurons, which is ultimately governed by the rate of ethanol
metabolism (Martí-Prats et al., 2013, 2015).

Significant behavioral evidence implicates acetaldehyde in the
mechanisms underlying the psychopharmacological effects of
ethanol (Correa et al., 2012; Peana and Acquas, 2013; Peana
et al., 2016). Acetaldehyde has reinforcing properties on its
own (Correa et al., 2012; Peana et al., 2016), induces euphoria
at low concentrations (Eriksson, 2001) and has been involved
in alcohol addiction (Deng and Deitrich, 2008; Deehan et al.,
2013). Moreover, support to the critical role of acetaldehyde
in the reinforcing properties of ethanol was provided by the
observations that a negative interference with the peripheral
or central metabolism of ethanol to acetaldehyde, as well as a
reduction of its bioavailability, prevents several ethanol actions,
including its reinforcing effects (Foddai et al., 2004; Melis et al.,
2007; Peana et al., 2008, 2010a,b, 2015; Enrico et al., 2009;
Martí-Prats et al., 2013, 2015; Orrico et al., 2013, 2014). This is
in agreement with the original observation, made by Chevens
(1953). In fact, he reported that his patients did not perceive
aversive effects by taking low amounts of ethanol when they
were under treatment with disulfiram, an inhibitor of aldehyde
dehydrogenase (ALDH), suggesting that ALDH inhibition could
increase the euphoric and pleasurable effects of small doses of
ethanol by increasing acetaldehyde’s availability (Brown et al.,
1980).

In addition to the above, acetaldehyde has multiple tissue
damage effects and these also should be appreciated as
a feature of another never-ending story. In fact, humans
are frequently exposed to acetaldehyde from various sources
including alcoholic beverages, tobacco smoke and foods and
even microbes are responsible for the bulk of acetaldehyde
production from ethanol both in saliva and in the Helicobacter
pylori-infected and achlorhydric stomach (Salaspuro, 2011).
Moreover, acetaldehyde is also usually used as a food additive
and aroma agent. Unfortunately, acetaldehyde is mutagenic
and carcinogenic being responsible of DNA damage and of
several cancer-promoting effects (Dellarco, 1988; Seitz and
Stickel, 2010). Accordingly, acetaldehyde and ethanol are

two of the compounds for which the most comprehensive
evidence on epidemiology and mechanisms of carcinogenesis
is accessible. In the relationship between alcohol consumption
and development of different forms of cancer, the impact
of the risk of developing this pathology mostly depends on
alcohol consumption (Shield et al., 2013) and even a moderate
drinking has been shown to cause cancer (Bagnardi et al.,
2013). Different hypothesis have been proposed to explain
how ethanol and acetaldehyde may cause or contribute to
carcinogenesis, the main mechanism being attributable to the
metabolism of ethanol into the carcinogenic, and DNA binding,
acetaldehyde (Seitz and Stickel, 2007). Accordingly, humans
deficient in mitochondrial ALDH2 present an increased risk
of developing malignant tumours of the upper digestive tract
(Lachenmeier and Salaspuro, 2017). Likewise, ethanol may also
be metabolized into acetaldehyde by cytochrome CYP2E1, a
process that produces radical oxygen species (ROS) that may lead
to lipid peroxidation and to the formation of mutagenic adducts
(Pflaum et al., 2016). Additionally, acetaldehyde may also lead
to DNA hypomethylation, which changes the expression of
oncogenes and tumour-suppression genes (Seitz and Stickel,
2007; Pflaum et al., 2016). Finally, in this regard, recent research
from Lachenmeier and Salaspuro (2017) reported that many of
previous animal toxicology-based risk assessments might have
underestimated the risk of acetaldehyde toxicity. Interestingly,
buccal tablets slowly releasing L-cysteine, a semi-essential
amino acid, are able to reduce or remove microbially-formed
carcinogenic acetaldehyde from saliva during ethanol intake.
Indeed, L-cysteine binds covalently acetaldehyde producing a
stable compound (Salaspuro et al., 2002).

Another critical issue related to the neurobiological basis
of the central effects of ethanol refers to the increasing
evidence of other biologically active compounds (adducts), which
are obtained after acetaldehyde’s reaction with endogenous
monoamines and appear responsible of ethanol’s effects. As
regards these adducts, the properties of salsolinol (formed when
acetaldehyde binds to DA) as well as its potential role in
the neurobiological properties of ethanol have been recently
re-evaluated not only in light of the reinforcing properties of
ethanol (Hipólito et al., 2012; Deehan et al., 2013) but also in
light of the ability of salsolinol itself to affect ethanol intake
(Quintanilla et al., 2014), locomotor activity (Hipólito et al.,
2010; Quintanilla et al., 2014), conditioned place preference
(CPP; Matsuzawa et al., 2000; Hipólito et al., 2011) and to exert
neurotoxicity (Hernández et al., 2016).

In this regard, while many studies link Parkinson’s disease
with exposure to endogenous salsolinol (Tieu, 2011), this
molecule has recently also been suggested as responsible for
inducing experimental enteric neurodegeneration in rats (Kurnik
et al., 2015).

THE ISSUE OF ACETALDEHYDE
DETERMINATION

During the last years, several studies attempted to measure
acetaldehyde in blood and brain following the systemic
administration of either ethanol or acetaldehyde itself in order
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to correlate plasma to brain concentrations. In particular, while
some studies have described detection of brain acetaldehyde after
peripheral ethanol (Kiessling, 1962; Sippel, 1974; Tabakoff et al.,
1976; Eriksson and Sippel, 1977; Westcott et al., 1980; Hamby-
Mason et al., 1997; Peana et al., 2008, 2010b) or acetaldehyde
administration (Heap et al., 1995; Ward et al., 1997; Quertemont
et al., 2004; Plescia et al., 2015), others reported failure to detect
it after administration of either ethanol (Sippel, 1974; Eriksson
and Sippel, 1977; Jamal et al., 2007) or acetaldehyde itself (Peana
et al., 2010a). Indeed, increases of acetate but not acetaldehyde
were detected in human plasma after ethanol intake (Puig and
Fox, 1984; Sarkola et al., 2002). These controversial results could
be associated with a number of critical confounding factors
that overall still limit the reliable detection of this compound.
In fact, acetaldehyde formation in the brain is still subject
to speculation due to the lack of a specific method able to
accurately and directly assay its levels. One of these limitations is
certainly represented by the fact that ALDH is more abundantly
expressed with respect to the catalase-H2O2 (Zimatkin et al.,
1992). Indeed, the most efficient isoform of this dehydrogenase,
ALDH2, rapidly metabolizes acetaldehyde to acetate (Deitrich,
2004; Deng and Deitrich, 2008). Moreover, considering the
factors that may interfere with acetaldehyde’s assessments in the
brain, another aspect that should be taken into account is that
acetaldehyde possesses a short elimination half-life and is a highly
reactive electrophilic chemical that, thereby, is able to bind to
nucleophilic structures to give condensation products. Lastly,
acetaldehyde, like other volatile compounds, can easily cross the
alveolar-capillary membrane of the lungs and be eliminated by
exhalation (Eriksson and Sippel, 1977; Tardif, 2007) making it
plausible that also this factor may contribute significantly to the
difficulty of its detection.

Overall, this evidence indicates that after systemic
administration of ethanol or acetaldehyde itself, acetaldehyde
concentration must increase above a certain threshold level
(i.e., above the detection limit of the available analytical
approaches) in order to be reliably detected in the brain.

PERIPHERAL GENERATION OF
ACETALDEHYDE

The conventional view that ethanol metabolism to acetaldehyde
is carried out by class I liver alcohol dehydrogenase (ADH1;
Haseba and Ohno, 2010), was obtained following animal
(Bradford et al., 1993a,b; Escarabajal and Aragon, 2002; Peana
et al., 2008) and human (Blomstrand and Theorell, 1970; Crow
and Hardman, 1989; Sarkola et al., 2002) experiments with
specific inhibitors (pyrazoles) of ADH (Figure 1). In humans,
ADH1 is further classified into three subcategories, ADH1A, 1B
and 1C (all inhibited by 4-methylpyrazole, 4-MP), which are
the main ADHs for the oxidation of ethanol (Hempel et al.,
1984). Interestingly, also class III (ADH3) has been reported to
contribute to systemic ethanol metabolism in a dose-dependent
manner, thereby contributing to diminish the consequences of
acute ethanol intoxication. In particular, ADH3 (the isoform
belonging to class III according to the old nomenclature may
participate to ethanol metabolism together with ADH1 or

FIGURE 1 | Schematic representation of hepatic metabolism of
ethanol. The figure depicts, in the liver, the sub-cellular (cytosolic,
peroxisomal and mitochondrial) localization of the main pathways of ethanol
oxidative metabolism to acetaldehyde and of the main pathways of ethanol
by-products (acetaldehyde and acetate) disposal, with indication of the relative
co-factors involved. Abbreviations: ADH, Alcohol dehydrogenase; ALDH,
Aldehyde dehydrogenase; ATP, adenosine triphosphate; CYP2E1, isoform
2E1 of cytochrome P450; FADH2, flavin-adenine dinucleotide coenzyme in its
reduced form; NAD+, nicotinamide adenine dinucleotide coenzyme; NADPH,
Nicotinamide Adenine Dinucleotide Phosphate coenzyme in its reduced form.

compensating for its reduced contribution (Haseba et al., 2003).
In addition, it was suggested that chronic binge drinking might
shift the key metabolic pathway from ADH1 to ADH3 (Haseba
and Ohno, 2010), therefore attributing ADH3 a more critical
role at high ethanol concentrations. Notably, 4-MP inhibits
ADH1 but not ADH3 (Haseba and Ohno, 1997).

Besides the involvement of ADH, also other pathways may
play a critical role in ethanol metabolism in the liver (Takagi
et al., 1986; Zimatkin et al., 2006; Hipólito et al., 2007; Haseba
and Ohno, 2010; Figure 1). In this regard, and after decades of
attempts aimed at identifying the enzyme(s) responsible for the
ADH1-independent fraction of ethanol metabolism, the research
has focused on the microsomal (MEOS, mostly CYP2E1; Lieber
and DeCarli, 1972; Takagi et al., 1986; Teschke and Gellert, 1986)
and catalase-hydrogen peroxide (H2O2; Aragon et al., 1985;
Handler and Thurman, 1988b; Aragon and Amit, 1992; Bradford
et al., 1993a,b; Lieber, 2004) ethanol oxidizing systems, as the
ones that may come into account especially when blood alcohol
is high or when drinking is chronic (Sánchez-Catalán et al.,
2008). Indeed, the induction of MEOS activity due to chronic
ethanol consumption seems to explain the accelerated rate of
ethanol metabolism observed in chronic drinkers (Pikkarainen
and Lieber, 1980). Moreover, catalase andMEOS exhibit ethanol-
oxidizing activities higher than that of ADH1 and both are
insensitive to pyrazoles in vitro (Lieber and DeCarli, 1972).
Interestingly, Takagi et al. (1986) have shown that 4-MP actually
inhibits MEOS in deermice genetically lacking ADH, both in vivo
and in in vitro concluding that MEOS plays a significant role
in ethanol oxidation. However, the role of MEOS and catalase
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in the consequences of systemic ethanol metabolism are yet
to be fully characterized (Hipólito et al., 2007) whereas the
contribution of ADH to peripheral ethanol metabolism may
have been overestimated, based on some experiments where the
treatment with 4-MP caused in man a very low rate of ethanol
elimination (Blomstrand and Theorell, 1970), bringing to the
conclusion that catalase and MEOS, and not only ADH, may be
mainly responsible for ethanol’s metabolism (Blomstrand et al.,
1973).

The rate-limiting step in the catalase-dependent peroxidation
of ethanol is that of H2O2 generation (Oshino et al., 1973)
that can be originated at high rates also from fatty acids
metabolism (Handler and Thurman, 1988a). In particular,
ethanol metabolism in the liver is mediated predominantly by
catalase-H2O2 in the fasted state (Handler and Thurman, 1988b)
and it is interesting to observe that 4-MP inhibits also acyl-CoA
synthase, an enzyme essential to initiate the process of fatty
acid oxidation (Bradford et al., 1993a,b). Nonetheless, some
authors observed that pre-treatment with catalase inhibitors does
not significantly affect ethanol pharmacokinetics (bioavailability,
elimination; Tampier and Mardones, 1987; Aragon et al., 1989),
suggesting that catalase does not participate actively to hepatic
ethanol metabolism.

Lastly, the acetaldehyde produced by the oxidation of ethanol
is thereafter transformed by ALDH to acetate, which can be
further metabolized through the tricarboxylic acid cycle to
generate energy (Figure 1). ALDH, that plays an important
role for determining the peripheral acetaldehyde levels, is
further classified into two subcategories: ALDH1 present in the
cytosol and ALDH2 present in the mitochondria (Weiner and
Wang, 1994). Accordingly, high acetate but not acetaldehyde
concentrations can be detected in human plasma after ethanol
intake (Hernández et al., 2016). Notably, eastern Asians,
because of the high prevalence of ALDH2∗2 allele among those
populations, may be more susceptible to the effect of ethanol
(and acetaldehyde) with important public health implications
that may be utilized to promote ethanol abstinence or reduce
ethanol consumption.

CENTRAL GENERATION OF
ACETALDEHYDE

Ethanol can easily cross the blood-brain barrier and be
metabolized in the brain. However, the cellular types the blood-
brain barrier is made of, endothelial cells and oligodendrocites,
highly express ALDH (Zimatkin, 1991; Zimatkin et al., 1992),
which metabolizes acetaldehyde to acetate, preventing the
entrance of peripherally generated acetaldehyde into the brain
(Eriksson and Sippel, 1977; Deitrich et al., 1978; Hipólito
et al., 2007). Thus, unless the blood-brain (metabolic) barrier
activity undergoes saturation (Westcott et al., 1980; Hoover
and Brien, 1981; Zimatkin, 1991), acetaldehyde levels following
acute ethanol administration may hardly reach the blood
concentration critical to allow acetaldehyde crossing it (Tabakoff
et al., 1976; Eriksson and Fukunaga, 1993) and, therefore,
affecting its targets within the CNS. Otherwise, the oxidation
of ethanol to acetaldehyde can occur in the brain through

FIGURE 2 | Schematic representation of central metabolism of
ethanol. The figure depicts the three main central metabolic pathways of
ethanol oxidative metabolism to acetaldehyde and the main metabolic
pathways of ethanol by-product (acetaldehyde and acetate) disposal, with
indication of the relative co-factors involved. Abbreviations: ADH, Alcohol
dehydrogenase; ALDH, Aldehyde dehydrogenase; ATP, adenosine
triphosphate; CYP2E1, isoform 2E1 of cytochrome P450; FADH2,
flavin-adenine dinucleotide in its reduced form; H2O2, Hydrogen peroxide;
NAD+, nicotinamide adenine dinucleotide coenzyme; NADPH, Nicotinamide
Adenine Dinucleotide Phosphate coenzyme in its reduced form.

pathways that involve catalase, CYP2E1 and ADH (Hipólito
et al., 2007; Figure 2). In particular, although under appropriate
conditions the latter seems to represent a main pathway of
ethanol metabolism in the liver, it has been attributed a minor
contribution in the brain as indicated by biochemical (Zimatkin
et al., 2006) and behavioral studies (Escarabajal and Aragon,
2002). Interestingly, a recent study, showed that ADH, whose
several isoforms, such as ADH1, 3 and 4, have been found in the
mammal brain (Boleda et al., 1989; Galter et al., 2003; Hipólito
et al., 2007), is related to the enhancement of voluntary ethanol
intake in University of Chile Bibulous (UChB) rats, bred for
their high alcohol preference, after an injection into the ventral
tegmental area (VTA) of a lentiviral vector encoding for ADH
(Karahanian et al., 2011). Conversely, an injection into the VTA
of a lentiviral vector encoding the anti-catalase short hairpin
RNA (shRNA) abolished the voluntary consumption of ethanol
(Karahanian et al., 2011).

Most of in vivo brain acetaldehyde production depends on
catalase-H2O2 peroxidase activity (Zimatkin and Buben, 2007)
and catalase seems to be expressed in all neural cells (Hipólito
et al., 2007) although catalase-positive staining, resulting from
immunohistochemical studies, was particularly prominent in
brain areas containing aminergic neuronal bodies (Zimatkin
and Lindros, 1996). Accordingly, catalase mRNA was found in
a large number of neurons throughout the rat brain (Schad
et al., 2003). Indeed, catalase and, to a lesser extent CYP2E1,
are the main pathways of central ethanol metabolism (Aragon
et al., 1992; Aragon and Amit, 1993; Zimatkin et al., 2006;
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Hipólito et al., 2007, 2009; Sánchez-Catalán et al., 2008),
as can be observed in rodent studies, showing that inhibitors
of catalase, prevent the production of acetaldehyde (Aragon and
Amit, 1992; Koechling and Amit, 1994).

Strong support to the evidence of the critical role of
catalase-mediated metabolism of ethanol in its central effects
was originally brought by a number of seminal studies by
Aragon et al. (1985, 1989, 1992) and Aragon and Amit
(1993). These authors reported the ability of catalase to
oxidase ethanol in brain homogenates. They also showed the
ability of 3-amino-1,2,4-triazole (3-AT), a catalase inhibitor,
to prevent ethanol metabolism in these homogenates, both
when directly applied to them (Aragon and Amit, 1992)
and when previously administered in vivo to rats before
homogenates preparation (Aragon and Amit, 1992). Behavioral
studies further confirmed the suggestion of the critical
role played by catalase in the mediation of some central
effects of ethanol by showing that its potentiation (by acute
lead acetate; Correa et al., 1999a) and its inhibition (by
chronic lead acetate; Correa et al., 1999b) could increase
and reduce, respectively, ethanol-induced locomotor activity.
Behavioral studies, in addition, directly challenged the hypothesis
of catalase-dependent production of brain acetaldehyde as
a possible mediator of the psychopharmacological effects
of ethanol. These studies showed that local intra-arcuate
nucleus of the hypothalamus administration of another catalase
inhibitor, sodium azide, could prevent the locomotor stimulating
properties of ethanol (Sanchis-Segura et al., 2005) and that the
systemic administration of catalase inhibitors could prevent both
the locomotor stimulant effects of intra-substantia nigra pars
reticulata (SNr) administration of ethanol (Arizzi-LaFrance et al.,
2006) and the anxiolytic effects of systemically-administered
ethanol (Correa et al., 2008). Further recent evidence on the
role of catalase-mediated metabolism of ethanol was provided
by the studies on ethanol-elicited locomotor stimulation, CPP
(Ledesma and Aragon, 2012; Ledesma et al., 2012, 2013) and
acquisition of ethanol oral self-administration (Peana et al.,
2015). In summary, although acetaldehyde is generated locally
in pharmacologically-significant amounts (Deng and Deitrich,
2008) by brain catalase, this process seems circumscribed to
some specific brain nuclei (such as hypothalamus and midbrain)
providing anatomical validation to the high behavioral specificity
of the effects of drugs able to interfere with its enzymatic activity
(Smith et al., 1997; Sanchis-Segura et al., 2005; Arizzi-LaFrance
et al., 2006).

Overall, these studies support the hypothesis that brain-
generated acetaldehyde promotes locomotor stimulation, CPP
and ethanol drinking. Indeed, in order to increase acetaldehyde
levels, cyanamide, an inhibitor of ALDH, has been suitably
utilized locally in the VTA, in in vivo experiments in the
presence of an otherwise ineffective concentration of ethanol
on locomotor stimulation (Martí-Prats et al., 2013) and, upon
systemic administration of ethanol, in order to increase the
acetaldehyde’s yield in striatal microdialysates (Jamal et al.,
2007). In agreement with this idea, the administration of the
ALDH2-coding vector to rats bred for their alcohol preference,
decreased chronic ethanol consumption demonstrating that

endowing the VTA with an augmented ability to degrade
acetaldehyde greatly decreases ethanol intake (Karahanian
et al., 2015). Finally, acetaldehyde oxidation is required for
detoxification and it can be metabolized into acetate by
ALDH that plays a crucial role in further oxidizing ethanol-
derived acetaldehyde (Zimatkin et al., 2006). Lastly, the acetate
produced by ALDH is metabolized through the Krebs cycle to
produce energy or to provide intermediates for other molecules
(Hernández et al., 2016; Figure 2).

The cytochrome P450 enzymes (CYP2E1) that are
involved in ethanol metabolism in the liver have also been
implicated in its metabolism, in particular, in mesencephalic
tyrosine hydroxylase-positive neurons (Watts et al., 1998)
by reducing molecular oxygen to water and thus oxidizing
ethanol to acetaldehyde (Figure 2). Notably, the induction
of CYP2E1 expression by chronic ethanol treatment has
been reported in a number of brain structures including the
hippocampus, cerebellum and brainstem (Zhong et al., 2012).
Some authors have presented solid data suggesting the role
of CYP2E1 in ethanol brain metabolism, since acetaldehyde
production was decreased in mouse brain homogenates from
mice with CYP2E1 genetic deficiency (Quertemont et al.,
2005). Furthermore, the incubation with ethanol of brain
microsomes from CYP2E1 deficient mice, results in lower levels
of acetaldehyde, as compared to normal mice (Vasiliou et al.,
2006), although compensatory mechanisms due to increased
catalase expression in these animals should be taken into account
while evaluating in vivo the apparent lack of effects of ethanol
as compared to wild type mice (Correa et al., 2009). Moreover,
as mentioned above, the expression of this enzyme is induced
in response to chronic drinking (Hipólito et al., 2007; Sánchez-
Catalán et al., 2008) and it may thus contribute to the increased
rates of ethanol elimination in heavy drinkers (Hernández et al.,
2016).

NEUROBIOLOGICAL EFFECTS OF
ETHANOL AND ROLE OF ACETALDEHYDE

The research on the role of peripherally produced acetaldehyde
in at least some of the central effects of ethanol provided
different contributions in support of the suggestion that both
ethanol on its own, and as ethanol-derived acetaldehyde, play
a critical role in the reinforcing properties of ethanol. These
investigations have been performed, in naïve rodents, after
intragastric acetaldehyde or ethanol (passive) administration on
CPP as well as on oral (operant) self-administration studies.
In CPP experiments the inhibition of ADH1 (Peana et al.,
2008) or catalase (Font et al., 2008) as well as the reduction of
acetaldehyde bioavailability, by the use of sequestering agents,
impairs the acquisition of ethanol-elicited CPP (Peana et al.,
2008, 2009; Ledesma et al., 2013). Furthermore, acetaldehyde
itself elicits the acquisition of CPP (Spina et al., 2010) through
the activation of extracellular signal regulated kinase pathway
via a DA D1 receptor-mediated mechanism (Ibba et al., 2009;
Spina et al., 2010; Vinci et al., 2010). In operant experiments,
acetaldehyde was reported to be orally self-administered and,
similarly to ethanol, its oral self-administration was reported to
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be prevented by L-cysteine (Peana et al., 2010a), an agent that
acts either as radical scavenger or as precursor of cysteine and
that is also able to sequestrate acetaldehyde either peripherally
or centrally. The operant oral self-administration paradigm is a
preclinical model, in which animals are trained to emit a specific
response for gaining the drug reinforcement (Grant and Samson,
1986; Samson et al., 1988). By these experiments, it was shown
that the intraperitoneal administration of alpha lipoic acid, a
radical scavenger that interferes with catalase-H2O2 activity
(Ledesma et al., 2012), decreases maintenance, reinstatement
and progressive ratio of oral operant ethanol self-administration.
Likewise, L-cysteine acts also during the acquisition phase of
ethanol and acetaldehyde self-administration (Peana et al., 2012,
2013b) with the acetaldehyde-binding property of cysteine being
probably responsible for these effects. Likewise, Peana et al.
(2015) have reported that D-penicillamine, a synthetic amino
acid that strongly binds acetaldehyde, inhibits the acquisition of
oral ethanol self-administration. Nonetheless, Quintanilla et al.
(2016) showed that N-acetyl cysteine, a pro-drug of cysteine,
fails to influence the acquisition of voluntary ethanol intake in
adult female UChB rats, but greatly inhibits chronic ethanol
intake. These data overall suggest that N-acetyl cysteine and
L-cysteine may act by different mechanisms on the acquisition
and maintenance of ethanol intake at least in part depending on
experimental paradigms.

A rapidly growing body of evidence on the efficacy of radical
scavengers and antioxidants such as L-cysteine (Peana et al.,
2010a, 2012, 2013b), alpha lipoic acid (Ledesma et al., 2012;
Peana et al., 2013a) and N-acetyl cysteine (Quintanilla et al.,
2016), both on CPP experiments and in different phases (not only
during the acquisition) of operant self-administration as well as
on voluntary ethanol intake could be referred to the observation
that a neuro-inflammatory process could be responsible of
ethanol excessive taking (Montesinos et al., 2016). Indeed,
the metabolism of ethanol into acetaldehyde and acetate is
associated to the production of ROS that accentuate the oxidative
state of cells promoting oxidative damage, neuronal injury and
neurodegeneration. The oxidative balance is the result of the
amount of accumulated ROS and of the activity of antioxidant
enzymes. When the oxidative balance is disturbed, oxidative
stress develops affecting the cell as a whole, as well as proteins,
lipids and DNA. However, several defense mechanisms for
reducing the deleterious effects of oxidative stress exist, and e.g.,
if cellular defense and repair processes fail, oxidatively damaged
proteins can undergo proteasome-mediated protein degradation
(Bence et al., 2001). Specifically, ethanol metabolism up-regulates
the production of ROS and nitric oxide in primary cortical
neurons causing blood-brain barrier dysfunction (Haorah et al.,
2005, 2007, 2008). Chronic ethanol exposure has also been
associated with proteasome inhibition which seems to be a
key player in epigenetic mechanisms underlying alcoholism by
promoting the accumulation of oxidatively damaged histones
(Bardag-Gorce, 2009). Accordingly, recent findings showed
that ethanol exposure reduced intracellular 20 S proteasome
chymotrypsin-like activity in SH-SY5Y cells (Caputi et al., 2016)
in agreement with findings obtained in the liver and the brain
demonstrating that ethanol exposure decreased proteasome

activity by interfering with 20 S CP and 19 S RP assembly
(Bardag-Gorce, 2009; Donohue and Thomes, 2014; Erdozain
et al., 2014). In addition, the CYP2E1 isoform fulfills an
important role in the generation of ROS and exposure to ethanol
is related to their accumulation, which may be associated to
the induction of CYP2E1 in rat brain homogenates (Zhong
et al., 2012). Moreover, although ALDH activity has beneficial
effects, i.e., is responsible of the reduction of acetaldehyde, it also
produces free radicals (Hernández et al., 2016). Notably, in the
last decade, new insights into the mechanisms of the immune
system response have driven research toward understanding
the relationship between ethanol intake, the immune system
dysregulation and its contribution in a wide range of disorders
associated to ethanol exposure (Szabo and Saha, 2015), including
neuro-inflammation and CNS dysfunctions (Crews et al., 2015;
Montesinos et al., 2016). In this regard, it is noteworthy that
antioxidant activity of human serum of patients with a diagnosis
of alcohol dependence syndrome is lower than that of healthy
donors (control group; Plotnikov et al., 2016).

Neuro-inflammation is associated with alcohol use disorders.
Accordingly, recent work showed that the toll-like receptor 4
(TLR4) is involved in the induction of cytokines and chemokines,
which promote neuro-inflammation, brain damage, behavioral
and cognitive dysfunction (Pascual et al., 2015); however, it
is important to note that while a selective inhibitor of these
receptors was reported to decrease ethanol drinking in both
ethanol-dependent and non-dependent mice (Bajo et al., 2016),
other studies suggested recently that TLR4 may not be directly
involved in the regulation of excessive drinking (Harris et al.,
2017). Interestingly, anti-inflammatory mechanisms might also
be evoked to interpret our recent observations that ethanol
self-administration in Wistar rats (Peana et al., 2014) and
ethanol-elicited CPP in CD-1 mice (Spina et al., 2015) were
prevented by the administration of the standardized extract of
the roots of Withania somnifera a medicinal plant renowned
for its anti-inflammatory and free radical scavenger properties
(Dar et al., 2015). On this line of evidence, it is worth
mentioning that mesenchymal stem cells, known to reduce
oxidative stress (Valle-Prieto and Conget, 2010) and to secrete
anti-inflammatory cytokines (Lee et al., 2016), were able to
inhibit relapse-like drinking after intracerebral administration
(Israel et al., 2017).

On the other hand, chronic ethanol intake (maintenance
phase of the self-administration protocols) seems to become
independent of the early acetaldehyde mediated reinforcing
mechanisms (Peana et al., 2015) responsible for the first
hit (Israel et al., 2015). In this regard, the observation that
the pharmacological manipulation of ethanol metabolism,
by inhibition of catalase or by reduction of acetaldehyde
bioavailability, does not interfere with the perpetuation
(maintenance) of ethanol self-administration appears in
agreement with data reported by Israel et al. (2015). To
interpret these results, it was suggested that acetaldehyde could
indirectly contribute to the maintenance phase of oral ethanol
self-administration by the combination of two mechanisms:
the first, indirect one, was hypothesized to be due to the lack
of acetaldehyde itself that would make the animals to further
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seek and take ethanol; the second mechanism, on the other
hand, was suggested (Peana et al., 2015) to be based on the
decreased metabolism of ethanol that would make available
its non-metabolized fraction to act onto GABAA receptors
resulting in further maintaining of ethanol self-administration.
Otherwise, the alcohol relapse model based on the alcohol
deprivation effect has also been widely used to assess ethanol
craving and relapse. Thus, using this preclinical model, a
recently published study showed that chemical inactivation
of acetaldehyde, by D-penicillamine treatment in long-term
ethanol experienced rats, prevents relapse into ethanol taking
(Orrico et al., 2013). Moreover, the combined therapy of
naltrexone and D-penicillamine prevents the delayed increase
in ethanol consumption observed after continuous µ opioid
(MOP) receptors blockade, suggesting the suitability of this
combination as anti-relapse preclinical treatment (Orrico
et al., 2014) and highlighting the role of acetaldehyde in the
effects of ethanol. As also discussed in this review, a large
number of neuropharmacological studies pointed to multiple
neurochemical systems involved in the reinforcing effects of
ethanol and to the interactions between ethanol and the CNS
opioid signaling system, in particular (Coonfield et al., 2002;
Oswald and Wand, 2004; Ghozland et al., 2005; Koob and
Le Moal, 2006; Vukojevíc et al., 2008). Similarly, in human
neuroblastoma SH-SY5Y cells, changes in the expression of the
opioid receptors and the precursors of the opioid peptide ligands
were observed in response to ethanol or acetaldehyde 40 mM
and 0.4 mM, respectively (D’Addario et al., 2008), in agreement
with the evidence that at least some of the neurochemical
effects of ethanol are mediated by its first metabolite, and that,
accordingly, ethanol must be metabolized into acetaldehyde to
generate reward and reinforcement (Karahanian et al., 2011;
Correa et al., 2012; Peana and Acquas, 2013). Furthermore,
these data corroborate the hypothesis that the changes observed
in the pro-enkephalin and k opioid receptors expression upon
ethanol application are probably due to the action of his
metabolite (D’Addario et al., 2008). In the meantime other
studies correlated the epigenetic modifications with up/down
regulation of genes caused by ethanol or acetaldehyde in the
liver and rat brain tissue (Kim and Shukla, 2006; Shukla and
Aroor, 2006; Shukla et al., 2007; Pandey et al., 2008). Notably,
a temporal relationship between histone modifications and
pro-dynorphin gene expression down-regulation was observed
in a study conducted in human neuroblastoma cells (D’Addario
et al., 2011) highlighting that ethanol or acetaldehyde exposure
influences epigenetic regulation through histone acetylation,
hence regulating propensity for DNA transcription at specific
portions of the genome.

Ethanol and its metabolites may interfere with many
biological processes, including neuronal differentiation, leading
to severe brain damage and neurological disorders. In fact, the
most severe ethanol-related damage, associated with a loss of
neurons, was found following acute prenatal (Flentke et al.,
2014) or chronic (Fernandes et al., 2002; Moulder et al., 2002;
Soscia et al., 2006) pre- and post-natal exposure. Moreover,
the generation of new neurons and their functional integration
into the CNS is reported to be altered by ethanol (Nixon and

Crews, 2002; Crews et al., 2006). In this regard, ethanol is
known to affect cellular development interfering with brain-
derived neurotrophic factor (BDNF; Climent et al., 2002; Sakai
et al., 2005) and other neurotrophins (Moore et al., 2004;
Bruns and Miller, 2007; Mooney and Miller, 2011). Studies
conducted over the last decade by using in vitro models
have enriched the information about this interplay. Thus,
Hellmann et al. (2009) demonstrated that chronic ethanol
exposure impaired neuronal differentiation of neuroblastoma
cells and consistently impaired BDNF-mediated activation
of the Mitogen-Activated Protein Kinase/Extracellular signal-
Regulated Kinase (MAPK/ERK) cascade.

Together with phosphoinositide 3-kinase/protein kinase B
(PI3K/AKT) pathway, MAPK/ERK cascade is activated by
the growth factor midkine (MDK; Stoica et al., 2002), thus
promoting cell survival and proliferation (Reiff et al., 2011). It
has been hypothesized thatMDKmight be an ethanol-responsive
gene since it protects against neuronal damage and neuro-
degeneration (Herradón and Pérez-García, 2014) and might
regulate sensitivity to ethanol (Lasek et al., 2011). In support of
this possibility, MDK expression is high in the prefrontal cortex
of human alcoholics (Flatscher-Bader et al., 2005; Flatscher-
Bader andWilce, 2008), and is also elevated in the brains of mice
genetically predisposed to consume high amounts of ethanol
(Mulligan et al., 2006). Based on this evidence, it has been
hypothesized that ethanol engages MDK and the activation of
its receptor, the anaplastic lymphoma kinase (ALK). Intriguing
studies, employing the neuroblastoma SH-SY5Y and IMR-32 cell
lines, demonstrated that MDK and ALK are ethanol-responsive
and that the activation of ALK signaling by ethanol is dependent
on MDK expression. In fact, not only ethanol increased MDK
and ALK gene expression, but also caused a rapid increase in the
phosphorylation of ALK and ERK (He et al., 2015).

ROLE OF BRAIN ETHANOL-DERIVED
ACETALDEHYDE IN THE EFFECTS OF
ETHANOL

Acetaldehyde is a neuropharmacologically active substance,
which has reinforcing properties on its own and provokes,
although at lower doses/concentrations than ethanol, some
behavioral responses similar to its parent compound suggestive
of the fact that it could be responsible of some of its
effects (Correa et al., 2012). Several authors have shown
that the intracerebral administration of acetaldehyde induces
locomotor stimulation (Correa et al., 2003, 2009; Arizzi-
LaFrance et al., 2006; Sánchez-Catalán et al., 2009), CPP (Smith
et al., 1984; Quertemont and De Witte, 2001; Quintanilla
et al., 2002), conditioned taste preference (Brown et al., 1978)
and self-administration (Brown et al., 1980; Myers et al.,
1982; Rodd-Henricks et al., 2002). Likewise, microinjections
of acetaldehyde into the posterior VTA (pVTA) increase DA
release in the shell of the nucleus accumbens (Acb), measured by
microdyalisis (Melis et al., 2007; Deehan et al., 2013). Moreover,
electrophysiological studies have demonstrated that acetaldehyde
administration stimulates the activity of VTA DA neurons
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in vitro (Melis et al., 2007; Diana et al., 2008) and in vivo (Foddai
et al., 2004; Enrico et al., 2009). However, although highly
suggestive, all the above evidence does not represent unequivocal
proof that acetaldehyde is the key element for the development of
the neurobiological effects of ethanol (Correa et al., 2012; Israel
et al., 2015).

In order to address this critical question, and to assess
the role of brain ethanol-derived acetaldehyde, the strategy
more commonly used has been to evaluate the consequences
of the modulation of the enzymatic systems involved in
brain ethanol metabolism (Hipólito et al., 2007). Indeed, the
catalase activity has been the most targeted one, due to
its high contribution to brain ethanol metabolism. Thus, a
decreased activity of brain catalase would elicit a reduction
or blockade of ethanol effects, as a consequence of decreased
levels of acetaldehyde formation. Arizzi-LaFrance et al. (2006)
demonstrated that the locomotor activation induced by ethanol
microinjection into substantia nigra pars compacta (SNc)
could be blocked with the systemic administration of sodium
azide. Otherwise, intra-cerebral injection of sodium azide is
able to prevent the locomotor-stimulating effects of ethanol
microinjection into the hypothalamic arcuate nucleus (Pastor
and Aragon, 2008) and the decreased locomotion induced by
intraperitoneal administration of ethanol in rats (Sanchis-Segura
et al., 2005). Moreover, the direct correlation between voluntary
consumption of ethanol and brain catalase activity (Amit and
Aragon, 1988; Gill et al., 1996) highlights the role of brain
acetaldehyde formation. Consistent with this idea, the intra-VTA
microinjection of a lentiviral vector encoding a shRNA for
silencing catalase gene expression and reducing the catalase
content has been shown to decrease the voluntary ethanol
consumption and alcohol deprivation effect (Karahanian et al.,
2011; Tampier et al., 2013). Similarly, brain ALDH activity has
been modulated to increase the locomotor-stimulating effects
of ethanol in rats (Spivak et al., 1987; Martí-Prats et al., 2013).
Moreover, a positive correlation between voluntary ethanol
consumption and brain ALDH activity (Sinclair and Lindros,
1981; Socaransky et al., 1984) has been described, also, by
means of a lentiviral vector encoding for ALDH and enhancing
acetaldehyde metabolism (Karahanian et al., 2015). Besides the
evidence gathered by behavioral studies, the involvement of local
acetaldehyde formation in the central effects of ethanol was also
provided by an in vitro electrophysiological approach showing
that local catalase inhibition, through 3-AT administration,
prevents the effect of ethanol on pVTA DA neurons (Melis et al.,
2007).

Several recent studies have used the acetaldehyde-
sequestering agent, D-penicillamine, to assess the impact of
the reduction of brain acetaldehyde levels on the development of
the psychopharmacological effects of ethanol. D-penicillamine
is an amino acid that interacts with acetaldehyde to form a
stable adduct (Nagasawa et al., 1980), which has been detected
in plasma, liver and brain following ethanol administration
(Serrano et al., 2007). Moreover, intra-cisternal administration
of D-penicillamine was shown to prevent the locomotor
stimulation and CPP produced by intra-cisternal ethanol
administration in newborn rats (Pautassi et al., 2011; March

et al., 2013), whereas the intra-cerebroventricular pretreatment
with D-penicillamine was reported to decrease the voluntary
ethanol intake in rats (Font et al., 2006). In addition, more
direct than previously described evidence has pointed to the
VTA as a key brain region for the effects of ethanol-derived
acetaldehyde following sequestering-agents pretreatment since
the intra-VTA administration of D-penicillamine prevents
the alcohol deprivation effect in Wistar rats (Orrico et al.,
2013).

While the above described studies confirm that in situ
acetaldehyde formation from ethanol is necessary to the
development of the psychopharmacological effects of ethanol,
the mechanism through which ethanol or acetaldehyde activate
VTA DA neurons, and therefore the mesolimbic DA system,
is not yet fully understood. Nowadays, it has been shown
that ethanol modulates the activity of DA neurons through
its interaction with several neurochemical and neuroendocrine
systems including GABA, glutamate, opioid, cannabinoid and
corticotropin-releasing factor systems and cytoplasmic elements
(Gessa et al., 1985; Morikawa and Morrisett, 2010; D’Addario
et al., 2013; Erdozain and Callado, 2014). Both ethanol and
acetaldehyde are able to stimulate DA neurons through ion
channels modulation (Brodie et al., 1990; Okamoto et al., 2006;
Melis et al., 2007), and it has been shown, by electrophysiological
approaches, that prevention of acetaldehyde formation or its
inactivation leads to blockade of ethanol effects (Foddai et al.,
2004; Melis et al., 2007; Enrico et al., 2009).

In particular, as to the endogenous opioid system, there is a
general agreement that it is involved in the neurobiological effects
of ethanol and a number of hypotheses have been proposed to
explain how this interaction may take place. Several evidences
support the notion that the activation of MOP receptors
expressed onto VTA GABA neurons and other GABA afferents
(Johnson and North, 1992; Jalabert et al., 2011; Sánchez-Catalán
et al., 2014), is critically involved in the stimulation of VTA DA
neurons after ethanol or acetaldehyde (Mereu and Gessa, 1985;
Xiao et al., 2007; Fois and Diana, 2016). Consistent with this
idea, behavioral studies have shown that the microinjection of
naltrexone or β-funaltrexamine (an irreversible MOP receptor
antagonist) can prevent the motor activation induced by the
intra-pVTA administration of ethanol or acetaldehyde (Sánchez-
Catalán et al., 2009). Moreover, such preventive effect has been
also observed by using electrophysiological approaches (Xiao and
Ye, 2008; Guan and Ye, 2010; Fois and Diana, 2016).

Besides the stimulating effect of ethanol or acetaldehyde into
the pVTA, which seems to involve the MOP receptors and,
ultimately, ethanol by-products (see below), it has been observed
that ethanol on its own can activate VTA GABA neurons,
eliciting inhibition of DA neurons (Steffensen et al., 2009). The
reinforcing properties of ethanol would depend on the action
of ethanol itself and of its metabolites, as proposed by Martí-
Prats et al. (2013). Indeed, these authors demonstrated that the
intra-pVTA administration of a low dose of ethanol did not
induce any locomotor effect in rats, which implies a balanced
effect between those of ethanol and those of its metabolites. Thus,
decreased levels of ethanol-derived acetaldehyde by catalase
inhibition (sodium azide) or by acetaldehyde inactivation
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(D-penicillamine), converts an inactive ethanol dose into a
depressive one. On the contrary, the increase of ethanol-derived
acetaldehyde levels obtained by ALDH inhibition (cyanamide),
converts the ethanol dose into a stimulating one. Thereby,
the decrease of the ethanol-metabolized fraction (acetaldehyde
and, perhaps, salsolinol) discloses the inhibitory action of the
non-metabolized fraction of ethanol, whereas the increase of the
metabolized fraction discloses a stimulatory effect. Following this
elegant approach, Martí-Prats et al. (2015) developed further
research in order to disentangle the mechanism of action of
such ethanol non-metabolized fraction. Accordingly, GABAA
antagonism (bicuculline) was able to convert an inactive ethanol
dose into an active one. Moreover, bicuculline administration
was also able to prevent the motor depression observed
after D-penicillamine pretreatment (therefore, no motor effect
was observed; Martí-Prats et al., 2013). On the other hand,
the intra-pVTA administration of β-funaltrexamine induced
a decrease of motor activity of the animals treated with an
inactive dose of ethanol, suggesting that the consequence of
MOP receptor blockade on this effect could be attributable to
the blockade of the effects of the ethanol-metabolized fraction
(Martí-Prats et al., 2015; Figure 3).

Overall, these studies provide evidence of the key role of
ethanol-derived acetaldehyde, formed in situ, in the mechanisms
underlying the psychopharmacological effects of ethanol.
However, it is noteworthy that the involvement of other
by-products of ethanol metabolism such as salsolinol are also a
key issue to the neurobiological basis of these effects, as will be
discussed in the next section.

BEYOND ACETALDEHYDE: ROLE OF
SALSOLINOL

Acetaldehyde is a highly reactive compound with a very
short half-life and reacts with biogenic amines to produce
condensation products known as tetrahydroisoquinolines
(THIQs). In the 70s, several investigators proposed the THIQs
theory of alcoholism, pointing at these molecules as possible
mediators of part of the ethanol effects on the mesolimbic
system and consequently as responsible of playing an important
role in alcoholism (Cohen and Collins, 1970; Davis and
Walsh, 1970; Melchior and Myers, 1977; Duncan and Deitrich,
1980). Although in the late 70s and 80s, some investigators
explored the role of some THIQs, including betacarbolines
and tetrahydropapaveroline, on ethanol intake and DA release
(Myers and Melchior, 1977; Tuomisto et al., 1982; Airaksinen
et al., 1983; Myers and Robinson, 1999), no more studies have
increased our knowledge in their role in alcoholism. Otherwise,
the condensation product of acetaldehyde with DA, salsolinol
(1-methyl-6,7-dihidroxy-1,2,3,4-tetrahydroisoquinoline, for
detailed review on salsolinol formation see Hipólito et al., 2012),
has been specially investigated trying to clarify its role in the
neurobiological basis of alcohol addiction (Figure 3). When
investigating the intriguing relationship between ethanol and
salsolinol four main questions arise: (i) is salsolinol produced
in pharmacologically significant concentrations after ethanol
intake?; (ii) does salsolinol activate the DA mesolimbic pathway

to induce alcohol use disorders -related behaviors?; if so, (iii)
how is salsolinol activating this system?; and (iv) is salsolinol
necessary for ethanol to exert its activating effect on the
dopaminergic mesolimbic system?

As to the first question, the issue of salsolinol formation in
the brain after ethanol administration is still unclear. In fact,
beginning from the first evidences of salsolinol formation in
the brain of rodents after ethanol administration brought in
the mid 70 by Collins and Bigdeli (1975), different laboratories
have obtained controversial data. Actually, some of these reports
show an increase of salsolinol levels (Myers et al., 1985;
Matsubara et al., 1987; Jamal et al., 2003a,b,c; Starkey et al.,
2006; Rojkovicova et al., 2008) while others show no alterations
in the brain after different protocols of ethanol administration
(O’Neill and Rahwan, 1977; Baum et al., 1999; Haber et al.,
1999; Lee et al., 2010). Moreover, the investigations reporting
increased brain salsolinol upon chronic ethanol intake or chronic
ethanol administration, were performed in rats allowed to access
ad libitum lab chow either before and throughout the study
(Sjöquist et al., 1982). Interestingly, when such rat studies
were repeated using chronic ethanol intake in DOPA- and
salsolinol-free liquid diets, no changes were found of endogenous
brain salsolinol concentrations (Collins et al., 1990). However,
when the ethanol-liquid diets were supplemented with DOPA,
salsolinol levels were raised (Collins et al., 1990) suggesting
that, upon prolonged ethanol intake, elevations of endogenous
salsolinol concentrations, as well as of those of other THIQs,
seem to depend on a number of factors including the brain region
investigated, the duration of intake and the associated dietary
constituents (Lee et al., 2010). The differences observed in the
data from these studies have been extensively summarized and
analyzed in a previous review on this specific topic (Hipólito
et al., 2012). Notably, in this regard, only one report, in the
last 5 years has added more knowledge to this issue. In this
study, authors detected an increase in salsolinol levels in fetal
rat brain after an alcoholization protocol from GD8 to GD20
(Mao et al., 2013). However, similarly to the studies mentioned
previously, there is still a lack of a direct demonstration that
may provide us a precise correlation between the ethanol
load and the concentration of salsolinol achieved in the brain
tissue. In summary, convincing data, clearly demonstrating brain
(neuronal or glial) salsolinol formation in ethanol-treated and/or
ethanol-consuming animals, are still missing.

As to the second question, in spite of the uncertainties
mentioned above, the latest investigations on the
psychopharmacological effects of salsolinol appear in support of
the THIQs theory of alcoholism. Throughout the last 15 years,
different laboratories have successfully shown that salsolinol
exerts, on the mesolimbic system, effects similar to ethanol,
suggesting that at least some of the effects of ethanol may
be mediated by salsolinol. These latest neurochemical and
behavioral studies have shed a bit of light on the previous
controversial data where an effect or a lack of salsolinol’s effect
on the dopaminergic system had been reported. The most
recent data, obtained with the intracerebral administration of
low doses (0.3–30 µg) of salsolinol, revealed that it robustly
increases motor activity and produces motor sensitization
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FIGURE 3 | Opposite responses elicited by ethanol and its derivatives on the activity of mesolimbic dopaminergic system. Simplified schematic
representation of the effects of ethanol metabolites on pVTA DA neurons. Ethanol evokes an inhibition of pVTA DA neurons through presynaptic (Weiner and
Valenzuela, 2006) and postsynaptic GABAergic mechanisms. On the other hand, salsolinol induces an excitation of pVTA DA neurons through MOP receptors
activation located in the soma and terminals of GABA neurons. Abbreviations: DA, dopamine. GABA, γ-aminobutiric acid. GABAA, GABA receptors type A. µ, MOP
receptors.

(Quintanilla et al., 2014, 2016); this is in contrast with those
studies where salsolinol, administered at high doses (100–300 µg
intracranial or 10–100 mg i.p.), was reported to induce no
change of motor behavior (Antkiewicz-Michaluk et al., 2000a;
Vetulani et al., 2001). Indeed, Hipólito et al. (2011) and
Quintanilla et al. (2016) have shown that the administration
of 30 pmol of salsolinol directly into the rats pVTA increases
motor activity and induces motor sensitization, being R-SAL
the active stereoisomer (Quintanilla et al., 2016). These data
are similar, in terms of profile and activation magnitude, to
the previously reported effects of intra-pVTA administration
of ethanol and acetaldehyde on motor activity (see ‘‘Central
Generation of Acetaldehyde’’ Section for discussion on this
aspect and Sánchez-Catalán et al., 2009) but with the striking
difference that salsolinol is ∼100 times more potent than ethanol
and acetaldehyde. Very interestingly, the pVTA seems also
to be a key brain area for salsolinol reinforcing effects. In a
first study, using the intracranial self-administration procedure
(ICSA) in rats, Rodd et al. (2008) showed that salsolinol is
self-administered at concentrations ranging from 0.03 to 0.3
µM/infusion directly into this brain region. Curiously these
authors have used the same ICSA protocol with both ethanol and
acetaldehyde as reinforcers showing that these three compounds
share a similar response profile in this protocol but with different
potencies (being salsolinol ≥ acetaldehyde >> ethanol; Rodd
et al., 2004, 2005). Furthermore, although context association
learning using salsolinol as reinforcer (i.e., as an unconditioned
stimulus) was already revealed in a study using its peripheral,
systemic, administration in a CPP paradigm (Matsuzawa et al.,
2000), we recently demonstrated the involvement of the pVTA
also in this effect (Hipólito et al., 2011). In this study, in fact, the
administration of 30 pmol of salsolinol (the same dose used in the
motor activity studies) into the pVTA, associated to a context,

increased the time spent by the rats in that context on the test day
under drug free conditions (Hipólito et al., 2011). Five years after
this study, other investigators have reproduced these data also
showing that R-salsolinol is the active stereoisomer responsible
for CPP induction (Quintanilla et al., 2016).

In accordance with the above locomotor activity, ICSA and
CPP studies, the administration of similar doses of salsolinol
into the pVTA increases DA release in the Acb shell (Hipólito
et al., 2011; Deehan et al., 2013) through an indirect stimulation
of the pVTA DA neurons by a mechanism suggested by
ex vivo electrophysiological studies (Xie et al., 2012) that will be
discussed below.

Indeed, the Acb has also been shown to be responsive to
the pharmacological action of salsolinol. Thus, salsolinol is also
self-administered into the Acb shell of alcohol-preferring (P) rats
(Rodd et al., 2003) reaching its maximal number of responses
at 3 µM, a concentration 30 times greater than that (0.1 µM)
required to obtain the maximal response when self-administered
into the pVTA (Rodd et al., 2008). Notably, although these two
studies were performed within the same lab and following an
identical ICSA procedure, before concluding that the Acb shell
is less sensitive than the pVTA to the reinforcing properties
of salsolinol, it is important to note that, in the Acb shell
experiments, Rodd et al. (2003) used P rats, which are genetically
bred to present high levels of alcohol intake.

Moreover, the neurochemical effects of salsolinol in the Acb
have been characterized by in vivo brain microdialysis in another
study (Hipólito et al., 2009). Interestingly, in this research
salsolinol showed a differential effect depending on the accumbal
region studied. In fact, salsolinol reduced DA levels down to 50%
from baseline when delivered into the shell whereas it increased
them up to 130%when administered into the core (Hipólito et al.,
2009). These regional differences in response to salsolinol were
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previously specifically observed for MOP and δ opioid receptor
agonists (Hipólito et al., 2008). In this study, the application of
these agonists increased DA release in the Acb core but decreased
it in the Acb shell with a profile and magnitude similar to that
reported for salsolinol (Hipólito et al., 2009). In this regard, it
is appropriate to note that in the ICSA experiments of Rodd
et al. (2003), salsolinol was self-administered directly into the Acb
shell, whereas these microdialysis data show that salsolinol is able
to decrease DA release in the Acb shell. One possible explanation
for this apparent discrepancy might be found in the different
concentrations of salsolinol. In the case of the ICSA studies, the
concentration of salsolinol able to induce the maximum number
of administrations was 3 µM whereas that one able to induce
the maximum decrease of DA was 5 µM, which, due to the
recovery of the dialysis membrane (∼10%), is notably lower than
the concentration of salsolinol in the self-administered solution.
Another possibility relies on the different modalities of salsolinol
administration followed in these experiments: microdialysis
studies, in fact, show responses (collected every 20 min) upon the
acute application of salsolinol whereas ICSA studies use repeated
and more prolonged applications of salsolinol (several sessions).
Hence, based on the rate of salsolinol self-administration more
than one dose of salsolinol would be administered in 20 min and
this observation makes highly fallacious comparing studies with
so different time scales and administration modalities.

The opioid system has been suggested to mediate the
salsolinol (as well as the acetaldehyde, Peana et al., 2011) effects
in the CNS. In a very early set of studies salsolinol showed to bind
to opioid receptors and produce opioid-like effects (Tampier
et al., 1977; Blum et al., 1978; Fertel et al., 1980; Lucchi et al.,
1982). Based on these studies and on the structural similarities
of salsolinol with the MOP receptor agonist morphine, most
part of the neurobiological consequences deriving from the
administration of salsolinol were shown to be impeded by
pharmacological blockade of MOP receptors. In particular,
the blockade in the pVTA of these receptors by the selective
and irreversible MOP antagonist β-funaltrexamine impairs the
salsolinol-elicited increase in motor activity (Hipólito et al.,
2010), the acquisition of CPP after either its systemic (Matsuzawa
et al., 2000) and intra-pVTA administration (Hipólito et al.,
2010) as well as the increase in accumbal DA release elicited
by intra-pVTA salsolinol administration (Hipólito et al., 2011).
Moreover, although, unfortunately, there are no data on the
effects of opioid antagonists on salsolinol self-administration,
the pharmacology of salsolinol ICSA has been investigated by
Rodd et al. (2003, 2005, 2008). In their studies, these authors
explored the role of the dopaminergic (D2 and D3 subtypes) and
the serotoninergic (5-HT3 subtype) receptors in the reinforcing
properties of salsolinol. The co-infusion of the D2/D3 receptor
antagonist, sulpiride, with salsolinol completely blocked the
number of self-infusions into the Acb shell (Rodd et al., 2003);
similarly, although by a different mechanism, co-administration
of the D2/D3 receptor agonist, quinpirole, significantly reduced
the number of responses on the active lever to obtain the ICSA
of salsolinol into the pVTA (Rodd et al., 2008). Thus, although
several studies have excluded a direct interaction of salsolinol
with D1 and D2 receptors (Antkiewicz-Michaluk et al., 2000a,b;

Tóth et al., 2002; Homicsko et al., 2003; Székács et al., 2007),
these data indicate that somehow DA receptors are involved
in the reinforcing properties of salsolinol in the mesolimbic
pathway. Moreover, in similar ICSA experiments performed
to deliver salsolinol into the pVTA, Rodd et al. have also
investigated the implication of 5-HT3 receptors and showed
that the application of the selective antagonist of the 5-HT3
receptors, ICS 205, 930, significantly diminished the number
of salsolinol self-administrations. The authors of this study
hypothesized that the involvement of 5-HT3 receptors may be
indirect, based on previous reports that show an enhancement
of serotonin extracellular levels after salsolinol administration in
the rats striatum (Maruyama et al., 1992; Nakahara et al., 1994).
Unfortunately, no more experiments have been done to test this
possibility and characterize further the pharmacology of ICSA of
salsolinol.

As to the third question, in a set of more direct experiments,
Xie et al. (2012) tried to shed light on how salsolinol activates DA
neurons of the mesolimbic pathway, by using the patch clamp
technique. In these experiments, DA neurons were patched
and action potentials (APs), as well as spontaneous inhibitory
postsynaptic currents (sIPSC) from GABA inputs were recorded.
Salsolinol was able to increase, dose-dependently, the number
of APs/10 s and to reduce the number of sIPSC/10 s after
its bath application at concentrations as low as 0.003–1.0 µM.
These data confirm the ability of salsolinol to activate pVTA DA
neurons through an indirect mechanism that involves a decrease
of GABA release onto DA neurons. Furthermore, following the
idea of MOP receptors involvement in the effects of salsolinol
on mesolimbic DA system, the authors used a non-selective
antagonist, naltrexone, and found that it impairs salsolinol
effects on both the APs and the sIPSC. Taking into account
the organization of the pVTA (Johnson and North, 1992), it
seems reasonable to suggest that salsolinol is able to activate
MOP receptors mainly located onto pVTA GABA neurons and
other GABA afferents that control the DA neurons activity.
As a consequence of the GABA neurotransmission inactivation,
DA neurons (under tonic control from GABA neurons) may
be activated through a disinhibition mechanism (Xie et al.,
2012). Notably, this mechanism of action offers a reasonable
mechanistic explanation of the neurochemical and behavioral
experiments exposed above but also may give an explanation of
how ethanol is able to interact with the opioid system to mediate
its activating effects (Font et al., 2013). Nonetheless, there are still
unresolved questions about salsolinol (i.e., the involvement of 5-
HT3 receptor), and probably salsolinol mechanism of action is
much more complicated. Other possibilities, besides the MOP
and the 5-HT3 receptors, have been explored in vitro. After
another set of electrophysiology experiments, Xie and Ye (2012)
concluded that the effect of salsolinol on DA neurons involves
at least three mechanisms: (i) a depolarizing action of DA
neurons by itself; (ii) an activating action of MOP receptors onto
GABAergic inputs; and (iii) an enhancing action of presynaptic
glutamatergic transmission onto DA neurons via activation of
DA D1 receptors on the glutamatergic terminals. However, as
previously discussed, this is still an open question that will need
more data from different techniques to be clarified.
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The final question, perhaps the most difficult to answer
and at the same time the most important one, refers to
the involvement of salsolinol in the neurobiological effects of
ethanol. All data discussed above give support to the THIQs
theory of alcoholism without providing a direct confirmation
of the crucial role of salsolinol in the effects of ethanol. In
investigating the neurobiological effects of salsolinol, others and
we always administered exogenous salsolinol to observe its effects
but never used ethanol to obtain salsolinol in situ. Obviously, the
lack of knowledge about salsolinol formation from ethanol does
not allow us to manipulate the metabolism as others and we did
to study acetaldehyde’s effects. Noteworthy, a recent study from
Melis et al. (2015) has provided a direct evidence of salsolinol
involvement in ethanol activating effects of DA neurons in the
pVTA. In this very well designed electrophysiological study,
frequency of APs was measured in DA depleted mice to allow the
manipulation of the hypothesized steps of salsolinol formation
from ethanol metabolism. The study by Melis et al. (2015)
reported that ethanol could increase the frequency of APs of
DA neurons in slices from DA depleted mice only if in the
presence of exogenously added DA. Moreover, DA neurons
from slices obtained from DA depleted mice that were treated
with 3-AT (that prevents acetaldehyde’s and, consequently,
salsolinol’s formation) showed no APs increases in response
to ethanol. These data reveal that the formation of salsolinol
from ethanol-derived acetaldehyde is necessary for the ethanol
activating effects on DA neurons in the pVTA.

In conclusion, although there is a yet growing interest
in the field with high expectancies of providing very critical
insights on this topic, some of the questions are, unfortunately,
still unanswered making the role of salsolinol in the effects
of ethanol a matter of further debate in the field of alcohol
addiction.

SUMMARY AND FUTURE
DEVELOPMENTS

As acetaldehyde is involved in many actions of ethanol in the
brain, including behavioral changes and neuronal damage, the
drugs used to interfere with ethanol metabolism or reduce
acetaldehyde levels may represent a valuable therapy in the
management of the large number of alcohol use disorders
including relapse into ethanol taking and, in combination with
the existing ones, might improve the outcomes of current
pharmacological therapies. Moreover, compounds endowed with
anti-oxidant properties represent nowadays potentially good

candidates to treat distinct phases of ethanol misuse. The
neuroimmune mechanisms of ethanol and acetaldehyde offer
new approaches to develop more effective pharmacotherapies
to treat ethanol-related neuropathologies. This recent latter
evidence could explain the efficacy of different radical scavengers
and antioxidant drugs in the reduction of ethanol-, ethanol-
derived acetaldehyde- and acetaldehyde-dependent effects.
Moreover, as some pioneering and recent studies point to the
relevance of the cortico-striatal glutamatergic transmission to the
development of addiction to psychostimulant and other drugs of
abuse, further research appears needed to disentangle the exact
relationship between ethanol, acetaldehyde and salsolinol in this
pathway, which might lead to develop new treatments.

Moreover, the latest research on the acetaldehyde-DA adduct
points to salsolinol as a strategic tile in the puzzle that explains
the activating effects of ethanol that may eventually lead to
alcohol use disorders in some individuals. In this regard, it
is noteworthy that all the potential pharmacological tools,
suggested by the above evidence, may be able to prevent either
salsolinol formation or salsolinol actions onto DA neurons.
However, although the gathered evidence discloses potential
targets of promising therapies, it also requires great caution as
most part, if not all, of the data discussed in the present review
were obtained upon acute administrations. In other words,
since in this scenario we are still missing the data under and
after chronic exposure to ethanol, acetaldehyde and salsolinol,
modeling more advanced states of addiction (Belin-Rauscent
et al., 2016) appears the must for future research in order to really
gain understanding on which may be the real role of ethanol and
its by-products in abnormal ethanol taking behaviors.

In conclusion, significant new evidence supports the role of
acetaldehyde and salsolinol in many actions of ethanol in the
CNS which offers new insights for the search of new targets
and for the discovery of effective pharmacotherapies against the
development of alcohol abuse and dependence.
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Background: Several studies have shown that the ethanol-derived metabolite salsolinol
(SAL) can activate the mesolimbic system, suggesting that SAL is the active molecule
mediating the rewarding effects of ethanol. In vitro and in vivo studies suggest that
SAL exerts its action on neuron excitability through a mechanism involving opioid
neurotransmission. However, there is no direct pharmacologic evidence showing that
SAL activates opioid receptors.

Methods: The ability of racemic (R/S)-SAL, and its stereoisomers (R)-SAL and (S)-SAL,
to activate the µ-opioid receptor was tested in cell-based (light-emitting) receptor
assays. To further characterizing the interaction of SAL stereoisomers with the µ-opioid
receptor, a molecular docking study was performed using the crystal structure of the
µ-opioid receptor.

Results: This study shows that SAL activates the µ-opioid receptor by the classical G
protein-adenylate cyclase pathway with an half-maximal effective concentration (EC50)
of 2 × 10−5 M. The agonist action of SAL was fully blocked by the µ-opioid antagonist
naltrexone. The EC50 for the purified stereoisomers (R)-SAL and (S)-SAL were 6 × 10−4

M and 9 × 10−6 M respectively. It was found that the action of racemic SAL on the
µ-opioid receptor did not promote the recruitment of β-arrestin. Molecular docking
studies showed that the interaction of (R)- and (S)-SAL with the µ-opioid receptor is
similar to that predicted for the agonist morphine.

Conclusions: It is shown that (R)-SAL and (S)-SAL are agonists of the µ-opioid
receptor. (S)-SAL is a more potent agonist than the (R)-SAL stereoisomer. In silico
analysis predicts a morphine-like interaction between (R)- and (S)-SAL with the µ-opioid
receptor. These results suggest that an opioid action of SAL or its enantiomers is
involved in the rewarding effects of ethanol.

Keywords: salsolinol, µ-opioid receptor, naltrexone, β-arrestin, molecular docking
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INTRODUCTION

The mechanisms underlying the addictive properties of ethanol
are still not fully understood since specific molecular targets
explaining its pharmacological actions have not yet been
identified. Unlike other drugs of abuse such as morphine,
cocaine or nicotine that elicit their effects at micromolar blood
concentrations (10−6 M; Jeffcoat et al., 1989; Glare and Walsh,
1991; Benowitz and Jacob, 1993), the pharmacological effects
of ethanol are evident only at millimolar blood levels (10−3 M;
Holford, 1987). The low potency of ethanol could be attributed
to its molecular simplicity, hampering its binding with high
affinity to any type of receptor. Nevertheless, a number of
studies have shown that acetaldehyde, the primary metabolite
of ethanol in the brain, is self-administered intracranially by
rats at micromolar concentrations showing strong motivational
and reinforcing effects (Rodd et al., 2005). Indeed, ethanol
metabolism to acetaldehyde in the brain is required to exert
ethanol’s reinforcing actions (Karahanian et al., 2011, 2015;
Quintanilla et al., 2012; Israel et al., 2015; Peana et al., 2016).

In the brain, ethanol-derived acetaldehyde can condense
non-enzymatically with dopamine to generate racemic
(R/S)-salsolinol (SAL, 1-methyl-1,2,3,4-tetrahydro-6,7-
dihydroxy-isoquinoline; Melchior and Collins, 1982). Studies
by Rommelspacher et al. (1995) showed that levels of SAL
in the blood of alcoholics were higher than those found in
non-alcoholic individuals. The exposure of healthy individuals
to an acute dose of ethanol results in an increase of SAL
concentrations in blood and urine (Haber et al., 1996). Animal
studies have shown that chronic ethanol administration to rats
results in a significant increase of SAL levels in dopamine-rich
areas of the brain such as striatum, limbic forebrain and
hypothalamus (Sjöquist et al., 1982; Matsubara et al., 1987),
yielding increased amounts of SAL (Rojkovicova et al., 2008).
Behavioral studies performed in rats have shown that SAL
administration results in major increases in voluntary ethanol
intake (Myers and Melchior, 1977; Quintanilla et al., 2014,
2016), locomotor activity (Hipólito et al., 2010; Quintanilla
et al., 2014) and conditioned place preference (Matsuzawa et al.,
2000; Quintanilla et al., 2014). Microdialysis studies have shown
that microinjections of SAL into the ventral tegmental area
(VTA) of rats result in an increased release of dopamine in the
nucleus accumbens (Deehan et al., 2013), a common hallmark
shared by different drugs of abuse, including ethanol (Di Chiara
and Imperato, 1988). Furthermore, SAL is self-administered
intracranially by rats at concentrations ranging from 0.03 µM
to 0.3 µM (Rodd et al., 2008; Deehan et al., 2013). These
concentrations are 10–100 times lower than that required for
acetaldehyde self-administration, suggesting that SAL is an active
molecule involved in the rewarding effects of ethanol. Indeed,
recent electrophysiology studies by Melis et al. (2015) showed
that inhibition of dopamine synthesis by a tyrosine hydroxylase
inhibitor fully abolishes the ability of ethanol (100 mM) and
acetaldehyde (10 nM) to stimulate VTA dopaminergic neurons.

Experimental evidence suggests that the activating/rewarding
properties of SAL are mediated by mechanisms involving
µ-opioid receptors, although the levels at which this effect occurs

is not known. Studies by Matsuzawa et al. (2000) showed that
place preference conditioning elicited by SAL is significantly
attenuated by the concomitant administration of the selective
µ-opioid receptor antagonist β-funaltrexamine. Similar results
were obtained by Hipólito et al. (2010), who found that the
administration of β-funaltrexamine reduces the increase in
locomotor activity elicited by the intra-VTA administration
of SAL to rats. Recent studies by Quintanilla et al. (2014)
showed that repeated systemic administration of racemic SAL
(10 mg/kg, i.p.) led to a marked increase in voluntary ethanol
intake in rats. This sensitization to ethanol intake was fully
blocked by the concomitant intra-VTA administration of the
opioid antagonist naltrexone, suggesting that the VTA is the
primary site of action of SAL and its mechanism of action
mediated by opioid receptors. It has been proposed that SAL
could bind to µ-opioid receptors on GABAergic neurons of
the VTA, inducing hyperpolarization, resulting in disinhibition
and therefore activation of nearby dopaminergic neurons (Xie
et al., 2013), resembling the action of opioid drugs (Johnson
and North, 1992). In line with this view, electrophysiological
studies performed in VTA-containing brain slices showed
that SAL increased the firing of dopamine neurons by a
µ-opioid/GABAergic combined mechanism, since the activating
effects of SAL were blocked by both the µ-opioid antagonist
naltrexone and the GABAA receptor antagonist gabazine (Xie
et al., 2012).

Despite early reports suggesting that SAL (10−8 to 10−3 M)
can bind to opioid receptors (Fertel et al., 1980; Lucchi et al.,
1982), there are no specific studies aimed at determining the
intrinsic activity of SAL on µ-opioid receptors. We report
here a light emission cell-based receptor assays describing
the effect of SAL on µ-opioid receptors, based on the
activation of the canonical signaling pathway associated to
G protein. We also assessed the capacity of SAL to activate
the G protein-independent signaling pathway associated with
β-arrestin recruitment. We extended these in vitro studies to
assess the action of the SAL stereoisomers (R)-SAL and (S)-SAL.
To further understand the interaction of SAL with the µ-opioid
receptor, we also investigated on molecular docking analyses,
comparing (R)-SAL vs. (S)-SAL on their ability to bind to
the active site of the mouse µ-opioid receptor, whose crystal
structure was recently published (Huang et al., 2015).

MATERIALS AND METHODS

Materials
Racemic SAL was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA), naltrexone was from Alfa Aesar (Ward Hill,
MA, USA). Ammonium acetate was from Merck (Darmstadt,
Germany) and triethylamine was from Sigma (St. Louis, MO,
USA).

Separation and Purification of (R) and
(S)-Salsolinol
(R)-SAL and (S)-SAL were separated from the racemic solution
by high-pressure liquid chromatography (HPLC) as described
previously (Quintanilla et al., 2016). Briefly, a solution of (R/S)-
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SAL was injected into a NUCLEODEX β-cyclodextrin-modified
column (Macherey-Nagel, Düren, Germany) kept at 20◦C. The
column was coupled to a LC-4C BAS amperometric detector
(ED) set to a potential of 700 mV. The mobile phase, composed
of volatile 100 mM ammonium acetate and 10 mM triethylamine
(pH 4.0), was injected at a flow rate of 0.40 mL/min. Previous
reports indicate that (S)-SAL enantiomer is the first to be eluted
following similar chromatographic conditions (Deng et al., 1995;
Naoi et al., 1996; Tóth et al., 2001; Quan et al., 2005; Rojkovicova
et al., 2008; Lee et al., 2010). Once (R/S)-SAL was injected
into the HPLC, the enantiomers were separated and collected
according to their corresponding elution time (electrochemical
detector disconnected). To check their purity, samples were
reinjected onto the HPLC system. Each purified fraction was
lyophilized at −54◦C for 9 h for mobile phase elimination
and dissolved in HCl 10−5 M, (pH 5.0). The concentration
of purified samples was determined either by HPLC-ED or
by absorbance at 290 nm, using a calibration curve with
(R/S)-SAL as a standard. Samples were stored at−20◦C in amber
microtubes.

Activation of µ-Opioid Receptors through
the Gi Protein-Signaling Pathway
The intrinsic activity of the ligands was studied using
commercially cell-based assays, composed by recombinant
CHO-K1 cells that overexpress only the human µ-opioid
receptor, detecting the levels of second messengers that reflect
the activation of this receptor. To assess the activation of the
µ-opioid receptor through the recruitment of G protein signaling
pathway, we used the cyclic adenosine monophosphate (cAMP)
Hunterr eXpress G protein-coupled receptor (GPCR) Assay
(DiscoverX, Freemont, CA, USA) following the manufacturer
instructions. In this system, the endogenous cAMP competes
with an exogenous cAMP coupled to a truncated β-galactosidase
fragment (provided by the assay) for binding to a cAMP
antibody. Only the unbound exogenous cAMP-β-galactosidase
fragment binds to a complementary β-galactosidase fragment to
form the active enzyme. The activity of β-galactosidase, measured
by adding a chemiluminescent substrate, reflects proportionally
the levels of cellular cAMP. (R)-SAL, (S)-SAL and (R/S)-
SAL, dissolved in HCl 10−5 M, (pH 5.0) and including the
adenylate cyclase activator forskolin (20 µM), were incubated
at concentrations ranging from 1 × 10−8 M to 1 × 10−3 M
with the CHO-K1 cells for 30 min. Morphine was incubated
at concentrations ranging from 3 × 10−9 M to 1 × 10−4 M
under the same conditions. Control cells were incubated only
with forskolin. The resulting luminescence was measured with
a microplate reader Synergy HT (Biotek, Winooski, VT, USA)
or a microplate reader SpectraMax M3 (Molecular Devices,
Sunnyvale, CA, USA). The experiment was repeated three times
in duplicate for (R)-SAL, (S)-SAL and (R/S)-SAL and two times
in duplicate for morphine.

In a subsequent experiment, the activation of the µ-opioid
receptor by racemic SAL (150µM) was studied after the addition
of different concentrations (3 × 10−10 M to 10−5 M) of the
antagonist naltrexone to the recombinant cells, dissolved in assay
buffer, 30 min before to the addition of SAL. All measurements

were expressed as relative luminescence to the controls with no
ligand added. Each concentration of naltrexone was assayed once
in duplicate. The antagonistic action of naltrexone was selective
for µ-opioid receptor since the recombinant cells used in the
study only overexpress this type of opioid receptor.

Activation of µ-Opioid Receptors through
the β-Arrestin Signaling Pathway
To assess the activation of the µ-opioid receptor through
the recruitment of the β-arrestin signaling pathway, we used
a PathHunterr eXpress β-Arrestin GPCR chemiluminescent
assay (DiscoverX) following the manufacturer instructions.
In this system, the human µ-opioid receptor is fused to
a small fragment of β-galactosidase (PK) and co-expressed
in cells expressing a fusion protein of β-arrestin and the
complementary fragment of β-galactosidase (EA). Activation
of the µ-opioid receptor stimulates binding of β-arrestin to
the PK-tagged receptor allowing the complementation of the
two enzyme fragments of β-galactosidase. This action leads to
an activation of the enzyme that can be measured using a
chemiluminescent reagent resulting in luminescence, which is
proportional to the recruitment of β-arrestin. DADLE ([D-Ala2,
D-Leu5]-Enkephalin), (R/S)-SAL and morphine (dissolved in
HCl 10−5 M, pH 5.0), were incubated at concentrations
ranging from 1 × 10−8 to 1 × 10−3 M with the cells
for 30 min. The experiment was repeated three times in
duplicate for each concentration of ligand. The resulting
luminescence was determined with a microplate reader Synergy
HT (Biotek).

Molecular Docking
Molecular docking simulations were performed using the
crystal structure of the mouse µ-opioid receptor bound to the
morphinan high-affinity agonist BU72 (Neilan et al., 2004),
obtained from the protein data bank as a PDB file (ID: 5C1M;
Huang et al., 2015). For the simulations, water molecules near the
receptor were conserved, but BU72 and any other co-crystallized
molecules were removed. After that, polar hydrogens were
added to the protein coordinates (not resolved in the crystal
structure). The studied molecules, morphine, (R)-SAL and
(S)-SAL, were prepared and optimized to their energy minima
using SPARTAN 10. Docking simulations were performed
using Autodock Vina (Trott and Olson, 2010), which renders
the ligand fully flexible, while to the target protein a rigid
structure. The search space was 24 Å3 around a side-chain
oxygen of Asp147, regarded as a critical residue for the binding
of ligands to this receptor (Li et al., 1999; Manglik et al.,
2012; Shim et al., 2013; Huang et al., 2015). The searching
exhaustiveness was 800 (default 8). Ligand-protein interactions
analyses and 3D figures were prepared using PyMOL (DeLano,
2002).

Statistical Analyses
The half-maximal effective concentration (EC50) for each ligand
and half-maximal inhibitory concentration (IC50) for naltrexone
in the antagonist assay were determined by correlating the

Frontiers in Behavioral Neuroscience | www.frontiersin.org January 2017 | Volume 10 | Article 25345

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Berríos-Cárcamo et al. Salsolinol Action on µ-Opioid Receptors

data to a non-linear equation of ligand concentration (log M)
vs. response by three parameters. The fitting of the data to
the correlation was assessed by its corresponding coefficient
of determination (R2), using GraphPad Prism (San Diego, CA,
USA).

RESULTS

Activation of µ-Opioid Receptors by
Racemic SAL through the Gi
Protein-Signaling Pathway
To study the capacity of SAL to activate the µ-opioid receptor,
we used a commercial assay based in CHO-K1 cells expressing
the human µ-opioid receptor. Since the µ-opioid receptor
is coupled to an inhibitory G protein (Gi), its activation by
an agonist results in a reduction of intracellular levels of
cAMP. Figure 1 shows the relative intracellular cAMP levels,
measured as a chemiluminescent signal, elicited by the action of
different concentrations of racemic SAL and theµ-opioid agonist
morphine. Results showed that SAL is effective to activate the
µ-opioid receptor through the G protein-signaling pathway but
at lower potency compared to morphine. An EC50 for racemic
SAL was 2 × 10−5 M (R2 = 0.86), while the EC50 for morphine
was 4 × 10−9 M (R2 = 0.96).

Following the pharmacodynamic characterization of SAL on
the µ-opioid receptor, the effect of different concentrations
(1 × 10−5 M to 3 × 10−10 M) of the antagonist naltrexone was
determined on the activation of the µ-opioid receptor elicited
by racemic SAL at a concentration of 1.5 × 10−4 M. As it is
seen in Figure 1, this SAL concentration is able to elicit 80% of

FIGURE 1 | Salsolinol (SAL) acts as an agonist of µ-opioid receptors.
Functional assay of µ-opioid receptor dose-response activation by morphine
and racemic (R/S)-SAL. Each ligand was assayed three times in duplicate
using concentrations ranged from 1 × 10−8 M to 1 × 10−3 for (R/S)-SAL, and
3 × 10−9 M to 1 × 10−4 M for morphine. Values are expressed as the means
of cyclic adenosine monophosphate (cAMP) levels (percentage relative de
control) ± SEM. The luminescence is proportional to the intracellular cAMP
levels (induced by forskolin); therefore, a decrease in cAMP levels signals the
activation of the µ-opioid receptor, which is coupled to a inhibitory G protein
(Gi). Half-maximal effective concentration (EC50) corresponds to the
concentration of ligand eliciting 50% of the maximal response. (R/S)-SAL
curve: degrees of freedom, 26 (four points excluded as outliers, at
[Ligand](log, M) = −3, −3.5, −7, −7.5); R2 = 0.8809. Morphine curve:
degrees of freedom, 17; R2 = 0.8825.

the maximal response in this cell-based assay. Figure 2 shows
that naltrexone antagonizes, in a dose-dependent fashion, the
ability of racemic SAL to activate the µ-opioid receptor and to
reduce intracellular cAMP levels. A complete antagonism of the
SAL action is reached at naltrexone concentrations of 10−8 M. A
non-linear fit analysis of the data revealed that naltrexone showed
an IC50 of 1 × 10−9 M (R2 = 0.85).

Separation and Purification of (R) and
(S)-Salsolinol
The enantiomers (R)-SAL and (S)-SAL were separated and
purified from racemic (R/S)-SAL by HPLC. Figure 3A shows
the retention time of the enantiomers: (S)-SAL = 6.7 min
and (R)-SAL = 8.3 min, in chromatographs showing equal
areas for (S)-SAL and (R)-SAL in a sample containing
racemic (R/S)-SAL. Figures 3B,C show the chromatograms
obtained for purified (S)-SAL and (R)-SAL respectively. The
quantification of the area under the curve for (R)-SAL
and (S)-SAL showed that both stereoisomers were 99%
pure.

Activation of µ-Opioid Receptors by (R)-
and (S)-SAL through the Gi
Protein-Signaling Pathway
The capacity of the purified enantiomers (R)-SAL and (S)-SAL
to activate the µ-opioid receptor (G protein signaling
pathway) was assayed using the same methodology used
for assaying racemic SAL. Figure 4 shows the changes in
cAMP levels, measured as a chemiluminescent signal, elicited

FIGURE 2 | The action of racemic SAL is fully blocked by the µ-opioid
receptor antagonist naltrexone. Levels of cAMP (percentage relative to
control) detected after incubation with racemic (R/S)-SAL 150 µM in the
presence of different concentrations of the antagonist naltrexone (1 × 10−5 M
to 3 × 10−10 M) are shown. The activation of the µ-opioid receptor by the
addition of the (R/S)-SAL 150 µM was assayed 30 min after the addition of
the antagonist. This concentration of (R/S)-SAL elicits 80% of the maximal
response of the system. The antagonism of the inhibitory action of SAL on
µ-opioid receptor results in an increase of intracellular cAMP levels. The
shown results are from one experiment performed in duplicate and each point
represents one of the two replicates for each concentration of antagonist.
Half-maximal inhibitory concentration (IC50) corresponds to the concentration
of antagonist reducing 50% the maximal response to the agonist. Degrees of
freedom, 7; R2 = 0.8550.
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FIGURE 3 | Purification of (R)-SAL and (S)-SAL from racemic
(R/S)-SAL. High-pressure liquid chromatography (HPLC) chromatographs of
(A) racemic (R/S)-SAL 1 × 10−2 M (corresponding to 5 × 10−3 M of each
enantiomer), (B) purified (S)-SAL 4 × 10−3 M (non-detectable levels of
(R)-SAL) and (C) purified (R)-SAL 3 × 10−3 M (non-detectable levels of
(S)-SAL). The volume of each sample was 50 µL, and the flow rate was
0.8 ml/min. The concentrations of the enantiomers in the purified solutions
were determined using racemic (R/S)-SAL as standard.

by different concentrations (10−3 M to 10−8 M) of (R)-SAL
and (S)-SAL. Results showed that both enantiomers were
effective in activating the µ-opioid receptor, displaying
a similar efficacy (capacity to reduce intracellular cAMP
levels) but a higher potency (lower concentration needed
to activate the receptor) for (S)-SAL compared to (R)-SAL.
The EC50 for (S)-SAL (9 × 10−6 M, R2 = 0.81) was 50 times
lower than the EC50 calculated for (R)-SAL (6 × 10−4 M,
R2 = 0.71).

FIGURE 4 | (R)-SAL and (S)-SAL stereoisomers act as agonists on
µ-opioid receptor. Functional assay of the µ-opioid receptor dose-response
activation by (R)-SAL and (S)-SAL. Each ligand was assayed three times, each
concentration, in duplicate using concentrations ranging from 1 × 10−8 M to
1 × 10−3 M. Values are expressed as mean cAMP levels (percentage relative
de control) ± SEM. The luminescence is proportional to the intracellular cAMP
levels (induced by forskolin); therefore, a decrease in cAMP levels signals the
activation of the µ-opioid receptor, which is coupled to a Gi protein. EC50

corresponds to the concentration of ligand eliciting 50% of the maximal
response. (R)-SAL curve: degrees of freedom, 28 (two points excluded as
outliers, at [Ligand](log, M) = −7, −7.5); R2 = 0.8267. (S)-SAL curve: degrees
of freedom, 28 (two points excluded as outliers, at [Ligand](log, M) = −7,
−7.5); R2 = 0.9072.

Activation of µ-Opioid Receptors by
Racemic SAL through the β-Arrestin
Signaling Pathway
Several opioid agonists can activate with different efficacies
the G protein-independent signaling pathway led by the
recruitment of β-arrestin. This action of opioid agonists has been
correlated with their capacity to induce internalization/recycling
of µ-opioid receptors (see Williams et al., 2013). For this
reason, we studied the effect of different concentrations of
racemic SAL and the µ-opioid agonists DADLE and morphine
on CHO-K1 cells engineered to express the µ-opioid receptor
and to detect the recruitment of β-arrestin in response to such
agonists.

Figure 5 shows that racemic SAL was, at all tested
concentrations, unable to activate the β-arrestin signaling
pathway upon its binding on the µ-opioid receptor. In contrast,
DADLE showed the highest efficacy in activating the β-arrestin
signaling pathway on µ-opioid receptors, displaying an EC50 of
1 × 10−6 M (R2 = 0.98). Results also showed that morphine
activates the β-arrestin pathway upon its action on µ-opioid
receptors (EC50 = 2 × 10−6, R2 = 0.99) but displaying a lower
efficacy (50%) compared to DADLE. Since racemic SAL was
inactive on the β-arrestin signaling pathway, no studies with
(R)-SAL and (S)-SAL were conducted on β-arrestin recruitment
determination (see ‘‘Discussion’’ Section).

Molecular Docking of (R)-SAL and (S)-SAL
Enantiomers on the µ-Opioid Receptor
To further support the pharmacodynamics findings, molecular
docking analyses of morphine, (R)-SAL and (S)-SAL on the
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FIGURE 5 | The action of racemic SAL on the µ-opioid receptor does
not induce the recruitment of β-arrestin. The recruitment of β-arrestin in
response to morphine, [DAla2, D-Leu5]-Enkephalin (DADLE), and racemic SAL
was measured using a PathHunterr eXpress β-Arrestin G protein-coupled
receptor (GPCR) Assay (DiscoverX). DADLE and SAL were assayed in
duplicate using concentrations ranged within 1 × 10−9 to 1 × 10−4. Data for
morphine correspond to a single assay using concentrations ranged within
1 × 10−8 to 1 × 10−4 M for morphine. Values are expressed as the mean of
relative luminescence units (RLU) ± SEM. The luminescence is directly
proportional to the recruitment of β-arrestin. EC50 corresponds to the
concentration of ligand eliciting 50% of the maximal response. DADLE curve:
degrees of freedom, 18; R2 = 0.9838. Morphine curve: degrees of freedom, 6;
R2 = 0.9956.

coordinates of the binding site of the crystallized mouseµ-opioid
receptor were performed. Molecular docking studies started by
searching the spatial orientations (pose) of morphine, (R)-SAL
and (S)-SAL allowing: (i) the lowest minimum global energy
(score) of the ligand-receptor interaction; and (ii) the shorter
interaction distance (<4 Å) between the amino group of
the ligand and one of the side-chain oxygens of the Asp147
(N-Asp147) residue of the mouse µ-opioid receptor. This
interaction has been reported as an important feature for
opioid agonist activity (Li et al., 1999; Shim et al., 2013;
Huang et al., 2015). The scores and N-Asp147 distances
for nine different poses of morphine, (R)-SAL and (S)-SAL,
hierarchized according to their minimum score, are showed
in Table 1. Morphine displayed the lowest scores among the
three tested ligands, consistent with its higher potency for
the activation of the µ-opioid receptor. The docking scores
for SAL enantiomers were higher than those of by morphine;
however, slightly more favorable parameters were found for
(S)-SAL, which also showed better scores in all the poses than
(R)-SAL.

According to crystallographic studies reported by Shim
et al. (2013) and Huang et al. (2015), the residues of the
binding site of the µ-opioid receptor that are important for
the binding of agonists are Asp147, Tyr148, Met151, Val236,
Trp293, Ile296, His297, Val300, Trp318, Ile322 and Tyr326.
Figure 6 shows a molecular representation that highlights
the interactions of morphine, (R)-SAL and (S)-SAL, arranged
accordingly to their best pose, with the aforementioned amino
acidic residues. Figure 6B shows that morphine establishes a
salt bridge with Asp147 residue, forms hydrogen bonds with

Tyr148 and, through two water molecules, with His297. The
hydrophobic surface of morphine also binds to the hydrophobic
domain of the binding site, formed by Val300, Ile296 and Ile322.
Figures 6C,D show the molecular interactions predicted for
(R)-SAL and (S)-SAL, respectively. Since SAL enantiomers are
smaller molecules compared to morphine, they establish fewer
interactions with the receptor. Figure 6C shows that (R)-SAL
forms a salt bridge with Asp147 and, unlike morphine, the
orientation of its hydroxyl groups allows a direct hydrophobic
bond with His297. The hydrophobic surface of (R)-SAL also
interacts with Ile296 and Met151. Figure 6D shows that
the binding of (S)-SAL with the µ-opioid receptor is very
similar to the one showed by (R)-SAL, predicting interactions
with Asp147 and His297, and hydrophobic interactions with
Ile296 and Met151. However, the spatial orientation of the
methyl group, that defines the difference between the two SAL
enantiomers, contributes to an additional interaction of (S)-SAL
with Tyr148, which is not present in the simulation for the
(R)-SAL enantiomer.

DISCUSSION

The findings of this study support the hypothesis that
SAL acts as an agonist on the µ-opioid receptor. Overall,
we found that SAL is effective in activating the µ-opioid
receptor, showing an EC50 of 2 × 10−5 M. The agonist
activity of SAL on the µ-opioid receptor was fully blocked
by the µ-opioid antagonist naltrexone. Purified (R)-SAL and
(S)-SAL stereoisomers showed to be effective in activating
the µ-opioid receptor, displaying an EC50 of 6 × 10−4 M
and 9 × 10−6 M respectively. In agreement with these
results, molecular docking simulations predicted amorphine-like
interaction of (R)-SAL and (S)-SAL stereoisomers with the
µ-opioid receptor and a favored interaction for the (S)-SAL
stereoisomer.

The assays aimed at determining the intrinsic activity of SAL
showed that SAL is, as the full agonist morphine, effective in
activating the µ-opioid receptor, since both compounds display
nearly the same ability to inhibit the generation of intracellular
cAMP (as shown by a reduction in chemiluminiscence in
the present cell study). However, a marked difference was
observed between morphine and SAL on their potency, since
the EC50 of SAL was 5000-fold higher than that of morphine.
These results are in agreement with early radioligand binding
studies performed in rat striatum that showed that SAL can
displace the µ-opioid receptor agonist [met]-enkephalin with
an IC50 of 10 µM (1 × 10−5 M; Lucchi et al., 1982).
Recent electrophysiological studies in slices of posterior VTA
have shown that incubation with SAL (10−8 M to 10−6 M)
results in an increased firing of dopamine neurons. These
stimulatory effects of SAL on dopaminergic neurons are
abolished by the addition of naltrexone (Xie et al., 2012).
As proposed by Xie et al. (2013), SAL can indirectly activate
dopaminergic neurons in the VTA through the inhibition
of local GABAergic interneurons controlling the activity of
dopaminergic neurons, playing a key role on the rewarding
responses to SAL exposure. Recent in vivo studies have
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TABLE 1 | Docking parameters for morphine, (R)-SAL and (S)-SAL on the binding site of the mouse µ-opioid receptor.

Pose Morphine (R)-SAL (S)-SAL

Score (kcal/mol) N-O:Asp (Å) Score (kcal/mol) N-O:Asp (Å) Score (kcal/mol) N-O:Asp (Å)

1 −9.7 2.9 −7.5 3.0 −7.7 3.1
2 −8.7 6.1 −6.6 3.7 −6.7 5.5
3 −8.6 5.0 −6.5 6.2 −6.6 3.3
4 −8.4 7.2 −6.5 6.6 −6.5 5.7
5 −8.4 2.8 −6.5 6.3 −6.5 3.2
6 −8.1 5.5 −6.4 3.2 −6.4 8.4
7 −7.4 5.4 −6.4 6.0 −6.3 5.8
8 −6.8 7.2 −6.4 7.8 −6.3 7.6
9 −6.8 3.4 −6.2 8.0 −6.2 6.6

Docking scores and Ligand:N-O:Asp147 distances for the poses obtained for morphine, (R)-SAL and (S)-SAL on the binding site of the mouse µ-opioid receptor. The

table shows the scores and N-Asp147 distances for nine different poses of morphine, (R)-SAL, (S)-SAL hierarchized according to its minimum score. Poses and its

corresponding score were determined using the Autodock Vina software. Scores are expressed as kcal/mol. The predicted distances between the amino group of the

ligand and the α-carboxylic acid group of Asp147 (Ligand:N-O:Asp147) were determined using the PyMOL software. Ligand:N-O:Asp147 distances are expressed in

Angstroms.

determined the effects of SAL on the activity of dopaminergic
neurons in the VTA. Microdialysis studies in Wistar rats
have shown that the intra-VTA administration of SAL at
concentrations ranging within 10−7 M to 10−4 M can elicit a
marked increase of dopamine release in the nucleus accumbens
(Hipólito et al., 2011; Deehan et al., 2013). In addition,
the microinjection of SAL into the VTA of Wistar rats
at concentrations of 150 µM (15 × 10−5M) resulted in a
significant induction of locomotor activity (Hipólito et al.,
2010), conditioned place preference (Hipólito et al., 2011) and
ethanol intake (Quintanilla et al., 2014). These results show
that the concentrations at which SAL exerts its neurochemical
and behavioral effects in the VTA are similar to those able
to activate µ-opioid receptors in the present in vitro study
(EC50 = 2 × 10−5 M).

In support of an agonistic action of SAL on µ-opioid
receptor, we found that the opioid antagonist naltrexone was
able to block almost completely the action of SAL with an
IC50 of 1 × 10−9 M. These values of IC50 for naltrexone are
in agreement with previous reports regarding the potency of
naltrexone as an antagonist of the µ-opioid receptor (Hahn
et al., 1985; Michel et al., 1985). These findings are also in
line with evidence showing that SAL effects are blocked by
µ-opioid receptor antagonists; e.g., conditioned place preference
(Matsuzawa et al., 2000); in vitro dopaminergic neurons
activation (Xie et al., 2012); dopamine release in the nucleus
accumbens (Hipólito et al., 2011); locomotor activation (Hipólito
et al., 2010) and increased ethanol consumption (Quintanilla
et al., 2014). An alternative mechanism by which SAL could
activate opioid transmission is by increasing the release of
endogenous opioids, such as β-endorphins. However, in vitro
studies on primary cultures of hypothalamic neurons have shown
that SAL, contrary to ethanol and acetaldehyde, is unable to
stimulate the secretion of β-endorphins (Reddy and Sarkar,
1993).

The classic signaling pathway associated to the agonist-
mediated activation of GPCRs involves the activation of the
corresponding heterotrimeric G protein and phosphorylation

of intracellular domains of the GPCR by G protein-coupled
receptor kinases (GRKs), which results in rapid desensitization
of GPCR to agonist action. Upon phosphorylation of GPCRs, a
conformational change greatly increases its affinity to β-arrestin,
a protein involved in receptor endocytosis processes and
activation of signaling pathways leading to different cellular
responses. After arrestin-mediated endocytosis, GPCR can be
either degraded or dephosphorylated and recycled to the
membrane surface as functional receptors (resensitization; See
Williams et al., 2013). For some GPCRs, including µ-opioid
receptors, there are agonists displaying a differential efficacy
(biased agonists) for recruiting β-arrestin proteins (Kenakin,
2011). In this study, we found that SAL acts as a biased
agonist on µ-opioid receptors, since it activates efficiently the
signaling pathway led by Gi protein, but not the recruitment
of β-arrestin. Interestingly, it has been proposed that agonists
that do not efficiently recruit β-arrestin, and therefore are not
able to promote an effective receptor endocytosis, may have an
increased potential to produce tolerance and dependence due to
a reduction of functional receptors (Whistler et al., 1999; Finn
and Whistler, 2001).

Taking into account the relatively low potency
showed by (R/S)-SAL in activating the µ-opioid receptor
(EC50 = 2 × 10−5 M), the question that arises is if the
concentration of SAL generated in the brain after ethanol
consumption is enough to generate an opioid response. Despite
several animal studies showing that chronic administration
of ethanol increases SAL levels in the hypothalamus and the
striatum (Sjöquist et al., 1982; Myers et al., 1985; Matsubara et al.,
1987), there are no studies showing the actual concentrations
of SAL generated in the brain by acute pharmacological doses
of ethanol. Brain microdialysis studies by Jamal et al. (2003)
showed that SAL is only detectable at nanomolar levels in the
striatum of rats whether ethanol administration is preceded
by a pre-treatment with the aldehyde dehydrogenase inhibitor
cyanamide, thus increasing acetaldehyde levels. These results
indicate that in vivo formation of SAL is highly dependent
on acetaldehyde levels, occurring only in dopamine-rich areas
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FIGURE 6 | (R)-SAL and (S)-SAL stereoisomers showed a morphine-like interaction with the binding site of the µ-opioid receptor. Molecular docking
analyses of morphine, (R)-SAL and (S)-SAL on the coordinates of the crystallized mouse µ-opioid receptor were performed. (A) Chemical structure of the molecules
studied: morphine, (R)-SAL and (S)-SAL. Hydroxyl groups are represented in red and amino groups are represented in blue. (B–D) Best docking fits of the three
studied molecules on the binding site of the µ-opioid receptor. The molecular surface of each molecule and the receptor is represented. A dotted line highlights the
main interactions of the ligands with the binding site of the µ-opioid receptor.

of the brain. Since catalase is the main enzyme responsible
for the metabolism of ethanol to acetaldehyde in the brain, a
heterogeneous distribution of catalase may allow the generation
of site-specific accumulations of acetaldehyde, yielding high
local concentrations of SAL (see Hipólito et al., 2007). In
agreement to this, studies by Brannan et al. (1981) showed that
catalase activity displays a regional distribution in the rat brain,
with high activity in the midbrain, a dopamine-rich area that
contains the VTA, deeply involved in the rewarding effects of
ethanol.

An alternative ethanol-independent route of SAL biosynthesis
in the brain has been proposed, involving the condensation
of dopamine with pyruvic acid to yield an intermediate
metabolite (salsolinol-1-carboxylic acid), which can be converted
in SAL through an enzymatic oxidative decarboxylation
(Naoi et al., 1996). However, experimental evidence regarding
the identity and properties of the enzymes involved in this
suggested biosynthetic pathway are still lacking.

The analysis of the actions of the (R) and (S) stereoisomers
of SAL showed that both molecules act as full agonists of the

µ-opioid receptor, with (S)-SAL being 50-fold more potent than
(R)-SAL. In line with a putative role of (S)-SAL on the actions of
ethanol, human studies by Rommelspacher et al. (1995) showed
that (S)-SAL levels in the plasma of alcoholics are 100-fold higher
than that in non-alcoholics, while (R)-SAL levels in the plasma
of alcoholics are only 2-fold higher than that in non-alcoholic
subjects. An animal study performed in alcohol-preferring P
rats showed that after 8 weeks of chronic ethanol consumption,
there was a 2-fold increase in (S)-SAL levels in the midbrain,
whereas a 1.6-fold increase was detected in (R)-SAL levels
(Rojkovicova et al., 2008). In contrast to these findings, a recent
behavioral study by Quintanilla et al. (2016) found that (R)-SAL
was the only enantiomer capable of inducing conditioned place
preference after its intracerebral infusion into the VTA of rats.
The reasons for these inconsistencies are unknown, but a possible
explanation would be the existence of different molecular targets
for (R)-SAL or its in vivo metabolism. Furthermore, there are
studies showing that SAL increases monoaminergic transmission
by inhibition of monoamine oxidase (MAO) activity in the brain
(Naoi et al., 2004) and by inhibition of monoamine reuptake
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(Alpers et al., 1975). Recent studies have also shown that SAL
could interact with other receptors as a monoamine derivative.
Electrophysiological studies by Xie and Ye (2012) showed that
the stimulant effect of SAL on dopaminergic neurons could be
attenuated by the D1 receptor antagonist, SKF83566. In fact,
intracerebral self-administration of SAL in alcohol-preferring
P rats is significantly reduced by the co-administration of
the dopamine D2,3 agonist quinpirole or the serotonin 5-HT3
antagonist ICS-205, 930 (Rodd et al., 2008). It is also possible that
both (R)-and (S)-SAL could present different affinities for other
opioid receptors such as the kappa and delta subtypes.

The higher potency showed by (S)-SAL is also supported
by molecular docking studies in which the binding of each
stereoisomer to the µ-opioid receptor was simulated and
analyzed. As shown in Table 1, in spite of the similarity
of the two enantiomers, (S)-SAL docking poses had lower
scores (predicted binding energy) than (R)-SAL in general,
and also when comparing best poses, which could account
for its higher experimental agonist potency. The low score
of (S)-SAL can be explained by the interaction of its chiral
methyl group with the receptor binding site, specifically with
the Tyr148 (Figure 6D), filling a cavity that is empty for (R)-
SAL (Figure 6C). To our knowledge SAL (179 Da) is the
smallest molecule described to date showing an opioid full
agonism. A possible limitation for the present docking study
is that computational simulations were performed using the
crystal structure of the mouse µ-opioid receptor instead of the
humanµ-opioid receptor used in the cell-based assays. However,
an overall comparison of the amino acid sequence shows a
94% of homology between the mouse and human receptors. A
near complete homology (>99%) is obtained if the comparison
only considers the domains comprising the binding site of the
receptor.

Overall, it is shown that racemic (R/S)-SAL and its
stereoisomers (R)-SAL and (S)-SAL are agonists of the µ-opioid
receptor, (S)-SAL being more potent than (R)-SAL. The in silico
study also shows that the interactions of (R)-SAL and (S)-SAL
with the binding-site of the µ-opioid receptor are analogous to
that shown by morphine. Further studies of the action of SAL
on µ-opioid receptor variants (e.g., A118G variant) or other
opioid receptor subtypes (e.g., delta or kappa) would provide
additional evidence of the role of SAL in the development of
alcohol addiction.
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Over the last 20 years researchers have explored the postulated role of acetaldehyde
(ACD) as a mediator of some of the actions of ethanol (EtOH) in the central nervous
system (CNS). However, efforts have been hampered mainly by the difficulty of directly
measuring in vivo EtOH and ACD levels in the CNS and thus, our knowledge is based
on indirect evidences. Although technically challenging, the development of reliable
methods for in vivo measurement of ACD and EtOH is of paramount importance
to solve the “puzzle of acetaldehyde as a neuroactive agent.” In this short review
we discuss the recent advances on brain EtOH pharmacokinetic and state-of-the-
art available techniques that could be used for in vivo detect EtOH and ACD both
non-invasively (magnetic resonance spectroscopy), and invasively (microdialysis and
biosensors). Among the different in vivo sampling techniques described, particular
emphasis is paid to the field of enzyme-based amperometric biosensors. Biosensors
have gained much attention in recent years for their ability to online monitor biological
signals in vivo, and several micro- and nano-structured devices have been successfully
used for in vivo studies. Owing to their high temporal and spatial resolution, biosensors
could provide the adequate technology for studying in vivo EtOH pharmacokinetic.

Keywords: ethanol, acetaldehyde, magnetic resonance spectroscopy, microdialysis, biosensors

INTRODUCTION

Acetaldehyde (ACD) is a naturally occurring compound, found in several fruits and vegetables as
well as in tobacco smoke and fermented alcoholic beverages (Cao et al., 2007).

In the last decades many attempts have been made to quantify brain EtOH and ACD, in order
to correlate their concentrations with behavior (Correa et al., 2012; Israel et al., 2015). So far this
line of research has yielded conflicting results, mostly due to discrepancy and controversy with
quantitative measures of brain EtOH and ACD.

In this brief review we offer an overview of the recent advances on brain EtOH pharmacokinetic
and discuss the state-of-the-art of available techniques for in vivo EtOH and ACD study.
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EtOH METABOLISM IN THE BRAIN

Since EtOH readily enters the brain, in situ synthesis has been
long postulated as a plausible source of brain ACD (Cohen
et al., 1980). It is now demonstrated that the brain tissue
contains all of the main EtOH metabolizing enzymes: alcohol
dehydrogenase (ADH), cytochrome P450 2E1 (CYP2E1), and
catalase; however, their relative role in metabolizing EtOH into
ACD is still debated.

Alcohol dehydrogenase is a zinc-containing enzyme localized
in the cytosol, it has broad substrate specificity (many primary
or secondary alcohols) and is found in highest amount in the
liver. However, since ADH is not uniformly expressed in the brain
tissue, its real contribution to local ACD levels in discrete brain
areas could have been underestimated and may deserve more
detailed evaluation (Bühler et al., 1983; Kerr et al., 1989; Mori
et al., 2000).

Cytochrome P450s are a family of heme enzymes mainly
located in the endoplasmic reticulum and in mitochondria.
CYP2E1 is the P450 family with the highest activity for oxidizing
EtOH to ACD, and is widely expressed in the human and
rodent brain (Tindberg and Ingelman-Sundberg, 1996; Sánchez-
Catalán et al., 2008; Ferguson and Tyndale, 2011). CYP2E1
has been shown to metabolize EtOH in both neurons and
astrocytes at a rate of 0.00051 µmol/min/g, and CYP2E1
pharmacological inhibition significantly reduces ACD formation
in rat brain homogenates incubated with EtOH (Hansson
et al., 1990; Gill et al., 1992; Warner and Gustafsson, 1994;
Zimatkin et al., 2006). Further, reduced ACD brain levels have
been shown in transgenic KO CYP2E1 mice after incubation
with EtOH, relative to their wild-type counterparts (Ziegler
et al., 2006). CYP2E1 activity has been accounted for a 20%
fraction of brain EtOH oxidation, and it may represents a
major adaptive response to chronic EtOH consumption as
shown in a recent in vivo study on EtOH-induced locomotion
(Hansson et al., 1990; Heit et al., 2013; Ledesma et al.,
2014). Further, in vitro evidences in KO CYP2E1, acatalasemic
and double mutants (KO CYP2E1 and acatalasemic) mice,
suggest that CYP2E1 function may be linked to catalase-
mediated EtOH oxidation by increasing the availability of
H2O2 (Halliwell, 2006; Zimatkin et al., 2006; Deng and Ra,
2008).

Catalase, a heme containing enzyme, is found in the
peroxisomal fraction of the cell and can oxidize EtOH as shown
in reaction 1.

(1) CH3CH2OH + H2O2 → CH3CHO + 2H2O

Recent results also show that 3-amino-1,2,4-triazole (3AT)
administration impair the acquisition of operant EtOH self-
administration in the rat (Peana et al., 2015). However, 3AT
has been shown to cause a non-specific effects on behavior and
therefore other procedures have been used to inhibit catalase-
mediated ACD formation (Rotzinger et al., 1994; Tampier et al.,
1995).

A valuable method for in vivo studying the involvement of
catalase in brain ACD formation is based on the use of lentiviral

vectors coding for an anticatalase shRNA (RNAi precursor),
which allows for efficient (up to 75%) inhibition of catalase
activity (Karahanian et al., 2011). This technique appears also
of particular interest because by allowing localized inhibition of
catalase activity, it may be used to precisely pinpoint those brain
areas involved in the psychopharmacological effects of EtOH
(Israel et al., 2015). In fact, it has been shown that administration
of an anticalatase vector into the ventral tegmental area (area
which plays a key role in the neurobiological basis of addiction,
VTA), significantly reduced EtOH consumption and EtOH
stimulated dopamine release in its projection fields (in particular
the nucleus accumbens shell) (Karahanian et al., 2011; Israel
et al., 2012; Quintanilla et al., 2012). Another study show that
anticatalase vectors administration in the VTA can efficiently
inhibit EtOH intake following deprivation (Tampier et al.,
2013).

IN VIVO EtOH AND ACD DETECTION:
NON-INVASIVE APPROACHES

Magnetic Resonance Spectroscopy
Magnetic resonance spectroscopy (MRS) is a non-invasive
analytical technique used to provide a measure of in vivo
brain biochemistry (Soares and Law, 2009; Strózik-Kotlorz,
2014; Buonocore and Maddock, 2015). In vivo MRS can be
performed with common clinical magnetic resonance imaging
equipments and since EtOH methyl protons can be detected
(Sammi et al., 2000), MRS has been largely used to measure
in vivo brain EtOH levels in both humans and laboratory
animals (Hanstock et al., 1990; Kaufman et al., 1994; Rooney
et al., 2000; Zahr et al., 2010). However, magnetic transfer
evidences have clearly shown the in vivo presence of a free,
observable EtOH pool and a membrane-associated EtOH pool
that escapes direct detection (Fein and Meyerhoff, 2000; Nagel
and Kroenke, 2008). Therefore, since a (possibly significant)
fraction of brain EtOH content cannot be measured by
MRS, this technique must be considered only for qualitative
measurements.

Ethanol oxidative metabolism has been studied with MRS,
after 13C-labeled EtOH administration (Xiang and Shen, 2011;
Wang et al., 2013a,b).The results show that 13C nuclei from
13C-labeled EtOH are incorporated into multiple metabolites
including glutamate, glutamine, and aspartate, but no significant
conversion of EtOH into ACD in the brain could be
evidenced.

Despite the low sensitivity and temporal resolution, MRS
still provides an opportunity for in vivo qualitative study of
the effects of EtOH in the brain (Nagel and Kroenke, 2008;
Niciu and Mason, 2014). MRS is fundamental for human
studies allowing the dynamic evaluation of EtOH effects, and
providing an important framework for comparing experimental
results in humans and animal models (Cifuentes Castro et al.,
2014). Further, since magnetic resonance images can be obtained
concurrently with spectroscopic data, MRS also provides valuable
structural informations (Alger, 2010; Befroy and Shulman,
2011).
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IN VIVO EtOH AND ACD DETECTION:
INVASIVE APPROACHES

Microdialysis
Microdialysis is de facto the gold-standard in vivo sampling
technique for the central nervous system (CNS), allowing the
analysis of several molecules in cerebro spinal fluid (CSF)
based on their diffusion across a semi-permeable membrane
(Chefer et al., 2009; Kennedy, 2013). Despite its popularity,
microdialysis is not free of limitations (Westerink, 1995), some
of which are particularly relevant for EtOH and ACD in vivo
measurement. In particular, due to low probe recovery, the
concentrations of substances in the dialysate only partially
reflect true tissue concentrations and thus, analytes present
at very low concentrations are difficult to detect. This issue
could be also worsened by the fact that some compounds
may be adsorbed by the dialysis membrane further decreasing
probe recovery (Buttler et al., 1996). It is well-known that
microdialysis has poor time resolution and therefore is not
suitable for studying events that change in short time intervals.
Another problem is the effect of tissue damage secondary
to probe implantation; although microdialysis probes have
been miniaturized in time, alterations in tissue metabolism
cannot be neglected (Borland et al., 2005; Carson et al.,
2015).

Despite all technical shortcomings, the advantages of using
microdialysis for in vivo monitoring of brain neurochemistry
are clear. Microdialysis is a well-known and widely reproduced
technique, sampling can be performed on freely moving subjects,
and long-term studies can be carried out with minimal influence
on the brain tissue physiology (Westerink, 1995; Chefer et al.,
2009; Kennedy, 2013). On these bases, several authors used
brain microdialysis to study EtOH and ACD in vivo (Yoshimoto
and Komura, 1993; Jamal et al., 2003, 2007, 2015). However,
this approach yielded only limited results, mostly due to the
various technical and analytical issues which specifically impair
the usefulness of microdialysis for EtOH and (especially) ACD
in vivo monitoring.

High Performance Liquid Chromatography (HPLC)
High performance liquid chromatography (HPLC)-based
analytical methods are largely employed in microdialysis studies
(Cheng et al., 2009; Guihen and O’Connor, 2009). With regard
to EtOH and ACD determination HPLC-based methods appear
particularly suitable, since samples are not heated during analysis
and thus heat sensitive or volatile compounds (such as EtOH
and ACD) can be efficiently separated. Several protocols for
EtOH analysis with HPLC have been developed using flame
ionization detection (Yarita et al., 2002), ultraviolet detection
after conversion to acetaldehyde-phenylhydrazone (Pellegrino
et al., 1999), indirect photometric detection (Takeuchi et al.,
1988), and enzymatic assay (Kristoffersen and Smith-Kielland,
2005; Peris et al., 2006). An optimized HPLC-based protocol for
ACD determination in biological samples after derivatization
with dinitrophenylhydrazine (Vogel et al., 2000) and diode array
detector is also available (Guan et al., 2011).

Gas Chromatography (GC)
Gas chromatography (GC) is an efficient analytical technique for
separating volatile species in complex samples, and several GC-
based protocols have been developed for the detection of EtOH
and ACD in biological matrices.

Several detector types can be used in conjunction with GC for
EtOH and ACD detection; the most efficient protocols available
have been developed mainly using mass spectrometry (GC–MS)
(Heit et al., 2016) or flame ionization (GC-FID) (Chun et al.,
2016), alone or in combination (Tiscione et al., 2011).

Gas chromatography with headspace extraction and mass
spectrometry or flame ionization detection is the most reliable
and sensitive technique available for EtOH and ACD detection
in microdialysates (Xiao et al., 2014; Heit et al., 2016). Indeed,
owing to their robustness and reliability, GC-based EtOH analysis
are the gold standard technique for blood alcohol concentration
measurement in forensic and toxicological laboratories (Cordell
et al., 2013; Xiao et al., 2014; Goullé and Guerbet, 2015).

Fluorimetry
A new fluorimetry-based analytical method for EtOH and ACD
has been recently published (Zachut et al., 2016). Although
not specifically developed for EtOH and ACD detection in
brain dialysates, this technique appears quite compatible with
microdialysis; in particular: small sample volume, no sample
pre-processing, simple methodology, relatively inexpensive
laboratory equipment. Further, the limits of detection of the
technique are reported to be comparable with the performance
of GC methods.

Biosensors
A biosensor can be defined as “a self-contained analytical device
that combines a biological component with a physicochemical
device for the detection of an analyte of biological importance”
(Hasan et al., 2014). Biosensors typically consist of two key
components: (1) a biological recognition element to detect the
analyte; (2) a transducer to convert the biological response into
a convenient output signal.

Among the different devices available, amperometric enzyme-
based biosensors (AEBs) are increasingly employed in in vivo
brain monitoring (Thévenot et al., 2001; Weltin et al., 2016). In
fact, miniature (active surface – 1 mm, diameter – 150 µm) AEBs
implantation induces reduced tissue damage, allows for real-
time monitoring, with high sensitivity and specificity for analytes
which cannot be studied with microdialysis (Timmerman and
Westerink, 1997; Sirca et al., 2014). Another important feature of
biosensors is the possibility of associating the implanted device
to a telemetric system, allowing experiments in freely moving
subjects (Olivo et al., 2011).

Amperometric enzyme-based biosensors are mainly based on
enzymes that belong to two classes: oxidases and dehydrogenases;
in their most common implementation the enzyme is linked
on the transducer surface and the output signal is generated by
measuring the electroactive by-products of enzymatic reaction.

In recent years several AEBs for EtOH detection have
been developed, based on both alcohol oxidase (AOx) or
dehydrogenase (ADH).
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Alcohol oxidase catalyzes the oxidation of aliphatic, low
molecular weight alcohols to their respective aldehydes using
molecular oxygen (O2) as the electron acceptor and flavin-
adenine dinucleotide (FAD) as cofactor (reactions 2 and 3).

(2) R-CH2OH + AOx/FAD → R-CHO + AOx/FADH2

(3) AOx/FADH2 + O2 → AOx/FAD + H2O2

(4) H2O2 → O2 + 2H+ + 2e−

The hydrogen peroxide produced by reaction 3 can be
directly detected at the transducer surface of AOx-based AEBs
(reaction 4). However, the high anodic potential needed to
oxidize H2O2 poses a problem of Faradaic interference due to
the presence of other compounds (such as ascorbic acid and
uric acid) physiologically present in high concentrations in the
CSF, which are also oxidized at the same potential (Belluzo
et al., 2008). The use of a bi-enzyme AEB is a common way
to circumvent this problem. In fact, by coupling a peroxidase
[usually horseradish peroxidase (HRP)] to AOx it is possible to
indirectly monitor EtOH-derived H2O2 at low working potentials
reducing interfering signals (Vijayakumar et al., 1996; Azevedo
et al., 2005).

(5) H2O2 + 2H+ + HRP− → 2H2O + HRP+

The HRP+/HRP− redox couple (reaction 5) is used as the sensing
scheme at the transducer surface of AOx/HRP-based AEBs.

Alcohol dehydrogenase catalyzes the reversible oxidation of
primary aliphatic and aromatic alcohols using nicotinamide-
adenine dinucleotide (NAD) as cofactor (reaction 6).

(6) R-CH2OH + ADH/NAD+ → R-CHO + ADH/NADH + H+

(7) NADH → NAD+ + H+ + 2e−

The most common way to monitor an ADH-catalyzed
reaction is by using the NAD+/NADH redox couple (reaction 7)
as the sensing scheme at the transducer surface of ADH-based
AEBs (Lorenzo et al., 1998).

Acetaldehyde biosensors developed so far are based on
ALDH, which catalyzes the oxidation of biogenic and xenobiotic
aldehydes (including ACD) into acetate using NAD as cofactor
(reaction 8).
(8) R-CHO + ALDH/NAD+ → R-COOH + ALDH/NADH + H+

(9) NADH → NAD + H+ + 2e−

The ALDH-catalyzed reaction is monitored by using the
NAD+/NADH redox couple (reaction 9) as the sensing scheme
at the transducer surface of ALDH-based AEBs (Lorenzo et al.,
1998).

Acetaldehyde biosensors have been mostly developed for
toxicological and industrial purposes and therefore their
biological applicative potential is much less characterized, when
compared with EtOH AEBs. However the available evidence

show that these devices can efficiently detect ACD in the µM
range in vitro, with high time resolution and substrate specificity
(Noguer and Marty, 1997; Noguer et al., 2001; Avramescu et al.,
2002; Yao and Handa, 2003; Ghica et al., 2007).

Although the development of an adequate biosensor
technology for in vivo EtOH and ACD detection is still in its
infancy, the available evidence clearly show that this approach
holds tremendous technological potential. In fact the prototypical
properties of biosensors including high spatial and temporal
resolution together with high sensitivity and specificity, render
these devices the best candidates for in vivo accurate EtOH and
ACD detection.

Several AEBs for in vivo EtOH determination are already
commercially available; however since in vivo biosensors use is
not deprived of drawbacks, the fundamentals of this technology
are to be well-understood in order to obtain reproducible
results (Vigneshvar et al., 2015; Weltin et al., 2016). In
particular, the interactions of the implanted AEB with the
biological environment may severely affect its bioanalytical
performances via metabolic biofouling, electrode passivation,
or biodegradation. Metabolic biofouling is probably the most
important problem being able to quickly alter sensitivity, limit
of detection, and linear response of the implanted device
(Gifford et al., 2006; Kotanen et al., 2012). Unfortunately,
biocompatibility-based issues cannot be easily circumvented and
adequate pre- and post-calibration procedures are needed in
order to properly evaluate in vivo AEBs measurements (Wilson
and Gifford, 2004; Wahono et al., 2012). However it is expected
that the forthcoming generation of biosensors, either based on
nanoscale or polymeric materials, will greatly help reducing
biocompatibility issues (Nichols et al., 2013; Weltin et al., 2014;
Saxena and Das, 2016).

CONCLUSION

The many attempts to quantify ACD in the brain have yielded
conflicting results, mainly because of the inadequacy of the
available analytical techniques. Thus, it is clear that in order
to solve the puzzle of ACD as a neuroactive agent we need to
use adequate analytical tools, fostering their improvement, while
discarding the most problematic approaches.

Spectroscopic techniques have proved to be useful for
studying in vivo brain EtOH kinetics, in both humans and
experimental animals, but ACD measurement remains outside
MRS analytical scope. Nevertheless, owing to its absolute
non-invasive nature MRS provides a great opportunity for
in vivo qualitative study of the effects of EtOH in the intact
brain.

Brain microdialysis is a well-known sampling technique for
in vivo applications. However, it is now clear that many of
the features that made microdialysis so successful for in vivo
monitoring of several neurochemicals, are of limited use when
coming to in vivo EtOH and (especially) ACD analysis. Its
invasiveness together with the low temporal resolution, and the
necessity of complex analytical procedures, represent the most
important problems.
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Biosensors are the emerging tool for the preclinical in vivo
study of neurochemistry. When compared to microdialysis the
main advantages of AEBs are represented by their reduced
invasiveness, high time resolution, and the possibility to detect
analytes which cannot be studied with microdialysis. In the
case of EtOH monitoring, AOX-based AEBs have proved to
be capable of in vitro and in vivo detecting concentrations
of EtOH in the µM range. ALDH-based ACD AEBs have
not been applied for in vivo ACD detection yet, however
in vitro data strongly suggest that these devices may represent

the most promising opportunity for in vivo brain ACD
detection.
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Recent studies show that acetaldehyde, the first metabolite in the oxidation of ethanol,
can be responsible for both, the appetitive and the aversive effects produced by ethanol
intoxication. More specifically, it has been hypothesized that acetaldehyde produced in
the periphery by the liver is responsible for the aversive effects of ethanol, while the
appetitive effects relate to the acetaldehyde produced centrally through the catalase
system. On the other hand, from studies in our and other laboratories, it is known
that ethanol exposure during the last gestational days (GD) consistently enhances the
postnatal acceptance of ethanol when measured during early ontogeny in the rat. This
increased liking of ethanol is a conditioned appetitive response acquired by the fetus
by the association of ethanol’s flavor and an appetitive reinforcer. Although this reinforcer
has not yet been fully identified, one possibility points to acetaldehyde produced centrally
in the fetus as a likely candidate. This hypothesis is supported by data showing that
very early in the rat’s ontogeny brain catalases are functional, while the liver’s enzymatic
system is still immature. In this study, rat dams were administered on GD 17–20 with
water or ethanol, together with an acetaldehyde-sequestering agent (D-penicillamine).
The offspring’s responses to ethanol was then assessed at different postnatal stages
with procedures adequate for each developmental stage: on day 1, using the “odor
crawling locomotion test” to measure ethanol’s odor attractiveness; on day 5, in an
operant conditioning procedure with ethanol as the reinforcer; and on day 14 in an
ethanol intake test. Results show that the absence of acetaldehyde during prenatal
ethanol exposure impeded the observation of the increased acceptance of ethanol at
any age. This seems to confirm the crucial role of acetaldehyde as a reinforcer in the
appetitive learning occurring during prenatal ethanol exposure.

Keywords: prenatal ethanol, acetaldehyde, odor attractiveness, ethanol intake, operant conditioning, infant rat

INTRODUCTION

As in most altricial mammals, the near-term fetus of the rat has the capacity to perceive
chemosensory stimuli present in its environment, as well as to respond to such stimuli and to
modify this response as a function of experience, i.e., it has the ability to learn about these stimuli
(Pedersen et al., 1986; Smotherman and Robinson, 1988; Mickley et al., 2000). Clear evidence
exists about prenatal learning with chemosensory stimuli, from relatively simple forms of learning
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such as habituation and sensitization, to appetitive and aversive
Pavlovian conditioning (Stickrod et al., 1982; Smotherman
and Robinson, 1992; Chotro and Spear, 1997; Mickley et al.,
2014). Considering these fetal capacities, along with the fact
that the fetus can be exposed in the amniotic environment to
chemosensory stimuli derived from the maternal diet, learning
about those stimuli is expected to regularly occur. This prenatal
learning has been shown to play an important role in the
establishment and control of postnatal feeding and social
behaviors in rats and other mammals (Robinson and Méndez-
Gallardo, 2010).

One of the substances delivered to the fetus and amniotic
fluid through the maternal diet is ethanol, which in addition to
its pharmacological effects, it has a distinctive flavor (i.e., the
integration of gustatory, olfactory and trigeminal or irritant
components).When the pregnantmother consumes ethanol, this
relatively small molecule passes directly through the placenta,
reaching the fetal blood at similar levels to those found in
maternal plasma (Szeto, 1989; Hayashi et al., 1991). From fetal
circulation, ethanol is eliminated primarily through maternal
metabolism, and it accumulates in the amniotic fluid, reaching
higher levels than in maternal blood and taking longer to
be eliminated (Guerri and Sanchis, 1985; Hayashi et al.,
1991). Hence, after maternal ethanol ingestion, the fetus is
exposed to the pharmacological effects of the drug as well
as its chemosensory properties. Many studies with rodents
have demonstrated that ethanol exposure during the entire
gestation induces increased intake of ethanol after birth (Chotro
et al., 2007). This effect has also been reliably found when
the drug is administered exclusively during the final days
of pregnancy, on gestational days (GD) 17–20 (for example,
Domínguez et al., 1998; Chotro and Arias, 2003) or even
during GD 19–20 (Díaz-Cenzano and Chotro, 2010; Díaz-
Cenzano et al., 2014). It has also been demonstrated that
the effect of increased ethanol intake is accompanied by an
enhanced palatability of the flavor of ethanol (Arias and Chotro,
2005a,b). In addition, it has been found that the studied
effect is mediated primarily by the endogenous opioid system
(Chotro and Arias, 2003; Arias and Chotro, 2005a; Youngentob
et al., 2012). At this point, we are thus able to conclude
that after maternal ethanol ingestion, the rat fetus acquires
a conditioned response to the chemosensory properties of
ethanol, associating these properties with an appetitive reinforcer
whose effects are mediated by the endogenous opioid system.
Nevertheless, since the identity of the reinforcer activating
the opioid system was unclear, this has been investigated by
examining the role of two potential candidates: the amniotic
fluid and its component ‘‘KIF’’ which stimulates the fetal kappa
opioid-receptor system (Robinson and Méndez-Gallardo, 2010),
or the pharmacological effects of ethanol on the mu-opioid
receptor system. The results of those studies prompted us
to discard the proposed effects of the amniotic fluid on the
opioid system as the positive reinforcer; the pharmacological
effects of ethanol on the mu-opioid receptor system were
instead found to be crucial for the observation of the increased
acceptance of ethanol after its prenatal exposure (Gaztañaga
et al., 2015).

Having confirmed this possibility, the question arose
as to whether the actual reinforcer was ethanol itself, or
the effect of its first metabolite, acetaldehyde. Based on a
growing body of literature highlighting the importance of
acetaldehyde as the active molecule underpinning most of the
pharmacological and behavioral effects of ethanol, we decided
to investigate the role of this metabolite in the effect of
postnatal enhanced preference for ethanol after prenatal ethanol
exposure. In both humans and rats it is well documented
that, following its consumption, ethanol is converted into
acetaldehyde, both peripherally and centrally. Peripherally
(predominantly in the liver) there are two main enzymatic
oxidative systems that convert ethanol into acetaldehyde: the
principal way is through ethanol dehydrogenase (ADH), and
the second involves the cytochrome P450 2E1 (CYP2E1;
Hipólito et al., 2007). In the brain, however, the system
responsible for generating the majority of acetaldehyde from
ethanol (approximately 60%) is the catalase system, even
though CYP2E1 is also centrally active, producing around
20% of acetaldehyde (Zimatkin et al., 2006; Hipólito et al.,
2007). Several studies in which the enzymatic production and
degradation of acetaldehyde was manipulated in adult rats,
demonstrated the role of acetaldehyde in the pharmacological
and behavioral effects of ethanol. On the basis of these
results, it was deduced that peripherally and centrally produced
acetaldehyde has distinct and opposing behavioral effects.
Acetaldehyde in the peripheral circuit has primarily aversive
consequences (Quertemont and Tambour, 2004), whereas in
the brain it appears to exert reinforcing effects (Wall et al.,
1992; Hahn et al., 2006; for a complete review see Correa
et al., 2012). Thus, the balance between acetaldehyde in the
periphery and in the brain after ethanol ingestion would
determine the observed effects of ethanol intoxication, and
would therefore modulate the acceptance and consumption of
this drug.

The few studies conducted during the early ontogeny of
the rat have shown that acetaldehyde is produced in the
newborn brain by the catalase system (Hamby-Mason et al.,
1997) and is responsible for the reinforcing effects of ethanol
when administered centrally to the rat neonate (Nizhnikov et al.,
2007; March et al., 2013). It has also been shown that catalase
activity in the fetal and neonatal brain is 4.5 times higher than
in adults (Hamby-Mason et al., 1997). On the other hand, due
to the practical absence of ADH in the fetal liver, the fetus does
not produce peripheral acetaldehyde, and elimination of ethanol
critically depends on the maternal metabolism (Hayashi et al.,
1991; Boleda et al., 1992). In addition, the placenta protects the
fetus from peripheral acetaldehyde produced by the mother’s
liver, particularly after ingestion of low to moderate doses of
ethanol (Guerri and Sanchis, 1985; Hayashi et al., 1991). This
could explain previous results in which an ethanol aversion was
observed in pregnant dams administered with a relatively high
ethanol dose (3 g/kg) while the offspring showed the opposite,
i.e., increased acceptance and liking of ethanol’s flavor (Chotro
et al., 2009).

Taken together, these findings support the hypothesis that
after maternal consumption of ethanol the fetus is exposed

Frontiers in Behavioral Neuroscience | www.frontiersin.org January 2017 | Volume 11 | Article 1462

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Gaztañaga et al. Prenatal Ethanol and Acetaldehyde Reinforcement

to the chemosensory aspects of ethanol together with the
reinforcing effects of central acetaldehyde, in the absence of
the potentially aversive effects of peripheral acetaldehyde. This
would promote the prenatal appetitive learning that results
in postnatal enhanced ethanol acceptance, and consequently,
this appetitive response would not be observed in the absence
of prenatal acetaldehyde. This hypothesis has been tested in
three experiments, by administering to the pregnant dam
an acetaldehyde-sequestering agent (D-penicillamine), together
with ethanol, and testing the offspring at various postnatal
stages (postnatal days, PD 1, 5 and 14) using different
procedures according to the developmental capacities of
the pups.

MATERIALS AND METHODS

Subjects
In all experiments, Sprague-Dawley pregnant rats and their
offspring were used. The subjects from Experiments 1 and
3 were born and reared in the vivarium of the University
of the Basque Country UPV/EHU, Spain. The conditions of
the colony room were 12-h light/12-h dark illumination cycle
(light onset at 8:00 am), with controlled temperature (21–23◦C)
and humidity (50–60%). Female adult rats were time-mated
to provide subjects for all experiments, and the presence of
sperm in vaginal smears was considered as GD 0. Pregnant
females were housed in pairs in maternity cages, with access
to food and filtered tap water, and remained undisturbed until
the beginning of the treatments on GD 17. The dams received
treatments from GD 17 to GD 20, and were then housed
individually, where they remained undisturbed for parturition
(GD 22). The maternity cages were checked daily for births,
from 9:00–14:00, and if positive, this was considered as postnatal
day 0 (PD 0).

Experiment 2 was conducted in the Centre for Development
and Behavioral Neuroscience, Department of Psychology,
Binghamton University, Binghamton, NY, USA. Conditions
of the vivarium and laboratory (AAALAC-accredited facility,
Binghamton University, Binghamton, NY, USA) were similar to
those described for the Spanish facilities.

The number of pups employed in each experiment
was as follows: for Experiment 1, 144 1-day old pups
derived from 24 litters; for Experiment 2, 160 5-day old
pups derived from 20 litters; and for Experiment 3, 40 14-day old
pups derived from 20 litters.

For Experiments 1 and 3, European regulations for the
care and treatment of experimental animals were followed,
and procedures were controlled and approved by the
‘‘Ethics and Animal Care Committee’’ at the University of
Basque Country UPV/EHU (CEBA) and the Diputación
Foral de Guipuzkoa, Spain, in compliance with the
European Communities Council Directive (86/609/EEC).
Experiment 2 was approved by the Binghamton University
Institutional Review Committee for the Use of Animal
Subjects and was in compliance with the NIH Guide for
the Care and Use of Laboratory Animals (National Institutes of
Health, 1996).

Procedures
Prenatal Treatments
In the three experiments of this study, pregnant rats were treated
once per day from GD 17 to GD 20. There were two prenatal
treatments: Prenatal DP and Prenatal EtOH, which consisted
of a subcutaneous injection of D-penicillamine (DP) or saline,
followed by an intragastric administration of ethanol or water,
respectively. In Experiment 1 (but not in Experiments 2 and 3) a
third substance (vanilla, administered intragastrically) served as
a further control, based on previous results showing that vanilla
prenatal exposure increases attraction for this odor on PD 1, but
not on PD 5 or 14 (Gaztañaga et al., 2015). However, in order to
maintain consistency between experiments, the variable was still
referred to as ‘‘Prenatal EtOH’’.

On each treatment day the dams were removed from their
home cages, marked on the tail for identification, and weighed.
After being weighed, all the rats received a subcutaneous
injection in the area of the neck, of either D-penicillamine
(50 mg/kg) or saline (0.9% NaCl in distilled water). In all
cases the volume of injection was equivalent to 0.7 µl/g of a
solution of 7.5 g of D-penicillamine in 100 ml of saline. The
D-penicillamine dose was selected based on previous studies
in adults and infant rats in which the reinforcing effects of
ethanol were effectively reduced (Font et al., 2006; Pautassi et al.,
2011). Thirty minutes later the dams received an intragastric
administration of the corresponding substance: ethanol, water
(or vanilla, In experiment 1). The intragastric administration was
performed using a 15-cm length of polyethylene tubing (PE-
50 Clay Adams, Parsippany, NJ, USA) attached to a 10 ml syringe
with a 24-gauge needle. The tubing was gently inserted through
the mouth and slowly pushed into the stomach. The entire
procedure took approximately 15 s per rat. The ethanol dose
administered was 2 g/kg and resulted from the administration of
a volume equivalent to 0.015 ml/g of a 16.8% v/v ethanol solution
in filtered water. The control dams received a similar volume
of filtered water. In Experiment 1, vanilla was administered
in a 50-mg/kg dose of a solution of 500 mg% of vanillin
(Sigma Aldrich) in filtered water; the administered volume
was equivalent to 0.01 ml/g of body weight. After each day
of treatment the dams were returned to their home-cages.
Following the final treatment (GD 20) the dams remained
undisturbed for parturition.

Postnatal Tests
The postnatal behavior of the pups was evaluated at different
ages using a range of techniques appropriate for each
developmental stage: odor-induced crawling locomotion test
on PD 1 (Experiment 1), operant conditioning on PD 5
(Experiment 2), and an intake test on PD 14 (Experiment 3).

Odor-induced crawling locomotion test (Experiment 1)
Crawling is a very unique behavior that is only displayed shortly
after birth. This technique was used as a measure of performance
exclusively in PD1 neonates, andwas adapted from the procedure
described by Mendez-Gallardo and Robinson (2014). A female
and a male from each litter were tested with only one odor

Frontiers in Behavioral Neuroscience | www.frontiersin.org January 2017 | Volume 11 | Article 1463

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


64

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Gaztañaga et al. Prenatal Ethanol and Acetaldehyde Reinforcement

of the motor activity rates of the subjects. This allowed us
to familiarize subjects with the reinforcer whilst minimally
stimulating head and body movements. The only difference
between the training and extinction session was that the infusion
pump was turned off and the subjects did not receive the
solution when P subjects touched the sensor, but the number
of sensor contacts was recorded. Substances infused intraorally
were either an ethanol solution (6% v/v in filtered water)
or a saccharin solution (0.05 mg % v/v in filtered water).
The concentration of these substances was selected from a
previous study in which optimal learning curves at this early age
were obtained with these parameters (Miranda-Morales et al.,
2014).

Intake test on PD 14 (Experiment 3)
A female and a male from each litter were evaluated on two
consecutive intake tests, one of water and one of ethanol,
both separated by a 1-h interval. At the beginning of the
procedure pups were separated from their mother, marked
on the tail for identification, and cannulated following the
procedure described previously. After cannulation, the subjects
were grouped according to litter in heated holding chambers
(15 × 8 × 15 cm) for 1 h before the test. A few minutes before
the test, the pups’ bladders were voided by gently brushing
the anogenital area, and body weights were then registered.
The pups were then tested in individual clear plastic chambers
(8 × 8 × 25 cm). Each subject’s intraoral cannula was connected
using a polyethylene tube PE-50 to the syringes placed in an
automated pump (KDS Scientific). This pump was scheduled
to administer the different fluids at a rate of 0.1 ml/min per
infusion for 15 min (i.e., 1.5 ml of the given substance) with
a continuous flow. In all cases pups could either consume or
reject the infused fluid during the test. At the end of the water
test, post-infusion weights were registered and pups returned
to the holding chambers. One hour later these procedures were
repeated for the ethanol intake test. Intake of water and ethanol
was calculated using pre and post-infusion body weights and
expressed as a percentage of body weight gained (% BWG). At
the end of the procedure, the cannulas were removed and the
pups were returned to their home cages.

Data Analysis
The data from each experiment were analyzed using factorial
ANOVAs, and significant main effects and interactions between
variables were further explored with Duncan’s post hoc tests.
The experimental design for each experiment is described in the
results section. The alpha level was set a priori at p < 0.05 for all
analyses.

RESULTS

Experiment 1. Odor-Induced Crawling
Locomotion Test
In this first experiment newborn rats were tested for their
attraction to ethanol odor as a function of their prenatal
experience with ethanol and the concomitant presence of

acetaldehyde. The 3 × 2 × 3 factorial design for this
experiment resulted in 18 groups defined by the Prenatal
EtOH (ethanol, vanilla, or water), the Prenatal DP (DP or
saline), and the Test odor (ethanol, vanilla, or water). The
factorial ANOVA conducted on the test data revealed significant
effects of Prenatal EtOH F(2,126) = 14.55, p < 0.001, and Test
odor F(2,126) = 28.73, p < 0.001, as well as an interaction
between these two variables F(4,126) = 24.03, p < 0.001,
and between Prenatal EtOH and Prenatal DP F(2,126) = 6.43,
p < 0.005. Of more interest, however, for the aim of
this study was the significant three-way interaction Prenatal
EtOH × Prenatal DP × Test odor, F(4,126) = 5.90, p < 0.001.
The post hoc analysis of this interaction revealed that Group
ethanol-saline-ethanol was more attracted to the ethanol odor
than water-saline-ethanol and vanilla-saline-ethanol groups,
as well as the Group ethanol-DP-ethanol, which did not
display any attraction to ethanol odor. This suggests that
D-penicillamine treatment impeded the observation of the
increased acceptance for ethanol after its prenatal exposure.
These analyses also revealed that Groups vanilla-saline-vanilla
and vanilla-DP-vanilla did not differ from each other, but
both crawled for longer towards the vanilla odor than their
corresponding controls (water-saline-vanilla, ethanol-saline-
vanilla, water-DP-vanilla or ethanol-DP-vanilla). This indicates
that prenatal exposure to vanilla induced an enhanced attraction
to this odor immediately after birth, an effect that was
not modified by the prenatal treatment with D-penicillamine
(Figure 1).

Experiment 2. Operant Conditioning on
PD 5
The experimental design resulted in eight groups defined by
Prenatal EtOH (ethanol or water), Prenatal DP (DP or saline),
and Conditioning (P or Y). The resulting groups were referred
to as: ethanol-DP-P, ethanol-DP-Y, ethanol-saline-P, ethanol-
saline-Y, water-DP-P, water-DP-Y, water-saline-P, and water-
saline-Y. Half of the pups in each group were tested with
saccharin as the reinforcer and the other half with ethanol. The
dependent variable analyzed was total number of sensor touches.
The data obtained in both training and extinction sessions
with both test substances (saccharin and ethanol) were analyzed
separately with 4 factorial ANOVAs (2 × 2 × 2).

The ANOVA with the data from the training with saccharin
as the reinforcer indicated significant main effects of Prenatal
EtOH, F(1,72) = 5.60, p < 0.05; Prenatal DP F(1,72) = 5.23,
p < 0.05, and Conditioning F(1,72) = 6.84, p < 0.05. Although
no interactions between these variables were observed (data not
shown). Means ± SEM: ethanol-DP-P, 3.50 ± 0.50; ethanol-
DP-Y, 1.63 ± 0.60; ethanol-saline-P, 6.40 ± 1.54; ethanol-
saline-Y, 2.90 ± 0.95; water-DP-P, 2.40 ± 0.65; water-DP-Y,
1.44 ± 0.53; water-saline-P, 2.42 ± 0.47; and water-saline-Y,
2.62 ± 0.66. Post hoc tests revealed that pups from mothers
treated with water responded less than pups from ethanol treated
dams. Also that groups treated with DP responded less than
groups treated with saline. Finally, Paired subjects responded
more than their respective Yoked controls, independent from
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FIGURE 1 | Distance crawled (cm) towards water as a function of Prenatal DP (saline or DP), Prenatal EtOH (water, ethanol or vanilla) and the Test
odor (water, ethanol or vanilla).

both prenatal treatments. During the extinction phase with
saccharin neither significant main effects nor interactions
between variables were observed. Means ± SEM: ethanol-
DP-P, 0.75 ± 0.42; ethanol-DP-Y, 1.50 ± 0.57; ethanol-
saline-P, 2.50 ± 0.83; ethanol-saline-Y, 2.00 ± 1.13; water-
DP-P, 0.90 ± 0.28; water-DP-Y, 2.00 ± 0.88; water-saline-P,
0.75 ± 0.35; and water-saline-Y, 0.77 ± 0.36.

The factorial ANOVA on the data from the training
session with ethanol as the reinforcer (Figure 2A) revealed
significant main effects of Prenatal DP F(1,72) = 10.73,
p < 0.001, and Conditioning F(1,72) = 26.50, p < 0.001. The
following interactions were also significant: Prenatal DP ×

Conditioning F(1,72) = 13.13, p < 0.001; Prenatal
EtOH × Conditioning F(1,72) = 7.49, p < 0.001; and Prenatal
EtOH × Prenatal DP × Conditioning F(1,72) = 5.69, p < 0.01.
Subsequent analyses of this 3-way interaction revealed that
ethanol-saline-P subjects responded significantly more when
ethanol was the reinforcer than their ethanol-saline-Y controls
(p < 0.001), and also responded significantly more than Groups
water-saline-P, and ethanol-DP-P. In the extinction phase
with ethanol (Figure 2B), the ANOVA revealed a significant
effect of Prenatal EtOH F(1,72) = 8.26, p < 0.005, Prenatal
DP F(1,72) = 5.45, p < 0.05, Conditioning F(1,72) = 8.95,
p < 0.005, as well as the significant interactions Prenatal
EtOH × Conditioning F(1,72) = 4.42 p < 0.05, Prenatal
DP × Conditioning F(1,72) = 15.04, p < 0.001, and a three-way
interaction between all variables F(1,72) = 3.36, p < 0.05. When
analyzing this interaction, a similar pattern of results to those
described for the training session was obtained. All of these
results indicate that sequestering acetaldehyde during prenatal
ethanol exposure reduces the reinforcing properties of ethanol
in an operant learning task on PD 5.

Experiment 3: Intake Test on PD 14
The experimental design resulted in four groups defined by
Prenatal EtOH (ethanol or water) and Prenatal DP (DP or
saline): ethanol-DP, ethanol-saline, water-DP and water-saline.
The subjects were first tested with water and an hour later with
ethanol. A factorial ANOVA (2 × 2) conducted on the data
from the water intake test revealed no significant differences

between groups (data not shown). Means ± SEM: ethanol-DP,
1.71 ± 0.21; ethanol-saline, 1.46 ± 0.21; water-DP, 1.16 ± 0.20;
and water-saline, 1.55 ± 0.13.

However, with the ethanol intake data a significant effect
of Prenatal DP F(1,36) = 10.67, p < 0.002 was found, along
with an interaction between Prenatal EtOH and Prenatal DP
F(1,36) = 6.76, p < 0.05. Post hoc analyses revealed that subjects
from Group ethanol-saline consumed significantly more ethanol
than those from Groups water-saline or ethanol-DP. Subjects
from the latter group consumed the same amount of ethanol
as the control groups water-DP and water-saline (Figure 3).
These results also suggest that the D-penicillamine treatment
reduced the enhanced acceptance for ethanol observed after
ethanol prenatal exposure.

DISCUSSION

The present study demonstrates that pups prenatally exposed
to ethanol show an increased attraction for the odor of this
substance on PD 1, a facilitated acquisition of the operant
appetitive conditioned response when ethanol flavor was the
reinforcer on PD 5, and an increased consumption of ethanol
on PD 14. Further—and more interesting for the aims of
this study—these effects were not observed when ethanol
was administered together with D-penicillamine, a result that
confirms our hypothesis. In particular, we have found that
after prenatal ethanol exposure in the absence of acetaldehyde,
the ethanol odor did not become particularly attractive for
PD 1 neonates. In addition, the ethanol flavor was not able to
serve as a reinforcer in an operant conditioning paradigm on
PD 5, with no observed increase intake of ethanol on PD 14.
These results indicate that the enhanced acceptance of ethanol
observed after prenatal exposure is abolished when acetaldehyde
is sequestered, thus suggesting that acetaldehyde is vital for the
reinforcing effects of ethanol and therefore for the acquisition of
a prenatal appetitive conditioned response.

These conclusions are in agreement with studies by
Quertemont and Tambour (2004) and Karahanian et al. (2011) in
which they highlight the essential role of ethanol’s first metabolite
in the reinforcing effects of the drug. Further, the results are in
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FIGURE 2 | (A) Total number of responses (sensor touches) during the training session as a function of Prenatal DP (saline or DP) and Conditioning (P or Y). The
left-hand panel displays the data for subjects receiving water prenatally; the right-hand panel for subjects that received prenatal ethanol. (B) Total number of
responses (sensor touches) during the extinction session as a function of Prenatal DP (saline or DP) and Conditioning (P or Y). The left-hand panel displays the data
for subjects receiving water prenatally; the right-hand panel for subjects that received prenatal ethanol.

accordance with other studies conducted with adult rats (using
a variety of behavioral measures) in which D-penicillamine
was used to sequester acetaldehyde. For instance, voluntary
drinking of ethanol is decreased by the administration of this
drug (Font et al., 2006), operant ethanol self-administration

is reduced (Peana et al., 2015), ethanol relapse-like drinking
is prevented (Martí-Prats et al., 2015), and anxiolytic effects
produced by moderate doses of ethanol are abolished (Correa
et al., 2008). If we focus on studies with infant or neonatal
rats, very few have analyzed the role of acetaldehyde. The most

FIGURE 3 | Mean intake (% BWG) of ethanol as a function of Prenatal DP (saline or DP). The left-hand panel displays the data for subjects receiving water
prenatally; the right-hand panel for subjects that received prenatal ethanol.
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recent studies have shown that acetaldehyde may act as an
unconditioned stimulus in the same manner as ethanol, and that
D-penicillamine abolishes conditioned responses acquired with
both ethanol and acetaldehyde as the US (Pautassi et al., 2011;
March et al., 2013). The results of those experiments confirm
the relevance of centrally produced acetaldehyde, as opposed
to peripheral acetaldehyde. As mentioned in the ‘‘Introduction’’
Section, within the fetal context, due to the hepatic immaturity
of the developing fetus, ethanol reaching the fetus from the
maternal diet is metabolized into acetaldehyde only in the fetus
brain by catalases, and the hepatic ADH enzymes supposedly
produce no peripheral acetaldehyde. Further, it is important to
recall that the acetaldehyde produced in the mother’s liver does
not cross the placenta (at least with the moderate ethanol doses
used here). In sum, the only acetaldehyde experienced by the
fetus after prenatal ethanol administration to the mother is that
produced in the brain by the catalase system. Interestingly, this
is precisely the central acetaldehyde that has been shown to have
reinforcing effects in both adult and in neonate rats (Quertemont
and Tambour, 2004; Karahanian et al., 2011; Pautassi et al., 2011;
March et al., 2013). Given the fact that in our studies acetaldehyde
was not directly administered, but was instead derived from
ethanol, the possibility exists that the sequestering drug would
eliminate acetaldehyde, whilst ethanol would still be present in
the amniotic fluid and the fetus’ body for a longer time until
its complete metabolization and/or elimination. In this highly
probable case, the complete absence of a postnatal response to
the ethanol flavor (no increased acceptance at any age) observed
in our experiments, may indicate that acetaldehyde is the main,
if not the only, prenatal reinforcer responsible for the effect
studied here. However, this needs to be further investigated by
directly manipulating the presence of either substance (ethanol
or acetaldehyde) possibly through the enzymes involved in each
step of the ethanol metabolic chain.

Further studies should also investigate the connection
between prenatal acetaldehyde and the stimulation of the fetal
opioid system, which undoubtedly mediates the reinforcing
effects of ethanol in both infancy and prenatal stages (Díaz-
Cenzano et al., 2014; Gaztañaga et al., 2015). In adult rats the
opioid system has been demonstrated to mediate the reinforcing
effects of acetaldehyde attributed to ethanol (Peana et al., 2010;
Correa et al., 2012). In addition it has recently been demonstrated
that the stimulation of the mesolimbic dopaminergic system
induced by acetaldehyde is mediated by the endogenous opioid
system (Fois and Diana, 2016). Based on these findings in
adults, and with the knowledge that the fetal dopamine and
opioid systems are functional, it could be inferred that similar
mechanisms were acting for the reinforcing aspects of ethanol
and acetaldehyde in the near-term fetus.

It may also be of interest to mention some other outcomes
of Experiment 1, particularly when comparing the effects of
prenatal exposure to ethanol and vanilla. Pups prenatally exposed
to vanilla—either alone or with D-penicillamine—showed an
increased attraction to the odor of vanilla in comparison with
water or ethanol exposed subjects. This is interpreted as the
result of familiarization with the odor experienced in the
amniotic fluid. However, pups administered prenatally with
ethanol and D-penicillamine, i.e., those that have supposedly
experienced ethanol’s chemosensory properties in the amniotic
fluid in the absence of a reinforcer, did not show an increased
attraction for its odor compared with the other groups. This
lack of attraction for the ethanol odor following its mere
exposure (familiarization) may reflect the response to the
irritant and hence aversive component of this odor, which
possibly needs even more exposure trials to become less
aversive. In fact, previous data from this laboratory have shown
that in infant rats familiarization with the flavor of ethanol,
among other stimuli, resulted in sensitization to the aversive
chemosensory properties of this substance (Díaz-Cenzano and
Chotro, 2010).

In addition, this set of findings constitutes the first step in a
promising line of enquiry to determine the role played by each
of the elements involved in the neurobehavioral chain between
the exposure to prenatal ethanol and the increased acceptance
and liking of this substance at various postnatal stages. This
knowledge would allow for manipulating the prenatal appetitive
memories generated during ethanol exposure, and could thus
help to prevent the effects related to early ethanol initiation and
ethanol abuse.
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Prior studies indicate that neonates are very sensitive to ethanol’s positive reinforcing

effects and to its depressant effects upon breathing. Acetaldehyde (ACD) appears to

play a major role in terms of modulating early reinforcing effects of the drug. Yet, there

is no pre-existing literature relative to the incidence of this metabolite upon respiratory

plasticity. The present study analyzed physiological and behavioral effects of early central

administrations of ethanol, acetaldehyde or vehicle. Respiration rates (breaths/min) were

registered at post-natal days (PDs) 2 and 4 (post-administration time: 5, 60, or 120 min).

At PD5, all pups were placed in a context (plethysmograph) where they had previously

experienced the effects of central administrations and breathing patterns were recorded.

Following this test, pups were evaluated using and operant conditioning procedure

where ethanol or saccharin served as positive reinforcers. Body temperatures were also

registered prior to drug administrations as well as at the beginning and the end of each

specific evaluation. Across days, breathing responses were high at the beginning of the

evaluation session and progressively declined as a function of the passage of time. At PDs

2 and 4, shortly after central administration (5min), ACD exerted a significant depression

upon respiration frequencies. At PD5, non-intoxicated pups with a prior history of ACD

central administrations, exhibited a marked increase in respiratory frequencies; a result

that probably indicates a conditioned compensatory response. When operant testing

procedures were conducted, prior ethanol or ACD central administrations were found

to reduce the reinforcing effects of ethanol. This was not the case when saccharin was

employed as a reinforcer. As a whole, the results indicate a significant role of central

ACD upon respiratory plasticity of the neonate and upon ethanol’s reinforcing effects;

phenomena that affect the physiological integrity of the immature organism and its

subsequent affinity for ethanol operationalized through self-administration procedures.

Keywords: neonates, ethanol, acetaldehyde, breathing, operant learning
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INTRODUCTION

Low doses of ethanol (0.11 g/kg/h), combined or not with
a tocolytic agent (ritodrine), have been employed to reduce
the incidence of human preterm births. Under these clinical
conditions, in approximately 80% of the patients, uterine
contractions were suppressed and a significant number of
preterm births were prevented (Schrock et al., 1989). According
to this study no adverse effects of ethanol were observed. Yet, the
obstetric use of ethanol, depending upon factors such as dose,
frequency of exposure and fetal stage of development has been
questioned due to a variety of disruptive physiological effects
of the drug upon the fetus. Hypothermia, acidosis, hypercapnia,
bradycardia, hypoglycemia, apneas and hypoxia are likely to
occur in the developing organism exposed to ethanol (Abel,
1981; Duxbury, 2001; Abate et al., 2004). When considering
the central nervous system, there are also numerous studies
confirming disruptions caused by relatively infrequent and small
doses of the drug upon a variety of parameters. Rat fetuses
exposed to low ethanol doses (blood ethanol concentration
≤30mg%) show impairments in spatial learning accompanied
by alterations in hippocampal glutamate-dependent synaptic
neurotransmission (Savage et al., 2002). In rhesus monkeys,
moderate maternal ethanol consumption (0.6 g/kg ethanol daily)
during midgestation to late gestation, induces heightened
dopaminergic function (Wise, 2002). During a stage in the
development of the mouse characterized by a brain growth spurt,
similar to the one observed during the third gestational trimester
in humans (Dobbing and Sands, 1973, 1979), a single ethanol

dose (0.63 g/kg) yielding relatively low peak blood ethanol levels
(57 mg%) is sufficient to trigger a significant neuroapoptosis
response (Young and Olney, 2006).

Preclinical and clinical studies have indicated that relatively
low ethanol doses during pregnancy are sufficient to trigger
fetal sensory and learning capabilities with an impact upon
later patterns of chemosensory recognition of the drug, ethanol
odor and taste preference (Faas et al., 2000, 2015; Abate et al.,
2008) and sensitivity to the drug’s positive reinforcing effects
(Nizhnikov et al., 2006). Fetal experience with ethanol generates
conditioned responses derived from the association between the
drug’s odor and taste and its motivational properties (Abate et al.,
2001; Spear and Molina, 2005; Molina et al., 2007; Cullere et al.,
2015). These phenomena predispose the organism to heightened
seeking and intake patterns of the drug during infancy and
adolescence (Dominguez et al., 1998; Foltran et al., 2011; Fabio
et al., 2013; Acevedo et al., 2017). Epidemiological studies have
validated the significant association existing between fetal ethanol
exposure and subsequent predisposition to seek and consume the
drug (Baer et al., 1998, 2003; Griesler and Kandel, 1998; Yates
et al., 1998; Alati et al., 2006).

Acetaldehyde (ACD), ethanol’s principal metabolite, mainly
and rapidly forms in the perinatal brain via the oxidative
process of the catalase system. The activity of this enzymatic
system is significantly higher during early ontogeny relative to
adolescence and adulthood (Del Maestro and McDonald, 1987;
Gill et al., 1992; Hamby-Mason et al., 1997). When considering
ethanol’s reinforcing effects, ACD formation in the brain plays

a critical role (Wall et al., 1992; Hahn et al., 2006). In newborn
rats, intracisternal administration of relatively low doses of
ethanol (100 mg%) or of ACD (0.35 µmol) promote appetitive
conditioning (Nizhnikov et al., 2007; March et al., 2013a,b).
Furthermore, when considering either peripheral or central
administration of ethanol, the establishment of early appetitive
memories are blocked when sequestering brain ACD via the use
of d-penicilamine (Pautassi et al., 2011; March et al., 2013a,b)
or when inhibiting the catalase system through sodium azide
(Nizhnikov et al., 2007).

Ethanol consumption during pregnancy has also been found
to endanger the wellbeing of the fetus and the neonate due
to its detrimental effects upon the respiratory system and its
plasticity; a phenomenon that has stimulated research efforts
based on the fact that fetal alcohol exposure is a risk factor
for Sudden Infant Death Syndrome (Burd et al., 2004; O’Leary
et al., 2013). In human and ewes, the depressant effects of the
drug upon fetal breathing movements (FBMs) have been well
documented (Vojcek et al., 1988; Brien and Smith, 1991) and
there is evidence that maternal human consumption of only
two glasses of wine during late gestation significantly suppresses
fetal breathing activity (Brien and Smith, 1991; Dillner et al.,
1996). In rats, chronic ethanol exposure during pregnancy,
reduces brainstem-dependent respiratory rhythmic activity in
the progeny and sensitizes juveniles to the depressant effects
of acute ethanol upon phrenic and hypoglossal nerve activity
(Dubois et al., 2006). Analogous effects in rats have been recently
reported utilizing moderate levels of ethanol exposure during the
last days of pregnancy or during the first days of post-natal life
(Cullere et al., 2015; Macchione et al., 2016; Acevedo et al., 2017).
These stages in development, in terms of brain developmental
patterns, are equivalent to the 2nd and 3rd human gestational
trimester; respectively (Dobbing and Sands, 1973, 1979). Indeed,
we have reported that maternal intragastric (i.g.) administration
of ethanol (2.0 g/kg) during gestational days (GDs) 17–20 is
sufficient to sensitize the progeny to the drug’s depressant
effects upon respiratory rates and exacerbate the presence
of apneic episodes; disruptions that occur without affecting
different pulmonary morphometric parameters (Cullere et al.,
2015). This sensitization process has also been observed when
neonates [post-natal days (PDs) 3, 5, and 7] were peripherically
administered with ethanol (i.g.: 2.0 g/kg). Furthermore, in both
studies, it was observed that the explicit association between
ethanol’s sensory attributes and the depressant consequences
of the drug resulted in conditioned isodirectional breathing
responses (Macchione et al., 2016).

After systematically reviewing the pre-existing literature
concerning ethanol’s central effects upon breathing patterns of
the perinate, we were unable to find specific literature related
with possible contributions of ACD. Despite this observation,
it should be noted that respiratory plasticity is linked with
thermoregulatory disruptions. Indeed, prenatal or neonatal
hypothermia can cause respiratory arrests (Duxbury, 2001).
Among the multiple physiological consequences of ACD is the
modulation of the thermoregulatory system. In mice, peripheral
administration of ACD causes hypothermia (Closon et al.,
2009). Nevertheless, there is certain degree of contradiction
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relative to the prior statement. It has been observed that in
rats the inhibition of the central catalase system following
ethanol administration seems not to play a significant role in the
induction of hypothermia (Aragon et al., 1991).

The first goal of the present study was based on the preceding
observations: (i) the absence of specific literature related with
the central role of ethanol or its first metabolite (ACD) in terms
of disruptive effects upon early respiratory plasticity and (ii) a
possible association existing between ethanol and/or ACD central
effects leading to thermoregulatory alterations that may impact
upon breathing responsiveness. To address these phenomena in
perinatal rats, it was decided to employ similar central ethanol
(100mg%) and ACD (0.35 µmol) doses that have been observed
to exert analogous motivational effects (Nizhnikov et al., 2007;
March et al., 2013a,b). A second goal was to further analyze
if central pre-exposure to the drug or its metabolite modulate
subsequent seeking behavior of ethanol as a reinforcer in an
operant task specifically developed for perinatal or infant rats
(Arias et al., 2007; Bordner et al., 2008; March et al., 2009;
Miranda-Morales et al., 2014). These goals were sequentially
examined. As a first step, during PDs 2 and 4, pups were
intracisternally administered with either ethanol, ACD or a
phosphate buffer as a control solution and respiration rates
were recorded at different post-administration times. At PD5, all
pups were re-exposed to the respiratory testing chamber without
receiving any specific drug. This particular strategy obeys to the
fact that prior experiments have indicated that early respiratory
plasticity is also dependent upon exteroceptive ambient cues
originally associated with breathing pattern changes. Following
this testing procedure, pups were evaluated in terms of operant
responding regulated by either an ethanol solution or a sweet
reinforcer (saccharin). The inclusion of this last reinforcer obeyed
to the need to control for unspecific learning alterations derived
from the preceding central drug administration experiences.
Body temperatures, before and after each specific drug treatment
or evaluation procedure, were recorded.

MATERIALS AND METHODS

Subjects
A total of 146 Wistar neonate rats, representative of 17 litters,
were employed. Rats were born and reared at the vivarium of the
Instituto de Investigación Médica Mercedes y Martin Ferreyra
(INIMEC-CONICET-UNC, Argentina). The colony room was
illuminated on a 12 h light/dark cycle (lights on: 08:00–20:00)
at an ambient temperature and humidity of 22 ± 1◦C and
45%, respectively. Births were daily examined and the day of
parturition was considered post-natal day 0 (PD0). At PD1 each
litter was randomly culled to 10 pups (5 males and 5 females,
whenever possible). Throughout days pups were kept with their
dams in standard cages that contained water and food ad libitum
(ACA Nutrición, Buenos Aires, Argentina).

All experimental treatments were in accordance with the
Guide for Care and Use of Laboratory Animals (National
Research Council, 1996) and were approved by the Institutional
Animal Care and Use Committee of our institution (CICUAL-
INIMEC-CONICET-UNC). To reduce confounds between litter

and treatment effects (Holson and Pearce, 1992) no more than
one male and one female per litter were assigned to a given
experimental condition.

General Experimental Procedures
During PDs 2 and 4, pups were removed from their maternal
cages and placed in similar cages partially filled with clean
corncob. Ambient temperature was kept at 31–33◦C via heating
pads placed beneath the cages. Pups were centrally administered
with a buffer solution, ethanol or ACD (see below) and
tested in a plethysmograph at post-administration time 5, 60,
or 120 min. Respiratory frequencies were assessed during 5
consecutive minutes. At PD5 pups representative of each prior
treatment were removed from their maternal cages and kept
in pairs under the same holding conditions as in the previous
experimental days. Fifteen minutes later, respiratory evaluations
were performed. Following these physiological recordings, pups
were subjected to a minor surgical procedure in order to implant
an intraoral cannula that served to conduct operant conditioning
procedures defined by saccharin or ethanol reinforcement. Body
temperatures were recorded before and after each specific
physiological or behavioral evaluation.

Central Drug Administration Procedures
Ethanol (100 mg%), acetaldehyde (0.35 µmol) and phosphate
buffer (PB 0.1M) were administered with a 30 gauge hypodermic
needle attached to a 20-cm length of polyethylene-10 tubing (PE-
10 Clay Adams, Parsippany, New Yersey, USA) connected to a 50
µl gastight syringe (Hamilton, Reno Nevada, USA). Fluids (1 µl)
were slowly injected (5–8 s) into the foramen magnum between
the occipital bone and the first cervical vertebra, with the needle
tip placed 1.5 mm depth in the cisterna magna (IC). PB 0.1M
served as vehicle for ethanol and acetaldehyde solutions. The
needle was kept in position for 10 s. The appearance of a small
quantity of cerebrospinal fluid served to indicate the successful
placement of the administrations. Similar procedures have been
previously utilized in different studies (Varlinskaya et al., 1996;
Petrov et al., 1998; Nizhnikov et al., 2006, 2007; March et al.,
2013a,b).

Determination of Breathing Frequencies
Breathing frequencies were determinated through a whole body
plethysmograph (Model 10G equipped with the software “Breath
Medidor de Respiración,” Itcom, Argentina). The apparatus was
built to record breathing patterns of small organisms weighing
between 6 and 28 g. It consists of two identical transparent
and hermetic Plexiglas chambers (5 × 10 × 5 cm), that are
interconnected via a polyurethane hose system. The hose system
allows injection and extraction of equivalent amounts of air in
both chambers in order to maintain constant and equivalent
pressures. One of the chambers is used as a testing device while
the other serves as a reference box in terms of flow/air pressure.
The plethysmograph records air pressure/flow rate differences
between the testing and reference chambers. These differences
activate a pressure sensor (AWM2100 Honeywell) with the
capability of recording one complete breathing event every 1 ×
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10−7 s. The plethysmograph records the breathing response every
1.5 s. These scores are transformed to mean breaths per minute.

For each session, unrestrained awake pups were introduced
into the chambers and the lids were closed. One minute after that
pups were individually placed inside the chamber, respiratory
responses were measured during 10 consecutive minutes. The
minute of delay at the beginning of the test was used to allow
air pressure stabilization in the chamber.

An air conditioner kept the room temperature at 22 ± 1◦C
during experimental sessions. The temperature was kept at 31–
33◦C (similar to their maternal nest thermal condition) inside the
plethysmograph chamber through heating pads placed beneath
the apparatus (Julien et al., 2010). The overall procedure has been
previously used to evaluate breathing disruptions as a function
of pre- and post-natal ethanol exposure (Cullere et al., 2015;
Macchione et al., 2016; Acevedo et al., 2017).

Body Temperature Measurements
Body temperatures were non-invasively registered through a
thermal infrared imaging camera (“Flir Exx Series,” Boston FLIR
System, Inc.). The temperature corresponding to the nape of the
neck of each subject served as the dependent variable. Thermal
measurements were taken before and after each plethysmograph
recording (PDs 2, 4, and 5) as well as prior and following each
operant conditioning test (PD 5).

Apparatus and Operant Conditioning Test
At PD5, and following breathing evaluations, pups were removed
from their maternal cages and were intraorally implanted with
a cannula (PE-10) that allowed liquid infusions (Hall, 1979;
Dominguez et al., 1996; Abate et al., 2001; Cheslock et al., 2001;
Arias et al., 2007; Bordner et al., 2008; Miranda-Morales et al.,
2014). They remained pair-housed in holding cages for 3 h until
operant procedures took place. Before commencement of the
evaluation, animals were anogenitally stimulated with a cotton
swab to promote urination and defecation, weighed to the nearest
0.01 g. They were then fastened inside a disposable respirator
mask (3M dust, fume and mist respirator 8801 P2) through a
restrictor vest, expandable enough, to allow free movements of
the head and limbs. The respiration mask was tilted at 40 degrees
from the floor surface supported with a cardboard box (see Arias
et al., 2007 for further procedural details).

All procedures took place at a constant temperature (31–
33◦C) via the use of heating pads. A 40–50-cm section of
polyethylene-50 tubing (PE-50 Clay Adams, Parsippany, New
Yersey, USA) was connected to the end of oral cannula (PE-
10) and to a 5 ml syringe (Becton Dickinson, Rutherford, NJ)
with a 23-gauge needle that was filled with a specific solution
and mounted in an infusion pump (KD Scientific, Model 200,
Holliston, MA). The pump was set to deliver 1 µl of fluid in
1 s directly into the intraoral cavity of a given “Paired” pup and
its corresponding “Yoked” control (see description below). Once
evaluations begun, pups were able to gain access to intraoral
infusions of 0.1% w/v saccharin or 3% v/v ethanol solution (Porta
Hnos, Córdoba, Argentina; vehicle: tap water).

To this end, two same-sex and same drug-treatment pups
from a single litter with similar body weights were placed in front

of a touch-sensitive copper sensor (5 cm length × 1 cm width ×

45 cm 1 mm thickness). The sensor was 1 cm away from their
mouths and perpendicular to the floor while they remained hold
inside the mask. Each time the animal touched the sensor a red
light bulb lit signaling a physical contact, which resulted in an
infusion pump pulse.

The apparatus was set to work with two subjects at a time:
a Paired animal receiving infusions in a fixed ratio (FR) 1
schedule and a Yoked control receiving infusions in accordance
to its corresponding paired pup. Each evaluation lasted 15min.
During these sessions pups received a given solution (ethanol
or saccharin reinforcers) contingent upon their operant behavior
(i.e., sensor contact). All pups received 4 priming pulses at the
beginning of the training session, 60, 120, and 180 s. These pulses
were administered independently of motor activity patterns in
order to introduce the pup with the reinforcer and to minimally
stimulate head and body movements. The number of sensor
contacts of each Paired subject and its corresponding Yoked
control were recorded. Similar procedures have been employed
when analyzing early operant leaning regulated by positive
reinforcers such as milk, sucrose and ethanol (Arias et al., 2007;
Bordner et al., 2008; March et al., 2009; Miranda-Morales et al.,
2014).

Experimental Design and Data Analysis
Body weights were analyzed using a four-way mixed analysis of
variance (ANOVA). Drug treatment at PDs 2 and 4 (PB 0.1M,
ACD 0.35 µmol or ethanol 100 mg%), sex (male or female)
and post-administration time (5, 60, or 120 min) served as
between-group factors. Days of assessment (PDs 2, 4, and 5)
served as the within-measure factor. A five-way mixed ANOVA
was performed to analyze mean respiration rates at PDs 2-
4 where drug treatment, sex and post-administration time
served as the independent factors, while days of assessment and
minutes corresponding to each specific evaluations (minutes:
1–5) represented repeated measures. At PD5 breathing patterns
were analyzed through a between-within ANOVA defined by the
same independent factors and repeated measures.

Thermoregulatory processes were analyzed using a five- or
four-way mixed ANOVA (PDs 2, 4, and 5; respectively) where
drug treatment, sex, post-administration time served as between
factors while post-natal days and time of temperature recordings
(before and after plethysmograph assessments) were considered
as within-group variables.

Relative to the operant task, the total number of sensor
contacts was considered the dependent variable. Separate
ANOVAs were conducted to analyze operant performance
when either saccharin or ethanol served as reinforcers. More
specifically, a two-way mixed ANOVA was utilized. This
inferential analysis was defined by prior drug treatments the
between-group factor and conditioning status (Paired or Yoked)
as the within-group factor.

Preliminary analysis relative to operant performance
indicated no significant main or interaction effects when
considering sex as a factor. Therefore, data were collapsed across
sex for all the remaining analyses. The absence of sex effects has
also been observed in prior studies when employing a variety of
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reinforcers in operant conditioning tasks during early ontogeny
(Bordner et al., 2008; March et al., 2009; Miranda-Morales et al.,
2010, 2012a,b, 2014).

The loci of significant main effects were further analyzed
with Ducan’s post-hoc tests. A rejection criterion of p < 0.05
was adopted for all statistical analyses in the present study.
According to the nature of the dependent variables under
consideration, tests were performed using between or within
error terms. Since there is no unambiguous choice of appropriate
error term for post-hoc comparisons involving between- and
within-group significant interactions (Winer, 1991), orthogonal
planned comparisons were conducted when such interactions
were obtained. All the statistical analyses were performed using
the STATISTICA 8.0 software.

RESULTS

Body Weights across Days (PDs 2, 4, and 5)
Data corresponding to body weights across days was analyzed
via a between-within ANOVA (drug treatment at PDs 2 and
4 × post-administration time × post-natal days × sex). As
expected body weights progressively increased as a function of
age; F(2, 250) = 3,897.01, p < 0.0001. Duncan’s post-hoc tests
showed that pups at PD4 exhibited significantly greater body
weights than those previously recorded during PD2. At PD5,
weight values were significantly higher than those observed at
PD4 (means± standard errors of the means for each day were as
follows: PD2, 7.25 ± 0.06 g; PD4, 10.08 ± 0.07 g and PD5, 11.41
± 0.09 g. Body weights did not differ as a function of the other
factors under consideration.

Breathing Frequencies during Drug
Pretreatment (PDs 2 and 4) and test (PD5)
Figure 1 illustrates average breathing responses corresponding
to PDs 2 and 4 as a function of post-administration time (5,
60, or 120 min) and across minutes of evaluation. Respiration
rates were not significantly different across days. The between-
within ANOVA [drug treatment (PB 0.1M, ACD 0.35 µmol or
ethanol 100 mg%)× sex (female or male)× post-administration
time (5, 60, or 120min) × days of assessment (PDs 2 and
4) × minutes of evaluation (1–5)] indicated significant main
effects of sex F(1, 125) = 5.90, p = 0.0158; post-administration
time F(2, 125) = 12.27, p < 0.0001; minutes of evaluation
F(4, 500) = 118.49, p < 0.0001 as well as significant interactions
between post-administration time and minutes of evaluation
F(8, 500) = 7.48, p < 0.0001. Drug treatment was also found to
significantly interact with post-administration time and minutes
of evaluation; F(16, 500) = 2.13, p= 0.0063.

According to Duncan’s post-hoc tests, breathing frequencies
were significantly higher in male than female pups (181.30 ±

2.99 and 170.91 ± 3.01 breaths/min; respectively). Relative to
the significant main effects of post-administration time, minutes
of evaluation, and its significant interaction at PDs 2 and 4;
post-hoc tests showed that breathing responses were significantly
lower at post-administration time 5 min relative to the scores
attained at 60 and 120 min. It is likely that the stress related with
the intracisternal administration of the drugs, affected breathing

FIGURE 1 | Breathing rates (breaths/min) as a function of

post-administration time (5, 60, or 120 min) and minutes of evaluation.

Data have been collapsed across sex, postnatal days and drug treatment.
### Indicates significant differences between breathing scores at

post-administration time 5 min relative to scores attained at

post-administration time 60 and 120 min. *** Indicates significant differences

between respiratory rates at minute 1 relative to the remaining minutes of

evaluation; p < 0.0001. &&& Indicates significant differences between minute

2 and minute 5; p < 0.0001. Vertical lines indicate standard errors of the

means (SEMs).

rates shortly after performing these procedures. At 60 and 120
min, respiratory frequencies were similar to those reported in
previous experiments where a given vehicle (e.g., water) was
intragastrically administered 30 min prior to the evaluation
(Macchione et al., 2016; Acevedo et al., 2017)

Within each test, respiration rates decreased as a function of
the progression of the test; a phenomenon probably indicative
of habituation to the context. This progressive depression was
particularly observed in the group of animals evaluated at 60
and 120 min. When the evaluation was conducted 5 min after
drug administration pups exhibited heightened respiratory rates
during the initial minute of the test relative to the remaining
minutes. This interaction has been depicted in Figure 1.

With regard to the triple interaction involving drug treatment,
post-administration time and minutes of evaluation, planned
comparisons indicated significant differences in respiration rates
between PB-treated and ACD-treated pups during the first
minute of evaluation (Figure 2). This effect was only observed 5
min after administering the drug. At this point in time, ethanol-
treated animals showed intermediate respiratory frequencies
relative to PB- and ACD-treated pups.

At PD 5, the corresponding between-within ANOVA (drug
treatment at PDs 2 and 4 × sex × post-administration
time × minutes of evaluation) showed that breaths per minute
significantly varied as a function of drug treatment [F(2, 128) =
4.37, p = 0.0146], minutes of evaluation [F(4, 512) = 110.95, p <
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FIGURE 2 | Respiration frequencies (breaths/min) at PDs 2 and 4 as a function of drug treatment (PB, ACD or Ethanol), post-administration time (5, 60,

or 120 min) and minutes of evaluation (1–5). Data have been collapsed across sex and postnatal days. * Indicates a significant difference between PB-treated and

ACD-treated pups (post-administration time: 5 min.; minute of evaluation: 1 min); p < 0.05. Vertical lines indicate standard errors of the means (SEMs).

0.0001] and the following two-way interaction: drug treatment×
minutes of evaluation [F(8, 512) = 1.99, p= 0.0447].

Once, again breathing responses progressively decreased as
a function of the passage of time. Moreover, the group of
animals previously treated with acetaldehyde during PDs 2 and
4 exhibited significantly higher breathing frequencies relative
to the control group (PB). This significant difference was
observed at minutes 2, 3, 4, and 5. Breathing scores of ethanol-
treated pups did not significantly differ from PB- or ACD-
treated subjects throughout the evaluation. This interaction
has been depicted in Figure 3. As can be observed ACD-
treated pups exhibited during PD5 breathing patterns which
were opposite to those recorded at PDs 2 and 4 at the earliest
post-administration time (5min). When tested without being
administered with acetaldehyde (PD5) breathing frequencies
were significantly higher than in controls while under the effects
of the drug (PDs 2 and 4), respiration rates were significantly
lower.

Thermal Responsiveness During Drug
Treatment (PDs 2 and 4) and Test (PD 5)
As stated, body temperatures of pups treated with PB 0.1M, ACD
0.35µmol or ethanol 100mg%were recorded immediately before
and after being exposed to the plethysmograph at PDs 2 and 4 as
well as at PD5 (see Table 1). The corresponding between-within
ANOVA (drug treatment × sex × post-administration time ×

days of assessment x moment of recording) during PDs 2 and
4 only indicated a significant main effect of post-administration
time; F(2, 117) = 92.26, p < 0.0001. Thermal temperatures soon
after drug treatment (5min) were significantly lower (33.91 ±

FIGURE 3 | Breathing rates (breaths/min) as a function of drug

treatment (PB, ACD, or Ethanol) and minutes of evaluation at PD 5.

* Indicates significant differences between ACD pups and pups pre-exposed to

PB administrations. Vertical lines indicate standard errors of the means (SEMs).

0.12◦C) than those observed at post-administration times 60
and 120min (35.96 ± 0.11 and 35.62 ± 0.12◦C; respectively)
Apparently, a stress-related factor derived form intracerebral
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administrations was responsible for the significant decrease in
body temperature in pups tested 5 mins after the injection.
At PD 5 (drug treatment × sex × post-administration time
× moment of recording) no significant differences emerged
when considering the main factors and the interactions between
them. Notice that at this age pups were not IC administered.
A similar lack of main significant effects or interactions was
observed when processing body temperatures before and after the
operant task.

Operant Conditioning at PD5
Figure 4 depicts the total number of sensor contacts in Paired
and Yoked groups reinforced with either intraorally administered
saccharin or ethanol. Separate ANOVAs were conducted to
analyze learning patterns dependent upon either saccharin
(0.1%) or ethanol (3%) reinforcement. In each case, tree-way
mixed ANOVAs were used. This analyses were defined by drug
treatment as the between factor and conditioning (Paired or
Yoked) as well as minutes of evaluation as within factors.

TABLE 1 | Pup’s body temperatures across days as a function of drug treatment and post-administration time.

Drug treatment at PDs 2 and 4 Post-administration

Time (min)

Body temperature (◦C)

PD2 PD4 PD5

Before After Before After Before After

Phosphate buffer (PB 0.1M) 5 34.23 ± 0.31 34.12 ± 0.29 33.96 ± 0.27 34.05 ± 0.28 34.99 ± 0.27 34.77 ± 0.28

60 35.73 ± 0.30 36.01 ± 0.28 35.81 ± 0.26 35.66 ± 0.27 34.91 ± 0.24 35.06 ± 0.25

120 35.67 ± 0.31 35.86 ± 0.29 35.56 ± 0.27 35.40 ± 0.28 34.66 ± 0.26 34.58 ± 0.27

Acetaldehyde (0.35 µmol) 5 33.83 ± 0.28 34.12 ± 0.26 33.71 ± 0.25 33.83 ± 0.25 34.72 ± 0.24 34.57 ± 0.24

60 36.23 ± 0.27 36.35 ± 0.25 35.98 ± 0.23 35.83 ± 0.24 35.12 ± 0.23 34.38 ± 0.24

120 35.68 ± 0.29 35.36 ± 0.27 36.04 ± 0.26 35.49 ± 0.26 34.64 ± 0.23 34.96 ± 0.24

Ethanol (100mg%) 5 33.83 ± 0.30 34.12 ± 0.28 33.42 ± 0.27 33.63 ± 0.28 34.43 ± 0.26 34.17 ± 0.26

60 36.21 ± 0.26 36.07 ± 0.25 35.70 ± 0.23 35.87 ± 0.24 35.18 ± 0.23 34.65 ± 0.24

120 35.76 ± 0.30 35.53 ± 0.28 35.78 ± 0.26 35.28 ± 0.27 34.57 ± 0.25 34.39 ± 0.25

Values are expressed as means ± SEMs. Body temperatures at PDs 2 and 4, recorded immediately after intracisternal administrations (5 min), were significantly lower than those

registered at 60 or 120min.

FIGURE 4 | Sensor contacts at PD5 when pups were reinforced with saccharin or ethanol. When saccharin was employed a main significant effect of

conditioning (Paired vs. Yoked) was observed. ### Indicates the significantly higher level of responding of Paired pups when compared to Yoked controls;

p < 0.0001. When ethanol served as a reinforcer, only Paired pups pre-exposed to PB exhibited significantly higher levels of sensor contacts when compared with the

corresponding Yoked controls (*); p < 0.05. Vertical lines indicate standard errors of the means (SEMs).
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When saccharin was employed as a reinforcer, the ANOVA
indicated that conditioning exerted a significant main effect
[F(1, 28) = 34.82, p < 0.0001]. As can be observed in
Figure 4, all Paired groups, independently from prior drug
experience, showed higher operant responsiveness relative to the
corresponding Yoked controls. This result is analogous to those
reported when employing saccharin in older infants (Miranda-
Morales et al., 2014) or when neonates are reinforced with milk
(Arias et al., 2007; Bordner et al., 2008). It is interesting to
note that prior drug exposure appears not to affect the learning
capability of the organisms nor its overall activity. Relative to
the activity rate, Yoked controls pretreated with buffer, ethanol
or acetaldehyde showed similar levels of spontaneous sensor
contacts.

When ethanol was employed as a reinforcer not all Paired
groups differed from the corresponding Yoked controls. The
ANOVA revealed a significant main effect of conditioning
and a significant interaction between this factor and drug
treatment [F(1, 32) = 21.75, p < 0.0001 and F(2, 32) = 3.51,
p = 0.0419; respectively]. Planned comparisons indicated that
only Paired pups treated with a PB control solution had
higher sensor contacts that their corresponding Yoked controls.
Pretreatment with ethanol or its metabolite appeared to decrease
the reinforcement capability of ethanol. Once again, this effect
cannot be attributed to motor activity differences across drug
pretreatments that can contribute to the probability of sensor
contacts. Relative to this issue, all Yoked groups has similar levels
of activity.

DISCUSSION

As stated (see Introduction section) the present study pursued
twomain goals: (i) the analysis of central ethanol and ACD effects
in terms of disruptive effects upon early respiratory plasticity and
possible association existing between ethanol and/or ACD central
effects leading to thermoregulatory alterations in neonatal rats,
and (ii) the analysis of central pre-exposure to the ethanol or its
metabolite effect on subsequent seeking behavior of ethanol as a
reinforcer in an operant task in neonate rats (Arias et al., 2007;
Bordner et al., 2008; March et al., 2009; Miranda-Morales et al.,
2014).

Ethanol and ACD doses were chosen according to previous
literature indicating analogous effects at least when considering
themotivational properties of these drugs (Nizhnikov et al., 2006,
2007; March et al., 2013a,b). When doing so, during PDs 2 and 4,
neonates exhibited a respiratory depression when administered
with ACD and tested only 5 min after drug administration.
This effect was clear at the beginning of the testing procedure
(minute 1) relative to control pups administered with PB. Pups
treated with ethanol exhibited intermediate values relative to the
above mentioned groups. These effects were observed despite
the fact that at this post-administration time, respiration rates
were very low across groups (see Figure 2). Preliminary pilot
studies performed with untreated animals confirmed that the
mere handling of the neonates is enough to alter respiratory
frequencies when evaluations are temporally close to this

manipulation. The values obtained in these untreated pups were
found to be almost identical to the PB controls here utilized.

It was also observed that respiratory frequencies increased
at 60 and 120 min post-administration time (Figure 1) and
neither ethanol nor ACD exerted depressant effects relative to
controls. Relative to ACD, these null results may indicate that
further pharmacokinetic processes (e.g., ACD conversion into
acetate) partially or completely reduce brain concentrations of
the metabolite (Quertemont and Didone, 2006; Zimatkin et al.,
2006; Hipolito et al., 2007). The fact that ethanol was never found
to produce significant respiratory decrements may be related
with the dose here employed. Under the present experimental
circumstances, it is not possible to determine whether the
100 mg% dose is sufficient to negatively act upon respiratory
plasticity or generate, via oxidative processes, ACD levels capable
of disrupting breathing patterns. Relative to this dose-related
problem, and as previously stated, it is interesting to note that
pups tested shortly after receiving brain ethanol administration,
exhibited a trend toward a reduction in breathing frequencies
relative to controls but not as profound as the group treated with
ACD (Figure 2).

At PD5, pups were re-exposed to the testing chamber without
receiving any explicit drug treatment. ACD pretreated neonates
were found to show heightened respiratory frequencies relative
to the remaining groups (Figure 3). We cannot discard the
possibility that prior administrations of the metabolite disrupted
the respiratory system causing hyperventilation. Nevertheless,
a second hypothesis seems plausible. The effect at PD5 (high
respiration rates) was opposite relative to the one observed at
PDs 2 and 4 (low respiration rates). This apparent contradiction
is in agreement with the establishment of learned tolerance
to drugs of abuse where conditioned stimuli elicit neurally-
mediated homeostatic responses that serve to reduce a specific
perturbation (Woods and Ramsay, 2000). Some studies have
shown that ambient cues associated with the depressant effects
of ethanol appear to modulate the effects of the drug upon
respiratory plasticity (Cullere et al., 2015; Macchione et al., 2016;
Acevedo et al., 2017). This modulation is related with classical
conditioning learning where ambient cues such as the testing
environment or a specific odorant (e.g., ethanol odor perceived
in the amniotic fluid or as an ambient odor) are associated with
the unconditioned effect of the drug. Similar learning processes
have been observed in 2-day-old mice when olfactory cues
associated with maternal care resulted in heightened conditioned
respiratory responses (Durand et al., 2003). When utilizing
peripheral ethanol in developing rats, conditioned responses are
isodirectional relative to the depressant effects upon respiration.
In accordance with the systematic review of Eikelboom and
Stewart (1982), physiological disruptions mediated by the central
nervous system are associated with conditioned stimuli which
later elicit compensatory conditioned reactivity. If the drug acts
on afferent pathways of the brain, the associative process results
in isodirectional conditioned responses. In agreement with their
analysis and predictions based on specific feedback mechanisms,
cues associated with respiratory depressions caused by peripheral
(i.g.) ethanol administrations, latter elicit isodirectional learned
responses (Macchione et al., 2016). As observed in the present
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experiment, contextual cues associated with central-nervous-
system-mediated respiratory depressions caused by ACD, cause
the opposite (probably compensatory) effect.

As previously stated (see Introduction), thermoregulatory
disruptions can determine or modulate respiratory depressions.
When considering neonatal thermal responsiveness at PDs 2
and 4, it was clear that soon after intracisternal administrations
(5 min), body temperatures were low when compared to those
recorded at post-administrations time 60 or 120 min (Table 1).
Stress-related effects of the administration procedure or even
the temperature of the solutions injected into the cisterna
magna are factors which can account for this phenomenon.
As mentioned, at the earlier post-administration time (5
min) we also observed very low breathing frequencies; a
result which argues in favor of the modulatory effects of
thermoregulation upon breathing. Yet, drug treatment affected
breathing but not thermal responsiveness; a result that argues
in favor of early breathing disruptions caused by ACD
independently from thermal alterations. At PD5, when tests
were performed without any prior administration procedure,
temperatures were similar across all groups but as stated,
ACD pre-exposed neonates exhibited heightened respiratory
rates. Once again, this phenomenon favors the hypothesis
that ACD respiratory effects across the experiment were not
related with temperature variations. Nevertheless, when taken
into account that the administration procedure does affect
thermoregulation and that all breathing tests were performed in
chambers maintained at 31–32◦C, a possible association between
thermal and breathing disruptions should not be completely
overruled.

The second major goal of the study attempted to elucidate
whether prior exposure to central ethanol or ACD impacts
upon operant conditioning processes where ethanol or saccharin
serve as positive intraoral reinforcers. The results obtained with
saccharin confirmed the rapid learning capability of neonates
that has been reported when utilizing alternative sweet reinforcer
or milk (Arias et al., 2007; Bordner et al., 2008; March et al.,
2009). Independently of prior drug condition, pups exposed to
the explicit contingency between sensor contacts and saccharin
intraoral administration (Paired groups), exhibited relative to
Yoked controls, a significantly higher number of responses. This
pattern of results was not observed when ethanol served as a
reinforcer. Once again, Paired pups pre-exposed to the buffer
control solution significantly differed from the corresponding
Yoked control group. As in previous studies, neonates without
any specific prior drug experience rapidly learn to self-administer
an ethanol solution (Bordner et al., 2008; March et al.,
2009). This was not the case when neonates were centrally
administered with ethanol or ACD (PDs 2 and 4) prior to the
assessment of response-stimulus learning associations (PD5).
When using these drugs Paired pups did not differ from Yoked
controls. Furthermore, Paired pups with a prior history of ACD
administrations differed from Paired pups pretreated with the
buffer solution. As in the case of respiratory frequencies, Paired
subjects pre-exposed to central ethanol, exhibited intermediate
levels of responding relative to the two remaining drug-related
Paired conditions (ACD or PB).

The results obtained with saccharin indicate that neither
ethanol nor ACD pre-exposure altered learning capabilities of
the neonates. Therefore, the absence of operant conditioning
observed in Paired pups reinforced with ethanol that were
previously treated with ethanol or ACD, argues against
deleterious effects of these drugs upon the learning process
itself. Two hypotheses appear pertinent when addressing the
lack of significant learning in Paired subjects pre-exposed to
ethanol or ACD and subsequently reinforced with ethanol. Both
of them are based on the direct action of ACD in the central
nervous system and the biotransformation of ethanol into its
principal metabolite via the central catalase system. Favoring
the possibility of rapid ethanol metabolism in the neonatal
brain is the fact that catalase concentrations in the brain of
the newborn rat are approximately eight times higher than in
adult animals (Del Maestro and McDonald, 1987). The first
hypothesis is related with prior findings concerning altered
motor neonatal activity induced by central ACD administration.
March et al. (2013a) reported that a single neonatal central
administration of ACD (0.52 µmol) exerts a sedative effect upon
motor activity. Hence, it is difficult to discard the possibility that
sequential administrations of lower ACD doses (0.35 µmol) or
of ethanol (100 mg%) into the brain, sensitizes the organism
to later sedative of effects of ethanol administered during the
operant conditioning task. Nevertheless, this hypothesis is not
supported by the following observations. When focusing on the
motor activity of Yoked controls (i.e., number of spontaneous
sensor contacts) that also received ethanol as a function of the
activity of the corresponding Paired neonates, no specific effects
of prior drug treatment were detected. The second observation
arguing against the motor-related hypothesis is that March
et al. (2013a) also found that late prenatal exposure to ethanol
generates tolerance rather than sensitization to the depressant
of ACD. As stated, this metabolite is likely to be formed
due to brain metabolic processes when neonates were exposed
to ethanol during the operant task. Yet, when considering
both ethanol and ACD pre-exposure effects upon operant
performance, we cannot completely discard an alternative
possibility of sensitization effects related with anxiogenic or
antianxiety effects of both drugs. The arousal state involved in
the acquisition of the operant response could be affected by
either of these effects. Infants are sensitive to ethanol’s antianxiety
effects (Pautassi et al., 2007) but there is still no empirical
evidence supporting a sensitization effect as a function of prior
ethanol treatment during early development. On the contrary,
in neonates, exposure to moderate or high ethanol doses seem
to potentiate later states of anxiety (Brolese et al., 2014; Baculis
et al., 2015). In adults, when considering centrally administered
ACD, inhibition of the catalase system or when sequestering
this metabolite, the results argue in favor of anxiogenic rather
than antianxiety effects (Correa et al., 2008). Taken these
considerations into account, sensitization to ethanol’s or ACD’s
anti-anxiety effects does not seem to adequately account for
the described disruptions in operant learning processes. The
possibility of sensitization to anxiogenic effects of early ethanol or
ACD central administration should not be discarded. The second
hypothesis is related with the consequences of drug pre-exposure
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upon subsequent ethanol’s motivational properties. Only one
conditioning trial has been utilized when central ethanol or ACD
are observed to exert positive reinforcing effects in neonates
(Nizhnikov et al., 2007; March et al., 2013a,b). So far we ignore
if increasing the number of doses results in the recruitment
of aversive properties of these psychopharmacological agents
or maximizes the possibility of an unconditioned stimulus pre-
exposure effect that later competes with the contingency existing
between operant responses and ethanol reinforcement. In either
case, subsequent ethanol positive reinforcing effects are likely
to be devalued. Most importantly, it is necessary to consider
that during PDs 2 and 4, these drugs were intracisternally
administered. This procedure, the additional handling of the
neonate and the isolation from the mother can be viewed
as significant aversive stressors (Molina et al., 2000; Hofer
et al., 2002; Pautassi et al., 2007). Hence, during these days
the effects of the drugs were contingent with aversive events;
an association that may compete with subsequent reinforcing
effects of ethanol or its metabolite. Notice that whenever
pre-exposure to ethanol has resulted in early sensitization to
the reinforcing effects of the drug (Nizhnikov et al., 2006;
Pautassi et al., 2012), the initial drug experience occurred
during late prenatal life via maternal ethanol administration
and without any explicit manipulation of the fetus or its
natural environment. In support of the present hypothesis,
studies have demonstrated that early in ontogeny, the rat is
capable of associating different motivational effects of ethanol
(positive reinforcing, aversive or anxiolytic) with aversive and
appetitive stimuli such as citric acid and sucrose; respectively.
As a result of the nature of the associations, the effects of the
drug or of the alternative stimuli are reduced or potentiated
(Molina et al., 1996; Pautassi et al., 2006; Cullere et al., 2014).
The proposed hypothesis may also apply when considering
the heightened respiratory rates (PD5) observed in neonates
pre-exposed to acetaldehyde. The interoceptive effects of the
metabolite (PDs 2 and 4) were experienced in a distinct context
(plethysmograph chamber) immediately following intracisternal
administration of the drug and while pups were isolated from
the mother. At test (PD5), these pups were again placed in
the context and as stated, they exhibited a significant increase
in breathing frequencies. This physiological reaction, under
the framework of the present hypothesis, may represent an
anticipatory physiological response linked with prior experiences
involving the context, the interoceptive effects of acetaldehyde
and different stressors. Obviously, this hypothesis requires
further investigation.

Beyond these considerations, the results of this study argue in
favor of centrally mediated respiratory and motivational effects
of acetaldehyde during a stage in development comparable to

the 3rd human gestational trimester. To our knowledge this is
the first study indicating a significant role of the metabolite upon
early respiratory plasticity. This phenomenon logically requires
further investigation particularly when considering the negative
effects of ethanol upon the developing respiratory network
(Abel, 1981; Dubois et al., 2013). In conjunction with recently
conducted studies in rat fetuses and neonates (Cullere et al., 2015;
Macchione et al., 2016; Acevedo et al., 2017), the present results

confirm that disruptions of the developing respiratory network
are attained even when employing moderate levels of exposure
to ethanol, or in the present case, to acetaldehyde. Breathing
depressions associated with hypoxemia and bradycardia
represent a risk factor in terms of hypoxic ischemic effects
upon the developing human brain (Pillekamp et al., 2007). As
mentioned, fetal alcohol exposure also represents a risk factor for
Sudden Infant Death Syndrome (Burd et al., 2004; O’Leary et al.,
2013), a phenomenon that has driven scientific attention toward
the effects of the drug upon respiratory plasticity. Hence, when
considering breathing disruptions involved in hypoxic ischemic
consequences upon the brain and the need to better understand
factors that can potentially predispose to a devastating pathology
such as the Sudden Infant Death Syndrome, the role of
acetaldehyde, following ethanol exposure, deserves further
scientific attention. Finally, the present study also indicates that
centrally administered acetaldehyde impacts upon later ethanol
self-administration patterns operationalized through operant
conditioning procedures. From a general perspective, these
results validate the notions that the metabolite is a neuroactive
agent capable of mediating ethanol’s motivational properties
(Quertemont et al., 2005; Correa et al., 2012) and that it plays
a significant role during early ontogeny in terms of structuring
ethanol affinity (March et al., 2013a).
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In previous study, we demonstrated that ethanol preexposure may increase ethanol
consumption in both adolescent and adult mice, in a two-bottle choice model.
We now questioned if ethanol exposure during adolescence results in changes of
consumption pattern using a three-bottle choice procedure, considering drinking-in-
the-dark and alcohol deprivation effect as strategies for ethanol consumption escalation.
We also analyzed aldehyde dehydrogenase (ALDH) activity as a measurement of ethanol
metabolism. Adolescent and adult Swiss mice were treated with saline (SAL) or 2.0 g/kg
ethanol (EtOH) during 15 days (groups: Adolescent-SAL, Adolescent-EtOH, Adult-SAL
and Adult-EtOH). Five days after the last injection, mice were exposed to the three-
bottle choice protocol using sucrose fading procedure (4% + sucrose vs. 8%–15%
ethanol + sucrose vs. water + sucrose) for 2 h during the dark phase. Sucrose was
faded out from 8% to 0%. The protocol was composed of a 6-week acquisition
period, followed by four withdrawals and reexposures. Both adolescent and adult mice
exhibited ethanol behavioral sensitization, although the magnitude of sensitization in
adolescents was lower than in adults. Adolescent-EtOH displayed an escalation of 4%
ethanol consumption during acquisition that was not observed in Adult-EtOH. Moreover,
Adult-EtOH consumed less 4% ethanol throughout all the experiment and less 15%
ethanol in the last reexposure period than Adolescent-EtOH. ALDH activity varied with
age, in which older mice showed higher ALDH than younger ones. Ethanol pretreatment
or the pattern of consumption did not have influence on ALDH activity. Our data suggest
that ethanol pretreatment during adolescence but not adulthood may influence the
pattern of ethanol consumption toward an escalation in ethanol consumption at low
dose, without exerting an impact on ALDH activity.

Keywords: ethanol, adolescence, behavioral sensitization, voluntary ethanol consumption, aldehyde
dehydrogenase, ethanol metabolism
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INTRODUCTION

Some characteristics of the adolescence (impulsivity, risky
behavior, seeking of new experiences) have been related to
delayed maturation of prefrontal cortex and neurotransmitter
systems as well as late development of behavioral inhibitory
systems, which may render adolescents especially vulnerable to
taking drugs of abuse and developing addiction (Spear, 2000;
Chambers et al., 2003). Ethanol exposure during adolescence can
cause dramatic neurobehavioral and neurotoxicological effects
compared to exposure during adulthood, as described in humans
(Grant and Dawson, 1997; DeWit et al., 2000; Ehlers et al., 2006)
and rodents (Crews et al., 2000; Faria et al., 2008; Walker and
Ehlers, 2009; Guerri and Pascual, 2010; Soares-Simi et al., 2013;
Carrara-Nascimento et al., 2014).

Themain route of ethanol elimination is the liver metabolism,
where it is converted into acetaldehyde by alcohol dehydrogenase
and subsequently to acetate by aldehyde dehydrogenase (ALDH).
Those enzymes are responsible for the elimination of alcohol in
concentrations below 20 mmol/L (Li, 1977; Lieber, 1986). The
efficacy of ethanol metabolism increases with age following its
systemic administration, since the blood ethanol concentration
remains higher for longer time in younger rats compared to older
ones (Kelly et al., 1987). In fact, liver alcohol dehydrogenase
efficiency and ALDH activity varies with age (Collins et al., 1975;
Hollstedt et al., 1977). Recent data of our group suggested that
adult but not adolescent mice developed metabolic tolerance to
increases in blood ethanol concentration induced by chronic
intermittent ethanol exposure (Carrara-Nascimento et al., 2013),
suggesting that the age of exposure to ethanol may also influence
ethanol metabolism.

The activity of ALDH may exert some influence on
ethanol consumption, since accumulation of acetaldehyde in the
peripheral system induces aversive effects when accumulated in
the blood (Quertemont, 2004). As an example, high alcohol-
drinkers show faster acetaldehyde metabolism and are less
vulnerable to its aversive effects, such as flushing, headache,
tachycardia, dizziness and nausea (Quintanilla et al., 2006).

Animal models that promote motivation for alcohol
seeking/intake include alcohol withdrawal periods since
periods of abstinence lead to progressive increases in alcohol
consumption that ultimately results in the relief of the
abstinence-induced withdrawal symptoms (the so called alcohol
deprivation effect—ADE; Spanagel and Hölter, 1999). Drinking
in the dark (DID) paradigm is considered a binge-like model
since it promotes high levels of blood ethanol concentration
(Rhodes et al., 2005). Another procedure to promote increase
in ethanol consumption is to preexpose the animals to the
drug (Lessov et al., 2001; Camarini and Hodge, 2004; Carrara-
Nascimento et al., 2014).

In the present study, we designed a protocol that includes
some aspects of human alcohol addiction, such as age of first
contact with ethanol, ADE and DID. We hypothesized that
mice exposed to ethanol during adolescence would have higher
ethanol consumption later in life. We also assessed whether these
differences in ethanol consumption pattern might be related to
ALDH activity in the liver.

MATERIALS AND METHODS

Animals
Adolescent (PND 28) and adult (PND 68) male Swiss mice
were obtained from the Animal Facility of the Department of
Pharmacology of the Institute of Biomedical Sciences at the
University of São Paulo, Brazil. Mice were housed in groups
of five in standard Plexiglas cages (30 cm × 20 cm × 12.5 cm)
in a colony room with controlled lighting (12:12 light/dark
cycle; lights on from 7:00 AM to 7:00 PM) and temperature
(22 ± 2◦C) conditions. Mice were allowed to adapt to the colony
room for at least 7 days before the start of the experiment.
Food and water were provided ad libitum. All procedures
were approved by the Ethics Committee on Animal Use
(Comitê de Ética no Uso de Animais—CEUA—Protocol
#18/2013) of the Institute of Biomedical Sciences at the
University of São Paulo. Animals were single housed
only during the 2-h period of the ethanol consumption
procedure.

Drugs
Ethanol (EtOH, 95% v/v, Merck do Brasil, Rio de Janeiro,
Brazil) was diluted in 0.9% w/v sodium chloride (saline, SAL)
and injected intraperitoneally (i.p.) as 20% v/v ethanol solution
at a dose of 2.0 g/kg during the protocol of behavioral
sensitization. Control animals received equivalent volumes
of SAL.

For the voluntary ethanol consumption procedure, 95% v/v
EtOH was diluted in tap water to produce EtOH solutions
according to the concentrations described in Table 1 (4, 8, 10,
12.5 and 15% ethanol v/v).

Experimental Design
The whole experimental design is shown in Figure 1. It involves
two phases: Phase 1 (Behavioral Sensitization) and Phase 2
(Voluntary Ethanol Consumption).

Phase 1—Behavioral Sensitization
Fifty-seven mice were used for this experiment. Their locomotor
activity was assessed using a cylindrical wooden-made open-field
arena (40 cm diameter and 35 cm height). A video camera
placed above the apparatus and connected to a computer
located outside the experimental room recorded the trials.
Five minutes after SAL or EtOH injections, the animals’
locomotor activity (distance traveled in cm) was assessed
during 5 min and quantified with Ethovision software (Noldus,
Wageningen, Netherlands). The 5-min trial duration after 5 min
of ethanol injection is based on previous pilot studies conducted
in our laboratory and on studies showing optimal ethanol
sensitization between 5 and 10 min after injection (Broadbent
and Harless, 1999; Meyer and Phillips, 2007). The apparatus
was cleaned with a 5% ethanol/water solution between each
trial.

In order to let the animals to habituate to the injection
procedure and the open-field apparatus, mice were first injected
with SAL for two consecutive days prior to the treatment with
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FIGURE 1 | Behavioral sensitization: on Habituation days 1 and 2 (H1 and H2) mice were treated with saline (SAL). From treatment days 1–15 (D1–D15) mice
received intraperitoneal (i.p.) injections of SAL or 2 g/kg Ethanol. OF: locomotor activity assessment in the open-field. Ethanol consumption: 5 days after behavioral
sensitization procedure, mice were exposed to voluntary ethanol consumption protocol, which consisted of an acquisition phase, followed by withdrawals and
reexposures to the three-bottle choice (water, 4% ethanol and 15% ethanol).

TABLE 1 | Voluntary ethanol consumption.

Age (PND) Experimental day Phase Ethanol 4% solution Ethanol 15% solution

Ethanol Sucrose Ethanol Sucrose

Ado: 50–54
Adu: 90–94

1–5 (period 1) Acquisition 4% 8% 8% 8%

Ado: 57–61
Adu: 97–101

8–12 (period 2) 4% 8% 10% 8%

Ado: 64–68
Adu: 104–108

15–19 (period 3) 4% 6% 10% 6%

Ado: 71–75
Adu: 111–115

22–26 (period 4) 4% 6% 10% 6%

Ado: 78–82
Adu: 118–122

29–33 (period 5) 4% 4% 12.5% 4%

Ado: 85–89
Adu: 125–129

36–40 (period 6) 4% 2% 15% 2%

Ado: 90–103
Adu: 130–143

41–54 Withdrawal 1

Ado: 104–106
Adu: 144–146

55–57 Reexposure 1 4% 2% 15% 2%

Ado: 107–113
Adu: 147–153

58–64 Withdrawal 2

Ado: 114–116
Adu: 154–156

65–67 Reexposure 2 4% 2% 15% 2%

Ado: 117–123
Adu: 157–163

68–74 Withdrawal 3

Ado: 124–126
Adu: 164–166

75–77 Reexposure 3 4% 2% 15% 2%

Ado: 127–133
Adu: 167–173

78–84 Withdrawal 4

Ado: 134
Adu: 174

85 Reexposure 4∗ 4% 0 15% 0

Ado: 135–136
Adu: 175–176

86–87 Reexposure 5 4% 0 15% 0

The protocol consisted of an acquisition phase, withdrawals and reexposures. ∗Quinine; Ado, Adolescent; Adu, Adult.

EtOH. Adolescent and adult mice received an injection of SAL
and were placed in the open-field apparatus to assess their
locomotor activity. From the next day on, mice were treated
for 15 consecutive days with i.p. injections of SAL or 2.0 g/kg
of EtOH once a day. Therefore, there were four experimental
groups: Adolescent-SAL (n = 15), Adolescent-EtOH (n = 14),
Adult-SAL (n = 14) and Adult-EtOH (n = 14). Group names
refer to age and treatment in which mice received SAL or
EtOH to induce behavioral sensitization during adolescence
or adulthood. It is important to emphasize that mice were

preexposed i.p. to ethanol during adolescence or adulthood and
the testing (consumption) was actually performed during either
adulthood or young adulthood. By using this protocol, we aimed
to assess ethanol consumption in adult mice preexposed to
ethanol during adolescence. Locomotor activity was assessed on
days 1, 8 and 15. Injections and locomotor activity assessment
were always carried out between 9:00 AM and 11:30 AM.
Following this first phase of the protocol, mice underwent 5 days
of abstinence before being exposed to the voluntary ethanol
consumption.
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Phase 2—Voluntary Ethanol
Consumption—Drinking in the Dark
The protocol of this phase is shown in Table 1.

During the Phase 1 of the experiment, one mouse from
Adult-SAL and one from Adult-EtOH died.

Three hours after the lights were turned off (9:00 AM),
animals had access to three-bottle choice: one water bottle
and two bottles containing different ethanol concentrations,
for 2 h according to the DID procedure (Rhodes et al.,
2005; Crabbe et al., 2014). The voluntary ethanol consumption
consisted of: Acquisition: we reiterate that animals belonging
to Adolescent groups reached post-adolescence period during
Phase 2 of this study. We used a modified sucrose fading
procedure (Samson, 1986) because Swiss mice are not classified
as high preferring mice. Instead, this mouse strain shows high
variability of ethanol drinking patterns (Ribeiro et al., 2012).
The sucrose fading procedure is used when the taste aversion
to ethanol may be a problem in initiation of drinking. During
acquisition phase, mice were exposed to three-bottle choice
for five consecutive days followed by 2 days of abstinence.
This procedure was repeated six times. The short withdrawals
were included to accelerate the ethanol intake. The sucrose
concentration in both ethanol bottles was gradually reduced
from 8% to 2%. The ethanol concentration in one of the
bottles was of 4% throughout the whole experiment, while
the ethanol concentration in the other bottle was gradually
increased from 8% to 15%. Withdrawals and reexposures: four
withdrawal periods were intercalated with five reexposures. The
first withdrawal lasted 14 days whilst the others lasted 7 days.
This protocol was based on studies showing that a longer
withdrawal may result in increased ethanol consumption in
the following reexposures (Rodd-Henricks et al., 2000, 2001;
Rodd et al., 2003, 2009). Each of the three first withdrawals
was followed by a reexposure period (resulting in Reexposures
1, 2 and 3). Each reexposure period consisted of 2-h access to
ethanol/day for three consecutive days. During these reexposures
mice had access to the three-bottle choice (4% ethanol +
2% sucrose, 15% ethanol + 2% sucrose and water). On the
fourth reexposure (2-h access to ethanol for 1 day) ethanol
solutions were adulterated with 0.005 g/L quinine and no
sucrose was added. The quinine concentration was chosen
based on previous studies showing that this concentration
in water creates an aversive bitter taste and reduces its
intake without causing total inhibition of intake (Fachin-Scheit
et al., 2006; Vendruscolo et al., 2012; Leão et al., 2015).
On the next day, during the fifth reexposure (2-h access
to ethanol/day for two consecutive days) the sucrose was
completely faded and no quinine was added to the ethanol
solutions.

The ethanol intake data from each set of days within each
period of exposure of the three-bottle choice protocol was
averaged and plotted as a single time point in the graph.

Ethanol intake was calculated in grams per kilogram of mice
body weight (g/kg) according to the formula:

volume consumed (mL)×ethanol concentration in the
solution×ethanol density

(
g/mL

)
/mouse body weight

(
kg

)
.

Quantification of Aldehyde Dehydrogenase
(ALDH) Activity
Immediately after the last reexposure, mice were euthanized
by cervical dislocation. The livers were collected, immediately
frozen and kept at −80◦C. Eight mice from each group were
randomly chosen for enzyme analysis.

The ALDH assay was performed according to the description
of the manufacturer (GWB-AXR339, Genway). Briefly, liver
tissues (50 mg) were homogenized with 200 µL of ice cold
buffer. The homogenates were left for 10 min on ice, centrifuged
at 12,000 g for 5 min at 4◦C to remove nuclei and insoluble
material and the resulting supernatants were collected to be
used in the assay. The principle of the colorimetric assay
kit consists in the oxidation of acetaldehyde by the enzyme
ALDH of the sample. The reaction generates NADH that
reduces an uncolored probe into a colored product with
strong absorbance at 450 nm. The samples were read in a
spectrophotometer at a wavelength of 450 nm in a kinetic mode
(each 2 min), picking the linear range within NADH standard
curve. The activity of ALDH was determined by subtracting
the values in the absence of the substrate acetaldehyde
from the values in the presence of the substrate (performed
in duplicates). A standard curve was performed using five
distinct amounts of NADH ranging from 2 nmol to 10 nmol,
and the ALDH activity was calculated as nmol of NADH
released/min/mL.

Statistical Analysis
The behavioral sensitization data was analyzed with a two-way
ANOVA (habituation: age × days) and three-way ANOVA
(treatment: age × days × treatment) and days were used as
repeated measure.

The ethanol consumption data was analyzed using a
three-way ANOVA (age × treatment × time) with time as
repeated measure. When necessary, three-way ANOVA for
repeated measures was deconstructed into two-way ANOVAs
(age × time) to evaluate age differences within each treatment.
A two-way ANOVA (age × treatment) was performed to
analyze reexposure 4 (quinine adulteration) and reexposure 5
(0% sucrose).

Data from the ALDH activity was analyzed using a two-way
ANOVA (age × treatment).

Newman-Keuls was used for all post hoc comparisons.
For all analysis performed, statistical significance was

considered when p < 0.05. We used the program STATISTICA 7
(StatSoft) to analyze the data.

RESULTS

Behavioral Sensitization
Habituation
A two-way ANOVA (age × days) for repeated measures revealed
an effect of time. Locomotor activity decreased in the second day
compared to the first day (F(1,55) = 37.66; p < 0.01), showing
habituation to the apparatus.
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Repeated Ethanol Treatment
A three-way ANOVA (age × treatment × days) revealed effects
of age (F(1,53) = 8.96, p < 0.01), treatment (F(1,53) = 22.67,
p < 0.01), age × treatment (F(1,53) = 10.71, p < 0.01), days
(F(2,106) = 18.81, p < 0.01), treatment × days (F(2,106) = 15.72,
p< 0.01) and age× treatment× days interaction (F(2,106) = 4.35,
p < 0.05). Mean comparisons among treatments showed that
mice treated with ethanol displayed greater locomotor activity
than those treated with SAL. Post hoc analysis of the significant
age × treatment effect revealed that the locomotor activity
in Adolescent-EtOH was lower than in Adult-EtOH mice.
Pairwise comparisons of the significant age × treatment × days
interaction showed that both adolescent and adult mice treated
with ethanol displayed higher locomotor activity on days 8 and
15 as compared to day 1, revealing that they developed behavioral
sensitization. On day 8, Adolescent-EtOH showed a lower
locomotor activity than Adult-EtOH. The locomotor activity
of all groups on Day 1 was analyzed by a two-way ANOVA
(age × treatment) and revealed a tendency to hypolocomotor
activity after an acute ethanol injection in adolescent mice
(p = 0.08), while adult mice showed the opposite effect (p = 0.09;
Figure 2).

Voluntary Ethanol Consumption
The results are shown in Figure 3.

Ethanol 4% (Figure 3A)
We first performed a repeated three-way ANOVA (age ×

treatment × time) considering the last period of acquisition
phase (when ethanol consumption was stabilized) and
reexposures (1–5) as repeated measures. There were significant
effects of age (F(1,51) = 10.85, p < 0.01), treatment (F(1,51) = 9.36,
p < 0.01), age × treatment (F(1,51) = 4.44, p < 0.05), time
(F(5,255) = 37.12, p < 0.01), age × time (F(5,255) = 4.85,
p < 0.01), but no age × treatment × time interaction. The
age × treatment interaction effect showed that Adult-EtOH
consumed less ethanol than the other groups (Adolescent-EtOH,
Adolescent-SAL, Adult-SAL; F(1,52) = 4.35, p < 0.05). The
age × time interaction effect (F(5,255) = 4.85, p < 0.01)
demonstrated that Adult groups and Adolescent groups
exhibited reduced ethanol consumption on the reexposures 4
(quinine adulteration) and 5 (0% sucrose) as compared to the
previous periods (acquisition 6, reexposures 1, 2 and 3).

Following this analysis, we performed ANOVAs for each of
the phases of ethanol consumption.

Acquisition
A three-way ANOVA for repeated measures revealed effects of
age (F(1,51) = 10.74, p < 0.01), time (F(5,255) = 4.51, p < 0.01)
and age × treatment × time interaction (F(5,255) = 2.66,
p < 0.05). A two-way ANOVA performed to analyze SAL

FIGURE 2 | Behavioral sensitization. The main graph (B) illustrates the locomotor activity of adolescent and adult mice repeatedly treated with i.p. injections of
SAL or 2.0 g/kg ethanol (EtOH) during 15 consecutive days (Adolescent-SAL, n = 15; Adult-SAL, n = 14; Adolescent-EtOH, n = 14; Adult-EtOH, n = 14). The
locomotor activity was assessed on Days 1, 8 and 15. The smaller graph (A) illustrates locomotor activity on Habituation Days 1 and 2, when all mice received SAL
injections. +H2 < H1; ∗Locomotor activity was higher than on Day 1; #Adolescent-EtOH < Adult EtOH.
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FIGURE 3 | Voluntary ethanol consumption. The figure contains graphs illustrating ethanol consumption during acquisition and reexposure periods to 4% EtOH
solution (A) and 8%–15% EtOH solution (B), as described in Table 1. Animals previously treated during adolescence or adulthood with SAL or EtOH were exposed
to the three-bottle choice protocol: water vs. 4% EtOH vs. 8%–15% EtOH. The x axis shows the concentration of ethanol and sucrose in each ethanol bottle within
each consumption period. The whole experimental protocol of this phase is described in Table 1. The letters indicate the following statistically significant differences:
a = Adolescent-EtOH displayed greater 4% ethanol intake on acquisition periods 3, 4, 5 and 6 compared to period 1; b = Adolescent-SAL displayed greater 4%
ethanol consumption on reexposure 2 compared to reexposures 1 and 3; c = Adolescent-EtOH displayed greater 4% ethanol consumption on reexposure
2 compared to reexposure 1; d = Adolescent-EtOH consumed more ethanol than Adult-EtOH; e = Adult and Adolescent groups exhibited reduced ethanol
consumption on the reexposures 4 and 5 as compared to the previous periods (acquisition 6, reexposures 1, 2 and 3); f = Ethanol intake on period 6 was higher than
on period 1; g = SAL groups showed higher EtOH intake than EtOH groups on reexposure1 (Adolescent-SAL, n = 15; Adult-SAL, n = 14; Adolescent-EtOH, n = 13;
Adult-EtOH, n = 13).

groups revealed no age × time interaction. A two-way ANOVA
performed to analyze EtOH groups revealed effects of age
(F(1,25) = 10.64, p < 0.01) and age × time interaction
(F(5,125) = 3.99, p < 0.01). Post hoc analysis showed that
Adolescent-EtOH exhibited higher ethanol consumption
compared to Adult-EtOH. Adolescent-EtOH mice but not
Adult-EtOH showed escalation of 4% ethanol intake, since

ethanol intake was greater on acquisition periods 3, 4, 5 and
6 compared to first acquisition period in the Adolescent-
EtOH.

Reexposures
A three-way ANOVA for repeated measures used to evaluate
reexposures 1, 2 and 3 revealed effects of age (F(1,51) = 9.47,
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p < 0.01), treatment (F(1,51) = 8.2, p < 0.01), time (F(2,102) = 6.35,
p < 0.01), age × time interaction (F(2,102) = 10.14, p < 0.01) and
age × treatment × time interaction (F(2,102) = 3.1, p < 0.05).
Adult-EtOH mice displayed lower ethanol intake compared to
the other groups. The three-way ANOVAs were deconstructed
into two-way ANOVAs to evaluate age differences within each
treatment. A two-way ANOVA used to analyze the SAL groups
revealed effects of time (F(2,52) = 4.05, p < 0.05) and age × time
interaction (F(2,52) = 7.55, p < 0.01). Adolescent-SAL displayed
greater 4% ethanol consumption on reexposure 2 compared
to reexposures 1 and 3. A two-way ANOVA performed to
analyze EtOH groups revealed effects of age (F(1,25) = 10.22,
p < 0.01), time (F(2,50) = 5.56, p < 0.05) and age × time
interaction (F(2,50) = 3.43, p < 0.05). Adolescent-EtOH displayed
greater 4% ethanol intake on reexposure 2 compared to
reexposure 1. Post hoc analysis of the significant age effect
revealed that Adolescent-EtOH exhibited higher ethanol intake
than Adult-EtOH mice. A two-way ANOVA performed for
reexposure 4 (quinine adulteration) revealed effects of treatment
(F(1,51) = 5.69, p < 0.05) and age × treatment interaction
(F(1,51) = 5.26, p < 0.05). Post hoc analysis showed that
Adult-EtOH drank less ethanol than Adolescent-EtOH and
its respective control group (Adult-SAL), and almost reached
statistical significance compared to Adolescent-SAL (p = 0.07).
Analysis of reexposure 5 (0% sucrose) by a two-way ANOVA
(age × treatment) revealed that Adult-EtOH mice displayed
lower ethanol intake compared to the other groups (F(1,52) = 4.25,
p < 0.05).

Ethanol 8%–15% (Figure 3B)
A repeated three-way ANOVA was performed considering the
last period of acquisition phase and reexposures as repeated
measures. A significant effect of treatment × time was found
(F(5,255) = 4.23, p < 0.05).

Acquisition
A three-way ANOVA for repeated measures revealed effects of
age (F(1,51) = 5.19, p < 0.05), time (F(5,255) = 9.93, p < 0.01)
and treatment × time interaction (F(5,255) = 2.32, p < 0.05).
No age × treatment × time interaction was found. A two-way
ANOVA performed to analyze SAL groups revealed an effect of
time (F(5,130) = 16.67, p < 0.05). A two-way ANOVA performed
to analyze EtOH groups revealed an effect of age (F(1,25) = 4.46,
p < 0.05). Although we have found a statistically significant age
effect (Adolescent-EtOH drankmore ethanol than Adult-EtOH),
the difference comes only from the acquisition period 5. Post hoc
analysis of the significant time effect showed that ethanol intake
on acquisition period 6 was higher than on acquisition period
1 for both adolescent and adult SAL groups.

Reexposures
A three-way ANOVA for repeated measures used to analyze
reexposures 1, 2 and 3 revealed effects of treatment (F(1,51) = 4.72,
p < 0.05) and time × treatment interaction (F(2,102) = 5.49,
p < 0.01). Post hoc analysis of the significant time × treatment
effect showed that SAL groups drank more ethanol than EtOH
groups on reexposure 1. SAL groups also showed a gradual

decrease in ethanol intake over time. A two-way ANOVA
used to analyze reexposure 4 (quinine adulteration) revealed no
significant effect. A two-way ANOVA used to analyze reexposure
5 (0% sucrose) revealed an age × treatment interaction, in
which Adult-EtOH drank less ethanol than Adolescent-EtOH
(F(1,51) = 5.26, p < 0.05).

ALDH Activity
Data fromALDH activity was analyzed using a two-way ANOVA
(age × treatment), which showed an effect of age (F(1,28) = 4.66,
p< 0.05). Post hoc analysis showed that Adolescent groups (-SAL
and -EtOH) exhibited lower ALDH activity as compared to Adult
groups (-SAL and -EtOH; Figure 4).

DISCUSSION

The current study proposes an experimental protocol that
includes risk factors for addiction (adolescence period), incentive
salience (behavioral sensitization) and induction of binge-like
consumption (withdrawal and reexposures during dark period)
to resemble some of the aspects of the addiction in humans.
We showed that both adolescent and adult mice treated with
2.0 g/kg ethanol (Adolescent-EtOH and Adult-EtOH) displayed
ethanol behavioral sensitization and that adolescents were less
sensitive than adults, which is in agreement with studies from
our laboratory and others (Stevenson et al., 2008; Quoilin
et al., 2012; Soares-Simi et al., 2013; Carrara-Nascimento et al.,
2014). The most striking result is that Adolescent-EtOH but
not Adult-EtOH displayed escalated amounts of 4% ethanol
intake during acquisition and maintained higher ethanol intake
than Adult-EtOH after repeated withdrawals and reexposures,
even when ethanol solution was adulterated with quinine or

FIGURE 4 | Aldehyde dehydrogenase (ALDH) activity. The enzyme
activity was measured in the liver of mice (n = 8 mice/group) previously treated
with repeated i.p. injections of SAL or EtOH during 15 days and subsequently
exposed to a voluntary ethanol consumption protocol that consisted of an
acquisition phase followed by withdrawals and reexposures (Table 1).
∗Decreased enzymatic activity compared to Adults.
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when sucrose was reduced to 0%. Age-related differences in
15% ethanol intake emerged only during the last reexposure
(reexposure 6) after repeated withdrawals. In all phases,
Adult-EtOH mice displayed lower 4% ethanol intake compared
to the other groups.

Repeated cycles of withdrawals and reexposures have been
used to increase ethanol consumption. In our previous study
(Carrara-Nascimento et al., 2014), using behavioral sensitization
paradigm as pretreatment exposure, we demonstrated that
ethanol pretreated mice showed higher 10% ethanol intake
when compared to SAL pretreated mice, regardless of age of
preexposure or behavioral sensitization magnitude. Adolescent
and adult mice exposed to chronic ethanol vapor chamber also
increased ethanol intake similarly in a two-bottle choice test
(Carrara-Nascimento et al., 2013).

In the current study, using three-bottle choice test,
age-differences in ethanol-pretreated mice emerged when
sucrose concentration was 6% in the 4% ethanol solution, in
that Adolescent-EtOH consumed more sweetened 4% ethanol
solution than Adult-EtOH. We could explain the gradual
divergence between those groups based on the facts that: (1) low
ethanol concentration may be perceived as more palatable
than high concentration; (2) adolescent animals consume more
sucrose than adults; (Anderson et al., 2010); and (3) adolescents
present higher sensitivity to the hedonic properties of sucrose
than adults (Wilmouth and Spear, 2009) and thus, they would
increase their consumption because of the appetitive taste of
both ethanol and sucrose. However, these explanations do
not take in consideration the lack of difference in ethanol
intake between Adolescent-SAL and Adult-SAL. Moreover,
Maldonado et al. (2008) demonstrated that adolescent rats
consumed more ethanol than adults using sweetened alcohol
solutions and concluded that sucrose was not relevant to the
age difference found. In the present study, the age differences
in ethanol pretreated mice were maintained even when sucrose
was completely faded out, suggesting that the behavioral
sensitization during adolescence or adulthood may account
for the age-differences in voluntary ethanol consumption. We
may suggest that previous behavioral sensitization decreased
ethanol intake in adult but not in adolescent mice. This
might be because of the ontogeny of the dopaminergic system
with an inverted U-shaped format in brain regions involved
in motivation and rewarding (McCutcheon and Marinelli,
2009). Functional characteristics of the dopaminergic system
during development have been implicated in distinct patterns
of behavioral response to drugs between younger and older
animals, such as sensitization and/or consumption (Doremus
et al., 2005; Frantz et al., 2007; Camarini et al., 2008; Faria et al.,
2008; Valzachi et al., 2013; Camarini and Pautassi, 2016).

Although we have not found differences to the acute
simulant effects of ethanol between adolescent and adult
mice in the present and previous studies (Faria et al.,
2008; Carrara-Nascimento et al., 2011, 2013; Soares-Simi
et al., 2013), adolescents showed lower levels of locomotor
sensitization to ethanol than adults when receiving low
doses of ethanol (Faria et al., 2008; Stevenson et al., 2008).
Moreover, it has been demonstrated that female adolescent

mice need higher ethanol doses (i.e., 4.0 g/kg) than adults to
develop ethanol locomotor sensitization (Quoilin et al., 2012),
suggesting ontogenic differences in ethanol-induced behavioral
sensitization. However, we cannot discard the hypothesis that
the lower activity in adolescents compared to adults is in fact
a process of tolerance to the hypolocomotor (sedative) effect of
ethanol rather than locomotor sensitization. Although Phillips
et al. (1996) have shown that sensitization does not result
from tolerance to the sedative effects of ethanol in BXD/Ty
recombinant inbred strains, this hypothesis should be further
investigated in adolescent mice.

In the present study, sensitized adolescent mice displayed an
ethanol consumption pattern that differed from the sensitized
adult mice, in that they showed a gradual increase in
consumption of 4% ethanol solution. It seems to have an
interaction between low sensitivity to behavioral sensitization
and consumption of ethanol solution at low concentration.
In other words, sensitized adolescent mice drunk ethanol at
low concentrations in stimulant doses to reach the appetitive
effects of ethanol. The availability of ethanol solution at
low concentration allowed those mice to control the ethanol
self-administration to reach those effects. Taking this into
account, it is likely that the low predisposition to behavioral
sensitization in adolescents, in fact, yield animals more prone to
escalate alcohol consumption at low concentration.

It has been demonstrated that adolescent rodents are
not efficient to titrate their ethanol consumption as adults
(Maldonado et al., 2008). Rodents learn to titrate ethanol intake
based on their previous experiences with ethanol, likely mediated
by postingestional effects of ethanol (Samson et al., 2002;
Czachowski et al., 2006). In the present study, preexposure to
ethanol during adolescence or adulthood differentially impacted
the ability of animals to titrate their ethanol consumption, in
that Adult-EtOH consumed less ethanol than Adolescent-EtOH.
The statistical analysis that considered all experimental phases
revealed that Adult-EtOH displayed lower 4% ethanol intake
compared to all the other groups. Moreover, Adult-EtOH mice
also drank less 15% ethanol than Adolescent-EtOH during the
last phase of the experiment (0% sucrose). Thus, we suggest
that previous behavioral sensitization in adult but not in
adolescent mice exerted a protective effect in adult mice towards
increased ethanol intake in a model of three-bottle choice using
sucrose fading procedure. Using a different protocol, we have
demonstrated that preexposure to ethanol increased ethanol
intake, regardless of age (Carrara-Nascimento et al., 2014). It is
noteworthy that in the latter study, the protocol included only
one abstinence phase.

A hypothesis to explain the steady escalation of 4% ethanol
solution is through pharmacological sensitization (Zernig et al.,
2007). It is likely that those mice showed a rapid escalation
to reach a state of greater sensitivity to ethanol-induced
sensitization, and desired stimulation levels. They also showed
persisted ethanol intake throughout the five reexposure periods
and higher consumption than Adult-EtOH, confirming the
important role of ethanol exposure during adolescence to
induce use disorders later on adulthood. It is interesting
to note that when more chronic ethanol reexposures were

Frontiers in Behavioral Neuroscience | www.frontiersin.org March 2017 | Volume 11 | Article 4690

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Carrara-Nascimento et al. Sensitization during Adolescence: Ethanol Consumption

introduced, a significant higher increase in 15% ethanol
intake in Adolescent-EtOH group compared to Adult-EtOH
group also appeared, suggesting an influence of high ethanol
consumption at higher concentrations in the timeline of ethanol
exposure. Rodent preferences usually shift to the highest ethanol
concentrations after withdrawals in three-bottle choice tests
with multiple ethanol concentrations (Hölter et al., 1998; Rodd-
Henricks et al., 2001; Ribeiro et al., 2012).

Even though quinine has decreased 4% ethanol consumption
in both Adolescent-EtOH and Adult-EtOH mice, the
age-differences were maintained, showing that motivation
levels to drink were equally preserved. Interestingly, aversion
to quinine taste was minimized in 15% ethanol solution. This
suggests a great motivation to drink even under aversive taste
or, alternatively, quinine bitter tasting was masked by the high
ethanol concentration.

ADE exerted a greater effect in younger mice, since
consumption of 4% ethanol increased during reexposure 2 in
Adolescent-EtOH and Adolescent SAL, which was tolerated
in Adolescent-SAL but not in Adolescent-EtOH. Tolerance
was also observed to 15% ethanol consumption in both
Adolescent-SAL and Adult-SAL. A marked difference between
mice pretreated with ethanol or SAL is that non-pretreated
mice, regardless of age, showed increased 15% ethanol intake
during the last acquisition period and developed tolerance
during subsequent reexposures. Moreover, the initial longer
ADE induced a greater effect on 15% ethanol consumption in
non-pretreated mice compared to sensitized mice (Adolescent-
EtOH and Adult-EtOH). Although speculative, these data
suggest that behavioral sensitization is not necessarily related
to increased ethanol consumption. Discordant results have been
reported on the correlation between behavioral sensitization
and ethanol consumption. Abrahao et al. (2013) demonstrated
an association between locomotor sensitization and ethanol
drinking in Swiss mice. The difference between our study
and theirs is the number of ethanol bottles during the test,
ethanol concentration, and more important, the classification
of mice receiving ethanol into ‘‘sensitized’’ and ‘‘nonsensitized’’
in their study. Other important difference in this study from
ours is that during the initial phase of the self-administration
protocol, animals were given forced exposure to the ethanol
solution before having access to the two-bottle choice (Abrahao
et al., 2013). Ribeiro et al. (2008) did not find a correlation
between these two parameters. Fabio et al. (2014) showed an
enhancement of ethanol consumption in adolescent, but not in
adult mice, preexposed to binge ethanol intoxication, regardless
development of behavioral sensitization.

Regardless of the previous treatment, we found a significant
effect of age on ALDH activity, with older mice showing higher
activity compared to younger ones, suggesting decreased rate of
alcohol metabolism in younger mice. In support of our results,
Collins et al. (1975) demonstrated age-differences in ALDH
activity betweenmice fromPND= 50–60 and PND= 95–110.We
also found that exposure to ethanol during adolescence did not
alter ALDH activity on adulthood, since there were no significant
differences in ALDH activity between Adolescent-EtOH and
Adolescent-SAL. This is a caveat in our study because all
mice were exposed to ethanol during voluntary consumption.
Althoughwe lack this control, ethanol self-administration studies
in rats reported no differences in the ALDH activity between
those that were given ethanol compared to their controls
(Amir, 1978). In humans, chronic exposure to alcohol increases
acetaldehyde in the blood and decreases ALDH activity in the
liver (Jenkins and Peters, 1980; Palmer and Jenkins, 1982).
Interestingly, reduction in this enzyme activity is related to
liver damage or excessive alcohol consumption. Aldehydes have
an important role on cell signaling for apoptosis and in the
pathophysiology of alcoholism (Kruman et al., 1997; Hayes et al.,
2000).

In conclusion, preexposure to ethanol during adolescence
may have altered ethanol-induced stimulation threshold.
Behavioral sensitization during adolescence or adulthood
induced different patterns of ethanol consumption, in that
adult but not adolescent preexposed mice showed lower ethanol
consumption, without affecting ALDH activity.
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This study analyzed ethanol intake in male and female Wistar rats exposed to maternal
separation (MS) during infancy (postnatal days 1–21, PD1–21) and environmental
enrichment (EE) during adolescence (PD 21–42). Previous work revealed that MS
enhances ethanol consumption during adulthood. It is still unknown if a similar effect
is found during adolescence. Several studies, in turn, have revealed that EE reverses
stress experiences, and reduces ethanol consumption and reinforcement; although
others reported greater ethanol intake after EE. The interactive effects between these
treatments upon ethanol’s effects and intake have yet to be explored. We assessed
chronic ethanol intake and preference (12 two-bottle daily sessions, spread across
30 days, 1st session on PD46) in rats exposed to MS and EE. The main finding was
that male – but not female – rats that had been exposed to EE consumed more
ethanol than controls given standard housing, an effect that was not affected by MS.
Subsequent experiments assessed several factors associated with heightened ethanol
consumption in males exposed to MS and EE; namely taste aversive conditioning and
hypnotic-sedative consequences of ethanol. We also measured anxiety response in the
light-dark box and in the elevated plus maze tests; and exploratory patterns of novel
stimuli and behaviors indicative of risk assessment and risk-taking, via a modified version
of the concentric square field (CSF) test. Aversive conditioning, hypnosis and sleep time
were similar in males exposed or not to EE. EE males, however, exhibited heightened
exploration of novel stimuli and greater risk taking behaviors in the CSF test. It is likely
that the promoting effect of EE upon ethanol intake was due to these effects upon
exploratory and risk-taking behaviors.
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INTRODUCTION

Pilatti et al. (2013a) indicated lifetime prevalence of alcohol
sipping or tasting in 50% (females) to 70% (males) of Argentinean
children aged 8–12 years-old. Lifetime prevalence of alcohol
drinking (i.e., ≥1 full drink) was 34.3%. Another study,
conducted in the same city and in an older sample (mean
age = 20 years) of similar sociodemographic characteristics,
indicated less than 7% of abstainers, with most of the subjects
reporting last month drinking and approximately half of them
reporting an average of 4/5 drinks per drinking occasion,
which constitutes binge drinking associated with several adverse
consequences, including greater likelihood of alcohol abuse and
dependence (Gruber et al., 1996; DeWit et al., 2000; Pilatti
et al., 2013b). Together, these studies illustrate the pathway from
initiation to sustained alcohol use that, almost normatively across
cultures, takes place during late infancy and adolescence.

Epidemiological and animal research has indicated that
the quality of the early (maternal and then fraternal/peer)
environment is a key factor to accelerate or deter from alcohol
engagement during infancy and adolescence. Subjects who
experienced early life stress are more likely to begin drinking early
in life (Rothman et al., 2008; Enoch, 2012) and to report stress
coping as a motive for drinking during the first year of drinking
(Rothman et al., 2008). Early onset of drinking, in turn, increases
the risk for stress-related drinking (Dawson et al., 2007) and
predicts subsequent alcohol abuse and dependence (DeWit et al.,
2000). Conversely, social enrichment during adolescence reverses
the social deficits observed in rats exposed to ethanol (Middleton
et al., 2012) or valproic acid (Schneider et al., 2006) during
pregnancy. The effects of early life environmental conditions
on reactivity to ethanol can be assessed via the maternal
separation (MS) (Francis and Kuhar, 2008) or the environmental
enrichment (EE) experimental preparations (Rueda et al., 2012).

In the MS preparation, rats experience 180 or 360 min
of maternal separation (commonly referred to as MS180 or
MS360 treatments, respectively), every day from postnatal day
(PD) 1 to PD14 or until weaning on PD21 (Kawakami et al.,
2007). Maternally separated animals exhibit, when tested at
adulthood, enhanced ethanol self-administration and greater
hormonal and behavioral responsiveness to stress (Huot et al.,
2001; Cruz et al., 2008) than animals reared under normal
animal facility rearing (AFR) conditions. The home cage
of rodents exposed to EE features several combinations of
interactive objects, including tunnels, toys and running wheels
that provide opportunity for voluntary physical activity. EE holds
promise as a non-pharmacological alternative to reduce ethanol-
induced reinforcement and intake. Exposure to EE inhibits
ethanol consumption and reduces the magnitude of ethanol-
(de Carvalho et al., 2010) or cocaine-induced (Solinas et al.,
2009) conditioned place preference in rats. Moreover, adolescent
mice exposed to EE were insensitive to the increase in motor
stimulation observed after repeated and intermittent ethanol
administration (i.e., ethanol-induced behavioral sensitization)
(Rueda et al., 2012).

Few animal studies assessed the effects of maternal separation
soon after termination of this treatment, during infancy or

adolescence. These studies have reported no effect of MS upon
ethanol drinking at adolescence or periadolescence, although
alterations in open field activity and play behavior were observed
(Arnold and Siviy, 2002). Daoura et al. (2011) found greater
ethanol intake in MS360 vs. AFR animals when testing began at
adulthood, but not when testing began at adolescence; whereas
others (Palm et al., 2013) found no differences in ethanol
consumption in adolescent, male Wistar rats, subjected to MS360
or control conditions. The effects of EE upon ethanol drinking
during adolescence have not been explored. Moreover, although
most of the available suggests that EE may reduce ethanol-seeking
(Roman et al., 2003; Daoura et al., 2011), there are contradictory
results. Long-term exposure to EE (i.e., 3 or more months) was
associated with significantly greater ethanol intake in adults,
genetically heterogeneous rats (Rockman et al., 1989) and in
rats selected for low or high anxiety response (Fernández-Teruel
et al., 2002). It is still an open question whether the promoting
effects of MS upon ethanol intake are immediately evident
during adolescence or whether they follow a more delayed
pattern of expression, appearing only later in development, after
brain maturation. Also unknown is if EE will serve as potential
treatment to reduce ethanol engagement during adolescence. The
interactive effects between these treatments have not yet been
explored.

The present study assessed, in Wistar male and female rats,
the effects of maternal separation during infancy, followed by
exposure to EE throughout adolescence, on ethanol drinking
during periadolescence [i.e., between PD42 and PD60, Spear,
2000] and early adulthood [i.e., between PD61 and PD72]. After
establishing that EE actually enhanced male ethanol drinking
(Experiment 1), subsequent experiments assessed several effects
of EE likely to underlie this promoting effect. We assessed EE
effects, an MS modulation, of anxiety response in an elevated
plus maze (EPM), aversive effects of ethanol and sensitivity to
the sedative and sleep-inducing effects of ethanol (Experiment
2). Greater anxiety may facilitate ingestion of ethanol due
to the anxiolytic effects of this drug (Spanagel et al., 1995),
whereas the aversive and sedative effects of ethanol serve as
barriers precluding further drug seeking and taking (Spear and
Varlinskaya, 2010). Treatments that ameliorate these effects may
promote ethanol drinking. Experiment 3 tested the hypothesis
that EE may increase ethanol drinking by exacerbating the
proclivity to take risks and explore new environments.

GENERAL MATERIALS AND METHODS

Subjects
One hundred and twenty-one Wistar rats were used. Number
of animals in each experiment was as follows: Experiment
1, 32 males, 32 females (derived from 8 l, four experienced
AFR, four experienced daily episodes of MS); Experiment
2, 32 males (derived from 8 l, four experienced AFR, four
experienced daily episodes of MS); and Experiment 3, 32 males
(derived from 8 l, four experienced AFR, four experienced
daily episodes of MS). These animals were born and reared
at the production vivarium at INIMEC-CONICET-Universidad
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Nacional de Córdoba (Córdoba, Argentina), which is kept at 22–
24◦C with a12 h/12 h light/dark cycle (lights on at 8:00 AM).
The pregnant dams came from the regular stock of the vivarium
and births were checked daily. The day of birth was considered
as PD0 and on PD1 litters were culled to four females and four
males. Subjects were naïve to experimental procedures in each
Experiment. Unless specified, litters were housed in standard
maternity cages and given ad libitum access to water and lab
chow. The experimental protocol was reviewed and approved by
Institutional Animal Care and Use Committee (CICUAL protocol
No. 2014-10) and complied with the regulations of the Guide
for Care and Use of Laboratory Animals (National-Research-
Council, 1996).

Litter effects across experiments were controlled by including
no more than one male or female per litter in any group condition
and by conducting a cross-fostering procedure at PD1, after the
culling and before commencement of experimental treatment.
More in detail, at PD1 the dams were briefly moved to a separate,
clean cage and two males and two females from a given litter
were transferred to another litter, which in turn provided two
males and two females to the former litter. This procedure helped
avoid assigning more than one male or female from the same
litter to a given experimental group. Specifically, any given litter
was randomly assigned to the MS or AFR condition. Within each
litter, two males (one fostered and one not fostered) were assigned
(at weaning time) to the EE condition and 2 were assigned the
CTRL condition. The same procedure was done for females. Had
we chosen not to conduct cross-foster, we would have needed
additional litters, because we could have only assigned one male
and one female to the post-weaning EE and CTRL conditions.
Informal observations of the dam’s behavior upon their return to
the homecage indicated that the pups were immediately accepted
by the foster dams, which readily exhibited a normal maternal
behavioral repertoire (e.g., pup retrieval, nest building, licking,
and grooming of the pups).

Rearing Conditions across PDs 1–21
(Experiments 1, 2, and 3)
On PD 1, litters were randomly assigned to the AFR condition or
to experience 180 (Experiments 1, 2m and 3, see Figure 1) min of
daily MS, once daily during PD 1–21. MS followed a standardized
protocol, commonly used in our lab (see Fernandez et al., 2014).
At 0900 AM the pups were removed from the dam and placed,
as a litter, in a room located next to the housing room, in a clean
maternity cage. The cage was equipped with a heating pad that
kept floor temperature at 35◦C. The pups were returned with the
dam at noon. The dam stayed in the homecage during the MS
procedure. AFR and MS litters were exposed to a weekly change
in maternal cages and beddings.

Rearing Conditions across PDs 21–42
(Experiments 1, 2, and 3)
After termination of the maternal separation session on PD21
(weaning day in most rodent breeding protocols), the animals
were randomly assigned to EE or standard (control) housing
(CTRL). Control rats were transferred, in same-sex groups of

four, to a standard cage (60 cm length × 40 cm width × 20 cm
height), and rats in the EE groups were housed in same-sex
groups of four in similar, yet taller, cages (60 cm length × 40 cm
width × 40 cm height) that featured two levels connected by
a ramp and equipped with seven objects and toys, including
ladders, cylinders, pipes, house-like objects, and a running
wheel. Food was placed always in the floor, in a corner. To
prevent habituation, the experimenter changed the location and
composition of the objects twice a week. Figure 2 illustrates one
of these compositions. The animals were kept under EE or CTRL
conditions until the morning of PD42. This is, EE was conducted
throughout the juvenile and adolescent stages of development.
Following recommendations from our institutional animal care
committee the rats were pair-housed in same-sex couples after
PD42. This recommendation takes into account the relationship
between size of the homecage and weight of the animal.
A succinct description of the rearing protocol can be found in
Figure 1.

Light-Dark Box (LDB, Experiment 1) Test
In Experiment 1, animals were tested in an LDB apparatus
at PD42, immediately after termination of EE exposure. This
day the animals were withdrawn from the home-cage, which
was still enriched for those in EE groups. The LDB featured
two compartments made of high impact acrylic, one white
(24.5 cm × 25 cm × 25 cm) illuminated by a 60 W white bulb
lamp adjusted to generate an illumination level of 400 lux, and
one black (17.5 cm × 25 cm × 25 cm) without illumination
(i.e., 0 lux). A divider with an opening at floor level separated
both compartments. The test began by gently placing the animal
in the center of the white area, facing away from the black
area. After termination of the 5-min LDB test, all animals were
housed in standard cages (two animals per cage). Illumination
of the apparatus was being measured via a digital lux meter
(LX1010B). The following variables were measured: number of
transfers between compartments, latency (s) to enter the dark
compartment, time (s) spent in the white compartment and
frequency of stretching behavior.

Ethanol Intake Procedures
(Experiment 1)
We used a two-bottle intake procedure, described in Fabio
et al. (2015), to assess ethanol intake and preference from
PD46 to PD72. This period encompass periadolescence (i.e.,
between PD42 and PD60, Spear, 2000) and early adulthood (i.e.,
between PD61 and PD72). The animals went through a 4 weeks,
intermittent-access ethanol intake protocol (three sessions per
week starting on Monday, Wednesday, and Friday, 24 h per
session; described in Figure 1). They were exposed to 3, 4, and
5% ethanol vs. plain water, on weeks 1–3, respectively. Animals
were also exposed to 5% ethanol vs. plain water in the Monday
and Wednesday sessions of week 4. On the last test session on
Friday, however, the animals were “challenged” with 7.5% ethanol
vs. plain water.

Animals were housed individually during the course of
each 24 h test. Before and after each intake session, however,
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FIGURE 1 | Methods for the analysis of the effects of maternal isolation during infancy and environmental enrichment during adolescence on ethanol
intake in adolescent Wistar rats. (A) From postnatal day (PD) 1 to PD21, the rats were reared under animal facility rearing conditions or were given daily episodes
of maternal isolation (180 min). Between PD21 and PD42 they were given standard housing or environmental enrichment. The tests conducted on Experiments 1, 2,
and 3 began on or after PD42. (B) The rats (males and females) were assessed for ethanol intake (Experiment 1) during 4 weeks, from PD46 to PD72. During each
week animals were given three every other day, two-bottle choice tests (ethanol vs. plain water), followed by two rest days. Ethanol concentration was 3% (week 1,
intake sessions 1–3), 4% (week 2, intake sessions 4–6), 5% (weeks 3 and 4, intake sessions 7–11) or 7.5% (session 12). (C) The rats, males only, were tested in an
elevated plus-maze test at PD42. Taste conditioning, employing ethanol (2.5 g/kg, i.p.) as the unconditional stimulus, was acquired on PD47 and tested on PD49.
Animals were given 4.0 g/kg ethanol (i.p.) and tested for ethanol-induced loss of righting reflex, sleep time and blood ethanol levels at PD52. (D) In Experiment 3,
male rats exposed or not to MS during infancy and reared under EE or controls conditions during adolescence were tested on PD42, in a modified version of the
concentric square field (CSF).

the animals were pair-housed in same-sex couples with ad
libitum access to food and water. More in detail, during intake
sessions, each animal was individually housed in half (i.e.,
27 cm× 18.5 cm× 20 cm) of a standard homecage and separated
from its conspecific by a divider made of high impact acrylic
(27.5 cm × 18.5 cm). Each half of the homecage had a metal
lid that accommodated food pellets and two bottles. The animals
and the bottles were weighed before and after each session.
These records were used to calculate ethanol intake on a gram
per kilogram (g/kg) basis, and percent (%) selection of ethanol
intake. Leakage was accounted for by having a bottle of ethanol
and a bottle of ethanol in an empty cage, located next to the
experimental cages. The readings of these bottles were subtracted
from the amount of the corresponding fluid (ethanol, vehicle)
registered in each cage.

Elevated-Plus Maze (EPM) Test
(Experiment 2)
Experiment 1 indicated an effect of EE on ethanol intake, in
males only. Experiment 2 was aimed at analyzing mechanisms
underlying this effect of EE and employed only male rats. These
males were exposed to MS or AFR during infancy and reared
under EE or CTRL conditions during adolescence. They were
submitted to a 5-min EPM test on PD42, immediately after
termination of EE or CTRL housing, and before commencement
of standard housing.

The EPM was made of black metal with a black Plexiglas cover
and consisted of two open, unprotected arms (45 cm× 5 cm) and
two closed, protected arms (45 cm length× 5 cm width× 45 cm
height) that extended from a central platform (5 cm × 5 cm)
elevated 50 cm above the floor. Each rat was placed in the central
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FIGURE 2 | Wistar rats under environmental enrichment conditions were housed in large opaque cages (60 cm length × 40 cm width × 40 cm height)
that contained seven objects and toys, including ladders, cylinders, pipes, house-like objects, and a running wheel. The photograph illustrates these
conditions.

platform facing an open arm. Percentage of entries into the
open arms and total number of arm entries were calculated and
considered an index of anxiety response and overall exploratory
behavior, respectively. The following naturalistic behaviors were
recorded as well: rearing (standing on the hind limbs not in
contact with a wall), stretching (propelling the body forward
while keeping immovable the hind paws), sniffing (head upward
with movement of the nostrils), and head-dipping (positioning
the head out of the maze border and below the floor level).
Grooming, defined as strokes over the nose that were eventually
followed by large bilateral strokes and body licking (Arias et al.,
2010), was not observed. Due to their definition, rearing and
head dipping can only be performed in the open arm. These
behaviors are exploratory behaviors associated with exploration
of novelty (Fernández-Teruel et al., 2002; Lever et al., 2006).
Stretching, indicate of risk assessment (Bailey and Crawley, 2009)
was measured toward the open and closed arms (no stretching
was observed toward the center area), whereas sniffing was
measured in the open and closed arms, and in the center section.

Taste Aversive Conditioning
(Experiment 2)
The rats were submitted to a 5-day taste aversion conditioning
protocol, which began 3 days after the EPM test (see Figure 1).

The aim was to analyze potential EE-induced modulation of the
aversive effects of ethanol, which are key regulators of ethanol
intake (Dyr et al., 2016). The procedure has been commonly
used in our lab (Acevedo et al., 2010; Fabio et al., 2015). On
PD45 (day 1), the adolescents were housed individually and
given ad libitum access to food and water. On the morning of
the next day (PD46) the bottle of water was replaced by a new
bottle filled with 50% of the volume of water they had drank
during the previous day. On day 3 (PD47), the animals were
weighed to the nearest 0.1 g. Upon returning to the cage the
water bottle had been substituted by a graded tube containing
a 0.09% sodium chloride solution. Animals had free access
to the solution for 30-min, then sodium chloride intake was
measured and animals were immediately administered ethanol
(2.5 g/kg, i.p., concentration: 21%, mixed in physiological saline,
volume of administration: 0.015 ml per gram of body weight).
On day 4 (PD48), the adolescents were again given 50% of
the volume of water they had ingested on day 1 (corrected
by the weight registered on PD48). Aversive conditioning was
assessed on day 5 (PD49). On the morning of that day the
water bottle was replaced by a graded tube containing a 0.09%
sodium chloride solution. Intake was recorded after 30 min
and expressed as milliliters consumed per 100 g of the rat
(ml/100 g).
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Assessment of Ethanol-Induced Loss of
Righting Reflex, Sleep Time and Blood
Ethanol Levels (Experiment 2)
Ethanol’s sedative and sleep-inducing effects limit sustained
engagement in ethanol self-administration (Spear and
Swartzwelder, 2014). Experiment 2 assessed these effects
3 days after termination of the taste aversive conditioning (see
Figure 1). All animals had been administered ethanol during the
aversive conditioning, thus they were equated in terms of ethanol
exposure when the test for ethanol-induced sleep began.

On PD52 the rats, were i.p., injected with ethanol (4.0 g/kg,
concentration: 21%, vehicle: physiological saline, volume of
administration: 0.024 ml per gram of body weight) and
immediately monitored. Signs of sedations lead the experimenter
to position the animal in a supine position. If the animal turned
over the experimenter would put him back again in a supine
position. The loss of the righting reflex was considered when
the animal was not able to recuperate the prone posture three
times in 30 s. The period elapsing between times of loss to time
of regaining the righting reflex was considered sleep time. The
animal that regained the prone posture when placed supine three
times within a 30 s interval was considered recovered.

Blood trunk (2 ml) samples were obtained at recuperation
through decapitation, using a capillary tube with heparin. The
samples were kept at −70◦C for later analysis of blood ethanol
concentrations, via a Hewlett-Packard gas chromatographer
(Model 5890). The vials containing the samples were incubated
into a hot water bath (60◦C) for 30 min and then a gas-tight
syringe (Hamilton Co., Reno, NV, USA) was used to extract
the volatile component of each vial, which was in turn injected
into the chromatographer. The carrier gas was nitrogen (speed:
15 ml/min) and the column, oven and detector were set at 60,
150, and 250◦C, respectively.

Assessment of Shelter Seeking,
Exploratory and Risk Taking Behaviors
(Experiment 3)
In Experiment 3, male rats exposed to AFR or MS during infancy
and reared under EE or CTRL conditions during adolescence
were tested (PD42) in a modified version of the concentric
square field (CSF, first described by Meyerson et al., 2006). The
CSF, which is usually used in adult rats (Karlsson and Roman,
2016), features a central square interconnected to several other
areas by corridors. Some of the areas evoke shelter-seeking
behavior, whereas others evoke exploration, risk assessment
and risk taking. The front of the maze is a high-risk, brightly
illuminated area with an elevated wire mesh structure that
animals can climb. Compared with other tests, the CSF allows
simultaneous measurement of different behavioral patterns,
allowing investigating a broader behavioral profile (Roman et al.,
2012). The CSF does not impose subjects a single or binary
behavioral option but instead allows a graded set of exploratory
activities that bridge the gap from seeking sheltered, enclosed
dark spaces to seeking illuminated and elevated spaces that entail
potential high-risk (Karlsson and Roman, 2016).

The CSF (48 cm × 48 cm) was made of black melamine,
except for the front side wall (i.e., next to the bridge), which
was made of transparent PET. The external walls were 48 cm
high and the internal walls were 40 cm high. The central square
(26 cm× 26 cm) gave access to three corridors (A, B, C). Corridor
A led to the dark shelter (SHEL, 10 cm × 15 cm × 40 cm),
which was the only enclosed section of the maze. Corridor
B (18 cm × 10 cm × 48 cm) led to the challenge (CHA)
area, so called because animals had to jump through a hole,
elevated 10 cm from the floor, to get into it. There were two
of these holes in the CHA area, one led to corridor B and
the other headed to corridor C (15 cm × 10 cm). The latter
corridor also allowed access to the front section of the maze,
a brightly illuminated runway separated from the outside by a
transparent plastic. An animal coming from the C corridor to
the front area first encountered a ramp (RAMP, 12 cm × 10 cm,
inclination: 20◦), which led to an elevated bridge (BRIDGE,
30 cm × 10 cm). RAMP and BRIDGE were made of a hard
wire mesh. Lighting conditions (lx) in the CSF arena, which were
established following previous studies (Karlsson and Roman,
2016) and measured by digital luxometer (LX1010B), were as
follows: SHEL: 0; CF, corridors A, B, C and CHA: 20–30; RAMP
and BRIDGE: 600–650. The test lasted 20 min and was video
recorded for subsequent processing via ETHOLOG 2.2 (Ottoni,
2000). Time spent and frequency of entries in each section was
measured, along with frequency of nose-poking in the CHA
holes.

Experimental Designs and Statistical
Analysis
Experiment 1 employed a 2 (Rearing conditions during infancy:
AFR or MS) × 2 (Rearing conditions during adolescence:
CTRL or EE) × 2 (sex: male or female) factorial design, with
eight animals per group. Animals were exposed to MS on
PDs 1-21 and to EE on PDs 21–42. Anxiety responses in the
LDB test (latency to exit the bright compartment, time spent
in the bright compartment and number of transfer between
compartments) were separately analyzed via factorial analyses
of variance (ANOVAs). The dependent variables of the ethanol
intake assessments [overall fluid intake (ml/100 g), and ethanol
intake (g/kg and percent preference)] were examined using
separate four-way mixed ANOVAs. Rearing conditions during
infancy and adolescence, and Sex were the between-group factors,
and Session (sessions 1–12) was the repeated measure (RM).

In Experiments 2 and 3 the rats (only males) were distributed
into four groups (n = 8) as a function of Rearing conditions
during infancy and Rearing conditions during adolescence. The
anxiety responses registered during the EPM test (latency to exit
from and time spent in the bright area, number of transfers
between compartments) were analyzed via independent factorial
ANOVAS (between factors: Rearing conditions during infancy
and during adolescence). Similar ANOVAs were used to analyze
latency to lose the righting reflex, ethanol-induced sleep time,
blood ethanol levels at awakening time (Experiment 2) and the
time spent and total number of entries in the different sections
of the CSF (Experiment 3). Consumption of sodium chloride
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(NaCl, ml/100 of body weight) during conditioning and testing of
Experiment 2 was analyzed with a 3-way RM ANOVA, in which
Rearing conditions during adolescence and adulthood served as
between factors and Days of assessment as RM. A significant
reduction in NaCl intake between conditioning and testing was
taken as an indication of taste avoidance.

The total number of section entries is a measure of exploratory
activity in the CSF, but it conflates locomotion in protected
and unprotected sections of the CSF. To better understand
the difference in exploration of risk areas vs. exploration of
sheltered/protected areas of the apparatus, the total number of
entries was split between (a) entries in risk taking/assessment
areas (RAMP, CHA and BRIDGE), (b) entries in the sheltered
area and in the corridor A that leads to it, and (c) entries in
corridors B and C. Separate RM ANOVAs (between factors:
Rearing conditions during infancy and during adolescence,
within factor: Section of the apparatus) were conducted for each
group of variables. Separate factorial ANOVAs analyzed time
spent and frequency of entries in the central sector. Another
factorial ANOVAs was used to analyze nose-poking in the CHA
sector.

Significant main effects and significant interactions were
scrutinized via follow-up ANOVAs, post hoc tests or planned
comparisons. More in detail, Tukey’s tests were used to scrutinize
simple main effects or interaction involving “between” factors,
whereas significant interactions involving RMs were analyzed
through orthogonal planned comparisons. The rationale was that
there is no unambiguous choice of pertinent error terms for post
hoc comparisons involving between-by-within factors (Winer
et al., 1991). The partial eta square (η2

p) was used to estimate effect
size and the alpha level was ≤0.05. STATISTICA 8.0 (StatSoft,
Tulsa, OK, USA) was used for the respective statistical analyses.
Data from 7 animals (3 in Experiment 1 and 4 in Experiment 3)
were lost due to errors during the experimental procedures or the
processing of the videotapes. These data were not replaced.

RESULTS

Experiment 1
Table 1 presents the data yielded by the LDB test, which was
conducted at termination of the EE treatment and before the
ethanol intake tests. Latency to exit the bright compartment
was not affected by Sex or Rearing conditions, whereas the
ANOVAs for number of transfers between compartments and
for time spent in the bright compartment yielded significant
main effects of Sex [F(1,53) = 5.07, p ≤ 0.05, η2

p = 0.08;
F(1,53) = 4.13, p ≤ 0.05, η2

p = 0.07; respectively] and a
significant interaction between Rearing conditions at infancy and
at adolescence [F(1,53) = 4.14, p≤ 0.05, η2

p = 0.07; F(1,53) = 4.91,
p ≤ 0.05, η2

p = 0.08; respectively]. Females, irrespective of
rearing conditions, exhibited significantly more transfers and
spent significantly more time in the bright compartment than
males did. The post hoc indicated significantly greater number
of transfers in the MS-EE group than in the MS-CTRL group
(p ≤ 0.05). The post hoc also revealed significantly greater time

spent in the bright compartment in the MS-EE group than in
groups MS-CTRL or AFR-EE (p ≤ 0.05). Stretching behaviors
were significantly greater in animals exposed to MS than in AFR
controls, an effect that was independent of rearing conditions
during adolescence [significant main effect of rearing conditions
during infancy: F(1,53) = 5.60, p ≤ 0.05, η2

p = 0.10].
Figure 3 illustrates ethanol intake patterns across groups. The

analysis for absolute (g/kg) ethanol intake revealed significant
main effects of Sex and Session [F(1,53) = 7.05, p ≤ 0.05,
η2

p = 0.12; F(11,583) = 12.81, p ≤ 0.001, η2
p = 0.19; respectively].

The interaction between Sex, Rearing conditions at adolescence
and Sessions achieved significance [F(11,583) = 1.84, p ≤ 0.05,
η2

p = 0.03].
The significant three-way interaction, which is depicted

in Figure 4, was explored via follow-up ANOVAs (Rearing
condition at adolescence × Session) for each sex. The ANOVA
conducted for females only revealed a significant main effect of
Sessions [F(11,297) = 7.37, p ≤ 0.001; η2

p = 0.21]. The post hoc
tests indicated significantly greater drinking scores on sessions
7–11 than in sessions 1, 2 (p ≤ 0.05) or 12 (challenge session,
p≤ 0.001). This pattern was not affected by the rearing conditions
during infancy or adolescence.

The ANOVA for males, in turn, yielded significant main
effects of Session and Rearing conditions at adolescence,
[F(11,286) = 6.54, p≤ 0.0001, η2

p = 0.20; F(1,26) = 9.75, p≤ 0.005,
η2

p = 0.27; respectively]. The interaction between these factors
was significant [F(11,286) = 7.64, p ≤ 0.0001, η2

p = 0.11]. Males
exposed to EE drank, regardless of whether they had been
exposed to MS or not, significantly more than males in the CTRL
group, from the second week of testing onward. Among males,
the planned comparisons revealed significantly greater ethanol
drinking (g/kg) in EE than in CTRL rats at sessions 5, 6, 7, 9, 10,
11 and also during the challenge at session 12 (p < 0.005, 0.001,
0.005, 0.05, 0.005, 0.005, and 0.05, respectively).

The analysis of percent ethanol preference yielded similar
results to those obtained with absolute intake scores. The
ANOVA revealed a significant main effect of Session
[F(11,583) = 3.95, p ≤ 0.0001, η2

p = 0.07] and a significant
interaction between Sex, Session and Rearing conditions at
adolescence [F(11.583) = 1.87, p≤ 0.05, η2

p = 0.04]. The follow-up
ANOVA for females revealed a lack of significant main effects or
significant interactions, whereas the ANOVA for males indicated
significant main effects of Session and Rearing conditions at
adolescence, as well as a significant interaction between these
factors [F(11,286) = 3.10, p ≤ 0.0001, η2

p = 0.11; F(1.26) = 4.52,
p ≤ 0.05, η2

p = 0.15; F(11,286) = 1.92, p ≤ 0.05, η2
p = 0.07,

respectively]. The planned comparisons indicated, among males,
significantly greater ethanol percent preference in the EE than
in the AFR group at sessions 5, 6, 7, 11, and 12 (p < 0.05, 0.01,
0.001, 0.05, and 0.05, respectively).

The ANOVA for water consumption scores (ml/100 g of body
weight, descriptive data not shown) yielded significant main
effects of Sex [F(1,53) = 6.38, p ≤ 0.05, η2

p = 0.11] and Session
[F(11,583) = 8.92, p ≤ 0.001, η2

p = 0.14]. The Session × Sex
interaction also achieved significance [F(11.583) = 2.78, p ≤ 0.005,
η2

p = 0.05]. The planned comparisons indicated that females,
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FIGURE 3 | Ethanol intake (g/kg and percent preference) (upper and lower panels, respectively) in male and female Wistar rats as a function of
rearing conditions during postnatal days 1–21 (animal facility rearing or daily episodes of maternal separation, AFR and MS groups, respectively),
rearing conditions during postnatal days 21 to 42 (standard control housing or environmental enrichment, CTRL and EE groups, respectively) and
intake session. Two-bottle intake sessions (ethanol vs. plain water) were conducted on Monday, Wednesday and Friday (session length: 24 h), during 4 weeks.
Ethanol concentration was 3% (week 1, intake sessions 1–3), 4% (week 2, intake sessions 4–6), 5% (weeks 3 and 4, intake sessions 7–11) or 7.5% (session 12).
The analyses of variance (ANOVAs) indicated, for both variables, a significant interaction between Sex, Rearing conditions at adolescence and Sessions. These
significant interactions are depicted in Figure 4. Follow-up ANOVAs (Rearing conditions at adolescence × Sessions) for each sex indicated a lack of significant main
effects or significant interactions in the females; whereas the ANOVAs for males indicated greater ethanol intake and percent preference in subjects given EE than in
controls at sessions 5, 6, 7, 9, 10, 11, and 12 (g/kg) or 5, 6, 7, 11, and 12 (% preference). The data are expressed as mean ± SEM.

irrespective of the rearing conditions experimented during
infancy and adolescence, drank significantly more than males, at
sessions 3, 8, 11, and 12 (all p > 0.05).

Rearing conditions at infancy did not exert a significant main
effect, nor were involved in any significant interaction, in any of
the variables analyzed.

Experiment 2
Maternal separation at infancy, as an individual factor,
significantly reduced the percent time spent in the open
arms of the EPM [F(1,28) = 4.09, p ≤ 0.05, η2

p = 0.13], without
altering the total number of arm entries. The ANOVA for the
latter variable revealed no significant main effects or significant
interactions. The ANOVA for rearing behavior indicated a
significant interaction between Rearing conditions at infancy
and Rearing conditions at adolescence [F(1,28) = 4.97, p ≤ 0.05,
η2

p = 0.17]. The post hoc revealed that rearing was significantly
greater in the AFR-EE group than in the AFR-CTRL group.
Rearing was measured only in the open arms.

The ANOVA for stretching revealed an interaction between
Rearing conditions at infancy, Rearing conditions at adolescence

and the section of the EPM where this behavior was
measured [F(1,28) = 4.05, p ≤ 0.05, η2

p = 0.13]. The planned
comparisons indicated that AFR-EE animals made significantly
more stretching in the open arms than the rest of the groups.
MS rats exhibited, irrespective of whether or not they had
been given EE, significantly more sniffing than AFR animals
in the closed arms, but not in the rest of sections, [significant
main effect of section: F(2,56) = 40.35, p ≤ 0.001, η2

p = 0.59;
significant Section × Rearing conditions at infancy interaction:
F(2,56) = 3.88, p ≤ 0.05, η2

p = 0.12]. EE animals shown,
irrespective of whether or not they had been given MS, a trend for
greater head-dipping [main effect of EE: F(1,28) = 3.71, p = 0.06,
η2

p = 0.12]. Head-dipping was only measured in the open arms.
Figure 5 illustrates time spent in the open arms (%), total number
of arm entries and frequency of rearing and head-dipping in the
EPM, whereas the lower section of Table 1 presents mean and
SEM across conditions, for frequency of stretching (open, closed
arms) and sniffing (center, open, closed arms).

Across groups, intake of NaCl (ml/100g) exhibited a three-
fold reduction between conditioning (3.69 ± 0.28) and testing
(1.13± .30). This reduction, suggestive of acquired taste aversion,
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FIGURE 4 | Ethanol intake (g/kg and percent preference) (upper and lower panels, respectively) in male and female Wistar rats as a function of
rearing conditions during postnatal days 21 to 42 (standard control housing or environmental enrichment, CTRL and EE groups, respectively) and
intake session. The asterisk sign (∗) indicates a significant difference between EE and CTRL male rats, in a given session. The data are expressed as mean ± SEM.

FIGURE 5 | Time spent in the open arms (%), total number of arm entries and frequency of rearing and head-dipping (expressed as mean ± SEM) in
the elevated plus maze (EPM, Experiment 2) test. The animals, male Wistar rats, were exposed or not to maternal separation on postnatal days (PDs) 1–21
(AFR and MS groups, respectively) and housed under environmental enrichment or standard (control) housing conditions on PDs 21–42 (EE and CTRL groups,
respectively). The tests were conducted at PD42. The asterisk sign (∗) indicates that maternal separation at infancy, as an individual factor, significantly reduced the
percent time spent in the open arms of the EPM. The pound sign (#) indicates that frequency of rearing was significantly greater in the AFR-EE group than in the
AFR-CTRL group.

did not seem to be affected by Rearing conditions at infancy
or adolescence. Mean ± SEM consumption of NaCl (ml/100 g)
across groups, during conditioning and testing, were as follows:
MS-CTRL 3.96 ± 0.46 and 1.31 ± 0.70, AFR-CTRL 3.37 ± 0.30

and 0.63 ± 0.40, MS-EE 3.36 ± 0.63 and 0.70 ± 0.44, AFR-
EE 4.05 ± 0.81 and 1.88 ± 0.75. The ANOVA confirmed these
impressions. The analysis only revealed a significant main effect
of Session [F(1,28) = 74.25, p ≤ 0.001, η2

p = 0.73]. Maternal
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Separation and EE did not exert a significant main effect upon
intake of NaCl nor were involved in any significant interaction.
Similarly, the latter factors did not significantly affect ethanol-
induced sleep time, latency to lose the righting reflex after the
ethanol administration or blood ethanol levels at awakening time.
Mean± SEM for these variables are in Table 1.

Experiment 3
Overall locomotion in the CSF remained unaffected by rearing
conditions at infancy or adolescence. The ANOVA for total
number of section entries indicated the lack of significant
main effects or significant interactions. Mean and SEM across
groups were as follows MS-CTRL 104.28 ± 4.95., AFR-CTRL
114.50± 14.66., MS-EE 127.71± 6.21., AFR-EE 101.2± 9.60.

Figure 6 illustrates mean number of entries and time spent
(s) in the risk taking/assessment areas of the apparatus. The
ANOVAs indicated, for both variables, a significant main effect
of EE and Sector and a significant interaction between these
factors, [Number of entries: F(1,24) = 12.23, p ≤ 0.05, η2

p = 0.34;
F(2,48) = 19.5, p < 0.001, η2

p = 0.45 and F(2,48) = 3.61,
p ≤ 0.05, η2

p = 0.13, respectively; Time spent: F(1,24) = 14.02,
p ≤ .001, η2

p = 0.36; F(2,48) = 9.66, p ≤ 0.001, η2
p = 0.29 and

F(2,48) = 5.42, p ≤ 0.01, η2
p = 0.18, respectively]. The planned

comparisons indicated that, when compared to CTRL animals
(i.e., those given standard housing after the weaning), EE animals
exhibited (regardless of the rearing conditions experimented
during infancy) significantly greater time spent (p < 0.005) and
number of entries (p < 0.001) in the CHA sector and a trend for
greater number of entries an time spent in the BRIDGE (both
p= 0.07).

The ANOVA for number of entries in the sheltered area and
in the corridor A yielded a significant main effect of sector
[F(1,24) = 239.76, p ≤ 0.001, η2

p = 0.91]. The rats – regardless
their rearing conditions at infancy or adolescence – exhibited
significantly more number of entries in the corridor than in the
sheltered area. The ANOVA also indicated a borderline effect
of MS stress, as an individual factor [F(1,24) = 3.69, p = 0.06,
η2

p = 0.13]. MS rats (as a group, irrespective of whether they
had been exposed to EE or CTRL housing conditions during
adolescence) exhibited greater number of entries into these areas
than AFR rats, although this difference did not reach statistical
significance. Time spent in the sheltered area was significantly
greater than time spent in corridor A [F(1,24) = 11.44, p ≤ .005,
η2

p = 0.32], an effect that was not significantly affected by Rearing
conditions at infancy stress or at adolescence.

The CHA sector can be accessed via corridor B or corridor C,
yet only corridor C allows entry into the brighter RAMP, which
in turn leads to the bridge. The RM ANOVA for number of
entries in these corridors yielded a significant main effect of sector
[F(1,24) = 81.16, p≤ 0.0001, η2

p = 0.77]. The interactions between
MS stress and Enrichment [F(1,24) = 4.75, p ≤ 0.05, η2

p = 0.17]
and between MS Stress, Enrichment and Sector [F(1,24) = 6.15,
p ≤ 0.05, η2

p = 0.20] also achieved significance. The post hoc
revealed that the number of entries into corridor B was similar
between the different groups. The post hoc also indicated that
the number of entries into corridor C was significantly greater

in rats from group MS-EE than in rats from group MS-CTRL
(p < 0.05). The ANOVA for time spent in these corridors only
indicated that animals, regardless their rearing conditions during
infancy or adolescence, spent significantly more time in C than
in B [F(1,24) = 25.98, p ≤ 0.001, η2

p = 0.52]. These results area
illustrated in Figure 6.

The ANOVAs for time spent and frequency of entries into the
central square (see Figure 6), and for nose-poke into the CHA
holes (data not shown) did not yield significant main effects or
interactions.

DISCUSSION

The main finding of the present study was that exposure to
EE throughout adolescence induced a significant increase in
ethanol intake and preference during periadolescence and young
adulthood.

Environmental enrichment male, but not female, rats
exhibited a two-fold increase in ethanol intake when compared
to counterparts given standard housing, and achieved up to
80% ethanol predilection vs. water. The sex-related difference
can simply be due to the fact that female rats (Lancaster et al.,
1996; Doremus et al., 2005) or mice (Lopez and Laber, 2015)
often exhibit increased ethanol intake and preference than males,
which in turn can impede assessment of treatments that increase
ethanol predilection. In other words, it is possible that females
in the present study exhibited a ceiling effect in terms of
ethanol intake or preference. An important finding was that the
differences in ethanol intake between EE and control males were
still significant in the last testing day, when ethanol concentration
was increased from 5 to 7.5%.

In the present study, the rats were exposed (or not) to daily
episodes of MS (duration: 180 min), throughout infancy. The
decision of using 180 min of MS, instead of 15 or 360 min, was
based on a previous study (Kawakami et al., 2007) that reported
faster development of ethanol-induced behavioral sensitization
after MS180, but not after MS15. Behavioral sensitization is the
gradual increment in the motor-stimulating effects of ethanol
following repeated ethanol administration, thought to reflect
the transition from controlled to problematic ethanol drinking
(Camarini and Pautassi, 2016).

Chronic MS, unlike EE, did not significantly affect ethanol
intake in the present study. This was not unexpected, as
the few previous studies that tested ethanol intake shortly
after termination of MS reported no effect of MS upon
ethanol drinking at infancy, adolescence-periadolescence or early
adulthood. Rats exposed to MS180 or AFR during PD1-13
exhibited no differences in ethanol intake (6%, tested via intraoral
infusions Pautassi et al., 2012) at PD15. Other studies used
the more conventional exposure to MS360 on PD1-21. Palm
et al. (2013) reported no differences in adolescent ethanol intake
between MS360 and AFR controls (only males were employed).
In a second study, Daoura et al. (2011) assessed ethanol intake
via an intermittent, three-bottle, test (0.0, 5, or 20% ethanol), for
5 weeks, starting on PD26 (adolescence) or PD68 (adulthood).
Ethanol intake, which again was assessed in males only, was
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FIGURE 6 | Frequency of entries and time spent (upper and lower panels, respectively) in each section of the concentric square field, in male Wistar
rats tested at postnatal day 42. The data are expressed as mean ± SEM and shown as a function of rearing conditions during postnatal days 1–21 (animal facility
rearing or daily episodes of maternal separation, AFR and MS groups, respectively) and rearing conditions during postnatal days 21–42 [standard (i.e., control)
housing or environmental enrichment, CTRL and EE groups, respectively]. The asterisk sign (∗) indicates that EE groups exhibited, when compared to animals reared
under standard (control) housing conditions (CTRL groups, irrespective of whether they had been given or not maternal separation during infancy), significantly
greater time spent and number of entries in the challenge sector. The pound sign (#) indicates that the animals, regardless of the rearing conditions during infancy
and adolescence, exhibited significantly greater time spent, and significantly less number of entries, in the sheltered area than in corridor A. These effects were not
affected rearing conditions at infancy or adolescence. The ampersand sign (&) indicates that frequency of entries in corridor C was significantly greater in MS-EE
animals than in MS-CTRL or AFR-EE counterparts. The currency ($) sign indicates that, regardless the rearing conditions during infancy and adolescence, animals of
all groups spent significantly more time in corridor C than in corridor B. The data are expressed as mean ± SEM.

exacerbated in animals exposed to MS360, yet only when testing
began at adulthood. Similarly, Roman et al. (2003) assessed
ethanol intake in the ethanol-preferring AA strain from late
adolescence - early adulthood (i.e., approximately PD77) to full
adulthood (i.e., until PD120). Early maternal separation did not
significantly affect ethanol intake in females. Intriguingly, the
male’s acceptance of ethanol was unaffected by early rearing
conditions during the first 5 weeks of testing, yet after that – when
the rats were in full adulthood – the MS360 group exhibited a
significant increase in ethanol drinking.

Taken together, these studies (i.e., Roman et al., 2003; Daoura
et al., 2011; Pautassi et al., 2012; Palm et al., 2013) and the results
obtained in the present study cement the notion that, in rats, the
effects of MS upon ethanol intake remain silent during infancy
or adolescence and are expressed only when subjects reach full

adulthood. It should be noted that it is not the case that MS
was devoid of effects in the present study. Maternal separation
induced significantly less exploration of the open spaces of the
EMP and resulted in greater time spent in the sheltered area
(and in the corridor leading to it) of the CSF. These results
are consistent with the hypothesis that MS increases anxiety
responses (Huot et al., 2001), yet it seems that the magnitude
of this change was not substantial enough to influence ethanol
drinking or, as indicated earlier, it is possible that the anxiety
phenotype only affects ethanol intake at adulthood. This may
be a consequence of ethanol intake being driven by different
neurobiological mechanisms in adolescent vs. adults. Adolescent,
but not adult, rats exhibit conditioned place preference by ethanol
(Philpot et al., 2003; Pautassi et al., 2008), a result suggestive
of greater ethanol-induced appetitive effects in the younger
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animals. Ethanol drinking in adolescents may be driven by these
appetitive effects of ethanol; whereas the anti-anxiety effects of
ethanol could be more involved in drinking during adulthood.
Consistent with this postulate, Samson et al. (1998) suggested
that rats require protracted experience with ethanol drinking
to learn about ethanol’s anti-anxiety effects. Also noteworthy is
that maternal separation affects a plethora of neural systems,
yet the most prominent is the heightened responsiveness of
the hypothalamic–pituitary–adrenal system toward subsequent
stressors (Pryce et al., 2002). In Huot et al. (2001), for instance,
adult rats exposed during infancy to maternal separation drank
more ethanol and exhibited greater corticosterone response to
airpuff startle, than non-stressed controls.

Environmental enrichment has been proposed as a non-
pharmacological tool to reduce drug-induced adaptive changes
(Solinas et al., 2009; de Carvalho et al., 2010). Swiss mice
housed during adolescence in large-than-usual cages equipped
with house-like objects, a running wheel and several tubes,
were resistant to the development of ethanol-induced behavioral
sensitization (Rueda et al., 2012), a behavioral proxy for
the neural changes taking place during the transition from
regular drug use to addiction (Camarini and Pautassi, 2016).
Yet other studies provided contradictory information. Early
work (Rockman et al., 1986, 1989) found greater ethanol
intake after EE, although these researchers only tested ethanol
intake in adulthood and after lengthy (i.e., ≥90 days) EE
exposure. A facilitating effect of EE upon drug reactivity
has also been observed with other drugs. EE exposure
resulted in heightened amphetamine (Bowling and Bardo, 1994)
or nicotine (Ewin et al., 2015) induced conditioned place
preference.

What are the mechanisms that, in the present study, led
to increased ethanol intake after EE? We analyzed, in male
rats exposed to EE, sensitivity to the hypnotic-sedative effects
and to the post-ingestive, aversive effects of ethanol. These
effects have been suggested to serve as barriers that prevent
initiation or escalation into ethanol intake, and differences in
these effects have been used to explain differences in ethanol
intake between adolescent and adult rats (Spear and Varlinskaya,
2010; Spear and Swartzwelder, 2014). Our hypothesis was that
EE rats would be resistant to these effects, yet this was not
corroborated. Ethanol induced significant flavor aversion and
readily resulted in hypnosis, yet these effects were fairly similar
across rearing conditions. Significant limitations of Experiment
2 were, however, the use of a single dose of ethanol and the
lack of vehicle or unpaired controls in the taste conditioning
procedure. This introduces the possibility that the aversion to
the salty solution obeys to the lingering, toxic effects of ethanol,
and perhaps differentially so across groups. Another important
limitation of this study is that the animals were individually
housed during the course of each ethanol intake test, and in-
between tests they were again pair-housed. This repeated social
isolation probably resulted in significant stress and, therefore,
should be considered a factor contributing to the observed
effects.

A study (Fernández-Teruel et al., 2002) found greater head-
dipping and ethanol intake after EE, in a rat strain exhibiting

high anxiety and low levels of novelty seeking. This points to the
possibility that, in the present study, EE facilitated ethanol intake
by increasing novelty-seeking. Evidence supporting this is that EE
rats exhibited greater head-dipping and rearing behaviors in the
EMP test, as well as more stretching in the open arm and in the
center of the apparatus, than their non-enriched counterparts.
Previous work suggest that head-dipping and rearing reflect
novelty seeking and exploration (Fernández-Teruel et al., 2002;
Lever et al., 2006), whereas stretching involves risk assessment
(Bailey and Crawley, 2009). Enriched animals, although only
those also exposed to MS stress, also exhibit significantly greater
number of transfers and time spent in the bright compartment
of the LDB, when compared to the rest of the groups. This
finding represents a priming effect of MS on subsequent EE
exposure, indicating that these two environmental treatments can
sometimes act in an additive fashion. Perhaps more important,
EE significantly increased frequency of entries and time spent in
the challenge area, a risk-taking area of the CSF. The access to
this area required jumping through an elevated hole. The brightly
lit, open and elevated bridge was also more visited by enriched
than by non-enriched rats, irrespective of the rearing conditions
experimented during infancy, although this was a trend that
did not achieve statistical significance. The overall number of
entries in the different sections of the CSF was unaffected by EE,
indicating that EE effects upon risk-taking behavior were not a
by-product of unspecific changes in motor activity.

Previous studies indicate that the changes that define an
enriched homecage, relative to the conditions of the standard
housing, do not have to be dramatic to alter ethanol’s effects
or intake. Lopez and Laber (2015) found increased ethanol
consumption at adulthood after chronic single housing during
adolescence. This effect was inhibited by simply adding cotton
nestlets to the homecage during the isolation period. The EE in
the present study, on the other hand, involved a significantly
larger homecage featuring new configurations of objects that
kept rotating and the possibility to perform physical activity.
This raises the possibility that EE effects upon ethanol intake
depend on the magnitude of the stimulation provided by the
environment: relatively low magnitudes of EE may inhibit
ethanol intake, yet exposure to a relatively high-magnitude EE
treatment may result in greater ethanol intake. Similar complex
relationships have been claimed to explain the controversial
effects of stress upon ethanol intake. Studies have found greater
(Caplan and Puglisi, 1986), diminished (Boyce-Rustay et al.,
2008), or unaltered (Ponce et al., 2004) ethanol intake after
stress exposure, and some claim that these apparent disparate
results could be explained by the Yerkes–Dobson law (reviewed
in Miczek et al., 2008), with low stress inducing behavioral
activation and promoting ethanol intake whereas high stress
inducing behavioral depression and a reduced ethanol intake.
Under this framework, the EE rats in this study may have
perceived the EE treatment as a mild stressor. Consistent with
this, it has been suggested that rats exposed to EE exhibit a
mild stress-like phenotype, which may inoculate from subsequent
response to more intense stressors (Crofton et al., 2015). These
are, of course, just hypotheses and more work should be done
to describe the effects of EE and its underlying mechanisms.
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It is noteworthy, however, that compared to adults, adolescents
have been described to be more reactive to stress and to stress-
ethanol interactions. In a recent study we found significantly
greater ethanol intake time in adolescent, but not in adult, rats
given chronic restraint stress (Fernandez et al., 2016).

In summary, the present study confirmed that the effects
of MS stress upon ethanol intake are not expressed during
late adolescence, in spite of MS inducing other behavioral
changes indicative of heightened anxiety response. Perhaps more
important, animals that had been exposed to EE throughout
adolescence subsequently exhibited significantly greater ethanol
intake, an effect found in males only and not affected by MS.
The promoting effect of EE upon ethanol intake was not related
to changes in the aversive or sedative effects of ethanol, nor
in ethanol’s metabolism. Instead, it seems that EE heightened
exploration of novel stimuli and risk-taking behaviors in the CSF
test. Further studies should assess if EE may affect ethanol intake
and preference via alterations in novelty-seeking and risk-taking
behaviors.
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This review article provides evidence of the impact of the environmental contaminant
lead (Pb) on the pattern of the motivational effects of ethanol (EtOH). To find a
mechanism that explains this interaction, the focus of this review article is on central
EtOH metabolism and the participating enzymes, as key factors in the modulation of
brain acetaldehyde (ACD) accumulation and resulting effect on EtOH intake. Catalase
(CAT) seems a good candidate for the shared mechanism between Pb and EtOH due
to both its antioxidant and its brain EtOH-metabolizing properties. CAT overactivation
was reported to increase EtOH consumption, while CAT blockade reduced it, and both
scenarios were modified by Pb exposure, probably as the result of elevated brain and
blood CAT activity. Likewise, the motivational effects of EtOH were enhanced when
brain ACD metabolism was prevented by ALDH2 inhibition, even in the Pb animals
that evidenced reduced brain ALDH2 activity after chronic EtOH intake. Overall, these
results suggest that brain EtOH metabolizing enzymes are modulated by Pb exposure
with resultant central ACD accumulation and a prevalence of the reinforcing effects of the
metabolite in brain against the aversive peripheral ACD accumulation. They also support
the idea that early exposure to an environmental contaminant, even at low doses,
predisposes at a later age to differential reactivity to challenging events, increasing, in
this case, vulnerability to acquiring addictive behaviors, including excessive EtOH intake.

Keywords: ethanol, acetaldehyde, lead-exposure, catalase, ALDH2

INTRODUCTION

‘‘The Barker hypothesis’’ (Osmond and Barker, 2000) first popularized the concept that parameters
related to fetal, infant and childhood growth may be predictors of disease in later life. The original
hypothesis has been extended to a range of components of the developmental environment such as
the mother’s nutrition, stress levels, lifestyle and exposure to chemicals, all factors that may play a
powerful role in influencing later susceptibility to challenging events. Based on these considerations,
this review article provides behavioral and biochemical evidence that aims to support the idea
that early-life exposure to lead (Pb), an environmental neurotoxicant, produces an ‘‘imprint’’
in CNS functionality. We propose that this experience has health consequences over the life
span, increasing vulnerability to addictive behaviors, in this case to the motivational responses
to ethanol (EtOH), with brain acetaldehyde (ACD) and EtOH metabolizing enzymes playing a
crucial role.
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LEAD, ETHANOL AND THE TWO FACES OF
REINFORCEMENT

Although a non-essential metal and with widely restricted
industrial uses, Pb is present in the environment and in living
organisms. Alarmingly, early-life Pb exposure even in trace
amounts induces neurobehavioral manifestations that may not
be evident until later in life (Vorvolakos et al., 2016). They
include hyperactivity, cognitive deficits and altered responses to
drugs of abuse including EtOH.

From the clinical perspective, a relationship between Pb
and EtOH has been described (Cezard et al., 1992). Animals
chronically exposed to high Pb levels during adulthood, showed
higher, although less efficient, lever pressing for EtOH in a
self-administration test, associated with increased EtOH intake
(Nation et al., 1987). More recently, it was shown EtOH-induced
hyperlocomotion after acute Pb administration (Correa et al.,
2001). Similarly, perinatal low-level Pb exposure enhanced EtOH
intake in a daily 2-h EtOH/water free-choice sessions. Moreover,
Pb-exposed animals also showed elevated response rates in a
FR-2 schedule of behavior associated with a higher breaking
point compared to controls, evidencing their motivation to
self-administer EtOH (Mattalloni et al., 2013).

Thus, to find a mechanism that explains these differential
effects, the concepts of positive and negative reinforcing must
be introduced. It is known that drug addiction is a process that
progresses from an early condition of positive reinforcement,
evidenced by the euphorizing and stimulant effects of the drug
(compulsive desire for pleasure), to a later state of negative
reinforcement, evidenced as dysphoria and anxiety as a result of
drug removal (compulsive desire for relief). Thus, the two main
sources of reinforcement play key roles in the allostatic processes
that lead to drug abuse (Wise and Koob, 2014). Both aspects will
be mentioned in this review article, with a focus on the positive
reinforcement perspective, particularly related to EtOH and its
bioproducts, with developmental Pb exposure as a determinant
factor in the vulnerability of these animals to the motivational
effects of EtOH.

A putative explanation for the Pb/EtOH interaction
supported by the negative reinforcement perspective is based
on the tension-reduction hypothesis (Pohorecky, 1990). This
proposes that the anxiolytic properties of EtOH are the main
factors that lead some individuals to consume excessive amounts
of the drug to relieve negative emotionality. This mechanism
involves both the hypothalamic-pituitary adrenal axis with
corticosterone secretion as the final output (Fahlke et al.,
1994), as well as the extrahypothalamic systems including the
extended amygdala (Koob, 2008). The increased susceptibility
to EtOH-anxiolytic effects and the enhanced EtOH intake
reported in perinatally Pb-exposed animals was associated with
elevated basal corticosterone levels (Virgolini et al., 1999). Thus,
it is proposed that Pb-treated animals would ingest EtOH to
diminish their basal anxiety in an attempt to cope with stressful
situations. This line of research was not further investigated and
deserves future endeavors.

The positive reinforcement view, on the other hand, is related
to the motivational and stimulant effects of EtOH, mediated

through the reported ability of EtOH, ACD and salsolinol
(a tetrahydroisoquinoline product of dopamine (DA) and
ACD condensation) to facilitate DA neurotransmission in the
mesolimbic circuit. Moreover, central administration of EtOH
(or its bioproducts) induces hyperlocomotion, conditioned place
preference and promotes EtOH intake (reviewed in: Quertemont
et al., 2005; Correa et al., 2012; Hipólito et al., 2012; Deehan et al.,
2013; Israel et al., 2015; Peana et al., 2016). Therefore, the present
review will particularly emphasize the modulation that the
environmental neurotoxicant Pb exerts on the enzymes involved
in central EtOH metabolism, given the positive reinforcing
properties of EtOH, ACD and salsolinol.

With the reported low ADH activity in the brain, the CAT-
H2O2 system in addition to being a peroxisomal redox regulator
is the key enzyme involved in H2O2-dependent brain EtOH
oxidation to ACD (Vetrano et al., 2005). It should be mentioned
that blood catalase (CAT) activity is positively correlated with
EtOH consumption in both rats (Amit and Aragon, 1988) and
humans (Koechling and Amit, 1992). Several reports indicate
that CAT activity is decreased after chronic adult Pb exposure
in the brain (Jindal and Gill, 1999), liver (Flora et al., 2012a)
and blood (Sajitha et al., 2010). Interestingly, developmental
exposure to high Pb doses is able to increase CAT activity (brain:
Valenzuela et al., 1989; brain, liver and heart: Somashekaraiah
et al., 1992). Moreover, cumulative evidence demonstrated that
acute (but not chronic) Pb administration raises brain CAT levels
and increases the locomotor response to EtOH in mice (Correa
et al., 1999, 2001). Similarly, we have reported that developmental
Pb exposure increased basal blood CAT activity in periadolescent
rats, an effect that persisted throughout their lifetime and was
potentiated by EtOH intake. Although no differences between
groups were observed in whole brain CAT activity, there was
a region-specific increase in the Pb-exposed hippocampus and
cerebellum, indicating that CAT-mediated EtOH oxidation is
not homogeneous throughout the brain (Mattalloni et al., 2013,
2017).

On the other hand, ACD removal is mediated by ALDH2,
a mitochondrial enzyme that belongs to the ALDH superfamily
and catalyzes both brain and liver ACD oxidation to acetic acid
(Crabb et al., 2004). The two evidences of an interaction between
Pb and ALDH2 have shown that adult Pb exposure reduced
liver ALDH2 (Flora and Tandon, 1987) whereas developmental
Pb-exposure reduced brain ALDH2 activity (Mattalloni et al.,
2017) after chronic EtOH consumption.

Thus, based on the premise that early-life Pb exposure will
interfere with EtOH metabolism, brain ACD may be noted
as the common site of action of the two neurotoxicants.
Pharmacological manipulations of EtOH-metabolizing enzymes
attempting to modulate brain ACD accumulation will therefore
be described below, with the resultant changes evidenced at both
behavioral and biochemical levels.

PHARMACOLOGICAL INTERFERENCE OF
ETHANOL METABOLISM

The next section follows the two-dimensional model of alcohol
consumption hypothesized over 30 years ago, supporting the idea
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that ‘‘both brain CAT and ALDH may represent a biological
marker system underlying the affinity of the animals to consume
ethanol’’ (Aragon and Amit, 1985). Evidence is provided that
Pb induces dynamic changes in the two main enzymes involved
in brain EtOH metabolism, which may account for differential
EtOH intake in response to pharmacological manipulations in
these animals (Figure 1).

Brain Acetaldehyde Formation
One of the most commonly used CAT blockers employed to
modulate stimulant responses to EtOH is 3-amino 1,2,4-triazole
(AT), a fungicide that produces irreversible inhibition of the
CAT-H2O2 site, thereby preventing in vivo brain EtOH oxidation
to ACD (Aragon et al., 1989). Interestingly, the only report
of an interaction among Pb, CAT, AT and EtOH showed
that AT was able to reverse the increase in EtOH-induced
hyperlocomotion and brain CAT activity observed after acute Pb
administration (Correa et al., 2001). Similarly, we have reported
that AT pretreatment prevented both elevated EtOH intake and
blood and brain (hippocampus and cerebellum) CAT activity

in developmentally Pb-exposed animals (Mattalloni et al., 2013).
The absence of these effects in the control group suggests that the
enzyme inhibition requires either high H2O2 (and ROS) levels
that are increased as a result of Pb exposure (Flora et al., 2012b)
or the excessive EtOH intake evidenced in Pb-exposed animals.

On the other hand, CAT overactivation can be achieved
by the administration of 3-nitropropionic acid (3NPA),
a mycotoxin that produces an irreversible inhibition of
the succinate dehydrogenase (SDH) enzyme, along with
ROS elevation and increased CAT activity, with resultant
EtOH-induced hyperlocomotion (Manrique et al., 2006). Thus,
3NPA induced-CAT elevation was able to increase EtOH
consumption in both, the Pb-exposed and the control animals,
accompanied by higher blood and brain (striatal) CAT activity
in the Pb group (Mattalloni et al., 2013).

Brain Acetaldehyde Removal
Cyanamide (CY) is a drug prescribed in some countries
as a deterrent for alcoholics due to its ability to increase
peripheral (aversive) ACD as a result of ALDH inhibition

FIGURE 1 | Voluntary ethanol (EtOH) consumption measured in Wistar rats. Data (mean expressed as grams of EtOH per kilogram of body weight ± SE)
grouped in 4-day blocks along the horizontal axis (in days) that correspond to EtOH intake in response to increasing EtOH concentrations symbolized as cylinders
(days 1–4: 2%; days 5–8: 4%; days 9–12: 6%; days 13–16: 8%; and days 17–28: 10%). C, control; Pb, lead; CAT, catalase; SAL, saline; VEH, vehicle. Top, left:
EtOH intake in response to 3-amino 1,2,4-triazole (AT) administration. The arrow signifies the start of SAL or AT administration (days 21–24 and 25–28; 250 mg/kg
i.p.). C-SAL = 10; C-AT = 11; Pb-SAL = 11; Pb-AT = 9 animals per group (Mattalloni et al., 2013). Bottom, left: EtOH intake in response to 3-nitropropionic acid
(3NPA) administration. The arrow signifies the start of SAL or 3NPA administration (days 25–28; 20 mg/kg s.c.). Baseline: ∗denotes statistical difference compared to
controls at ∗∗p < 0.01 and ∗∗∗p < 0.001. C-SAL = 8; C-3NPA = 11; Pb-SAL = 9; Pb-3NPA = 9 animals per group (Mattalloni et al., 2013). Right: EtOH intake in
response to intracerebroventricular cyanamide (CY) administration. The arrow signifies the start of VEH or CY administration (days 25–28; 0.3 mg i.c.v.). Baseline:
∗denotes differences compared to controls at ∗p < 0.05. CY administration: ∗denotes differences between the C and Pb-exposed animals injected with VEH at
∗∗∗p < 0.001; #denotes differences between the VEH and corresponding CY groups for both C and Pb-exposed animals at ###p < 0.001. C-VEH = 11; C-CY i.c.v.=
14; Pb-VEH = 8; Pb-CY i.c.v.= 8 animals per group (Mattalloni et al., 2017).
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FIGURE 2 | Lead (Pb) exposure and EtOH intake with emphasis in EtOH metabolizing enzymes status. The square bracket comprises pictures for brain,
liver and blood CAT and ALDH2 status and putative acetaldehyde (ACD) accumulation in the experimental model described in Mattalloni et al. (2013, 2017; as
shown on the left). The references point-out CAT and ALDH2 data reported elsewhere as result of adult acute or chronic Pb exposure in animals with chronic EtOH
intake. GD, gestational day; PND, postnatal day.

(Koppaka et al., 2012). Central CY administration enhanced
EtOH intake in rats that had never consumed EtOH, an effect
highly dependent on the CY dose (Critcher and Myers, 1987).
We have demonstrated that i.c.v. CY administration inhibited
brain ALDH2 and increased EtOH intake in control animals,
whereas the Pb-exposed group also showed elevated EtOH intake
although in the absence of brain ALDH2 inhibition (Mattalloni
et al., 2017). This finding may be related to the reduced basal
brain ALDH2 activity present in the Pb-exposed group, or to
the fact that CY is a prodrug that, to convert itself to the active
metabolite requires CAT and H2O2, a system that is modified by
Pb-exposure.

CONCLUSION

This review article provides evidence of Pb modulation on the
enzymes involved in either the production or the removal of

brain ACD, i.e., CAT and ALDH2, the activities of which have
been proposed as trait biomarkers of excessive EtOH intake
(Aragon and Amit, 1985). The data demonstrate differential CAT
and ALDH2 functionality in the developmentally Pb-exposed
animals, with high blood and brain CAT activity and low brain
ALDH2 activity, thereby promoting central ACD accumulation
(Figure 2). This effect would directly influence EtOH self-
administration, with Pb exposure representing a crucial variable
in the behavioral and biochemical outputs described here. It
can thus be postulated that one of the shared mechanisms
between Pb and EtOH could be the result of differential
EtOH metabolism in brain areas related to reward. Possibly, an
imbalance towards a prevalence of the reinforcing effects of brain
ACD vs. aversive peripheral ACD accumulation may play a key
role in the differential motivational response to EtOH evidenced
in Pb-exposed animals. Moreover, immunohistochemical studies
have demonstrated that ALDH2 is widely expressed in the brain,
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with low activity in the aminergic neurons, which coincidentally
are the richest in CAT expression (Zimatkin, 1991; Zimatkin and
Lindros, 1996), a fact that promotes brain ACD accumulation
in the mesolimbic circuit, site of the reinforcing properties
of addictive drugs. Immunostaining experiments are desirable
for brain CAT and ALDH2 expression in the Pb-exposed
animals.

Interestingly, there are differences in EtOH metabolism
over the lifetime. CAT-H2O2 system activity is higher in pups
than in adults (Hamby-Mason et al., 1997), thus promoting
central ACD accumulation. Brain ALDH2 activity also increases
gradually, reaching the activity specific for mature animals by
periadolescence (Zamatkin and Lis, 1990). Hence, Pb exposure
during development may have affected the functionality of
these enzymes at a time of high ACD accumulation. This
assumption has important clinical implications provided that
the neurobehavioral outcomes showed no evidence of a safe
threshold for Pb exposure in immature organisms and the
ubiquity of this environmental neurotoxicant. Thus, these
results indicate the existence of prenatal programming as
a consequence of early Pb exposure, an experience that

would leave an imprint that later in life may be responsible
for differential responsiveness to events that generate a
conflict in the individual, such as the initiation in addictive
behaviors.
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Ethanol, as other drugs of abuse, is able to activate the ventral tegmental area dopamine
(VTA-DA) neurons leading to positively motivational alcohol-seeking behavior and use,
and, ultimately to ethanol addiction. In the last decades, the involvement of brain-derived
acetaldehyde (ACD) in the ethanol actions in the mesolimbic pathway has been widely
demonstrated. Consistent published results have provided a mechanistic support to
the use of ACD inactivating agents to block the motivational and reinforcing properties
of ethanol. Hence, in the last years, several pre-clinical studies have been performed
in order to analyze the effects of the sequestering ACD agents in the prevention
of ethanol relapse-like drinking behavior as well as in chronic alcohol consumption.
In this sense, one of the most explored interventions has been the administration
of D-Penicillamine (DP). These pre-clinical studies, that we critically summarize in
this article, are considered a critical step for the potential development of a novel
pharmacotherapeutic strategy for alcohol addiction treatment that could improve the
outcomes of current ones. Thus, on one hand, several experimental findings provide the
rationale for using DP as a novel therapeutic intervention alone and/or in combination
to prevent relapse into alcohol seeking and consumption. On the other hand, its
effectiveness in reducing voluntary ethanol consumption in long-term experienced
animals still remains unclear. Finally, this drug offers the additional advantage that has
already been approved for use in humans, hence it could be easily implemented as a
new therapeutic intervention for relapse prevention in alcoholism.

Keywords: D-penicillamine, pre-clinical studies, acetaldehyde sequestering agent, ethanol relapse prevention,
voluntary alcohol consumption

INTRODUCTION

In the last years, numerous studies have supported the idea that, at least in part, motivational
and neuropharmacological effects of ethanol are mediated by its first brain-derived
metabolite, acetaldehyde (ACD) and/or its bioderivates (for extensive review, see Deehan
et al., 2013; Peana et al., 2016). The most widely employed strategy to demonstrate the
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involvement of ACD in the motivational and reinforcing
effects of ethanol has been, for years, the pharmacological
manipulation of the enzyme system activity implicated in
the brain metabolism of this drug. For instance, modulating
catalase (Correa et al., 1999, 2004; Sanchis-Segura et al., 1999a,b;
Arizzi-LaFrance et al., 2006; Font et al., 2008), cytocrome
P-4502E1 (Hipolito et al., 2009; Ledesma et al., 2014) or
alcohol dehydrogenase (Escarabajal and Aragon, 2002) brain
activity.

Furthermore, another strategy has allowed disentangling
the role of ACD in different behavioral effects induced by
ethanol: the use of ACD sequestering agents. Fortunately, ACD
is a highly reactive molecule and, therefore, capable of being
‘‘sequestered’’ by thiol amino acids such as L-cysteine (L-cys) and
D-penicillamine (DP), which react non-enzymatically with ACD
to form stable non-toxic adducts. This fact has been evidenced
not only in vitro (Nagasawa et al., 1980; Kera et al., 1985)
but also in vivo (Serrano et al., 2007) experimental conditions.
Interestingly, these compounds, besides being used in the
aforementioned research strategy, could have other advantages,
particularly from a clinical point of view. In this sense, these
ACD-scavenging compounds would not alter neurotransmitter
systems, thus avoiding the manifestation of unexpected side
effects displayed by the most promising candidates which have
been evaluated in pre-clinical studies (Salaspuro et al., 2006;
Leggio et al., 2010). They act removing/blocking both hepatic and
brain-derived ACD, thus potentially preventing the reinforcing
and motivational properties of ethanol-derived ACD on specific
regions and pathways of the brain. Behavioral studies have
demonstrated that DP is able to: (i) dose-dependently prevent
the ethanol- and ACD-induced conditioned place preference
(CPP) in rodents (Font et al., 2006a,b; Peana et al., 2008,
2009); (ii) attenuate either behavioral depression caused by ACD
or behavioral locomotion induced by ethanol in mice (Font
et al., 2005); and (iii) prevent, in a dose-dependent manner,
the motor activation induced by intra-ventral tegmental area
(VTA) ethanol administration (Martí-Prats et al., 2010, 2013).
Additionally, neurochemical studies have evidenced that this
drug suppresses both ethanol- and ACD-induced stimulation
of dopamine (DA) release in the nucleus accumbens shell
as well as the ethanol-evoked excitation of VTA-DA neuron
activity (Enrico et al., 2009). Moreover, in most of these
articles, the specificity of DP effects has been addressed
using other drugs of abuse such as cocaine, caffeine or
morphine.

Considering these promising results, several groups have
explored the pre-clinical validity of ACD inactivation with
DP as an alternative strategy for the development of new
pharmacological approaches for treatment of alcoholism. Hence,
the effect of DP in the prevention of ethanol relapse-like drinking
behavior as well as in voluntary alcohol consumption have
been repeatedly demonstrated (Font et al., 2006b; Orrico et al.,
2013; Martí-Prats et al., 2015). In addition, the fact that DP is
currently approved by the Food and Drug Administration (FDA)
and European Medicines Agency (EMA) for other indications,
offers the additional advantage to its immediate potential clinical
utility.

In this review article, readers will find a compilation of the
most remarkable publications in which the potential use of DP in
the prevention of ethanol relapse-like drinking behavior as well
as in voluntary alcohol consumption has been investigated in a
pre-clinical environment.

Effect of DP in Relapse-Like Drinking
Behavior
Among the few animal models of relapse presently available,
the Alcohol Deprivation Effect (ADE—a marked increase in
ethanol consumption that follows periods of deprivation) has
become a widely used model to examine the efficacy of potential
medication providing excellent face and predictive validity (Rodd
et al., 2004; Spanagel and Kiefer, 2008; Spanagel, 2009; Bell
et al., 2012). For instance, the three medications currently
used in the clinical setting—Acamprosate, Naltrexone (NTX)
and Nalmefene—, although they have different pharmacological
mechanisms of action, have all been proven to effectively reduce
the ADE in rodents (Spanagel and Zieglgänsberger, 1997; Orrico
et al., 2014; Spanagel et al., 2014; Vengeliene et al., 2014).
Nowadays, Acamprosate’s primary mechanism of action still
remains unclear, although it is believed to normalize the balance
between excitatory and inhibitory pathways throughout the
glutamatercic system (De Witte et al., 2005). On the other hand,
NTX as well as Nalmefene work as opioid antagonists at µ and
δ receptors and as agonists at κ receptors (Wackernah et al.,
2014).

The ADE phenomenon can be triggered under both operant
(Hölter et al., 1997; Echeverry-Alzate et al., 2012) and home-cage
free choice drinking, non-operant, conditions (Spanagel and
Hölter, 1999; Vengeliene et al., 2014). In this sense, along the
last years, our group has extensively employed this latter model
to explore, for the first time, the potential role of DP in ethanol
relapse prevention.

Non-Operant Procedures
Our recent work has successfully shown that DP is able to
prevent the ADE in Wistar rats using a home-cage four-bottle
free choice (water, ethanol 5%, 10% and 20%) paradigm
(Orrico et al., 2013, 2014). Concretely, at the end of the
fifth deprivation period and 48 h before the reintroduction
of ethanol bottles, rats were subcutaneously (SC) implanted
with a mini-osmotic pump delivering at a constant rate either
vehicle or DP (1 or 0.25 mg/h), during 1 week. The results
obtained demonstrated that DP dose-dependently prevented
the ADE in long-term ethanol-experienced rats. In fact, the
constant-rate SC infusion of DP at a dose of 1 mg/h, but
not 0.25 mg/h, completely prevented the ADE phenomenon
(Figure 1A), while the vehicle-treated group increased the
ethanol intake along the four post-abstinence days compared
to baseline. Hence, our data clearly indicate that systemic
administration of DP is able to prevent the expression of the
ADE without affecting total fluid consumption and body weight
(Orrico et al., 2013).

In spite of these results, one important concern should
be considered. As can be seen in detail in the following
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FIGURE 1 | Effect of D-penicillamine (DP) on alcohol deprivation effect (ADE) measurements under both non-operant (A–C) and operant paradigms (D).
(A) Subcutaneous DP treatment dose-dependently suppresses the ADE manifestation. Effect of subcutaneous infusion of vehicle or DP (0.25 or 1 mg/h) on ethanol
intake. (B) Intra-ventral tegmental area (VTA) infusion of DP blocked the ADE expression. Effect of the intra-VTA infusion of vehicle or DP 3.0 µg/h on ethanol intake.
(C) DP prevents the “delayed ADE” induced by the continuous blockade of the opioid receptor with Naltrexone (NTX). Effect of vehicle, NTX or NTX/DP
administration on ethanol intake. In panels (A–C), animals had 9–11 months of ethanol experience. The percentage of each rat’s total daily ethanol intake during
post-abstinence drinking days was calculated with respect to baseline drinking just before deprivation (dashed line). The basal alcohol intake was about
0.6–1 g/kg/day. The deprivation period lasted 14 days. The assayed treatments began 48 h before the reintroduction of ethanol bottles (available 24 h along the
post-abstinence period). (D) DP is able to prevent the ADE under an operant paradigm. Average ethanol responses in animals intraperitoneally (i.p.) administrated
with saline (DP 0) or DP (6.25, 12.5 and 25 mg/kg), 30 min before each self-administration session in the post-abstinence period. Asterisk denotes statistically
significant differences relative to the respective baseline period (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001). Post hoc test showed differences between
groups (#p < 0.05, ##p < 0.01, ####p < 0.0001; Adapted from Orrico et al., 2013, 2014; Martí-Prats et al., 2015).

section, some studies have demonstrated that systemic, but
not intracerebroventricular (ICV), administration of DP is
able to produce changes in the taste of fluid and food
(Font et al., 2006a). Hence, the possibility that, at least,
part of the preventive effects of DP on the ADE could
be produced by an alteration in taste perception cannot be
fully ruled out. Nonetheless, and in agreement with these
results, our group also demonstrated that intra-posterior VTA
(pVTA) administration of DP was able to suppress the ADE
(Figure 1B), suggesting that the preventive effects of DP
on ADE could, at least in part, be caused specifically by
a mechanism independent of taste alteration (Orrico et al.,
2013).

Most drugs of abuse, including ethanol, stimulate the release
of DA in several limbic regions (Di Chiara, 2002). In recent years,
it has been shown that ACD is a crucial component of the overall
effects of ethanol on DA neurons of the VTA (Rodd-Henricks
et al., 2002; Rodd et al., 2005, 2008; Melis et al., 2007; Deehan
et al., 2013). Therefore, our results also showed, for the first
time, that pVTA is a critical region for DP action in relapse-like

drinking behavior and emphasize the role displayed by this brain
area in the relapse phenomenon.

The abovementioned results encouraged us to further study
the potential use of DP alone or in combination with other
marketed drugs (such as NTX) as a promising strategy to increase
the efficacy of current anti-relapse therapies, based on the
neurochemical studies that have confirmed that the mechanism
through which ethanol, or more probably ACD, excite DA
neurons is dependent on the Mu-Opioid Receptors (MORs;
Sánchez-Catalán et al., 2009; Peana et al., 2011). Accordingly,
our group next conjectured that the NTX/DP combination,
due to its distinct but complementary mechanisms of action
to impede MORs activation could be more efficacious in
ADE prevention (Orrico et al., 2014). Specifically, we explored
whether the combination of DP with NTX could suppress
the delayed ADE, i.e., the rebound in alcohol consumption
detected in animal laboratory models after continuous blockade
of the opioid receptor with antagonists such as NTX (Heyser
et al., 2003) or naloxone (Hölter and Spanagel, 1999).
In this sense, in several strains of rats using free choice
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paradigms it has been demonstrated that NTX decreases ethanol
consumption (Overstreet et al., 2006), however, tolerance to
this effect was demonstrated after repeated drug administration,
leading to an increase in alcohol consumption (Cowen et al.,
1999; Juárez and Eliana, 2007). This fact is probably due
to the MORs up-regulation associated with its continuous
blockade (Hyytiä et al., 1999; Overstreet et al., 1999; Orrico
et al., 2014). Thus, as can be seen in Figure 1C, in our
experimental conditions, NTX powerfully blocked the ADE on
post-abstinence days 1 and 2 in agreement with previously
published data, but an increase in alcohol consumption,
with respect to basal values, was detected on post-abstinence
days 3 and 4 (the manifestation of the so-called ‘‘delayed
ADE’’). The results obtained supported the efficacy of the
NTX/DP combination preventing not only the ADE expression,
but also the delayed ADE. In fact, the combination of DP
(0.25 mg/h; a non-effective dose in our previous article)
and NTX (2 × 5 mg/kg SC per day) showed an adequate
anti-relapse pre-clinical efficacy along the four post-abstinence
days.

In summary, the reported data demonstrate that
this therapeutic strategy, of combining two drugs with
complementary actions—opioid receptor blockade (by NTX)
and chemical ACD inactivation (by DP), shows adequate
alcohol anti-relapse-like drinking efficacy in long-term ethanol-
experienced rats. Moreover, it overcomes some therapeutic
limitations of either drug alone, since this combination
is able to block not only the delayed increase in ethanol
consumption, typically occurring after chronic opioid antagonist
administration, but it also allows the administration of
sub-threshold DP doses. All in all, these findings suggest that
sequestering agents of ACD, in general, and DP, in particular,
may represent a valuable therapy in the management of relapse
in alcohol-dependent patients.

Operant-Procedures
There is no doubt among researchers that in order to maximize
the translational power of pre-clinical research, it is important
to gather evidence for as many paradigms and different animal
models as possible (Bell et al., 2012). Hence, the use of different
paradigms to test the same observations would assure the
reproducibility of pre-clinical data, which is a challenge for
neuroscience (Steckler, 2015).

In this context, we were able to validate our previous
work on the pre-clinical efficacy of DP using a different
laboratory paradigm: an operant procedure. Several authors
have used this operant paradigm to demonstrate the capacity
of a number of drugs to reduce the expression of an operant
ADE (Schroeder et al., 2005; Rodd et al., 2006; Dhaher
et al., 2010). The results of our study showed that all DP
doses tested (6.25, 12.5, or 25 mg/kg), intraperitoneally (i.p.)
administered, were able to prevent the ADE in Wistar rats
using an operant fixed ratio (FR) 1 procedure (Figure 1D).
Contrarily to the saline group (named ‘‘DP 0’’), DP blocked
the increase in ethanol response following the imposed period
of abstinence. Interestingly, animals treated with the higher
DP dose (25 mg/kg) even reduced their response to ethanol

significantly, by 20% below baseline levels. Moreover, DP
did not modify the spontaneous motor activity of the rats
indicating that the effectiveness of DP in preventing ADE cannot
be due to a reduced locomotor performance of the animals
(Martí-Prats et al., 2015). These results added reproducibility
and robustness to previously reported data. Hence, to sum
up, we were able to replicate our previous outcomes in a
different laboratory (Laboratory of Psychobiology, Complutense
University of Madrid) and using a different paradigm, (inter-
lab reliability) leading to more robust conclusions on the use
of DP as a potential new pharmacotherapy in the treatment of
alcoholism.

Effect of DP on Voluntary Ethanol
Consumption Behavior
As illustrated above, findings of different research groups
working in the field agree with the efficacy of DP as a
valid strategy to prevent alcohol relapse-like drinking behavior,
denoting the relevant role of ACD on the relapse expression.
Conversely, concerning voluntary ethanol intake, the few
published studies reveal contradictory results on the efficacy of
DP (Font et al., 2006b; Campos-Jurado et al., 2015; Gosalbez
et al., 2015).

Font et al. (2006b) were the first group to evaluate the
effect of DP on voluntary ethanol consumption. In their study,
male Long-Evans rats had daily access to a 10% ethanol
solution in their home-cages for a 15-min period. Under their
experimental conditions, the systemic (50 and 75 mg/kg), as
well as ICV (75 µg) administration of DP was able to decrease
the ethanol intake during the 5-day treatment. Interestingly,
after discontinuation of the treatment, animals recovered their
previous consumption rates. These results represent the initial
evidence of ACD sequestration usefulness as a possible valid
strategy to prevent ethanol drinking. However, in the same study,
the authors also showed that systemic, but not ICV, DP treatment
modified sucrose intake. According to the taste reactivity test
performed, authors attributed this effect to a modification of
ethanol palatability due to DP administration. Thus, all these
results suggest that, although part of the DP effect on modulating
ethanol consumption could be ascribed to a taste modification,
an effect on the central levels of ACD has also been demonstrated
(Font et al., 2006b).

Since the abovementioned study, it was not until nearly
10 years later that new research evaluating the utility of DP
on the voluntary ethanol intake was performed. Concretely,
Peana et al. (2015) studied the validity of DP on the acquisition
and maintenance of oral operant ethanol self-administration.
For acquisition analysis, ethanol-naïve Wistar rats were i.p.
administered with DP (50 mg/kg) concomitant with the access
to ethanol solution under an FR-1 schedule of reinforcement.
The ethanol concentration was gradually increased from 5%
in the first three sessions to 10% in the eighth last session.
In this phase, systemic DP treatment significantly reduced the
number of ethanol nose pokes, consistent with an ethanol intake
decrease from the second ethanol session until the end of
the study. Nevertheless, when rats, after an acquisition period,
self-administered 10% ethanol for at least 10 days, the same
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DP treatment (50 m/kg) failed to reduce active nose pokes for
ethanol. Indeed, the double dose of DP (100 mg/kg) was also
unable to diminish ethanol self-administration. Furthermore,
DP 50 mg/kg did not diminish the ethanol intake when the
solution was changed from 10% to 5%, neither alone nor in
combination with the catalase inhibitor amino-1,2,4-triazole
(1 g/kg). Curiously, this catalase inhibitor, that has shown
to be effective in reducing ethanol consumption during the
acquisition phase, was ineffective along the maintenance phase
(Peana et al., 2015). Hence, these results confirm the DP efficacy
in impairing the acquisition of ethanol self-administration
in naïve animals, but not in reducing active responses in
ethanol-experienced animals. Indeed, ethanol-experienced rats
increased their nose pokes when the ethanol concentration was
reduced from 10% to 5% in order to obtain the same ethanol
intake. According to these authors, a possible explanation for
the failure of DP activity could be that ACD, paradoxically
contributes to the perpetuation of ethanol self-administration,
concretely the reduction of ACD levels due to the administered
treatment might motivate rats to further seek and take ethanol
to compensate for that decrease. Moreover, according to
the abovementioned authors, additional explanations could
be plausible since in these experimental conditions, due to
its mechanism of action, DP would allow the increase of
the non-metabolized fraction of ethanol in relation to the
metabolized fraction (ACD and its derivatives). Under this
condition, some studies have reported that ethanol, through the
GABAA receptor, might lead to different behavioral responses
such as decreasing the rat’s locomotor activity (Martí-Prats
et al., 2015) or increasing the responses in the paradigm of
alcohol self-administration (Kumar et al., 2009; Kaminski et al.,
2013).

Finally, two additional pre-clinical studies have recently
evaluated the ability of DP to prevent voluntary ethanol
consumption, in both ethanol-naïve and ethanol-experienced
Wistar rats, in their home-cages and under non-operant
procedures (Campos-Jurado et al., 2015; Gosalbez et al., 2015).
In the former, animals were SC implanted with a mini-osmotic
pump delivering either vehicle or DP 1 mg/h along a 1-week
period. One day after surgery, every animal was exposed in
its home-cage, for the first time, to a four-bottle alcohol
self-administration model. Along the next 6 days of treatment,
although DP did not modify the voluntary ethanol intake, a
significant reduction in the preference for ethanol, with respect
to total volume of consumed liquid, was detected in the animals
receiving DP. No statistical differences were detected in the
next 6 days after treatment (post-treatment phase) between both
experimental groups (Figures 2A,B).

With regard to the ethanol-experienced rats, animals were
exposed to ethanol, under a non-operant paradigm during
a 14-week period. Next, ethanol intake was registered on a
daily basis along 3 weeks, each week corresponding to a
different experimental period: (i) Pre-treatment: baseline intake
was established; (ii) Treatment: a mini-osmotic pump was
implanted in animals delivering DP 1 mg/h along 1 week;
(iii) Post-treatment: the mini-osmotic pump was removed.
Thereafter, rats continued to drink freely for 2 weeks before

repeating the same experimental procedure, although pumps
delivered sterilized water (vehicle) instead of DP. In this
study, no differences in ethanol consumption nor ethanol
preference were reported when animals received 1 mg/h
DP treatment (Figures 2C,D). Nevertheless, after DP was
administered (post-treatment phase), rats increased their ethanol
preference in relation to pre-treatment and treatment phases,
however, ethanol intake remained unmodified. Yet, these
data suggest that, at the tested DP dose, a change in the
consumption pattern takes place, without altering the total
ethanol consumption.

Although different studies denote the existence of a positive
correlation between brain ACD levels and alcohol intake (Correa
et al., 2012; Muggironi et al., 2013; Israel et al., 2015), some
aspects still remain unclear. In this sense, the inhibition of the
brain ACD formation has been related to a reduction in the
voluntary ethanol intake in mice and rats (Aragon and Amit,
1985, 1992; Koechling and Amit, 1994; Karahanian et al., 2011;
Quintanilla et al., 2012; Ledesma et al., 2014). Moreover, the
increase of the ACD metabolism (Karahanian et al., 2015) or
the reduction of ACD disposition (Font et al., 2006b; Peana
et al., 2010) has also been associated with a significant inhibition
of voluntary ethanol consumption. Conversely, and consistent
with some of the results exposed herein, different groups have
reported that several strategies aimed at reducing the ACD
levels in the brain, inhibition of its formation (Quintanilla
et al., 2012; Tampier et al., 2013; Karahanian et al., 2015;
Peana et al., 2015) or, as shown before, ACD inactivation
(Campos-Jurado et al., 2015; Gosalbez et al., 2015), have not
been able to impair the ethanol intake when experimental
animals have moderate to long ethanol-experience. Recently,
some studies have suggested a differential influence of ACD
on the ethanol intake. It has been proposed that the key role
of ACD in the ethanol reinforcing properties could be limited
to the initial ethanol experience (called first hit), while after
this first phase, ethanol consumption may not depend on ACD
levels (Israel et al., 2015; Quintanilla et al., 2016). However,
alternative explanations in relation with divergent results have
also been taken into account. On the one hand, some of the
studies supporting the preceding theory (Quintanilla et al., 2012;
Karahanian et al., 2015) have focused on the manipulation of
ACD levels only in the VTA, leaving open the possibility that
other brain areas could be involved in the maintenance of alcohol
intake (Karahanian et al., 2015). On the other hand, ethanol-
related cues could also support the perpetuation of ethanol
drinking behavior independent of its reinforcing properties
(Greeley et al., 1993; Miller and Gold, 1994; O’Brien et al.,
1998; Tiffany and Carter, 1998; Everitt et al., 2001; Littleton
et al., 2001; See, 2002; Ingjaldsson et al., 2003a,b; van de Laar
et al., 2004; Weiss, 2010; Karahanian et al., 2015; Peana et al.,
2015).

Taking all the data into consideration, several of the
hypotheses exposed could be due to the different data obtained.
However, the diversity of protocols, experimental animals,
rodent strains and duration of ethanol expositionmake it difficult
to realistically compare the results obtained in the published
studies hitherto. Hence, further studies are required to obtain a
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FIGURE 2 | Effect of systemic administration of DP on voluntary ethanol intake and alcohol preference in ethanol-naïve (A,B) or in long-term
ethanol-experienced rats (C,D). (A) DP does not modify voluntary ethanol intake in ethanol-naïve rats (B) DP reduced ethanol preference in ethanol-naïve rats. In
panels (A,B), animals received DP (1 mg/h) or vehicle, from a mini-osmotic pump subcutaneously (SC) implanted, along the treatment phase. Along the
post-treatment phase no substance was administered. Asterisk denotes statistically significant differences with regard to the vehicle group (p < 0.05). (C) DP does
not modify voluntary ethanol intake in long-term ethanol experienced rats. (D) DP does not modify ethanol preference in long-term ethanol experienced rats. A
change in ethanol preference was detected after DP treatment only. In panels (C,D), animals received DP (1 mg/h) or vehicle, from a mini-osmotic pump SC
implanted, only along the treatment phase. Along the pre-treatment and post-treatment phase no substance was administered. Asterisk denotes statistically
significant differences relative to the pre-treatment and treatment phases (∗p < 0.05; Adapted from Campos-Jurado et al., 2015; Gosalbez et al., 2015).

firmer conclusion about DP efficacy in relation with voluntary
ethanol intake.

CONCLUSIVE REMARKS AND FUTURE
DIRECTIONS

To sum up, all of these experimental findings provide the
rationale for using ACD sequestering agents, concretely DP, as
a novel therapeutic intervention alone and or in combination
to prevent relapse into alcohol seeking and consumption. In
fact, there is a consensus among researchers that this potential
therapeutic avenue deserves more attention and investigation
(Melis et al., 2007; Sanchis and Aragón, 2007; Enrico et al., 2009;
Peana et al., 2010; Orrico et al., 2013, 2014). This is also based
on the fact that this drug acts as an ACD-scavenging compound
(Nagasawa et al., 1980) without altering any neurotransmitter
systems (Salaspuro et al., 2006). Hence, we hypothesized that
DP could be a promising drug for preventing alcohol relapse.
On the other hand, its effectiveness in reducing voluntary
ethanol consumption in long-term experienced patients still
remains unclear. In this sense, in our opinion, one possibility
that could be clinically explored is its administration ‘‘as

needed’’ in agreement with the latest trends in therapy such
as with Nalmefene. Additionally, another point in favor of
this strategy is the fact that DP has already been approved
for its use in humans, hence, this fact would lead to a faster
and easier way of inclusion in the present limited therapeutic
arsenal. In conclusion, there is a vast amount of pre-clinical
research that demonstrates the potential use of DP for treating
alcoholism. At this point, it is time for clinical researchers to
try to cross the so-called ‘‘Valley of Death’’ for alcohol drug
development, i.e., the gap between the demonstrated efficacy
in pre-clinical animal models and clinical testing. This gap
has impeded several promising novel compounds from moving
forward along the drug development pipeline (Litten et al.,
2012).
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We have previously shown that the administration of fenofibrate to high-drinker
UChB rats markedly reduces voluntary ethanol intake. Fenofibrate is a peroxisome
proliferator-activated receptor alpha (PPARα) agonist, which induces the proliferation
of peroxisomes in the liver, leading to increases in catalase levels that result in
acetaldehyde accumulation at aversive levels in the blood when animals consume
ethanol. In these new studies, we aimed to investigate if the effect of fenofibrate on
ethanol intake is produced exclusively in the liver (increasing catalase and systemic
levels of acetaldehyde) or there might be additional effects at central level. High
drinker rats (UChB) were allowed to voluntary drink 10% ethanol for 2 months.
Afterward, a daily dose of fenofibrate (25, 50 or 100 mg/kg/day) or vehicle (as control)
was administered orally for 14 days. Voluntary ethanol intake was recorded daily.
After that time, animals were deprived of ethanol access for 24 h and administered
with an oral dose of ethanol (1 g/kg) for acetaldehyde determination in blood.
Fenofibrate reduced ethanol voluntary intake by 60%, in chronically drinking rats, at
the three doses tested. Acetaldehyde in the blood rose up to between 80 µM and
100 µM. Considering the reduction of ethanol consumption, blood acetaldehyde
levels and body weight evolution, the better results were obtained at a dose of 50 mg
fenofibrate/kg/day. This dose of fenofibrate also reduced the voluntary intake of 0.2%
saccharin by 35% and increased catalase levels 2.5-fold in the liver but showed no
effects on catalase levels in the brain. To further study if fenofibrate administration
changes the motivational properties of ethanol, a conditioned-place preference
experiment was carried out. Animals treated with fenofibrate (50 mg/kg/day) did
not develop ethanol-conditioned place preference (CPP).In an additional experiment,
chronically ethanol-drinking rats underwent two cycles of ethanol deprivation/re-
access, and fenofibrate (50 mg/kg/day) was given only in deprivation periods;
under this paradigm, fenofibrate was also able to generate a prolonged (30 days)
decreasing of ethanol consumption, suggesting some effect beyond the acetaldehyde-
generated aversion. In summary, reduction of ethanol intake by fenofibrate appears
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to be a consequence of a combination of catalase induction in the liver and central
pharmacological effects.

Keywords: fibrates, catalase, alcoholism, treatment, peroxisome proliferator-activated receptor alpha

INTRODUCTION
Alcohol dehydrogenase (ADH) and mitochondrial aldehyde
dehydrogenase (ALDH2) are the main enzymes involved in
ethanol metabolism in the liver. However, catalase also plays
an important role in the conversion of ethanol to acetaldehyde
(Handler and Thurman, 1988a). Catalase is localized mainly in
peroxisomes and oxygen peroxide required for its activity is
provided via the peroxisomal oxidation of fatty acids (Handler
and Thurman, 1988b). It was reported that oral administration of
fenofibrate—a peroxisome proliferator-activated receptor alpha
(PPARα) specific agonist—to rats increases catalase activity
in the liver (Henninger et al., 1987; Steinberg et al., 1988;
Clouet et al., 1990; Arnaiz et al., 1995; Karahanian et al., 2014).
Furthermore, Karahanian et al. (2014) found that fenofibrate
reduced daily ethanol intake by 70% in high-alcohol drinking
UChB rats and Blednov et al. (2015) reported similar findings in
fenofibrate-treated mice. It is known that the increase of systemic
acetaldehyde concentration generates an aversion to ethanol
consumption (Mizoi et al., 1983), and this was the basis for
the treatment of alcohol-dependent individuals with disulfiram.
Karahanian et al. (2014) demonstrated that the administration of
fenofibrate to alcohol-drinking rats up-regulates catalase activity
in the liver, leading to a higher acetaldehyde concentration
in blood which ultimately produces the aversion to voluntary
ethanol intake. Accordingly, they found that an oral dose of 1 g
ethanol/kg produced a marked increase in blood acetaldehyde in
fenofibrate-treated animals.

An alternative hypothesis also emerged to explain the effect of
PPARα agonists on alcohol intake: these drugs would act in the
brain where they change the expression of genes related to reward
response, ultimately leading to a reduced ethanol drinking
(Blednov et al., 2015). Accordingly, upregulation of several
neuropeptide-coding genes in GABAergic neurons located in
the amygdala (an area involved in memory consolidation and
conditioning) and the prefrontal cortex (involved in the executive
decision) was reported (Ferguson et al., 2014). Interestingly,
upregulation of genes involved in dopaminergic transmission
and downregulation of genes involved in glutamate signaling
were also found (Ferguson et al., 2014), both of which important
pathways related to alcohol consumption. There is strong
evidence that PPARα agonists reduce the consumption of
another drug of abuse, such as nicotine, decreasing its reinforcing
properties in the brain (Melis et al., 2008; Mascia et al., 2011;
Panlilio et al., 2012); therefore, it is plausible that a similar
mechanism is also involved in decreasing ethanol intake.

In this work, we aimed at contributing to the clarification
of the likely mechanisms of action of PPARα agonists on
ethanol intake. Our aim was to study the peripheral (liver) and
potential central effects of fenofibrate that determine its capacity
to reduce ethanol consumption. Generally accepted paradigms
to determine whether a drug can reduce central rewarding

properties are to evaluate: (i) the prevention of conditioned place
preference (CPP); and (ii) its effects on the consumption of sweet
substances such as saccharin (Hajnal et al., 2004). Selectively
bred alcohol-preferring UChB rats were found to consume
significantly larger quantities of saccharin solution than their
alcohol-avoiding counterparts (Tampier and Quintanilla, 2005).
Although a common mechanism for the association between
consumption of sweet solutions and ethanol intake has not been
identified, this mechanism is likely involved in mediating the
rewarding properties of both sweet solutions and ethanol. It has
been shown that various drugs of abuse and sweet foods share the
ability to increase the extracellular concentration of dopamine
in the nucleus accumbens (Di Chiara, 1998; Hajnal et al., 2004)
suggesting that alcohol and sweet taste may share a common
dopaminergic mechanism in mediating their hedonic effects.

In this study, we administered fenofibrate to alcohol- or
saccharin-drinking UChB rats, in order to establish whether the
effect of this drug on the reduction of alcohol consumption is
due to effects at the central level or to an increase of the aversive
properties mediated by acetaldehyde generated in the liver after
ethanol consumption. With this aim, we evaluated the effects
of fenofibrate administration on: (i) voluntary ethanol intake;
(ii) saccharin intake; and (iii) ethanol-CPP in alcohol-preferring
UChB rats.

MATERIALS AND METHODS

Animals
High-drinker UChB rats derived from the Wistar strain and
bred selectively for their high alcohol intake (Mardones and
Segovia-Riquelme, 1983; Quintanilla et al., 2006) were used.
Two-month-old male rats (240 g ± 17 g) were housed in
individual cages in temperature-controlled rooms under a
regular 12-h light/12-h dark cycle. For 60 days, rats were
offered a choice between 10% (v/v) ethanol solution and
water, or 0.2% w/v saccharin and water. Food (Mardones rat
formula, Alimentos Cisternas, Santiago, Chile) was provided
ad libitum and the volume of water, ethanol and saccharin
solutions consumed was recorded daily. After this time, 10%
ethanol solution consumption stabilized at ∼70 ml/kg/day,
and saccharin solution mean intake was 108 ml/kg/day.
All procedures used in this study were revised by and
in compliance with the Bioethics Committee on Animal
Research, Faculty of Medicine, Universidad de Chile (Protocol
CBA0767FMUCH).

Fenofibrate Treatment
After 60 days of continuous free choice between 10% (v/v)
ethanol solution and water (or 0.2% w/v saccharin and water),
rats were divided into six groups (4 for ethanol drinking and
2 for saccharin drinking, n = 7 animals per group). Ethanol-
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FIGURE 1 | Graphical time schedule for the ethanol-drinking experiments. Twenty-eight UChB male rats were given 24 h free choice between 10% v/v ethanol and
water for 60 days. Starting at day 61, 25, 50 or 100 mg/kg/day of fenofibrate or vehicle were given orally for 14 days. At the end of fenofibrate treatment, animals
were deprived for ethanol access for 24 h to allow complete elimination of ethanol and acetaldehyde from the blood. At day 75, one ethanol dose (1 g/kg) was given
orally, and acetaldehyde in arterial blood was measured. In the end, blood, liver and brain tissues were collected for biochemical measurements.

drinking groups were treated with micronized fenofibrate
(Fibronilr, Royal Pharma, Chile) administered orally as an
aqueous suspension at a doses of 25, 50 or 100 mg/kg/day,
respectively, or a similar volume of vehicle (water) as control
for 14 consecutive days (Figure 1). Saccharin-drinking groups
were treated with fenofibrate at a dose of 50 mg/kg/day or
a similar volume of vehicle as control for 14 consecutive
days.

In another experiment, 13 UChB rats were exposed for
59 days to a free choice between 10% (v/v) ethanol and
water, animals were deprived of ethanol access on day 60 and
fenofibrate (50 mg/kg, oral, n = 7) or vehicle (n = 6) was
administered in a daily basis during 14 days (61–74). On day 78, a
second period of free choice between 10% (v/v) ethanol and water
was re-instated for 24 days (78–101). On day 102, ethanol access
was suppressed again and fenofibrate or vehicle administration
was repeated for 14 days (103–116). After that, a third period of
free choice between 10% (v/v) ethanol and water was re-instated
on day 117, which lasted for 38 days (117–154).

Determination of Acetaldehyde in Blood
Acetaldehyde levels in arterial blood were determined as
described previously (Karahanian et al., 2014). Briefly, rats under
chronic ethanol consumption that were treated with fenofibrate
(25, 50, 100 mg/kg/day) or vehicle for 14 days were deprived
for ethanol access for 24 h to allow complete elimination of
ethanol and acetaldehyde from the blood. At day 75 ethanol
(1 g/kg) was given orally (as a 20% solution in saline; Figure 1).
Acetaldehyde in arterial blood was measured by head-space
gas chromatography at 5, 10, 15, 30 and 60 min post-ethanol
administration. After blood acetaldehyde determination, animals
were sacrificed by decapitation and tissues (blood, liver and
brain) were sampled. Blood was collected in EDTA-tubes and
centrifuged at 1500× g at 4◦C for 10 min to obtain plasma. Liver
and brain were quickly excised, weighed and stored at −80◦C for
posterior analysis.

Quantification of Catalase Levels on Liver
and Brain by Western Blot
Liver and brain tissues were homogenized in a pestle with
1% Triton X-100 in phosphate buffer [50 mM (pH 7.4)]
containing a complete EDTA-free protease inhibitor cocktail
(Pierce, Rockford, IL, USA). Cell debris was removed by
centrifugation and protein content was determined with the
Micro BCA protein assay kit (Pierce, Rockford, IL, USA).
Samples were analyzed by western blot with an anti-catalase
primary antibody (Pierce PA523246) and beta-actin (Pierce
PA1183) plus a goat anti-rabbit secondary antibody conjugated
to HRP (Pierce 31460). Total protein loaded per lane was
adjusted to 100 µg. Blotting membranes were revealed
for chemiluminiscence with Pierce ECL Western Blotting
Substrate. As catalase is far more abundant in liver than
in the brain, the exposure of the autoradiography films
was adjusted separately to obtain clear signals in both
samples.

Conditioned Place Preference
Adult male UChB rats had free access to two bottles containing
10% ethanol and water for 60 days at the same conditions
described above. Ethanol access was then restricted for 14 days,
and animals were divided into two groups: one group was treated
with fenofibrate 50 mg/kg p.o. for 14 days, and the other group
was given the vehicle as the control (n = 7 animals per group).
At the start of fenofibrate treatment, alcohol-induced CPP was
assessed according to the methodology described by Quintanilla
and Tampier (2011). Briefly, animals were placed in boxes
with three compartments separated by removable guillotine
doors. One compartment is painted black, the other is white
and the central compartment is painted gray. The procedure
had three phases: preconditioning, conditioning and post-
conditioning. In the preconditioning phase, three sessions were
conducted 24 h apart to determine the initially non-preferred
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FIGURE 2 | Ethanol voluntary intake of fenofibrate-treated animals. UChB rats were given 24 h free choice between 10% v/v ethanol and water for 60 days. Starting
at day 61, 25, 50 or 100 mg/kg/day of fenofibrate (n = 7) or vehicle (n = 7) were given orally for 14 days (arrow). Ethanol intake was recorded daily, every 24 h.
Deviations shown are SEM. two-way ANOVA test indicates that alcohol intake in the fenofibrate-treated groups was significantly lower than in the control group
(&p < 0.05, &&p < 0.01, &&&p < 0.001 for fenofibrate 25 mg/kg/day vs. vehicle; ∗∗p < 0.01, ∗∗∗p < 0.001 for fenofibrate 50 mg/kg/day vs. vehicle; ##p < 0.01,
###p < 0.001 for fenofibrate 100 mg/kg/day vs. vehicle).

side of the apparatus for each animal. In each session, rats
were placed in the passageway leading to the conditioning
chambers for 15 min. The time each rat spent in each chamber
was recorded. During the conditioning phase (days 4–14),
guillotine doors separated the compartments so the rats were
confined to one side of the conditioning apparatus. Rats were
administered ethanol orally (1 g/kg), placed immediately in
their less preferred compartment and left there for 15 min.
On alternate days, the animals were administered saline and
placed in their preferred compartment. As a result of this
conditioning schedule, ethanol has been paired five times with
the less preferred compartment. The post-conditioning phase
began 24 h after the last conditioning trial: a 15 min choice test
was performed with no administrations in which the rats could
move freely between the two chambers, and the time spent by
each rat in the drug-paired compartment was recorded. Data are
expressed as percentage of total time spent in the ethanol-paired
compartment.

Determination of Serum Transaminases
After treatment with fenofibrate or vehicle for 14 days, blood was
extracted to determine the levels of alanine transferase (ALAT)
and aspartate transaminase (ASAT) to assess liver damage
(ALAT/GPT and ASAT/GOT Kits, Valtek Diagnostics, Chile).
The activity was calculated as International Units/liter (IU/L),
according to the indications of the supplier.

Statistical Analyses
Data are expressed as means ± SEM. Statistical differences are
analyzed by Student’s t-test or two-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison post

hoc test. A level of p < 0.05 was considered for statistical
significance.

RESULTS

Effect of Fenofibrate Administration on
Voluntary Intake of Ethanol and Blood
Acetaldehyde Levels
Twenty-eight male UChB rats were allowed to voluntarily drink
ethanol 10% (v/v) or water for 60 days until consumption was
stabilized at ∼70 ml ethanol (10%)/kg/day. The mean daily
ethanol consumption of the animals between 1 day and 60 days
was 68.9 ± 1.4 mL of 10% ethanol/kg/day. Starting at day
61, animals were divided into four groups (n = 7 animals
per group) given fenofibrate at a daily oral dose (25, 50 or
100 mg/kg/day) or vehicle for 14 days. The effect of repeated
administration of fenofibrate on ethanol intake was evaluated
using a 24 h continuous-access paradigm. As shown in Figure 2,
ethanol intake quickly decreases after fenofibrate administration,
attaining 60% reduction after 2 days for all doses of fenofibrate
(F(3,336) = 127.0, p < 0.001 for drug effect). This decrease
remained constant throughout the remaining days of fenofibrate
treatment. There were no statistically significant differences
between fenofibrate groups (F(2,252) = 3.755, p > 0.05 for drug
effect).

Figure 3 shows that 5 min after the administration of an
oral ethanol dose (1 g/kg) to fenofibrate-treated UChB rats, a
marked 5-fold elevation of acetaldehyde levels in arterial blood
was verified for the three fenofibrate doses tested in comparison
to vehicle treated rats (from 15 µM up to 80–100 µM,
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FIGURE 3 | Blood acetaldehyde levels in fenofibrate-treated animals after a
single oral dose of ethanol. UChB rats were allowed to voluntarily drink
10% v/v alcohol and water for 60 days on a 24-h basis. On the subsequent
14 days, 25, 50 or 100 mg/kg/day fenofibrate was given orally to three groups
(n = 7) while the control group (n = 7) was given vehicle. Thereafter, animals
were deprived from ethanol access for 24 h and ethanol (1 g/kg) was
administered orally to both fenofibrate-treated and control (vehicle) animals.
Blood samples for acetaldehyde measurement were drawn from the carotid
artery at different times. Deviations shown are SEM.; two-way ANOVA test
indicates that blood acetaldehyde levels in the fenofibrate-treated group were
significantly higher than in the control group (&&&p < 0.001 for fenofibrate
25 mg/kg/day vs. vehicle; ∗∗∗p < 0.001 for fenofibrate 50 mg/kg/day vs.
vehicle; ###p < 0.001 for fenofibrate 100 mg/kg/day vs. vehicle).

F(3,120) = 90.87, p < 0.001 for drug effect). A two-way ANOVA
analysis of time-course acetaldehyde levels for fenofibrate groups
showed that they were statistically different (F(2,90) = 4.330,
p < 0.05 for drug effect), but a posthoc test of individual
time-points showed no significant differences between them.
Blood acetaldehyde levels remained significantly elevated in
fenofibrate-treated rats beyond 1 h after ethanol administration.

Figure 4 shows the evolution of body weight of the same
group of UChB rats used to study the effects of fenofibrate
on voluntary ethanol intake. Results show that fenofibrate
administration at doses of 25 and 50 mg/kg/day did not
induce changes in animal body weight compared to the
vehicle group (F(2,36) = 0.7778, p > 0.05 for drug effect).
By contrast, administration of 100 mg/kg/day of fenofibrate
reduced body weight compared to vehicle treated animals
(F(1,24) = 16.44, p < 0.001 for drug effect). Animals showed
no signs of sickness after fenofibrate treatment. Fenofibrate-
treated animals compensate their decreased consumption
of ethanol solution by increasing water intake (data not
shown).

Effect of Fenofibrate Administration on
Voluntary Intake of Saccharin
Taking into account that the fenofibrate dose of 25 mg/kg/day
achieved the lower reduction of ethanol consumption (Figure 2)
and lower blood acetaldehyde levels (Figure 3) and that
fenofibrate dosing of 100 mg/kg/day produced alterations in the
body weights of the animals (Figure 4), we decided to continue
the following experiments with a dose of 50 mg/kg/day. In
the case of saccharin consumption, animals were offered a free
choice between 0.2% w/v saccharin solution and water, from two

FIGURE 4 | Body weight evolution of fenofibrate-treated animals. Body weight
was measured weekly in the group of UChB rats used to study the effects of
fenofibrate on voluntary ethanol intake. Arrows indicate the daily administration
of fenofibrate (25, 50 or 100 mg/kg/day) or vehicle to the animals. Deviations
shown are SEM (#p < 0.05, ##p < 0.01 for fenofibrate 100 mg/kg/day vs.
vehicle).

graduated bottles. After 60 days, 0.2% saccharin consumption
averaged 108 ml/kg/day. The daily saccharin consumption prior
to fenofibrate administration (days 1–60) was not different
between the two groups (F(1,720) = 0.48, p = 0.48; Figure 5).
At that time, fenofibrate (50 mg/kg/day, p.o.) or vehicle were
administered for 14 days, as described in Materials and Methods.
As it can be seen in Figure 5, saccharin consumption was reduced
in the first 3 days of fenofibrate or vehicle administration in
both groups. After those first 3 days, saccharin intake returned
to pre-treatment levels in the control group (the apparent
difference between pre- and post-vehicle administration is not
statistically significant (F(1,280) = 2.6, p > 0.05). However, in
the fenofibrate-treated group, saccharin consumption raised
only up to 65% of pre-treatment levels (F(1,140) = 36.25,
p < 0.0001). Fenofibrate-treated animals compensate their
decreased consumption of saccharin solution by increasing water
intake (data not shown).

FIGURE 5 | Saccharin consumption of fenofibrate-treated animals. UChB rats
were allowed to voluntary drink 0.2% w/v saccharin and water for 60 days on
a 24-h basis. After this period, 50 mg/kg/day of fenofibrate (n = 7) or vehicle
(n = 7) was given orally for 14 days (arrows). Saccharin intake was recorded
daily, every 24 h. Deviations shown are SEM.; two-way ANOVA test indicates
that saccharin intake in the fenofibrate-treated group was significantly lower
than in the control group from day 65 onwards (∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001).
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FIGURE 6 | Catalase expression in liver and the brain of fenofibrate-treated animals. Catalase levels were determined by western blot in brain and liver of ethanol or
saccharin drinking rats (treated with fenofibrate or vehicle; n = 7 for each group). Catalase levels were normalized against β-actin. Bars represent the normalized
densitometric quantification of the bands. Catalase expression of the saccharin group without fenofibrate administration was used as control (100%). ∗∗p < 0.01 with
respect to control; n.s. = difference statistically non-significant.

Effect of Fenofibrate on Catalase Levels in
Liver and Brain
One of the effects of the administration of fenofibrate is the
increase of catalase activity in the liver. In previous studies,
we observed a 2.5-fold increase in liver catalase activity in
fenofibrate-treated animals (Karahanian et al., 2014). As catalase-
generated acetaldehyde in the brain is rewarding rather than
aversive (Karahanian et al., 2011; Israel et al., 2015), it was
also important to test if fenofibrate increases catalase levels in
this organ. Western blot analysis showed ∼2.5-fold increase of
catalase in the liver of fenofibrate-treated animals (Figure 6).
Conversely, catalase levels were unaltered in the brain (Figure 6).
Chronic ethanol or saccharin consumption by UChB rats did not
induce significant changes in catalase levels in neither the liver
nor brain.

Effect of Fenofibrate on Ethanol-Induced
Conditioned Place Preference
It has been reported that after 60 days of voluntary alcohol
drinking, UChB rats develop ethanol-induced CPP when
administered daily doses of 1 g/kg ethanol (Quintanilla and
Tampier, 2011). As acetaldehyde generated by the upregulation
of catalase would produce an ethanol-avoiding effect, we
expected that fenofibrate would affect ethanol-induced CPP
in UChB rats. As shown in Figure 7, animals treated with

fenofibrate or vehicle did not present any significant difference
in the time spent in the less preferred side before conditioning
(15.1 ± 2.3 vs. 15.9 ± 3.9% of time; t-test: t = 0.18, df = 12,
p = 0.85, white bars). On alternate days, animal received five
conditioning sessions on which ethanol (1 g/kg, p.o.) was
administered and placed for 15min in the less preferred side. The
postconditioning session revealed that rats treated with vehicle
developed a marked CPP, expressed as a 2.4-fold increase in the
time spent in the ethanol-paired compartment compared to the
preconditioning value (15.9± 3.9 vs. 38.7± 12.1% of time; t-test:
t = 1.8, df = 12, p< 0.05). The postconditioning time spent in the
ethanol-paired compartment by fenofibrate-treated rats showed
that fenofibrate prevented the development of ethanol-induced
CPP (14.7 ± 2.6 vs. 18.8 ± 6.3% of time; t-test: t = 0.6, df = 12,
p = 0.27).

Effect of Fenofibrate Administration during
Periods of Alcohol Withdrawal
We were also interested in investigating whether fenofibrate
treatment would have any medium or long-term action on
ethanol consumption after its administration. To do this, UChB
rats were exposed for 60 days to a free-choice between 10%
ethanol and water, after that animals were withdrawn from
ethanol access (18 days) and at that time the administration
of fenofibrate was started at a daily dose of 50 mg/kg/day for
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FIGURE 7 | Fenofibrate administration prevents ethanol-induced conditioned
place preference (CPP) in UChB rats. CPP was not generated by ethanol
administration (1 g/kg oral) in UChB rats treated with fenofibrate. In the control
group, CPP was clearly developed. Values represent mean time (±SEM) spent
in the ethanol-paired side during the pre-conditioning and post-conditioning
phases (∗p < 0.05). n = 7 per group.

14 days. Subsequently, the access to ethanol was restored for
24 days. Figure 8 shows that after re-access, animals treated with
fenofibrate markedly reduced its mean voluntary ethanol intake
by 42% compared to animals treated with vehicle (3.7 ± 0.2 vs.
6.3 ± 0.1 g ethanol/kg/day; two-way ANOVA, F(1,264) = 288.2,
p < 0.0001). A Bonferroni’s post hoc test shows that reduction of
ethanol intake was statistically significant during the first 12 days
of ethanol re-access.

At that time, a second cycle of deprivation/reaccess
was performed, depriving alcohol and administering
fenofibrate for 14 days, then withdrawing fenofibrate
and allowing free consumption of ethanol for 38 days.
As can be seen in Figure 8, after this second re-access,
animals treated with fenofibrate reduced its mean voluntary
ethanol intake by 41% compared to animals treated with
vehicle (3.7 ± 0.1 vs. 6.2 ± 0.1 g ethanol/kg/day; two-way
ANOVA, F (1,418) = 311, 5, p < 0.0001). A Bonferroni’s
post hoc test shows that reduction of ethanol intake in this
second re-access was statistically significant during the first
15 days.

Effect of Fenofibrate Treatment on Serum
Transaminases
The effect of fenofibrate administration in conjunction with
voluntary chronic alcohol consumption on liver damage had
not been studied. It was also important to determine if
co-administration of ethanol and fenofibrate produce toxic
effects in the liver that could affect the behavior of animals.
To assess this effect, we evaluated as markers of liver damage
the activity of the enzymes ASAT and ALAT. As shown in

Figure 9, there are no differences in ASAT and ALAT activity
between ethanol, ethanol plus fenofibrate, saccharin or saccharin
plus fenofibrate treatments, indicating that no damage to the
liver occurs when both ethanol and fenofibrate are administered
at the same time. The apparent differences in ALAT activity
between ethanol and saccharin groups are not statistically
significant.

DISCUSSION

In a previous report, we showed that fenofibrate is able to
reduce voluntary alcohol consumption by 70% in high alcohol-
drinker UChB rats (Karahanian et al., 2014). We also showed
that fenofibrate treatment produced a 2.5-fold increase in
catalase activity in the liver and a 10-fold increase (70–95 µM)
in blood acetaldehyde levels after animals were administered
an oral dose of 1 g/kg ethanol. This excess of systemic
acetaldehyde then would produce an aversive effect towards
ethanol consumption.

However, we cannot rule out the possibility that fenofibrate
exerts part of its effect at the CNS level (e.g., by altering the
preference and/or the hedonistic effect of ethanol). This latter
hypothesis was proposed by Ferguson et al. (2014), as they
found that fenofibrate produced alterations of neuropeptide
and dopaminergic gene expression in the amygdala. Indeed,
fenofibrate is able to reach the brain (Weil et al., 1988; Blednov
et al., 2015). With these antecedents, we had proposed that
the reduction of alcohol intake seen after the administration
of PPARα agonists could be a dual phenomenon: (i) PPARα

activation is important in the liver, where an increase in
catalase activity leads to blood acetaldehyde accumulation whose
aversive effects produce a decrease in alcohol intake; and (ii)
PPARα could have central effects altering neuronal circuits that
are important for the ethanol drinking behavior (Karahanian
et al., 2015). In order to determine the contribution of hepatic
or/and CNS effects in the reduction of ethanol intake elicited
by fenofibrate, we measured alcohol and saccharin intake in
UChB rats after administration of fenofibrate (50 mg/kg/day).
As it can be seen in Figure 2, UChB rats voluntary drink
∼70 ml of 10% ethanol solution/kg/day. The next after
starting the administration of a daily oral doses of 25, 50 or
100 mg/kg fenofibrate, alcohol intake decreased by 60%.
This reduced alcohol consumption remained basically constant
throughout the 14 days of fenofibrate treatment. This is in
total agreement with data we reported in a previous work
(Karahanian et al., 2014). There were no differences between
the three doses of fenofibrate tested. Accordingly, the three
doses of fenofibrate tested produced a similar increase in blood
acetaldehyde levels after the administration of a dose of alcohol
(1 g/kg) to the animals (80–100 µM vs. 15 µM in controls;
Figure 3).

Interestingly, while the 25 and 50 mg/kg/day doses did not
produce effects on the body weight of the animals, the dose of
100 mg/kg/day produced a decrease in this parameter (Figure 4).
It is possible that this higher dose has caused discomfort, or
some type of damage or simply a lower consumption of food in
the animals. In any case, it has been reported that in humans
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FIGURE 8 | The administration of fenofibrate in periods of alcohol deprivation elicit a persistent reduction of post-deprivation ethanol consumption. Rats that
consumed alcohol chronically for 60 days, were subjected to two cycles of ethanol withdrawal plus fenofibrate administration followed by re-access to ethanol
without fenofibrate administration. Fenofibrate-treated animals reduced significantly its voluntary ethanol intake compared to vehicle-treated animals (two-way
ANOVA test; p < 0.0001). Black arrows indicate the administration of fenofibrate (50 mg/kg/day) or vehicle to the animals. Deviations shown are SEM (∗p < 0.05;
∗∗p < 0.01; ∗∗∗p < 0.001).

only 5% of patients suffer from gastrointestinal discomfort
resulting from treatment with fenofibrate (Mahley and Bersot,
2001).

In the case of saccharin-drinking rats, the administration of
fenofibrate lowered saccharin consumption by 35% (Figure 5).
Therefore, we suggest that a significant part of the effect
of fenofibrate on the reduction in ethanol intake could take
place at the central level. There is evidence that ethanol and
palatable foods (e.g., sweet taste) ingestion share common
mechanisms involving µ-opioid receptors and dopaminergic
transmission in the brain reward system (Di Chiara, 1998;
Kelley et al., 2002; Hajnal et al., 2004). Tampier and Quintanilla
(2005) showed that UChB rats (bred for their high ethanol
intake) have a higher preference for saccharin intake than
UChA rats (low alcohol drinking). Furthermore, a long-term
exposure to a 10% alcohol solution containing 0.2% saccharin
induced a significant increase in alcohol consumption in
UChB rats once saccharin was faded out, whereas alcohol
consumption in UChA rats returned to the previous low
value (Tampier and Quintanilla, 2005). In the same line,
when UChB rats exposed for 3 months to a free choice
between 10% ethanol and water were offered with a third
bottle containing 0.2% saccharin, they maintained their levels of
ethanol consumption but showing a 2.3-fold increase in their
consumption of saccharin solution (Tampier and Quintanilla,
2009). These results suggest the existence of common neuronal
mechanisms determining the rewarding properties of ethanol
and saccharin.

While there is a direct relationship between the activation
of PPARα mediated by fenofibrate with an increased catalase
activity in the liver and subsequent aversion to alcohol intake
due to increased levels of ethanol-derived acetaldehyde in
blood, the connection between PPARα activation and the
decrease in the rewarding properties of ethanol has not a
straightforward explanation. PPARα is expressed throughout

the central nervous system, including the midbrain (Cullingford
et al., 1998) and the nucleus accumbens core and shell (Moreno
et al., 2004); this last area is essential for the rewarding
properties of many drugs of abuse. Ferguson et al. (2014)
reported that fenofibrate produces several changes in genes
related to synaptic transmission in brain regions relevant to
addictive behaviors (amygdala and prefrontal cortex). However,
a mechanistic relation between PPARα activation in the brain
and changes in the expression patterns of those genes is
still lacking. Dopamine neurons in the ventral tegmental area
(VTA) express nicotinic acetylcholine receptors (Clarke et al.,
1985), whose activation lead to an increased dopaminergic
activity (Pidoplichko et al., 1997). It has been reported that
activation of PPARα induces a yet-unidentified tyrosine kinase(s)
which phosphorilates and negatively regulates β2-nicotinic
acetylcholine receptors, thus decreasing the dopaminergic
activity of VTA neurons (Melis et al., 2008, 2010). According
to this, one possibility is that fenofibrate-mediated activation
of PPARα would diminish dopamine release in the mesolimbic
system, thus decreasing reward. The effect of fenofibrate at
the central level would not be surprising, since it has been
described that PPARα activation leads to a lower consumption
of nicotine, due to a decrease of its rewarding properties
(Mascia et al., 2011; Panlilio et al., 2012). In these studies,
PPAR-α agonists dose-dependently decreased nicotine-induced
excitation of dopamine neurons in the VTA and nicotine-
induced elevations of dopamine levels in the nucleus accumbens
shell of rats.

Disulfiram inhibits ALDH2 in the liver, leading to a buildup
of acetaldehyde in the periphery when the individual consumes
alcohol. This excess of acetaldehyde finally produces aversion to
alcoholic beverages. This effect is clearly observed in UChB rats
when they initiate their alcohol intake (Tampier et al., 2008);
however, when these rats have ingested ethanol chronically,
disulfiram although having an identical effect in elevating blood
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acetaldehyde levels is completely ineffective in reducing ethanol
intake (Tampier et al., 2008). It is noteworthy that in these
studies, acetaldehyde accumulated at even higher concentrations
(150 µM) than those achieved in the studies presented here
(80–100 µM). Similarly, in humans, the success rate of treatment
with disulfiram is quite low because many patients do not show
aversion to ethanol ingestion and further develop tolerance
to disulfiram. Recent placebo-controlled clinical work and
meta-analyses also show that disulfiram—as a drug (in blind
studies)—is not different from placebo in reducing ethanol
relapse in alcoholics (Skinner et al., 2014; Yoshimura et al., 2014).
These studies might be taken as an indication that following
chronic ethanol intake a systemic elevation of acetaldehyde
does not inhibit ethanol consumption. However, increases
in systemic acetaldehyde following the administration of an
adenoviral vector (which does not enter the brain) coding for
an antisense-RNA that inhibits ALDH2 synthesis or another
adenoviral vector that also overexpresses ADH, markedly
inhibited (50%–65%) voluntary ethanol intake of rats that had
ingested ethanol chronically for 60–75 days (Ocaranza et al.,
2008; Rivera-Meza et al., 2012). Rather, the lack of disulfiram
effect on ethanol intake in animals fed alcohol chronically (and
in alcoholics) may stem from the fact that disulfiram crosses
the blood-brain barrier and also inhibits ALDH2 in the brain
(Hellström and Tottmar, 1982), increasing acetaldehyde levels in
this organ. A number of studies have shown that oppositely to its
peripherally aversive actions, acetaldehyde possesses reinforcing
and stimulating effects in the brain (Rodd et al., 2005). Thus,
in ethanol-fed rats brain disulfiram might contribute an added
hedonistic effect of ethanol to counter the aversive effects of
acetaldehyde in the periphery. Therefore, in order to find a
drug that is more effective than disulfiram in reducing alcohol
consumption in patients, this drug should ideally stimulate the
production of acetaldehyde in the periphery, and not in the
brain. To clarify whether treatment with fenofibrate increases
levels of catalase in the brain, we quantified catalase levels by
western blot. Clearly, no increase in catalase is observed in the
brain after the treatment with fenofibrate. In contrast, levels of
catalase in the liver undergo a marked increase (Figure 6). As
fenofibrate induced a reduction on voluntary ethanol intake in
chronically drinker rats, we hypothesized that it can also interfere
with the development of CPP. In fact, the administration of
fenofibrate fully blocked CPP (Figure 7). It is interesting that
fenofibrate was also able to reduce alcohol consumption when
it was administered not simultaneously with ethanol (Figure 8).
In animals that have been consuming alcohol for 60 days,
when alcohol was withdrawn and fenofibrate was given for
14 days, a significant decrease in consumption was observed
on the following days of ethanol re-access. A second cycle
of deprivation/administration of fenofibrate and subsequent
re-access to ethanol also showed a decrease in consumption,
and this effect lasted longer than in the first cycle (12 days vs.
15 days). These observations have two possible explanations: (i)
the levels of catalase in the liver may remain elevated several
days after withdrawal of fenofibrate, so that the aversive reaction
to peripheral acetaldehyde would continue to occur; or (ii)
fenofibrate produced effects at the central level, decreasing the

FIGURE 9 | Enzyme markers of liver damage when fenofibrate was
administered alone or in conjunction with ethanol. Aspartate transaminase
(ASAT) and alanine transferase (ALAT) levels were determined in serum from
ethanol or saccharin drinking rats (treated or non-treated with fenofibrate;
n = 7 for each group).

preference for ethanol when it was offered back to the animals.
Further experiments are needed to clarify this point.

One of our concerns was that the co-administration of
fenofibrate in conjunction with voluntary alcohol consumption
could somehow produce liver damage. Under our experimental
conditions, no changes in ASAT and ALAT were detected
in the serum of ethanol-drinking fenofibrate-treated animals
(Figure 9). Tsutsumi and Takase (2001) studied the effect
of fenofibrate administration to rats subjected to forced
consumption of alcohol (ethanol-containing liquid diet); they
observed not only that fenofibrate administered together with
ethanol did not produce liver damage, but that some indicators
improved (ALAT decreased in serum). In addition, treatment
with fenofibrate reverted the hepatic steatosis induced by the
consumption of the ethanol-containing liquid diet.

In summary, fenofibrate produces a 60% decrease in
voluntary ethanol intake in high-drinker rats and 35% reduction
in saccharin intake. These results suggest that fenofibrate reduces
ethanol appetence by a combination of peripherally (aversive)
and central effects. Thus, fenofibrate administration can be
further explored as a new pharmacological strategy for the
treatment of alcoholism.
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Ethanol, like other substances of abuse, preferentially increases dopamine (DA)
transmission in the rat nucleus accumbens (NAc) following passive administration.
It remains unclear, however, whether ethanol also increases NAc DA transmission
following operant oral self-administration (SA). The NAc is made-up of a ventro-medial
compartment, the shell and a dorso-lateral one, the core, where DA transmission
responds differentially following exposure to drugs of abuse. Previous studies from
our laboratory investigated changes in dialysate DA in the NAc shell and core of
rats responding for sucrose pellets and for drugs of abuse. As a follow up to these
studies, we recently investigated the changes in NAc shell and core DA transmission
associated to oral SA of a 10% ethanol solution. For the purpose of comparison with
literature studies utilizing sucrose + ethanol solutions, we also investigated the changes
in dialysate DA associated to SA of 20% sucrose and 10% ethanol + 20% sucrose
solutions. Rats were trained to acquire oral SA of the solutions under a Fixed Ratio 1
(FR1) schedule of nose-poking. After training, rats were monitored by microdialysis on
three consecutive days under response contingent (active), reward omission (extinction
trial) and response non-contingent (passive) presentation of ethanol, sucrose or ethanol
+ sucrose solutions. Active and passive ethanol administration produced a similar
increase in dialysate DA in the two NAc subdivisions, while under extinction trial DA
increased preferentially in the shell compared to the core. Conversely, under sucrose
SA and extinction DA increased exclusively in the shell. These observations provide
unequivocal evidence that oral SA of 10% ethanol increases dialysate DA in the NAc,
and also suggest that stimuli conditioned to ethanol exposure contribute to the increase
of dialysate DA observed in the NAc following ethanol SA. Comparison between the
pattern of DA changes detected in the NAc subdivisions under sucrose and ethanol
SA likewise suggests that the NAc shell and core DA play different roles in sucrose as
compared to ethanol reinforcement.

Keywords: mesolimbic system, self-administration, sucrose, ethanol, dopamine, shell, core

INTRODUCTION

Drinking of alcohol plays an important social role in numerous cultures, with alcoholic
beverages being legally available throughout the majority of countries worldwide. However,
alcohol consumption may lead to dependance; indeed, the high prevalence of alcoholism
in the general population represents a major social and health issue, and considerable

Frontiers in Behavioral Neuroscience | www.frontiersin.org May 2017 | Volume 11 | Article 71135

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
https://doi.org/10.3389/fnbeh.2017.00071
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbeh.2017.00071&domain=pdf&date_stamp=2017-05-01
http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00071/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00071/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00071/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00071/abstract
http://loop.frontiersin.org/people/40971/overview
http://loop.frontiersin.org/people/432560/overview
http://loop.frontiersin.org/people/432616/overview
http://loop.frontiersin.org/people/9666/overview
https://creativecommons.org/licenses/by/4.0/
mailto:bassareo@unica.it
mailto:dichiara@unica.it
https://doi.org/10.3389/fnbeh.2017.00071
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Bassareo et al. Accumbens Dopamine under Ethanol Self-Administration

effort has been devoted on clarifying the neurobiological bases of
this condition.

A large number of studies have focused on the ability of
ethanol to stimulate in vivo dopamine (DA) transmission in
the nucleus accumbens (NAc) of rats and mice (Imperato
and Di Chiara, 1986; Weiss et al., 1993; Gonzales and
Weiss, 1998; Melendez et al., 2002; Doyon et al., 2003,
2005; Tang et al., 2003; for review see Gonzales et al.,
2004). The NAc, however, is not a homogeneous structure,
being made up of a ventro-medial subdivision, the shell
and a dorso-lateral one, the core, possessing different
input-out connections and functions. Drugs of abuse such
as cocaine, amphetamine, morphine, heroin, THC, MDMA
and nicotine preferentially activate shell DA transmission
following response non-contingent (passive) as well as
response-contingent exposure (Pontieri et al., 1995, 1996;
Tanda et al., 1997; Lecca et al., 2006a,b, 2007a,b; Aragona et al.,
2008).

While the ability of response non-contingent ethanol to
increase dialysate DA in the NAc, and in particular the shell,
is well established (Di Chiara and Imperato, 1985; Imperato
and Di Chiara, 1986; Di Chiara et al., 1996; Bassareo et al.,
2003; Howard et al., 2008), it remains unclear whether the
same also applies to response-contingent oral administration
(self-administration, SA). Previous microdialysis studies in rats
self-administering oral ethanol solutions have estimated the
changes in DA transmission in the NAc by taking as basal (100%)
values the levels of dialysate DA in samples collected in the
rat’s home cage (Weiss et al., 1993; Gonzales and Weiss, 1998;
Doyon et al., 2003, 2005; Howard et al., 2009). However, transfer
to the Skinner box equipped for microdialysis monitoring was
found to increase per se dialysate DA in the NAc (Weiss et al.,
1993; Gonzales and Weiss, 1998; Doyon et al., 2003, 2005;
Howard et al., 2009). Accordingly, as highlighted by Gonzales
and Weiss (1998), it is unclear to what extent the increase
in dialysate DA observed in the NAc under ethanol SA is
affected by the DA-activating influence of transfer from the
home cage to the Skinner box (Weiss et al., 1993; Gonzales
and Weiss, 1998; Doyon et al., 2003, 2005; Howard et al.,
2009). On the other hand, in studies from the same group
that distinguished the NAc shell from core, no increase of
DA was observed, except for microdialysis probe placements
at the border between the shell and core, an area that the
same authors indicate as ‘‘shore’’ but devoid of anatomical and
physiological identity (Howard et al., 2008). A further point
of uncertainty in the paradigm adopted in the above studies
arises from the failure of sucrose SA to increase dialysate
DA in any subdivision of the NAc (Howard et al., 2009).
This observation is in contrast with a large number of studies
showing that sucrose SA increases dialysate DA, depending on
the experimental conditions, specifically in the NAc shell, or in
both the shell and core (Bassareo and Di Chiara, 1997, 1999;
Brown et al., 2011; Cacciapaglia et al., 2012; Bassareo et al.,
2015a,b,c).

This premise shows that it is still unclear if indeed oral
ethanol SA increases DA transmission in the NAc, as estimated
by microdialysis. In an attempt to shed light on this issue we

compared changes in dialysate DA in the shell and core of
rats trained to respond for oral ethanol (10% solution), sucrose
(20% solution) and 10% ethanol in 20% sucrose solution. Rats
were tested on three consecutive days under operant (active),
extinction trial and passive ethanol presentation. This procedure
has previously been used by our group in studies of sucrose pellet
reinforcement (Bassareo et al., 2015a,b,c).

MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (Harlan Italy, Udine, Italy)
weighing 250–275 g were housed in group of six per cage
(h:20 cm × w:38 cm × l:59 cm) with standard chow (Stefano
Morini, S. Polo D’Enza, RE, Italy) and water available ad libitum,
for at least 1 week in the central animal room under constant
temperature (23◦C), humidity (60%) and a 12 h light/dark cycle
(light on from 8 a.m. to 8 p.m.).

This study was carried out in accordance with the guidelines
for care and use of experimental animals of the European
Communities Council (2010/63/UE L 276 20/10/2010) and
with Italian law (DL: 04.03.2014, N◦26), and approved by the
Organism for animal care of University of Cagliari (OPBA).
Every effort was made to minimize suffering and reduce the
numbers of animals used.

Surgery
Rats were anesthetized as previously reported by our group
(Bassareo et al., 2015a). A guide cannula (Plasticone, Roanoke,
VA, USA; Ø: 0,022 mm) was stereotaxically and unilaterally
implanted, randomly in the left or in the right hemisphere
according to the following coordinates: NAc shell (A: 2.0 mm;
L: 1 mm from bregma, V: −3.6 mm from dura), NAc core
(A: 1.6 mm; L: 1.9 mm from bregma, V: −3.4 mm from dura)
according to the atlas of Paxinos and Watson (1998). Guide
cannulae were plugged with a dummy cannula.

After surgery, rats were housed in individual cages
(45 × 21 × 24 cm) under the same conditions mentioned
above. Rats were left to recover for 10 days, and Gentamicin
sulfate (40 mg/Kg s.c.) was administered over the first 5 days.
Rats were handled once daily for 5 min throughout the training
period to habituate them to contact with the operator and all
procedures.

After recovery rats were fed daily with 20 g standard
chow (Stefano Morini, S. Polo D’ Enza, RE, Italy) and their
weight maintained at approx. 95% their ad libitum weight.
Water was available ad libitum throughout the duration of
experiments.

Microdialysis
Probe Preparation
Microdialysis probes were prepared according to the method of
Lecca et al. (2006a,b) and reported by us (Bassareo et al., 2015c),
using AN69 membrane (Hospal Dasco, Italy). The length of the
dialyzing portion of the probe was 1.5mm. A new probe was used
for each experimental session.
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Microdialysis Experiments
At the beginning of each microdialysis session, microdialysis
probes were connected to an infusion pump and perfused with
Ringer’s solution (147 mM NaCl, 4 mM KCl, 2.2 mM CaCl2;
see Lecca et al., 2006a on the use of 2.2 mM Ca2+ in the
Ringer) at a constant rate of 1 µl/min. The dummy cannula
was removed and the microdialysis probe inserted through the
guide cannula. Dialysate samples (10µl) were taken every 10min
and injected without purification into either a high-performance
liquid chromatograph (HPLC) or an ultra HPLC (UHPLC;
ALEXYS Neurotransmitter analyzer, Antec).

The HPLC was equipped with a reverse phase column (LC-
18 DB, 15 cm, 5 µm particle size, Supelco) and a coulometric
detector (ESA, Coulochem II, Bedford, MA, USA) to quantify
DA. The first electrode of the detector was set at +125 mV
(oxidation) and the second at −175 mV (reduction). The
composition of the mobile phase was: 50 mMNaH2PO4, 0.1 mM
Na2-EDTA, 0.5 mM n-octyl sodium sulfate, 15% (v/v) methanol,
pH 5.5 (obtained adding Na2HPO4). Under these conditions,
sensitivity of the assay for DA was 5 fmol/sample. The UHPLC
was equipped with a NeuroSep (C18 110, 1.0 × 100 mm,
1.7 µm) column and an electrochemical amperometric detector
(DECADE II SCC). Composition of the mobile phase was:
100 mM phosphoric acid, 100 mM citric acid, 0.1 mM EDTA,
acetonitrile 8% v/v, 3 mM. Using these conditions sensitivity
of the assay for DA was 5 fmol/sample. At the end of each
microdialysis session the probe was removed and the guide
cannula was once again plugged with a sterilized dummy
cannula.

Sucrose
The sucrose solution (20%, w/v) was obtained using granulated
sugar (SADAM S.p.A., Villasor, Cagliari, Italy) and tap water.

Ethanol
The 10% ethanol solution (w/v) was obtained using 95◦ ethanol
(Farmitalia Carlo Erba, Milan, Italy) and tap water or 20%
sucrose solution.

Training
Ten days after guide cannula implant, rats were trained every
day for 3 weeks, with the exception of weekends. Sessions lasted
1 h and took place between 9.00 am and 2.00 pm in acoustically
isolated and ventilated operant cages (Coulbourn Instruments,
Allentown, NJ, USA). Two nose-poke holes were placed on
one wall, 2 cm from the cage floor. The active nose-poke was
illuminated by a green-yellow light, and the inactive one by a
red light. The liquid solenoid valve for solution delivery was
inserted between the nose-pokes holes and a light placed above
it. A loudspeaker emitting a tone of 4500 Hz was located on the
same wall.

Rats were trained to respond for 20% sucrose solution,
for 10% ethanol in 20% sucrose solution, or for 10% ethanol
solution under a Fixed Ratio 1 (FR1) schedule. Each active
nose poke = 0.28 ml of each solution. The number of
nose-pokes performed and rewards earned were recorded by

Graphic State 2 software, Coulbourn Instruments,Whitehall, PA,
USA.

Each 1-h session was made up of a cyclic alternation of
three phases:

• Phase 1, lasting 15 s, during which the house light and nose
poke lights were turned on and a tone was activated to signal
reward availability. Failure to respond correctly for more
than 15 s resulted in switch off of visual and auditory cues
and start of phase 3, bypassing phase 2.
• Phase 2: 0.28 ml of 20% sucrose solution, or 10% ethanol
in 20% sucrose solution, or 10% ethanol solution were
delivered into the valve and the light above the valve was
switched on. After 5 s phase 3 was initiated.
• Phase 3 (time out): all cues were turned off and reward was
not available for 7 s.

A significant difference (p< 0.05) between active and inactive
nose pokes for at least five consecutive sessions (1 session× day)
was taken as criterion for full training.

Microdialysis after Training
Following completion of training rats were tested in three daily
microdialysis sessions performed on three consecutive days.
Sessions were started as soon as DA basal dialysate levels had
stabilized (i.e., after approximately 1 h).

First day: FR1 responding for 20% sucrose solution, or for 10%
ethanol in 20% sucrose solution, or for 10% ethanol solution.

Second day: responding under extinction i.e., by substituting
tap water for ethanol or sucrose solutions, but in the presence of
all the stimuli preceding and following each response.

Third day: non-contingent presentation of 20% sucrose, 10%
ethanol in 20% sucrose or 10% ethanol solutions at the same
mean rate of operant responding in the absence of discriminative
cues signaling reward availability.

Histology
At the end of all experimental procedures, rats were anesthetized
as previously reported (Bassareo et al., 2015b), and the brains
removed and postfixed for 5 days. Brains were cut in 100-µm-
thick serial coronal slices on a Vibratome (Technical Products
International, Saint Louis, MO, USA) to establish the location of
dialysis probes. Probe location was reconstructed and referred to
the atlas of Paxinos and Watson (1998; Figure 1).

Statistics
Statistical analysis was carried out using Statistica for Windows.
Basal dialysate DA was calculated as the mean of the last three
consecutive samples differing by no more than 10%, collected
during the 60-min period preceding each experimental session.
Inter-group comparison of basal dialysate DA values, expressed
as femtomoles per 10-µl dialysate, was performed using one
or two-way ANOVA. Changes in dialysate DA were expressed
as percentage of respective baseline values and were analyzed
using two-way ANOVA for repeated measures. Cumulative
nose-pokes registered during training and during experiments
were analyzed by three-way ANOVA. The number of nose-pokes
registered during each 10 min sampling were compared by
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FIGURE 1 | Localization of dialysis probes (dialysis portion) within the
nucleus accumbens (NAc) shell and core according to Paxinos and
Watson (1998). sh, shell; co, core.

two-way ANOVA between rats whose probes were implanted
either in the shell or the core and combined in the absence
of statistical differences. The amount of solutions (in ml) and
ethanol intake (in g/Kg) were analyzed using two-way ANOVA
for repeated measures.

The results of treatments showing significant overall changes
were subjected to post hoc Tukey’s test, with statistical
significance set at p < 0.05.

RESULTS

Basal values of dialysate DA (fmoles/sample, means ± SEM)
corresponded to 46 ± 3 (N = 43) in the shell and 48 ± 3
(N = 48) in the core, with no differences between the two areas
(F(1,89) = 3.17; p = 0.08). Values obtained were consistent across
all groups. Accordingly, two-way ANOVA of basal dialysate
DA obtained from the different groups revealed no significant
differences between reward utilized or microdialysis sessions
either in the shell (Freward 2,34 = 0.02; p = 0.98; Fsessions 2,34 = 0.60;
p = 0.55; Freward × sessions 4,34 = 0.34; p = 0.85) or the core
(Freward 2,39 = 0.001; p = 1; Fsessions 2,39 = 0.29; p = 0.75;
Freward × sessions 4,39 = 0.12; p = 0.97). The lack of statistically
significant differences in absolute basal levels between groups
justifies the subsequent analysis of changes in dialysate DA as %
of baseline.

Responding for 20% Sucrose
Training
Figure 2 shows the number of cumulative active and inactive
nose pokes performed during training for FR1 responding
for sucrose, and on the first and second experiment days.
Nose-poking increased selectively on the active hole.

Three-way ANOVA showed a main effect of nose poke
(F(1,12) = 529.3; p < 0.01), days (F(16,192) = 53.7; p < 0.01) and a
nose poke× days interaction (F(16,192) = 47.3; p < 0.01). Tukey’s
test revealed no differences in the temporal profile of acquisition
between the shell- and core-implanted groups.

Two-way ANOVA of the amount of solution (ml) consumed
by rats showed a main effect of days (F(16,80) = 28.4; p < 0.01).
Post hoc test revealed that the amount of 20% sucrose solution
(ml) consumed by rats increased selectively during the training
period, but did not reveal any difference between shell- and
core-implanted rats (Figure 3).

Monitoring dialysate DA in FR1 trained rats.

Operant Session
Figures 4A,D shows the time-course of dialysate DA in the NAc
shell and core and the number of active nose-pokes performed
during FR1 responding for 20% sucrose solution.

Responding for 20% sucrose solution increased dialysate DA
in the shell alone. Core DA remained unchanged throughout the
session. A peak in shell DA was displayed at the first sample, and
returned to basal levels at the 3rd sample. Responding remained
high at four additional samples taken subsequent to the increase
of DA in the shell.

Two-way ANOVA showed an effect of area (F(1,6) = 32.1;
p < 0.01), time (F(9,54) = 44.5; p < 0.01) and an area × time
interaction (F(9,54) = 32.4; p <= 0.01). Post hoc test revealed
an increase of dialysate DA in the NAc shell but not
in the core.

Extinction Session
Figures 4B,E shows the time-course of dialysate DA in the NAc
shell and core and of active nose-pokes under extinction in the
presence of cues signaling sucrose availability and associated to
sucrose delivery.
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FIGURE 2 | Cumulative active (circles) and inactive (triangles)
nose-pokes during training to respond for 20% sucrose under an fixed
ratio 1 (FR1) schedule and during dialysis experiments. Data are
means ± SEM of the results obtained in rats implanted with guide cannulas in
the NAc shell (A) (N = 4) and rats in the NAc core (B) (N = 4). Filled symbols,
p < 0.05 vs. 1st day; ∗p < 0.05 vs. inactive nose pokes.

Responding under extinction was associated to a selective
increase of DA in the shell. NAc core DA remained unchanged
throughout the entire session. A peak in shell DA was displayed
at the first sample, and had returned to baseline levels by the 4th
sample.

Responding was high for the three samples in the presence of
increased DA in the shell.

Two-way ANOVA showed an effect of area (F(1,6) = 11.5;
p = 0.014), time (F(9,54) = 30.7; p < 0.01) and an interaction
area × time (F(9,54) = 15.4; p < 0.01). Post hoc test showed an
increase of DA in the NAc shell but not in the core.

Non-Contingent 20% Sucrose Solution
Figure 4C shows the time-course of DA in the NAc shell and core
following non-contingent 20% sucrose solution presentation.

FIGURE 3 | Total intake expressed in ml of 20% sucrose solution. Data
are means ± SEM of the results obtained in rats implanted with guide
cannulas in the NAc shell (A) (N = 4) and rats in the NAc core (B) (N = 4). Filled
symbols, p < 0.05 vs. 1st day.

In contrast to responding for sucrose and to extinction,
non-contingent sucrose presentation was associated
with an increase of dialysate DA in both the NAc shell
and core.

Shell DA peaked at the first sample and had returned to basal
values by the 5th sample; Core DA peaked at the 2nd sample and
had returned to baseline by the 4th sample.

Two-way ANOVA showed an effect of time (F(9,45) = 48.9;
p< 0.01) and an interaction area× time (F(9,45) = 11.8; p< 0.01).
Post hoc test showed an earlier increase in DA in the NAc shell
than in the core.

10% Ethanol in 20% Sucrose
Training
Figure 5 shows the number of cumulative active and inactive
nose pokes performed during training for FR1 responding for
ethanol and sucrose solution, and on the first and the second
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FIGURE 4 | Time-course of dialysate dopamine (DA) in the NAc shell (circles) and core (squares) and active nose pokes (Bars) every 10 min under
FR1 responding for 20% sucrose solution (A,D), extinction (B,E) and non-contingent sucrose presentation (C). Data are means ± SEM of the results, expressed
as % of basal values, obtained in the number (N) of rats indicated in the figure. Filled symbols: p < 0.05 vs. basal values; ∗p < 0.05 vs. values obtained in the core.

experiment days. Nose-poking increased selectively on the active
hole.

Three-way ANOVA showed a main effect of nose poke
(F(1,18) = 152.9; p < 0.01), days (F(16,288) = 7.6; p < 0.01) and a
nose poke× days interaction (F(16,288) = 10.0; p < 0.01). Tukey’s
test revealed no differences in the temporal profile of acquisition
between the shell- and core-implanted groups.

Two-way ANOVA of the amount of solution (ml) consumed
by rats showed a main effect of days (F(16,128) = 9.76; p < 0.01).
Post hoc test revealed that the amount of 10% ethanol in 20%
sucrose solution (ml) consumed by rats increased selectively
during the training period but did not reveal any difference
between shell- and core-implanted rats (Figure 6).

Two-way ANOVA of the amount of ethanol (g/Kg) consumed
by rats showed a main effect of days (F(16,128) = 9.72; p < 0.01).
Post hoc test revealed that the amount of ethanol (g/Kg)
consumed by rats increased selectively during the training
period but did not reveal any difference between shell- and
core-implanted rats (Figure 6).

Operant Session
Figures 7A,D shows the time-course of dialysate DA in the NAc
shell and core and the number of active nose-pokes performed
during FR1 responding for 10% ethanol in 20% sucrose solution.

Responding for 10% ethanol in 20% sucrose solution
increased dialysate DA in both the shell and the core. Responding
remained high throughout the session and in the presence of
increased DA in the two areas.

Two-way ANOVA showed an effect of area (F(1,8) = 5.7;
p = 0.04), time (F(9,72) = 26.8; p < 0.01) and an area × time
interaction (F(9,72) = 5.3; p< 0.01). Post hoc test revealed a higher
increase of DA in the NAc core than in the shell.

Extinction Session
Figures 7B,E shows the time-course of dialysate DA in the NAc
shell and core and of active nose-pokes under extinction in the
presence of cues signaling reward availability and associated to
reward delivery. Responding under extinction was associated to
an increase of DA in both the shell and the core. Responding was
high over the first 30 min.

Two-way ANOVA showed an effect of area (F(1,10) = 12.6;
p < 0.01), time (F(9,90) = 30.3; p < 0.01) and an interaction
area × time (F(9,90) = 4.48; p < 0.01). Post hoc test revealed a
higher increase in DA in the NAc shell than in the core.

Non-Contingent 10% Ethanol in 20% Sucrose
Figure 7C shows the time-course of DA in the NAc shell and
core following the non-contingent presentation of 10% ethanol
in 20% sucrose solution.

Non-contingent ethanol-sucrose presentation was associated
with an increase in dialysate DA both in the NAc shell and core.

Two-way ANOVA showed an effect of area (F(1,8) = 10.9;
p = 0.01), time (F(9,72) = 32.6; p < 0.01) and an interaction
area × time (F(9,72) = 12.5; p < 0.01). Post hoc test revealed
a prolonged increase of DA in the NAc shell compared with
the core.
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FIGURE 5 | Cumulative active (circles) and inactive (triangles)
nose-pokes during training for FR1 responding for 10% ethanol in 20%
sucrose solution and during dialysis experiments. Data are
means ± SEM of the results obtained in rats implanted with guide cannulas in
the NAc shell (A) (N = 6) and rats in the NAc core (B) (N = 6). Filled symbols,
p < 0.05 vs. 1st day; ∗p < 0.05 vs. inactive nose pokes.

10% Ethanol
Training
Figure 8 shows the number of cumulative active and inactive
nose pokes performed during training for FR1 responding for
10% ethanol, and on the first and the second experiment days.
Nose-poking increased selectively on the active hole.

Three-way ANOVA showed a main effect of nose poke
(F(1,22) = 54.9; p < 0.01), days (F(16,352) = 3.5; p < 0.01) and a
nose poke× days interaction (F(16,352) = 47.3; p < 0.01). Tukey’s
test revealed no differences in the temporal profile of acquisition
between the shell- and core-implanted groups.

Two-way ANOVA of the amount of solution (ml) consumed
by rats showed a main effect of days (F(16,160) = 4.9; p < 0.01).
Post hoc test revealed that the amount of 10% ethanol solution

(ml) consumed by rats increased selectively during the training
period but did not reveal any difference between shell- and
core-implanted rats (Figure 9).

Two-way ANOVA of the amount of ethanol (g/Kg) consumed
by rats showed amain effect of days (F(16,160) = 4.2; p< 0.01). Post
hoc test revealed that the amount of ethanol (g/Kg) consumed
by rats increased selectively during the training period but did
not reveal any difference between shell- and core-implanted rats
(Figure 9).

Operant Session
Figures 10A,D shows the time-course of dialysate DA
in the NAc shell and core and the number of active
nose-pokes performed during FR1 responding for 10% ethanol
solution.

Responding for 10% ethanol solution increased dialysate DA
to a similar extent in both the shell and the core. Responding
remained high for the first 30 min.

Two-way ANOVA showed an effect of area (F(1,12) = 7.9;
p = 0.02), and time (F(9,108) = 14.9; p < 0.01). Post hoc
Tukey’s test revealed no differences between the two groups
of animals.

Extinction Session
Figures 10B,E shows the time-course of dialysate DA in the NAc
shell and core and of active nose-pokes under extinction in the
presence of cues signaling ethanol availability and associated to
ethanol delivery.

Responding under extinction was associated to an increase of
DA in both the shell and the core. Responding was high over the
first 20 min.

Two-way ANOVA showed an effect of area (F(1,12) = 5.4;
p = 0.04), time (F(9,108) = 39.2; p < 0.01) and an interaction
area × time (F(9,108) = 7.7; p < 0.01). Post hoc test revealed a
higher increase in DA in the NAc shell than in the core.

Non-Contingent Presentation
Figure 10C shows the time-course of DA in the NAc shell
and core following non-contingent presentation of 10% ethanol
solution.

Non-contingent ethanol presentation was associated with an
increase of dialysate DA both in the NAc shell and core.

Two-way ANOVA showed an effect of area (F(1,10) = 6.5;
p = 0.03) and of time (F(9,90) = 10.1; p < 0.01). Post hoc test did
not reveal any differences between the two areas.

DISCUSSION

This study investigated by microdialysis the responsiveness
of NAc shell and core DA transmission to 10% ethanol
solution compared to 10% ethanol + 20% sucrose and 20%
sucrose solutions; each solution was administered under three
different conditions (response-contingent, under extinction trial
and response non-contingent) in rats previously trained to
respond on a continuous reinforcement (FR1) schedule. An
important difference between the present study and previous
studies (Weiss et al., 1993; Gonzales and Weiss, 1998;
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FIGURE 6 | Total intake expressed as ml of 10% ethanol in 20% sucrose solution and g/Kg of ethanol. Data are means ± SEM of the results obtained in
rats implanted with guide cannulas in the NAc shell (A:ml; A′:g/Kg; N = 6) and rats in the NAc core (B:ml; B′:g/Kg; N = 6). Filled symbols, p < 0.05 vs. 1st day.

Doyon et al., 2003, 2005; Howard et al., 2009) is that basal
levels of dialysate DA were obtained in the Skinner box in
which microdialysis was performed. This condition enabled
us to avoid the potential artifact of transfer from the home
cage to the Skinner box, as in the case of previous studies
in which basal samples had been collected in the home cage.
Under these conditions, responding for 20% sucrose solution
was associated with a selective increase of DA in the shell,
while responding for ethanol and ethanol + sucrose solutions
was associated with increased dialysate DA both in the shell
and core. The same qualitative pattern of changes in DA
transmission was obtained in extinction trials. Conversely,
response non-contingent presentation of sucrose and ethanol
solutions was associated with an increase of DA both in the
NAc shell and core. These results provide the first unequivocal
evidence that oral ethanol SA increases DA transmission in the
rat NAc.

20% Sucrose
In rats fully trained to respond for 20% sucrose solutions
under a continuous schedule of reinforcement (FR1), dialysate
DA increased maximally in the NAc shell over the first
20 min and then decreased, returning to baseline levels by

the 4th sample (40 min). In contrast, responding remained
high throughout the entire session (60 min), in agreement
with our previous observations in rats responding for sucrose
pellets (Bassareo et al., 2015c). Thus, in both studies, after an
initial surge, the increase in dialysate DA observed in the NAc
shell subsequently returned to basal values despite sustained
responding, thus becoming dissociated from instrumental action
and from the actual intake of sucrose. No change in dialysate
DA was observed in the NAc core, again in agreement with
our previous observations with sucrose pellets (Bassareo et al.,
2015c).

This study also extends to sucrose solutions our previous
finding that in instrumentally trained rats, non-contingent
presentation and feeding of sucrose pellets (Bassareo et al.,
2015c) increases DA in the shell in spite of repeated exposure
to sucrose. This finding has been taken to indicate that training
to respond for sucrose induces a loss of the habituation of
NAc shell DA responsiveness observed in naive rats following
response non-contingent sucrose presentation and feeding
(Bassareo et al., 2015c). We argued, however, that the loss of
habituation of DA responsiveness to sucrose feeding in rats
trained for sucrose responding is only apparent, being due
to the fact that in these rats NAc shell DA transmission is
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FIGURE 7 | Time-course of dialysate DA in the NAc shell (circles) and core (squares) and active nose pokes (Bars) every 10 min under
FR1 responding for 10% ethanol in 20% sucrose solution (A,D), extinction (B,E) and non-contingent 10% ethanol in 20% sucrose solution presentation
(C). Data are means ± SEM of the results, expressed as % of basal values, obtained in the number (N) of rats indicated in the figure. Filled symbols: p < 0.05 vs.
basal values; ∗p < 0.05 vs. values obtained in the core.

driven by sucrose discriminative/conditioned stimuli (DS/CS)
rather than by sucrose unconditioned stimulus (US; Bassareo
et al., 2015c). This hypothesis is based on the assumption
that in fully trained rats, the sucrose US is fully predicted
by DS/US stimuli, and therefore its DA-stimulant property
is lost and transferred to the DS/US stimuli (Schultz et al.,
1997). This interpretation, in turn, is consistent with the
observation that a similar, although shorter lasting, increase of
DA is observed in the NAc shell under an extinction trial, a
condition in which sucrose US is absent but DS/CS cues are
still present (Bassareo et al., 2015a,c and present study). These
observations indicate that the pattern of DA responsiveness
in the NAc shell and core compartments to sucrose is
strongly dependent on response contingency; specifically, in
rats responding by nose-poking, the response of NAc core DA,
while allowed under non-contingent sucrose, seems actively
suppressed under response-contingent sucrose presentation and
feeding.

On the other hand, adaptive modulation of NAc core
DA responsiveness depends on the nature of the motor
response itself. Indeed, in rats trained to respond for sucrose
pellets by lever pressing instead of nose poking, we recently
observed that instrumental responding, as well as extinction,
was associated with an increase in dialysate DA in both
the NAc shell and core. As nose-poking is a rodent-specific,
innate motor response, while lever pressing is an unnatural
response acquired as a result of training (skill), we suggested

that NAc core DA is required to achieve lever pressing but
not nose-poking (Bassareo et al., 2015b). Accordingly, whilst
NAc core DA may be useful in responding by lever pressing,
in the case of nose-poking it is not required, and may
even prove counterproductive, potentially inducing ‘‘vicious’’
behavior (stereotypies) that interferes with goal-directed action
(Bassareo et al., 2015c), and is therefore suppressed. This
hypothesis is consistent with evidence that the NAc shell DA
is involved in the inhibition of inappropriate responses in
goal-directed action (Ambroggi et al., 2011). Thus, in a context
that signals alcohol unavailability, inactivation of NAc shell,
rather than inhibiting responding, actually increases it (Chaudhri
et al., 2008).

Responding for 10% Ethanol + 20%
Sucrose and for 10% Ethanol
Responding for ethanol, either alone or in association with
sucrose, was efficiently acquired, as indicated by the low
rate of responding on the inactive compared to the active
hole, and by the rapid extinction of responding when ethanol
solutions were substituted with water. The rate of responding
for 10% ethanol in 20% sucrose was higher than that
observed for 10% ethanol alone, but lower than for 20%
sucrose. Responding for ethanol alone was maximal for the
first two 10 min fractions and then progressively decreased,
reaching very low levels in the last 10 min fraction of the
session.
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FIGURE 8 | Cumulative active (circles) and inactive (triangles)
nose-pokes during training for FR1 responding for 10% ethanol
solution and during dialysis experiments. Data are means ± SEM of the
results obtained in rats implanted with guide cannulas in the NAc shell
(A) (N = 7) and rats in the NAc core (B) (N = 7). Filled symbols, p < 0.05 vs.
1st day; ∗p < 0.05 vs. inactive nose pokes.

With regard to the changes in dialysate NAc DA, a series
of differences were observed in rats self-administering ethanol
solutions compared to rats responding for sucrose. In rats
responding for ethanol solutions, dialysate DA increased in both
the shell and core, while in rats responding for sucrose the
increase was selective in the shell. On the other hand, similarly to
sucrose, non-contingent ethanol solutions increased DA in both
the shell and core.

Moreover, responding for sucrose and ethanol solutions
further differed in that, in the case of sucrose, the increase of
DA in the NAc returned to basal values during the session,
when responding was still high, whilst with ethanol solutions DA
increased up to a plateau that was maintained beyond the session,
in spite of a within session progressive decrease of responding,
as occurred with 10% ethanol. We suggest that this intra-session
reduction of responding for ethanol is due to the attainment of
a plateau of ethanol concentrations in the brain that reduces
the need for further ethanol intake. In the case of ethanol, its

direct intracerebral action interacts with indirect, cue-related
influences on DA to potentially overcome or amplify these.
An extensive presence of these interactions is expected during
SA of ethanol + sucrose solutions, owing to the fact that the
influence of sucrose on DA transmission is peripheral and largely
cue-related. Consistent with this suggestion, following ethanol
+ sucrose SA the pattern of DA increase in the shell vs. core
is actually reversed compared to sucrose alone as, rather than
being selective to the shell, the increase of DA is actually higher
in the core.

During the extinction trial the time-course of DA paralleled
that of responding; thus, DAmaximally increased in the shell and
core at the first sample and then progressively returned to basal
values during the session. Moreover, in the extinction trial, DA
response was higher in the shell than in the core, in contrast with
observations made during operant responding for ethanol, when
DA increased to a similar extent in the NAc shell and core.

Although previous studies investigating the changes in NAc
DA transmission under operant responding for ethanol did
not distinguish between effects produced in the shell and the
core (Weiss et al., 1993; Gonzales and Weiss, 1998; Doyon
et al., 2003, 2005), the findings of the present study, reporting
a similar increase of dialysate DA in the shell and core allow
the comparison between our observations and those of studies
making no distinction between the shell and core subdivisions of
the NAc.

Our observation of an increase in DA in the shell and
core under operant responding for sucrose solutions seems in
agreement with the conclusions reached by Weiss et al. (1993);
Gonzales and Weiss (1998); Doyon et al. (2003, 2005), on the
basis of microdialysis studies that made no distinction between
shell and core. However, in the above studies, attribution of
the increase in NAc DA to ethanol SA is uncertain. Indeed, as
previously mentioned in the Introduction, in the studies quoted,
basal levels of dialysate DA were obtained from samples collected
in the home cage, while dialysate samples of the operant session
were collected in the Skinner boxes after a waiting period of
15–20 min. Transfer of rats trained to respond for ethanol
solutions from their home cage to the SA cage, or even simple
transfer of naive rats from their home cage to a new cage, by itself
increases dialysate DA in the NAc (Weiss et al., 1993; Gonzales
and Weiss, 1998; Doyon et al., 2003, 2005; Howard et al., 2009).
As discussed by Gonzales andWeiss (1998) and by Gonzales et al.
(2004) this transfer-induced increase of NAc DA might be due,
depending on the conditions, to the acquisition of reinforcer-
predictive properties by the SA cage or to the unconditioned
incentive properties of novelty. Whatever the mechanism, the
transfer-induced rise of DA is a potential confound of any
increase in DA during ethanol SA. Admittedly, as pointed out by
Gonzales and Weiss (1998), the presence of a similar ‘‘artifact’’
makes it difficult to establish whether, and to what extent, the
increase of DA above basal levels is related to ethanol or ethanol
+ sucrose SA or rather to the combined effect of cage transfer
and ethanol SA. In the studies published by Weiss et al. (1993)
and by Gonzales and Weiss (1998), the increase in dialysate
DA in the NAc is maximal in the first sample after transfer
and progressively fades as the rat becomes acclimatized to the
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FIGURE 9 | Total intake expressed as ml of 10% ethanol solution and g/Kg of ethanol. Data are means ± SEM of the results obtained in rats implanted with
guide cannulas in the NAc shell (A:ml; A′:g/Kg; N = 7) and rats in the NAc core (B:ml; B′:g/Kg; N = 7). Filled symbols, p < 0.05 vs. 1st day.

test cage. However, the habituation time (wait) before starting
ethanol SA after transfer (15–20 min.) might be insufficient to
allow DA levels to return to baseline. For example, according to
Howard et al. (2009), cage transfer increases DA by 20%–30% in
the shell and core, with the increase lasting for at least 15 min.
This might explain the failure to observe an increase in DA in
the NAc shell and core in rats responding for ethanol + sucrose
(Howard et al., 2009).

In the present study, dialysate samples were taken directly in
the Skinner box in which operant sessions were performed, and
mean levels of DA obtained from three consecutive samples, and
differing by no more than 10%, were taken as basal values. These
conditions obviated the influence of cage transfer and allowed
for full stabilization of DA, thus providing appropriate basal
reference levels of dialysate DA.

In the article, Howard et al. (2009) reported that ethanol
SA increases dialysate DA in an area of the NAc that they
call the ‘‘shore’’ (see ‘‘Introduction’’ Section), but not in the
shell nor in the core. The ‘‘shore’’, however, is a virtual area,
comprised of the shell and core tissue located along their
adjoining border. Accordingly, microdialysis probes placed in
this area would recover DA, depending on the precise location,

from the shell and, respectively, from the core. In view of this, a
more parsimonious interpretation of the results by Howard et al
is that ethanol increases dialysate DA both in the shell and in the
core, in agreement with our observations.

Our observations might also be discussed in terms of the
nature of changes in dialysate DA observed following exposure
to ethanol. Doyon et al. (2003, 2005) suggested that changes in
dialysate DA in rats responding for ethanol are not the result of
a direct central effect of ethanol since their peak precedes that
of ethanol in the blood. This suggestion is consistent with our
previous observations that in rats given ethanol through intraoral
cannulas, the increase of DA in the NAc shell is biphasic, with
an initial peak related to the taste of ethanol and a second
peak coincident with the rise of ethanol in dialysates (Bassareo
et al., 2003). These observations, however, were made in rats
naive to the taste of ethanol, in which habituation to the taste-
induced activation of DA is observed. In an operant paradigm
ethanol taste might undergo habituation as a primary US and
be converted into a CS as a result of instrumental conditioning.
As long as it is reinforced, taste CS-induced increase of DA
in the NAc shell should not habituate, thus explaining the
apparent loss of habituation of DA responsiveness in rats given
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FIGURE 10 | Time-course of dialysate DA in the NAc shell (circles) and core (squares) and active nose pokes (Bars) every 10 min under
FR1 responding for 10% ethanol solution (A,D), extinction (B,E) and non-contingent 10% ethanol solution presentation (C). Data are means ± SEM of the
results, expressed as % of basal values, obtained in the number (N) of rats indicated in the figure. Filled symbols: p < 0.05 vs. basal values; ∗p < 0.05 vs. values
obtained in the core.

ethanol solutions non-contingently. Consistent with a role of
non-taste ethanol-conditioned CSs, dialysate DA increases in
both the shell and core in extinction trials, when ethanol is
substituted by water. Similar observations have been made under
extinction from sucrose pellets, in which case, however, they
were selective to the shell (Bassareo et al., 2015c and present
study).

Due to the limited temporal resolution of microdialysis
techniques, the relative contribution of non-taste DS/CS
preceding taste US/CS to the increase in dialysate DA in rats
responding for ethanol solutions cannot be ascertained. It is
however clear that with both ethanol and sucrose, the changes
in dialysate DA obtained during the extinction trial follow the
same shell/core pattern as during operant sessions; this finding
suggests that in instrumentally trained rats discriminative CS are
per se sufficient to account for the changes in dialysate DA that
occur during operant sessions.

From this point of view ethanol differs from other drugs
of abuse. Thus, while DA remains flat during extinction trials
from heroin, cocaine, nicotine and Win 55,212-2 SA both in
the shell and core (Lecca et al., 2006a,b, 2007a,b), it increases
in both shell and core under responding for ethanol. In our
opinion, these major differences are linked to the fact that
ethanol is administered orally and to the acquisition of taste as
a highly salient secondary reinforcer. Thus, once the predictive
association between the taste of ethanol and its systemic effects
has been made, rats work for ethanol taste, a mechanism that

likely applies also to sucrose reinforcement. With training,
instrumental conditioning also generalizes to non-taste cues,
thus explaining the increase of dialysate DA under extinction
trials, in the absence of taste cues. A notable difference between
sucrose and ethanol reinforcement is related to the pattern
of DA responsiveness in the shell and core under operant
responding and extinction. Indeed, on exposure to sucrose a
similar pattern of response is observed in the two conditions,
since DA increases selectively in the shell; conversely, in the
presence of ethanol + sucrose, DA increases preferentially in the
core during reinforced, and in the shell during non-reinforced,
sessions. Once again, this might be due to the action of ethanol,
which activates DA neurons in reinforced sessions and thus
overcomes the influence of other cues on DA transmission.

These observations seem to suggest that the differences
observed between ethanol and sucrose are partly due to the
fact that ethanol similarly activates NAc DA in the shell and in
the core; this in turn distinguishes ethanol from other drugs of
abuse that preferentially activate DA in the shell after i.v. SA
(Lecca et al., 2006a,b, 2007a,b). It is however unclear whether
the differences observed are due, and to what extent, to the use
of diverse routes of administration for ethanol (oral) and for the
other drugs (i.v.).

The ability of ethanol SA to activate DA in the NAc core, and
the ability of sucrose to activate DA selectively in the shell, may
underlie the differential roles played by NAc shell and core DA in
paradigms of pavlovian to instrumental transfer (PIT), recently
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reported by Corbit et al. (2016). PIT consists in the ability of a
conditioned stimulus (CS) previously paired to a given US, to
invigorate responding for the same (outcome-selective PIT) or
for a different US (general PIT; Corbit et al., 2007). The two
forms of PIT are differentially dependent on the integrity of the
two subdivisions of the NAc. While general PIT depends on the
NAc core, outcome-selective PIT depends on the shell (Corbit
et al., 2007). Similarly, while ethanol-paired stimuli increase
responding both for ethanol on the ethanol lever and for sucrose
on the sucrose lever (general PIT), sucrose paired stimuli increase
responding on the sucrose but not on the ethanol lever (outcome-
selective PIT), with these effects being selectively impaired by
inactivation of the core and, respectively, of the shell (Corbit
et al., 2016). We suggest that these differences are related to the
differential pattern of activation of NAc shell and core DA during
instrumental performance, that differentially interacts with the
incentive properties of pavlovian stimuli conditioned to ethanol
and sucrose, respectively.

CONCLUSIONS

In conclusion, the present study, provides clear evidence
unconfounded by the influence of transfer from the home cage
to the SA box, that oral SA of a 10% ethanol solution is associated
with a rapid activation of DA transmission in the NAc shell and
core that reaches a plateau and is maintained throughout the
session despite a progressive decrease in responding following
the initial surge. Comparison of the pattern of activation of DA
transmission following the administration of sucrose, sucrose
+ ethanol and ethanol solutions highlights the existence of
important differences between sucrose and ethanol rewards,
suggesting that the different patterns obtained are the result of
a complex interaction between the direct intracerebral action
of ethanol and the action of peripheral stimuli arising from
sucrose and ethanol USs and from their related DS/CSs. A key
aspect in the pattern of DA transmission following exposure
to an ethanol solution is the activation of NAc core DA,
which contrasts with the selective activation of NAc shell DA

by sucrose SA; this in turn is at variance with the combined
activation of shell and core DA following passive sucrose
presentation and consumption. These observations suggest
that major adaptive mechanisms, such as active inhibition of
NAc core DA transmission, are activated during instrumental
responding for sucrose. These mechanisms may be related to a
basic function of NAc shell DA, that of preventing the expression
of changes (e.g., increase of NAc core DA) inappropriate for
correct goal-directed action. Conversely, following exposure to
ethanol, the direct action of ethanol and the resulting increase
in NAc core DA may be amplified by its stimulus properties
or by DS/CS cues. This in turn would result in a general
motivational arousal, overcoming fine adaptive mechanisms
and resulting in a peculiar behavioral abnormality whereby
pavlovian stimuli unrelated to ethanol are nonetheless capable
of invigorating ethanol seeking and consumption, much like the
general transfer effect displayed in experimental PIT paradigms.
Such generalized activation might contribute to the abnormal
features of ethanol reward as compared to a conventional one
like sucrose.
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Acetaldehyde (ACD) contributes to alcohol’s psychoactive effects through its own
rewarding properties. Recent studies shed light on the behavioral correlates of ACD
administration and the possible interactions with key neurotransmitters for motivation,
reward and stress-related response, such as dopamine and endocannabinoids.
This mini review article critically examines ACD psychoactive properties, focusing
on behavioral investigations able to unveil ACD motivational effects and their
pharmacological modulation in vivo. Similarly to alcohol, rats spontaneously drink
ACD, whose presence is detected in the brain following chronic self-administration
paradigm. ACD motivational properties are demonstrated by operant paradigms tailored
to model several drug-related behaviors, such as induction and maintenance of
operant self-administration, extinction, relapse and punishment resistance. ACD-related
addictive-like behaviors are sensitive to pharmacological manipulations of dopamine
and endocannabinoid signaling. Interestingly, the ACD-dopamine-endocannabinoids
relationship also contributes to neuroplastic alterations of the NPYergic system, a stress-
related peptide critically involved in alcohol abuse. The understanding of the ménage-a-
trois among ACD, reward- and stress-related circuits holds promising potential for the
development of novel pharmacological approaches aimed at reducing alcohol abuse.

Keywords: acetaldehyde, operant behavior, dopamine, endocannabinoids, stress

INTRODUCTION

It is a matter of fact that the efficacy of current medications for alcohol-related pathological
traits remains modest, since the incomplete understanding of the neurobiological background
beyond alcohol central effects hampers the development of successful pharmacological therapies
(Franck and Jayaram-Lindström, 2013). Alcohol acts at multiple biological targets (Mascia
et al., 2001; Martire et al., 2002; Martí-Prats et al., 2013; Zorumski et al., 2014) and its extended
use profoundly dysregulates key neurochemical circuits that drive incentive-salience/reward
(dopamine, endocannabinoids) and stress-related response (corticotropin-releasing hormone
[CRH], Neuropeptide Y [NPY]) within the brain (Koob, 2013). Moreover, the products of alcohol
biotransformation, primarily acetaldehyde (ACD), also contribute to its mechanism of action with
their own behavioral and neuropharmacological effects (Arizzi et al., 2003; Correa et al., 2003;
Pardo et al., 2013; Segovia et al., 2013).

ACD is produced in the human body after the consumption of alcohol in a tissue-specific fashion
(Cohen et al., 1980; Ramchandani et al., 2001; Edenberg, 2007), and occurs naturally in alcoholic
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FIGURE 1 | Acetaldehyde (ACD) motivational properties in operant responding, operant-conflict paradigm and conditioned place preference (CPP).
ACD induces operant responding, operant-conflict behavior and CPP (top to bottom, straight lines); the pharmacological modulation of dopamine and
endocannabinoid receptors controls ACD-induced behaviors (dashed lines).

beverages. Indeed, high ACD concentrations were detected in
a number of products, including apple wines and ciders from
Germany, France and Scotland, fortified wines and spirits such
as sugarcane spirits from Guatemal and Brazil (cuxa; cachaça)
(Miranda et al., 2007; Oliveira et al., 2008; Kanteres et al., 2009),
agave spirits from Mexico (Lachenmeier et al., 2006), certain
spirits from China and calvados from Europe (Lachenmeier
and Sohnius, 2008; Linderborg et al., 2008; Lachenmeier
et al., 2015). Despite preclinical research has traditionally
disregarded the role of taste and post-ingestive influences
as independent regulators of motivation to drink alcohol,
clinical studies on alcoholism have frequently recognized the
significance of alcohol chemosensory stimuli in eliciting craving
and associated drug-seeking responses in alcohol-experienced
individuals (Stormark et al., 1995; Grüsser et al., 2000). Both
alcohol and ACD possess complex chemosensory attributes
detected via sensory receptors, which gain immediate access to
the central nervous system. Importantly, these sensory pathways
are linked to limbic forebrain and cortical areas involved in
controlling ingestive motivation and feeding (Kareken et al.,
2004; Yamamoto, 2006; Filbey et al., 2008).

Depending on alcohol doses andmodalities of administration,
peripheral ACD can cross the blood-brain barrier and potentially
add to locally formed ACD, produced from alcohol via the
brain specific catalase system. On the other hand, increasing

evidence shows that ACD is detected in the brain after its oral
introduction, when single high systemic concentrations are used,
or when chronic exposure occurs (Tabakoff et al., 1976; Heap
et al., 1995; Ward et al., 1997; Quertemont et al., 2004; Plescia
et al., 2014, 2015a; Jamal et al., 2016).

Whatever its source, either as original substance or as alcohol
metabolite, ACD has been largely involved in the mediation of
alcohol effect, although its contribution to the development of
alcohol abuse still needs to be elucidated.

The neuropharmacology of ACD is of particular interest, as
ACD interacts both with reward- and stress-related circuits in
the brain. For this reason, this mini-review article focuses on
ACD motivational properties and examines its interplay with
relevant neurotransmitters for motivation-and stress-related
response, such as dopamine and endocannabinoids (Figure 1).
Indeed, a deeper understanding of ACD neuropharmacology
could provide further venue for the development of innovative
medication for alcohol use disorders.

ACD MIRRORING ALCOHOL EFFECT IN
THE BRAIN

Looking at the literature, ACD has been investigated primarily
as a metabolite raising the idea that it could not only produce
aversive reactions in the whole body, but rather may contribute
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to alcohol mechanism of action in the brain (Plescia et al.,
2015b; Cavallaro et al., 2016). Progressively the observation that
direct administration of ACD in experimental animals resulted
in behavioral effects that are comparable to those induced by
alcohol strengthened this concept (Quertemont et al., 2005;
Correa et al., 2012). For instance, systemic ACD administrations
induced depression in locomotor activity (Myers et al., 1987),
impairment of spatial memory (Abe et al., 1999), alcohol-like
discrimination (Redila et al., 2002), sedative and hypnotic effects
(Quertemont et al., 2004).

Notably, ACD has been implicated in alcohol stimulating
effects on the reward pathway in the brain, i.e., ventral
tegmental area (VTA) and nucleus accumbens (NAc), that lead
to positive reinforcement and mediate alcohol consumption
(Brown et al., 1979; Amit and Smith, 1985; Aragon and Amit,
1992; Tampier et al., 1995; Smith et al., 1997). Recently,
specific gene-blocking techniques that allow inhibiting catalase
in the VTA and thus, the production of ACD from alcohol,
demonstrated that ACD mediates alcohol-reinforcing effect in
self-administration paradigms. In these studies, microinjection
of lentiviral vector encoding anticatalase shRNA into the VTA
strongly decreased voluntary alcohol consumption in rats and
abolished the increased dopamine release in NAc induced
by acute administration of alcohol (Karahanian et al., 2011;
Quintanilla et al., 2012). Moreover, VTA anticatalase shRNA
injection reduced the marked increase in alcohol intake that
follows a period of deprivation, an effect that was proposed to
reflect increased reinforcing value of alcohol (Tampier et al.,
2013).

If ACD formed from alcohol is responsible for the
development of alcohol-related behaviors, then chronic
administration of ACD alone should produce behavioral
and neurochemical responses of an ‘‘addictive’’ -type.

ACD AS A REINFORCER

ACD’s own reinforcing properties were first shown by
conditioned place preference (CPP), behavioral paradigm
widely used to explore rewarding effects of drugs. Laboratory
rats receiving intracerebroventricular (icv) ACD infusions
showed increased preference for environmental cues previously
paired with the drug administration (Smith et al., 1984).

A strong preference for ACD-paired environment and
stimuli was also observed when ACD administration was either
intraperitoneal or oral (Quertemont and De Witte, 2001; Peana
et al., 2008).

Place conditioning is suggestive of drug-associated
reinforcement, although it may not be clear what exactly
the procedure measures. Indeed, it focuses on automatic or
implicit expressions of reward, rather than active demonstration
of motivated behavior.

Thus the positive reinforcing properties of ACD were
more specifically explored by the evaluation of acquisition and
maintenance of ACD drinking behavior in self-administration
paradigms in rats. Drug self-administration is directly under
rat control, and the amount of drug consumed is widely used
to infer drug hedonic properties: positively reinforcing drugs

will be readily and avidly self-administrated. As alcohol, ACD
is voluntary self-administered in two-bottle choice-drinking
paradigm and its consummatory behavior was dose-dependent,
in that ACD intake increased when higher solution strength was
provided (Plescia et al., 2015a; Brancato et al., 2016b). The flavor
and taste of ACD solution have been proposed to take part to
the reinforcing properties and may actually serve as conditioned
stimuli of post-ingestional effects (Cannizzaro et al., 2011).

Little is known on the molecular targets that account for
ACD complex flavor. However, ACD directly activates the
sensory neuronal TRP channels TRPA1 that are relevant for
taste and chemesthesis (Bang et al., 2007; Roper, 2014). With
chronic exposure, sensory and post-ingestive inputs become
intimately integrated, such that these stimuli gain meaning
for the addicted organism (Brasser et al., 2015). Natural ACD
self-administration provides a framework for moving beyond the
dissociation between the sensory and post-absorptive effects of
ACD to the understanding of their neurobiological integration
and significance for sensory processing of alcoholic beverages
and alcohol addiction.

The suggestion that ACD may be endowed with positive
reinforcing properties was further investigated by using a variety
of operant self-administration paradigms.

The operant self-administration is a commonly used model in
which animals are trained to emit a specific response (lever press
or nose poke) for gaining the reinforcement (Samson et al., 1988).
Operant behavior for ACD was readily acquired by rats, both
through icv and intravenous routes of administration (Brown
et al., 1980; Myers et al., 1984). In details, Rodd et al. (2003,
2005) demonstrated that rats selectively bred as alcohol drinkers
self-administered both alcohol and ACD directly into the
VTA, where ACD showed reinforcing effects at concentrations
1000 lower than those required for alcohol. Unselected animals
also perform lever pressing for obtaining ACD through the
natural oral route. Indeed ACD was reported to induce and
maintain operant drinking behavior according to fixed and
progressive ratios of reinforcement (Peana et al., 2011; Cacace
et al., 2012). Apart from drug taking, the operant conditioning
paradigm serves as an invaluable tool in addiction research, since
it enables researchers to explore discrete features of addictive
behavior, as reported for humans in the DSM-V (American
Psychiatric Association, 2013). Indeed, different schedules of
drug reinforcement critically model distinct aspects of incentive
motivation for the drug, such as drug seeking and relapse
following periods of abstinence, and maintained alcohol use
despite adverse consequences that constitute central issues of
the translational research on addiction. The employment of
such tailored paradigms showed that ACD acts as positive
reinforcement that elicits challenging behavior, such as craving
and relapse, as shown for alcohol. Indeed, ACD-drinking
rats displayed resistance to extinction i.e., the emission of
high number of operant responses when reinforce delivery
was withheld- and a powerful deprivation-effect when ACD
availability was resumed after repeated cycles of deprivation
(Peana et al., 2010; Cacace et al., 2012; Plescia et al., 2013;
Brancato et al., 2014). The motivational properties of ACD have
been further measured by the operant-conflict paradigm, where
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an aversive stimulus is associated with rat operant response for
ACD. Indeed, when a mild foot-shock was delivered following
each lever press rewarded with ACD (punished response),
ACD-drinking rats were not discouraged from lever pressing
and emitted higher number of punished responses than control
rats (Cacace et al., 2012). In the Geiller-Seifter procedure,
anxiolytic drugs do not affect the unpunished component
of operant responses, whereas drugs with non-specific motor
effects decrease it. Actually, ACD was able to increase the
unpunished responses, although to a lesser extent than the
punished ones, suggesting a prevailing motivational effect, rather
than anti-conflict properties (Cannizzaro et al., 2011; Cacace
et al., 2012).

ACD AND STRESS RESPONSE

A large and consistent body of literature, on the other
hand, shows that both acute and chronic ACD peripheral
administrations were associated with anxiety-like behavior in the
elevated plus maze (Correa et al., 2005; Plescia et al., 2015a) and
with the recruitment of peripheral and central stress response.
In particular, ACD was shown to mediate alcohol-induced
activation of the hypothalamic-pituitary-adrenal (HPA) axis,
since ACD increased plasma corticosterone levels (Kinoshita
et al., 2001; Escrig et al., 2012) and induced the release of
CRH in a dose-dependent manner (Cannizzaro et al., 2010).
Notably, when the oxidation of alcohol into ACD by catalase was
inhibited by 3-amino-1,2,4-triazole, CRH release in the presence
of alcohol was prevented. Furthermore, the administration
of D-penicillamine, an ACD-trapping agent, inhibited ACD-
induced CRH release, demonstrating that ACD is the primary
mediator of alcohol activity on the HPA axis (Cannizzaro et al.,
2010).

The stress system contributes to various extents to the
development of alcohol-related behaviors.

Indeed, alcohol- and ACD induce an activation of the
stress system that can facilitate behavioral reactivity in aversive
conditions (Cacace et al., 2011, 2012; Plescia et al., 2015a). On
the other hand repeated cycles of alcohol and ACD intoxication
deeply affect the homeostasis of brain stress- and anti-stress
system. Indeed, both chronic alcohol and ACD excessive
consumption decreased the expression of the anxiolytic peptide
NPY in limbic brain regions, such as hippocampus and ventral
striatum (Kinoshita et al., 2000; Olling et al., 2007; Plescia et al.,
2014).Most importantly, the discontinuation of chronic and high
doses of ACD induced a constellation of behavioral signs, such
as general hyperactivity, irritability, tail tremors, tail stiffness,
general tremor and spasticity, which recall alcohol withdrawal
syndrome. ACD withdrawal signs exhibited minor severity, were
observed at 12 h from the last ACD administration, started to
decline at 16 h and disappeared at 36 h abstinence (Plescia et al.,
2014). It is worth noting that during this time CRH expression
increased and NPY expression levels decreased in limbic brain
areas and in the hypothalamus, causing the occurrence of the
aversive psychological state characteristic of withdrawal. These
modifications are consistent with the so-called involvement of
the ‘‘dark side’’, or stress systems, in the development of alcohol

use problems and abuse vulnerability (Thiele et al., 1998; Koob,
2013; Barkley-Levenson et al., 2016). Individuals would consume
alcohol in an attempt to return to homeostasis via a negative
reinforcement process that maintains and promotes drug taking.
Similarly to alcohol, ACD would contribute to engender an
aversive (anxious, depressive) state by bidirectional effects on the
twomajor and functionally opposite stress-related peptides, CRH
and NPY, thus perpetuating excessive alcohol consumption.

PHARMACOLOGICAL
CHARACTERIZATION OF ACD-RELATED
BEHAVIOR

ACD and Dopamine
Although the mechanisms by which ACD elicits its effects are
poorly explored, this compound activates the neuronal firing of
dopaminergic neurons in the VTA, an effect that is mediated
by salsolinol, the condensation product of ACD and dopamine
(Melis et al., 2007, 2015). Importantly, ACD elicits dopamine
release in the NAc shell (Foddai et al., 2004; Melis et al., 2007;
Enrico et al., 2009) at the same doses used in CPP studies (Peana
et al., 2008, 2009; Spina et al., 2010).

This is not surprising, since the acquisition of drug-induced
CPP is critically controlled by dopamine transmission and
D1 receptors in the NAc shell (Di Chiara et al., 2004; Tzschentke,
2007). Spina et al. (2010) demonstrated that this also applies to
ACD. The blockade of D1 receptors during ACD conditioning,
through the pre-treatment with SCH 39166, a D1 dopamine
receptor antagonist, also prevented the acquisition of CPP for
ACD. In this regard, interference not only on incentive learning
processes but also on dopamine-mediated reward has been
proposed (Di Chiara et al., 2004).

Besides, dopamine plays a fundamental role in the expression
of operant behavior elicited by rewards and reward-related
stimuli. Release of dopamine in the NAc shell by Pavlovian
stimuli induces an appetitive state of incentive arousal
(state—hedonia, euphoria) that facilitates the rate of current
instrumental behavior, the acquisition and expression of
secondary reinforcement, as well as the consolidation of
mnemonic traces of salient stimuli associated with affective
states.

It is proven that ACD stimulates dopamine release, and that
dopamine increase in the limbic regions accounts for addictive
behavioral traits in the rat. Thus, modulating dopamine release
or deactivating dopamine signaling could represent a tool able
to interrupt the addictive cycle. Indeed, the involvement of
dopamine transmission in ACD-related operant behavior was
explored by the administration of a D2 dopamine receptor
agonist, quinpirole, which at low doses preferentially activates
presynaptic D2 dopamine autoreceptors. Thus, by functionally
reducing ACD-induced dopamine release, quinpirole decreased
the number of lever presses for ACD, also during extinction
and, after ACD deprivation, during relapse (Rodd et al., 2005;
Brancato et al., 2014). Quinpirole was then able to restrain
dopamine signal as supporter of the incentive and rewarding
properties of ACD, which indeed was less demanded by
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the rats. Interestingly, in accordance with chronic alcohol-
induced down regulation of dopamine signaling in the limbic
regions, chronic ACD could exert a profound disarrangement in
dopamine output to the NAc during withdrawal (Rossetti et al.,
1992). Indeed, when ropinirole was sub-chronically administered
during ACD deprivation, a decrease in operant responses and
ACD intake was observed during relapse (Brancato et al., 2014).
This post-synaptic D2 dopamine receptor agonist, useful to
restore dopaminergic tone in Parkinson’s disease (Tel et al.,
2002), likely produced a stimulation of dopamine D2 signaling
able to turn off rats craving when ACD was available. This
evidence contributes to the suggestion that ACD interaction with
the dopamine system plays a role in the development of discrete
features of addictive behavior that can be especially relevant to
alcohol use disorders.

ACD and Cannabinoids
Alongwith the dopaminergic transmission, the endocannabinoid
system plays an important role in value attribution processing
and in modulation of drug-seeking behavior (Serrano and
Parsons, 2011; Brancato et al., 2016a; Henderson-Redmond et al.,
2016), in view of its role as fine modulator of incoming inputs
within the limbic brain regions (D’Amico et al., 2004; Cannizzaro
et al., 2006; Melis et al., 2012). Indeed, in rodents, treatment
with the CB1 receptor inverse agonist SR141716A (Rimonabant),
or CB1 genetic deletion, lead to a reduction in alcohol operant
drinking and a decrease in stress-induced alcohol relapse,
whereas cannabinoid antagonists mitigate alcohol withdrawal
symptoms (Kleczkowska et al., 2016).

Consistently with this significant background, the systemic
administration of the selective CB1 receptor antagonist
AM281 was evaluated on the operant behavior for ACD.
In details, CB1 receptor blockage decreased ACD-seeking
behavior during extinction and decreased ACD lever pressing
and intake following forced abstinence. Most importantly, the
CB1 antagonist decreased the punishment resistance observed
in ACD-drinking rats in the operant-conflict paradigm, when
the foot-shock was associated with ACD delivery (Plescia et al.,
2013). These data suggest that the reinforcing properties of ACD
involve endocannabinoids production, which in turn, modulate
dopamine mesocorticolimbic pathway and stress response
through CB1 receptors. Indeed a recent research employing a
binge-like drinking paradigm, pointed to the endocannabinoids
as mediators of the detrimental effects exerted by ACD chronic
consumption and withdrawal on neuropeptidergic homeostasis,

and in particular on the expression of the anti-stress NPY
(Plescia et al., 2014). In this study, the administration of the
CB1 receptor antagonist was able to ameliorate the behavioral
signs that followed withdrawal from chronic ACD; this effect
was accompanied by a time- and region-dependent increase in
the number of NPY-positive neurons both in the hippocampus
and in the NAc. These data prompted us to speculate that
ACD binge-like treatment might increase the production of
endocannabinoids, thus resulting in downregulation of NPY
expression in the hippocampus and in the NAc. Accordingly,
during early and prolonged ACD withdrawal, endocannabinoids
production may decrease while NPY expression progressively
rises. This return to homeostasis can likely contribute to
controlling neuronal hyperexcitability and the related behavioral
signs (Plescia et al., 2014). Hence, the pharmacological
inhibition of CB1 signaling represents a promising strategy
for counteracting the neurochemical imbalance associated with
ACD- and alcohol-withdrawal syndrome.

CONCLUSIONS

A deeper understanding of the ‘‘ménage à trois’’ between ACD,
reward- and stress systems is crucial to untangle the etiology
of alcohol-related behaviors. Increasing attention must be paid
to alcohol, and indirectly to ACD, ingestion during gestation
and lactation since the neuronal systems suffer from a severe
vulnerability (Cannizzaro et al., 2002, 2005), and ACD has not
been studied in the perinatal period yet.

The pharmacological targeting of the endocannabinoid
system can exert profound influence on the positive and
negative reinforcing effects of ACD, and might accelerate the
development of more effective therapeutic interventions to
reduce the incidence of alcohol abuse and alcoholism.
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Ethanol and caffeine are frequently consumed in combination and have opposite
effects on the adenosine system: ethanol metabolism leads to an increase in adenosine
levels, while caffeine is a non-selective adenosine A1/A2A receptor antagonist. These
receptors are highly expressed in striatum and olfactory tubercle, brain areas involved
in exploration and social interaction in rodents. Ethanol modulates social interaction
processes, but the role of adenosine in social behavior is still poorly understood.
The present work was undertaken to study the impact of ethanol, caffeine and their
combination on social behavior, and to explore the involvement of A1 and A2A receptors
on those actions. Male CD1 mice were evaluated in a social interaction three-chamber
paradigm, for preference of conspecific vs. object, and also for long-term recognition
memory of familiar vs. novel conspecific. Ethanol showed a biphasic effect, with
low doses (0.25 g/kg) increasing social contact and higher doses (1.0–1.5 g/kg)
reducing social interaction. However, no dose changed social preference; mice
always spent more time sniffing the conspecific than the object, independently of
the ethanol dose. Ethanol, even at doses that did not change social exploration,
produced amnestic effects on social recognition the following day. Caffeine reduced
social contact (15.0–60.0 mg/kg), and even blocked social preference at higher doses
(30.0–60.0 mg/kg). The A1 antagonist Cyclopentyltheophylline (CPT; 3–9 mg/kg) did
not modify social contact or preference on its own, and the A2A antagonist MSX-3
(1.5–6 mg/kg) increased social interaction at all doses. Ethanol at intermediate doses
(0.5–1.0 g/kg) was able to reverse the reduction in social exploration induced by
caffeine (15.0–30.0 mg/kg). Although there was no interaction between ethanol and
CPT or MSX-3 on social exploration in the first day, MSX-3 blocked the amnestic effects
of ethanol observed on the following day. Thus, ethanol impairs the formation of social
memories, and A2A adenosine antagonists can prevent the amnestic effects of ethanol,
so that animals can recognize familiar conspecifics. On the other hand, ethanol can
counteract the social withdrawal induced by caffeine, a non-selective adenosine A1/A2A

receptor antagonist. These results show the complex set of interactions between
ethanol and caffeine, some of which could be the result of the opposing effects they
have in modulating the adenosine system.
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INTRODUCTION

Alcohol and caffeine are the most consumed psychoactive drugs
worldwide. In recent times, it has become common to consume
high doses of caffeine in combination with ethanol in order to
reduce the intoxicating effects of the alcohol (Ferré and O’Brien,
2011; López-Cruz et al., 2013; Correa et al., 2014). Caffeine and
ethanol act on the adenosine system in distinct ways that can
result in opposite physiological and behavioral effects. Caffeine is
a non-selective adenosine antagonist that acts mainly on A1 and
A2A receptors (Fredholm et al., 1999), whereas ethanol has been
demonstrated to increase the adenosinergic tone by inhibiting
the endonucleotid transporter type-1, thus, blocking adenosine
uptake (Nagy et al., 1990; Krauss et al., 1993), and also by
increasing the synthesis of adenosine during ethanol metabolism
(Carmichael et al., 1991; López-Cruz et al., 2013).

Adenosine is a neuromodulator in the central nervous system
(CNS) that plays an important role in the regulation of synaptic
transmission and neuronal excitability (Cunha, 2001; Sebastião
and Ribeiro, 2009). Several subtypes of adenosine receptors
are expressed in the brain, with A1 and A2A being the most
abundant. A2A receptors are expressed at high levels, mostly
in the striatum and olfactory bulbs and tubercle (Schiffmann
et al., 1991; Fredholm et al., 2001), regions that are involved in
the regulation of motivated (Salamone and Correa, 2002, 2012;
Hauber and Sommer, 2009), and social behaviors (Sano et al.,
2008; Pena et al., 2014). However, A1 receptors have a widespread
distribution in the brain, with a somewhat higher concentration
in hippocampus (Schwarzschild et al., 2006).

It is well known that ethanol consumption facilitates
interactions with peers and alleviates anxiety (Varlinskaya and
Spear, 2002; Kirchner et al., 2006). In rodent models of
social interaction, acute ethanol administration at low doses
produces social facilitation (Nadal et al., 1993; Varlinskaya and
Spear, 2009), but dose-related decrements in social interaction
after high doses also have been observed in mice (Lister and
Hilakivi, 1988; Hilakivi et al., 1989). Caffeine was shown to
decrease social interaction in mice and rats (Baldwin and File,
1989; Baldwin et al., 1989; Hilakivi et al., 1989), effects that
have been suggested to be related to its anxiogenic actions
(Baldwin et al., 1989; Hilakivi et al., 1989; Prediger et al., 2004).
However, very little is known about the interaction of both
substances on social exploration and social memory (Hilakivi
et al., 1989; Spinetta et al., 2008). The amnestic effect of ethanol
is well known. Although ethanol at low doses can act as a
short-term social memory enhancer in mice (Manrique et al.,
2005), high doses of ethanol can cause amnesia, or impaired
retrieval of memory, after the drug wears off (Goodwin, 1995;
Hartzler and Fromme, 2003). This effect of ethanol could be
explained by the fact that adenosine and adenosine receptor
agonists have been demonstrated to impair short-term social
recognition memory in rats (Prediger and Takahashi, 2005). On
the other hand, selective A1 and A2A receptor antagonists can
improve short-term social memory (Prediger and Takahashi,
2005).

The present work evaluated the effect of a broad range of doses
of caffeine, in combination with ethanol, on social motivation

as measured by preference towards a conspecific vs. a neutral
object. Our procedure minimized anxiety induced by aggression,
avoiding whole-body contact. In a second phase of the behavioral
test, long-term social recognition memory was studied 24 h
after the drug was administered and the preference test had
taken place. In addition, the role of A1 and A2A receptors
on social motivation and memory were also evaluated using
selective adenosine antagonists alone or in combination with
ethanol.

MATERIALS AND METHODS

Subjects
Adult male CD1 mice (30–45 g) were purchased from Janvier
(France). Mice were housed in groups of three per cage,
with standard laboratory rodent chow and tap water available
ad libitum. They were maintained in the colony at 22 ± 1◦C
with lights on from 8:00 to 20:00 h. All experimental procedures
were approved by ‘‘Comité de bienestar animal, UJI’’ and
complied with the European Community Council directive
(86/609/ECC) for the use of laboratory animal subjects and
with the ‘‘Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research’’ (National Research
Council 2003).

Drugs
Caffeine (Sigma-Aldrich, Spain) and MSX3 ((E)-phosphoric
acid mono-[3-[8-[2-(3-methoxphenyl)vinyl]-7-methyl-2,6-
dioxo-1-prop-2-ynyl-1,2,6,7-tetrahydropurin-3-yl] propyl] ester
disodium salt; synthesized at the laboratory of Dr. Christa
E. Müller at the Pharmazeutisches Institut, Universität
Bonn, Germany) were dissolved in 0.9% w/v saline.
8-cyclopentyltheophylline (CPT; purchased from Sigma-
Aldrich, Spain) was dissolved in distilled water (pH = 8.0). All
these drugs were administered intraperitoneally (IP) 30 min
before testing. Ethanol (Panreac Quimica S.A., Spain) was
diluted to 20% (v/v) in physiological saline (0.9% w/v) and
administered IP 10 min before testing. Saline solution was used
as vehicle. These doses and time leads were selected based on
previous studies done in our laboratory with the same strain of
mice (Correa et al., 2008; Pardo et al., 2013; López-Cruz et al.,
2014). For the interaction studies we selected doses that did
not impair locomotion, but showed some effect in the social
procedures. The dose of CPT was selected because it was the one
closest to reaching a significant effect in the social interaction
test.

Behavioral Apparatus and Testing
Procedures
Social Preference and Social Recognition Tests
The effects of adenosine antagonists on social preference
were measured in a three-chambered social box (originally
developed by Crawley, 2004). The general procedure was
adapted from Chévere-Torres et al. (2012). Every mouse had
two consecutive habituation sessions in the chambers: in the
first one, they freely explored the empty social arena during
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FIGURE 1 | Schematic representation of social preference and social
recognition tests settings and timeline.

15 min, and immediately there was a second exploration
session, that lasted 30 min, in the presence of two wire
cages, one in each of the side-compartments. After the 45-min
habituation period, different groups of animals received their
corresponding treatment and were placed in an individual
cage during 10 or 30 min (depending on the drug). After
this time, mice were placed in the center chamber of the
social interaction apparatus and test started. During the test
session (10 min), the three-chambered arena contained a
caged conspecific on one side, and on the other side there
was a small wire cage containing an object. The center
compartment was empty (see Figure 1 for a schematic on the
procedure). The placement of the conspecific or the object
was counterbalanced between animals. A trained experimenter
who was unaware of the experimental conditions, registered
manually time spent sniffing each target (conspecific vs. object)
as a measure of social preference. Vertical and horizontal
locomotion were also registered. Twenty-four hours after the
social preference test, mice were placed back in the central
chamber and were subjected to a 10 min social recognition
test (Moy et al., 2004). No drugs were administered before
this second test. During the recognition test a novel mouse
replaced the object, and the experimental mice were given
the choice to interact with the familiar conspecific (same
conspecific used in the social preference test the day before) vs.
a novel conspecific. Time spent sniffing each conspecific was
registered.

Statistics
One-way analysis of variance (ANOVA) was used to analyze
the effect of drug administration on the different dependent
variables; time spent sniffing conspecific, object, familiar and
novel conspecific, and vertical and horizontal locomotion.
Two-way factorial ANOVA was used for the interaction studies.
When the overall ANOVA was significant, non-orthogonal
planned comparisons using the overall error term were
used to compare each treatment with the control group
(Keppel, 1991). For these comparisons, α level was kept at
0.05 because the number of comparisons was restricted to
the number of treatments minus one. Student’s t-test for
dependent samples was used to analyze ‘‘preference’’ (e.g.,

conspecific vs. object, or familiar vs. novel conspecifics). A
probability level of 0.05 or smaller was used to indicate
statistical significance. Statistics were done using STATISTICA
7 software.

RESULTS

Experiment 1: Effect of Ethanol on Social
Preference and Locomotion: Impact on
Long-Term Social Recognition Memory
In this experiment, mice (N = 45) received saline or ethanol
(0.25, 0.5, 1.0 or 1.5 g/kg) 10 min before been evaluated in
the social preference test. The following day, the same animals
were tested for social recognition memory in the absence of
drug. Ethanol treatment, as shown by the one-way ANOVA,
had a significant effect on time spent sniffing the conspecific
(F(4,40) = 20.12, p < 0.01), and planned comparisons revealed
that ethanol at the lowest dose (0.25 g/kg) increased conspecific
exploration (p < 0.01) in comparison with vehicle treatment,
while higher doses decreased time with conspecific (1.0 and
1.5 g/kg, p < 0.05 and p < 0.01 respectively). The one-way
ANOVA for time spent sniffing the object (F(4,40) = 4.45,
p < 0.01) was also significant. However, only the highest dose
of ethanol (1.5 g/kg) significantly reduced (p < 0.01) time
spent sniffing the object compared to the vehicle treated group
(Figure 2A). When comparing time exploring both stimuli in
the same animals, Student t-test for dependent samples showed
that in the vehicle group there was a significant difference in time
spent sniffing the conspecific vs. the object (t = −8.28, p < 0.01),
a pattern that was repeated at all doses of ethanol (0.25 g/kg,
t = −5.49, p < 0.01; 0.5 g/kg, t = −5.75, p < 0.01; 1.0 g/kg,
t = 2.61, p < 0.05; 1.5 g/kg t = −2.76, p < 0.01; Figure 2A). Thus,
independently of the ethanol dose used, all groups explored the
conspecific more than the object, showing a clear preference for
social interaction.

There was no significant effect of ethanol treatment on total
crosses (F(4,40) = 0.59, n.s.; Figure 2C) and on vertical locomotion
(F(4,40) = 2.25, n.s.; Figure 2D).

One day after the social interaction test took place, social
recognition was evaluated, and the results of the one-way
ANOVA showed an overall effect of previous exposure to ethanol
on time spent sniffing the familiar conspecific (F(4,40) = 2.08,
p < 0.05). Ethanol at doses of 0.25 and 1.5 g/kg increased
time spent at sniffing the familiar conspecific (p < 0.05 and
p < 0.01 respectively) compared to the group previously treated
with vehicle. A significant effect of ethanol administered the
previous day was also observed on time spent sniffing the
novel conspecific (F(4,40) = 5.78, p < 0.01). Only animals that
had received the lowest dose of ethanol (0.25 g/kg) increased
time spent sniffing the novel conspecific in comparison with
the vehicle group (p < 0.01; Figure 2B). Student’s t-test for
dependent samples showed that vehicle animals spent more
time sniffing the novel than the familiar conspecific (t = 5.32,
p < 0.01), a pattern that was only observed in the group that
had received the lower dose of ethanol (0.25 g/kg, t = 2.46,
p< 0.05), suggesting that ethanol, even at doses that had no effect
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FIGURE 2 | Effect of ethanol in social preference and recognition tests. Data are expressed as mean (±SEM) of time spent sniffing (A) conspecific and object
in the social preference test, (B) familiar and novel conspecifics in the social recognition test, and (C) horizontal and (D) vertical locomotion during the social
preference test. ∗p < 0.05, ∗∗p < 0.01 significant differences from a vehicle for the same target. #p < 0.05, ##p < 0.01 significant differences between time spent
sniffing both targets for the same dose of ethanol.

on social exploration the day before (0.5 g/kg), can impair social
recognition 24 h after been administered.

Experiment 2: Effect of The Non-Selective
Adenosine A1/A2A Antagonist Caffeine on
Social Preference and Locomotion: Impact
on Long-Term Social Recognition Memory
Mice (N = 44) were injected with saline or caffeine (7.5,
15.0, 30.0 or 60.0 mg/kg) 30 min before the social interaction
test started. The following day (24 h later) no drugs were
administered and social recognition was evaluated as described
before. The one-way ANOVA revealed an overall effect of
caffeine on time spent sniffing the conspecific (F(4,39) = 21.12,
p < 0.01). Planned comparison analysis showed a significant
decrement in time spent sniffing the conspecific after caffeine
administration at doses of 15.0, 30.0 and 60.0 mg/kg (p < 0.01).
The one-way ANOVA for the effect of caffeine on time spent
sniffing the object (F(3.39) = 4.03, p < 0.01) was also significant,

and the planned comparisons revealed that the same doses of
caffeine (15.0, 30.0 and 60.0 mg/kg) decreased time spent sniffing
the object compared to vehicle (p < 0.05, p < 0.01 and p < 0.01,
respectively). The Student’s t-test for dependent samples was
used to compare time spent sniffing the conspecific with time
spent sniffing the object. The vehicle treated group spent more
time exploring the conspecific than the object (t = 5.24, p< 0.01),
and this pattern of behavior was also preserved after the
administration ofmoderate doses of caffeine (7.5 and 15.0mg/kg;
t = 6.28, p< 0.01, t = 3.84, p< 0.01 respectively) but not after the
highest doses (30.0 and 60.0 mg/kg; Figure 3A), indicating a lack
of preference for the conspecific after mice received the higher
doses of caffeine.

The one-way ANOVA revealed an overall effect of
caffeine on horizontal locomotion (F(4,39) = 7.90 p < 0.01).
Caffeine significantly increased horizontal locomotion at
low to intermediate doses (7.5 and 15.0 mg/kg; p < 0.01)
compared to vehicle, but did not have a significant effect at
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FIGURE 3 | Effect of caffeine on social preference and recognition tests. Data are expressed as mean (±SEM) of time spent sniffing (A) conspecific and
object in the social preference test, (B) familiar and novel conspecifics in the social recognition test, and (C) horizontal and (D) vertical locomotion during the social
preference test. ∗p < 0.05, ∗∗p < 0.01 significant differences from a vehicle for the same target. ##p < 0.01 significant differences between time spent sniffing both
targets for the same dose of caffeine.

higher doses. The one-way ANOVA for vertical locomotion
(F(4,39) = 4.60 p < 0.01) was also significant, but for this
dependent variable, planned comparisons revealed that the
higher doses (30.0 and 60.0 mg/kg), significantly decreased
vertical locomotion in comparison with the vehicle treated
group (p < 0.05 and p < 0.01, respectively; Figures 3C,D). This
decrease in locomotion could be influencing the reduction in
time dedicated to targeted exploration, more importantly, to
conspecific exploration.

For the social recognition results, the one-way ANOVA
revealed no significant effect of the previous treatment
with caffeine on time spent sniffing the familiar conspecific
(F(4,39) = 1.37, n.s.). However, there was an overall effect of
previous caffeine treatment on time spent sniffing the novel
conspecific (F(4,39) = 3.83, p < 0.01). Planned comparisons
revealed that compared with vehicle the highest doses of caffeine
(30.0 and 60.0 mg/kg) significantly decreased time spent sniffing
the novel conspecific (p < 0.05 and p < 0.01, respectively;

Figure 3B). Student’s t-test for dependent samples showed that
the vehicle group spent more time sniffing the novel conspecific
than sniffing the familiar one (t = −3.40, p < 0.01), and this
was also observed in the group that received 15.0 mg/kg of
caffeine (t = −3.31, p < 0.01), but not the rest of the doses
(Figure 3B).

Experiment 3: Effect of Caffeine-Ethanol
Co-Administration on Social Preference
and Locomotion: Impact on Long-Term
Social Recognition Memory
For experiment 3, mice (N = 74) received an injection of
vehicle or caffeine (15.0 or 30.0 mg/kg; 30 min before being
tested) plus vehicle or ethanol (0.5 or 1.0 g/kg; 10 min before
test), and were evaluated for social preference and locomotion.
The following day, the same animals were tested in the social
recognition test. Factorial ANOVA (Caffeine× Ethanol) on time
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FIGURE 4 | Effect of caffeine plus ethanol interaction in the social preference test. Data are expressed as mean (±SEM) of time spent sniffing
(A) conspecific, (B) object, (C) horizontal and (D) vertical locomotion during the social preference test. ∗p < 0.05, ∗∗p < 0.01 significantly different from the vehicle
group in the same dose of ethanol. #p < 0.05, ##p < 0.01 significantly different from the group that received the same dose of caffeine plus ethanol 0.0 g/kg.

spent sniffing the conspecific showed overall effects of caffeine
(F(2,65) = 13.33, p < 0.01), and ethanol (F(2,65) = 9.97, p < 0.01)
and also a significant interaction (F(4,65) = 8.99, p < 0.05).
Planned comparisons confirmed that when compared with the
vehicle-vehicle group only the highest dose of ethanol used in
the present study (1.0 g/kg) reduced conspecific exploration
(p < 0.05), and that the two doses of caffeine (15.0 and
30.0 mg/kg) selected for this experiment also reduced social
exploration (p < 0.01). In terms of the interactions, the group
that received the lowest dose of caffeine (15.0 mg/kg) in
combination with the lowest dose of ethanol (0.5 g/kg) was
significantly different (p< 0.01) from the group that had received
that dose of caffeine but no ethanol, pointing to a reversal effect
of ethanol on the caffeine-induced impairment. However, the
effect of this dose of caffeine was not reversed when given in
combination with the highest dose of ethanol (1.0 g/kg). As
for the impairing effect on conspecific exploration observed
in the group that had received the highest dose of caffeine
(30.0 mg/kg) plus vehicle, this effect was partially reversed by
the two doses of ethanol (p < 0.05 and p < 0.01 respectively;

Figure 4A). The factorial ANOVA (Caffeine × Ethanol) for
the dependent variable time spent sniffing, the conspecific did
not show a significant effect of caffeine (F(2,65) = 1.31, n.s.), of
ethanol (F(2,65) = 1.69, n.s.) or the interaction (F(4,65) = 0.71, n.s.),
(Figure 4B).

Factorial ANOVA (Caffeine × Ethanol) for total crosses as a
measure of horizontal locomotion revealed an overall effect of
caffeine (F(2,65) = 7.22, p < 0.01), and ethanol (F(2,65) = 6.27,
p < 0.01), but no significant interaction (F(4,65) = 0.77,
n.s.), (Figure 4C). A separate factorial ANOVA for vertical
locomotion showed the same pattern of results. It revealed an
effect of caffeine (F(2,65) = 4.23, p < 0.05), and of ethanol
(F(2,65) = 7.74, p < 0.01), but no significant caffeine-ethanol
interaction (F(4,65) = 0.81, n.s.; Figure 4D).

The results for the impact of these pharmacological
manipulations on social recognition memory evaluated the day
after the drug injection, and the preference test, are shown in
Table 1. The factorial ANOVA (Caffeine × Ethanol) showed
an overall effect of caffeine (F(2,65) = 3.72, p < 0.05), and
of ethanol (F(2,65) = 8.27, p < 0.01) on time spent sniffing
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TABLE 1 | Effect of caffeine-ethanol coadministration on social recognition memory.

Etoh (g/kg) 0.0 0.5 1.0

Caffeine (mg/kg) Familiar Novel Familiar Novel Familiar Novel

0.0 87.5 ± 9.1 136.4 ± 12.1## 111.4 ± 14.5 124.1 ± 16.6 115.9 ± 21.7 106 ± 19.1
15.0 71.2 ± 7.1 100.1 ± 13.2# 120.6 ± 27.3 98.1 ± 12.5 72.1 ± 10.5 102.3 ± 21.7
30.0 33.0 ± 11.1 31.9 ± 21.1 103.6 ± 11.8 137.2 ± 21.9 83.3 ± 11.2 91.1 ± 12.7

Data are expressed as mean ± SEM of time (in seconds) spent sniffing the novel and the familiar conspecifics. ##p < 0.01, #p < 0.05 significant differences between time

with familiar vs. time with novel conspecific for the same dose of ethanol group.

the familiar conspecific. However, there was no significant
caffeine × ethanol interaction (F(4,65) = 1.49, n.s.). In terms of
time spent sniffing the novel conspecific, the factorial ANOVA
revealed no significant effect of ethanol (F(2,65) = 2.37, n.s.), but
a significant effect of caffeine (F(2,65) = 3.43, p < 0.05), and a
significant interaction (F(2,65) = 0.91, p < 0.01). The Student’s
t-test for dependent samples comparing time spent sniffing
familiar conspecific vs. novel conspecific revealed that the group
that had received vehicle-vehicle injections the day before spent
significantly more time sniffing the novel conspecific than the
familiar conspecific (t = 4.96, p < 0.01), and the same was
true for the animals treated with the low dose of caffeine
(15.0 mg/kg) plus saline (t = 2.85, p < 0.05), indicating
that mice recognized the familiar conspecific. However, the
lower dose of caffeine (15.0 mg/kg) did not block the
impairing effect on recognition produced by ethanol (0.5 or
1.0 g/kg).

Experiment 4: Effect of The Selective
Adenosine A1 Receptor Antagonist CPT on
Social Preference and Locomotion: Impact
on Long-Term Social Recognition Memory
Mice (N = 37) were injected with vehicle or CPT at doses
of 3.0, 6.0, or 9.0 mg/kg 30 min before being tested in
the social preference task, and 24 h later the same animals
were tested in the social recognition test. The effect of
CPT on time spent sniffing the conspecific analyzed by a
one-way ANOVA revealed no significant effect (F(3,33) = 2.13,
n.s.). However, the one-way ANOVA on the effect of CPT
on time spent sniffing the non-social target was significant
(F(3,33) = 5.21, p < 0.01). Planned comparison revealed that
CPT significantly decreased time spent exploring the object
at all doses of CPT in comparison with the vehicle group
(p < 0.01; Figure 5A), suggesting an increase in relative
preference for the conspecific. Student’s t-test for dependent
samples showed significant differences in all the groups in
time spent sniffing the conspecific vs. the object. Animals
spent more time sniffing the conspecific after saline (t = 5.37,
p < 0.05), CPT 3.0 mg/kg (t = 11.25, p < 0.01), CPT
6.0 mg/kg (t = 6.38, p < 0.01), and CPT 9.0 mg/kg (t = 5.95,
p < 0.01).

These doses of CPT did not affect the horizontal
(F(3,33) = 1.03, n.s.) or vertical locomotion (F(3,33) = 1.42,
n.s.), as analyzed by one-way ANOVA’s (Figures 5C,D).

For the social recognition test, the one-way ANOVA did
not show a significant effect of CPT dose on time spent
sniffing the familiar conspecific (F(3,33) = 0.14, n.s.), or on
time spent sniffing the novel conspecific (F(3,33) = 0.02, n.s.).
Student’s t-test for dependent samples showed significant
differences between time spent sniffing the novel vs. the familiar
conspecific in the vehicle group (t = −3.82, p < 0.01), as
expected when animals recognized the previously explored
conspecific, and this effect was also observed in the animals
that had received the highest dose of CPT 9.0 mg/kg the
day before (t = −3.25, p < 0.05), but not the lower doses
(Figure 5B).

Experiment 5: Effect of CPT–Ethanol
Co-Administration on Social Preference
and Locomotion: Impact on Long-Term
Social Recognition Memory
Mice (N = 60) received an injection of vehicle or CPT
6.0 mg/kg 20 min before the test, and a second injection
of vehicle or ethanol (0.5 or 1.0 g/kg) 10 min before the
social preference test started. The following day, the same
animals were tested in the social recognition test with no
drug been administered. A factorial ANOVA (CPT × Ethanol)
showed an overall effect of ethanol (F(2,41) = 5.33, p < 0.05),
but no significant effect of CPT (F(1,41) = 0.32, n.s) or
CPT-ethanol interaction (F(2,41) = 1.60, n.s.) on time spent
sniffing the conspecific (Figure 6A). The factorial ANOVA
for time spent sniffing the object (Figure 6B) did not reveal
a significant effect of CPT (F(1,41) = 0.43, n.s.), of ethanol
(F(2,41) = 1.46, n.s.), or of the interaction (F(2,41) = 2.21, n.s.)
either.

The factorial ANOVA (CPT × Ethanol) on horizontal
locomotion yield no significant effect of ethanol (F(2,41) = 0.55,
n.s.), CPT (F(1,42) = 2.36, n.s) or CPT-ethanol interaction
(F(2,41) = 2.86, n.s.; Figure 6C). As for vertical locomotion, there
was a significant effect of ethanol (F(2,41) = 6.59, p< 0.01), but not
a significant effect of CPT (F(1,41) = 0.03, n.s.) or of CPT-ethanol
interaction (F(2,41) = 1.82, n.s.; Figure 6D).

For the social recognition test the factorial ANOVA
(CPT × Ethanol) did not show a significant effect of CPT
(F(1,41) = 1.06, n.s.), of ethanol (F(2,41) = 0.97, n.s.), or of
the interaction (F(2,41) = 0.05, n.s.) on time spent sniffing the
familiar conspecific. The factorial ANOVA for the variable time
spent sniffing the novel conspecific, did not show an overall
effect of CPT (F(1,41) = 0.38, n.s), ethanol (F(2,41) = 1.78,
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FIGURE 5 | Effect of Cyclopentyltheophylline (CPT) in the social preference and recognition tests. (A) Conspecific and object in the social preference test,
(B) familiar and novel conspecifics in the social recognition test, and (C) horizontal and (D) vertical locomotion during the social preference test. ∗∗p < 0.01 significant
differences from vehicle for the same target. #p < 0.05, ##p < 0.01 significant differences between time spent sniffing both targets for the same dose of CPT.

n.s.), or CPT-ethanol interaction (F(2,41) = 1.11, n.s.) either.
Student’s t-test for dependent samples showed significant
differences between time spent at sniffing the novel vs. familiar
conspecific only in the control group (t = 4.7, p < 0.01),
confirming that ethanol as shown before impaired social
recognition at all doses, and indicating that CPT (6 mg/kg)
did not block the amnestic effects of ethanol (data shown in
Table 2).

Experiment 6: Effect of The Selective
Adenosine A2A Receptor Antagonist
MSX-3 on Social Preference and
Locomotion: Impact on Long-Term Social
Recognition Memory
Different groups of mice (N = 36) received an acute
administration of vehicle or MSX-3 at doses of 1.5, 3.0, or
6.0 mg/kg, 30 min before the social interaction test. The same
animals were tested 24 h later in the social recognition test.
The one-way ANOVA revealed an overall effect of MSX-3 on

time spent sniffing the conspecific (F(3,32) = 4.58, p < 0.01),
and planned comparison showed that all doses increased
significantly the time spent sniffing the social target (1.5 mg/kg,
p < 0.05; 3.0 mg/kg and 6.0 mg/kg, p < 0.01) compared
with the vehicle treated group. The one-way ANOVA for
the dependent variable time spent exploring the object was
also significant (F(3,32) = 3.63, p < 0.05). MSX-3 significantly
decreased the time exploring the object at all doses (1.5 mg/kg,
p < 0.05; 3.0 mg/kg and 6.0 mg/kg, p < 0.01) when compared
with the vehicle group. Student t-test for dependent samples
demonstrated that there were significant differences in time
spent sniffing the conspecific vs. the object in the vehicle group
(t = 12.96, p < 0.01), but also in all the MSX-3 treated groups
(MSX-3 1.5 mg/kg, t = 7.96, p < 0.01; MSX-3 3.0 mg/kg,
t = 10.33 p < 0.01, and MSX-3 6.0 mg/kg, t = 6.87 p < 0.01;
Figure 7A).

The impact of MSX-3 on locomotion is shown in
Figures 7C,D. The ANOVA for the effect of MSX-3 on
horizontal locomotion was significant (F(3,32) = 3.66, p < 0.05),
and planned comparisons showed a significant effect of all
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FIGURE 6 | Effect of CPT plus ethanol interaction on the social preference test. Data are expressed as mean (±SEM) of time spent sniffing (A) conspecific,
(B) object, (C) horizontal and (D) vertical locomotion during the social preference test.

TABLE 2 | Effects of Cyclopentyltheophylline (CPT) ethanol combination on social recognition memory.

Etoh (g/kg) 0.0 0.5 1.0

CPT (mg/kg) Familiar Novel Familiar Novel Familiar Novel

0.0 74.1 ± 4.5 139.4 ± 12.4## 122.6 ± 12.4 124.1 ± 16.6 99.0 ± 22.0 102.5 ± 12.4
6.0 100.1 ± 20.5 123.5 ± 25.3 111.0 ± 14.6 172.3 ± 27.8 119.6 ± 23.3 105.0 ± 27.8

Data are expressed as mean ± SEM of time in seconds spent sniffing novel and familiar conspecifics. ##p < 0.01 significant differences between time in familiar vs. time

in novel conspecific for the same dose of CPT and ethanol.

doses of MSX-3 on total crosses between compartments
as a measure of horizontal locomotion (1.5 mg/kg and
3.0 mg/kg, p < 0.05; and 6.0 mg/kg, p < 0.01). However,
the one-way ANOVA for vertical locomotion was not significant
(F(3,32) = 1.83, n.s.).

For the social recognition test, the one-way ANOVA revealed
no significant effect of MSX-3 on time spent sniffing the familiar
conspecific (F(3,32) = 1.83, n.s.), and also no significant effect
of this drug on novel conspecific exploration (F(3,32) = 0.61,

n.s.; Figure 7B). Student’s t-test for dependent samples showed
significant differences between time spent sniffing novel vs.
familiar conspecific in the vehicle group (t = −4.71, p < 0.01),
as expected, and this pattern was also observed in the MSX-3
1.5 mg/kg, (t = −2.64, p < 0.05) and the MSX-3 6.0 mg/kg
groups (t = −2.42, p < 0.05). The intermediate dose of MSX-3
3.0 mg/kg almost reach significant levels (t = −2.13, p = 0.06).
Thus, MSX-3 administered the day before did not affect social
recognition memory.
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FIGURE 7 | Effect of MSX3 in social preference and recognition tests. Data are expressed as mean (±SEM) of time spent sniffing (A) conspecific and object in
the social preference test, (B) familiar and novel conspecifics in the social recognition test, and (C) horizontal and (D) vertical locomotion during the social preference
test. ∗p < 0.05, ∗∗p < 0.01 significant differences from vehicle for the same target. #p < 0.05, ##p < 0.01 significant differences between time spent sniffing both
targets for the same dose of MSX3.

Experiment 7: Effect of MSX3–Ethanol
Co-Administration on Social Preference
and Locomotion: Impact on Long-Term
Social Recognition Memory
Mice (N = 50) received a dose of vehicle or of the lowest dose of
MSX-3 (1.5 mg/kg) that was effective in experiment 6. MSX-3
was administered 20 min before test, and 10 min before the
social preference test, a second injection of vehicle or ethanol
(0.5 or 1.0 g/kg) was administered. The following day, the same
animals were tested for social long-term memory. A factorial
ANOVA (MSX-3 × Ethanol) revealed an overall effect of MSX-3
(F(1,43) = 40.65, p< 0.01), and of ethanol (F(2,43) = 3.36, p< 0.05)
on time spent sniffing the conspecific. However, there was not
a significant interaction (F(2,43) = 0.34, n.s.; Figure 8A). The
factorial ANOVA for time spent sniffing the object did not reveal
a significant effect of MSX-3 (F(1,43) = 1.45, n.s.), or ethanol
(F(2,43) = 0.49, n.s.), and no significant interaction (F(2,43) = 2.23,
n.s.) either (Figure 8B).

Total crosses between compartments as a measure of
horizontal locomotion were overall affected by MSX-3
(F(1,43) = 21.18, p < 0.01), but not by ethanol (F(2,43) = 2.42, n.s.),
and there was no significant interaction either (F(2,43) = 0.30,
n.s.). The one-way ANOVA for vertical locomotion revealed
a significant effect of ethanol (F(2,43) = 3.99, p < 0.05), but no
effect of MSX3 (F(1,43) = 2.27, n.s.), and no significant interaction
(F(2,43) = 0.11, n.s; See Figures 8C,D).

As for the impact of these drugs on recognition of the
conspecific presented during the preference test, the factorial
ANOVA (MSX-3 × Ethanol) for time spent sniffing the familiar
conspecific showed a significant effect of ethanol (F(2,43) = 6.97,
p < 0.01), but did not show an effect of MSX-3 (F(1,43) = 0.02,
n.s.), and no MSX-3 × ethanol interaction on this variable
(F(2,43) = 2.14, n.s.; Table 3). Another factorial ANOVA for
the variable time spent sniffing the novel conspecific, did not
reveal an effect of MSX-3 (F(1,43) = 0.14, n.s.), it did not
show a significant effect of ethanol although it was close to
significance (F(2,43) = 2.73, p = 0.08), and the interaction was not
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FIGURE 8 | Effect of MSX3 plus ethanol interaction in the social preference test. Data are expressed as mean (±SEM) of time spent sniffing (A) conspecific,
(B) object, (C) horizontal and (D) vertical locomotion during the social preference test.

TABLE 3 | Effects of MSX3-ethanol combination on social recognition memory.

Etoh (g/kg) 0.0 0.5 1.0

MSX3 (mg/kg) Familiar Novel Familiar Novel Familiar Novel

0.0 75.1 ± 4.9 138.3 ± 14.0## 105.6 ± 11.9 118.7 ± 13.3 120.0 ± 24.6 114.6 ± 19.8
1.5 84.1 ± 10.9 160.1 ± 24.8# 68.7 ± 7.8 109.3 ± 12.3# 142.6 ± 20.0 117.8 ± 12.2

Data are expressed as mean ± SEM of time in seconds spent sniffing novel or familiar conspecifics. ##p < 0.01, #p < 0.05 significant differences between time in familiar

vs. time in novel conspecific for the same dose of MSX3 and ethanol.

significant (F(2,43) = 0.43, n.s.). When comparing the behavior
of every group of animals in the exploration of the known
and novel conspecific, the control group that had been treated
with vehicle-vehicle the day before spent significantly more time
sniffing the novel conspecific vs. the familiar conspecific as
expected if the animal recognizes the known conspecific (t = 4.71,
p < 0.01). This result was also observed in animals treated
with MSX-3 1.5 mg/kg plus vehicle (t = 2.64, p < 0.05). As
expected, animals treated with vehicle plus ethanol (at either
dose) did not recognize the familiar animal and explored both
conspecific equally. However, MSX-3 1.5 mg/kg blocked the

effect of the lowest dose of ethanol 0.5 g/kg (t = 2.52, p < 0.05),
although not the highest dose of ethanol. Thus, it seems that
MSX-3 had a preventive effect only when the dose of ethanol was
low.

DISCUSSION

In the present study, we characterize the impact of two of
the most commonly consumed drugs of abuse, caffeine and
alcohol, on motivation for social contact as manifested by social
preference or avoidance, and also on consolidation of social
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memories. We evaluated the possibility of a commonmechanism
of action for both drugs via the adenosine system. Thus, we
hypothesized that low to intermediate doses of alcohol could lead
to an increase in adenosine levels that would counteract the effect
of caffeine, which acts as a non-selective A1 and A2A antagonist.
In order to test that hypothesis, the effects of selective A1 and A2A
receptor antagonists were also assessed alone or in combination
with ethanol.

Our results show that the suppressing effects of high doses of
caffeine on social approach and preference can be counteracted
by low doses of ethanol, but this reversal effect reaches a
ceiling when ethanol starts to mildly impair social approach
and preference on its own. Social interaction has been mostly
used to evaluate anxiety in rodents, because it was found that
anxiolytics increase time spent in active social interaction while
anxiogenic drugs decrease social contact independently of any
change in activity (File and Hyde, 1978; Guy and Gardner,
1985). Thus, the reduction in social preference observed after
caffeine administration could be explained by an increase in
anxiety, since doses ranging from 25.0 to 100.0 mg/kg have
been demonstrated to have a substantial anxiogenic effect in
this strain of mice as seen in the elevated plus maze (López-
Cruz et al., 2013). It is also possible that anxiolysis induced by
ethanol could be playing a role in potentiating social interaction
as suggested by previous researchers (Hilakivi et al., 1989; Nadal
et al., 1993). However, it cannot be the only explanation for
this effect since doses of ethanol that induced anxiolysis in
this strain of mice (0.5 and 1.0 g/kg) in an elevated plus
maze (Correa et al., 2008) were not able to reverse social
preferences to normal levels. Moreover, in the present study
we used a procedure developed to minimize anxiety in the
experimental mouse by eliminating the possibility of physical
aggression since the target mouse was enclosed in a wire cage
(Crawley, 2004; Moy et al., 2004). Thus, in this paradigm it is
possible to assess preference or avoidance for social interaction
based on free choice. Furthermore, none of the pharmacological
manipulations used in the present series of studies produced a
significant avoidance for the compartment where the conspecific
was located (data not shown). The effects of caffeine and ethanol
alone or in combination on social behavior do not seem to
be mediated by their effects on locomotion either, because
the range of doses used do not clearly impair locomotion,
and an increase in locomotion induced by the lowest doses of
caffeine (7.5 and 15.0 mg/kg) seems to be unrelated to social
exploration.

Although a strength of the present study was the use of
a broad range of doses for all drugs, including the studies of
drug interaction (most of the previous studies have used a
single dose approach), it is not clear that the effect of high
doses of caffeine were mediated by its actions on adenosine
A1 and A2A receptors, since neither of the selective adenosine
receptors reduced social interaction at the doses tested. Because
in the present paradigm the experimental mouse has to explore
a broad area that separates the two targets (conspecific and
object), we selected doses of caffeine and selective adenosine
antagonists based on results from previous work showing no
impairing effects on ambulation and rearing in an open field

(Pardo et al., 2013; López-Cruz et al., 2014), in order to
avoid the possibility of mediating variables related to motor
function. Thus, the A1 antagonist CPT did not produce a
significant change in social approach and preference, although
mice spent more time in the conspecific compartment at the
low doses (data not shown), and there was no interaction with
ethanol on these parameters. It is possible, however, that higher
doses of CPT could mimic the effects of caffeine on social
preference, specially taking into account that previous studies
have demonstrated that caffeine, at the same dose used in the
present study (30.0 mg/kg), and the A1 antagonist DPCPX
produced an anxiogenic-like effect in mice, and reversed ethanol
anxiolytic actions (Prediger et al., 2004). On the other hand,
the A2A receptor antagonist MSX-3 did have a significant effect,
increasing preference for the social target and reducing it for the
object. It is also worth noting that although general exploration
(crossings between the three compartments) increased, MSX-3
did not disturb focused social exploration. Moreover, there
was no significant interaction between MSX-3 and ethanol on
any of these parameters; the improving effect of MSX-3 on
preference was maintained at the same level independently of
the dose of ethanol (0.5 or 1.0 g/kg) that the animals received.
Consistently, high levels of social interaction have been observed
in A2A receptor KO mice, and these animals were not affected
by a dose of ethanol (1.0 g/kg) that impaired social interaction
(López-Cruz et al., in press). Interestingly, A2AKO mice showed
an anxiogenic profile, which again argues against a straight
relationship between anxiety and social interaction (López-Cruz
et al., in press).

A decrease in exploring a familiar conspecific when a
new one is also present has been interpreted as an index
of social recognition (Thor and Holloway, 1982; Crawley,
2004; Moy et al., 2004), which some authors consider to be
also an index of preference for novelty seeking (Costa et al.,
2014). Whatever the interpretation, it is required that the
animal consolidates a memory for the familiar conspecific.
Adenosine seems to modulate short-term social memory in
rats by acting on both A1 and A2A receptors, with adenosine
receptor agonists and antagonists respectively disrupting and
enhancing social recognition memory (Prediger and Takahashi,
2005). Thus, the selective A1 agonist CCPA and the A2A
agonist DPMA disrupted juvenile recognition in adult rats
(Prediger and Takahashi, 2005). This impairment of short-term
social memory induced by adenosine agonists was reversed by
caffeine, the A1 antagonist DPCPX, and the A2A antagonist
ZM24138 (Prediger and Takahashi, 2005). Moreover, acute
administration of caffeine or selective A2A antagonists reversed
the disruption of social recognition memory in ageing rats
(Prediger et al., 2005a), and also in spontaneously hypertensive
rats (Prediger et al., 2005b) in which some alterations in
adenosine neurotransmission have been reported (Davies et al.,
1987; Matias et al., 1993; Lopes et al., 1999). However, all these
studies evaluated short-term social memory and not long-term
social memory. If the recognition test is carried 24 h after the
first presentation it can be considered as a test of long-term
memory processes. The development and consolidation of
long-term potentiation seems to be also modulated by adenosine
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receptor-dependent mechanisms in the hippocampus (Tanaka
et al., 1990; de Mendonca and Ribeiro, 1994; Hauber and
Bareiss, 2001). Data from the present study indicates that
caffeine at high doses impaired recognition on the following
day, especially at those doses (30.0 and 60.0 mg/kg) that
had reduced relative preference for social interaction the day
before. Thus, mice explored familiar and novel conspecifics
equally, which could be explained by the fact that animals had
explored the conspecific for much less time the day before than
animals under control conditions. It is possible that the ability
of caffeine to improve memory at low doses could be seen
under different experimental conditions. In fact, theophylline
(another non-selective A1/A2A antagonist) has been shown
to facilitate long-term spatial reference memory in retention
sessions, but not in working memory, both of which are tasks
that are highly dependent on hippocampus (Hauber and Bareiss,
2001). Thus, when the nature of the task involves optimal
performance during basal conditions, it is very difficult to
improve performance.

It is well known that ethanol can produce amnestic effects
and impair retrieval of memories after the drug wears off
(Goodwin, 1995; Hartzler and Fromme, 2003; Gulick and Gould,
2007, 2009). Ethanol-induced memory impairments can be
produced by disruption of attention, and also by affecting neural
mechanisms involved in memory consolidation such as the
adenosinergic system (Tanaka et al., 1990; Gulick and Gould,
2007, 2009). In experiment 1, ethanol, even at doses that did not
impair social interaction (0.5 g/kg), impaired social recognition
24 h later. Although this situation was characterized by low
performance, caffeine (15.0 or 30.0 mg/kg) co-administration
was not able to block the amnestic effects of ethanol. A previous
study in rats explored the effect of caffeine-ethanol interaction on
long-term memory using social odors (Spinetta et al., 2008). In
that study ethanol was administered immediately after exposure
to the social odor, and a recognition test was performed 24 h later
(Spinetta et al., 2008). Caffeine, at a low dose that did not have an
effect on its own (5.0 mg/kg), was able to prevent the disruptive
effects of ethanol (1.0 g/kg) on memory consolidation (Spinetta
et al., 2008). It is possible that in our study lower doses of caffeine
could have improved ethanol-induced deficits. The behavioral
effects induced by methylxantines at low doses are likely to be
mediated by nonselective adenosine A1/A2A receptor blockade,
while higher doses might involve additional mechanisms such as
inhibition of phosphodiesterases (Nehlig et al., 1992; Hauber and
Bareiss, 2001).

As for the role of selective adenosine receptor antagonists,
it appears that although CPT did not affect social interaction,
it mildly impaired long-term social recognition at low doses,
an effect that was not observed at high doses. CPT was not
able to reverse the ethanol-induced impairment of recognition
memory. In contrast, the selective A2A antagonist MSX-3, which
increased preference for the conspecific when administered
alone, did not impair social recognition, and was able to
block the amnestic effect of the lower dose of ethanol
(0.5 g/kg). Thus, in our studies a selective A2A antagonist
was able to improve social memory under conditions of
suboptimal performance (ethanol amnestic effects), but not

under optimal performance (i.e., non-treated animals). This
improvement in memory might be due to actions on processes
involved in learning, such as attention and wakefulness,
but may also be related to direct actions on memory
systems. Alternatively, it is possible that MSX3 blocks ethanol’s
amnestic effects because it robustly increases active sniffing
of the conspecific. It has been demonstrated that sensory
impoverishment in rats (by whisker clipping) exacerbates
ethanol-induced deficits in social interaction (Wellmann and
Mooney, 2015). Thus, under different experimental conditions
that promote sensory exploration (such as sniffing behavior),
it could be possible that ethanol’s amnestic effects would be
diminished.

Although it is clear that normal social interaction is
required for normal retrieval of social memories, the data from
the present studies indicate a relative independence between
social preference and social long-term memory processes. The
results available at the present moment also suggest that
A1 receptors do not seem to regulate social motivation and
social recognition, since blocking their tonic activity has very
little effect. A1 receptor antagonists appear to play only a
modest role in the regulation of dopamine-dependent aspects of
motivated behaviors (Pardo et al., 2012; Salamone and Correa,
2012). A2A antagonists have similar motivational effects to
dopamine uptake inhibitors (Yohn et al., 2016a,b), and since
A2A receptors are densely localized in dopamine rich areas
such as the nucleus accumbens (Fredholm et al., 2001), it is
possible that the modulation provided by A2A antagonists on
ethanol effects could be the result of a potentiation of the
motivational functions regulated by this nucleus. Moreover,
because selective A1 and A2A antagonists did not mimic
the effects of caffeine, it is possible that blockade of both
receptors is necessary for producing a caffeine-like action.
Alternatively, it is possible that at high doses caffeine may not
be acting solely as an adenosine antagonist. Thus, although an
increase in adenosine levels could be mediating ethanol effects,
the usefulness of highly caffeinated drinks in counteracting
ethanol-induced impairments on these normal social processes
is questionable.
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Background: Use of alcohol and tobacco, the two most concurrently abused drugs,

typically first occurs during adolescence. Yet, there have been no systematic analyses of

ethanol (EtOH) and nicotine (Nic) interactions during adolescence. Recent animal studies

report that kappa-opioid (KOR) receptor activation mediates age differences in drug

reinforcement. Our hypothesis is that concurrent self-administration of EtOH and Nic will

be greater in adolescent rats because of age differences in KOR function. Furthermore,

exposure to alcohol and nicotine during adolescence has been reported to increase

EtOH intake in adulthood. We performed a longitudinal animal study and hypothesized

adolescent rats allowed to self-administer nicotine would drink more alcohol as adults.

Methods: Adolescent, postnatal day (P)32, and adult (P90) male and female

Sprague-Dawley rats were allowed to self-administer EtOH, Nic, or a combination of

both, EtOH+Nic, in an intravenous self-administration paradigm. The role of KOR was

pharmacologically evaluated with the KOR antagonist, norbinaltorphamine (norBNI) and

with the KOR agonist, U50,488H. Alcohol drinking was subsequently evaluated with male

rats in a drinking in the dark (DID), 2-bottle choice test.

Results: Concurrent Nic increased EtOH intake in adolescent males, but not in

adults or females. Pharmacological blockade of KOR with norBNI robustly increased

EtOH+Nic self-administration in adult male rats, but had no effect with female rats.

Lastly, in our longitudinal study with male rats, we found prior self-administration of Nic

or EtOH+Nic during adolescence increased subsequent oral EtOH intake, whereas prior

self-administration of EtOH alone in adults increased subsequent EtOH drinking.

Conclusions: There are major age- and sex-differences in the reinforcing effects

of EtOH+Nic. Adolescent males are sensitive to the reinforcing interactions of the

two drugs, whereas this effect is inhibited by KOR activation in male adults. Nicotine

self-administration in adolescent males also increased subsequent oral EtOH intake.

These findings suggest that brain mechanisms underlying the reinforcing effects of EtOH

and nicotine are both age- and sex-dependent, and that tobacco or e-cigarette use may

increase the vulnerability of teenage boys to alcohol abuse.

Keywords: adolescence, ethanol, kappa-opioid receptors, norBNI, 2-bottle choice, sex differences, tobacco,

nicotine

Chemical compounds studied in this article:

Ethyl Alcohol (PubChem CID: 702); nicotine (PubChem CID: 89594); norbinaltorphimine (PubChem CID: 5480230);

and U50,488H (PubChem CID: 135349).
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INTRODUCTION

Tobacco use consistently shows a strong positive correlation with
alcohol use. Over 80% of alcoholics smoke (Batel et al., 1995),
and alcohol abuse is 10–14 times more common among smokers
(DiFranza and Guerrera, 1990). Most people begin drinking and
smoking as teenagers (Behrendt et al., 2009), and alcohol and
tobacco co-use is higher among younger (18–24 years old) than
older age groups (Falk et al., 2006). Those who initiate smoking at
age 13 or younger are twice as likely to abuse alcohol as those who
start at age 17 or above (Falk et al., 2006). Animal behavior studies
have shown adolescents find nicotine more rewarding and less
aversive (Belluzzi et al., 2004; Wilmouth and Spear, 2004; Shram
et al., 2006; Brielmaier et al., 2007). Adolescent rats are also less
sensitive to the sedative and acute withdrawal effects of alcohol
than adults (Doremus et al., 2003, 2005; Varlinskaya and Spear,
2004). Therefore, it is important to study and compare alcohol
and nicotine1 interactions in both adolescents and adults, and
examine the effects on subsequent alcohol drinking behavior.

Sex differences have also been identified in both alcohol
and nicotine addiction research publications. Nicotine has been
shown to increase alcohol consumption and enhance arousal
in men, while decreasing alcohol consumption and positive
mood in women (Acheson et al., 2006). Consistent with this,
women, but not men, drink less alcohol after ad libitum smoking
(Perkins et al., 2000). Conversely, alcohol has been shown to
increase smoking behavior in men, but not women (King et al.,
2009). These studies suggest that alcohol and nicotine have sex-
dependent interactions. Preclinical studies have also reported sex
differences in nicotine- or alcohol-induced behaviors; however
there have been no studies to date comparing the combination of
nicotine and alcohol between sexes. Studies evaluating nicotine
have reported female rats acquire self-administration of lower
doses of nicotine and have higher breakpoint values at a
progressive reinforcement schedule than males (Donny et al.,
2000). Studies evaluating alcohol similarly report females display
conditioned place preference to lower doses of alcohol than male
rats (Torres et al., 2014). These studies suggest females may
be more sensitive to the rewarding properties of nicotine and
alcohol, respectively. Furthermore, the reported sex differences

may be age-dependent, as adolescent rats do not show sex
differences in aversion to alcohol (Schramm-Sapyta et al., 2014)
or nicotine reward (Chen et al., 2007).

Recent studies attribute kappa-opioid receptor (KOR)
activation as the mediator of age differences in drug
reinforcement. KOR is the opioid receptor that binds and
is endogenously activated by dynorphin A (Chavkin et al., 1982).
KORs are widely distributed in the brain (Mansour et al., 1995)
and have been shown to induce a compensatory decrease in
reward state by inhibiting dopamine release in the nucleus
accumbens (Zapata and Shippenberg, 2006). KOR agonists have
been shown to reduce self-administration of alcohol (Nestby
et al., 1999; Lindholm et al., 2001). In contrast, stress-induced
KOR activation enhances nicotine reward (Lemos et al., 2012;

1Abbreviations: Ethanol (EtOH); nicotine (Nic); kappa-opioid receptor (KOR);

norbinaltorphimine (norBNI).

Smith et al., 2012). Pharmacological blockade of KOR with
norbinaltorphimine (norBNI), a KOR antagonist, has been
reported to both increase (Mitchell et al., 2005; Anderson et al.,
2012; Morales et al., 2014) and decrease (Walker and Koob,
2008; Walker et al., 2011) alcohol reward in rats. Recently, the
relationship between drug reward and the kappa-opioid receptor
(KOR) has been shown to be age-dependent for both alcohol
(Anderson et al., 2014) and nicotine (Tejeda et al., 2012).

In the present study, we examined the reinforcing effects
of concurrent self-administration of alcohol and nicotine in
adolescent and adult, male and female rats. Our laboratory has
previously shown adolescent nicotine pretreatment enhances
acquisition of EtOH self-administration (Dao et al., 2011),
and self-administration of a nicotine + acetaldehyde mixture
is enhanced in adolescents (Belluzzi et al., 2005). Hence, our
hypothesis was that adolescents would be more sensitive than
adults to the reinforcing effects of combined alcohol and
nicotine (EtOH+Nic), and that age differences would be more
pronounced in males than females. Furthermore, we examined
the role of KOR in mediating EtOH and Nic reinforcement with
a KOR antagonist (norBNI) and agonist (U50-488H). Lastly,
we conducted a longitudinal study to test if self-administration
of EtOH, Nic, or EtOH+Nic during adolescence influences
subsequent alcohol preference in adulthood.

MATERIALS AND METHODS

Animals
Male and female Sprague Dawley rats were obtained from
Charles River at postnatal day (P)18 and housed with a dam
until weaning (P21). Weaned juveniles and adults (P79) were
group housed in an AALAC-accredited vivarium on a 12-h light-
dark cycle (7 p. m. to 7 a. m.) with food and water available
ad libitum. No more than one animal per litter was used per
experimental group. All procedures were in compliance with
NIH guidelines and were approved by the Institutional Animal
Care and Use Committee of the University of California, Irvine.
Animal suffering and the number of animals used in this study
were minimized as much as possible. All animals were handled
daily 3 days prior to surgery and thereafter. Consistent with our
other studies (Belluzzi et al., 2005; McQuown et al., 2007; Dao
et al., 2011), intravenous self-administration experiments were
performed during the light cycle, whereas drinking in the dark
(DID) 2-bottle choice experiments were conducted during the
dark cycle. Figure 1 schematically illustrates the experimental
protocol.

Drugs
(−)-Nicotine di-(+)-tartrate (Nic) was purchased from Sigma
(St. Louis, MO), 100% ethanol (EtOH) from Gold Shield
distributors (Hayward, CA), norbinaltorphamine (norBNI), and
U50,488H from Tocris Biosciences (Minneapolis, MN), and
propofol from Abbot Laboratories (Chicago, IL). All drugs were
dissolved in saline and filtered through sterile filters (Millipore
Millex Sterile Filters, 0.22µm pore, 3.3 mm diameter). Nic
concentrations (pH 7.4) were calculated as free base, and EtOH
was prepared at concentrations no greater than 10% EtOH (v/v).
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FIGURE 1 | Schematic illustration of the experimental design. Adolescents aged postnatal day (P) 28 and adults (P86) were surgically implanted with an

intravenous catheter. At P32 or P90, adolescents and adults, respectively, began intravenous self-administration (IVSA) of EtOH and nicotine (Nic), alone or in

combination (EtOH+Nic) at escalating doses over 10 consecutive days. Seven days following the conclusion of IVSA, the same male rats, only, were tested in an

overnight 2-bottle choice paradigm with water and increasing concentrations of unsweetened EtOH solution After escalating to a 10% EtOH solution, alcohol

preference was measured during a limited 2-h access (7 p. m. to 9 p. m.); all animals had reached adulthood (Age > P60) at this time.

Catheterization
Adolescent and adult rats underwent surgery at P28 and P86,
respectively. Animals were anesthetized with Equithesin (0.035
mg/kg, i.p.), and were surgically implanted with a catheter
into their right jugular vein (Belluzzi et al., 2005). Rats were
given 3 days to recover before beginning experiments. Cannulas
were flushed daily with heparinized saline solution to maintain
catheter patency. Propofol (5 mg/kg, i.v.) was injected only once,
following the last self-administration session; data were discarded
from animals that did not display rapid (5–10 s) anesthesia.

Intravenous Self-administration (IVSA)
At P32 and P90, respectively, adolescent and adult rats
initiated intravenous self-administration (IVSA) of EtOH, Nic,
EtOH+Nic, or saline in daily 2-h sessions at a fixed ratio (FR) 1-
reinforcement schedule. Though intravenous self-administration

has been rarely used for alcohol studies, both humans (Plawecki
et al., 2013) and animals (Hyytiä et al., 1996; Dao et al., 2011)
self-administer alcohol intravenously. Animals were placed in
an operant chamber equipped with a house light, two nose-
poke holes, and cue-lights directly above each nose-poke hole.
Following each infusion there was a 3-sec time out, during
which animals could not receive drug. Drug reinforcement
was indicated by significant differences between responding at
reinforced and non-reinforced holes. Drug doses were escalated
over 10 consecutive days.We beganNic at 7.5µgNic/kg/infusion
(Low dose), a dose that is self-administered by both adolescents
and adults (Gellner et al., 2016), and maintained for the
first 3 days. We then escalated to standard IVSA Nic doses:
15µg Nic/kg/infusion (Mid dose) for days 4–6 and 30µg
Nic/kg/infusion (High dose) for days 7–10. For EtOH doses,
we began with 1mg EtOH/kg/infusion as the Low dose, and
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increased this dose by log scale to 10mg EtOH/kg/infusion
(Mid dose), and 100mg EtOH/kg/infusion (High). In order
to keep EtOH solutions below 10% (v/v), infusion volumes
were increased as drug dose was escalated. However, infusion
volumes did not differ between drug groups; animals self-
administering Nic alone had the same infusion volumes as those
self-administering EtOH and EtOH+Nic at each drug dose.

Two-Bottle Choice
A longitudinal study with male rats was used to evaluate
alcohol drinking after adolescent self-administration of EtOH,
Nic, or EtOH+Nic. Alcohol drinking was evaluated on the
same adolescent and adult male rats that completed the 10-
day intravenous self-administration study. To allow the younger
experimental rats to mature into adulthood, and allow the drugs
from the intravenous self-administration (IVSA) experiments to
clear out, the 2-bottle choice paradigm began 1 week after the
IVSA study was complete. For 2-bottle choice experiments, male
rats were single housed overnight for 12 h and allowed to drink
from two bottles: one containing water, and the other EtOH.
During the day, while 2-bottle choice experiments were not
being conducted, all animals were group-housed in their original
cages. Placement of the water and EtOH bottles was rotated
each night to prevent a side preference by our animals. Rats
were offered escalating EtOH concentrations over 15 consecutive
nightly trials as follows: 1% EtOH (v/v) for trials 1–3, 3% EtOH
(v/v) for trials 4–6, 5% EtOH (v/v) for trials 7–9, 7% EtOH
(v/v) for trials 10–12, and 10% EtOH (v/v) for trials 13–15.
These EtOH concentrations are standard for 2-bottle choice
experiments. However, saccharine was not used in our 2-bottle
choice experiments. Following the 15-trial overnight two-bottle
choice procedure, rats underwent a limited access paradigm for 3
consecutive nights. At this point, all animals were over 60 days
old and were considered to be adult rats. Each evening at the
beginning of the dark cycle, rats were given access to a bottle of
water and a bottle of 10% EtOH solution for 2 h only. After 2 h,
the bottles were removed and the remaining liquid was measured
to determine the amount of fluid the rats drank from each bottle.

Role of Kappa-Opioid Receptors (KORs) in
Acquisition of EtOH+Nic
Self-administration
Separate groups of animals were prepared with jugular
catheters, and treated with the irreversible kappa-opioid receptor
antagonist, norBNI (0, or 10 mg/kg, i.p.), 1 day after surgery. A
single dose of norBNI at 10 mg/kg inhibits activation of KOR
for more than 21 days in vivo, and is dependent on c-Jun N-
terminal kinase 1 activation (Melief et al., 2011). Hence, a dose
response with norBNI is not necessary. Three days following
norBNI or saline pretreatment, at P32 and P90, respectively,
adolescent and adult rats were allowed to intravenously self-
administer EtOH, Nic, or EtOH+Nic at the Low dose for
three consecutive days. To evaluate the effect of direct KOR
activation on EtOH+Nic self-administration, a separate groups
of adolescent males was catheterized and allowed to self-
administer EtOH+Nic for three consecutive days. On the fourth

day, the specific KOR agonist, U50,488H (0, 0.3, 1.0, or 3.0mg/kg,
i.v.) was administered immediately before beginning the final
EtOH+Nic self-administration session.

Data Analysis
Mean reinforced and non-reinforced responses for the last 2
days of intravenous self-administration of each drug dose were
analyzed with a 4-way ANOVA for Age x Drug x Response
(Reinforced/Non-Reinforced) x Dose (Low,Mid, andHigh), with
repeated measures on Response and Dose. Data from animals
pretreated with norBNI were analyzed by a 4-way ANOVA for
Age X Pretreatment X Drug X Response, with repeated measures
on Response. Results from the U50,488 experiment were also
analyzed by a 2-way ANOVA for Dose X Reinforcement. Total
EtOH and Nic intake during intravenous self-administration in
male or female rats were analyzed separately by 3-way ANOVA
for Age x Drug x Dose. Significant differences were further
analyzed with ANOVAs and post-hoc Bonferroni-corrected
t-tests, where appropriate.

For 2-bottle choice data, mean oral alcohol consumption for
the three limited access trials was calculated by dividing alcohol
intake by total fluid intake (alcohol + water). Mean alcohol
consumption was analyzed with a 2-way ANOVA for Drug (prior
exposure) X Age. Significant differences within each age were
further analyzed with one-way ANOVA and post-hoc Dunnett or
Bonferroni tests. Age differences were analyzed by Bonferroni-
corrected unpaired t-tests.

Data from norBNI-treatedmale and female rats were analyzed
separately.Mean reinforced and non-reinforced responses for the
last 2 days of intravenous self-administration of each drug group
were analyzed with a 3-way ANOVA for Age x Pretreatment x
Reinforcement (Reinforced/Non-Reinforced Responses) with
repeated measures on Reinforcement. Significant differences
were further analyzed with ANOVAs and post-hoc Bonferroni-
corrected t-tests. Significant effects of Reinforcement were
analyzed by Bonferroni-corrected paired t-tests between
Reinforced and Non-Reinforced Responses for each treatment
group.

RESULTS

Combining EtOH and Nic Is Reinforcing in
Adolescent, but Not in Adult Males
Our initial self-administration experiment was done with
adolescent and adult male rats. We observed significant age
differences in the acquisition of self-administration of EtOH,
and the combination of EtOH+Nic (Figure 2). Since overall
ANOVA indicated significant Dose interactions with Age [F(2, 98)
= 12.383, p < 0.001], and Response [F(2, 98) = 4.256, p = 0.017],
responses at each Dose were analyzed separately.

At the Low dose (Figure 2A), there was an overall Age
X Drug interaction [F(1, 49) = 5.858, p = 0.019]. Adolescent
males found EtOH, alone and in combination with Nic
(EtOH+Nic), to be reinforcing, as indicated by significant
differences between reinforced and non-reinforced responses (∗∗,
p < 0.01). Adolescents also self-administered significantly more
EtOH+Nic than EtOH alone (++, p = 0.009). In contrast, adult
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FIGURE 2 | Combining EtOH and Nicotine is reinforcing in adolescent,

but not adult males. Adolescent and adult rats self-administered EtOH

alone, or in combination with Nic (EtOH+Nic) at (A) a Low dose (7.5µg Nic,

1mg EtOH/kg/infusion), (B) a Mid dose (15µg Nic, 10mg EtOH/kg/infusion),

and (C) a High dose (30µg Nic, 100mg EtOH/kg/infusion). A reinforcing effect

of drug is indicated by significantly higher reinforced (“R,” closed bars) than

nonreinforced (“NR,” open bars) responses (**, p < 0.01; *, p < 0.05).

Reinforced responses (R) for EtOH+Nic were significantly higher than for EtOH

alone in adolescents (+++, p < 0.001; ++, p < 0.01), but not adults.

Reinforced responses in adolescents were significantly higher than adults (†††,

p < 0.001) for EtOH at the Low dose, and for EtOH+Nic at all three test

doses. Data represent mean + SEM responses averaged over the last two

days at a given drug dose, n = 9–16 males per group.

male rats did not find either EtOH or EtOH+Nic reinforcing, and
self-administered significantly less EtOH and EtOH+Nic than
adolescents (†††, p < 0.001).

At the Mid doses (Figure 2B), there was a significant Age X
Drug interaction [F(1, 49) = 9.149, p = 0.004]. EtOH continued
to be reinforcing in adolescent male rats at this higher dose,
as indicated by significant differences between reinforced and

non-reinforced responses (∗∗, p = 0.01). The combination of
EtOH+Nic, however, was not reinforcing at the Mid dose.
Yet, adolescent rats self-administered larger amounts of the
drug combination than EtOH alone; reinforced responses for
EtOH+Nic were significantly higher reinforced responses for
EtOH in adolescents (++, p= 0.002) or for EtOH+Nic in adults
(†††, p= 0.001). Adult male rats did not show a reinforcing effect
to EtOH or EtOH+Nic at the Mid dose.

At the High dose (Figure 2C), there was a significant Age X
Drug interaction [F(1, 49) = 13.274, p = 0.001], and significant
effect of Responses [F(1, 49) = 11.365, p = 0.001]. The only drug
treatment that was reinforcing was EtOH+Nic in adolescents (∗,
p < 0.05). Adolescent males also self-administered significantly
more EtOH+Nic than EtOH (+++, p = 0.001). Lastly,
reinforced responses for EtOH+Nic were also significantly
higher in adolescent than adult males (†††, p= 0.001).

Combining Alcohol and Nicotine Increased
Drug Intake in Adolescent Male Rats
Since we observed a significant age difference in EtOH+Nic
self-administration that persisted over three different dose
combinations, we also included female adolescent and adult
rats, and compared drug intake between age and sex. Nic
significantly increased EtOH intake in adolescent, but not adult
males (Figure 3). EtOH intake in males showed a significant
Dose x Age x Drug interaction [F(2, 96) = 10.652, p < 0.001];
hence, each dose was analyzed separately. At all three test doses,
the adolescent EtOH+Nic group had significantly higher EtOH
intake than the adolescent EtOH alone group (∗∗, p < 0.01). In
addition, adolescent males self-administered more EtOH than
adults at the Low, Mid, and High doses of EtOH+Nic, and at the
Low dose of EtOH alone (†††, p< 0.001; ††, p< 0.01 vs. adults). In
contrast, combiningNic with EtOH did not increase EtOH intake

in females. Three-way ANOVA analysis of Age x Drug xDose was
not statistically significant [F(2, 78) = 1.143, p = 0.324] and did
not show a statistically significant Drug effect (p = 0.622) or Age
x Drug interaction (p= 0.448). Females only showed a significant
Age difference at the High dose that was not dependent on Drug
(††, p < 0.01).

Age Differences in KOR Function Mediate
Age-Dependent Effects of EtOH+Nic
Reinforcement
To test if age differences in EtOH+Nic self-administration
reflect age-dependent KOR activation, we pretreated adolescent
and adult, male and female rats, with the standard dose
of the irreversible KOR antagonist, norBNI or saline, and
compared self-administration of EtOH+Nic at the Low dose
(Figure 4). Significant overall interactions of Response x
Age x Drug x Pretreatment were found for males [F(2, 130)
= 5.651, p = 0.004]. NorBNI pretreatment had a robust
effect on EtOH+Nic reinforcement in adult male rats. Males
(Figure 4A; left panel) showed a significant overall Response
X Age X Pretreatment interaction [F(1, 46) = 6.902, p =

0.012]. EtOH+Nic was reinforcing in norBNI-pretreated adult
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FIGURE 3 | Combining alcohol and nicotine increases EtOH intake in adolescent males, but not adult males or females. EtOH intake of male (left panel)

and female (right panel), adolescent (filled bars) and adult (open bars), rats at Low, Mid and High test doses. Combining EtOH and Nic (EtOH+Nic) significantly

increased EtOH intake compared to EtOH alone in male adolescent rats (**, p < 0.01,) but not in male adult or female rats. EtOH intake is higher in male adolescents

than male adults at the Low dose (†††, p < 0.001), and at the Mid and High EtOH+Nic doses (††, p < 0.01). Female adolescents had a higher EtOH intake at the

High dose than female adults (††, p < 0.01). Data represent mean + SEM of the last 2 days of intravenous self-administration at each test dose for each group, n =

9–16/group.

FIGURE 4 | KOR blockade increases EtOH+Nic reinforcement in adult male rats, but not adolescent males or females. (A) Blockade of kappa-opioid

receptor (KOR) with norBNI significantly increased EtOH+Nic reinforcement in adult males; reinforced (R) responses were significantly higher than non-reinforced (NR)

(**,p < 0.001) and saline-pretreated reinforced responses (+++,p < 0.001). Saline-treated adolescents males had significantly higher reinforced responses than

saline-treated adult males (†††,p < 0.001). (B) Male and female adolescent rats find EtOH+Nic reinforcing regardless of pretreatment; Reinforced (R) responses were

significantly higher than non-reinforced (NR; **, p < 0.01; *, p < 0.05). No effect of norBNI was observed in females, n = 7–13/group.

males: reinforced responses were significantly higher than non-
reinforced responses (∗∗, p < 0.01), and higher than reinforced
responses of saline-pretreated adults (+++, p < 0.001). In
adolescent males, norBNI pretreatment did not have an effect on
EtOH+Nic reinforcement. Consistent with our first experiment,
adolescent males found EtOH+Nic reinforcing regardless of
pretreatment (∗∗, p < 0.01; ∗, p < 0.05). NorBNI pretreatment
of male rats increased adult reinforced responses for EtOH+Nic
to levels seen with adolescents (Figure 4A). In contrast, females
showed no effect to norBNI pretreatment (Figure 4B; right
panel). There was a significant overall Response x Age interaction
[F(1, 30) = 5.542, p = 0.016]; EtOH+Nic was reinforcing in
adolescent (∗, p < 0.05), but not adult females, regardless of
pretreatment.

NorBNI pretreatment revealed that KOR activation inhibits
EtOH+Nic reinforcement in male adults, but not adolescent
males. In order to test whether KOR was functionally active
in adolescent males that show a reinforcement effect to the
combination EtOH+Nic, we examined the effect of the KOR
agonist, U50,488, on a separate group of adolescent male rats

(Figure 5). Only an overall reinforcement effect was observed
[F(1, 43) = 18.327, p < 0.001], with no significant inhibition of
responding at any U50,488 dose.

Nicotine Self-administration during
Adolescence Increases Subsequent EtOH
Drinking in Adulthood
In order to test the effect of adolescent Nic and/or EtOH use
on EtOH drinking during adulthood, we performed a 2-bottle
choice experiment on the same male rats from our initial self-
administration experiment. No female rats were tested in our
2-bottle choice paradigm. We found that self-administration
of Nic during adolescence increased subsequent oral intake of
EtOH in a drinking-in-the-dark paradigm during adulthood
(Figure 6). Though none of the test groups demonstrated a
preference for EtOH over water, a significant Drug x Age
(during IVSA) interaction [F(3, 74) = 5.051, p = 0.003] was
seen for EtOH intake as a percent of total liquid consumption.
Male rats that, as adolescents, self-administered Nic alone or
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FIGURE 5 | Activating KOR does not inhibit EtOH+Nic reinforcement in

male adolescent rats. Adolescent male rats self-administering EtOH+Nic

were treated with U50,488 (0, 0.3, 1.0, or 3.0 mg/kg, i.v.) on test day. No

statistically significant effect of U50,488 was observed. Overall, reinforced

responses were significantly higher than non-reinforced responses

(**,p < 0.01), n = 11–13 adolescent males.

in combination with EtOH (EtOH+Nic), drank more EtOH
than saline controls (+, p < 0.05). Adolescent rats that
intravenously self-administered EtOHalone did not subsequently
drink more EtOH than saline-control animals. In contrast, rats
that intravenously self-administered EtOH alone as adults did
drink more EtOH than saline-controls (+, p < 0.05). They also
drank more EtOH than their adolescent counterparts (††, p <

0.01). Notably, adults that self-administered EtOH+Nic did not
increase subsequent oral EtOH intake (Figure 6), even though
Nic did not significantly alter intravenous EtOH intake in this
group (Figure 2A). Thus, Nic self-administration in adolescents
increases subsequent alcohol drinking, whereas it inhibits the
enhancing effects of EtOH self-administration on subsequent
alcohol drinking in adults.

DISCUSSION

We have shown major age and sex differences in the
behavioral interactions of nicotine and alcohol with a novel
self-administration paradigm. Consistent with our earlier study
in which nicotine was given as a passive pretreatment (Dao
et al., 2011), we now show that concurrent nicotine self-
administration enhances alcohol reinforcement and intake in
adolescent male, but not adult male or female rats of either
age. In contrast, concurrent self-administration of EtOH and
Nic in adults activates KOR, which blocks drug reinforcement.
With the use of a longitudinal study, we also show that nicotine
self-administration during adolescence increases subsequent oral
consumption of alcohol. These findings suggest that tobacco
use by male teenagers may pose a significant risk factor for
subsequent alcohol abuse. The present findings also contribute to
a growing literature of substantial interactions between nicotine
and alcohol, at both the molecular and circuit level (Doyon et al.,
2013; Hendrickson et al., 2013).

Nicotine Increases Alcohol Intake When
Combined in Adolescent Males
This is the first study to examine concurrent self-administration
of nicotine and EtOH in adolescents. Our intravenous

FIGURE 6 | Nic self-administration during adolescence increases

subsequent alcohol drinking in adulthood. Data are average 10% EtOH

consumption as a percent of total fluid consumption over 3 consecutive trials

in a limited 2-hr access 2-bottle choice paradigm with male rats that had

previously self-administered saline, Nic, EtOH, or EtOH+Nic as either

adolescents or adults. Rats that self-administered Nic or EtOH+Nic as

adolescents drank more 10% EtOH solution than saline-control rats (+, p <

0.05). Rats that self-administered EtOH as adults drank more 10% EtOH

solution than adult saline controls (+, p < 0.05) and rats that previously

self-administered EtOH as adolescents (†, p < 0.05). 10% EtOH consumed as

a % of total fluid is shown as mean + SEM for each treatment group, n =

8–13 males/group.

self-administration paradigm was designed to avoid confounds
resulting from age differences in response to alcohol taste,
and to allow for a direct comparison of nicotine and
alcohol reinforcement when the two are combined. Although
intravenous self-administration is the standard method used in
animal models of addiction, it has been rarely used for alcohol
studies. However, both humans (Plawecki et al., 2013) and
animals (Hyytiä et al., 1996; Dao et al., 2011) self-administer
alcohol intravenously. Lastly, we used nose-pokes, not levers,
in our self-administration operant chambers to facilitate
spontaneous acquisition of responding with adolescent animals.
Although non-reinforced activity is higher with nose pokes than
levers (Clemens et al., 2010), we observed immediate acquisition
of self-administration in all adolescent groups, as defined by
significantly higher reinforced than non-reinforced responses.

We found significant age differences in drug reinforcement
and intake with our self-administration experiments. Nic
increased EtOH reinforcement and intake in adolescent males.
This finding suggests adolescents have increased sensitivity to
alcohol reward, as has been reported previously (Maldonado
et al., 2008; García-Burgos et al., 2009); and is consistent
with a study where cigarette smoke exposure increased alcohol
consumption in adolescent mice (Burns and Proctor, 2013). Our
study is also supported by the clinical finding that alcohol and
nicotine co-use is higher among younger (18–24) than older age
groups (25–44, 25–64, and 65+) (Falk et al., 2006).

Contrary to the males, EtOH intake did not differ by age
in females, and was not affected by combining Nic with EtOH.
Other studies have also observed sex differences in responses to
nicotine and alcohol. A clinical study reported mecamylamine,
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a nicotinic acetylcholine receptor (nAChR) antagonist, is more
effective in attenuating the positive effects of alcohol in men
than in women (Chi and de Wit, 2003). Another group later
showed that nicotine increased alcohol consumption in men,
but decreased it in women (Acheson et al., 2006). This study
also reported that nicotine enhances arousal state in men, but
decreases positive mood in women. This suggests that nicotine
may alter the motivation to drink differently across sexes.
Consistent with this, women have been reported to drink less
alcohol after ad libitum smoking thanmales (Perkins et al., 2000).
These studies suggest womenmay not co-use alcohol and tobacco
as much as men. Since our findings are consistent with rodent
and human literature, we believe our self-administration model
is a valid novel model to study EtOH+Nic reinforcement and the
first to examine concurrent self-administration of nicotine and
EtOH in adolescents.

EtOH and Nic Age- and Sex-Dependently
Interact with Kappa-Opioid Receptor
Function
Age differences in EtOH+Nic reinforcement in male rats were
due to differences in KOR activation. Pharmacological blockade
of KORs with an irreversible antagonist, norBNI, did not
significantly affect responding for EtOH+Nic in females or
adolescent males. However, the same treatment induced a very
robust increase in EtOH+Nic reinforcement in adult males.
This suggests the drug combination of EtOH and Nic induces
KOR activation in adults, but not adolescents. Age differences
in EtOH+Nic-induced activation of KOR may either reflect
functional differences in the receptor, or in release of dynorphin,
the endogenous KOR ligand (Chavkin, 2013). In order to evaluate
the underlying KOR mechanism, we treated adolescent male rats
with the KOR agonist, U50,488H, immediately before beginning
an intravenous EtOH+Nic self-administration session. The fact
that U50,488H did not inhibit EtOH+Nic reinforcement in
adolescent males, suggests that the observed age difference
in KOR function reflects an alteration in receptor function
rather than an age difference in dynorphin release. This finding
complements the conclusions of Tejeda et al. (2012), who showed
that chronic nicotine increases KOR function in adults, but not
adolescents. However, norBNI has recently been shown to inhibit
dynorphin-stimulated G-protein signaling in the absence of KOR
(Zhou et al., 2015). Thus, other potential mechanisms involving
dynorphin systems should also be considered.

Adolescent Nicotine Self-administration
Causes a Lasting Increase in Alcohol
Preference
Following the initial intravenous self-administration
experiments, the same male rats were allowed to mature and
reach adulthood. Then, we allowed them to drink alcohol using
a drinking in the dark paradigm (Rhodes et al., 2005; Kamdar
et al., 2007). Nicotine self-administration during adolescence was
found to increase subsequent EtOH consumption in adulthood.
This is the first study to compare the effect of age of onset of Nic
and EtOH self-administration on subsequent EtOH drinking

later in life. These findings support the “gateway hypothesis”
that adolescent Nic use subsequently increases drug reward;
specifically, enhancing the vulnerability to develop alcohol abuse
problems later in life. This long-lasting effect of nicotine on
alcohol reward is consistent with the findings of a prior study
that reported exacerbated ethanol withdrawal during adulthood
in rats exposed to nicotine during adolescence (Riley et al.,
2010), but is not consistent with another study that reported
periadolescent nicotine treatment does not affect subsequent oral
EtOH consumption (Smith et al., 2012). Such differences may
reflect methodological distinctions, such as route and duration of
nicotine administration, and the impact of choice on oral EtOH
consumption. Our finding that adolescent EtOH intake did
not affect subsequent oral alcohol preference also differs from
other studies that passively administered EtOH, forced EtOH
consumption (Pascual et al., 2009; Sherrill et al., 2011), or used
EtOH preferring rats (Rodd-Henricks et al., 2002). However, our
data are consistent with one study that allowed adolescent rats
to voluntarily self-administer EtOH (Vendruscolo et al., 2010).
This suggests that voluntary access and forced exposure to EtOH
may differentially impact subsequent EtOH reward later in life;
voluntary access has no effect, while forced exposure increases
reward. Considering that stress has been shown to increase EtOH
reward (Matsuzawa et al., 1998), it is possible the stress induced
during forced EtOH exposure is the reason for the subsequent
increase of EtOH reward in those other studies, not adolescent
EtOH exposure itself. Consistent with this hypothesis, prior
work has shown that adolescent mice show a long-term increase
in EtOH preference after stress exposure (Siegmund et al., 2005).
Thus, the stress involved in forced EtOH exposure may impact
its effect on developing reward circuitry.

Lastly, we found adults that previously self-administered
EtOH drank significantly more EtOH than saline-control
animals, a finding consistent with much earlier reports (Roberts
et al., 1996, 2000). Interestingly, combining nicotine during
intravenous self-administration experiments eliminated the
enhancing effect of EtOH. In contrast to adolescents, self-
administration of Nic alone in adults did not change subsequent
EtOH consumption. EtOH+Nic was not reinforcing in adult
males. Hence, our findings suggest that, in adulthood, concurrent
Nic inhibits the immediate and subsequent reinforcing properties
of EtOH. Our findings are consistent with an epidemiological
study which reported that heavier drinking in teenagers is
correlated with smoking and the male gender (Poikolainen et al.,
2001).

CONCLUSIONS

Our study revealed age-and sex-dependent interactions of EtOH
and Nic in mediating drug reinforcement behavior. Recent
mouse studies have indicated that EtOH and Nic interact at
α4- and α6-containing nicotinic acetylcholine receptors (nAChR)
to mediate reward (Liu et al., 2013a,b). However, our present
findings of age- and sex-dependent interactions of EtOH and
Nic in mediating drug reinforcement, suggest that a more
complex model may apply. Our research supports the concept
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that adolescents are less sensitive to KOR activation than adults
(Natividad et al., 2010; Tejeda et al., 2012; Anderson et al.,
2014; Morales et al., 2014). Furthermore, this is the first study
to report an interaction by EtOH and Nic on KOR function,
and offers an explanation to why most tobacco-using teenagers
also drink alcohol (Orlando et al., 2005). The reported increase
in alcohol intake when combined with Nic in male rats is a
remarkable finding considering that these animals are voluntarily
consuming EtOH. Our findings are supported by clinical studies
reporting increases in smoking behavior with alcohol (Friedman
et al., 1991; Rose et al., 2004; King et al., 2009; McKee et al.,
2010), and conversely, increased alcohol drinking with nicotine
(Barrett et al., 2006). Female rats exhibited vastly different
behavioral responses to the drug combination than males. The
self-administration findings are consistent with those of a clinical
study reporting that nicotine increased alcohol consumption in
men, but decreased it in women (Acheson et al., 2006). These
findings suggest sex-dependent interactions of EtOH and Nic
with KOR function.

Our longitudinal analysis of EtOH consumption with a
drinking in the dark 2-bottle choice showed significant age
of onset of drug use, and drug group differences. We found
adolescent use of Nic, but not EtOH, significantly increased
subsequent EtOH drinking in adulthood. This supports the
“gateway hypothesis” for Nic and suggests that EtOH may not be
a “gateway” drug in adolescence. Our findings are supported by
an epidemiological study reporting heavier drinking in teenagers
is correlated with smoking and the male gender (Poikolainen
et al., 2001).

In summary, our study supports the growing body of literature
suggesting age- and sex-dependent KOR function. In addition,
it illustrates that EtOH and Nic interact with KOR to induce
age- and sex-dependent behaviors. Alcohol research and tobacco
research have always been considered separate fields. Our work
incorporates the two, and suggests they are interconnected as
so much clinical data suggest. For years, we have known people
begin drinking and smoking as teenagers. These findings propose
a biological factor for this highly co-morbid phenomenon; male
adolescents are less sensitive to KOR inhibition of reinforcement
induced by combining alcohol and nicotine. Our research
suggests KOR activation as a novel mechanism mediating age
differences in alcohol and tobacco co-abuse, and provides strong
evidence that sex and age of first exposure are important
determinants of the interactive effects of nicotine and alcohol.

Two subtypes of alcoholism have been widely recognized: Type-
A, or late onset, alcoholism develops after age 25; and Type-B, or
early onset, alcoholism develops before age 25 (Johnson, 2010).
Pharmacological treatment for alcoholism depends on severity
of use and on age of onset. People who consistently smoke
and drink as teenagers, and throughout their early twenties,
experience substantially more negative consequences by age 29
than those who occasionally smoke and drink, or drink and
not smoke (Orlando et al., 2005). With the recent escalating
use of e-cigarettes in school-age children (Arrazola et al., 2015),
concern has been raised that these may also increase the risk for
alcohol abuse (Hughes et al., 2015; Kristjansson and Sigfudottir,
2015). Our present findings suggest that adolescent nicotine

exposure, through use of either conventional tobacco products
or e-cigarettes, may not only increase the immediate rewarding
effects of alcohol in males, but may also increase long-term
susceptibility to alcohol use. Such findings provide further strong
arguments for limiting adolescent access to nicotine and tobacco
products.
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