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Ethanol is a very elusive drug, which has mechanisms of action that are diverse and relatively 
non-selective. Moreover, ethanol has been demonstrated to be a biologically active substance 
by itself, but also a pro-drug of the neuroactive metabolites, acetaldehyde and acetate. 
Acetaldehyde has traditionally been known as a toxic substance with several effects on 
multiple systems. However, in the last few decades evidence has accumulated to reveal the 
specific and, in some instances, distinct neural actions of acetaldehyde and acetate that are in 
part responsible for some of the observed psychoactive effects of ethanol. 

The present issue will address these challenges to provide an up-to-date synopsis of 
the behavioral and neurophysiological impact of the two direct metabolites of ethanol, 
acetaldehyde and acetate. In doing so, this issue will present human and rodent evidence on 
their behavioral and neurophysiological impact, either when administered alone as drugs, or 
when metabolically-derived from their parent compound. 

Emphasis will be placed to stress the importance of the different enzymatic systems that 
intervene to produce these metabolites, either peripherally and/or directly in the brain. 
Similarly, this Research Topic will be aimed at addressing some of the possible mechanisms 
of action of acetaldehyde and acetate in different brain areas and in different intracellular 
systems. Furthermore, the issue will lay out some of the suggested mechanisms of action 
of ethanol and of its metabolites by which they form adducts with other molecules 
and neurotransmitters such as dopamine and opioids (which lead to salsolinol and 
tetrahydropapaveroline, respectively), and their impact on the synthesis and actions of 
neuromodulators such as adenosine and the cannabinoid system. 
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As with many events in the history of science, the development
of the hypothesis that acetaldehyde is a plausible psychoactive
substance with specific central effects (not related to its toxic-
ity) has not been either incremental or progressive. Rather, it has
evolved through a process of fits and starts. Initial clinical obser-
vations suggesting that accumulation of acetaldehyde could be
used as a therapy for alcoholism did not lead to a highly effective
treatment, and in fact, it was noted early on that small amounts
of ethanol consumed under these conditions (i.e., blockade of
aldehyde dehydrogenase) could be perceived as being even more
pleasurable (Chevens, 1953). Although some laboratory data in
animals appeared at that time (Carpenter and Macleod, 1952), it
took a decade for the pre-clinical studies to focus on the poten-
tial importance of acetaldehyde. Since Myers proposed in the late
60’s that acetaldehyde could be a mediator of some of the effects
of ethanol (Myers and Veale, 1969), advances in this field have
gone through a push-pull process. His seminal discoveries about
acetaldehyde self-administration and neural effects were met with
skepticism because of the lack of replicability of results at that
time, and the many unsolved questions related to measurements
of brain acetaldehyde. In the late 70’s, work conducted mainly by
Amit’s group (e.g., Amit et al., 1977), put acetaldehyde back in the
picture. To replicate some of the early discoveries and expand the
range of behaviors for which acetaldehyde could be shown to be a
mediator of ethanol’s effects, this laboratory started to assess the
impact of interfering with acetaldehyde metabolism. Again, this
work met with considerable skepticism, in part because of issues
such as the lack of penetrability of acetaldehyde into the brain
due to the high content of aldehyde dehydrogenase (ALDH) in
the blood brain barrier, and also the absence of the alcohol dehy-
drogenase (ADH) isoform that metabolizes ethanol in the brain
(Lindros and Hillbom, 1979). More or less at that time, a newly
characterized enzyme for the metabolism of ethanol was intro-
duced to the cerebral enzymatic landscape; catalase (Cohen et al.,
1980). This enzyme became the focus of the next wave of work by
Aragon and Amit related to the acetaldehyde hypothesis (Aragon
et al., 1985). In vitro and in vivo studies, mainly with one phar-
macological tool and one genetic mutation, established the first
plausible support for the idea that brain ethanol metabolism was
possible, and had a clear impact on alcohol consumption (Aragon
and Amit, 1993). In addition, late in the 90’s the localization of
high levels of catalase in catecholamine rich areas in the brain

(Zimatkin and Lindros, 1996), identified possible neuroanatom-
ical loci for acetaldehyde formation. Across the first few years of
the new century, Aragon and his colleagues developed a series of
pharmacological tools that more firmly established the idea that
brain catalase activity was directly correlated with ethanol’s stim-
ulant effects (Correa et al., 2001). Since then, data have been accu-
mulating at an expanding pace. Additional groups of researchers,
most of which are represented in this issue, started to apply dif-
ferent approaches to the “acetaldehyde hypothesis,” which led to
a new wave of papers and substantial scientific advances in this
field. Genetic, neuropharmacological, electrophysiological and
cellular mechanisms for acetaldehyde actions have been estab-
lished. Potential therapeutic tools have been used. Neural circuits
and complex behaviors have been studied, and other mediators
of ethanol’s actions that depend upon acetaldehyde formation,
metabolism, or conjugation have been analyzed.

The present group of articles provides a comprehensive and
up-to-date overview of research related to the actions of acetalde-
hyde, with recent results from the many groups that have deci-
sively contributed to the field. The first review by Peana and
Acquas gives a clear perspective on the behavioral evidence show-
ing how acetaldehyde is a neuroactive molecule able to exert
key motivational effects that can lead to the development of
addiction, and also explains the neurobiochemical correlates of
those actions in different intracellular signaling systems and
diverse brain areas. A special accent on acetaldehyde formation,
metabolism and blockade in relation to its reinforcing charac-
teristics is presented by Diana and colleagues. Emphasis is put
on the use of thiol compounds, which sequester acetaldehyde,
as therapeutic agents preventing those effects. A very interest-
ing methodological approach using gene-specific manipulations
to change enzymatic activity, both in the liver and in the brain,
has led Israel and colleagues to explore the behavioral conse-
quences of central versus peripheral acetaldehyde metabolism.
Direct administration of ethanol or acetaldehyde either in the
periphery or in the brain, as employed in the studies from Correa
and Salamone’s lab, describe c-Fos expression (a marker of neu-
ral activity) across a broad range of brain areas involved in the
motivational actions of both compounds. At the molecular level,
Weiger and colleagues present data indicating that acetaldehyde
acts on maxi calcium-activated potassium channels, a key factor
in electrical stimulation of neural cells.
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The role of acetaldehyde/monoamine conjugates that form
tetrahydroisoquinoline alkaloids is presented in the next group
of articles. Special attention is paid to the conjugate of acetalde-
hyde with dopamine, salsolinol. This molecule has demonstrated
to be central for the actions of ethanol in the mesolimbic sys-
tem (Melis et al., 2013). Electrophysiological data presented by
Xie, Ye and colleagues show how salsolinol modulates firing of
dopamine neurons in brain slices from posterior ventral tegmen-
tal area via activation of opioid receptors located in neighboring
GABAergic neurons. These data are discussed by Polache and
Granero in a commentary, written from the perspective of their
own extensive research on salsonilol-induced dopamine release
in the accumbens in behaving animals. Deehan and Rodd, report
on the role of salsonilol and other conjugates in acetaldehyde
self-administration, in an integrative review of human find-
ings and their own key animal data involving the mesolimbic
dopaminergic system.

Although dopamine has been a major focus for studies of
acetaldehyde’s central actions, other neural systems are also
involved. For instance, the role of the opioid system in the neu-
rochemical and behavioral effects of acetaldehyde is reviewed by
Font and Pastor, who not only discuss the effects of salsonilol on
mu opiod receptors, but also summarize what is known about
acetaldehyde formation in brain nuclei rich in catalase and beta-
endorphine neurons. Elegant studies conducted by Cannizzaro’s
laboratory demonstrate that the endocannabinoid system mod-
ulates not only operant acetaldehyde self-administration, extinc-
tion, and relapse, but also its effects on the emission of punished
responses during conflict experiments, all of which are key fea-
tures of addiction. A relevant role for acetate, a metabolite of
acetaldehyde, as a mediator of the sedative and ataxic effects of
alcohol is presented by Correa and colleagues. These results are
hypothesized to be mediated by the neuromodulator adenosine.

The work by March, Molina and colleagues is focused on a par-
ticulary important neurodevelopemental period; early ontogeny.
At this stage, drugs have a substantial impact on the nervous sys-
tem, and in the case of ethanol, its actions can be affected by the
fact that rats show a high rate of brain catalase activity specifi-
cally in this period. Thus, these authors provide extensive results
about vulnerability to abuse and addiction in newborn and infant
rats, which is induced by early ethanol and acetaldehyde exposure.
These data are discussed in a commentary by Zimatkin, an expert
on brain enzymatic localization, in terms of the ideal scenario
in brain pups for acetaldehyde accumulation (high catalase-low
ALDH). Finally, on the other extreme of the neurodevelopmental
process, Vaglini, Corsini and colleagues review data on the impact
of acetaldehyde on Parkinson’s desease. In this case the authors
focus on the role of the other important brain enzymatic sys-
tem for the central formation and degradation of acetaldehyde;
cytochrome P450-2E1, which is highly concentrated in substan-
tia nigra pars compacta, an area rich in dopamine cell bodies.
Acetaldehyde acting as a substrate/inhibitor of this enzyme, may
facilitate the susceptibility of these dopaminergic neurons to
toxin-induced parkinsonism.

Many more exciting discoveries are yet to come, and new
methodologies still need to be developed in order to overcome
the obstacles that continue to obscure our understanding of the

role of acetaldehyde. Especially important would be the need
for reliable measurements of central acetaldehyde production
under physiological conditions. However, we can certainly say
that acetaldehyde, its metabolites and its conjugates are critical
molecules for the complex set of effects observed after ethanol
consumption, especially those related to the development of its
pathological consumption.
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Since Chevens’ report, in the early 50’s that his patients under treatment with the aldehyde
dehydrogenase inhibitor, antabuse, could experience beneficial effects when drinking
small volumes of alcoholic beverages, the role of acetaldehyde (ACD) in the effects of
ethanol has been thoroughly investigated on pre-clinical grounds. Thus, after more than
25 years of intense research, a large number of studies have been published on the
motivational properties of ACD itself as well as on the role that ethanol-derived ACD
plays in the effects of ethanol. Accordingly, in particular with respect to the motivational
properties of ethanol, these studies were developed following two main strategies: on
one hand, were aimed to challenge the suggestion that also ACD may exert motivational
properties on its own, while, on the other, with the aid of enzymatic manipulations or
ACD inactivation, were aimed to test the hypothesis that ethanol-derived ACD might
have a role in ethanol motivational effects. Furthermore, recent evidence significantly
contributed to highlight, as possible mechanisms of action of ACD, its ability to commit
either dopaminergic and opioidergic transmission as well as to activate the Extracellular
signal Regulated Kinase cascade transduction pathway in reward-related brain structures.
In conclusion, and despite the observation that ACD seems also to have inherited the
elusive nature of its parent compound, the behavioral and biochemical evidence reviewed
points to ACD as a neuroactive molecule able, on its own and as ethanol metabolite, to
exert motivational effects.

Keywords: acetaldehyde, behavior, ethanol, dopaminergic transmission, extracellular signal regulated kinase,

opioidergic transmission, salsolinol

INTRODUCTION
Acetaldehyde (ACD) is well-known as a toxic compound and on
this property was grounded the rationale for the use of disulfi-
ram, an aldehyde dehydrogenase inhibitor, to treat alcoholism.
However, toxicity does not necessarily involve perceived aversive
effects and at the basis of this treatment are its aversive effects
(nausea, headache, hot flushes, etc.) that discourage consump-
tion. In spite of this, however, in the early 50’s it was reported that
some patients under treatment with the aldehyde dehydrogenase
inhibitor (ALDH), antabuse, could experience pleasurable effects
while ingesting small amounts of ethanol and it was postulated
that ACD might have positive emotional as well as motivational
effects (Chevens, 1953). After a long period of obsolescence from
this observation, in the last decades the research on the role of
ACD in the effects of ethanol, both as ethanol’s metabolite and as
chemical with its own motivational properties, has seen a renewed
interest. To address this issue, the first approach has been to
consider ethanol as a pro-drug of ACD. Indeed, the most radi-
cal view suggested that ACD could be responsible for all of the
effects of ethanol and that alcoholism might, instead, be termed
acetaldehydism (Raskin, 1975). Notably, a consistent body of evi-
dence, suggesting that to exert its motivational properties ethanol
must be metabolized into ACD, has been collected by different
approaches including catalase manipulations (Aragon et al., 1985,

1991; Aragon and Amit, 1992), the use of alcohol dehydroge-
nase (ADH) (Amit, 1977; Brown et al., 1979; Smith et al., 1984;
Quertemont and De Witte, 2001; Peana et al., 2008a) or ALDH
inhibitors (Amit, 1977; Spivak et al., 1987a,b; Suh et al., 2006), the
use of knock-out mice for the CYP2E1 isoform (Suh et al., 2006;
Correa et al., 2009a) and the use of lentiviral vectors to silence the
cell genome encoding for catalase or ADH synthesis (Karahanian
et al., 2011). These approaches generated a large number of stud-
ies, summarized in comprehensive reviews (Quertemont et al.,
2005; Correa et al., 2012), showing that locomotor (Escarabajal
and Aragon, 2002; Martí-Prats et al., 2010; Ledesma and Aragon,
2012), anxiolytic (Correa et al., 2008; Escrig et al., 2012) and,
in particular, motivational (Peana et al., 2008a,b, 2009, 2010a)
properties of ethanol could be prevented by inhibiting either
its peripheral and central metabolism or by ACD inactivation.
Notably, two further issues, one related to the questioned ability
of ACD to cross the blood brain barrier [see Correa et al. (2012)
for an extensive discussion on this issue] and another related to
the role of enhanced ethanol plasma concentrations that may in
turn reach the brain, require to be dealt with while taking into
consideration the consequences of blockade of ethanol peripheral
metabolism.

Another approach to address the role of ACD in the motiva-
tional properties of ethanol has been to consider it as a chemical
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with neurobiological properties on its own. Indeed, also this line
of investigation has generated a significant body of data that also
converged toward the characterization of ACD as a neurochem-
ical agent able to elicit locomotor activity (Correa et al., 2009b)
and anxiolytic effects (Correa et al., 2008), to sustain drug dis-
crimination (York, 1981; Redila et al., 2000, 2002; Quertemont
and Grant, 2002), to affect cognition (Sershen et al., 2009), and to
elicit motivational effects (York, 1981; Peana et al., 2008a, 2009,
2010b; Spina et al., 2010). Interestingly, the behavioral evidence
for the characterization of ACD as a drug with motivational prop-
erties was gathered, from conditioned place preference (CPP) and
self-administration studies, in parallel with electrophysiological,
biochemical and immunohistochemical studies pointing also to
the critical role of dopamine (DA) (Foddai et al., 2004; Melis et al.,
2007; Enrico et al., 2009; Spina et al., 2010; Vinci et al., 2010; Sirca
et al., 2011) and opioid (Pastor et al., 2004; Sánchez-Catalán et al.,
2009; Peana et al., 2011) transmission as well as to the involve-
ment of Extracellular signal Regulated Kinase (ERK) (Spina et al.,
2010; Vinci et al., 2010) at the basis of ACD’s motivational prop-
erties. The present review aims to recapitulate this evidence in
support of the tenet of ACD as a molecule able to exert moti-
vational effects in rodents (for a recent comprehensive review see
Correa et al., 2012).

CONDITIONED PLACE PREFERENCE AND
SELF-ADMINISTRATION STUDIES
The role of ACD in the positive motivational properties of ethanol
has become an increasingly attractive matter of debate and many
studies have attempted to establish whether ACD is necessary for
the manifestation of the neurobiological and behavioral effects
of ethanol. Such studies have been developed by the aid of
compounds that increase as well as inhibit, both centrally and
peripherally, the formation of ACD and by the aid of compounds
able to sequester ACD into stable non-reactive adducts. ACD has
been shown to elicit CPP after intracerebroventricular infusion
(Smith et al., 1984) and after intragastric (Peana et al., 2008a)
and intraperitoneal (Quertemont and De Witte, 2001) adminis-
tration. Notably, under these conditions, ACD-elicited CPP shows
a bell shaped dose-response curve similar to that of ethanol
(Quertemont and De Witte, 2001; Peana et al., 2008a).

The isoforms of ADH, normally found in gastric and hep-
atic tissue, represent the main metabolic pathway by which
ethanol is converted into ACD upon ingestion (Baraona et al.,
1991). Hence, provided that ethanol is not a substrate of brain
ADH isoforms, the effect of the ADH competitive inhibitor,
4-methylpyrazole (4-MP), mostly used in behavioral studies is
restricted to the peripheral metabolism of ethanol (Escarabajal
and Aragon, 2002). In this paragraph we will focus our atten-
tion mostly on studies in which, to mimic the route commonly
used by humans, ethanol and ACD were administered orally. In
a CPP study, we showed that pretreatment with 4-MP reduces
intragastric ethanol- (1 g/kg) but not ACD- (20 mg/kg) induced
CPP, suggesting that ACD, metabolically derived from ethanol,
could be responsible for this effect (Peana et al., 2008a). As
previously mentioned, however, the impact of these results is
partly reduced by the observation that administration of 4-MP
may also affect, indirectly, brain ACD (Spivak et al., 1987a,b).

In fact, when ethanol’s metabolic conversion is prevented in the
periphery it can reach the brain in greater amounts and can be
metabolized therein by alternative pathways (catalase) (Aragon
et al., 1985, 1991). This observation is also in agreement with
the study by Tambour et al. (2007) reporting that the administra-
tion of cyanamide, a catalase and ALDH inhibitor, could prevent
the locomotor stimulant effects of ethanol in mice and that this
effect could be prevented by previous administration of 4-MP
(Sanchis-Segura et al., 1999; Tambour et al., 2007).

Evidence of the role of ACD in the motivational properties
of ethanol has also been provided by CPP experiments with D-
penicillamine, a compound, which acts by sequestering ACD
into a non-reactive and stable adduct without altering ethanol
metabolism (Nagasawa et al., 1978). Thus, peripheral admin-
istration of D-penicillamine, at doses devoid of motivational
properties per se, prevents the acquisition of either ethanol- (Font
et al., 2006a; Peana et al., 2008a) or ACD-induced CPP (Peana
et al., 2008a). In addition, as in the case of the experiments
with 4-MP, the specificity of pretreatment with D-penicillamine
on ethanol-derived ACD was confirmed by its failure to affect
morphine-elicited CPP. Further, indirect, evidence of the role of
ACD in the motivational effects of ethanol comes from studies
with L-cysteine, a thiol amino acid, also known for its ability
to protect against ACD toxicity (Salaspuro, 2007). L-cysteine is
a precursor of the antioxidant glutathione (Soghier and Brion,
2006) and binds ACD by way of cysteinylglycine, the first metabo-
lite in glutathione breakdown (Kera et al., 1985). Notably, L-
cysteine formulations have been developed to bind in the oral
cavity ACD originating after heavy smoking and alcohol drink-
ing (Salaspuro et al., 2002; Salaspuro, 2007). Such formulations
offer a novel method for intervention studies aimed to fight the
role of ACD in the pathogenesis of upper digestive tract cancer
(Salaspuro, 2007), alcoholic cardiomyopathy, as well as against
the chronic toxicity of ACD (Sprince et al., 1974). Accordingly,
we found that L-cysteine reduces either ethanol- and ACD-
elicited CPP (Peana et al., 2009) supporting the notion that
the generation and accumulation of ACD actively contributes to
ethanol-induced CPP.

Several studies have found that ACD supports its self-
administration. This has been demonstrated in unselected
rats self-administering ACD intravenously (Myers et al., 1982;
Takayama and Uyeno, 1985), intracerebroventricularly (Brown
et al., 1979) and into the VTA (McBride et al., 2002), the lat-
ter also in alcohol-preferring rats (Rodd-Henricks et al., 2002).
Further evidence that ACD exerts positive motivational prop-
erties arises from the observation that rats also acquire and
maintain oral ACD self-administration (Peana et al., 2010b;
Cacace et al., 2012). Our work, in this regard, has been aimed to
characterize the role that ethanol-derived ACD plays in the phar-
macological properties of orally ingested ethanol. Thus, as in the
CPP studies, we have found that inhibition of the metabolism
of ethanol, by 4-MP, reduces oral ethanol self-administration
behavior (Peana et al., 2008b) an effect that might also be
attributed to an increased concentration of ethanol which falls
on the right-hand side of its bell shaped dose response curve.
On the other hand, we have recently demonstrated, for the first
time that ACD shares with ethanol the ability to induce oral
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self-administration behavior further supporting the hypothesis
that ACD itself exerts motivational effects (Peana et al., 2010b).
Notably, rats self-administering ACD show extinction behav-
ior when ACD is discontinued while gradually reinstate operant
responses when ACD is reintroduced (Peana et al., 2010b). In
addition, studies directed toward the characterization of the role
of ACD, provided evidence that ethanol-derived ACD plays an
important role in ethanol’s motivational effects. Accordingly,
previous findings have reported that intracerebroventricular the
structural analogue of L-cysteine, D-penicillamine, reduces vol-
untary ethanol consumption in rats indicating that the central
inactivation of ACD also blocks ethanol intake (Font et al.,
2006b). On the other hand, L-cysteine reduces the acquisition
and maintenance of oral ethanol self-administration as well
as the reinstatement of ethanol-drinking and ethanol-seeking
behaviors (Peana et al., 2010a, 2013a). Others studies exam-
ined the motivational effects of ACD under the break point
that serves as an index of animals’ motivation to work for the
reinforcer. In these experiments 0.2% v/v ACD’s break point
was not statistically different from the break point of 10% v/v
ethanol in spite of a 50 times lower concentration (Peana et al.,
2012). On the other hand, ACD consumatory responses were
paralleled by a relevant increase in ACD blood but not brain
concentrations (Peana et al., 2010b). Furthermore, as in CPP
and ethanol self-administration studies, during oral ACD self-
administration L-cysteine was shown to decrease acquisition,
maintenance, deprivation effect as well as ACD break point
without interfering with saccharin reinforcement (Peana et al.,
2012).

The ability of L-cysteine to affect ethanol-induced motivation
could reside in different mechanisms. The first is consistent with
the conjugation/inactivation mechanism that would take place
between ACD and the first metabolite of glutathione (Kera et al.,
1985). Furthermore, being L-cysteine an analogue of L-glutamate
(Thompson and Kilpatrick, 1996) it is posited to interact at presy-
naptic group I metabotropic glutamate receptors (mGluR) of the
mGluR5 subtype to exert a positive modulatory control on synap-
tic glutamate release (Harman et al., 1984; Croucher et al., 2001).
In support of these results is the finding that L-cysteine reduces
ethanol-induced stimulation of DA transmission in the nucleus
accumbens shell (Sirca et al., 2011). Finally, it is noteworthy in this
regard that L-cysteine may cross the blood brain barrier through
excitatory amino acid transporters (Chen and Swanson, 2003)
thus leaving open the possibility that this compound might also
act centrally.

The main system of central ethanol oxidation is mediated
by the enzyme catalase (Aragon et al., 1991; Aragon and Amit,
1992; Zimatkin et al., 1998). By reacting with H2O2, brain cata-
lase forms compound I (the catalase-H2O2 system), which is
able to oxidize ethanol into ACD (Pastor et al., 2002; Ledesma
and Aragon, 2012). Recently we showed that the H2O2 scav-
enging agent, alpha lipoic acid, dose-dependently reduces the
maintenance and break point of oral ethanol self-administration
under a progressive ratio schedule as well as the reinstatement
of ethanol seeking behavior without suppressing saccharin self-
administration (Peana et al., 2013b). On a similar vein, a recent
study by Ledesma and Aragon (2013) demonstrated that alpha

lipoic acid reduces the acquisition and reconditioning of ethanol-
induced CPP in mice. Overall, these data support the suggestion
that a decrease in cerebral H2O2 availability, i.e., a reduced
metabolic activity of brain catalase, by alpha lipoic acid admin-
istration may inhibit oral ethanol self-administration further
suggesting that the brain catalase-H2O2 system, and therefore
centrally formed ACD, plays a key role in the motivational effects
of ethanol.

ACETALDEHYDE, DOPAMINE, AND INTRACELLULAR
SIGNALING
The acute administration of ethanol elicits DA transmission in the
rat nucleus accumbens (Imperato and Di Chiara, 1986; Howard
et al., 2008) and this is also true in men whereby these increases
in the ventral striatum positively correlate with the psychostim-
ulant effect of ethanol (Boileau et al., 2003). Thus, a physiolog-
ically active DA transmission may represent the prerequisite for
ethanol and, in accordance with Chevens (1953), also for ACD
being able to elicit motivational effects. In this regard, in light
of the hypothesized role of DA in the motivational effects of
ACD, an indirect support comes from the clinical observation
that subjects administered the DA biosynthesis inhibitor, alpha-
methyltyrosine, do not experience ethanol-induced stimulation
and euphoria (Ahlenius et al., 1973). With these premises in mind
this paragraph will present and discuss the preclinical studies
that support the involvement of DA in the motivational effects
of ACD.

The main line of experimental evidence of the involvement
of DA in the effects of ACD was inspired by the known abil-
ity of ethanol to stimulate the firing rate of midbrain DA cells
either in vivo (Gessa et al., 1985; Foddai et al., 2004) and in vitro
(Brodie et al., 1990; Melis et al., 2007) as well as the release of
DA from mesoaccumbens terminals (Imperato and Di Chiara,
1986; Howard et al., 2008). Indeed these data also inspired the
experiments aimed to test whether ethanol-derived ACD, as well
as ACD on its own, could stimulate the firing rate of DA neu-
rons in the VTA (Foddai et al., 2004) and DA transmission in the
nucleus accumbens (Ward et al., 1997; Melis et al., 2007; Enrico
et al., 2009). Thus, in keeping with the well-established paradigm,
successfully applied in behavioral (Peana et al., 2008a) and his-
tochemical (Vinci et al., 2010) studies that envisioned the use
of 4-MP to prevent ethanol peripheral metabolism, Foddai et al.
(2004) showed that this ADH inhibitor prevents ethanol-elicited
stimulation of firing rate of DA neurons in the VTA, demonstrat-
ing for the first time that metabolic conversion of ethanol into
ACD plays a critical role in the ability of ethanol to activate mes-
encephalic DA cells (Foddai et al., 2004). This finding has been
further extended by the study of Melis et al. (2007) in which, by
recording VTA DA cells ex vivo, it was shown that ethanol and
ACD similarly stimulate DA cells firing rate but also that the stim-
ulatory effect of ethanol is prevented by inhibition of its metabolic
conversion into ACD by the catalase inhibitor 3-aminotriazole
(Melis et al., 2007).

Notably, all the above refers to the ability of ACD to
affect DA cells function and transmission at the pre-synaptic
level. Immunohistochemical data, however, have shown that
the expression of phosphorylated Extracellular signal regulated
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kinase (pERK), taken as an index of post-synaptic DA-dependent
neuronal activation (Acquas et al., 2007; Ibba et al., 2009), is
similarly increased in the nucleus accumbens after the acute
oral administration of either ethanol (Ibba et al., 2009; Vinci
et al., 2010) and ACD (Vinci et al., 2010). In addition, ethanol-
elicited increase of pERK expression in the nucleus accumbens
could be prevented either by 4-MP and D-penicillamine (Vinci
et al., 2010). ERK phosphorylation may take place by a number
of factors ranging from extracellular signals to increased intra-
cellular Ca++ concentrations via the sequential activation of a
kinase cascade (Sweatt, 2004). This activated kinase has been
related to neuronal plasticity (Fasano and Brambilla, 2011) and
to long-term behavioral events that may be triggered by addic-
tive drugs (Valjent et al., 2004; Girault et al., 2007) such as
acquisition of conditioned responses (Beninger and Gerdjikov,
2004) as well as reinstatement of ethanol seeking (Radwanska
et al., 2008; Schroeder et al., 2008; Peana et al., 2013a) in self-
administration experiments. Accordingly, we found that while
acute ACD administration elicits pERK in the nucleus accum-
bens (and other nuclei of the extended amygdala) (Vinci et al.,
2010), the intracerebroventricular administration of PD98059, an
inhibitor of the mitogen-activating extracellular kinase (MEK),
the kinase responsible of ERK phosphorylation, prevents the
acquisition of ACD-elicited CPP (Spina et al., 2010). In addi-
tion, the involvement of DA in these studies is supported
by the experiments with the DA D1 antagonist SCH 39166
(Ibba et al., 2009; Spina et al., 2010; Vinci et al., 2010). In
fact, we demonstrated that either oral ethanol- (Ibba et al.,
2009) and ACD- (Vinci et al., 2010) elicited nucleus accum-
bens increases of pERK expression and ACD-elicited CPP (Spina
et al., 2010) could be prevented by blockade of D1 receptors by
SCH 39166.

A further line of experimental evidence, though yet specu-
lative, of the involvement of DA in the effects of ACD origi-
nates from the studies on the condensation product(s) of ACD
which, in particular when condensates with DA, can either
spontaneously and enzymatically (Chen et al., 2011) generate 1-
methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (salsolinol)
(Yamanaka et al., 1970; Jamal et al., 2003). Interestingly, since its
discovery, this molecule has been related to ethanol (Davis and
Walsh, 1970; Davis et al., 1970) and it was hypothesized that at
least the DA-mediated effects of ethanol could be attributed to
salsolinol (Davis and Walsh, 1970; Davis et al., 1970). This com-
pound, indeed, has recently been reported to stimulate in vitro
DA cells firing rate in the posterior VTA (Xie and Ye, 2012; Xie
et al., 2012) and also, when applied into the VTA in vivo, to
elicit DA transmission in the rat nucleus accumbens (Rodd et al.,
2003; Deehan et al., 2012) and sustain its self-administration
(Rodd et al., 2008). Thus, these data seem to collectively point
to salsolinol as a substance that may exert motivational effects by
virtue of its ability to involve mesolimbic DA. However, the rela-
tionship between ACD, DA and salsolinol still awaits to be fully
disclosed.

ACETALDEHYDE AND OPIOIDS
Acute administration of ethanol increases endogenous opioid
(endorphin and enkephalin) release from brain slices, pituitary

gland and increases blood levels of opioids in humans in vivo
(see Herz, 1997 for a comprehensive review). Acute alcohol
administration also enhances gene expression of both endorphin
and enkephalin in selected brain areas of rats, whereas chronic
ethanol administration reduces gene expression, making less of
opioid peptides available for release (Herz, 1997). Since opioid
transmission, in both the VTA and nucleus accumbens, regulates
the release of DA from mesolimbic neurons, ethanol-induced
opioid release may produce reinforcement by modulating DA
transmission. Accordingly, opioid antagonists decrease the moti-
vational properties of ethanol in rats self-administering ethanol
by interfering with ethanol-dependent dopaminergic activation
(Acquas et al., 1993; Benjamin et al., 1993; Di Chiara et al., 1996;
Gonzales and Weiss, 1998) as the motivational effects of ethanol
by opioid antagonists may involve an opioid-DA link (Di Chiara
et al., 1996). However, another line of evidence for the involve-
ment of the endogenous opioid system in the motivational effects
of ethanol appears to be related to its first metabolite, ACD. In
fact, there are several proofs to support that opioids are implicated
in the motivational effects of ACD as well. The first arises from the
early observation by Myers et al. (1984) demonstrating that nalox-
one decreases intravenous ACD self-administration. The second
arises from the observation that naltrexone reduces oral ACD self-
administration (Peana et al., 2011). In particular, we observed
that this effect could be mediated by an involvement of µ1 opioid
receptors since naloxonazine, a µ1 selective opioid receptor antag-
onist, reduced the maintenance phase of ACD self-administration
(Peana et al., 2011). The mechanism by which opioid antagonists
affect the motivational properties of ACD is unclear. In this regard
one might consider that ACD on its own, and as a consequence of
the metabolism of ethanol, activates neuronal firing of DA cells in
the VTA (Foddai et al., 2004), stimulates DA transmission (Melis
et al., 2007; Enrico et al., 2009; Sirca et al., 2011) and ERK phos-
phorylation in the nucleus accumbens (Vinci et al., 2010). This
possibility appears in agreement with the observation that block-
ade of µ opioid receptors also prevents ERK phosphorylation in
the nucleus accumbens (Peana et al., 2011). An alternative pos-
sibility, yet to be fully demonstrated, is offered by the suggestion
that the condensation product between ACD and DA, salsolinol
(see above), acts via stimulation of µ opioid receptors (Hipolito
et al., 2009, 2010, 2012; Xie et al., 2012).

DISCUSSION AND CONCLUSIONS
The reviewed literature indicates that ACD has its own moti-
vational properties as assessed by CPP and self-administration
studies (Peana et al., 2008a, 2010b; Spina et al., 2010) and also
that this property is grounded on its ability to involve mesolimbic
DA (Foddai et al., 2004; Melis et al., 2007; Spina et al., 2010; Vinci
et al., 2010), µ opioid receptors -mediated transmission (Peana
et al., 2011) as well as phosphorylated ERK in the nucleus accum-
bens (Spina et al., 2010; Vinci et al., 2010; Peana et al., 2011).
In addition, a wealth of experimental evidence supports that the
motivational effects of ethanol are mediated by its metabolism
into ACD either in the periphery or in the brain. Accordingly,
this has been demonstrated by inhibiting the production of ACD
in the periphery (inhibition of ADH), by inhibiting the genera-
tion of brain ACD (inhibition of brain catalase) or by reducing
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ACD bioavailability (Font et al., 2006a,b; Peana et al., 2008a, 2009,
2010a, 2013a,b; Enrico et al., 2009; Sirca et al., 2011; Correa et al.,
2012). All these observations support the tenet that the genera-
tion of central and peripheral, but not peripherally accumulated

(Escrig et al., 2012), ACD actively participates in the positive
motivational properties of ethanol and raise the possibility that its
role can be exploited to devise novel pharmacological approaches
that target alcohol abuse related problems.
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Acetaldehyde (ACD), the first metabolite of ethanol (EtOH), has been implicated in
several actions of alcohol, including its reinforcing effects. Previously considered an
aversive compound, ACD was useful in alcoholic’s pharmacological treatment aimed at
discouraging alcohol drinking. However, it has recently been shown that EtOH-derived
ACD is necessary for EtOH-induced place preference and self-administration, thereby
suggesting a possible involvement of ACD in EtOH motivational properties. In addition,
EtOH-stimulating properties on DA neurons are prevented by pharmacological blockade
of local catalase H2O2 system, the main metabolic step for biotransformation of EtOH
into ACD within the central nervous system. It was further shown that pretreatment
with thiol compounds, like L-Cysteine or D-Penicillamine, reduced EtOH and ACD-induced
motivational effects, in fact preventing self-administration of both EtOH and ACD, thus
suggesting a possible role for ACD as a biomarker useful in evaluating potential innovative
treatments of alcohol abuse. These findings suggest a key role of ACD in the EtOH
reinforcing effects. In the present paper we review the role of EtOH-derived ACD in the
reinforcing effects of EtOH and the possibility that ACD may serve as a therapeutically
targetable biomarker in the search for novel treatments in alcohol abuse and alcoholism.
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INTRODUCTION
A recurring emergent theory in the alcohol field is that the rein-
forcing properties of alcohol are not produced by the ethanol
(EtOH) molecule itself, but may depend upon the action of
EtOH metabolites/products within the central nervous system
(CNS) (Deitrich, 2004; Quertemont et al., 2005c; Correa et al.,
2012).

This stance proposes EtOH as a pro-drug, and metabolism
of EtOH to acetaldehyde (ACD) within the CNS could mediate
most, if not all, of the CNS effects of EtOH (Quertemont et al.,
2005a). The reinforcing properties of alcohol are most likely gen-
erated through a complex series of peripheral and central effects
of both alcohol and its metabolites. Therefore a better under-
standing for how the metabolites/products of alcohol contribute
to the reinforcing properties of alcohol is important for the devel-
opment of efficacious pharmacotherapies for alcohol abuse and
alcoholism.

BRIEF HISTORY OF ACD AND ALCOHOLISM
ACD, in EtOH addiction, has been classically considered as an
aversive EtOH by-product useful in the pharmacological therapy
of alcoholics (Diana et al., 2003; Suh et al., 2006).

Elevation of ACD peripheral blood levels, after disulfiram
administration causes a number of typical effects, known as
flushing syndrome (Suh et al., 2006) including anxiogenic effects
and endocrine stress responses (Escrig et al., 2012). Over the
last decades, several lines of research have described the aver-
sive effects of alcohol following the ingestion of compounds

which significantly affected alcohol-related behaviors in both
preclinical as well as clinical populations. Hald and Jacobsen
(1948), reported similar aversive symptoms (redness of the
face, increased heart rate, sleepiness, etc.) following treat-
ment with tetraethylthiuramdisulfide and alcohol consump-
tion, thereby suggesting that blocking Aldehyde Dehydrogenase
(ALDH) resulted in a sharp increase in blood levels of ACD,
which in turn, produced an increase in the aversive side effects
of drinking. Tetraethylthiuramdisulfide has since been given
the name disulfiram (marketed as antabuse) and was the first
compound approved for the treatment of alcoholism by the
US FDA.

The primary pharmacological action of disulfiram involves the
enzyme ALDH that is responsible for converting ACD to acetate
in metabolizing EtOH. Disulfiram inhibits ALDH and thus
increases the concentration of ACD. Most of the adverse effects
that characterize alcohol sensitivity were attenuated efficiently by
4-methylpyrazole (4-MP), ADH inhibitor, following ALDH inhi-
bition by both disulfiram and cyanamide (Stowell et al., 1980;
Kupari et al., 1983).

In sharp contrast with this notion, Chevens (1953) observed
that patients don’t have aversive effects by taking low doses of
EtOH when under disulfiram treatment, and it has also been
reported that ALDH inhibitors may potentiate the euphoric and
pleasurable effects of low doses of EtOH (Brown et al., 1983).

Given the clinical implications of the early antabuse
studies, several theories emerged associating alcoholism and
ACD (Carpenter and MacLeod, 1952; Myers and Veale, 1969;
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Davis et al., 1970; Walsh et al., 1970; Griffiths et al., 1974).
The most strident theories suggested that ACD was responsi-
ble for all the effects associated with alcohol and that alco-
holism would be more appropriately termed acetaldehydism
(Walsh et al., 1970; Raskin, 1975).

ETOH METABOLISM
EtOH is first metabolized into ACD through several enzy-
matic and nonenzymatic mechanisms, the main enzymatic path-
ways being alcohol dehydrogenase (ADH), cytochrome P4502E1
(CYP2E1) and catalase H2O2 system. In the periphery, ACD is
formed from EtOH through the action of ADH primarily in the
liver. In the brain, ADH is inactive (Zimatkin et al., 1998), and
formation of ACD from EtOH is achieved primarily through the
action of another enzyme, catalase H2O2 system (Sippel, 1974;
Zimatkin, 1991).

A prerequisite for the involvement of ACD in EtOH behavioral
effects is the occurrence of pharmacologically significant levels of
ACD in the brain after alcohol consumption.

The levels of ACD in the CNS have profound effects
in mediating the reinforcing actions of EtOH. ACD derived
from the peripheral metabolism of EtOH penetrates from
blood to brain with difficulty because of the metabolic bar-
rier presented by ALDH across the Blood-Brain Barrier (BBB)
(Eriksson and Sippel, 1977; Deitrich, 1987; Zimatkin, 1991; Hunt,
1996; Quertemont and Tambour, 2004). In addition, in the liver
ALDH rapidly converts ACD into acetate and very low levels
of ACD are detected in blood after the administration of mod-
erate doses of EtOH (Quertemont and Tambour, 2004). Further
research indicated that high levels of peripherally administered
ACD results in detection of ACD in the brain within minutes
(Ward et al., 1997). Therefore, peripheral ACD may over saturate
the peripheral ALDH, allowing some percentage of ACD to enter
the brain (Quertemont et al., 2005b). However, this mechanism
does not provide an absolute protection of the brain because high
blood concentrations allow ACD to cross the BBB. Additional
local metabolic pathways (e.g., CYP2E1) can also result in the
formation of ACD from EtOH within the brain (Zakhari, 2006)
and pharmacologically significant amounts of ACD can be gener-
ated in situ thereby producing effects that are difficult to ascribe
to peripheral mechanisms.

A plausible source of ACD in the brain is the in situ synthe-
sis from some of the EtOH that escapes peripheral metabolism.
ACD can be formed in the brain through the peroxidatic activ-
ity of catalase H2O2 system and by oxidation via other oxidizing
enzymes such as CYP2E1.

Indeed, production of ACD during EtOH oxidation in situ
was found and confirmed in several laboratories (Aragon et al.,
1992; Gill et al., 1992; Hamby-Mason et al., 1997; Zimatkin et al.,
1998; Person et al., 2000). Although ADH is not expressed in
the brain (Zimatkin and Buben, 2006; Deitrich, 2011), ACD can
nevertheless be generated by the action of catalase H2O2 sys-
tem and to a minor extent by CYP2E1, both enzymes present in
the brain (Aragon and Amit, 1992; Zimatkin et al., 2006; Deitrich,
2011). In vitro studies indicate that catalase H2O2 system gen-
erates 60 to 70% of brain ACD while CYP2E1 some 15 to 20%
(Zimatkin et al., 2006).

In a study in mice, Correa et al. found that when cata-
lase H2O2 system-mediated metabolism of EtOH into ACD
is blocked (Correa et al., 2008) there is a suppressive effect of
the anxiolytic actions of EtOH (Correa et al., 2008), suggesting
that centrally formed ACD contributes to the anxiolytic effects
of EtOH. Additionally, it has been reported that when cata-
lase H2O2 system activity is pharmacologically reduced, via 3-
aminotriazole (3-AT), rats reduce their intake and preference for
EtOH (Koechling and Amit, 1994), a decreased voluntary EtOH
intake in UChB rats is observed (Tampier et al., 1995) and EtOH-
induced conditioned place preference (CPP) in mice (Font et al.,
2008) is blocked. Furthermore the presence of 3-AT induced
a concentration-dependent reduction of the amount of ACD
generated after incubation. Homogenates of perfused brains of
rats treated with AT or cyanamide (another H2O2-dependent
catalase blocker) also showed a dose-dependent reduction of
ACD (Aragon and Amit, 1992).

Recently, Karahanian et al. (2011) developed lentiviral vec-
tors that coded for an shRNA designed to inhibit the synthe-
sis of catalase H2O2 system. The single stereotaxic administra-
tion of an anticatalase-lentiviral vector into the ventral tegmen-
tal area (VTA), which reduced catalase H2O2 system levels by
70 to 80% (Quintanilla et al., 2012; Tampier et al., 2013), virtu-
ally abolished the voluntary EtOH consumption (up to 95%) by
UChB rats. The lentiviral anticatalase shRNA administration also
abolished the increases in dopamine release in nucleus accumbens
(Acb) induced by the acute administration of EtOH. These effects
strongly support a role of catalase H2O2 system and thus ACD
in the central metabolism and in the motivational properties of
EtOH.

REINFORCING PROPERTIES OF ACD
ACD itself possesses reinforcing properties, which suggests that
some of the behavioral pharmacological effects attributed to
EtOH may be a result of the formation of ACD, supporting the
involvement of ACD in EtOH addiction (Brown et al., 1979).
On this account, the positive reinforcing properties generally
attributed to EtOH may in fact be mediated centrally by its
metabolite. ACD, per se, would then be responsible for many bio-
logical effects which are not clearly distinguishable from those of
EtOH (Quertemont et al., 2005c; Font et al., 2006a,b; Peana et al.,
2008, 2009, 2010b; Correa et al., 2012).

ACD induces CPP in rats after intracerebroventricular admin-
istration (Smith et al., 1984), is self-administered directly into
the cerebral ventricles (Brown et al., 1979) and into the (VTA)
(McBride et al., 2002) whereas Rodd-Henricks et al., (2002)
reported ACD self-administration into VTA in alcohol-preferring
rats.

Further ACD induces positive motivational effects not only
by central administration but also when administered peripher-
ally. In fact, studies have shown that ACD induces CPP in rats
after intraperitoneal administration (Quertemont and De Witte,
2001) and rats self-administer ACD intravenously (Myers et al.,
1984; Takayama and Uyeno, 1985). Importantly, ACD induces
CPP after intragastric administration (Peana et al., 2008), and is
orally self-administered (Peana et al., 2010b) thereby mimicking
the commonly employed route of administration of alcoholic
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beverages in humans. Further, ACD induces conditioned stim-
ulus preference (Quertemont and De Witte, 2001), and directly
enhances the activity of putative dopamine (DA) neurons in the
rat VTA in vivo (Foddai et al., 2004). In addition, blockade of
alcohol dehydrogenase with 4-MP prevents EtOH-induced CPP,
oral EtOH self-administration and stimulation of the mesolim-
bic DA system (Foddai et al., 2004; Melis et al., 2007; Peana et al.,
2008). As 4-MP administration mainly prevents peripheral ACD
formation, thereby reducing ACD available to penetrate the brain
(Isse et al., 2005), and provokes a consequent increase in blood
EtOH levels (Waller et al., 1982), it is possible that the lack of
EtOH-induced CPP could be ascribed to high blood EtOH con-
centrations (Melis et al., 2007). However, reduction of pharmaco-
logically active ACD, by administration of the ACD-sequestering
agent D-penicillamine (DP), which does not increase blood
EtOH concentrations, also prevents spontaneous EtOH drinking
and strongly sustain the hypothesis that some of the behavioral
(Font et al., 2006b) and rewarding (Font et al., 2006a) effects of
EtOH are mediated by ACD.

ACD ACTIONS IN THE VTA
Most abused drugs, including EtOH, stimulate the release of DA
in several limbic regions (Di Chiara, 2002). Therefore, the rein-
forcing properties of ACD may be mediated by increasing the
release of DA in terminal areas.

Through utilization of the intracranial self-administration
(ICSA) paradigm, Rodd-Henricks et al. (2002) established that
rats will readily self-administer ACD directly into the poste-
rior ventral tegmental area (pVTA) at concentrations that were
1000-fold lower than that for EtOH (Rodd-Henricks et al., 2002;
Rodd et al., 2005, 2008). It appears that the pVTA is signifi-
cantly more sensitive to the reinforcing properties of ACD com-
pared to EtOH. Alcohol preferring rats display the highest lev-
els of ICSA for ACD doses that are approximately 2,000-fold
lower than the optimal dose of EtOH (Rodd-Henricks et al.,
2002; Rodd et al., 2005, 2008). Responding/infusion data from the
ICSA experiments exhibit an inverted “U-shaped” dose–response
curve for ACD, in which lower and higher doses do not pro-
duce reliable responding (Rodd-Henricks et al., 2002; Rodd et al.,
2005, 2008), suggesting that the reinforcing effects of ACD
within the pVTA appears to involve activation of DA neurons
(Rodd et al., 2005, 2008). In line with this, Melis et al. (2007)
found that ACD is essential for EtOH-increased microdialysate
DA levels in the Nucleus Accumben shell (AcbSh) and that this
effect is mimicked by intra-VTA ACD administration that pro-
duced an increase in DA release in the AcbSh to 150% that of
baseline.

ACD has excitatory actions on neurons of the VTA as clearly
demonstrated by the effects on DA release and on the firing fre-
quency of individual VTA neurons. In experiments using in vivo
recording methods, ACD was injected intravenously, and a dose-
dependent increase in firing of dopaminergic VTA neurons was
reported (Foddai et al., 2004). Thus, ACD parallels the effects
observed with EtOH, but at 50 times lower concentrations. The
effects of EtOH on VTA neuronal activity were blocked by sys-
temic pretreatment with the ADH inhibitor 4-MP, but this drug
had no effect on ACD induced excitation (Foddai et al., 2004),

suggesting that the excitatory effects of EtOH on the VTA are
mediated by ACD. Sequestration of ACD in vivo by adminis-
tration of DP is sufficient to block the effects of intragastri-
cally administered EtOH or ACD (Enrico et al., 2009). These
key results indicate that ACD-induced activation of dopaminer-
gic VTA neurons mimics EtOH-induced excitation (Diana et al.,
2008), and is produced at much lower concentrations compared
to EtOH (Brodie et al., 1990; Brodie and Appel, 1998). Further-
more, EtOH applied in the presence of a catalase H2O2 system
inhibitor, 3-AT, failed to produce its characteristic excitation of
the VTA. Further, in exploring the mechanism of ACD exci-
tation of VTA neurons, Melis et al. (2007) examined the effect
of ACD on two ion currents, A-current and h-current. An A-
current represents a rapidly-inactivating potassium current that
contributes to spike after hyperpolarization and is involved in
the regulation of firing frequency of dopaminergic VTA neu-
rons (Koyama and Appel, 2006). The authors noted a right-
ward voltage shift produced by ACD on IA (Melis et al., 2007).
Also noted was a significant increase in h-current produced by
acutely applied ACD; this is reminiscent of the effect of EtOH,
which has been shown to acutely increase Ih of VTA neurons
(Brodie and Appel, 1998; Okamoto et al., 2006). The most parsi-
monious explanation suggests that EtOH is metabolized to ACD
by local catalase H2O2 system in the VTA, and the authors of
these studies suggest that, in general, EtOH actions on the VTA
are mediated by ACD (Deehan et al., 2013a,b).

Overall, it seems most likely that ACD is a crucial component
of the overall effects of EtOH on dopaminergic neurons of the
VTA; the essential action of ACD could be parallel to EtOH, or it
could enhance EtOH-induced changes. Blockade of the formation
of ACD can reduce the response of dopaminergic VTA neurons to
EtOH, and could serve as a platform for the development of agents
that reduce the rewarding and reinforcing actions of EtOH.

ACD AS A BIOMARKER
The results reviewed above suggest that enzymatic manipu-
lations of EtOH metabolism would diminish its rewarding
properties, possibly discouraging drinking (Figure 1). There
could be several mechanisms by which reduction of ACD
levels could reduce alcohol intake. For example, advantage
can be obtained by exploiting the ACD-chelating properties
of thiol compounds (Nagasawa et al., 1980). Indeed, adminis-
tration of the ACD-sequestering agent DP, reduces voluntary
EtOH consumption, ACD motivational properties (Font et al.,
2005, 2006b) and free-choice EtOH drinking behavior in mice
(Font et al., 2006a), acting centrally to reduce EtOH-derived
acetaldehyde (Font et al., 2005; Serrano et al., 2007). Further,
L-cysteine, prevented EtOH and ACD-induced conditioned place
preference (Peana et al., 2009), reduced oral EtOH and ACD
self-administration (Peana et al., 2010a, 2012), and blunted both
EtOH and ACD-induced stimulation of DA release in the AcbSh
(Sirca et al., 2011).

In addition, modulation of catalase H2O2 system by enzy-
matic inhibition (Melis et al., 2007), or H2O2 scavenging may
reduce ACD formation in the CNS and the motivational prop-
erties of EtOH (Ledesma et al., 2012; Ledesma and Aragon, 2012,
2013). Since the enzyme catalase takes H2O2, as a co-substrate
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FIGURE 1 | Schematic representation of central and peripheral ethanol

(EtOH) metabolic pathways and possible pharmacological targets. EtOH
is metabolized into acetaldehyde (ACD) through several pathways, the main
enzyme being alcohol dehydrogenase (ADH), inhibited by 4-methylpyrazole
(4-MP); CYP2E1 and catalase H2O2 system inactivated by 3-aminotriazole

(3-AT) an enzymatic inhibitor and by alpha lipoic acid (ALA) a radical scavenger
for H2O2. ACD is subsequently oxidized into acetate by aldehyde
dehydrogenase (ALDH) inhibited by disulfiram. An additional strategy is
represented by sequestration agents of ACD, D-Penicillamine (DP) and
L-Cysteine.

to form compound I, the central production of ACD derived
from the metabolism of EtOH in the brain (Cohen et al., 1980;
Sinet et al., 1980), may be affected by pharmacological manipula-
tion of this system. Accordingly, pretreatment with alpha lipoic
acid, scavenger of H2O2, reduces the acquisition and recondi-
tioning of ethanol-induced CPP in mice (Ledesma and Aragon,
2013) and reduces EtOH self administration in rats (Peana et al.,
2013).

These considerations suggest further experiments to probe the
use of these molecules as potential experimental therapies and
could help in devising new effective pharmacologic treatments in
alcoholism.

CONCLUSIONS
It is hypothesized that many neuropharmacological, neurochem-
ical, neurotoxic, and behavioral effects of EtOH are mediated by
the first metabolite of EtOH, ACD (Hunt, 1996; Deitrich, 2004;
Quertemont and Tambour, 2004; Quertemont et al., 2005b,c;
Zimatkin et al., 2006). In addition, the present observations

suggest that the positive motivational properties following EtOH
administration, and the EtOH-induced enhancement of DAergic
transmission, require EtOH’s first metabolite, ACD.

The important distinction between the central and the periph-
eral effects of ACD lays the groundwork for considering that many
of the central effects of EtOH could in fact be dependent on the
actions of its first metabolite, ACD. Although peripherally accu-
mulated ACD is a potential toxic and deterrent substance, high
levels of this substance can reach the brain and generate positive
effects that can promote later consumption.

At last, targeting ACD, instead of EtOH, may offer new poten-
tial biomarkers in the search for novel compounds to reduce
excessive alcohol intake, abuse and ultimately alcoholism. In gen-
eral, targeting drug metabolism may reveal new ways to treat
addictive disorders not limited to alcohol abuse but possibly use-
ful in other addictions such as tobacco (Pianezza et al., 1998),
heroin and cocaine dependence (Kreek et al., 2005) and other
chemical dependencies (reviewed in Bough et al. (2013) and ref-
erences therein).
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Ethanol is metabolized into acetaldehyde mainly by the action of alcohol dehydrogenase
in the liver, while mainly by the action of catalase in the brain. Aldehyde dehydrogenase-2
metabolizes acetaldehyde into acetate in both organs. Gene specific modifications
reviewed here show that an increased liver generation of acetaldehyde (by transduction
of a gene coding for a high-activity liver alcohol dehydrogenase ADH1∗B2) leads
to increased blood acetaldehyde levels and aversion to ethanol in animals. Similarly
aversive is an increased acetaldehyde level resulting from the inhibition of liver aldehyde
dehydrogenase-2 (ALDH2) synthesis (by an antisense coding gene against aldh2 mRNA).
The situation is diametrically different when acetaldehyde is generated in the brain.
When the brain ventral tegmental area (VTA) is endowed with an increased ability to
generate acetaldehyde (by transfection of liver rADH) the reinforcing effects of ethanol
are increased, while a highly specific inhibition of catalase synthesis (by transduction of a
shRNA anti catalase mRNA) virtually abolishes the reinforcing effects of ethanol as seen by
a complete abolition of ethanol intake in rats bred for generations as high ethanol drinkers.
Data shows two divergent effects of increases in acetaldehyde generation: aversive in the
periphery but reinforcing in the brain.

Keywords: alcohol dehydrogenase, catalase, aldehyde dehydrogenase, reinforcement, aversion

INTRODUCTION: THE ETHANOL MOLECULE
Ethanol became part of our ecology over 200 million years ago
when yeast started fermenting carbohydrates in fruits and grains,
generating ethanol (Ratcliff et al., 2012). Animals were subse-
quently exposed to ethanol in these naturally fermented products.
It has been proposed (Duddley, 2000; Dominy et al., 2004) that
animals that perceived ethanol as a pleasant substance had an evo-
lutionary advantage since they also increased the intake of calories
from these sources.

The pleasant effects of alcohol explain why humans engaged in
manufacturing it. The book of Anni, in 1700 BC Egypt describes
an overt intoxication and the rules of proper behavior to be fol-
lowed in a beer shop. Subsequently, its distillation is described
in 900 AD and its production and massive consumption were
brought by the Industrial Revolution (Hogarth, 1751). While in
moderate doses alcohol generates motivational and reinforcing
effects, in high doses it can generate aversion, inducing cognitive
deficits, motor incoordination and emesis.

There is general agreement that in high concentrations ethanol
modifies some neurotransmitter receptors by allosteric bind-
ing to their hydrophobic pockets, for example on the gamma-
amino butyric acid receptor (GABA-A) (Harris and Allan,
1985; Suzdak et al., 1986; Huidobro-Toro et al., 1987). These
hydrophobic pockets are also modifiable, with similar effects,
by barbiturates and anesthetics, such as enfluorane, isofluorane
and other long chain aliphatic alcohols (Levitan et al., 1988;

Pritchett et al., 1989; Mihic et al., 1994, 1997; Krasowski et al.,
1998).

Another receptor upon which ethanol generates hyp-
notic/anesthetic effects is the N-Methyl-D-Aspartate (NMDA)
glutamate receptor (Lovinger et al., 1989; Weight et al., 1992).
Ethanol binds allosterically to the NMDA receptor (Wright et al.,
1996; Wirkner et al., 1999), an effect that leads to the interruption
of cognitive processes, consolidation of memory and anesthesia
(Robbins and Murphy, 2006). The hydrophobic pockets in the
NMDA receptor can also be modified by anesthetics of diverse
structures such as halothane, cyclopropane and xenon (Ogata
et al., 2006). However, several studies indicate that the hypnotic
and anesthetic effects of ethanol do not correlate with its reward-
ing properties (Riley et al., 1977; Daoust et al., 1987; Elmer et al.,
1990).

ACETALDEHYDE AS A MEDIATOR OF THE EFFECTS OF
ETHANOL
Crabbe et al. (2006) reviewed the literature on the putative role of
93 genes likely involved in the effects of ethanol. Those involved
with greater frequency were alcohol dehydrogenase and aldehyde
dehydrogenase. The present review deals primarily with stud-
ies that show the effects generated by increasing or reducing
acetaldehyde levels and/or the ability of the liver and brain to
generate it. The studies were conducted in Wistar-derived rats
selectively bred for over 80 generations, which led to two lines of
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rats: the UChA (abstainer) and the UChB (bibulous). The stud-
ies to be presented dovetail with many other studies described
in this issue and potentiate the concept that acetaldehyde is a
major contributor of the effects of ethanol, both aversive and
rewarding.

Ethanol (CH3-CH2OH) is a small and relatively non-reactive
molecule, thus requiring high concentrations to generate its
effects. In high concentrations ethanol mainly interacts with
hydrophobic pockets in proteins. On the other hand, acetalde-
hyde (CH3-CHO) is able to bind to amines (e.g., lysine residues)
in proteins, generating Schiff bases (CH3-C=N-CH2-R), also
binding to dopamine generating salsolinol, which has also been
studied as a mediator of ethanol effects. Recently, Juricic et al.
(2012) confirmed early studies by King et al. (1974) showing that
acetaldehyde can, in addition to generating salsolinol, condense
non-enzymatically with a carbon vicinal to a hydroxyl group in
dopamine, yielding isosalsolinol (Figure 1). It was shown that
commercial salsolinol (Sigma-Aldrich, sold prior to 2012) used
in this field[,] is a mixture of four dopamine-acetaldehyde con-
densation products: (R)- and (S)- salsolinol (85%) and (R)- and
(S)- isosalsolinol (10–15%).

AVERSIVE EFFECTS OF LIVER-GENERATED ACETALDEHYDE
Among the first studies that described powerful effects of
acetaldehyde were those seen in East Asians when consuming
ethanol. Studies in the 80’s demonstrated that 20–40% of individ-
uals of East Asian origin (e.g., Japan, China, Korea) develop dys-
phoric effects when consuming alcohol; the effects often include
peripheral vasodilatation and overt facial flushing, tachycardia,
headache, nausea and emesis (Mizoi et al., 1983). Such individuals
carry a point mutation in the gene that codes for the high affinity
(low Km) mitochondrial aldehyde dehydrogenase-2 (ALDH2∗2),
a mutation that greatly reduces its affinity for NAD+, thus
generating a virtually inactive dehydrogenase. Subjects carrying
the ALDH2∗2 polymorphism develop large increases in blood
acetaldehyde (reaching 80–100 µM; over 5-fold that of subjects
who carry the wild-type enzyme: ALDH2∗1). It is important to

FIGURE 1 | Acetaldehyde condensation with dopamine. Products
formed in the non-enzymatic condensation are (R)- and (S)-salsolinol and
(R)- and (S)- isosalsolinol (from Juricic et al., 2012).

note that these increases are due not only to the inability of liver to
oxidize acetaldehyde into acetate, but also the inability of periph-
eral tissues and vascular tissues to oxidize acetaldehyde; tissues
which also express the gene for high affinity mitochondrial alde-
hyde dehydrogenase. In venous blood of individuals carrying the
normal ALDH2∗1 enzyme, the levels of acetaldehyde are virtually
nil; while levels of the order of 15–20 µM are found when arterial
blood is sampled (see Quintanilla et al., 2007). The marked abil-
ity of endothelial tissues to metabolize acetaldehyde is of major
importance in understanding why a lipophilic metabolite such
as acetaldehyde does not cross the tight-junction cells that con-
stitute the blood brain barrier (vide infra), and why the effects
of acetaldehyde are so different in the periphery vs. the central
nervous system.

A number of studies have shown that individuals car-
rying the ALDH2∗2 allele are protected between 66%
(heterozygous ALDH2∗1/ALDH2∗2) and 99% (homozy-
gous ALDH2∗2/ALDH2∗2) against alcoholism (Harada et al.,
1982; Thomasson et al., 1991; Higuchi, 1994; Tu and Israel, 1995;
Chen et al., 1999; Luczak et al., 2006; Zintzaras et al., 2006).
Hence, disulfiram (Antabuse®), a drug that non-specifically
inhibits ALDH2, is the most efficient drug in the treatment of
alcoholism provided its daily intake is secured by another person
Chick et al. (1992), see meta-analysis by Jørgensen et al. (2011).
Recent studies in animals (Escrig et al., 2012) show that disul-
firam, while not showing behavioral effects on its own, reverses
the anxiolytic effects of ethanol or shows anxiogenic effects. The
administration of a large dose of acetaldehyde (100 mg/Kg) being
anxiogenic per se.

Animal studies also support the concept that alcohol is a
prodrug vis-a vis their aversive effects. Rats of the UChA line
(virtually Abstainer) display a mutation in the aldh2 gene (Sapag
et al., 2003; see Quintanilla et al., 2006), which codes for an
enzyme with a higher Km for NAD+ and a lower Vmax that the
ALDH2 of heavy drinker animals (UChB; Bibulous). Further, the
levels of arterial acetaldehyde display a large “acetaldehyde burst,”
reaching 40–50 µM (vs. 10–20 µM for controls), which deters
their alcohol intake (Quintanilla et al., 2005b). The mutation in
the ALDH2 gene accounts for 50–60% of the low ethanol intake
of UChA rats (Quintanilla et al., 2005a).

Additional evidence that systemic acetaldehyde is aversive was
seen in gene modification studies that inhibited ALDH2 activity
and elevated blood acetaldehyde levels. In studies by Ocaranza
et al. (2008), UChB (drinker) rats were allowed access to 10%
ethanol and water for 60 days (intakes of 7–8 g ethanol/kg/day),
and were deprived of ethanol for 3 days. At the time of depri-
vation animals were injected an adenoviral vector (preferential
liver tropism, but no crossing of blood-brain barrier) coding for
an antisense RNA against ALDH2 mRNA, which lowered liver
ALDH2 activity by 80–90% (p < 0.001). When ethanol access
was re-allowed, control (empty virus) animals ingested 1.2 g
ethanol/kg/60 min (10-fold higher than a naïve UChB) while ani-
mals treated with the anti ALDH2 antisense ingested 0.5–0.6 g
ethanol/kg/60 min (p < 0.005). This inhibitory effect remained
constant for the 34 days of the study. Acetaldehyde levels of
animals that received the antisense against ALDH2 were of the
order of 60 vs. 15–20 µM in controls.
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In another study (Rivera-Meza et al., 2010), alcohol intake by
UChB rats was reduced by 50% by the transfer into the liver (via
an adenoviral vector) a rat homolog of the fast human alcohol
dehydrogenase ADH1B∗2 (ADH-47His) which elevated 6-fold
liver ADH activity. In these studies, arterial acetaldehyde levels
in the ADH1B∗2 transduced animals increased from 20 to 80 µM
after the i.p administration of 1.0 g ethanol/kg. These studies, in
addition to confirming that increases in acetaldehyde at physiolog-
ical levels generate alcohol aversion in the animals, explain a large
number of studies showing that humans carrying the ADH1B∗2
(ADH-47His) gene are protected against alcoholism (see meta-
analysis by Zintzaras et al., 2006). The lack of understanding of
why this enzyme protected against alcoholism stems from the fact
that acetaldehyde in humans carrying the ADH1B∗2 was deter-
mined in venous blood; being close to zero. As indicated earlier,
venous blood, after having perfused the rich ALDH2∗1 peripheral
tissues are devoid of acetaldehyde.

From the above, genetic and pharmacokinetic evidence indi-
cates that blood acetaldehyde in concentrations of 40–80 µM is
aversive to animals and to humans. The mechanism by which
ethanol generates vasodilatation, hypotension and nausea could
be the release of histamine from mast cells (Shimoda et al.,
1996). However, antihistaminic drugs do not increase the intake
of ethanol in low drinker UChA rats (Quintanilla and Tampier,
unpublished). We would like to point out that it is not clear if
the aversive effects of acetaldehyde are generated in the periphery
beyond the liver or actually start in nerves terminals that travel
from the liver to the CNS, a matter that requires study.

BRAIN ACETALDEHYDE AS A MEDIATOR OF THE
REWARDING EFFECTS OF ETHANOL
Alcohol is absorbed from the stomach and intestine and is
distributed throughout the body, reaching identical concentra-
tions in the water of all tissues, including the brain. Ethanol
is metabolized mainly in the liver by alcohol dehydrogenase
(Km = 2 mM) generating acetaldehyde, which is further oxi-
dized to acetate by a ubiquitous high affinity aldehyde
dehydrogenase (Km < 0.2 µM). Other enzymes that oxidize
ethanol into acetaldehyde are catalase and cytochrome p4502E1
(Figure 2). These latter enzymes play a minor role in metab-
olizing ethanol in the liver (Mezey, 1976; Khanna and Israel,
1980).

An important question in this field is whether liver-generated
systemic acetaldehyde (normally not exceeding 20 µM in arte-
rial blood after ethanol intake) can cross the blood brain barrier.
Studies indicate that since the capillaries of the blood brain
barrier have tight junctions (rather than open pores) acetalde-
hyde must first enter the ALDH2-rich endothelial cells of the
barrier, which clear the acetaldehyde. Thus, under normal con-
ditions of ethanol metabolism, systemic acetaldehyde does not
cross the blood brain barrier (Eriksson, 1977; Lindros and
Hillbom, 1979; Peterson and Tabakoff, 1979; Stowell et al., 1980).
Only when systemic concentrations exceed 100 µM, following
the administration of systemic acetaldehyde, acetaldehyde enters
the CNS (Tabakoff et al., 1976). High concentrations of brain
acetaldehyde can also be attained by the systemic (i.p. or s.c.)
administration high doses of acetaldehyde.

FIGURE 2 | Metabolism of ethanol into acetaldehyde by three enzymatic

systems. In the liver alcohol dehydrogenase (ADH) plays a major role, while
catalase and cytochrome P450 (CYP2E1) play minor roles. In the brain, ADH
(ADH1) is not expressed, but catalase mainly, and CYP2E1 to a minor
extent, metabolize ethanol into acetaldehyde. Aldehyde dehydrogenase-2
(ALDH2) is present in virtually all cells (Drawn from Zimatkin et al., 2006).

Alcohol dehydrogenase is not expressed in the brain (see
Zimatkin et al., 2006; Deitrich, 2011), however, acetaldehyde can
be generated from ethanol by the catalase reaction, and to a minor
extent by CYP2E1, both enzymes present in brain (Tampier and
Mardones, 1979; Aragon et al., 1992; Gill et al., 1992; Zimatkin
et al., 2006). In vitro studies indicate that catalase generates 60–
70% of brain acetaldehyde while CYP2E1 some 20% (Zimatkin
et al., 2006). In vivo studies by Zimatkin and Buben (2007)
showed that ethanol infusion into the cerebral ventricles can
generate acetaldehyde (achieving 60 µM), as detected in the cere-
brospinal fluid. However, the concentrations of ethanol infused
(85–90 mM) were in the anesthetic range (legal limits in most
countries are 6–17 mM). In these studies, the catalase inhibitor
aminotriazole reduced acetaldehyde levels in the cisterna magna.
While such studies were promising in pointing out a major
effect of catalase in acetaldehyde generation, the low specificity
of aminotriazole required caution.

The question remains as to whether enough acetaldehyde is
generated following a moderate ethanol intake to induce pharma-
cological effects. Studies in which aminotriazole was administered
showed a reduction in voluntary ethanol intake by rats (Aragon
and Amit, 1992; Tampier et al., 1995). However, aminotriazole
also inhibited the consumption of food and of saccharine solu-
tions (Rotzinger et al., 1994; Tampier et al., 1995), indicating
non-specific actions. With a more direct approach, Ledesma and
Aragon (2013) showed that reducing brain hydrogen peroxide
levels (required by catalase to oxidize ethanol to acetaldehyde)
reduced alcohol-induced conditioned place preference. Most
early studies in the field have been conducted by either admin-
istering large doses of acetaldehyde or by the use of inhibitors or
inducers of catalase. The reader is referred to recent reviews in this
field (Quertemont et al., 2005; Deitrich, 2011; Correa et al., 2012).
Overall, the field generally agrees with the view that acetalde-
hyde mediates the reinforcing effects of ethanol; however, the
methodologies used to achieve such consensus are varied, in some
cases employing non-physiological concentrations and routes
of administration of ethanol or acetaldehyde or non-specific
inhibitors.
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FIGURE 3 | Virtual long-lasting abolition of ethanol intake following

the single administration of an anticatalase viral vector into the brain

ventral tegmental area (VTA). (A) Ethanol drinker rats (UChB line) were
microinjected into the VTA 1.0 microliter (8 × 104 particles) of a lentiviral
vector coding for an shRNA against catalase mRNA. Controls received the
empty lentiviral vector. Four days after the vector injection animals had 24-h
access to 10% ethanol and water. (B) Animal weight was not affected by
the anticatalase vector. Water intake (not shown) was not modified either
(from Karahanian et al., 2011). Replicate studies by Quintanilla et al. (2012)
showed that the anticatalase lentiviral vector reduced VTA catalase activity
by 70–80%.

Early studies showed that rats self-administer acetaldehyde
intracerebrally (Amit et al., 1977; Brown et al., 1979; Amit and
Smith, 1985), indicating a reinforcing effect of this metabolite
at the central nervous system level. Rodd et al. (2005) demon-
strated that rats selectively bred as alcohol drinkers (strain P
of Indianapolis) self-administer both ethanol and acetaldehyde
into the brain ventral tegmental area (VTA). Acetaldehyde (6 ×
10−6 M) showed reinforcing effects at concentrations that were
1000 smaller than those required for ethanol (17 × 10−3 M) self-
administration. The question remained as to whether enough
acetaldehyde is generated in the brain to develop rewarding and
reinforcing effects when ethanol is consumed orally.

Recently, a specific gene blocking technique allowed inhibit-
ing brain catalase synthesis. Karahanian et al. (2011) developed
lentiviral vectors coding a shRNA designed to inhibit the synthesis
of catalase. Lentiviral vectors permanently integrate into the cell
genome the genes they carry. A single stereotaxic administration
of an anti-catalase lentiviral vector (anticatalase-lenti) into the
VTA, which reduced catalase levels by 70–80% (Quintanilla et al.,

FIGURE 4 | Dopamine levels in the nucleus accumbens following

acute ethanol administration. Effect of anticatalase vector
administration into the ventral tegmental area on dopamine release
monitored in the ipsilateral nucleus accumbens. (A) Inhibition by
anticatalase-lentiviral vector of dopamine efflux into the microdialysis fluid
of nucleus accumbens (shell) induced by the systemic administration of
ethanol (1 g/kg i.p.). (B) Anticatalase-lentiviral vector does not affect
dopamine efflux into the microdialysis fluid of nucleus accumbens (shell)
induced by d-amphetamine (0.1 mM) or (C) Anticatalase-lentiviral vector
does not affect dopamine efflux into the microdialysis fluid of nucleus
accumbens (shell) induced by KCl (100 mM) added to the microdialysis
fluid. (From Karahanian et al., 2011).

2012), virtually abolished the voluntary ethanol consumption
(up to 95%) by drinker UChB rats for 40–50 days (Karahanian
et al., Figure 3). The lentiviral anticatalase shRNA administra-
tion also abolished the increased release of dopamine in nucleus
accumbens induced by ethanol administration (Figure 4). It is
noteworthy that rats were not unduly affected (water intake,
body weight, behavior) by the administration of the anticatalase
lentiviral vector (Karahanian et al., 2011), as in the brain enzymes
other than catalase are mainly responsible for the elimination
of hydrogen peroxide (Halliwell, 2006), namely glutathione per-
oxidases and most active peroxiredoxins (Turrens, 2003; Rhee
et al., 2005). Overall, the rewarding effects of ethanol appear to be
mediated by acetaldehyde generated in the brain by the action of
catalase. One can hypothesize that an increased ability of VTA to
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FIGURE 5 | Administration of the alcohol dehydrogenase coding gene

(rat liver adh) into the VTA increases voluntary alcohol intake in rats

(UChB) bred as alcohol drinkers. (A) Four days after the injection of the
lentiviral vectors, animals were allowed free availability of 5% (v/v) ethanol
and water. Rats significantly (p < 0.001) increased their alcohol intake when
injected with a lentiviral vector encoding alcohol dehydrogenase (rADH)
(Lenti-ADH) into the ventral tegmental area compared to that observed
after treatment with an empty lentiviral vector (control-Lenti) (A). (B) No
differences in body weight were observed along the experiment in
Lenti-ADH-treated rats vs. control-Lenti virus-treated rats. Abscissa: days of
ethanol availability. (From Karahanian et al., 2011).

generate acetaldehyde, induced by genetic modification, should
also demonstrate an increased rewarding effect of ethanol. This
was tested by the administration into the VTA of a lentiviral
vector coding for liver alcohol dehydrogenase. In these studies,
to avoid a ceiling of the rewarding effect of acetaldehyde gener-
ated by catalase (when 10% ethanol is available to the animals,
ethanol intake approaches the rate of whole body degradation),
animals were allowed access to 5% ethanol and water. As can
be seen in Figure 5, animals transduced with the liver alcohol
dehydrogenase (ADH) into the VTA significantly increased their
ethanol intake compared to that of animals administered the con-
trol vector. The animals administered the vector coding liver ADH
or the control vector did not show differences in body weight
or behavior.

BRAIN ACETALDEHYDE AS A MEDIATOR OF THE ALCOHOL
DEPRIVATION EFFECT (ADE)
Sinclair and Senter (1968, 1977) showed that chronic intake of
ethanol by rats, followed by a period of alcohol deprivation and

FIGURE 6 | Increased ethanol intake by UChB rats chronically exposed

to ethanol, subsequently deprived and ethanol re-exposed. Marked
inhibition of intake following the administration of an anticatalase lentiviral
vector. Animals with ad-libitum access to 10 and 20% ethanol and water for
60 days. Baseline data correspond to the average of ethanol intake
restricted to only 1 h a day, for 7 days immediately prior to alcohol
deprivation. A single intra-ventral tegmental area injection of an
anticatalase-lentiviral vector inhibited the first 1-h ethanol intake after the
first and second ethanol deprivation (ADE) periods of 15 days.
The total height of each bar represents the sum of ethanol intake
(g ethanol/kg/60min) of the 10% solution (empty bars) plus that of the 20%
solution (gray bars). The -/ /- symbol in the x-axis represents the 15-day
deprivation period. (A) Control viral vector. (B) Anticatalase viral vector.
Arrows indicate the administration of either control lentiviral vector or
anticatalase-lentiviral vector prior to the 15 days of deprivation. The first and
second re-exposure consumptions were significantly different from
baseline. The inhibition induced by anticatalase vector administration was
67% (p < 0.001) after the first deprivation period, and 80% (p < 0.001) after
the second deprivation period. Note also the marked increases in ethanol
binge-drinking induced in control vector treated animals after the first and
second ethanol intake and deprivation cycles (From Tampier et al., 2013).

subsequent re-exposure to ethanol leads animals to a marked
increase of their ethanol intake above their basal pre-deprivation
levels. This effect, termed the “alcohol deprivation effect” (ADE),
is shown by a marked increase in voluntary intake of ethanol
solutions (akin to binge-drinking) over baseline drinking when
ethanol is reinstated after the period of alcohol deprivation
(Spanagel and Hölter, 1999; Rodd-Henricks et al., 2001). An ADE
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can be observed after a short (1–3 days; Sinclair and Li, 1989;
Agabio et al., 2000) or a long (up to 60–75 days) deprivation
period (Sinclair et al., 1973; Spanagel and Hölter, 1999), but is
not observed in non-deprived continuously alcohol-treated ani-
mals, suggesting that chronic exposure to ethanol alone is not
sufficient to produce such a marked increase in ethanol intake
(Spanagel and Hölter, 1999). Examination of the ADE phe-
nomenon has revealed that at least 3–4 weeks of a continuous
alcohol-drinking experience are required before deprivation to
elicit an ADE (Spanagel and Hölter, 1999).

A number of studies showed that repeated alcohol intake–
deprivation–re-administration episodes increase the expression
of ADE (see Rodd et al., 2008) and Vengeliene and colleagues
(2009) have shown that the motivational and reinforcing effects
of ethanol are increased in the ADE condition, as animals experi-
encing the ADE will increase their work to procure ethanol.

Tampier et al. (2013) asked whether in the ADE condition a
greater reinforcing effect of ethanol, leading to binge drinking, is
also mediated by acetaldehyde (thus, also by products generated
from acetaldehyde). It was postulated that if increases in ethanol
intake induced by ADE were mediated by acetaldehyde, inhibi-
tion of VTA catalase synthesis by microinjection of an anticatalase
lentiviral vector should inhibit ADE binge-drinking. To test this
question rats were allowed for 60 days 24-h access to 10 and 20%
ethanol solutions and water. On day 61, rats were divided into 2
groups matched for similar 24-h alcohol consumption and pref-
erence. One group received an intracerebral administration of
the control lentiviral vector and was immediately deprived for
15 consecutive days of both the 10 and 20% ethanol solution,
while water was the sole fluid available. The second group was
injected into the VTA the anticatalase-Lenti-shRNA. As for the
viral control group, these rats were returned to their home cage
and deprived for 15 days of both 10 and 20% ethanol solutions.
Following the 15 days of ethanol deprivation, re-exposure to free-
choice intake of 10 and 20% ethanol and water started at 1 PM
(on a normal daily cycle) and lasted for 7 days. Alcohol intake was
recorded in all groups on the first hour of re-exposure (also for
24 h after alcohol re-exposure each day for 7 days; data not shown
see Tampier et al., 2013). Thereafter, rats received a second period
of 15 days of ethanol deprivation and further 7 days of ethanol

drinking; again ethanol intake on the first hour of re-intake was
recorded. Figure 6 indicates that (1) UChB rats reproduced the
ADE binge drinking condition showing large amounts of ethanol
consumed on the first hour post ethanol deprivation (achieving
an intoxicating 2 g/kg/60 min) (2) subsequent deprivation ADE
cycles increased ethanol intake with a greater consumption of the
more concentrated ethanol solution (in line with a more reinforc-
ing effect of ethanol after ADE), and (3) the increased in ethanol
intake in the ADE condition was strongly inhibited by the anti-
catalase vector. After the second deprivation cycle ethanol intake
was inhibited by 80%. The above study strongly suggests possible
therapeutic avenues in the treatment of alcoholism. It should be
noted that administration of viral vectors is used in human thera-
pies (Kaplitt et al., 2007) and are approved by agencies such as the
U.S. Food and Drug Administration (FDA). Additional studies
are being conducted (Karahanian et al. under review) to deter-
mine if an overexpression of rat ALDH2 in the VTA also inhibits
the ADE-induced increases in ethanol intake.

CONCLUSIONS
Gene-based specific modifications show that an increased liver
generation of acetaldehyde, leading to increased blood acetalde-
hyde levels, results in aversion to ethanol in animals. Similarly,
aversion to ethanol results from an increased acetaldehyde level
resulting from the inhibition of liver aldehyde dehydrogenase-2
synthesis. The situation is radically different when acetaldehyde
is generated in the brain. When the brain ventral tegmental area
is endowed with an increased ability to generate acetaldehyde the
reinforcing effects of ethanol are increased, while a highly specific
inhibition of catalase synthesis virtually abolishes the reinforc-
ing effects of ethanol as seen by a complete abolition of ethanol
intake. Data show two divergent effects of increases in acetaldehyde
generation: aversive in the periphery but reinforcing in the brain.
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Considerable evidence indicates that the metabolite of ethanol (EtOH), acetaldehyde,
is biologically active. Acetaldehyde can be formed from EtOH peripherally mainly by
alcohol dehydrogenase (ADH), and also centrally by catalase. EtOH and acetaldehyde
show differences in their behavioral effects depending upon the route of administration.
In terms of their effects on motor activity and motivated behaviors, when administered
peripherally acetaldehyde tends to be more potent than EtOH but shows very similar
potency administered centrally. Since dopamine (DA) rich areas have an important role
in regulating both motor activity and motivation, the present studies were undertaken
to compare the effects of central (intraventricular, ICV) and peripheral (intraperitoneal,
IP) administration of EtOH and acetaldehyde on a cellular marker of brain activity, c-Fos
immunoreactivity, in DA innervated areas. Male Sprague-Dawley rats received an IP
injection of vehicle, EtOH (0.5 or 2.5 g/kg) or acetaldehyde (0.1 or 0.5 g/kg) or an ICV
injection of vehicle, EtOH or acetaldehyde (2.8 or 14.0 µmoles). IP administration of EtOH
minimally induced c-Fos in some regions of the prefrontal cortex and basal ganglia, mainly
at the low dose (0.5 g/kg), while IP acetaldehyde induced c-Fos in virtually all the structures
studied at both doses. Acetaldehyde administered centrally increased c-Fos in all areas
studied, a pattern that was very similar to EtOH. Thus, IP administered acetaldehyde was
more efficacious than EtOH at inducing c-Fos expression. However, the general pattern
of c-Fos induction promoted by ICV EtOH and acetaldehyde was similar. These results
are consistent with the pattern observed in behavioral studies in which both substances
produced the same magnitude of effect when injected centrally, and produced differences
in potency after peripheral administration.

Keywords: alcohol, metabolism, early gene, nucleus accumbens, dopamine

INTRODUCTION
Ethanol (EtOH) is converted into acetaldehyde in many organs by
the enzyme alcohol dehydrogenase (ADH) (Cohen et al., 1980).
Acetaldehyde is then metabolized to acetate by aldehyde dehydro-
genase (ALDH) (Svanas and Weiner, 1985; Deng and Deitrich,
2008). EtOH crosses the blood brain barrier and is found in
peripheral organs as well as in the brain (Eriksson and Sippel,
1977; Deitrich, 1987; Zimatkin, 1991). However, acetaldehyde
cannot easily cross into the brain because of the abundance

Abbreviations: AcbC, accumbens core; AcbSh, accumbens shell; ADH, alcohol
dehydrogenase; ALDH, aldehyde dehydrogenase; aCSF, artificial cerebrospinal
fluid; ac, anterior commissure; BLA, basolateral amygdala; CA1, CA1 of the hip-
pocampus; CeA, central amygdala; Cg1, cingulate cortex 1; cc, corpus callosum;
DG, dentate gyrus; DA, dopamine; DLS, dorsolateral striatum; DMS, dorsomedial
striatum; EtOH, ethanol; ERK, extracellular regulated kinase; VLS, ventrolateral
striatum; IL, infralimbic cortex; IP, intraperitoneal; ICV, intraventricular; LS, lateral
septum; O, orbitofrontal cortex; HPV, paraventricular nuclei of the hypothalamus;
PVTh, paraventricular nuclei of the thalamus; PrL, prelimbic cortex; Tu, lateral
tubercle; VP, ventral pallidum.

of ALDH in capillary endothelium and surrounding astrocytes
of the blood brain barrier (Sippel, 1974; Westcott et al., 1980;
Zimatkin, 1991). Only when blood acetaldehyde levels are raised
after ALDH blockade, significant amounts of acetaldehyde cross
into the brain. In addition, an alternative source of acetaldehyde
in the brain is the local intracerebral metabolism of EtOH by the
enzyme catalase (Cohen et al., 1980; Aragon et al., 1992; Correa
et al., 2012).

EtOH and acetaldehyde do not always have the same pattern
of effects on behavior (for a review see Correa et al., 2012). For
instance, in rats they produce similar effects on motor activi-
ties such as locomotion, and on motivated behaviors such as
lever pressing for food in different reinforcement conditions;
both exert suppressant effects when peripherally administered
(Chuck et al., 2006; McLaughlin et al., 2008), and activating
effects when administered in the brain (Arizzi et al., 2003; Correa
et al., 2003a,b, 2009a; Arizzi-LaFrance et al., 2006; McLaughlin
et al., 2008; Pastor and Aragon, 2008). Yet while the relative
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efficacy and potency of both substances is very similar after
central administration, they are very different after peripheral
administration to both rats and mice (Correa et al., 2004, 2009b;
Tambour et al., 2005; Chuck et al., 2006; McLaughlin et al., 2008;
Closon et al., 2009; Escrig et al., 2012); peripherally acetaldehyde
seems always more potent than EtOH.

The induction of Fos/Jun family transcription factors has been
widely used as a tool to show neuronal activation in response to a
wide range of stimuli (Curran and Morgan, 1995). EtOH expo-
sure through different routes of administration induces early-
gene protein expression in several brain regions (Chang et al.,
1995; Ogilvie et al., 1998; Bachtell et al., 1999, 2002; Thiele et al.,
2000; Knapp et al., 2001; Crankshaw et al., 2003; Canales, 2004),
and such expression reflects specific activation of intracellular
pathways (Curran and Morgan, 1995; Thiele et al., 2000; Ibba
et al., 2009). For instance, c-Fos protein expression is modulated
after dopamine (DA) receptor signaling in neurons receiving DA
input (Moratalla et al., 1992; Nguyen et al., 1992; Farrar et al.,
2010; Pardo et al., 2012, 2013; Segovia et al., 2012). EtOH, as
well as acetaldehyde, have been demonstrated to regulate DA
release in some of these areas (Di Chiara and Imperato, 1986;
Acquas et al., 1993; Melis et al., 2007; Bustamante et al., 2008;
Enrico et al., 2009; Sirca et al., 2011). However, very few stud-
ies have assessed the effect of acetaldehyde on c-Fos protein
expression. Thus, expression of c-Fos mRNA after intravenous
administration of a low dose of acetaldehyde was only induced
in the paraventricular nuclei of the thalamus (PVTh) (Cao et al.,
2007). In another study, blood acetaldehyde accumulated after
intraperitoneal (IP) coadministration of EtOH and cyanamide
(an ALDH inhibitor; Kinoshita et al., 2002), resulted in a signifi-
cant increase in c-Fos mRNA in the paraventricular nuclei of the
hypothalamus (HPV) (Kinoshita et al., 2002). Thus, it seems that
peripheral acetaldehyde accumulation, by direct administration
or by blockade of its degradation, results in c-Fos mRNA increases
in some brain nuclei (Kinoshita et al., 2002; Cao et al., 2007).
However, inhibition of brain catalase activity with aminotriazole
did not alter EtOH evoked dose-dependent increases in c-Fos
inmunoreactivity in several brain regions (Canales, 2004). This
lack of effect after the blockade of centrally generated acetalde-
hyde could lead to the suggestion that in the brain, only EtOH
triggers this neuronal marker. However, no study thus far has
investigated the effect of acetaldehyde increases in the brain on
c-Fos immunoreactivity.

In the present study we assessed the pattern of c-Fos expres-
sion after peripheral (IP) or central (intraventricular, ICV)
EtOH and acetaldehyde administration. We analyzed a broad
range of prefrontal, basal ganglia and limbic system areas,
most of which receive a substantial DA innervation (Fallon
and Moore, 1978; Fields, 2007; Ikemoto, 2007), and we used
doses of both substances that have been demonstrated to mod-
ulate several motor activities and motivated behaviors (Arizzi
et al., 2003; Correa et al., 2003a,b; Arizzi-LaFrance et al.,
2006; Chuck et al., 2006; McLaughlin et al., 2008) regu-
lated by DA. Peripherally we also administered higher doses
of acetaldehyde than the ones used in behavioral studies in
order to make additional direct comparisons between EtOH and
acetaldehyde.

METHODS
SUBJECTS
Male Sprague-Dawley rats (290–320 g; N = 45) (Harlan Sprague-
Dawley, Indianapolis, IN) were housed in a colony maintained at
23◦C with a 12 L: 12 D cycle (lights on at 7 h). Water and food
were available ad libitum in the home cages. In order to minimize
the possible effects of receiving a novel potentially stressful injec-
tion, rats were handled for 5 days prior to drug administration.
For the ICV experiment, the handling was done after recovery
from surgery. All animals received humane care in compliance
with the protocols approved by the University of Connecticut
Institutional Animal Care and Use Committee, and the studies
have been conducted according to National Institute of Health
Guide for the care and use of animals, National Academy Press
(1996) and the EC Directive 86/609/EEC.

DRUGS
EtOH [100%, 200 proof, USP (United States Pharmacopea);
AAPER Alcohol and Chemical Co.], acetaldehyde (Fisher
Scientific) were dissolved in physiological saline (0.9% w/v) for
IP administration and in artificial cerebrospinal fluid (aCSF)
for the ICV administration. The aCSF was prepared by mix-
ing sodium chloride, potassium chloride and calcium chloride
(147.2 mM NaCl, 2.4 mM CaCl2, 4.0 mM KCl) in purified water.
For IP injections, the stock solutions from which the different
doses were obtained were: EtOH 20% v/v and acetaldehyde 2%
v/v. The doses were 0.5 and 2.5 g/kg of EtOH or 0.1 and 0.5 g/kg
acetaldehyde. The two IP doses of EtOH and the lower dose of
acetaldehyde were selected based on previous behavioral stud-
ies (Chuck et al., 2006; McLaughlin et al., 2008) and the higher
dose of acetaldehyde (0.5 g/kg) was selected in order to compare
it with the same dose of EtOH. For the ICV studies, EtOH and
acetaldehyde were injected at doses of 2.8 and 14.0 µmoles (solu-
tions were 16% and 80% v/v, respectively), in 1.0 µl total volume
(EtOH: 129 or 644 µg; Acetaldehyde: 123 or 617 µg). These doses
are in the range that had previously produced significant effects
in behavioral studies (Arizzi et al., 2003; Correa et al., 2003a,b;
Arizzi-LaFrance et al., 2006; McLaughlin et al., 2008). The vehicle
control procedure consisted of injections of 1.0 ml of aCSF.

For the surgery, rats were anesthetized with a solution
(1.0 ml/kg, IP) that contained ketamine and xylazine (10 ml of
100 mg/ml ketamine plus 0.75 ml of 20 mg/ml xylazine) (Phoenix
Pharmaceutical, Inc. St. Joseph, Mo).

SURGICAL PROCEDURE
For ICV injections, rats were implanted with unilateral guide
cannulae (10 mm length 23 ga.). The stereotaxic coordinates for
lateral ventricle cannulation were as follows: AP −0.5 mm (from
bregma), DL ± 1.3 mm lateral (from midline), and DV −3.0 mm
ventral (from the surface of the skull). The incisor bar on the
stereotax was set to 0.0 mm above the interaural line. All ani-
mals were singly housed after surgery, and were allowed 10 days
of recovery. Stainless steel stylets were kept in the guide cannu-
lae to maintain their integrity. Injections were made via 30 ga.
stainless steel injectors extending 1.5 mm below the guide cannu-
lae. The injectors were attached to 10.0 ml Hamilton syringes by
PE-10 tubing, and were driven by a Harvard Apparatus syringe
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pump (0.5 ml / min, 1 ml total volume). After the infusions injec-
tors were left in place for 1 min to allow for diffusion of the drug,
after which the injectors were removed, stylets were replaced, and
animals were placed back into their home cages. The placements
of the injectors were verified histologically.

TISSUE PROCESSING AND c-Fos IMMUNOHISTOCHEMISTRY
Animals were anesthetized with CO2 and perfused transcardially
with 0.9% physiological saline followed by 3.7% paraformalde-
hyde, 120 min after drug administration. The brains were
removed and post-fixed in formalin for 2 days. Thereafter, the
brains were cut into three coronal sections, ranging from 3–5 mm
in thickness prior to being placed into tissue processing cassettes
for paraffin. The tissue cassettes were rinsed in water followed
by an EtOH rinse prior to immersion fixation. Paraffin embed-
ded coronal sections were cut (5–7 µm) on a microtome (Leitz
Wetzlar, Spencer Scientific Co., New Hampshire) and immedi-
ately placed in a 40◦C water bath for mounting tissue on Plus
slides (Erie Scientific Co, New Hampshire) and allowed to air dry
for 24 h. Thereafter, the tissue slides underwent dehydration by
a series of three separate washes in citrosolve (2 × 7 min), 100%
EtOH (2 × 7 min), and 95% EtOH (2 × 7 min). The slides were
rinsed in distilled water and incubated in a 0.3% H2O2 solu-
tion to block endogenous peroxidase activity. The slides were
washed (3 × 5 min) in 0.1 M phosphate buffer (PBS) (Dulbecco’s
phosphate buffered saline; pH 7.4; Sigma Chemical Co) fol-
lowed by a high pH antigen retrieval (DAKO, Denmark) incu-
bation for 15 min. The slides were then allowed to cool and
washed in PBS prior to incubation in the primary antiserum.
c-Fos was visualized with a rabbit polyclonal anti-cFos (1:5000,
Calbiochem, Germany) for 24 h at room temperature. Following
the primary antibody incubation, the sections were washed in
PBS (3 × 5 min) and incubated in the secondary, anti-rabbit
Horseraddish Peroxidase (HRP)-conjugate envision plus (DAKO,
Denmark) for 2 h at room temperature. Thereafter, sections were
washed and rinsed for 1–3 min in 3,3′ diaminobenzidine chro-
magen (DAB) (brown). The sections were then rinsed in dis-
tilled water before the hydration series of rinses in 95% EtOH
(2 × 7 min), EtOH (2 × 7 min), and citrosolve (2 × 7 min). The
slides were cover-slipped using Cytoseal 60 (Thermo Scientific) as
a mounting medium and then examined by light microscopy.

QUANTIFICATION OF c-Fos-LABELED CELL DENSITY
Tissue sections were imaged by optic microscopy (Nikon Eclipse
E600; Melville, NY) and photographed using SPOT software
(Diagnostic Instruments, Inc.). Selected areas of the brain were
outlined at low resolution (10×) using known landmarks (see
Figure 1 for schematic depictions of regions quantified), and
c-Fos-positive cells were identified and quantified at a higher res-
olution (20×) (0.125 mm2/field) by light thresholding. A count-
ing grid (10 × 10) was superimposed on each photomicrograph
after background correction. The total density of c-Fos cells
were counted by a trained observer, who was unaware of the
experimental conditions in a minimum of three adjacent coro-
nal sections. The average value was used for statistical analysis.
This manual counting method was validated by comparing results
quantified with a modified automated ImageJ software program

FIGURE 1 | Schematic diagrams of relevant coronal levels and specific

brain regions depicted in Tables 1–6, and Figures 4, 5 [based on the

atlas of Paxinos and Watson (1998)]. The squares indicate the placement
of optical dissectors for counting c-Fos positive cells. Numbers represent
bregma at every coronal level. AcbC, accumbens core; AcbSh, accumbens
shell; BLA, basolateral amygdala; CA1, CA1 of the hippocampus; CeA,
central amygdala; Cg1, cingulate cortex 1; DG, dentate gyrus; DLS,
dorsolateral striatum; DMS, dorsomedial striatum; VLS, ventrolateral
striatum; IL, infralimbic cortex; LS, lateral septum; O, orbitofrontal cortex;
PrL, prelimbic cortex; Tu, lateral tubercle; VP, ventral pallidum.

(v. 1.42, National Institutes of Health sponsored image analy-
sis program) in a total of 20 pictures from different brain areas.
The correlation in the scores between both methods was r = 0.89
(p < 0.01).

STATISTICAL ANALYSIS
For each defined brain region and route of administration, cell
counts (c-Fos-positive cells per mm2) were compared across
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treatment groups by means of one way between-groups simple
ANOVA with five levels, followed by non-orthogonal planned
comparisons using the overall error term, comparing vehicle to
the other doses (Keppel, 1991). Significance was set at p < 0.05.
These analyses were conducted using a computerized statistical
package (SPSS). Figures 3, 5 are a representation of these data as
a percentage of change in relation to the corresponding vehicle
group for every brain structure. No additional statistical analyses
were performed.

RESULTS
Figure 1 shows schematic depictions of brain regions selected.
Name and abbreviations are listed in the figure legend.

EXPERIMENT 1. EFFECTS OF PERIPHERAL ADMINISTRATION OF EtOH
AND ACETALDEHYDE ON c-Fos IMMUNOREACTIVITY IN PREFRONTAL
CORTEX (PFC), BASAL GANGLIA AND LIMBIC AREAS
The overall one-way ANOVA yielded statistical significance for all
the brain areas tested but BLA and DG. These results are depicted
in Tables 1–3, respectively. The significance levels for the post hoc
analyses are shown in these tables only.

Thus, in the PFC the ANOVA results were as follows; Cg1
[F(4, 18) = 5.64, p < 0.01], PrL [F(4, 17) = 24.61, p < 0.01], IL
[F(4, 17) = 16.83, p < 0.01], and O [F(4, 17) = 5.55, p < 0.01].
The planned comparisons indicated that EtOH only induced c-
Fos expression in the PrL and O cortices and only at the lowest
dose (0.5 g/kg), while both doses of acetaldehyde significantly

Table 1 | Effect of acute IP administration of EtOH or acetaldehyde on c-Fos expression in PFC areas of rat brain.

Brain area Vehicle EtOH 0.5 g/kg EtOH 2.5 g/kg Acetal 0.1 g/kg Acetal 0.5 g/kg

CELL COUNTS (per mm2) ± SEM

Cg1 418.6 ± 47.5 618.4 ± 70.4 678.9 ± 130.3 835.5 ± 129.7* 1156.2 ± 125.9**+##

PrL 267.0 ± 22.8 440.8 ± 53.1* 303.0 ± 14.8 546 ± 60.8** 881.0 ± 49.6**++##

IL 258.0 ± 13.7 372.0 ± 17.7 320.0 ± 16.5 508.8 ± 78.4** 787.0 ± 61.9**++##

O 318.0 ± 23.6 589.6 ± 86.3** 345 ± 25.9++ 560.0 ± 63.7** 620 ± 38.3**

Data are the mean number of c-Fos-positive cells (+SEM) per mm2 in the regions listed. (*p < 0.05, **p < 0.01 different from vehicle for the same brain region,
+p < 0.05, ++p < 0.01 different from the lower dose of the same drug, ##p < 0.01 different from the same dose of EtOH).

Table 2 | Effect of acute IP administration of EtOH or acetaldehyde on c-Fos expression in basal ganglia areas of rat brain.

Brain area Vehicle EtOH 0.5 g/kg EtOH 2.5 g/kg Acetal 0.1 g/kg Acetal 0.5 g/kg

CELL COUNTS (per mm2) ± SEM

AcbC 260.0 ± 66.5 486.8 ± 95.7* 264.8 ± 25.2+ 693.7 ± 103.8** 858.4 ± 22.8**##

AcbSh 242.6 ± 51.0 349.5 ± 19.7 325.6 ± 57.8 459.0 ± 55.9** 633.2 ± 71.3**+##

VLS 229.3 ± 9.6 456.5 ± 30.8* 547.3 ± 95.3** 594.1 ± 82.6** 648.6 ± 53.5**#

DLS 258.0 ± 17.2 449.3 ± 19.6** 335.4 ± 19.7 569.6 ± 60.1** 534.0 ± 50.1**

DMS 218.0 ± 29.5 462.4 ± 30.2** 405.8 ± 35.6* 559.3 ± 91.2** 562.0 ± 56.9**

VP 151.0 ± 47.0 296.8 ± 23.3* 304.0 ± 58.8* 328.4 ± 26.1* 417.5 ± 70.8**##

Data are the mean number of c-Fos-positive cells (+SEM) per mm2 in the regions listed. (*p < 0.05, **p < 0.01 different from vehicle for the same brain region,
+p < 0.05 different from the lower dose of the same drug, #p < 0.05, ##p < 0.01 different from the same dose of EtOH).

Table 3 | Effect of acute IP administration of EtOH or acetaldehyde on c-Fos expression in limbic areas of rat brain.

Brain area Vehicle EtOH 0.5 g/kg EtOH 2.5 g/kg Acetal 0.1 g/kg Acetal 0.5 g/kg

CELL COUNTS (per mm2) ± SEM

Tu 118.0 ± 8.1 284.0 ± 28.1** 244.0 ± 17.5* 307.0 ± 36.5** 337.0 ± 61.7**

LS 124.0 ± 9.3 183.2 ± 18.5 194.4 ± 13.0* 263.0 ± 26.9** 398.0 ± 41.5**++##

BLA 66.0 ± 3.8 115.2 ± 29.1 44.8 ± 13.5 89.0 ± 14.2 135.0 ± 24.2

CeA 79.0 ± 16.9 118.4 ± 18.6 34.4 ± 16.9+ 99.0 ± 20.9 172.0 ± 23.2**++

CA1 74.0 ± 7.3 89.6 ± 7.2 114.4 ± 33.6 79.0 ± 7.7 182 ± 31.4**++##

DG 105.0 ± 15.3 128 ± 18.5 88.0 ± 32.4 90.4 ± 32.8 186.0 ± 38.9

Data are the mean number of c-Fos-positive cells (+SEM) per mm2 in the regions listed. (*p < 0.05, **p < 0.01 different from vehicle for the same brain region,
+p < 0.05, ++p < 0.01 different from the lower dose of the same drug, ##p < 0.01 different from the same dose of EtOH).
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induced c-Fos in all the cortical areas analyzed. Moreover,
acetaldehyde was more efficacious than EtOH in all the cortical
areas but O, since 0.5 g/kg acetaldehyde was statistically different
from 0.5 g/kg EtOH.

In the basal ganglia structures the overall one-way ANOVA’s
for all the different regions were significant. The F values were
as follows: AcbC [F(4, 17) = 12.87, p < 0.01], AcbSh [F(4, 17) =
6.96, p < 0.01], VLS [F(4, 17) = 6.28, p < 0.01], DLS [F(4, 17) =
10.94, p < 0.01], DMS [F(4, 17) = 8.48, p < 0.01], and VP
[F(4, 17) = 4.11, p < 0.05]. The planned comparisons indicated
that EtOH produced a significant increase at both doses in the
VLS, DMS, and VP, while in the AcbC and in the DLS only the
low dose induced c-Fos. Surprisingly, none of the EtOH doses
induced significantly c-Fos in the AcbSh. Acetaldehyde produced
significant induction of c-Fos in all the structures at both doses
and it was significantly more efficacious than EtOH at inducing
c-Fos in all the ventral areas of the striatum and in the VP, but not
in the dorsal areas of striatum (DLS and DMS). Figure 2 shows
representative microphotographs of PFC and Acb areas.

As pointed out above, in the limbic areas the one-way ANOVAs
were not significant in the BLA and in the DG. However, in

FIGURE 2 | c-Fos induction after IP administration of saline, ethanol

(0.5 g/kg) and acetaldehyde (0.5 g/kg). Low power images (10×) showing
PFC (left column) and Acb (right column). Scale bar = 100 µm. ac, anterior
commissure; cc, corpus callosum.

the other areas the ANOVAs were significant; Tu [F(4, 17) = 5.89,
p < 0.01], LS [F(4, 17) = 8.14, p < 0.01], CeA [F(4, 17) = 11.48,
p < 0.01], and CA1 [F(4, 17) = 3.66, p < 0.05]. EtOH produced
a significant effect only in the Tu and in the LS, and these two
areas were also more sensitive to the effect of acetaldehyde (i.e.,
both doses produced an increase).

Overall, it seems that, among the EtOH groups, while 0.5 g/kg
increased c-Fos expression (although it was not always statistically
significant), 2.5 g/kg EtOH induced c-Fos only in some areas of
the striatum and limbic system, but it did not produce a larger
increase than the lower dose, thus possibly indicating a bipha-
sic effect of EtOH on c-Fos expression (see for example PrL and
O cortex, AcbC, and CeA). As for the acetaldehyde groups, in
general both doses increased c-Fos immunoreactivity at higher
levels than the EtOH groups, especially in cortical structures and
in both Acb subregions. Acetaldehyde was more efficacious than
EtOH at inducing c-Fos immunoreactivity, since EtOH at 0.5 g/kg
significantly induced c-Fos in 8 of the 16 areas, while 0.5 g/kg
acetaldehyde did so in 14 areas. Moreover, 0.5 g/kg acetaldehyde
was significantly different from 0.5 g/kg EtOH in 9 of the 16 areas.
The percentage change that this dose produced in relation to vehi-
cle for both drugs in all the structures studied is graphically shown
in Figure 3.

EXPERIMENT 2. EFFECTS OF CENTRAL ADMINISTRATION OF EtOH AND
ACETALDEHYDE ON c-Fos IMMUNOREACTIVITY IN PFC, BASAL
GANGLIA AND LIMBIC AREAS
The effects of ICV administration of EtOH or acetaldehyde on
c-Fos immunoreactivity are shown in Tables 4–6 for PFC, basal
ganglia and limbic areas, respectively. The results of the one-
way ANOVA for every brain area showed that the treatment
produced significant effects for all the areas studied. Thus in
the PFC; Cg1 [F(4, 18) = 11.28, p < 0.01], PrL [F(4, 19) = 10.88,
p < 0.01], IL [F(4, 19) = 15.41, p < 0.01], and O [F(4, 19) =
19.34, p < 0.01]. The planned comparisons indicated that EtOH
induced c-Fos only at the low dose (2.8 µmoles) and only in
Cg1 and O. However, acetaldehyde produced significant effects in
all structures and at both doses. When comparing the low dose
(2.8 µmoles) of EtOH with the same dose of acetaldehyde, it was
found that only in the Cg1 were there no differences between the
two drugs, although the higher dose (14 µmoles) of acetaldehyde
induced c-Fos significantly compared with the effect of the high
dose of EtOH. In the rest of PFC areas both doses of acetalde-
hyde produced an increase compared to the corresponding dose
of EtOH.

The differences between ETOH and acetaldehyde were not so
pronounced in the basal ganglia or limbic structures. The one-
way ANOVA for the different structures indicated that the treat-
ment had a significant overall effect in all of them. The F values
were as follows: AcbC [F(4, 18) = 5.61, p < 0.01], in the AcbSh
[F(4, 18) = 3.24, p < 0.05], in the VLS [F(4, 17) = 3.12, p < 0.05],
in the DLS [F(4, 18) = 5.16, p < 0.01], in the DMS [F(4, 18) =
7.45, p < 0.01], and in the VP [F(4, 17) = 7.26, p < 0.01]. The
planned comparisons indicated that the low dose of EtOH sig-
nificantly induced c-Fos in both subregions of the Acb and also
in the projection area VP. However, the high dose of EtOH pro-
duced an increase only in the VP. The low dose of acetaldehyde
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FIGURE 3 | Percentage of change in c-Fos counts after IP administration of ethanol and acetaldehyde (0.5 g/kg) in relation to the saline vehicle group

for every brain structure. ∗p < 0.05, ∗∗p < 0.01 different from EtOH in that brain area.

Table 4 | Effect of acute ICV administration of EtOH or acetaldehyde on c-Fos expression in PFC areas of rat brain.

Brain area Vehicle EtOH 2.8 µmoles EtOH 14 µmoles Acetal 2.8 µmoles Acetal 14 µmoles

CELL COUNTS (per mm2) ± SEM

Cg1 307.0 ± 48.5 675.0 ± 167.5* 356.9 ± 28.2 884.9 ± 169.3** 1299.4 ± 131.8**+##

PrL 241.6 ± 20.0 295.2 ± 17.9 257.6 ± 26.0 521.6 ± 43.8**## 556.0 ± 99.9**##

IL 244.0 ± 36.0 281.6 ± 28.3 287.2 ± 31.5 539.5 ± 53.6**## 533.0 ± 19.3**##

O 318.4 ± 45.3 565.6 ± 50.5** 308.0 ± 42.0 610.4 ± 37.2** 764.0 ± 28.9**+##

Data are the mean number of c-Fos-positive cells (+SEM) per mm2 in the regions listed. (*p < 0.05, **p < 0.01 different from vehicle for the same brain region,
+p < 0.05 different from the lower dose of the same drug, ##p < 0.01 different from the same dose of EtOH).

Table 5 | Effect of acute ICV administration of EtOH or acetaldehyde on c-Fos expression in basal ganglia areas of rat brain.

Brain area Vehicle EtOH 2.8 µmoles EtOH 14 µmoles Acetal 2.8 µmoles Acetal 14 µmoles

CELL COUNTS (per mm2) ± SEM

AcbC 78.5 ± 31.5 409.0 ± 96.6* 371.0 ± 69.3 504.3 ± 162.1** 823.0 ± 150.7**##

AcbSh 108.4 ± 39.4 377.5 ± 120.9* 257.6 ± 60.7 398.5 ± 110.2* 503.8 ± 72.6**#

VLS 372.4 ± 21.7 489.8 ± 72.4 507.6 ± 47.7 616.3 ± 62.1** 468.4 ± 48.9

DLS 331.0 ± 15.7 409.4 ± 41.1 426.4 ± 18.1 435.3 ± 75.8 633.2 ± 48.4**++##

DMS 389.6 ± 26.1 366.5 ± 50.4 388.6 ± 48.8 500.1 ± 56.7**# 691.0 ± 49.9**+##

VP 208.8 ± 9.1 354.0 ± 20.4** 360.9 ± 15.1** 390.0 ± 40.0** 307.0 ± 36.2*+

Data are the mean number of c-Fos-positive cells (±SEM) per mm2 in the regions listed. (*p < 0.05; **p < 0.01 different from vehicle for the same brain region,
+p < 0.05; ++p < 0.01 different from the lower dose of the same drug, #p < 0.05, ##p < 0.01 different from the same dose of EtOH).

induced c-Fos in the ventral areas of the striatum (including both
Acb subregions and VLS) and in the VP, but not in the dor-
sal striatum. However there were no differences between EtOH
and acetaldehyde at this behaviorally relevant dose. Differences

between EtOH and acetaldehyde emerged only at the highest dose
in both subregions of the Acb and in both areas of the dorsal stria-
tum. See representative microphotographs of PFC and Acb areas
in Figure 4.

Frontiers in Behavioral Neuroscience www.frontiersin.org May 2013 | Volume 7 | Article 48 | 33

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


Segovia et al. Ethanol, acetaldehyde and c-Fos immunoreactivity

Table 6 | Effect of acute ICV administration of EtOH or acetaldehyde on c-Fos expression in limbic areas of rat brain.

Brain area Vehicle EtOH 2.8 µmoles EtOH 14 µmoles Acetal 2.8 µmoles Acetal 14 µmoles

CELL COUNTS (per mm2) ± SEM

Tu 214.4 ± 27.2 369.6 ± 55.7* 241.6 ± 34.4+ 425.6 ± 27.9** 509.0 ± 46.6**##

LS 224.8 ± 28.6 248.0 ± 22.0 214.4 ± 13.0 325.6 ± 29.7*# 446.0 ± 31.4**++##

BLA 72.0 ± 6.8 144.0 ± 20.2* 196.0 ± 13.2** 187.0 ± 20.0* 146.0 ± 40.0**

CeA 60.8 ± 13.7 142.4 ± 27.1 238.4 ± 20.8**+ 193.6 ± 32.2** 125.0 ± 53.5#

CA1 91.2 ± 8.6 196.8 ± 12.2** 227.2 ± 13.1** 160.8 ± 31.2 259.0 ± 57.0**+

DG 89.6 ± 8.5 141.6 ± 14.8 243.2 ± 14.6**++ 199.2 ± 29.0** 168.0 ± 52.4*

Data are the mean number of c-Fos-positive cells (±SEM) per mm2 in the regions listed. (*p < 0.05, **p < 0.01 different from vehicle for the same brain region,
+p < 0.05, ++p < 0.01 different from the lower dose of the same drug, #p < 0.05, ##p < 0.01 different from the same dose of EtOH).

FIGURE 4 | c-Fos induction after ICV administration of vehicle,

ethanol (2.8 µmoles) and acetaldehyde (2.8 µmoles). Low power
images (10×) showing PFC (left column) and Acb (right column). Scale
bar = 100 mm.

The one-way ANOVA for the limbic regions also demonstrated
a significant overall effect of the treatment in all areas stud-
ied. The F values were as follows: Tu [F(4, 19) = 9.39, p < 0.01],
LS [F(4, 19) = 13.01, p < 0.01], BLA [F(4, 19) = 5.72, p < 0.01],
CeA [F(4, 19) = 5.23, p < 0.01], CA1 [F(4, 19) = 5.60, p < 0.01],
and DG [F(4, 19) = 5.16, p < 0.01]. The planned comparisons

demonstrated that the low dose of EtOH produced signifi-
cant increases only in three of the areas (Tu, BLA, and CA1),
while the higher dose did so in both areas of the amyg-
dala and of the hippocampus. Acetaldehyde produced a more
robust increase, since at the low dose all areas but CA1 showed
increased c-Fos immunoreactivity compared to vehicle. At the
high dose all areas but CeA showed increased c-Fos counts.
Significant differences between both drugs were only seen in
the Tu and in the LS at both doses, while in the CeA the
high dose of EtOH produced an increase in c-Fos that was
significantly different from acetaldehyde, which at the highest
dose did not significantly induced c-Fos compared to vehicle.
The percentage change that 2.8 µmoles of EtOH and acetalde-
hyde produced in relation to vehicle is graphically shown in
Figure 5.

DISCUSSION
The purpose of the present study was twofold: first, to compare
the pattern of c-Fos induction after EtOH and its metabolite
acetaldehyde were administered by two routes of administra-
tion that have been demonstrated to reveal differences in the
potency between both drugs, and second, we chose to study brain
areas with DArgic innervations because both drugs have demon-
strated to have effects on motor activity and motivated behaviors
regulated by DA. Thus, comparisons between behaviorally rele-
vant doses of both compounds after both routes of administra-
tion revealed the impact of each drug on different areas of the
brain.

EFFECTS OF PERIPHERAL ADMINISTRATION OF ETHANOL AND
ACETALDEHYDE
Overall, control values (saline or aCSF treatments) reflected com-
parable levels of c-Fos across the different routes of administra-
tion for all 16 brain regions quantified. In no case did EtOH
or acetaldehyde significantly reduce basal c-Fos levels. Peripheral
administration was the route that generated higher differences
between EtOH and acetaldehyde at the same dose. However, ICV
administration showed more contrasting effects between brain
areas, though less so between drugs. These results reflect the same
pattern of results found in behavioral studies (Arizzi et al., 2003;
Correa et al., 2003a,b; Arizzi-LaFrance et al., 2006; Chuck et al.,
2006; McLaughlin et al., 2008).
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FIGURE 5 | Percentage of change in c-Fos counts after ICV administration of ethanol and acetaldehyde (2.8 µmoles) in relation to the aCSF vehicle

group for every brain structure. ∗p < 0.05, ∗∗p < 0.01 different from EtOH in that brain area.

Thus, as it can be seen in Figure 3, with the exception
of the O, PFC areas were significantly more responsive to
peripherally administered acetaldehyde than to EtOH (see pic-
tures in Figure 2). In Figure 3 it can also be appreciated that the
magnitude of change in c-Fos counts from vehicle at this dose
was significantly bigger for acetaldehyde in ventral basal ganglia
structures. However, these differences were less robust in lim-
bic structures, in which only LS and CA1 revealed a significantly
larger impact of acetaldehyde. Very few previous studies have
addressed the impact of peripheral acetaldehyde, either locally
formed or exogenously administered, on c-Fos immunoreactivity.
Expression of c-Fos mRNA in the HPV was increased after periph-
eral accumulation of acetaldehyde by blocking ALDH activity
with cyanamide and administering a dose of EtOH (1 g/kg) that
did not have this effect on its own (Kinoshita et al., 2002).
Kinoshita et al. (2002) did not explore any other brain area,
thus further comparisons with the present results are not possi-
ble. So far, there is only one previous study of direct peripheral
administration of acetaldehyde and c-Fos expression (Cao et al.,
2007). In that study a small dose of acetaldehyde (0.032 g/kg)
was administered also to Sprague-Dawley rats using intravenous
injections as the peripheral route of administration. In agreement
with the results of the 0.1 g/kg in the present study, 0.032 g/kg
did not produce a significant increase in the CeA, but in con-
trast to our results, it did not induce c-Fos in the AcbSh (Cao
et al., 2007). That dose was only able to increase c-Fos mRNA in
the PVTh, possibly because this dorsal thalamic region is min-
imally protected by the blood brain barrier (Ueno et al., 2000;
Cao et al., 2007). Moreover, the dose of acetaldehyde used in that
study seems to be very low, since it did not affect ambulation

or anxiety parameters (Cao et al., 2007). A dose of acetalde-
hyde of 0.1 g/kg IP, like the lowest one used in the present study,
was demonstrated to induce anxiety and reduce locomotion in
mice (Tambour et al., 2005; Escrig et al., 2012), and to slow
lever pressing in rats (McLaughlin et al., 2008), although in this
last study, higher doses of acetaldehyde (0.2 g/kg) were neces-
sary to produce a significant suppression of total lever pressing.
For EtOH, the required doses to slow lever pressing performance
and to suppress total amount of lever pressing were 0.8 and
1.6 g/kg (McLaughlin et al., 2008), indicating that the two drugs
also show differences in potency in terms of their behavioral
effects.

EFFECTS AFTER CENTRAL ADMINISTRATION OF ETHANOL AND
ACETALDEHYDE
After central administration, only 4 brain areas showed signif-
icant differences between EtOH and acetaldehyde at the lowest
dose of both drugs (2.8 µmoles): two cortical structures, PrL
and IL (see pictures in Figure 4), DMS and LS. The highest
dose (14 µmoles) of EtOH and acetaldehyde was the one that
lead to major differences between drugs after ICV administra-
tion (11 out of 16 structures). Interestingly, EtOH seems to
show a biphasic effect at this dose since in many structures
EtOH did not differ from vehicle. Acetaldehyde at the high dose
had a very different pattern because, in all but two structures,
there was still a significant increase in expression of c-Fos com-
pared to vehicle, and in several cases these changes were even
bigger than the ones produced by the lowest dose of acetalde-
hyde. Similar high doses have been used in previous studies
(Arizzi et al., 2003; Crankshaw et al., 2003) in which a dose of
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17.6 µmoles of EtOH and acetaldehyde did not produce a sig-
nificant change in operant responding for food compared to
vehicle in a task that required minimal rates of responding, while
acetate, a metabolite of acetaldehyde, did suppress behavior at
these dose. Moreover, a dose of around 17 µmoles of EtOH
administered ICV did not produce conditioned taste aversion
but it induced conditioned taste preference to a sweet solution
(Crankshaw et al., 2003). These data indicate that although it is
a high dose, the present 14 µmoles dose does not affect behav-
ioral outcomes such as sustained attention, lever pressing, eating,
or taste related learning (Arizzi et al., 2003; Crankshaw et al.,
2003).

Two studies so far have measured c-Fos expression after ICV
EtOH administration in some areas of the brain (Crankshaw
et al., 2003; Larkin et al., 2010). Both of them have used higher
doses (790 µg and 4 mg; Crankshaw et al., 2003; Larkin et al.,
2010) than the high dose used in the present study (14 µmoles =
644 µg). The pattern of results found by those studies was differ-
ent from the present ones: positive increases in Cg cortex, (Larkin
et al., 2010), AcbSh and LS (Crankshaw et al., 2003), and no
increase in the CeA (Crankshaw et al., 2003; Larkin et al., 2010).
No previous study has assessed the involvement of acetaldehyde
in c-Fos expression after central administration. However, cata-
lase activity inhibition by aminotriazole (thus, blockade of brain
acetaldehyde formation), did not affect c-Fos expression in Acb
and CeA, after peripheral EtOH administration (Canales, 2004).
Those results point to an independent effect of EtOH on this
cellular parameter of activity.

IMPACT OF ETHANOL AND ACETALDEHYDE ON Acb-DA RELATED
FUNCTIONS
Among all the structures studied in the present work, the Acb
warrants additional examination. AcbC was revealed as the more
sensitive area to c-Fos induction after EtOH or acetaldehyde
with both routes of administration (see pictures in Figures 2, 4).
After peripheral administration, EtOH 0.5 g/kg produced a sig-
nificant induction of c-Fos immunoreactivity in AcbC, although
not in AcbSh. These results are somehow consistent with previous
studies from other laboratories. For example, after IP adminis-
tration of 1.0 or 2.5 g/kg of EtOH, also in Sprague-Dawley rats,
there was an increase on c-Fos expression in the general area
of the Acb (Canales, 2004). However, although in the present
study the increase in the AcbC was seen after the administra-
tion of a smaller dose (0.5 g/kg), we did not find a significant
increase at 2.5 g/kg, thus possibly pointing to a typical biphasic
effect of EtOH in this type of cellular markers in the Acb (Ibba
et al., 2009). In other studies c-Fos expression after 2.5 g/kg IP
of EtOH, did not produce an effect on AcbC but it did signif-
icantly induced c-Fos in AcbSh (47% increase) (Knapp et al.,
2001). In the present study 2.5 g/kg EtOH tended to induce c-
Fos in the AcbSh to a very similar magnitude (34%), although
this difference was not statistically significant. On the other hand,
after central administration of 2.8 µmoles (129 µg) of EtOH the
increases in c-Fos expression produced in both Acb subregions
(421% for the AcbC and 248% for AcbSh) reached statistical
significance (see Figure 5). In the only study of c-Fos expres-
sion after ICV EtOH administration that analyzed the Acb area

(Crankshaw et al., 2003), it was found a significant increase
(127%) in the AcbSh after a single injection of 790 µg of EtOH.
In our study, the highest dose (644 µg) of EtOH did not pro-
duce a statistically significant increase, although the percentage
of increase from vehicle was 375% for the AcbC and 138% for
the AcbSh, an increase very similar to the above mentioned
study. The effects of acetaldehyde in the Acb showed a signif-
icant increase at both doses and after both routes of adminis-
tration in both subregions (see pictures in Figures 2, 4). Both
doses of acetaldehyde increased c-Fos expression significantly in
AcbC (166 and 230%) and in AcbSh (89 and 161%). Moreover,
0.5 g/kg acetaldehyde produced a significantly higher increase
than the same dose of EtOH both in AcbC and in AcbSh (see
Figure 3). After central administration of acetaldehyde the pat-
tern of effects was the same as for peripheral administration.
There was a difference in efficacy at the highest dose; 14 µmoles
of acetaldehyde, both in the AcbC and in the AcbSh, increased
c-Fos expression while 14 µmoles of EtOH did not produce a
significant change. However, there was no difference in efficacy
between EtOH and acetaldehyde at a more behaviorally rele-
vant dose, 2.8 µmoles (see Figure 5), as it was the case in food
reinforced lever pressing (Arizzi et al., 2003; McLaughlin et al.,
2008).

EtOH- and acetaldehyde-induced changes in c-Fos expres-
sion of DA target areas may be mediated by modulation of
DA release and DA receptor activation. Acetaldehyde has been
demonstrated to induce neuronal firing of DArgic neurons in the
ventral tegmental area (Foddai et al., 2004; Diana et al., 2008) and
to stimulate DA transmission in the Acb (Melis et al., 2007; Enrico
et al., 2009; Sirca et al., 2011; Deehan et al., 2013). Extracellular
regulated kinase (ERK) activation has been suggested as a post-
synaptic correlate of activated DA transmission (Acquas et al.,
2007), and acetaldehyde has been reported to elicit ERK phos-
phorylation in the rat Acb and extended amygdala, via DA D1
receptors (Vinci et al., 2010; Peana et al., 2011). Thus, periph-
eral intragrastric administration of EtOH (0.5–2.0 g/kg) increased
pERK in the AcbC and AcbS in a biphasic dose response way
(Ibba et al., 2009). A much lower dose of acetaldehyde (0.02 g/kg)
induced ERK phosphorylation also in AcbC, AcbSh (Vinci et al.,
2010; Peana et al., 2011). This is also important because ERK
seems to be necessary for the induction of c-Fos expression after
alcohol administration (Bachtell et al., 2002).

CONCLUSION
From the present study we can conclude that EtOH and acetalde-
hyde produce a general pattern of c-Fos induction in PFC, basal
ganglia, and limbic areas, most of which have a substantial DA
innervation (Fields, 2007; Ikemoto, 2007), at doses that are able
to affect motor activity and motivated behaviors (Arizzi et al.,
2003; Correa et al., 2003a,b; Arizzi-LaFrance et al., 2006; Chuck
et al., 2006; McLaughlin et al., 2008). Peripherally administered
acetaldehyde is more potent than EtOH at suppressing motor
behaviors (McLaughlin et al., 2008), and the same potency pat-
tern can be seen in relation to c-Fos expression (present paper).
The present results are also in accordance with the behavioral data
on locomotion and lever pressing after central administration.
Both drugs do not show big differences in efficacy or potency
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when injected in the ventricles (Arizzi et al., 2003; Correa et al.,
2003a; Arizzi-LaFrance et al., 2006; McLaughlin et al., 2008).
Thus, c-Fos can be used as a general marker of neural activity in
DA terminal areas, one which reflects the impact of EtOH and
acetaldehyde after different routes of administration on motor
and motivational functions.
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Background: In the central nervous system ethanol (EtOH) is metabolized to acetaldehyde
(ACA) primarily by the oxidative enzyme catalase. Evidence suggests that ACA is
responsible for at least some of the effects on the brain that have been attributed
to EtOH. Various types of ion channels which are involved in electrical signaling are
targets of EtOH like maxi calcium-activated potassium (BK) channels. BK channels exhibit
various functions like action potential repolarization, blood pressure regulation, hormone
secretion, or transmitter release. In most neuronal and neuroendocrine preparations
at physiological intracellular calcium levels, EtOH increases BK channel activity. The
simultaneous presence of ACA and EtOH reflects the physiological situation after drinking
and may result in synergistic as well as antagonistic actions compared to a single
application of either drug. The action of ACA on electrical activity has yet not been fully
established.

Methods: GH3 pituitary tumor cells were used for outside-out and inside-out patch-clamp
recordings of BK activity in excised patches. Unitary current amplitude, open probability
and channel mean open time of BK channels were measured.

Results: Extracellular EtOH raised BK channel activity. In the presence of intracellular ACA
this increment of BK activity was suppressed in a dose- as well as calcium-dependent
manner. Mean channel open time was significantly reduced by internal ACA, whereas BK
channel amplitudes were not affected. The EtOH counteracting effect of ACA was found
to depend on succession of application. EtOH was prevented from activating BK channels
by pre-exposure of membrane patches to ACA. In contrast BK activation by a hypotonic
solution was not affected by internal ACA.

Conclusions: Our data suggest an inhibitory impact of ACA on BK activation by EtOH.
ACA appears to interact specifically with EtOH at BK channels since intracellular ACA had
no effect when BK channels were activated by hypotonicity.

Keywords: ethanol, acetaldehyde, BK channels, GH3 pituitary tumor cells, patch-clamp technique

INTRODUCTION
Evidence suggests that acetaldehyde (ACA) is responsible for at
least some of the effects on the brain that have been attributed to
ethanol (EtOH) (Quertemont et al., 2005a). Peripheral accumu-
lation of ACA in the blood accounts for aversion by producing
unpleasant physical symptoms (Eriksson, 2001). This is differ-
ent in the brain where ACA is supposed to be responsible for
some rewarding and reinforcing effects of EtOH (Rodd-Henricks
et al., 2002; Quertemont et al., 2005b; Karahanian et al., 2011).
Importantly, EtOH oxidation has been found within the living
brain revealing catalase to be the predominant enzyme responsi-
ble for ACA accumulation (Zimatkin et al., 1998; Zimatkin and
Buben, 2007). The question, whether effective amounts of ACA
derived from peripheral EtOH metabolism can pass through the
blood-brain-barrier has, however, not been answered conclusively
(Correa et al., 2011).

ACA has been shown in a few studies to modulate ion chan-
nels. For instance the action potential activity of dopaminergic

neurons in the mesolimbic system is increased due to its action on
IA (A-type) and Ih (hyperpolarization-activated inward) K+ cur-
rents (Foddai et al., 2004; Melis et al., 2007). In contrast a decrease
in activity was reported for voltage-gated L-type calcium channels
in neuronal cells (Bergamaschi et al., 1988) and in smooth muscle
cells (Morales et al., 1997).

GH3 cells, isolated from rat pituitary tumors, are excitable
neuroendocrine cells which produce growth hormone and
prolactin (Tashjian et al., 1970). Further, they express calcium-
activated maxi potassium channels (also referred as BK, Maxi-
KCa, KCNMA1, KCa1.1, or Slo1 channels) and are used in numer-
ous studies as model cells to study BK channel properties (for
review see: Weiger and Hermann, 2009; Hermann et al., 2012a).
Our study focused on these channels, which are abundantly
expressed throughout the body and exhibit various functions
like action potential repolarization, regulation of blood pres-
sure, hormone secretion or transmitter release (recently reviewed
in Hermann et al., 2012a). BK channel activity is initiated by
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depolarization and enhanced by the simultaneous increase in free
intracellular calcium (Ca2+) concentration (McManus, 1991).
According to this property BK channels represent a link between
the intracellular second messenger system and the electrical state
of the cell membrane. BK channel activity can be altered by a wide
variety of modulatory factors, including changes in pH (Church
et al., 1998), redox potential (DiChiara and Reinhart, 1997),
protein kinases or phosphatases (Reinhart et al., 1991; Reinhart
and Levitan, 1995), interactions with auxiliary beta (β) subunits
(Weiger et al., 2000), or gasotransmitters (Hermann et al., 2012b).
BK channels are also involved in behavioral processes like clock
controlled behavior (Montgomery et al., 2013), in behavioral
responses to EtOH (Davies et al., 2003), or react to social stress
with a change in expression patterns (Chatterjee et al., 2009).

BK channels as integral membrane proteins are prominent cel-
lular targets for EtOH, which is well documented to increase BK
channel activity via a Ca2+ and protein kinase C (PKC) depen-
dent mechanism in a dose dependent manner. This potentiation
is based on the increment of channel open probability (Po) and
mean channel open time (MCOT) and thus is related to channel
gating, whereas ion conductance and selectivity are not affected
(Dopico et al., 1996; Jakab et al., 1997). The EtOH-mediated
activation of BK channels leads to hyperpolarization of the mem-
brane potential disposing the cell to reduce hormone secretion
and transmitter release (Dopico et al., 1999). Furthermore, BK
channels show fast adaptation to EtOH appearing in the form of
a rapidly reduced sensitivity to acute EtOH exposure within a few
minutes. This molecular tolerance is intrinsic to the channel and
can be overcome by the association with a β4-subunit, an assem-
bly often found in the brain (Martin et al., 2008). EtOH as well
as hypotonicity (Hypo) induce cell swelling and both increase BK
channel activity. Additionally, EtOH induced cell swelling comes
along with an increment of the intracellular Ca2+ concentration
(Jakab et al., 2006). With regard to physiological effects, EtOH
modulation of BK channels influences neuronal excitability, cere-
brovascular tone, brain function, and behavior (Brodie et al.,
2007; Liu et al., 2008).

Basic knowledge about neurochemical mechanisms and
molecular targets of ACA is poor. Little is known about the
action of ACA on ion channels, including BK channels. Although
EtOH and ACA are present simultaneously in brain after drink-
ing usually each of these chemicals is investigated separately in
experimental settings. In our study both drugs were applied indi-
vidually, simultaneously or successively in order to reveal possible
interactions.

MATERIALS AND METHODS
CELL CULTURE
GH3 pituitary tumor cells were cultured in MEM-Eagle
(Minimum Essential Medium, Sigma, Vienna, Austria), enriched
with 7% fetal bovine serum and with 3% horse serum (sera from
Invitrogen, Vienna, Austria). Cells were grown in tissue culture
flasks at 37◦C, 95% humidity and 5% CO2 and fed two times
a week. For electrophysiological recordings cells were seeded on
PDL (poly-D-lysine, Sigma, Vienna, Austria) coated glass cover
slips and used after 2–5 days for experiments. Cell passages 10–60
(internal count) were used in this study.

SOLUTIONS
All chemicals were from Sigma (Vienna, Austria). Bath solu-
tion (mM): 145 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES,
10 glucose; EtOH solution isoosmolar (mM): 130 NaCl, 5
KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 10 glucose, 30 EtOH;
30% hypotonic solution (mM): 110 NaCl, 5 KCl, 1 MgCl2, 1
CaCl2, 10 HEPES, 10 glucose; standard pipette solution (mM):
140 KCl, 2 MgCl2, 0.88 CaCl2, 1 EGTA (which results in
1.2 μM free Ca2+), 20 HEPES, 20 glucose, 1 ATP. For solu-
tions with 3 μM and 10 μM free internal Ca2+ 1 mM HEDTA
was used as Ca2+ buffer; 0.043 mM total Ca2+ (CaCl2) result
in 3 μM free Ca2+, and 0.125 mM total Ca2+ result in 10 μM
free Ca2+. Free internal Ca2+ concentrations were calculated
with the Webmaxc extended calculator: http://www.stanford.

edu/~cpatton/webmaxc/webmaxcE.htm. pH-values of all solu-
tions were adjusted to 7.2. Osmolarities of solutions were con-
trolled with a manually operated Micro-Osmometer (Type OM
806, Löser, Berlin, Germany) and adjusted to 315–325 mOsm.
Within an experimental setting the difference in osmolarities did
not exceed 5 mOsm.

ACA (Sigma, Vienna, Austria) was diluted into the standard
bath solution (extracellular side of the cell membrane) to result
in final bath concentrations of 300 μM, 1 mM, 3 mM, or 10 mM,
into EtOH containing solutions (applied to the extracellular side
of the cell membrane) to give a final concentration of 100 μM
or into the standard pipette solution (intracellular side of the
cell membrane) to produce final pipette concentrations of 30 nM,
100 nM, 300 nM, 1 μM, 30 μM, 100 μM, or 300 μM. Actual con-
centrations of ACA in solutions used for perfusion to the extra-
cellular side were tested with an ACA-assay-kit (Megazyme, Bray,
Ireland) according the manufactures guidelines. Since up to 20%
of ACA concentrations were found to evaporate during 30 min
at room temperature the effective concentrations were between
80–100 μM, usually close to 90 μM within the experimental time
course. ACA containing solutions were discarded after 30 min.
ACA and other equipment such as pipettes and pipette tips were
kept in the fridge. Stock solutions were kept on ice and sealed with
parafilm. All ACA containing solutions for perfusion were pre-
pared immediately before use. Pipette solutions containing ACA
held in the filling syringe were kept on ice and filled into the
electrodes stored at room temperature. Then the electrodes were
slightly warmed up by rubbing between the fingertips for at least
15 s and subsequently used for recordings. In order to rule out
an impact of temperature itself on channel activity this procedure
was also applied to control measurements.

ELECTROPHYSIOLOGY
Recordings were performed at room temperature (20–23◦C).
Single channel recordings were obtained in the outside-out and
inside-out mode as described previously by Sitdikova et al. (2010).
Cell free patches were clamped to a holding potential of +30 mV
for outside-out and −30 mV for inside-out patches which is
caused by the sign inversion technically necessary in inside out
patches to receive a +30 mV depolarization at the internal side
of the membrane. All recordings were started with control per-
fusion (bath or pipette solution) over a period of 1 min in
order to exclude false results introduced by sheer forces due to
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the flow of the perfusate. Microelectrodes were vertically pulled
from borosilicate glass capillaries (GB150F-10, Science Products,
Hofheim, Germany) for outside-out patches and from Garner
Glass, Type 7052 (Claremont, California, USA) for inside-out
patches. Patch pipettes used had usually tip resistances of 5–8
MegaOhm. Test solutions were applied via a gravity-driven per-
fusion system (ALA Scientific Instruments Westbury, New York,
USA). For rapid solution exchange (about 300–500 ms) mem-
brane patches were held in a stream of the experimental solution
from a second pipette. Analog signals were amplified with an
Axopatch 200B amplifier (Axon Instruments/ Molecular Devices,
Sunnyvale, California, USA) and converted to digital signals
by an Axon Instruments 1322A Digidata interface. Recordings
were taken with a low pass Bessel filter at a frequency of 5 kHz
and filtered offline at 1 kHz before further analyses using Axon
pClamp10 software (Clampfit, Axon Instruments). Channel Po
was expressed as Popen = NPo/n, where NPo = [(to)/(to + tc)],
Po = open probability for one channel, to = sum of open times,
tc = sum of closed times, N = actual number of channels in
the patch, and n = maximum number of individual channels
observed in the patch at +30 mV. Channel mean open time
and unitary current amplitudes were measured using Clampfit
software (Axon Instruments).

STATISTICS
Measurements were replicated several times with different mem-
brane patches. The number of recordings (i.e., “replicates” or
n) per experiment is mentioned in the text or in the legends of
the graphs. Each recording or n represents a single patch of an
individual cell. Data are shown as arithmetic mean ± standard
error of mean (SEM). Since original data partially exhibit non-
normality and heteroscedasticity, the respective data sets were
subjected to appropriate transformations [logit-transformation
for Po and log-transformation for MCOT] before paramet-
ric statistical testing was applied. For statistical analyses the
following parametric tests were then performed on the trans-
formed data: Paired or unpaired Student’s t-test, One-way or
Repeated Measures ANOVA followed by Bonfferoni-corrected
post-hoc tests. Statistic significance was assumed at a p-value of
<0.05. Dose-response-relation was fitted with GraphPad Prism
(GraphPad Software Inc., San Diego, USA) to the following
sigmoidal dose-response-equation: Y = 1/(1 + 10ˆ((LogEC50-
X) × HillSlope)). X is the logarithm of concentration, Y is the
response, EC50 is the half maximal effective concentration.

RESULTS
EXTRACELLULAR ACA
Extracellular ACA did not affect BK channel properties irrespec-
tive of the concentration applied [at free internal Ca2+ con-
centrations ([Ca2+]i) of 1.2 μM]. Data of all experiments were
analyzed with regard to ACA mediated alterations in BK chan-
nel Po (Table 1), mean channel amplitude and MCOT (data not
shown).

INTRACELLULAR ACA
In single channel recordings from excised inside-out patches,
ACA (100 μM) was applied to the intracellular side of the

Table 1 | Effect of extracellular ACA (ACAe) on BK channel open

probability (Po) compared to control conditions (con) at 1.2 μM

[Ca2+]i and after wash out (w. o.).

[ACA]e Po con Po ACAe Po w. o.

300 μM (n = 7) 0.056 ± 0.015 0.059 ± 0.017 0.060 ± 0.020

1 mM (n = 9) 0.046 ± 0.017 0.048 ± 0.019 0.041 ± 0.010

3 mM (n = 6) 0.039 ± 0.005 0.043 ± 0.005 0.041 ± 0.005

10 mM (n = 6) 0.079 ± 0.043 0.072 ± 0.039 0.066 ± 0.035

Extracellular ACA in different concentrations ([ACA]e) did not affect BK channel

open probability.

Table 2 | Effect of 30 mM EtOH on BK channel open probability (Po)

compared to control conditions (con) at different levels of [Ca2+]i.

[Ca2+]i Po con Po EtOH Po w. o.

1.2 μM (n = 23) 0.065 ± 0.011 0.097 ± 0.012*** 0.069 ± 0.011

3 μM (n = 9) 0.102 ± 0.023 0.120 ± 0.026** 0.101 ± 0.032

10 μM (n = 8) 0.246 ± 0.072 0.238 ± 0.063 0.207 ± 0.074

The increasing effect was fully reversible after wash out (w. o.). Paired Student’s

t-test: ***p < 0.001, **p < 0.01.

membrane. The effect of ACA was tested at ([Ca2+]i) of 1.2 μM
(n = 10), 3 μM (n = 6), and 10 μM (n = 9). BK channel Po and
single channel amplitudes were not affected by internal ACA
irrespective of the [Ca2+]i (data not shown). However, mean
open time of BK channels was significantly reduced at 1.2 μM
[Ca2+]i (control: 1.931 ± 0.507 ms; ACA: 1.721 ± 0.546 ms∗,
Paired Student’s t-test: ∗p < 0.05), but not at 3 μM or 10 μM
[Ca2+]i.

EFFECT OF ETHANOL ON BK CHANNELS
The effect of EtOH was tested at different [Ca2+]i of
1.2 μM, 3 μM, and 10 μM. Application of 30 mM isoosmo-
lar EtOH increased BK channel Po significantly at low, but
not at high [Ca2+]i (Table 2; also see Figures 1, 2B/left pan-
els, respectively). The activation remained constant for the
time of EtOH application (1 min) and was not transient as
described previously by Jakab et al. (1997). Channel ampli-
tudes and MCOTs were not affected (data not shown). The
activating effect was fully reversible by reperfusion with bath
solution.

COMBINED EFFECT OF EtOH AND ACA
Extracellular ACA application
In outside-out single channel recordings EtOH (30 mM) was
applied simultaneously in combination with ACA (100 μM) to
the extracellular side of cell membrane at 1.2 μM [Ca2+]i. These
experiments were done in order to reveal possible interactions
of EtOH and ACA on BK channels at the outer surface of the
membrane. BK channel Po was significantly increased by extra-
cellular application of EtOH and ACA in combination. The
EtOH-mediated increment of BK channel activity was highly sig-
nificant irrespective of the presence of external ACA (Figure 1).
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FIGURE 1 | Combined extracellular EtOH/ACA application. Effect of
30 mM EtOH in absence (left panel, Paired Student’s t-test: ∗∗∗p < 0.001,
n = 23) and in presence of ACA at the extracellular side (ACAe, right panel,
Paired Student’s t-test: ∗∗p < 0.01, n = 16). In both cases open probability
(Po) was significantly increased compared to control (con).

Hence, external ACA was not able to affect EtOH action on BK
channel activity. Amplitude and MCOT were not modified (data
not shown).

Intracellular ACA application
In this experimental setting 30 mM isoosmolar EtOH was applied
to outside-out patches via perfusion from the extracellular side.
ACA was applied to the intracellular side of the membrane
in a concentration of 100 μM by addition to the pipette solu-
tion. Therefore, internal ACA was present during the entire time
course of the experiment. Figure 2A shows original traces from
outside-out recordings under different experimental conditions
corresponding to the bars in graph 2B. The increase of BK channel
Po by extracellular EtOH, as shown in Figure 2B (left panel) was
totally abolished by the simultaneous presence of 100 μM ACA at
the intracellular side at 1.2 μM [Ca2+]i (Figure 2B/right panel).
Furthermore, MCOT was significantly diminished in the presence
of internal ACA (Figure 2C), but mean channel amplitudes were
not affected.

The suppression of the EtOH-mediated increment of BK chan-
nel activity by internal ACA was dose dependent. Experiments
were performed at 1.2 μM [Ca2+]i and intracellular ACA
concentrations were increased from 30 nM (n = 10), 100 nM
(n = 6), 300 nM (n = 6), 1 μM (n = 6), 30 μM (n = 7),
100 μM (n = 13) to 300 μM (n = 6). Figure 3 shows a dose–
response relationship with an EC50 at 403 nM ACA and a
Hill coefficient (nH) of −1.738. The augmentation of BK
channel Po at 30 mM isoosmolar EtOH as reference was
set to 1.

EtOH AND ACA APPLICATION IN VARIABLE SUCCESSION
In further experiments we tested if there is any difference in
the interaction of EtOH and ACA in dependency of succession

FIGURE 2 | Effect of EtOH in absence and presence of internal ACA

(ACAi). (A) Representative original traces from outside-out patches under
control (con) conditions, during perfusion with EtOH alone and under the
influence of EtOH and ACAi. (B) Open probability (Po) was significantly
increased (n = 23, Paired Student’s t-test: ∗∗∗p < 0.001) by 30 mM EtOH
compared to control (con, left panel). This increment was totally abolished
in the presence of 100 μM ACAi (right panel, n = 13, Unpaired Student’s
t-test: ∗∗p < 0.01). (C) Mean channel open time was significantly reduced in
the presence of 100 μM ACAi (Unpaired Student’s t-test: *p < 0.05) under
control conditions as well as under EtOH.
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of the drugs. Our results indicate a “first come, first serve”
effect. In inside-out experiments 30 mM EtOH and/or 100 μM
ACA were applied to the intracellular side of the membrane
in varying sequences. Recordings were performed at 1.2 μM
[Ca2+]i. Original data of the individual experiments as well as
the sequence of application are listed in Tables 3, 4 and Figure 4,
respectively.

FIGURE 3 | Dose-response-relationship: The EtOH effect on BK channel
open probability (P open) was progressively inhibited by increasing
concentrations of ACA at the intracellular side of the membrane (EC50 =
half maximal effective concentration = 403 ± 108 nM, nH = Hill coefficient
= −1.738 ± 0.731, semilogarithmic graph).

Table 3 | Sequence (↓) of application from top to bottom:

con–EtOH–ACA–EtOH and ACA together.

Application sequence Po

con 0.165 ± 0.065

EtOH (30 mM) 0.214 ± 0.086*

ACA (100 μM) 0.191 ± 0.076

EtOH (30 mM) and ACA (100 μM) 0.164 ± 0.066

Only the application of EtOH alone resulted in a significant increase of BK

channel open probability (Po), (n = 5, Repeated Measures ANOVA followed by

Bonferroni’s Multiple Comparison Test: *p < 0.05) compared to control (con).

Table 4 | Sequence (↓) of application from top to bottom:

con–ACA–EtOH.

Application sequence Po MCOT

con 0.258 ± 0.084 1.297 ± 0.253

ACA (100 μM) 0.267 ± 0.092 1.075 ± 0.235∣
∣
∣

**

EtOH (30 mM) 0.260 ± 0.084 1.354 ± 0.291

BK channel open probability (Po) was affected neither by ACA nor by EtOH (n = 6,

Repeated Measures ANOVA followed by Bonferroni’s Multiple Comparison Test),

but mean channel open time (MCOT) was significantly lower under ACA treat-

ment compared to MCOT under EtOH (ACA vs. EtOH, **p < 0.01, Paired

t-test).

ACA SUCCEEDS AN EtOH APPLICATION
As known from previous experiments (see also Table 2) BK
channel Po was increased by EtOH when applied subsequent to
a control solution. The following ACA reduced EtOH action.
During ensuing application of EtOH and ACA in combination
BK channel activity recovered to control level. Table 3 displays the
sequence of application in direction of the arrow. The data show
that the EtOH effect on BK channel Po is prevented following an
ACA application and in presence of internal ACA, respectively.
Channel amplitudes and mean open times were not affected (data
not shown).

EtOH SUCCEEDS ACA APPLICATION
In this experimental setting the order was reversed, i.e., EtOH
was applied following an ACA application. Both substances were
applied separately. Internal ACA did not change BK channel Po
significantly (as already described above), but surprisingly the
action of a following EtOH application was inhibited regardless of
the absence of ACA (Table 4). This indicates that the prevention
of an EtOH-mediated increment on the Po was a lasting effect that
occurred also after removal of ACA within the experimental time
of 30 s after switching from ACA to EtOH. Channel amplitudes
were influenced neither by EtOH nor by ACA, but MCOT was
significantly lower under the impact of ACA compared to EtOH
conditions.

PERMANENT PRESENCE OF EtOH
BK channel Po was significantly increased by the first EtOH appli-
cation. In the presence of ACA this EtOH-mediated increment
was progressively reduced and abolished, even when ACA was
removed. A second application of EtOH alone was not able to
activate BK channels anymore (Figure 4A). In control experi-
ments we could show that EtOH is well able, however, to cause
BK channel activation a second time, after a 1 min wash out with
control solution (Figure 4B). Inhibition of another EtOH action
did not arise without preceding ACA application. In both experi-
mental settings channel amplitudes and MCOTs were not affected
(data not shown).

EFFECT OF ACA ON HYPOTONICITY INDUCED BK CHANNEL
ACTIVATION
Beside EtOH, Hypo is also well known to mediate BK chan-
nel activation (Jakab et al., 2006). To investigate whether ACA
specifically modulated EtOH-induced BK channel activation or,
rather, ACA modulatory action extended to other BK channel
activators, we tested the effect of internal ACA on Hypo-induced
BK channel activation in outside-out recordings. A 30% hypo-
tonic solution increased BK channel activity significantly. Internal
ACA (100 μM) was not able to modify this increasing effect
(Figure 5).

DISCUSSION
ACA is supposed to be responsible for some of the pharmacologi-
cal and neurobehavioral effects which so far have been assigned
to EtOH (Quertemont et al., 2005a,b). We focused our inves-
tigation on the direct ACA-mediated effects on BK channels as
well as on the interference of ACA and EtOH. EtOH increases
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FIGURE 4 | ACA inhibits further EtOH action: (A) BK channel open
probability (Po) was significantly increased by the first EtOH application. The
following simultaneous treatment with ACA and EtOH reduced the EtOH
induced increment and prevented activation by a 2nd separate EtOH (2.EtOH)
application (n = 11, con vs. 1.EtOH ∗p < 0.05, 1.EtOH vs. 2.EtOH ∗p < 0.05,
Repeated Measures ANOVA followed by Bonferroni’s Multiple Comparison

Test). (B) In control experiments a 2nd separate EtOH (2.EtOH) application
after perfusion with control solution (1 min, wash out, w. o.) increased BK
channel activity significantly. Without a preceding ACA application EtOH
mediated activation was not impeded (outside-out patches, n = 9, con vs.
1.EtOH ∗∗p < 0.01, con vs. 2.EtOH ∗∗∗p < 0.001, Repeated Measures ANOVA
followed by Bonferroni’s Multiple Comparison Test).

FIGURE 5 | Effect of internal ACA on hypotonicity induced BK channel

activation. BK channel open probability was significantly increased by a
hypotonic solution at 1.2 μM [Ca2+]i (left panel, Paired Student’s t-test:
∗∗p < 0.01, n = 4). Internal ACA (ACAi) did not affect this hypotonicity
induced activation (right panel, Paired Student’s t-test: ∗p < 0.05, n = 12).

BK channel Po (Dopico et al., 1996; Jakab et al., 1997). ACA, as
the first metabolic EtOH product, occurs concurrently with its
progenitor under physiological conditions and hence we hypoth-
esized that the simultaneous application of both substances may
cause interactions.

Extracellular application of ACA and EtOH represents a phys-
iological situation which occurs when these molecules diffuse
from the vascular system to the cells within the brain. EtOH as
an amphiphilic molecule is able to penetrate the blood brain bar-
rier (BBB) (Mendelson et al., 1990), to pass the lipid phase of cell

membranes and to diffuse within the cytosol. ACA should at least
partly be able to pass the BBB by diffusion (Quertemont et al.,
2005a; Correa et al., 2011). However, since aldehyde dehydroge-
nase (ALDH) is highly effective in endothelial cells of the BBB,
the amount of ACA in the brain produced by peripheral EtOH
metabolism is rather small (Deitrich, 1987; Zimatkin, 1991).
Hence, ACA concentrations derived from blood circulation are
thought to be insufficient to cause central effects within the
brain (Zimatkin et al., 2006; Zimatkin and Buben, 2007). Recent
research indicates that both central EtOH degradation by catalase
and peripherally produced ACA contribute to ACA accumulation
in the brain (Jamal et al., 2007). We therefore tested if extracel-
lular application of ACA influences BK channels. Concentrations
of up to 10 mM did not affect BK channel properties. We also
applied EtOH and ACA simultaneously to the extracellular side
of the channels, but ACA did not alter the augmented channel
activity induced by the action of EtOH. Since internally applied
ACA, as discussed below, reduced BK channel mean open time
significantly, these experiments support the idea that ACA is not
able to cross the cell membrane in the short time range of a few
minutes.

After alcohol consumption ACA and EtOH are present
together in the body. However, the concurrent application of
EtOH and ACA has not been investigated previously. Concerning
the simultaneous existence of EtOH and ACA in the brain as
a consequence of EtOH degradation it was shown that EtOH
oxidation occurs in the living brain. A study by Zimatkin et al.
(2006) confirmed that catalase, an enzyme which predomi-
nantly occurs in peroxisomes, plays a major role in the brain
EtOH metabolism. The finding of ACA accumulation within cells
(Zimatkin et al., 2006; Zimatkin and Buben, 2007) led to the
conclusion that ACA can achieve some of its effects from the
intracellular side of the membrane. Our experiments show that
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intracellular ACA prevents the EtOH mediated increment of BK
channel activity. This inhibition of the EtOH action on the BK
channels was dose-dependent. The inhibitory impact of ACA on
EtOH-induced BK channel activation did not change single chan-
nel conductance which indicates that ACA does not interfere
with potassium ions passing through the channel, neither does
EtOH affect this ion passage (Brodie et al., 2007; Treistman and
Martin, 2009). MCOT was reduced in the presence of internal
ACA which points to an interaction of ACA with the channel gat-
ing process. The reduction of MCOT by ACA was observed when
applied together with EtOH, but also when ACA was applied sep-
arately, suggesting a direct, non-EtOH dependent interaction of
ACA with BK channels. In all our studies EtOH was unable to
activate BK channels after a preceding internal ACA application,
and most notably, the prevention of EtOH activation was a lasting
effect which persisted after ACA removal, i.e., the continued pres-
ence of ACA was not mandatory. On the other hand, if EtOH was
applied previous to ACA, it was not able to sustain its effect on
BK channels. The EtOH-mediated increment of BK channel Po
was rapidly reduced and finally abolished in spite of the contin-
ued presence of EtOH. In this respect EtOH and ACA appear to
obey a “first come, first serve” rule, since ACA was able to coun-
teract the action of acute EtOH on BK channels in a lasting way
when applied first.

BK channels are known to play a key role in behavioral
tolerance to EtOH, since BK loss-of-function mutants of C. ele-
gans are resistant to EtOH (Davies et al., 2003). Furthermore,
Cowmeadow et al. (2005) could show in D. melanogaster that
EtOH tolerance was only observed when BK channels were
expressed. In BK null flies the capacity for tolerance was elim-
inated. Tolerance develops as a consequence of prolonged or
repeated drug consumption. This raises the question whether
ACA may contribute to the mechanism(s) causing tolerance. In
fact, BK channels display tolerance to EtOH-mediated effects after
short- or long-term exposure which is manifested by a decrease
in BK channel potentiation under continuous or repeated EtOH
exposure (Jakab et al., 1997; Pietrzykowski et al., 2004; Yuan
et al., 2008). This so-called molecular tolerance is intrinsic to
BK channel alpha (α)-subunits and appears in the form of
reduced sensitivity to EtOH within a few minutes due to a
decrease in Ca2+ sensitivity during persistent exposure (Feinberg-
Zadek et al., 2008). In presence of the accessory and mod-
ulatory β4-subunit tolerance disappears (Martin et al., 2008).
The lipid environment is an additional crucial factor modulat-
ing intrinsic tolerance of BK channel α-subunits (Yuan et al.,
2008). Physiologically activation of BK channels by EtOH alters
action potential discharge activity and neurotransmitter release.
Since the cell tries to countervail against these alterations in
order to keep the system in balance, these perturbations on
the molecular level may have powerful influence on behav-
ioral tolerance and addiction (Treistman and Martin, 2009). As
the reduction of sensitivity to EtOH is a considerable compo-
nent of tolerance ACA could be involved in this process. It
could be argued that the inhibitory impact of internal ACA on
EtOH related augmentation of BK channel activity reflects a
kind of ‘protective’ effect under acute EtOH exposure, main-
taining neuronal activity and excitability. This is interesting with

regard to the continued ACA action which is preserved also after
its removal.

Our study shows that internal ACA reduces MCOT under con-
trol conditions as well as in presence of EtOH. This reduction of
MCOT did not result in alterations of Po, which can be explained
by more frequent channel openings. We interpret this result as
evidence of an interaction of ACA with the BK channel gating
mechanism. It remains to be investigated if this is a direct effect
where ACA interacts with some site of the channel protein, or
is an indirect effect via some signaling pathways, such as phos-
phorylation. There is evidence that the EtOH-related activation
of BK channels is due to the stimulation of PKC (Jakab et al.,
1997) indicating that phosphorylation is an efficient modulatory
factor in this process (Liu et al., 2006). Therefore, the inhibition
of the EtOH-related effect via ACA could be caused by pre-
vention of PKC-mediated phosphorylation. The mechanisms of
ACA engagement in PKC phosphorylation processes need further
investigation.

Since the functional efficiency of some PKC species relies on
intracellular Ca2+ availability ACA could achieve its counteract-
ing effect on EtOH-induced BK channel activation by engag-
ing with the Ca2+ influx into the cytosol. These considerations
agree with the finding that ACA inhibits voltage-dependent Ca2+
channels. The inhibition of L-type Ca2+ channels by ACA was
demonstrated both in neurons (Bergamaschi et al., 1988) and
smooth muscle cells (Morales et al., 1997). Liu et al. (2008) pos-
tulate that EtOH may simply act as an adjuvant of activating
Ca2+ by selectively facilitating Ca2+-driven gating, but without
triggering alterations in protein conformation of BK channels or
rearrangement of subunits. In addition, EtOH was shown to fail
its activating action on BK channels in the absence of Ca2+. In
fact, EtOH activation of BK channels depends on the amount of
internally present Ca2+, displaying potentiation only at low but
not at high Ca2+ concentrations (Dopico et al., 1998). Our results
in this study confirm these findings. The effectiveness of the Ca2+
action depends on the high affinity sensors within the intracel-
lular BK channel tail of the α-subunit, namely the calcium bowl
and the RCK1 (regulatory domain of K conductance). However,
the RCK 1 domain is sufficient to promote inhibition at high Ca2+
levels. Hence, very high internal Ca2+ concentrations have a toxic
impact on the physiological state of the cell, since inhibition of
BK channels implies a lack of protection from excitotoxicity (Liu
et al., 2008). The findings of our study demonstrate that internal
ACA at high nanomolar concentrations is able to counteract BK
channel potentiation by EtOH at low Ca2+ levels. At high Ca2+
levels ACA did not exhibit any decreasing effect on BK channel
activity or MCOT, indicating that ACA is not able to override the
impact of high Ca2+.

Beside EtOH, Hypo is another mechanism which leads to an
increase of BK channel activity (Jakab et al., 2006). The presence
of intracellular ACA did not prevent the activation of BK chan-
nels by Hypo. These findings suggest that EtOH and Hypo affect
BK channels by different mechanisms and implicate a specific
interaction of ACA and EtOH on BK channels.

The reasons for the stunning absence of basic knowledge
concerning effects of ACA on ion channels may be due to its
chemical and physical characteristics. ACA is highly volatile at
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room temperature which complicates the application of ACA
in experiments performed especially in vitro. A further prob-
lem is that ACA concentrations of both blood and brain are
difficult to quantify since the techniques to measure ACA lev-
els by brain micro-dialysis in vivo is limited. Moreover, in vivo
administered ACA is rapidly converted to EtOH by alcohol dehy-
drogenase (ADH) in the liver and to acetate by ALDH in the
liver and in the brain. In addition the question whether signif-
icant ACA concentrations accumulate in the brain after alcohol
ingestion is still a topic of controversial discussions (Deng and
Deitrich, 2008; Correa et al., 2011). In consideration of these
experimental and methodical restrictions it is not surprising that
research on ACA is difficult and may still lead to inconsistent
results.

In summary, our study supports the notion that ACA is a key
player in the context of EtOH action. ACA achieves its imme-
diate effects on BK channels only from the intracellular side of

the membrane. Furthermore, ACA does not interfere with BK
channel activation by Hypo. This evidence suggests that EtOH,
ACA, and Hypo affect BK channels via different mechanisms. The
inhibitory impact of ACA on the EtOH mediated increase of BK
channel activity implicates that ACA has to be carefully taken into
account if EtOH effects are studied. ACA and EtOH should be
treated as an entity in the context of the EtOH action, whose com-
pound effects may be more dramatic than those of the individual
drugs.
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Salsolinol, a tetrahydroisoquinoline present in the human and rat brains, is the
condensation product of dopamine and acetaldehyde, the first metabolite of ethanol.
Previous evidence obtained in vivo links salsolinol with the mesolimbic dopaminergic
(DA) system: salsolinol is self-administered into the posterior of the ventral tegmental
area (pVTA) of rats; intra-VTA administration of salsolinol induces a strong conditional
place preference and increases dopamine release in the nucleus accumbens (NAc).
However, the underlying neuronal mechanisms are unclear. Here we present an overview
of some of the recent research on this topic. Electrophysiological studies reveal that DA
neurons in the pVTA are a target of salsolinol. In acute brain slices from rats, salsolinol
increases the excitability and accelerates the ongoing firing of dopamine neurons in
the pVTA. Intriguingly, this action of salsolinol involves multiple pre- and post-synaptic
mechanisms, including: (1) depolarizing dopamine neurons; (2) by activating μ opioid
receptors on the GABAergic inputs to dopamine neurons – which decreases GABAergic
activity – dopamine neurons are disinhibited; and (3) enhancing presynaptic glutamatergic
transmission onto dopamine neurons via activation of dopamine type 1 receptors, probably
situated on the glutamatergic terminals. These novel mechanisms may contribute to the
rewarding/reinforcing properties of salsolinol observed in vivo.

Keywords: reward, addictive property, electrophysiology, brain slices, mu opioid receptors, GABAergic

transmission, glutamatergic transmissions, dopaminergic neurons

INTRODUCTION
Alcohol/Ethanol is one of the most widely used drugs and the
global burden of alcoholism is immense, with an estimated 3.8%
(Rehm et al., 2009) or 3.2% (Spanagel et al., 2010) of world-
wide deaths attributed to alcohol consumption. Accumulating
evidence suggests that some addictive properties of alcohol
are generated by its metabolites, such as acetaldehyde and its
derivatives, notably salsolinol (SAL, 1-methyl-1,2,3,4-tetrahydro-
6,7-dihydroxy-isoquinolines) (Deng and Deitrich, 2008). SAL is
formed from dopamine: either by non-enzymatic Pictet-Spengler
condensation with acetaldehyde, yielding racemic (R/S)-SAL, or
by combination with pyruvic acid, followed by enzymatic decar-
boxylation and reduction, producing (R)-SAL. In the brains of
mammals racemic (R/S)-SAL is formed by the Pictet-Spengler
condensation (Rommelspacher et al., 1995; Haber et al., 1996). In
the human brain, enantio-selective (R)-SAL can be synthesized
from dopamine and acetaldehyde by (R)-SAL synthase (Naoi
et al., 1998). (R/S)-SAL is present in biological fluids such as
urine, plasma, cerebrospinal fluid and postmortem brains of both
alcoholics and non-alcoholics (Sjöquist et al., 1982b; Haber et al.,
1996). The effects of alcohol consumption on SAL concentra-
tions in the biological fluids and the brain have been extensively
reviewed by Hipolito et al. (2012).

Many studies have attempted to establish a correlation between
alcohol ingestion and the increase of SAL levels in brain tissues.
According to the majority, chronic alcohol exposure produces an
increase in SAL levels in several brain regions such as the striatum,

hypothalamus and limbic regions (Sjöquist et al., 1982a,b; Myers
et al., 1985; Matsubara et al., 1987; Rojkovicova et al., 2008).
The increase varied remarkably ranging from 0.08 (Starkey et al.,
2006) to 7.59 pg/mg (Rojkovicova et al., 2008). With one excep-
tion (Haber et al., 1996), previous human studies found that,
after acute (Faraj et al., 1989; Rommelspacher et al., 1995) or
chronic (Faraj et al., 1989) alcohol drinking, SAL levels rise in
plasma (and presumably brain). Recent evidence that SAL in the
brain accounts for some aspects of alcohol’s addictive proper-
ties have been elegantly reviewed (Hipolito et al., 2012; Deehan
et al., 2013a,b); but still little is known about how SAL acts at the
cellular level.

The midbrain ventral tegmental area (VTA) has been exten-
sively studied as a target for the central effects of alcohol
(Morikawa and Morrisett, 2010), its first metabolite acetalde-
hyde (Melis et al., 2009; Karahanian et al., 2011), as well as
its metabolic derivative SAL (Hipolito et al., 2012). The major-
ity of neurons in the VTA are either dopaminergic (DA) or
GABAergic (Lacey et al., 1989; Yung et al., 1991; Johnson and
North, 1992b; Chieng et al., 2011), with only a few gluta-
matergic neurons (Nair-Roberts et al., 2008). The VTA DA
neurons project mainly to the nucleus accumbens (NAc) and
prefrontal cortex (PFC) (Oades and Halliday, 1987). Dopamine
is involved in self-administration of most drugs of abuse, and
drugs abused by humans increase dopamine output in target
regions of the brain (Di Chiara and Imperato, 1988; Volkow
et al., 2007). Addictive substances of different types modulate
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DA neuron activity and dopamine release from the VTA (Lüscher
and Malenka, 2011). Recently, we employed patch clamp in com-
bination with pharmacological techniques to investigate SAL’s
immediate effects on VTA DA neurons in rat brain slices (Xie and
Ye, 2012; Xie et al., 2012). We found that SAL (0.01–1 μM) sig-
nificantly stimulates the activity of DA neurons. In this review,
we will focus on the multiple underlying cellular mechanisms,
in order to clarify how SAL modulates neuronal excitability in
the VTA.

SAL’s PSYCHOACTIVE EFFECTS IN THE MESOLIMBIC
DOPAMINE SYSTEM In vivo
Research from several laboratories has led to the idea that SAL
participates in ethanol’s psychoactive effects in rodents through
its own rewarding properties. Early animal studies revealed that
SAL promotes alcohol drinking (Duncan and Deitrich, 1980;
Myers et al., 1982). Recent data from several groups support
the notion that SAL is responsible for some addiction-related
psychoactive behaviors related to the mesolimbic dopamine sys-
tem. Indeed, in Wistar rats, microinjections of SAL (5, 25 μM)
into the NAc core increase local dopamine extracellular levels
(measured by HPLC), whereas the same doses of SAL injected
into the NAc shell significantly reduced the dopamine levels
in that subregion (Hipolito et al., 2009). However, microin-
jection of SAL into the posterior VTA increased DA levels in
the ipsilateral accumbens shell by 41% (Hipolito et al., 2009).
Recently, Deehan et al. (2013a,b) also reported that SAL stim-
ulates dopamine release in the posterior ventral tegmental area
(pVTA). In this study, the effects of SAL on dopamine release were
dose-dependent, in an inverted U-shape manner, with 0.3 μM
SAL producing a peak dopamine efflux (to 300% of baseline)
and higher concentrations (3 μM) a significantly lower response
(Deehan et al., 2013a,b). In parallel with these neurochemical
findings, SAL elicited some behavioral effects. Direct injection of
only 30 pmol SAL into the pVTA resulted in behavioral sensiti-
zation and induced strong motor activity in rats (Hipolito et al.,
2010). Moreover, significant place preference was induced by SAL,
given either intraperitoneally (ip) (Matsuzawa et al., 2000) or by
local microinjection into the pVTA (Hipolito et al., 2011). Rodd
and colleagues found that rats readily self-administered SAL into
the NAc shell (Rodd et al., 2003, 2008) and pVTA (Rodd et al.,
2008). Such reinforcing actions seem to depend on activation of
DA neurons, being reduced by co-infusion of quinpirole [a D
(2, 3) receptor agonist] (Rodd et al., 2008). Below, we will discuss
the possible cellular mechanisms underlying these psychoactive
effects of SAL, in the light of our recent findings in brain slices
in vitro.

SAL DEPOLARIZES pVTA DA NEURONS In vitro AND ACCELERATES
THEIR DISCHARGE
Under current-clamp, SAL was found to depolarize the mem-
brane potential of VTA DA neurons in rats (Xie et al., 2012).
In keeping with this depolarization, SAL increased the firing
rate of DA neurons in a reversible and dose-dependent manner,
with a peak effect at 0.1 μM. This dose dependence, however,
was biphasic: at concentrations of 0.01–0.1 μM, the firing rate
increased with SAL concentration; but at higher concentrations,

the increase diminished sharply. Such concentrations are within a
pharmacologically relevant range (Matsubara et al., 1987; Haber
et al., 1999). This inverted, U-shaped concentration response
curve seen in vitro is remarkably similar to the concentra-
tion dependence of SAL intra-pVTA microinjections effect on
locomotor activity: this dose-response curve had an inverted
U-shaped profile, with a peak at 30 pmol (Hipolito et al.,
2010). Rodd et al. found that 0.03–0.3 μM SAL was readily
self-administered when injected directly into the posterior, not
anterior VTA of Wistar rats (Rodd et al., 2008). Notably, our
in vitro and those in vivo experiments revealed that SAL is far
more potent than ethanol as stimulator of DA neurons in the
pVTA. In contrast to the strong activation induced by 0.1 μM
SAL, ethanol had a similar effect only at concentrations of 100–
200 mM (Brodie et al., 1990; Xiao et al., 2007). Thus, SAL is 1–2
million times more effective than ethanol as stimulator of DA
neurons in the pVTA.

GABAergic AND GLUTAMATERGIC TRANSMISSIONS IN THE
VTA PLAY A CRITICAL ROLE IN SAL’s EFFECT
DISINHIBITION THROUGH THE ACTIVATION OF µ OPIOID RECEPTORS
(MORs) ON GABAergic AFFERENTS
The projection neurons in the VTA, mostly DA neurons, are
under inhibitory GABAergic control. Several GABAergic inputs
are known, including those from GABA neurons in the rosto-
medial tegmental nucleus (RMTg) (Barrot et al., 2012), local
GABA neurons (i.e., interneurons) (Johnson and North, 1992a;
Lüscher and Malenka, 2011; Omelchenko et al., 2009; Tan et al.,
2012), medium spiny neurons of the NAc and the ventral pal-
lidum (Kalivas, 1993; Kalivas et al., 1993; Hjelmstad et al., 2013).
Both GABAA and GABAB receptors mediate the inhibitory action
of GABA on DA neurons (Johnson and North, 1992a; Brazhnik
et al., 2008; Theile et al., 2011). Both in vivo and in vitro, block-
ade of GABAARs strongly increases DA cell firing (Johnson and
North, 1992a; Xiao et al., 2007; Matsui and Williams, 2011; Theile
et al., 2011; Guan et al., 2012); GABAergic IPSCs therefore nor-
mally dampen the excitability of DA neurons. GABAAR blockade
in the VTA increases dopamine levels in the NAc (Ikemoto et al.,
1997) and is strongly rewarding (Laviolette and van der Kooy,
2001). Several lines of evidence have linked ethanol-induced
reinforcement to the GABAergic system in the VTA. For exam-
ple, VTA GABA neurons become hyperexcitable during ethanol
withdrawal (Gallegos et al., 1999). Both systemic and intra-VTA
administration of GABAAR agonists facilitate, whereas antago-
nists decrease, voluntary ethanol drinking in rats (Smith et al.,
1992). In line with these in vivo studies, we have recently reported
several relevant findings obtained in vitro, during recordings of
neuronal activity in brain slices from rats (Xiao et al., 2007; Xiao
and Ye, 2008). Thus, ethanol inhibited GABA neurons (through
activation of MORs); it enhanced DA neuron firing. Moreover,
GABAA antagonists such as bicuculline and gabazine, attenu-
ate the ethanol-induced increase in firing of VTA-DA neurons.
Further tests revealed an involvement of μ opioid receptors
(MORs) as the MOR agonist DAMGO and MOR antagonist nal-
trexone significantly attenuated the increase in firing induced by
ethanol and even altered the basal firing rate of the DA neu-
rons, indicating ongoing opioid modulation (Xiao et al., 2007;

Frontiers in Behavioral Neuroscience www.frontiersin.org May 2013 | Volume 7 | Article 52 | 49

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


Xie et al. Salsolinol and dopamine neurons

Xiao and Ye, 2008). By contrast, Theile (Theile et al., 2011)
reported that while ethanol-acceleration of the firing rate of
VTA DA neurons was increased by picrotoxin, an antagonist of
GABAA and glycine receptors, it was unaffected by naltrexone,
and DAMGO did not change the ongoing firing. This apparent
difference suggests some links between MORs, GABAARs and the
effect of ethanol on DA neurons.

Compared to the role of GABA in ethanol abuse, we know
much less about how SAL affects GABAergic transmission.
Previous studies have found that SAL is a morphine-like alka-
loid. It binds to opioid receptors and has opioid-like effects (Fertel
et al., 1980; Lucchi et al., 1982). We found (Xie et al., 2012) that
both gabazine and naltrexone reduce the acceleration of DA neu-
ronal firing produced by SAL, suggesting that SAL’s action may
be mediated via MOR on GABAergic neurons. In support of this
idea, SAL reduced the frequency of spontaneous IPSCs recorded
in DA neurons, without changing their amplitude; but SAL
decreased the size of evoked IPSCs and increased the paired-pulse
ratio. These observations indicate that SAL depresses GABAergic
transmission to DA neurons by an opioid sensitive presynaptic
mechanism. Indeed, SAL’s effect on sIPSCs was suppressed by
naltrexone or DAMGO. MORs are enriched in the VTA and are
primarily located on non-DA neurons (Mansour et al., 1995),
the RMTg and its efferents to the DA neurons (Jhou et al., 2009;
Jalabert et al., 2011; Matsui and Williams, 2011; Hjelmstad et al.,
2013). It is generally believed that MORs–mediated inhibition
of GABAergic neurons leads to excitation of DA neurons by a
disinhibitory mechanism (Johnson and North, 1992a; Jalabert
et al., 2011; Matsui and Williams, 2011). In keeping with this
idea, both systemic and intra-VTA administrations of MOR ago-
nists increase VTA DA neuron firing and NAc dopamine release
(Matthews and German, 1984; Latimer et al., 1987; Di Chiara and
Imperato, 1988; Leone et al., 1991; Spanagel et al., 1992). Previous
experiments in vivo have shown that SAL-associated place pref-
erence was blocked by intraperitoneal or local administration
of β-Funaltrexamine, an antagonist of MORs (Matsuzawa et al.,
2000). Local pretreatment with β-Funaltrexamine hydrochloride
also prevented the SAL-evoked increase in NAc dopamine lev-
els (Hipolito et al., 2011). Our observation of pronounced effects
of naltrexone on GABAergic IPSCs is strong evidence of ongo-
ing opioid release in the VTA (Xiao et al., 2007; Xiao and Ye,
2008; Xie et al., 2012). Moreover, naltrexone largely eliminated
the effects of SAL on DA neurons. The simplest explanation of
our results is that SAL activates MORs on GABAergic neurons
or their efferents, thus exciting VTA DA neurons by disinhibi-
tion. Overall, our in vitro findings are consistent with the notion
that SAL’s excitatory effects in rat pVTA are mediated, at least
partly, by activation of MORs (Hipolito et al., 2011) and the
resulting suppression of GABAergic inhibition. How SAL acti-
vates MORs remains to be clarified. Though known to bind
to opioid receptors, it has only a low affinity, significant bind-
ing requiring relatively high micromolar concentrations of SAL
(Fertel et al., 1980; Lucchi et al., 1982). The binding of SAL lowers
the binding of endogenous opioids. Therefore, other mecha-
nisms of SAL action at very low concentrations, such as enhanced
release or slower removal of endogenous opioid, should also be
considered.

GLUTAMATERGIC TRANSMISSION TO VTA IS ENHANCED BY
SAL-INDUCED ACTIVATION OF D1Rs
VTA DA neurons receive numerous glutamatergic afferents from
many parts of the brain, including the PFC (Sesack et al., 2003;
Geisler et al., 2007) and subcortical structures, such as the pedun-
culopontine (PPTg) and laterodorsal tegmental (LDTg) nuclei
(Charara et al., 1996; Clements et al., 1991; Lavoie and Parent,
1994), the bed nucleus of the stria terminals (BNST) (Georges and
Aston-Jones, 2002), the superior colliculus (SC) (Comoli et al.,
2003; Dommett et al., 2005), the lateral hypothalamic and pre-
optic areas, periaqueductal gray, the dorsal and median raphe
(Geisler et al., 2007), as well as the lateral habenula (Gonçalves
et al., 2012). Some glutamatergic neurons are also present within
the VTA (Dobi et al., 2010). Excitatory synaptic inputs which
activate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), and NMDA-type ionotropic glutamate receptors in
DA neurons are a key component in the regulation of DA
cell excitability (Overton and Clark, 1997). Accordingly, ion-
tophoretic applications of both AMPA and NMDA receptor ago-
nists can stimulate DA neuron firing (Christoffersen and Meltzer,
1995; Zhang et al., 1997). Consistently, applications of APV +
DNQX (AMPA and NMDA receptor antagonists, respectively)
slightly but significantly lower the firing rate of DA neurons (Xie
and Ye, 2012).

Glutamatergic transmission plays an important role in the
effects of ethanol (Eckardt et al., 1998; Krystal et al., 2003).
In several brain regions, ethanol inhibits NMDA and non-
NMDA glutamate receptors, as well as glutamate release (Siggins
et al., 2005). However, ethanol can increase glutamate release
under some circumstances. Systemic administration of ethanol
increases glutamate release in the NAc of low-alcohol sensi-
tive rats (Dahchour et al., 2000) and addiction-prone Lewis
rats (Selim and Bradberry, 1996). Acute ethanol administra-
tion increases glutamate release in the central nucleus of the
amygdala from rats receiving chronic ethanol treatment (Roberto
et al., 2004; Zhu et al., 2007). Both acute and repeated expo-
sure to low doses of ethanol raised glutamate levels in the
pVTA (Ding et al., 2012). We have previously reported that
ethanol enhances glutamatergic transmission to VTA DA neu-
rons (Deng et al., 2009; Xiao et al., 2009). Most recently, we
found that SAL also enhances glutamatergic transmission to DA
neurons in the VTA, increasing the frequency of both firing
and spontaneous EPSCs (Xie and Ye, 2012). The application of
APV + DNQX substantially attenuated SAL’s action on firing,
indicating a very substantial glutamatergic component in SAL-
induced excitation of DA neurons. The increase in frequency
of spontaneous EPSCs was abolished by the sodium channel
blocker tetrodotoxin, indicating that SAL’s effect involved voltage-
dependent Na+ channels. Since SAL did not alter the amplitude of
either sEPSCs or mEPSCs, but increased the EPSC2/EPSC1 ratio
during paired-pulse stimulation, its site of action was probably
presynaptic. These findings clearly point to the involvement of
glutamatergic transmission in SAL’s effects in VTA. Dopamine
receptors consist of D1-like (D1 and D5 receptors) and D2-
like (D2, D3, and D4 receptors) families. Both D1R and the
D2R family (D2R in particular) have been implicated in the
mechanisms of drug dependence and abuse (Blum et al., 1990).

Frontiers in Behavioral Neuroscience www.frontiersin.org May 2013 | Volume 7 | Article 52 | 50

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


Xie et al. Salsolinol and dopamine neurons

Disruption of D1R gene expression (El-Ghundi et al., 1998)
or administration of a D1R antagonist (Liu and Weiss, 2002)
attenuates or prevents alcohol-seeking behavior. In the VTA,
D1Rs are expressed on glutamatergic axons (Lu et al., 1997) but
not on the soma of VTA DA neurons (Mansour et al., 1992; Lu
et al., 1997). The activation of D1Rs increases glutamate lev-
els in the VTA (Kalivas and Duffy, 1995). In our experiments,
SKF83566 (a selective D1R antagonist), suppressed SAL’s action
on evoked EPSCs in VTA, confirming that the enhancement of
glutamatergic transmission was mediated by D1Rs. We also found
that SKF83566 attenuated the SAL-induced acceleration of DA
neuron firing. SAL may thus increase the somatodendritic release
of dopamine; and by raising the extracellular level of dopamine
may retrogradely activate the D1Rs on the glutamate-releasing
terminals, which in turn increases glutamate release and the
excitability of DA neurons. Somatodendritic release of dopamine
in the midbrain DA neurons is Na+ channel-dependent (Threlfell
and Cragg, 2007). In keeping with this, we found that the increase
in the frequency of spontaneous EPSCs by SAL was abolished by
tetrodotoxin. SAL’s D1R-dependent effect on glutamatergic trans-
mission is similar to that we observed previously with ethanol
(Deng et al., 2009; Xiao et al., 2009); but SAL is much more

potent than ethanol (the effective concentrations being 0.1 μM
for SAL vs. 40 mM for ethanol). This is consistent with both
in vivo and in vitro findings that the DA system is particularly
sensitive to SAL (Hipolito et al., 2011; Rodd et al., 2008; Xie and
Ye, 2012).

We showed that the ethanol-induced increase in the release of
glutamate (EPSCs) in the VTA was eliminated when dopamine
was depleted by pretreatment with reserpine (Deng et al., 2009;
Xiao et al., 2009). Since SAL is the condensation product of
dopamine and acetaldehyde, depletion of dopamine could pre-
vent the formation of SAL. This could explain why ethanol
failed to increase glutamatergic transmission when dopamine was
depleted.

SUMMARY
Our in vitro findings in combination with in vivo experi-
ments by other groups—reviewed here—identify cellular mech-
anisms underlying SAL’s psychoactive effects on the mesolimbic
dopamine system. SAL’s stimulating action in the pVTA involves
modulation of synaptic inputs and intrinsic properties of DA neu-
rons (schematically depicted in Figure 1): (1) depolarizing DA
neurons and increasing their firing rate; (2) activating MORs

FIGURE 1 | Schematic representation of the mechanisms underlying

SAL’s excitation of putative DA neurons in rat Pvta. (1) Depolarizing the
membrane and increasing the firing rate. (2) Activation of MORs on the

GABAergic neurons and/or their afferents reduces GABA release onto DA
neurons. (3) Activation of D1Rs at the glutamatergic afferents increases
glutamate release onto DA neurons. VTA, ventral tegmental area.
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on the GABAergic neurons, which inhibit GABAergic trans-
mission to VTA DA neurons (resulting in disinhibition); (3)
enhancing glutamatergic transmission to DA neurons by acti-
vating D1Rs situated on glutamatergic afferents. Thus, by acting
on both presynaptic and postsynaptic targets on the DA neu-
rons, SAL enhances the discharge of VTA DA neurons and so
increases dopamine release in the downstream brain regions.
Whatever its precise role—whether as detector of rewarding
stimuli (Mirenowicz and Schultz, 1996) or modulating network
activity in PFC (Durstewitz et al., 2000; González-Burgos et al.,

2002; Lapish et al., 2007)—it is clear that the mesocortical DA
system is important in processes leading to addiction. Hence,
the novel mechanisms proposed here may contribute to the
rewarding properties of SAL observed in vivo. Understanding
how SAL affects the activity of VTA dopamine neurons could
have profound implications for the prevention and treatment of
alcoholism.
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Evidence supporting the essential role of
brain-derived ethanol metabolites in the
excitation of dopamine (DA) midbrain
neurons has multiplied in the last 10–15
years. The pioneer and influential behav-
ioral studies by CM Aragon and colleagues
(see Correa et al., 2012 for a complete
review) and more recent data (Sánchez-
Catalán et al., 2009; Martí-Prats et al.,
2010, 2013) have repeatedly demonstrated
the crucial role displayed by acetalde-
hyde (ACD) in the locomotor and other
behavioral responses elicited by ethanol.
Although these experiments mainly used
an indirect measure (exploratory loco-
motion) as an index of the excitation
of DA neurons in the ventral tegmen-
tal area (VTA), results strongly sug-
gested that the manipulations of ethanol
brain metabolism determine the response
(activation or not) of the DA neurons
in the mesolimbic system after ethanol
administration.

At the beginning of the past decade, a
remarkable leap in the study of the ACD
involvement in the ethanol-derived activa-
tion of VTA DA neurons was done. Several
electrophysiological studies (Foddai et al.,
2004; Melis et al., 2007) directly demon-
strated that VTA DA neurons are not
excited after ethanol administration if
ACD production is inhibited. The strength
of the provided evidence was very high
because, unlike behavioral studies, a direct
measure of the neuronal activity after
administration of the drug was registered.

These direct and indirect findings con-
firmed the involvement of ACD in the

excitation of the mesolimbic system. But,
in spite of their relevance, an important
question relative to ACD-derived exci-
tation of the VTA DA neurons remains
unresolved. If ACD is the responsible for
the excitation of the DA mesolimbic sys-
tem after ethanol administration, how
ACD excites VTA DA neurons? In other
words, what mechanism does ACD use
to activate DA neurons? As occurs with
ethanol, ACD has not any subset of specific
receptors on nerve, glial, or other cells in
the brain. Moreover, ACD, as other highly
toxic aldehydes, is evanescent and reacts
instantaneously with other compounds
to form new products. Notably, biogenic
amines are among the compounds that can
react with ACD producing the so-called
tetrahydroisoquinolines. The mesolimbic
system is particularly enriched with DA,
so in this brain region ACD locally formed
after ethanol administration can react with
DA forming salsolinol (Sal; 1-methyl-6,7-
dihidroxy-1,2,3,4-tetrahydroisoquinoline)
(Collins and Bigdeli, 1975; Nagatsu, 1997).
In fact, in most cases, the results reported
show that chronic ethanol treatment pro-
duces an increase of Sal levels in different
brain areas, such as the striatum, hypotha-
lamus and limbic regions. Moreover, it
is also evidenced that the type of treat-
ment i.e., the pattern of ethanol intake,
determines the magnitude of enhance-
ment of Sal in brain (see Hipólito et al.,
2012 for review). So the question now
is: Could Sal be the responsible for the
VTA DA neuronal excitation after ethanol
administration? In this issue of Frontiers
of Behavioral Neuroscience, Xie and Ye
review direct electrophysiological evi-
dences supporting the role of Sal in the
VTA DA neuronal activation after ethanol
administration.

As occurred with the evidence support-
ing the role of ACD in ethanol effects,
data initially provided by the scientific

community on the involvement of Sal on
the ethanol-derived VTA DA excitation
were indirect. So, behavioral studies pub-
lished in the last few years, showed that
Sal directly administered into the poste-
rior VTA is able to induce motor acti-
vation through a mechanism dependent
on mu-opioid receptors (MORs) (Hipólito
et al., 2010). Moreover, Sal is also able
to induce motor sensitization and CPP
(Hipólito et al., 2011), two behavioral
responses closely related with activation of
the DA mesolimbic system. Importantly,
Sal is also self-administered into the pos-
terior VTA (Rodd et al., 2008). A more
direct proof supporting the ability of Sal to
activate VTA DA neurons was the demon-
stration that microinjections of Sal into
the posterior VTA increase DA levels in
NAc shell (Hipólito et al., 2011; Deehan
et al., 2013). Nonetheless, the most direct
demonstration derives from recent stud-
ies using electrophyisiological recordings.
To adequately appreciate the relevance of
these new findings reviewed by Xie and
Ye, it is important to remember that pre-
vious electrophysiological studies reported
by this group in the past decade demon-
strated that ethanol indirectly excites (dis-
inhibits) VTA DA neurons (Xiao et al.,
2007). Concretely, according to their data,
ethanol inhibits, through a mechanism
dependent on MORs, the neuronal activ-
ity of local GABA neurons which tonically
inhibit the activity of VTA DA neurons
(Johnson and North, 1992). Could Sal be
the responsible for these exciting findings?
Using whole-cell patch-clamp recordings
to examine the effects of Sal on VTA DA
neurons in acute brain slices, Ye and col-
laborators demonstrate that Sal stimulates
DA neurons partly by reducing inhibitory
GABAergic transmission through a mech-
anism dependent on MORs. Xie and
Ye also review additional aspects on the
mechanism of action of Sal, such as the
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ability of Sal to enhance presynaptic gluta-
matergic transmission onto VTA DA neu-
rons via activation of DA type 1 receptors
in the glutamatergic terminal. These and
other novel aspects of the mechanism of
action of Sal could be crucial to finally
understand how ethanol interacts with DA
mesolimbic system.

Collectively, the data reviewed sug-
gest that Sal could be the responsible for
the activation of the VTA DA neurons
after ethanol administration. However, to
definitively link Sal to ethanol-derived
excitation of DA mesolimbic system after
ethanol consumption, it is compulsory
resolving, at least, two important inter-
rogations. First, it is crucial to demon-
strate the existence of an increase of
VTA Sal levels after acute local or sys-
temic ethanol administration. Second, it
would be also decisive to establish a clear
correlation between changes in VTA Sal
levels and excitation of VTA DA neu-
rons after ethanol administration. Future
experiments on these crucial issues may
be pivotal to unambiguously probe the
involvement of Sal in the excitation of
DA mesolimbic neurons after ethanol
administration.
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The development of successful pharmacotherapeutics for the treatment of alcoholism is
predicated upon understanding the biological action of alcohol. A limitation of the alcohol
research field has been examining the effects of alcohol only and ignoring the multiple
biological active metabolites of alcohol. The concept that alcohol is a “pro-drug” is not
new. Alcohol is readily metabolized to acetaldehyde within the brain. Acetaldehyde is
a highly reactive compound that forms a number of condensation products, including
salsolinol and iso-salsolinol (acetaldehyde and dopamine). Recent experiments have
established that numerous metabolites of alcohol have direct CNS action, and could, in
part or whole, mediate the reinforcing actions of alcohol within the mesolimbic dopamine
system. The mesolimbic dopamine system originates in the ventral tegmental area (VTA)
and projects to forebrain regions that include the nucleus accumbens (Acb) and the medial
prefrontal cortex (mPFC) and is thought to be the neurocircuitry governing the rewarding
properties of drugs of abuse. Within this neurocircuitry there is convincing evidence that;
(1) biologically active metabolites of alcohol can directly or indirectly increase the activity
of VTA dopamine neurons, (2) alcohol and alcohol metabolites are reinforcing within the
mesolimbic dopamine system, (3) inhibiting the alcohol metabolic pathway inhibits the
biological consequences of alcohol exposure, (4) alcohol consumption can be reduced by
inhibiting/attenuating the alcohol metabolic pathway in the mesolimbic dopamine system,
(5) alcohol metabolites can alter neurochemical levels within the mesolimbic dopamine
system, and (6) alcohol interacts with alcohol metabolites to enhance the actions of both
compounds. The data indicate that there is a positive relationship between alcohol and
alcohol metabolites in regulating the biological consequences of consuming alcohol and
the potential of alcohol use escalating to alcoholism.

Keywords: acetaldehyde, salsolinol, ethanol, reinforcement (psychology), reward, dopamine

INTRODUCTION
Alcoholism and alcohol (EtOH) abuse is a global burden.
Alcoholism is estimated to be responsible for 3.8% of all global
deaths, and cost associated with treatment equivalent to 1% of
gross national product of high- and medium-income countries
(Rehm et al., 2009). As such, a great deal of research has focused
on therapeutic interventions to aid individuals that are currently
suffering from alcoholism and a great deal of effort has been
put forth to identify neurobiological traits that are common in
individuals that are at a high-risk to develop an alcohol-use dis-
order. However, while several lines of research have emerged

Abbreviations: Triazole, 3-amino-1,2,4-triazole; ACD, Acetaldehyde; ADH,
Alcohol Dehydrogenase; ALDH, Aldehyde Dehydrogenase; CNS, Central Nervous
System; CPP, Conditioned Place Preference; D2, Dopamine 2; DA, Dopamine;
EtOH, Ethanol; GABA, Gamma-aminobutyric Acid; GLU, Glutamate; ICV,
Intra-Cerebral Ventricular; IV, Intra-venous; μM, Micro-molar; mM, Milli-molar;
MOR, Mu Opioid Receptor; AcbC, Nucleus Accumbens Core; AcbSh, Nucleus
Accumbens Shell; Acb, Nucleus Accumbens; 5HT3, Serotonin 3; 5-HT, Serotonin;
TBCs, Tetrahydrobetacarbolines; SAL, Salsolinol; THIQs, Tetrahydroisoquinoline
alkaloids; THP, Tetrahydropapaveraoline; FDA, United States Food and Drug
Administration; VTA, Ventral Tegmental Area.

focusing on the many different facets of EtOH addiction the
biological basis of the reinforcing properties of EtOH has not
been completely established. Opposing theories have emerged
with some suggesting that it is the action of the EtOH molecule
itself that underlies the rewarding properties of EtOH. Others
believe that EtOH is simply a “pro-drug” and the rewarding
properties of EtOH are dependent on the action of the metabo-
lites/byproducts of EtOH within the brain. The main principles
underlying the “pro-drug” theory assert that (1) following EtOH
consumption, EtOH concentrations within the body are unable
to reach levels that adequately affect the central nervous sys-
tem (CNS), (2) various behavioral and physiological effects of
EtOH endure well past the bioavailability of EtOH in the sys-
tem, and (3) manipulation of the metabolism of EtOH, and
the subsequent formation of the metabolites and/or byproducts,
within the system affects most, if not all, of the CNS effects
of EtOH. The contrary theory suggests that EtOH affects sev-
eral neurotransmitter systems thereby exerting its effects within
the CNS. Proponents of this theory suggest there is no conclu-
sive evidence that the metabolites of EtOH possess the ability to
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cross the blood brain barrier and the metabolites exists for too
short a period to mediate the more persistent effects of EtOH
intoxication. Regardless of such polarized stances, EtOH reward
within the CNS likely depends on the action of EtOH in con-
junction with its metabolites/byproducts. This review will present
an overview of the behavioral and neurochemical actions of
the neuroactive metabolite acetaldehyde (ACD), and subsequent
metabolites/byproducts (i.e., salsolinol) formed through the reac-
tion/condensation of ACD with endogenous compounds, within
the central and peripheral nervous systems following EtOH
intake.

THE FIRST METABOLITE OF ALCOHOL: ACETALDEHYDE
It has been well established that high levels of ACD within the
periphery are associated with aversive symptoms (i.e., flushing,
headaches, etc.). The drug disulfuram (tetraethylthiuramdisul-
phide), which has been approved for the treatment of alcoholism,
exacerbates the aversive symptoms of ACD by inhibiting the
metabolism of ACD thereby encouraging individuals to abstain
from EtOH consumption. The mechanisms of action behind
disulfuram treatment were discovered serendipitously. In the
early 20th century, a report emerged describing individuals who
worked in a metal manufacturing plant experiencing transitory
aversive symptoms (i.e., fatigue, shortness of breath, flushing of
the face, increased heart rate, headaches) following the consump-
tion of alcoholic beverages (Koelsch, 1914). Such symptoms were
subsequently linked to the compound calcium cyanamide, an
organic compound used in the production of metals, which the
workers were in regular contact with. Similar symptoms were
reported shortly thereafter in patients that had consumed ink cap
mushrooms prior to drinking EtOH; a reaction that was linked to
the amino acid coprine present in the mushroom (Chifflot, 1916;
Reynolds and Lowe, 1965). Two decades later, Williams (1937)
suggested that the cure of alcoholism may have been discovered
as workers at a rubber plant that were exposed to the compound
tetramethylthiuram experienced similar aversive symptoms to
those outlined above when they consumed EtOH.

Soon thereafter, two researchers, Erik Jacobsen and Jens Hald,
began examining tetraethylthiuramdisulphide (disulfuram) as a
possible treatment for intestinal worms. Utilizing themselves
as test subjects, both men reported experiencing several aver-
sive symptoms following EtOH consumption (i.e., sleepiness,
increased heart rate, etc.; Jacobsen, 1958). Follow-up studies
indicated that disulfuram, since marketed as antabuse, acted
to block aldehyde dehydrogenase, an enzyme that metabolizes
ACD, causing increased blood ACD levels thereby increasing the
aversive side effects of EtOH consumption (Hald and Jacobsen,
1948). Early studies had already indicated a positive correlation
between EtOH intake and increased blood ACD levels such that
binge drinkers exhibited ACD levels 35 times greater than con-
trols (Stotz, 1943). However, additional studies indicated that
social drinkers treated with antabuse exhibited blood ACD lev-
els 5–10 times greater than individuals that did not receive the
treatment (Hald and Jacobsen, 1948; Larsen, 1948). Treating
individuals with antabuse, prior to EtOH consumption, allowed
for the detection of ACD in the breath (Hald and Jacobsen,
1948). Preclinical research indicated that antabuse rendered ACD
detectable in the breath of rabbits following EtOH exposure and

research aimed at the identification of the metabolic pathway of
EtOH began (Hald et al., 1949a,b).

Over the next 30 years, several theories emerged as to the func-
tion of ACD in EtOH-use disorders (Carpenter and Macleod,
1952; Myers and Veale, 1969; Davis and Walsh, 1970; Truitt and
Walsh, 1971; Griffiths et al., 1974). A number of theories identi-
fied EtOH as a “pro-drug” suggesting alcoholism would be better
termed “acetaldhydeism” as ACD was responsible for all of the
effects associated with the imbuement of EtOH (Truitt and Walsh,
1971; Raskin, 1975). Contradictory theories asserted that ACD
in no way mediated the effects of EtOH. Such assertions were
supported by research showing that the consumption of EtOH
produced only trace levels of ACD in the cerebrospinal fluid and
brain (Kiianmaa and Virtanen, 1978; Pikkarainen et al., 1979;
Eriksson et al., 1980) and that ACD was unable to cross the
blood brain barrier except when in exceedingly high concentra-
tions (Sippel, 1974; Tabakoff et al., 1976; Eriksson, 1977; Petersen
and Tabakoff, 1979). However, Cohen et al. (1980) reported that
the local formation of ACD within the brain was possible thereby
reestablishing the ACD/EtOH debate.

ACETALDEHYDE AND ALCOHOLISM: A GENETIC
PERSPECTIVE
Following consumption, EtOH undergoes a number of reactions
as it is metabolized. The primary pathway through which EtOH
is eliminated from the body involves the action of the alco-
hol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH)
enzymes (for review see: Deehan et al., 2013). The action of
ADH oxidizes EtOH which results in the formation of ACD
which is subsequently eliminated/metabolized by ALDH into
acetate and eliminated from the body (for schematic depiction
of EtOH metabolism see Figure 1). Alterations in either class of
enzyme have been shown to produce alterations in ACD levels.
An increase in the formation of ACD has been found to lead
to an increase in the aversive symptoms (i.e., flushing, nausea,
etc.) associated with EtOH consumption thereby decreasing fur-
ther motivation to consume EtOH (Peng and Yin, 2009). Genetic
studies have identified genetic polymorphisms in both ADH and
ALDH which have been linked to a decreased susceptibility to
develop an EtOH-use disorder (Edenberg, 2011). For instance,
a recent study reported that Mexican Americans expressing the
ADH1B∗2 genotype were protected against EtOH-dependence
(Ehlers et al., 2012). Such protection, against EtOH-dependence,
likely occurs through a more rapid oxidation of EtOH result-
ing in significantly higher levels of peripheral ACD (Hurley and
Edenberg, 2012). Research has indicated that an alteration in the
expression of the ALDH2 gene results in a slower oxidation of
ACD to acetate thereby resulting in a “Disulfiram-like” experi-
ence due to greater ACD levels (Ball, 2008). Recent endeavors
have identified a polygenic contribution of the ADH gene clus-
ter suggesting a potential role for several of the ADH genes in the
development of alcoholism (Frank et al., 2012).

ACETALDEHYDE FORMATION WITHIN THE CNS
Following the intake of EtOH, ACD is formed in the periphery,
primarily by the activity of ADH in the liver. However, given high
activity of aldehyde dehydrogenase (ALDH; the primary enzyme
responsible for metabolizing ACD) within the blood brain barrier
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FIGURE 1 | A general schematic representation of the central (brain) and peripheral (body) metabolism pathways for alcohol and alcohol metabolites.

it was widely accepted that very little ACD could commute into
the brain from the periphery (Hunt, 1996). Additional stud-
ies indicated that higher levels of ACD within the periphery
may be capable of overwhelming peripheral ALDH, entering
the brain within minutes (Ward et al., 1997; Quertemont et al.,
2005). Metabolic activity resulting in the local formation of ACD
within brain was not immediately clear and has been the topic
of debate for several years. Research has indicated that ADH is
not active within the brain and has established that EtOH is pri-
marily metabolized through the activity of the catalase enzyme
(Sippel, 1974; Zimatkin, 1991; Smith et al., 1997) and this enzyme
remains relatively constant across different rat strains (Rhoads
et al., 2012). In vivo studies support the activity of catalase as a
key component in the formation of brain ACD following EtOH
exposure as inhibition of catalase activity subsequently decreased
brain ACD levels (Jamal et al., 2007). However, inhibition of cata-
lase does not completely abolish ACD formation. Other metabolic
pathways such as mitochondrial cytochrome P450 have also been
found to produce ACD locally within the brain following the con-
sumption of EtOH (Zimatkin et al., 1998; Zakhari, 2006). In mice,
manipulation of cytochrome P450 has been found to alter over-
all sensitivity to EtOH (Vasiliou et al., 2006), EtOH consumption,
and EtOH stimulated locomotor activity (Correa et al., 2009).

IMPLICATION OF ACD IN THE CENTRAL ACTIONS OF EtOH
Several studies that have made use of compounds that act to
inhibit the formation of ACD or sequester ACD into a stable
non-reactive adduct. Such experiments have implicated the local

formation of ACD as an important aspect of the neurobiologi-
cal and behavioral aspects of EtOH use/abuse. The compounds
sodium azide and/or 3-amino-1,2,4-triazole (triazole) inhibit
catalase activity, thereby decreasing ACD formation within the
brain, and have been shown to alter EtOH related behaviors.
For instance, both sodium azide and triazole significantly altered
EtOH-induced locomotor activity when infused into the arcuate
nucleus of the hypothalamus (Sanchis-Segura et al., 2005; Pastor
and Aragon, 2008). Triazole has also been found to decrease
the consumption of EtOH in both rats and mice (Aragon and
Amit, 1992; Koechling and Amit, 1994), reduce EtOH induced
motor depression in rats (Aragon et al., 1985) and EtOH induced
locomotor activity in mice (Escarabajal et al., 2000). However, tri-
azole has also been shown to cause a non-specific reduction in
the consumption of saccharin-quinine solution (Rotzinger et al.,
1994) and food intake (Tampier et al., 1995). Such data bring
into question whether a reduction in EtOH consumption is a
function of reduced ACD production or a general reduction in
consummatory behavior caused by triazole. Recent studies have
utilized a somewhat different approach to limiting the activity of
the catalase system. The hydrogen peroxide (H2O2) scavenging
compounds ebselen and alpha lipoic acid inhibit the formation
of ACD through their reduction in the catalase-H2O2 reaction
and subsequent formation of Compound I (Cohen et al., 1980).
Ledesma and colleagues have demonstrated that exposure to both
ebselen or alpha lipoic acid inhibit EtOH-stimulated locomo-
tor activity in mice (Ledesma et al., 2012; Ledesma and Aragon,
2013).

Frontiers in Behavioral Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 104 | 59

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


Deehan et al. Ethanol metabolites and reward

Unlike compounds that directly affect brain catalase activ-
ity, thiol amino acid compounds, such as D-penicillamine or
L-cysteine act to sequester ACD into a non-reactive stable adduct
without altering EtOH metabolism (Cederbaum and Rubin,
1976; Nagasawa et al., 1978). Several studies have been conducted
using these compounds which have added support for the role of
ACD in the behavioral and pharmacological actions of EtOH. For
instance, administration of either D-penicillamine or L-cysteine
effectively reduced EtOH consumption and decreased EtOH con-
ditioned place preference (CPP) in rats (Font et al., 2006b; Diana
et al., 2008; Peana et al., 2008). Intra-cisterna magna injections
of D-pennicillamine acted to block EtOH- and/or ACD appeti-
tive conditioning to a surrogate nipple in newborn rats (March
et al., 2013) and induced locomotor activity and tactile stimu-
lus preference in preweanling rats (Pautassi et al., 2011). Mice
exhibit a decrease in EtOH CPP and a reduction in EtOH-induced
motor depression when treated with D-penicillamine (Font et al.,
2005, 2006a). L-cysteine has been found to reduce nose-poke
responding for ACD and EtOH during acquisition, maintenance,
and reinstatement phases of testing (Peana et al., 2010, 2012) as
well as inhibit EtOH and ACD induced CPP (Peana et al., 2009).
Peripheral and central (intra-VTA) exposure to D-penicillamine
significantly reduced expression of the alcohol-deprivation effect
(ADE) as observed by a lack on an increase in EtOH consump-
tion during the initial 3 post-abstinence measurements (Orrico
et al., 2013). This finding offers support for the role of ACD in the
expression of relapse-like behaviors as the ADE has been estab-
lished as an animal model for EtOH relapse-drinking (for review
see: McBride and Li, 1998).

Perhaps the most compelling evidence for the involvement of
ACD in the central actions of EtOH has emerged from studies uti-
lizing adenoviral and lentiviral vectors that alter catalase, ADH,
or ALDH activity. Approximating the significantly higher activ-
ity of the ADH enzyme for individuals expressing the ADH1B∗2
gene, mutated cDNA which encoded rADH-47His (the rat ana-
logue for the ADH1B∗2 gene) was peripherally administered
to the University of Chile Bibulous (UChB) alcohol preferring
rat line and resulted in significantly higher ACD blood levels
while also significantly reducing EtOH consumption (Rivera-
Meza et al., 2010, 2012). Similarly, an adenoviral vector coded
for ALDH2 antisense RNA, to approximate clinical condition
of reduced ALDH2 activity, produced comparable increases in
blood ACD levels and decreases in EtOH consumption (Ocaranza
et al., 2008; Rivera-Meza et al., 2012). Studies looking at the cen-
tral administration of anticatalase (shRNA)- or ADH (rADH1)-
encoding lentiviral vectors, which inihibit catalase synthesis or
increases the activity of ADH respectively, have been found to
alter EtOH-related behaviors. Administration of the anticalatase
lentiviral vector into the ventral tegemental area (VTA) signif-
icantly reduced EtOH consumption and EtOH stimulated DA
release in the AcbSh whereas the rADH1-encoding vector facil-
itated an increase in EtOH intake (Karahanian et al., 2011).
Quintanilla et al. (2012) reported that insertion of an anti-
catalase viral vector into the VTA resulted in the reduction of
EtOH consumption when administered prior to EtOH testing.
However, when the viral vector was administered during an ongo-
ing EtOH drinking period, animals only exhibited a reduction

in EtOH intake following a period of imposed abstinence dur-
ing relapse-like drinking (Quintanilla et al., 2012). With regard
to ADE expression, an additional study examining the effects
of intra-VTA injection of anticatalase viral vector immediately
following 67 consecutive days of EtOH exposure and immedi-
ately prior to a 15 day EtOH deprivation period, significantly
reduced relapse drinking during both a first and second rein-
statement of EtOH access (Tampier et al., 2013). Taken as a
whole, research utilizing such cutting-edge techniques suggest
that ACD possess a substantial role in the neurobiological actions
of EtOH.

ACD EXHIBITS REWARDING PROPERTIES
While it is difficult to suggest that the behavioral and neurobio-
logical effects of EtOH are completely dependent on the presence
of ACD, there is a substantial amount of literature suggesting
that ACD is involved to a significant extent. Studies examin-
ing the behavioral effects of ACD, with regard to EtOH reward,
have reported that intra-cranial ventricular (ICV) administra-
tion of ACD acted to increase the consumption of and prefer-
ence for EtOH in rodents (Brown et al., 1979, 1980; Amit and
Smith, 1985) while peripheral administration of higher doses
of ACD produced a conditioned taste aversion in several rat
lines (Brown et al., 1978; Aragon et al., 1986; Kunin et al.,
2000; Quintanilla et al., 2002; Escarabajal et al., 2003). Utilizing
the UChB rat line (an alcohol preferring rat line), researchers
have revealed that peripheral ACD exposure, at lower doses (50–
100 mg/kg ACD) than those shown to produce a conditioned taste
aversion (>200 mg/kg ACD), acted to significantly increase the
consumption of EtOH over the two weeks following ACD admin-
istration (Tampier and Quintanilla, 2002). Taken together, such
findings may suggest that ACD facilitates the development of tol-
erance to the aversive effects of EtOH thereby increasing EtOH
consumption.

It has also been reported that ACD possesses reward-
ing/reinforcing properties itself as animals readily
self-administered both ICV ACD (Amit et al., 1977; Brown
et al., 1979, 1980) and intra-venous ACD (Myers et al., 1984a,b;
Takayama and Uyeno, 1985). Central ICV administration of
ACD produced a CPP (Smith et al., 1984). Extending on such
findings, recent endeavors have reported that ACD, whether
administered centrally or peripherally, produced a CPP in several
rat lines (Quintanilla and Tampier, 2003; Peana et al., 2008;
Spina et al., 2010). Adult rats peripherally treated with ACD
exhibit a dose-dependent preference to a discrete olfactory
stimulus (Quertemont and DeWitte, 2001). Rat pups exhibited
a significant preference to an olfactory cue previously paired
with ACD exposure (March et al., 2013) while pre-weanling rats
exhibited an ACD-dependent stimulation of locomotor activity
and tactile stimulus preference following EtOH administration
(Nizhnikov et al., 2007; Pautassi et al., 2011). ACD has been
shown to dose-dependently alter locomotor activity in adult
animals as well. Rodent testing has reported that the central
administration of lower doses of ACD resulted in significant
increase in locomotor activty (Correa et al., 2003; Sanchez-
Catalan et al., 2009) while higher doses, administered either
centrally or peripherally, resulted in a significant depression
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of locomotor activity (Holtzman and Schneider, 1974; Ortiz
et al., 1974; Myers et al., 1987; Durlach et al., 1988; Quertemont
et al., 2004; Tambour et al., 2006). An early study also observed
comparable biphasic effects utilizing a vapor exposure paradigm
to deliver ACD (Ortiz et al., 1974). Recent studies have pursued
the evaluation of the reinforcing effects of ACD via the oral
route and reported that rats will actively nose-poke (Peana et al.,
2010, 2012) or lever press to obtain ACD (Cacace et al., 2012).
However, it is unlikely that the effects of oral ACD on the ACD
self-administration were mediated via central ACD as Peana
et al. (2010, 2012) reported that blood and brain ACD levels did
not significantly differ between rats consuming oral ACD and
those consuming water (Peana et al., 2010, 2012). Nonetheless,
ACD possess rewarding properties itself which are related to (or
underlie) the behavioral actions of EtOH.

ACETALDEHYDE REACTIVITY: BYPRODUCTS OF
ACETALDEHYDE
Acetaldehyde is a highly reactive compound that interacts with
several endogenous neurochemicals in the brain to form a num-
ber of additional biologically active products (Cohen and Collins,
1970; Davis and Walsh, 1970; Walsh et al., 1970; Cohen, 1976).
With regard to neurobiological and behavioral testing of the
byproducts of ACD, the majority of attention has focused on
two main classes of compounds which are formed through
condensation of ACD with the catecholamines. The first class
of compounds, the tetrahydroisoquinoline alkaloids (THIQs),
are formed through both the direct and indirect condensation
of ACD with the monoamines: dopamine, epinephrine, and
norepinephrine (Cohen, 1976). The tetrahydro-beta-carbolines
(TBCs) on the other hand, are formed through the reaction
of ACD with the indoleamines: tryptophan and tryptamine
(Buckholtz, 1980). The THIQs tetrahydropapaveroline (THP)
and salsolinol (SAL) have received the most attention as to their
role in alcohol use-disorders as both compounds can be detected
in the brain following EtOH administration. The TBCs have
received considerably less attention and contradictory data exists
as to their contribution to the neurobiological effects of EtOH.

TETRAHYDROPAPAVEROLINE
The formation of THP occurs via the condensation of
dopaldehyde and dopamine. In this sense, ACD is indirectly
associated with the formation of THP as ACD inhibits the break-
down/metabolization of dopaldehyde subsequently increasing
THP levels in the brain (Davis and Walsh, 1970). Early studies
observed an enhanced preference for EtOH and consumption of
EtOH following ICV microinjections of low concentrations of
THP in both rodents and primates (Melchior and Myers, 1977;
Myers and Melchior, 1977; McCoy et al., 2003) while higher
concentrations reduced both EtOH consumption and preference
(Duncan and Deitrich, 1980). Manipulation of the mesolimbic
DA pathway through microinjections of lower doses of THP into
either the ventral tegmental area (VTA) or Nucleus Accumbens
(Acb) accentuated EtOH preference in rats (Myers and Privette,
1989; Duncan and Fernando, 1991). Experiments were conducted
in an effort to identify the neuroanatomical substrates of both the
enhancing and aversive properties of THP with regard to alcohol

related behaviors (Privette et al., 1988; Myers and Privette, 1989;
Privette and Myers, 1989) however, research on the role of THP
in EtOH-use disorders has slowed considerably over the past two
decades.

SALSOLINOL
Salsolinol (SAL; 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroiso-
quinoline) is the most extensively studied byproduct of ACD in
relation to EtOH-use disorders and studies aimed at examining
the underlying contribution of SAL to the reinforcing properties
of EtOH are still in full swing. The in vivo formation of SAL occurs
primarily through non-enzymatic Pictet-Spengler condensation
of DA with ACD (Lee et al., 2010) but has been hypothesized
to occur through secondary processes as well (for review see:
Hipolito et al., 2012). Several studies have sought to quantify
SAL levels within the body and brain following EtOH ingestion
with mixed results. Specifically in the rodent brain, studies have
shown that EtOH exposure (via oral consumption or experi-
menter administered EtOH) increased (Rojkovicova et al., 2008)
or did not alter (Lee et al., 2010) SAL levels in several brain
regions. Nonetheless, there is a substantial amount of evidence
suggesting that SAL is intricately involved with the rewarding
properties of EtOH.

While the effect of SAL administration on EtOH intake
received considerably less attention than that of ACD, early
endeavors found that centrally ICV administered SAL caused ani-
mals to exhibit an increase in both their consumption of and
preference for (Myers and Melchior, 1977; Duncan and Deitrich,
1980; Purvis et al., 1980). Altshuler and Shippenberg (1982)
indicated that SAL possess similar discriminative properties com-
pared to EtOH in that animals respond comparably when SAL
is substituted for EtOH. More recently, several laboratories have
shown that SAL exhibits reinforcing properties in the absence
of EtOH. Animals exhibited a CPP for peripheral injections of
10 mg/kg SAL with higher (30 mg/kg) and lower (1 and 3 mg/kg)
doses falling in a U-shaped dose response curve (Matsuzawa et al.,
2000). Interestingly, when the animals were exposed to a condi-
tioned fear stress (foot shock) the dose response curve shifted to
the left (optimal dose: 3 mg/kg) as the animals exhibited a greater
sensitivity to the reinforcing properties of SAL (Matsuzawa et al.,
2000). Central administration of SAL (intra-VTA) has also been
shown to induce a CPP in rats (Hipolito et al., 2011). Much
like in response to EtOH, rats will exhibit a biphasic response
in SAL-stimulated locomotor activity, specifically when SAL is
microinjected into the VTA (Hipolito et al., 2010). Perhaps the
most convincing evidence that SAL is reinforcing, even in the
absence of EtOH, lies in data showing that animals will readily
self-administer SAL into the posterior (p)VTA via intra-cranial
self-administration at concentrations far below required to sus-
tain the ICSA or EtOH or ACD (Rodd et al., 2008). Thus, research
has outlined a clear role for SAL in the behavioral and neurobio-
logical actions of EtOH and ongoing research is working toward
the delineation of the nature of this contribution.

TETRAHYDRO-BETACARBOLINES
The role of TBCs in EtOH-use disorders has received consider-
ably less attention than ACD and/or SAL. Findings have been
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somewhat inconsistent as early research indicated that peripheral
injections of TBC derivatives reduced EtOH preference (Geller
and Purdy, 1975). Central administration (ICV microinjections)
of the TBC tryptoline had the opposite effect as it signifi-
cantly increased both EtOH preference and EtOH consumption
(Myers and Melchior, 1977; Tuomisto et al., 1982; Airaksinen
et al., 1983; Huttunen and Myers, 1987; Adell and Myers, 1994).
Co-administration THP and tryptoline resulted in a synergis-
tic increase in EtOH preference and consumption (Myers and
Oblinger, 1977). Hippocampal microinjections of TBCs pro-
duced alterations in both 5-HT and norepinephrine levels thereby
significantly augmenting EtOH preference and consumption in
low alcohol drinking (LAD) rats (Huttunen and Myers, 1987;
Adell and Myers, 1995). Additionally, TBCs have been shown to
possess an affinity for the delta opioid receptor (Airaksinen et al.,
1984). Overall, however, the pharmacological properties of TBCs
have yet to be fully examined.

THE NEUROBIOLOGICAL ACTIONS OF EtOH AND EtOH
METABOLITES WITHIN THE REWARD PATHWAY
While early studies investigated the effects of the central and/or
peripheral administration of ACD and/or SAL on the behavioral
actions of EtOH (as discussed above), the dissemination of the
underlying mechanisms of ACD and SAL at the neurobiological
level has gained significant traction over the past three decades.
The advent of a number of novel techniques (i.e., intracranial
self-administration; ICSA) has allowed researchers to more thor-
oughly evaluate the neurobiological actions of drugs of abuse
including EtOH and its metabolites. Research to date suggests
that the neurobiological actions of EtOH and EtOH metabolites
overlap to ultimately affect the development/expression of EtOH-
use disorders. This section will present an overview of preclinical
research focused on the neurobiological mechanisms within the
brain reward pathway that have been identified to play a key role
in the rewarding/reinforcing properties of EtOH, ACD, and the
THIQs.

Numerous studies have implicated the mesocorticolimbic
dopamine reward pathway (MCL) as a key mediator of the
rewarding/reinforcing properties of virtually every major drug of
abuse including EtOH (for review see: Di Chiara and Imperato,
1988). The MCL originates in the VTA and projects to sev-
eral forebrain regions including the Acb (Oades and Halliday,
1987). An early study indicated that peripheral EtOH expo-
sure stimulated DA neuronal activity within the substantia nigra
(Mereu et al., 1984). A subsequent experiment found that periph-
eral injections of EtOH (0.5 mg/kg) significantly elevated DA
levels within the AcbSh of freely moving rats (Di Chiara and
Imperato, 1985). Subsequent research over the past 3 decades
has elucidated a cascade of neurochemical events within the
MCL that underlie EtOH reinforcement (for review see: Spanagel,
2009). For instance, it has been well documented that EtOH
itself primarily targets N-methyl-D-aspartate (NMDA; Lovinger
et al., 1989), 5-hydroxytryptamine 3 (5-HT3; Lovinger and
Zhou, 1998), nicotinic acetylcholine (nAch; Narahashi et al.,
1999), γ-aminobutyric acid A (GABAA) and glycine (Mihic
et al., 1997; Mihic, 1999) receptors. The EtOH molecule also

primarily interacts with non-ligand gated ion channels as EtOH
inhibits L-type Ca2+ channels and opens G protein-activated
inwardly rectifying K+ (GIRKs) channels (Vengeliene et al.,
2008). Overall, such primary effects underlie and/or contribute
to several secondary effects within the MCL (i.e., increases in
DA efflux) that ultimately result in the rewarding/reinforcing
properties of EtOH (Spanagel, 2009). Thus, research has estab-
lished that the neurobiological actions of the EtOH molecule itself
are important to the reinforcing properties of EtOH. However,
given the dynamic nature of the neurobiological functioning
of the MCL and the concurrent actions of EtOH metabo-
lites, the extent to which the actions of the EtOH molecule
itself contribute to overall EtOH reinforcement is somewhat
tenuous.

Several studies have focused on the role of the projection from
the VTA to the Acb in the neurobiological actions of EtOH as
well as the metabolites of EtOH (see Figure 2). Specifically within
the VTA, EtOH and ACD have been shown to activate DA neu-
rons by significantly increasing their firing rate (Gessa et al., 1985;
Brodie et al., 1990; Foddai et al., 2004), albeit through differing
mechanisms (for review see: Deehan et al., 2013). Sequestering
ACD formation through the direct infusion of D-penicillamine
into the VTA inhibits DA neuronal activation by the intra-gastric
administration of both EtOH and ACD (Enrico et al., 2009). Local
application of an ADH (Foddai et al., 2004) or catalase inhibitor
(Melis et al., 2007; Diana et al., 2008) in the VTA prevents EtOH
stimulated increases in DA neuronal activity. These findings cou-
pled with data from in vitro studies showing that ACD stimulates
VTA DA neuronal activity at concentrations 1200–2000 fold lower
than that required for EtOH suggest that ACD is critical compo-
nent required for EtOH stimulated DA activity within the VTA
(Brodie and Appel, 1998; Brodie et al., 1999; Diana et al., 2008).
A recent paper has reported that SAL is also capable of stimu-
lating VTA DA neuronal activity at concentrations 10-1,000 fold
lower than the lowest effective concentration of ACD (Xie et al.,
2012a).

Relative differences in effective concentrations between EtOH,
ACD, and SAL have also been reported by studies examining the
behavioral neuropharmacology of these compounds within the
VTA. An early study indicated the alcohol preferring (P) rats
(an animal model for alcoholism) would readily self-adminster
EtOH directly into the VTA exhibiting a U-shaped dose response
curve with 100 mg % being the most effective concentration
(Gatto et al., 1994). Follow-up studies identified a regional het-
erogeneity within the VTA as both P and Wistar rats would
self-administer EtOH into the posterior (p) VTA but not ante-
rior (a) VTA at doses of 20-80 mM (Rodd et al., 2003, 2005).
Much like EtOH, both ACD and SAL are self-administered into
the pVTA in an inverted U-shaped dose response pattern and
in congruence with neurophysiological data, the pVTA appears
to be significantly more sensitive to the rewarding/motivational
properties of each compound in a stepwise fashion (SAL >

ACD > EtOH). For example, P rats self-administered ACD
between the dose ranges of 6–90 μM (Rodd-Henricks et al.,
2002; Rodd et al., 2005) whereas SAL ICSA was supported in a
dose range of 0.03–0.3 μM (Rodd et al., 2008). For perspective,
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FIGURE 2 | A simplified representation of the sites of action for alcohol and alcohol metabolites on posterior ventral tegmental area dopamine

neurons.

the optimal concentration for the ICSA of SAL is approxi-
mately 200-fold lower than the most effective concentration of
ACD and 300 × 103 lower than the optimal concentration of
EtOH. Additionally, the co-infusion of the D2/3 agonist quin-
pirole (100 μM) blocked the ICSA of EtOH, ACD, and SAL
into the pVTA (Rodd et al., 2005, 2008) suggesting that of DA
neuronal activation within the pVTA is a common mechanism
underlying the rewarding/motivational properties of EtOH, ACD,
and SAL.

An alternative method to assess the efficacy of a given com-
pound to stimulate DA neurons within the VTA involves microin-
jecting the compound into the VTA and measuring DA release in
downstream projection structures (i.e., the Acb). An early study
employed such a paradigm to examine the down-stream effects
of microinjections of THP into the VTA on DA efflux within the
core (AcbC) and the AcbSh reporting that a 13.6 μM microin-
fusion of THP increased DA efflux in the AcbC (94%) whereas
the same dose decreased DA efflux in the AcbSh (51%; Myers
and Robinson, 1999). Given that cannula placement were anterior
to the VTA and the THP dose was well above the pharmaco-
logical range of the in vivo generation of THP (Haber et al.,
1997; Baum et al., 1999), it is difficult to resolve whether THP
altered DA neuronal activity directly or through a non-specific
mechanism. Recent research, however, has utilized similar equip-
ment as that employed for ICSA experiments to examine the
effects of intra-pVTA microinjections of EtOH, ACD, and/or
SAL on DA levels downstream within the AcbSh (Ding et al.,
2009, 2011; Deehan et al., 2013). Ding et al. (2009) reported
that pulse microinjections of 200 mg% (∼44 mM) EtOH was
the most efficacious dose at stimulating DA efflux in the AcbSh
of Wistar rats. Utilizing the same range of doses of ACD and
SAL that were reliably self-administered via ICSA (Rodd et al.,
2005, 2008), Deehan et al. (2013) reported that Wistar rats exhib-
ited comparable U-shaped dose response curves for DA efflux
in the AcbSh following pulse microinjections of ACD and/or
SAL into the pVTA. Along the same lines as previous obser-
vations utilizing alternative paradigms, DA neurons within the
pVTA exhibited a significantly greater sensitivity to ACD and/or
SAL compared to EtOH. Pulse microinjections of 23 μM ACD or

0.3 μM SAL were effective at significantly increasing DA efflux
within the AcbSh to levels 200 and 300% above baseline respec-
tively (Deehan et al., 2013). Moreover, this was observed for
an ACD dose that was over 1800 fold, and a SAL dose that
was 147,000 fold lower, than the peak dose of EtOH. These
data further suggest that the pVTA is differentially sensitive to
EtOH, ACD, and SAL in a manner that is consistent with the
production of ACD and SAL through conventional metabolic
processes.

The findings from the microinjection/microdialysis study by
Deehan et al. (2013) extend on previous research that reported
increases in accumbal DA in response to local exposure of higher
concentrations of ACD or SAL within the pVTA. The reverse
microdialysis of 75 μM ACD in the pVTA stimulated DA release
in the AcbSh to 150% of baseline (Melis et al., 2007; Diana
et al., 2008) while Hipolito et al. (2011) reported that a microin-
jection of SAL (150 μM) within the pVTA caused an increase
in AcbSh DA to 130% of baseline. However, SAL has been
shown to modulate DA levels within the AcbC and AcbSh in an
opposing manner. Local perfusion of SAL via reverse microdial-
ysis, over the course of a 20-min sample, significantly increased
DA levels in the AcbC but decreased DA levels in the AcbSh
(Hipolito et al., 2009) in a manner consistent with the effects
of selective μ- and δ-opioid receptor agonists reported by the
same lab (Hipolito et al., 2008). Although the lowest concen-
tration of SAL (5 μM) used by Hipolito et al. (2009) was sig-
nificantly higher than the optimal concentration (0.3 μM) that
stimulated activity in DA neurons within the pVTA (Deehan
et al., 2013), ICSA studies have shown that the AcbSh is sig-
nificantly less sensitive to the rewarding properties of SAL with
the greatest level of responding exhibited for the 3.0 μM concen-
tration of SAL (Rodd et al., 2003). Additionally, the rewarding
properties of SAL within the AcbSh were found to be depen-
dent on post-synaptic activation of DA receptors as the D2/3

antagonist (sulpiride) completely abolished ICSA responding for
SAL.

Overall, there are several neurobiological mechanisms that
underlie the EtOH, ACD, or SAL induced stimulation of DA
neuronal activity within the pVTA, not all of which participate
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equally across the three compounds. For instance, research has
implicated 5-HT3 receptors in the reinforcing properties of EtOH
and SAL but not ACD. The compound ICS 250,390 (a 5-HT3

receptor antagonist) selectively prevents the ICSA of both EtOH
and SAL but does not affect the ICSA of ACD (Rodd et al., 2005,
2008). This stands to reason as EtOH possesses an affinity for 5-
HT3 receptors (Lovinger and White, 1991) and SAL increases the
efflux of 5-HT within the rat striatum (Maruyama et al., 1993)
but ACD does not exhibit an affinity for 5HT3 receptors (Li,
2000). Within the striatum SAL decreases the metabolization of
5-HT through a reduction in metabolizing enzymes resulting in
an increase in 5-HT levels to 20 times that of DA (Nakahara et al.,
1994). Similar findings have been reported with regard to DA as
SAL increases catecholamine levels within the brain through a
combination of the inhibition of reuptake (Heikkila et al., 1971;
Tuomisto and Tuomisto, 1973; Alpers et al., 1975) and a reduction
in the metabolizing enzymes such as catecholmethyltransferase
and monoamine oxidase (Collins et al., 1973; Alpers et al., 1975).

From early on, studies had outlined a substantial role for the
mu opioid receptor (MOR) in the neurobiological actions of
EtOH, ACD, and SAL within the MCL. Naltrexone, a general
opioid antagonist with an affinity for all three opioid receptors
(mu, delta and kappa), has been approved by the FDA for use in
the treatment of alcohol use disorders (Johnson and Ait-Daoud,
2000). Preclinical data indicate that naltrexone decreases both
free-choice consumption and the operant self-administration of
EtOH (for review see: Gianoulakis, 2009). For instance, EtOH has
been found to directly alter the release of opioid peptides (Jarjour
et al., 2009) and both naltrexone and β-funaltrexamine (β-FNA;
a selective MOR antagonist) reduced the duration of DA release
within the AcbSh caused by intra-VTA microinjections of EtOH
(Valenta et al., 2013). Microinjections of higher concentrations of
EtOH into the VTA stimulate locomotor activity that is prevented
by the co-administration of β-FNA (Sanchez-Catalan et al., 2009)
or the co-administration of D-penicillamine (Marti-Prats et al.,
2010) suggesting that the locomotor activating effects of EtOH
within the VTA require MOR activation as well as the presence of
ACD.

Both ACD and SAL possess locomotor stimulating proper-
ties within the VTA and much like EtOH, the activation of
locomotor activity has been reported to be dependent on MOR
activation (Sanchez-Catalan et al., 2009; Hipolito et al., 2011).
To date, there is a lack of research investigating the effects of
MOR manipulation on the self-administration of ACD or SAL.
An early study observed a decrease in the IV self-administration
of ACD when animals were treated with naloxone (Myers et al.,
1984a). Further, the oral self-administration (nose poke respond-
ing) of ACD was decreased by naltrexone and naloxonazine
(a selective MOR1 antagonist; Peana et al., 2011). Naltrexone
also acted decrease extracellular signal-regulated kinase phos-
phorylation within the Acb caused by ACD self-administration
(Peana et al., 2011). However, the full transgression from MOR
activity to increased DA neuronal activity within the pVTA,
and subsequent increase in DA release downstream, is indeed
complex. Xie and colleagues have reported that SAL stimulates
DA neurons within the pVTA indirectly by activating MORs

which in turn inhibit of gama-amino butyric acid (GABA)
neurons (Xie et al., 2012a) while also increasing glutamater-
gic signaling into the pVTA (Xie and Ye, 2012b). Overall, it
is likely that the rewarding/reinforcing properties of both ACD
and SAL in the pVTA are dependent on DA release within the
AcbSh and the DA activity is modulated via MORs. After all
it has been shown that direct stimulation of MORs increase
DA release within the AcbSh (Spanagel et al., 1992) an simi-
lar effect to that observed following microinjections of EtOH,
ACD, or SAL into the pVTA (Ding et al., 2009; Deehan et al.,
2013). Although there are no studies focused on the role of
MOR activity in the central self-administration of ACD and/or
SAL, the current body of literature has implicated MOR activ-
ity within the pVTA as a key mediator of the neurobiological
action of ACD and/or SAL on DA neurons. Future research
will help to further elucidate other contributory structures and
neurochemical systems, within the MCL, with regard to ACD
and SAL.

GENERAL SUMMARY
The action of EtOH within the CNS is extremely complex yet
the current body of literature has outlined a significant role for
ACD and SAL in the modulation of the behavioral and neuro-
logical effects of EtOH. It has been shown that EtOH can act
directly within the VTA to stimulate DA neurons (Gessa et al.,
1985; Lovinger and White, 1991; Brodie et al., 1999; Ye et al.,
2001) and accumulating evidence suggests that both ACD and
SAL exhibit distinct actions on neurobiological processes within
the MCL. The utilization of inhibitory/sequestering agents pre-
venting the conversion from EtOH into ACD clearly affect EtOH
consumption and reinforcement further supporting the role for
the metabolites of EtOH in EtOH-use disorders. Thus, conver-
gent evidence supports the following assertions: (1) within the
CNS, EtOH is capable of altering neurobiological and behav-
ioral processes, (2) evidence exists supporting the notion that
the actions of EtOH, are, in part, mediated by the metabolites
ACD and SAL formed during metabolic processes, (3) both ACD
and SAL possess reinforcing properties within the MCL at levels
shown to be pharmacologically relevant, and (4) further research
focused on examining the central effects of EtOH and EtOH
metabolites will greatly improve our understanding of how these
compounds function in regard to the development/expression
of EtOH-use disorders. Overall, the manifestation of EtOH-use
disorders in the clinical population is undoubtedly a result of a
complex and interrelated series of central and peripheral effects
of EtOH and the metabolites of EtOH. Research aimed at increas-
ing our understanding of such a complex system will facilitate
the development of successful pharmaocterapeutic treatments for
individuals suffering from, or are at a high risk to develop, an
EtOH-use disorder.
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Significant evidence implicates the endogenous opioid system (EOS) (opioid peptides
and receptors) in the mechanisms underlying the psychopharmacological effects of
ethanol. Ethanol modulates opioidergic signaling and function at different levels, including
biosynthesis, release, and degradation of opioid peptides, as well as binding of
endogenous ligands to opioid receptors. The role of β-endorphin and μ-opioid receptors
(OR) have been suggested to be of particular importance in mediating some of
the behavioral effects of ethanol, including psychomotor stimulation and sensitization,
consumption and conditioned place preference (CPP). Ethanol increases the release
of β-endorphin from the hypothalamic arcuate nucleus (NArc), which can modulate
activity of other neurotransmitter systems such as mesolimbic dopamine (DA). The
precise mechanism by which ethanol induces a release of β-endorphin, thereby inducing
behavioral responses, remains to be elucidated. The present review summarizes
accumulative data suggesting that the first metabolite of ethanol, the psychoactive
compound acetaldehyde, could participate in such mechanism. Two lines of research
involving acetaldehyde are reviewed: (1) implications of the formation of acetaldehyde
in brain areas such as the NArc, with high expression of ethanol metabolizing enzymes
and presence of cell bodies of endorphinic neurons and (2) the formation of condensation
products between DA and acetaldehyde such as salsolinol, which exerts its actions via OR.

Keywords: ethanol, acetaldehyde, endogenous opioid system, salsolinol, behavior, animal

ETHANOL AND THE OPIOID SYSTEM
Evidence indicates that ethanol modulates the activity of different
components of the endogenous opioid system (EOS), with a large
body of data supporting the implication of opioid ligands and
receptors in the mediation of some of the psychopharmacological
effects of ethanol.

THE ENDOGENOUS OPIOID SYSTEM AT A GLANCE
The opioid peptide precursors proopiomelanocortin (POMC),
proenkephalin (PENK) or prodynorphin (PDYN) (Kieffer and
Gavériaux-Ruff, 2002) are the source for the respective peptides
β-endorphin, enkephalin, and dynorphin (Nylander and Roman,
2012). These endogenous ligands activate G-protein-coupled
μ-, ∂-, and κ-opioid receptors (OR) (μ-OR, ∂-OR and κ-
OR), which differ in their affinities and response profiles
(Evans et al., 1992; Knapp et al., 1995; Kieffer and Evans, 2009).
β-endorphin presents higher affinity for μ- than ∂-, and reduced
affinity for κ-OR (Roth-Deri et al., 2008; Trigo et al., 2010).
Enkephalin binding to ∂-OR is greater than that for μ-OR
(Khachaturian et al., 1985; Raynor et al., 1994; Akil et al., 1998)
and dynorphin shows specific affinity for κ-OR (Chavkin et al.,
1982; Simon, 1991; Roth-Deri et al., 2008; Trigo et al., 2010).
Ethanol can modulate opioidergic transmission at different levels,
including synthesis, release, and degradation of opioid peptides,

and binding of endogenous ligands to OR (for a review see,
Méndez and Morales-Mulia, 2008). Since β-endorphin signaling
has been specially implicated in the behavioral effects of ethanol,
the present review will focus on the effects of ethanol on this
component of the EOS. In this regard, although OR and ligands
are widely distributed through the brain, there are important
neuroanatomical determinants related to β-endorphin distri-
bution that are worth highlighting. β-endorphin-synthesizing
cell bodies are primarily located in the hypothalamic arcuate
nucleus (NArc) (Chronwall, 1985). Important brain regions for
drug-induced effects such as the nucleus accumbens (NAcb)
are under tonic control of β-endorphinic innervations from the
NArc (Chronwall, 1985; Khachaturian et al., 1985; Spanagel et al.,
1992; Gianoulakis, 2001). These NArc β-endorphin projections
exert this control through the direct activation of OR located
at the NAcb and by an indirect pathway via OR in the ventral
tegmental area (VTA), which in turn modulate NAcb activity
via VTA-NAcb dopamine (DA) neurons (Mansour et al., 1988;
Di Chiara and North, 1992; Spanagel et al., 1992).

ETHANOL-INDUCED MODULATION OF β-ENDORPHINIC
NEUROTRANSMISSION
Acute administration of ethanol induces the release of β-
endorphin; an effect found in hypothalamic cell cultures and
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tissue preparations (Gianoulakis, 1990; Boyadjieva and Sarkar,
1994; de Waele et al., 1994; Reddy et al., 1995; De et al., 2002).
Ethanol also produces in vivo increases in β-endorphin con-
tent at the level of the hypothalamus (Schulz et al., 1980;
Patel and Pohorecky, 1989), NAcb (Anwer and Soliman, 1995;
Olive et al., 2001; Marinelli et al., 2003a), midbrain includ-
ing the VTA (Rasmussen et al., 1998; Jarjour et al., 2009)
and the central amygdala (CeA) (Lam et al., 2008). Some
studies, however, have found inconsistent results, proba-
bly related to procedural and methodological differences
(Seizinger et al., 1983; Popp and Erickson, 1998; Rasmussen et al.,
1998; Leriche and Méndez, 2010). Increased levels of enkephalin
in the hypothalamus (Schulz et al., 1980; Seizinger et al., 1983;
Milton et al., 1991) and NAcb (Marinelli et al., 2003b) have also
been found after acute ethanol.

Long-term exposure to ethanol primarily induces a
decrease in POMC expression (Boyadjieva and Sarkar, 1997;
Rasmussen et al., 2002; Oswald and Wand, 2004) and in hypotha-
lamic β-endorphin release and levels (Boyadjieva and Sarkar,
1994; Oswald and Wand, 2004). A limited number of studies
reported an increase in biosynthesis of POMC and POMC mRNA
expression (Seizinger et al., 1984; Gianoulakis et al., 1988) as
well as an initial increase followed by a gradual return to normal
levels (Wand, 1990). Also, some authors found an increase or
no effect on β-endorphin release (Boyadjieva and Sarkar, 1994;
Oswald and Wand, 2004). Discrepancies might be attributable
to the method of ethanol administration, ethanol dose, time
course of drug exposure, administration route and differences
in the development of tolerance. Also, it has been observed that
alcohol-induced changes depend on the brain region investigated
as well as the species and strain of animals used (Gianoulakis,
2001; Méndez and Morales-Mulia, 2008).

EVIDENCE OF BEHAVIORAL EFFECTS OF ETHANOL MEDIATED BY THE
ENDOGENOUS OPIOID SYSTEM
Given that β-endorphin, and also enkephalin, activate μ-OR,
extensive research has investigated the role of μ-OR in the
behavioral effects of ethanol (Gianoulakis, 1993; Herz, 1997;
Sanchis-Segura et al., 2000; Thorsell, 2013). Here we will focus
on the involvement of these components of the EOS in several
behavioral effects of ethanol, including psychomotor stimulation
and sensitization, consumption, and associative learning (with a
special focus on conditioned place preference (CPP)).

Psychomotor stimulation and sensitization
Increased psychomotor stimulation induced by ethanol in mice
can be blocked with non-selective opioid receptor antago-
nists such as naloxone or naltrexone (Kiianmaa et al., 1983;
Camarini et al., 2000; Sanchis-Segura et al., 2004; Pastor et al.,
2005; Pastor and Aragon, 2006). Some pharmacological strategies
have suggested the existence of three so-called subtypes of μ-
OR; μ1, μ2, and, μ3 (Pasternak, 2001a,b; Cadet et al., 2003) and
several studies have shown that μ- and specifically the μ1/2 -
and μ3-OR subtypes, but not δ- or κ-OR, are involved in the
motor stimulant effects of ethanol in adult mice (Pastor et al.,
2005), and also in rats during early development (Arias et al.,
2010; Pautassi et al., 2012). Other studies conducted in mice have

suggested that this involvement of μ-OR in ethanol stimulation
is debatable (Cunningham et al., 1998; Gevaerd et al., 1999;
Holstein et al., 2005). Consistent with the EOS involvement, how-
ever, a lesion of the NArc produces a decrease in ethanol-induced
stimulation in mice (Sanchis-Segura et al., 2000), and knock-
out mice deficient in β-endorphin showed attenuated ethanol-
induced stimulation (Dempsey and Grisel, 2012). Also, in rats,
naltrexone prevents activation produced by ethanol when locally
administered in the NArc (Pastor and Aragon, 2008) and intra-
VTA blockade of the μ-OR using either naltrexone or the irre-
versible and selective μ-OR antagonist β-funaltrexamine reduces
ethanol-induced locomotor stimulation (Sánchez-Catalán et al.,
2009). Additionally, chronic naltrexone, which upregulates μ-
OR (Unterwald et al., 1998; Lesscher et al., 2003), enhances the
stimulant effects of ethanol in mice (Sanchis-Segura et al., 2004).

A critical role of the EOS in the motor sensitizing effects
of ethanol has also been proposed (Camarini et al., 2000;
Miquel et al., 2003; Pastor and Aragon, 2006). Unspecific OR
antagonism prevents development (Camarini et al., 2000) but not
expression (Abrahao et al., 2008) of ethanol-induced locomotor
sensitization. μ-OR are particularly involved in ethanol sensiti-
zation (Camarini et al., 2000), without a clear role of any of the
μ-OR subtypes in mediating this process; μ1/2 -OR antagonism
slowed down, but did not block development of sensitization
(Pastor and Aragon, 2006). Facilitation of ethanol-induced sensi-
tization found after a period of voluntary alcohol consumption
in mice was also seen to be absent in μ-OR deficient CXBK
mice (Tarragón et al., 2012). The involvement of μ-OR in ethanol
sensitization might be related to ethanol-induced increases in
β-endorphin release as a recent study demonstrated that β-
endorphin-deficient mice do not show locomotor sensitization
to ethanol (Dempsey and Grisel, 2012). Also, animals with selec-
tive lesions of the NArc show prevented sensitization to ethanol
(Miquel et al., 2003; Pastor et al., 2011). Altogether these data
suggest that opioids and specifically β-endorphins, via μ-OR,
might be critical mediators of ethanol-induced neuroplasticity
underlying psychomotor sensitization.

Ethanol consumption
Numerous studies conducted during the last few decades
showed that systemic, as well as local administration of
opioid antagonists decrease ethanol consumption under a
variety of schedules in different animal species (for reviews
see Herz, 1997; Gianoulakis, 2001; Oswald and Wand, 2004;
Modesto-Lowe and Fritz, 2005). These conclusions have also
been supported by the use of OR knockout mouse models
(Roberts et al., 2000; Méndez and Morales-Mulia, 2008). This
strong pre-clinical basis has lead to the use of opioid antago-
nists in alcoholism pharmacotherapy (O’Malley et al., 1992). In
rodents, the use of non-selective, as well as selective μ-OR antag-
onists proved to be effective at reducing ethanol consumption
(Méndez and Morales-Mulia, 2008). However, the effects of these
manipulations have been seen to be, in some cases, non-specific;
fat, saccharin, sucrose and water intake were also reduced by these
manipulations (Krishnan-Sarin et al., 1995; Nielsen et al., 2008;
Rao et al., 2008; Simms et al., 2008; Corwin and Wojnicki, 2009;
Wong et al., 2009). These data are compatible with the interpre-
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tation that OR, and especially μ-OR might be a key mediator of
the processing of positive reinforcement, both at emotional and
motivational levels (Herz, 1997; Peciña and Berridge, 2005).

In general, data obtained with κ-OR or δ-OR manipulations
are less conclusive. A recent review of the literature indicates
that κ-OR stimulation generally antagonizes the reinforcing
effects of alcohol whereas κ-OR blockade has no consistent
effect (Wee and Koob, 2010). Dynorphin/κ-OR system appears
to be involved in the negative reinforcing effects of ethanol by
producing an aversive effect rather than by directly modulat-
ing the rewarding mechanism of ethanol (Wee and Koob, 2010;
Walker et al., 2012). However, under an alcohol dependent-state,
antagonism of κ-OR results effective in decreasing ethanol vol-
untary consumption (Wee and Koob, 2010; Walker et al., 2012).
It has been reported that blockade of δ-OR either attenu-
ates (Lê et al., 1993; Froehlich, 1995; Krishnan-Sarin et al., 1995;
June et al., 1999; Hyytiä and Kiianmaa, 2001; Ciccocioppo et al.,
2002), increases (Margolis et al., 2008) or has no effect on ethanol
intake (Ingman et al., 2003). These discrepancies may be related
to dynamic changes in δ-OR efficacy during ethanol exposure
(Margolis et al., 2008). All these data support the participation of
the POMC and PENK systems in maintaining alcohol consump-
tion (Froehlich et al., 1991; Vengeliene et al., 2008).

Associative learning and conditioned place preference
It has been suggested that the EOS participates in the underlying
mechanisms mediating conditioned effects induced by abused
drugs, including ethanol. This implication is supported by two
groups of experiments. On one hand, evidence indicates that
OR antagonists attenuate cue-induced reinstatement of previ-
ously extinguished responding for ethanol self-administration
(Lê et al., 1999; Ciccocioppo et al., 2002, 2003; Liu and Weiss,
2002; Burattini et al., 2006; Dayas et al., 2007; Marinelli et al.,
2009), which suggests a role of EOS in cue-induced incen-
tive motivational effects influencing ethanol-seeking behavior.
This interpretation is consistent with clinical data showing that
opioid antagonists increase abstinence duration periods in alco-
hol abusers (O’Malley et al., 1992), probably by reducing cue-
induced seeking behavior. On the other hand, pretreatment
with opioid receptor antagonism, while not influencing the
acquisition of ethanol-induced CPP, reduces the expression and
facilitates the extinction of this drug-free conditioned response
(Bormann and Cunningham, 1997; Middaugh and Bandy, 2000;
Kuzmin et al., 2003; Pastor et al., 2011). Mice lacking μ-OR
also showed attenuated ethanol CPP (Hall et al., 2001). Further
studies have suggested that expression of ethanol-induced CPP
depends on OR located in the VTA, CeA, as well as anterior
cingulated cortex (Bechtholt and Cunningham, 2005; Bie et al.,
2009; Gremel et al., 2011). Additionally, a neurotoxic lesion of the
β-endorphin neurons of the NArc, showed a facilitated extinction
of ethanol-induced CPP (Pastor et al., 2011). β-endorphin and μ-
OR appear to be therefore critically involved in the mechanisms
underlying ethanol CPP. As Cunningham and collaborators have
suggested, it is possible that altered opioid signaling might in
turn alter conditioned motivation that normally maintains cue-
induced seeking behavior during CPP testing (Cunningham et al.,
1998). It is interesting to mention that pharmacological blockade

of δ-OR with naltrindole in the CeA reduces expression of CPP
induced by ethanol in rats (Bie et al., 2009). Activation of κ-OR
has been shown to blunt acquisition of ethanol CPP (Logrip et al.,
2009). Supporting these results, κ-OR knockout mice also showed
enhanced ethanol CPP (Femenía and Manzanares, 2012).

ACETALDEHYDE: A PSYCHOACTIVE METABOLITE
The specific mechanism by which ethanol modulates the
activity of the EOS remains to be understood. Evidence
indicates that one possible mechanism might involve the role
of acetaldehyde, the first metabolite of ethanol (Miquel et al.,
2003; Sanchis-Segura et al., 2005b; Pastor and Aragon, 2008).
Acetaldehyde is a psychoactive compound that produces
behavioral and neurochemical effects suggested to mediate at least
some of the effects of ethanol. Acetaldehyde is self-administered
orally (Peana et al., 2010, 2012; Cacace et al., 2012) and
directly into the brain (Brown et al., 1979; McBride et al., 2002;
Rodd-Henricks et al., 2002; Peana et al., 2011). Its administration
induces CPP (Smith et al., 1984; Quertemont and De Witte,
2001; Peana et al., 2009; Spina et al., 2010) as well as behavioral
stimulation and sensitization when centrally administered
(Arizzi et al., 2003; Correa et al., 2003a,b, 2009; Rodd et al., 2005;
Arizzi-LaFrance et al., 2006; Sánchez-Catalán et al., 2009). The
oxidation of ethanol to acetaldehyde in the brain is essentially
mediated by the catalase-H2O2 system (Aragon et al., 1992a;
Gill et al., 1992). Reduced brain catalase activity, which have
been seen to decrease ethanol-derived central acetaldehyde
formation in brain tissue preparations (Hamby-Mason et al.,
1997) and in the brain of free-moving rats (Jamal et al., 2007),
decreases ethanol consumption (Aragon and Amit, 1992;
Koechling and Amit, 1994; Correa et al., 2004; Karahanian et al.,
2011), ethanol-induced locomotor stimulation (Aragon et al.,
1992b; Correa et al., 1999b, 2004; Sanchis-Segura et al., 1999a,b,c;
Pastor et al., 2002; Pastor and Aragon, 2008), the anxiolityc effects
of alcohol (Correa et al., 2008) and modulates ethanol-induced
CPP (Font et al., 2008). Strategies aimed at increasing the
production of brain acetaldehyde via an enhancement in activity
of the enzymatic catalase system have also been used. These
manipulations produced an increase in the motor stimulant
properties of ethanol in mice (Correa et al., 1999a, 2000;
Pastor et al., 2002). Other ethanol-induced effects such as taste
aversion (Aragon et al., 1985) and social memory recognition
have also been seen to be modulated by changes in brain catalase
(Manrique et al., 2005).

Apart from brain catalase manipulation, the direct inacti-
vation of acetaldehyde has also been shown to reduce ethanol
effects, including drinking (Font et al., 2006a) and alcohol-
induced relapse drinking (Orrico et al., 2013), CPP (Font et al.,
2006b; Peana et al., 2008) and motor stimulation (Font et al.,
2005; Martí-Prats et al., 2010; Pautassi et al., 2011).

ACETALDEHYDE-INDUCED CHANGES IN THE OPIOIDERGIC
NEUROTRANSMISSION
The NArc, the main site of β-endorphin synthesis in the brain,
is one of areas with the highest levels of catalase expression
(Moreno et al., 1995; Zimatkin and Lindros, 1996) and lower
levels of the acetaldehyde-degrading enzyme aldehyde dehydroge-
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nase (Zimatkin et al., 1992). Therefore, it has been thus suggested
that catalase-dependent formation of acetaldehyde into the NArc
might mediate ethanol-induced increases in the release of β-
endorphin from the NArc in turn activating OR at the level of
the VTA/NAcb to stimulate behavioral and neurophysiological
actions (Sanchis-Segura et al., 2005a; Pastor and Aragon, 2008).
Supporting this hypothesis, several authors (Reddy and Sarkar,
1993; Pastorcic et al., 1994; Reddy et al., 1995) have demonstrated
that ethanol-induced increases in hypothalamic β-endorphin
release are, indeed, mediated by acetaldehyde (Reddy and Sarkar,
1993; Pastorcic et al., 1994; Reddy et al., 1995). Hypothalamic
cell cultures exposed to ethanol (12.5–100 μM) led to the
formation of acetaldehyde (8–24 μM) and similar concentra-
tions of acetaldehyde (12.5–50 μM) were able to stimulate
β-endorphin release when tested in the absence of ethanol
(Reddy and Sarkar, 1993; Pastorcic et al., 1994). Moreover, pre-
treatment of hypothalamic cell cultures with catalase inhibitors
caused dose-dependent decreases in ethanol-stimulated β-
endorphin secretion (Reddy et al., 1995).

Another line of research linking the EOS and acetaldehyde
is the investigation of the actions of salsolinol (for a review
see Hipólito et al., 2012), the condensation product of DA and
acetaldehyde. Salsolinol has been shown to alter enkephalin-
receptor site binding (Lucchi et al., 1982) and other OR an
effect that is blocked by naloxone (Fertel et al., 1980). Inter-
estingly, intra-NAcb administration of salsolinol increases DA
levels when microinjected in the core and decreases DA lev-
els if the administration is in the NAcb shell (Hipólito et al.,
2009) in a similar way to μ- and δ-OR agonists (Hipólito et al.,
2008). It has been demonstrated that μ1-OR receptors exert
a tonic modulatory control over activity of the DA system
(Di Chiara and North, 1992; Devine et al., 1993). Thus, one pos-
sible mechanism by which salsolinol exerts its effects on the
OR could be disinhibiting DA neurons in the VTA. Uphold-
ing this hypothesis, intra-posterior VTA administration of sal-
solinol induces a μ-OR dependent increase in DA levels in
the NAcb shell (Hipólito et al., 2011). Accordingly, it has been
recently shown that salsolinol excites DA neurons of the VTA,
by activating μ-OR on local GABA interneurons (Xie et al.,
2012).

EVIDENCE OF BEHAVIORAL EFFECTS OF ACETALDEHYDE MEDIATED BY
THE ENDOGENOUS OPIOID SYSTEM
Whereas accumulating evidence indicates that the EOS par-
ticipates in the behavioral effects of ethanol, only few stud-
ies have studied the involvement of this system in acetaldehyde
effects. Self-administration of acetaldehyde appears to be medi-
ated by the EOS; high doses of naloxone reduced intravenous
acetaldehyde self-administration in rats, and naltrexone reduced
the maintenance, the deprivation effect, and operant break
points of acetaldehyde voluntary consumption (Myers et al., 1984;
Peana et al., 2011). Treatment with naloxonazine, a specific μ1-
OR antagonist reduces maintenance of acetaldehyde oral self-
administration (Peana et al., 2011). Blockade of μ-OR using
either naltrexone or the irreversible and selective μ-OR antago-
nist β-funaltrexamine suppress the locomotor stimulation effect
of acetaldehyde when microinjected into the rat posterior VTA

(Sánchez-Catalán et al., 2009). Additionally, Hipólito et al. (2010)
have provided data supporting the hypothesis that acetalde-
hyde may mediate the actions of ethanol through a mechanism
dependent on μ-OR activation. These authors showed that intra-
posterior VTA injections of salsolinol induced locomotor stimu-
lation and sensitization in rats; stimulation (but not sensitization)
was prevented by μ-OR antagonism. Finally, Sanchis-Segura et al.
(2005b) demonstrated that administration of a catalase inhibitor
directly into the NArc is sufficient to prevent the effects of ethanol
on rat locomotion. Conversely, locomotor stimulation induced by
ethanol injected directly into the NArc, was prevented by cata-
lase inhibition or naltrexone, indicating a link between the behav-
ioral effects of a reduction in acetaldehyde formation and the
antagonism of μ-OR (Pastor and Aragon, 2008). The NArc, there-
fore, may represent a critical site to link two independent but
related hypotheses: (1) the hypothesis proposing that acetalde-
hyde may mediate some of the psychopharmacological actions
attributed to ethanol (Aragon et al., 1992a; Smith et al., 1997;
Quertemont et al., 2005; Correa et al., 2012) and (2) the hypothe-
sis that suggests that the β-endorphin/μ-OR system participate in
the reinforcing and psychomotor effects of ethanol (Stinus et al.,
1980; Herz, 1997; Gianoulakis, 2001; Sanchis-Segura et al., 2005b;
Pastor and Aragon, 2008). Early findings also suggested a role
of the opioidergic system in mediating CPP induced by sal-
solinol in rats (Matsuzawa et al., 2000). Antagonism of μ-OR
attenuated CPP induced by salsolinol when achieved under fear
stress (Matsuzawa et al., 2000). Moreover, intra-posterior VTA
administration of salsolinol, that produced CPP in rats, also
produced an increase in DA in the NAcb that was suppressed by
β-funaltrexamine administration (Hipólito et al., 2011).

SUMMARY AND PERSPECTIVES
In the present review we have summarized consistent results
indicating that the EOS, and particularly β-endorphin and μ-
OR, are critically involved in the psychopharmacological effects
of ethanol. Additionally, we have reviewed a large body of data
that indicates that the first metabolite of ethanol, acetaldehyde,
might be responsible for the activation of β-endorphin release
and μ-OR signaling after ethanol administration. There are two
main lines of research suggesting a link between acetaldehyde and
the EOS: (1) formation of acetaldehyde in brain areas such as
the NArc, with high expression of ethanol metabolizing enzymes
and presence of cell bodies of endorphinic neurons and (2) the
formation of condensation products between DA and acetalde-
hyde such as salsolinol, which exerts its actions via μ-OR. To
a certain degree both lines of research show important incom-
patibility. The fact that the lesions of the NArc are sufficient
to block ethanol-induced behaviors challenge the putative role
of salsolinol formed in other non-hypothalamic areas. Future
studies will need to explore how to reconcile those two sets
of data, and to clarify what is sufficient and/or necessary for
acetaldehyde to induce behavioral responses mediated by the EOS.
Finally, it is interesting to mention that most of the data sug-
gesting a role of the EOS in acetaldehyde-induced behavioral
effects have been linked to acetaldehyde-induced changes in the
opioid system that are suggested to impact behavior via mod-
ulation of the DA system (Peana et al., 2011). Ethanol as well
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as acetaldehyde activate firing of dopaminergic neurons in the
VTA (Foddai et al., 2004; Diana et al., 2008) and stimulate DA
transmission in the NAcb (Melis et al., 2007; Enrico et al., 2009;
Sirca et al., 2011), effects that are prevented by D-penicillamine,
a sequestering agent of acetaldehyde (Enrico et al., 2009). A
recent study demonstrates that in rats, ethanol and acetalde-
hyde induce via DA D1 receptors, ERK phosphorylation in the
NAcb and extended amygdala (Vinci et al., 2010). This effect
is blocked by D-penicillamine and by naltrexone, suggesting
that the opiodergic modulation of the reinforcing properties of
acetaldehyde could be mediated by the dopaminergic system
(Vinci et al., 2010; Peana et al., 2011). There are other effects

such as ethanol-induced CPP, ethanol drinking in some non-
operant conditions and even ethanol-induced sensitization that
appear to have a less straightforward involvement of DA sig-
naling (Risinger et al., 1992; Broadbent et al., 1995; Spina et al.,
2010; Young et al., 2013). Future research will need to investigate
DA-dependent and independent mechanisms by which acetalde-
hyde might induce behavioral responses via its modulation of
the EOS.
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Increasing evidence focuses on acetaldehyde (ACD) as the mediator of the rewarding
and motivational properties of ethanol. Indeed, ACD stimulates dopamine release in
the nucleus accumbens and it is self-administered under different conditions. Besides
the dopaminergic transmission, the endocannabinoid system has been reported to
play an important role in ethanol central effects, modulating primary alcohol rewarding
effect, drug-seeking, and relapse behavior. Drug motivational properties are highlighted
in operant paradigms which include response-contingent punishment, a behavioral
equivalent of compulsive drug use despite adverse consequences. The aim of this
study was thus to characterize ACD motivational and rewarding properties employing
an operant-conflict paradigm in which rats, trained to lever press in order to get ACD
solution (0.9%), undergo extinction, reinstatement and conflict sessions, according to
a modified Geller–Seifter procedure. Furthermore, the role played by CB1 receptor
system in modulating ACD-induced effects were investigated through the administration
of CB1 receptor antagonist, AM281 (1 mg/kg, i.p.) during the extinction-, relapse-, and
conflict-experiments. Our results indicate that ACD is able to induce and maintain an
operant behavior, a high number of responses during extinction, an increase in the lever
presses during the reinstatement phase, and a higher emission of punished responses
during the conflict experiments, when compared to controls. The administration of AM281
is able to decrease ACD-seeking behavior during extinction, the number of lever presses
during reinstatement and to strongly decrease the punished responses for ACD. Our
data strengthen the idea that ACD may be responsible for the central effects of ethanol,
and pinpoint at the CB1 system as one of the neural substrates underlying its addictive
properties.

Keywords: acetaldehyde, lever pressing, relapse, Geiller–Seifter procedure, CB1 receptor blockade/antagonism

INTRODUCTION
Evidence obtained in preclinical studies suggests that
Acetaldehyde (ACD), the first metabolite of ethanol, is bio-
logically active and may play a pivotal role in the rewarding,
motivational and addictive properties of alcohol, as recently
reviewed by Correa et al. (2012) and Deehan et al. (2013a).

ACD is obtained from ethanol oxidative metabolism, which
occurs by peripheral alcohol dehydrogenase, and by central cata-
lase and CYP2E1 (Zimatkin et al., 1998; Arizzi-LaFrance et al.,
2006; Zakhari, 2006; Jamal et al., 2007). High blood levels of ACD
enter the brain, likely overwhelming the aldehyde dehydrogenase
present in the blood-brain barrier (Quertemont et al., 2005).

ACD is able to affect dopamine neurotransmission, increasing
neuronal firing in the ventral tegmental area (VTA), thus stimu-
lating DA release in the nucleus accumbens (NAcc) shell (Melis
et al., 2007; Deehan et al., 2013b). Recent reports show that the
intra-VTA administration of a lentiviral vector, able to inhibit
catalase synthesis, and hence central ACD production, nearly
abolishes voluntary ethanol intake, as well as decreases ethanol-
induced DA release in the NAcc shell (Karahanian et al., 2011),
further supporting the compelling theory that ethanol may be

acting as a prodrug. Behavioral studies confirm that ACD admin-
istration is able to induce conditioned place preference (Smith
et al., 1984; Peana et al., 2008); furthermore rats readily self-
administer ACD solution in operant conditions through several
routes: centrally (Amit et al., 1977; Brown et al., 1979; Rodd et al.,
2005), and peripherally (Myers et al., 1982; Peana et al., 2010;
Cacace et al., 2012).

Besides the dopaminergic transmission, the brain endo-
cannabinoid (EC) system plays an important role in value-
attribution processing and in the modulation of reward-seeking
behavior for different drugs of abuse (Serrano and Parsons, 2011),
in view of its role as fine modulator of incoming inputs within the
VTA (Melis et al., 2012).

In particular, CB1 receptor manipulation is reported to affect
ethanol-related behavior, and in fact CB1 antagonism decreases
both voluntary ethanol intake and relapse to ethanol in several
experimental models (Arnone et al., 1997; Colombo et al., 1998;
Gallate and McGregor, 1999; Cippitelli et al., 2005; Economidou
et al., 2006; Femenía et al., 2010; De Bruin et al., 2011; Getachew
et al., 2011), suggesting that CB1 receptor blockade reduces the
rewarding value of ethanol. In turn, chronic administration of
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ethanol is associated with increased concentrations of endo-
cannabinoids, in accordance with a reduction in the activity of
their removal mechanisms, and in CB1 receptor expression, thus
affecting the system as a whole (Basavarajappa et al., 1998, 2000,
2003; Vinod et al., 2006).

Given these premises, it is worth focusing on CB1 receptor
involvement in ACD self-administration, employing an operant
conditioning paradigm which may reliably model the distinct
phases of the addiction cycle. Indeed, punishment resistance,
which represents the behavioral equivalent of compulsive drug
use despite negative consequences (Deroche-Gamonet et al.,
2004), is considered as a mandatory component in mirroring
the addictive phenotype, besides drug taking, drug seeking and
relapse (Marchant et al., 2013). Hence, by the assessment of the
capacity of orally self-administered ACD to induced and maintain
an operant behavior after forced abstinence, and in the presence
of an aversive stimulus, according to a programmed schedule of
responding (Cannizzaro et al., 2011; Cacace et al., 2012), the eval-
uation of the influence of CB1 receptor blockade by AM281 was
carried out on ACD-seeking and relapse, and on compulsive-like
behavior.

MATERIALS AND METHODS
ANIMALS
Adult male Wistar rats (Harlan, Udine, Italy) weighing 250
to 300 g, were housed two per cage and maintained on a
12-h light/dark cycle, under controlled environmental condi-
tions (temperature 22 ± 2◦C; humidity 55 ± 10%) with food and
water available ad-libitum. During operant behavior experiments
they were water-restricted and allowed to drink only 1 h/day at the
end of the experimental sessions. Water intake was recorded. All
subjects were experimentally naive and randomly assigned to the
following groups (n = 16): ACD-drinking rats (ACD) which self-
administered a solution of ACD (0.9% v/v) and water-drinking
rats (CTR) which self-administered water. All experiments were
in accordance with the Committee for Use of Experimental
Animals of the University of Palermo, the Italian legislation D.L.
116/1992 and the European Union Council Directive 2010/63,
dealing with research on experimental animals.

DRUGS
ACD 99.98% (Sigma-Aldrich, Milan, Italy) was diluted in tap
water, in order to achieve a final concentration of 0.9% v/v
(0.450 ml ACD in 50 ml of water). ACD solution was daily pre-
pared, sealed with Parafilm (American Can Company), stored at
4◦C during experiments, aiming at avoiding concentration loss
(Cacace et al., 2012).

The CB1 selective cannabinoid antagonist AM281 (Sigma-
Aldrich, Milan, Italy) was dissolved in a vehicle of Tween 80
(3%) in saline solution (0.9% NaCl), and administered intraperi-
toneally (1 mg/kg).

APPARATUS
The experimental sessions were carried out in a custom-built
operant-conditioning chamber (30 × 28 × 37 cm), included in
a dim-illuminated, ventilated, sound-attenuating cubicle. The
chamber was equipped with one active lever and a cup that

collected liquid from a corked reservoir, aiming at ACD solution
preservation from evaporation, with a solenoid-actuated delivery
system. It assured the delivery of 0.05 ml of solution for each lever
pressing. Moreover, a foot-shock generator was able to deliver a
constant-current, intermittent, inescapable, foot-shock (0.2 mA)
to the chamber grid floor. A light-cue above the lever turned on
during the punished period, allowing the animals to be aware
of the aversive stimulus. Animal performance was recorded on a
counter connected to the chamber. The devices were thoroughly
cleaned before the introduction of each animal to ensure that
the particular rat’s behavior was not affected by the detection of
another rat’s scent.

OPERANT SELF-ADMINISTRATION PROCEDURE
The lever pressing procedure was scheduled into four differ-
ent periods: Training—rewarded responses under a continuous
schedule of reinforcement; Extinction—non rewarded responses;
Relapse—reinstatement of the reinforced operant behavior fol-
lowing 1 week-deprivation; Conflict—rewarded responses cycli-
cally associated with a 0.2 mA footshock.

Shaping and training
Animals underwent water deprivation for 23 h and then they were
shaped to lever press in order to obtain water on a continu-
ous reinforcement schedule (fixed ratio 1), until they achieved a
steady performance. Afterwards, during the Training session rats
orally self-administered ACD solution or water, according to their
group, in the operant chamber, under a fixed ratio 1, along 21
days. For each operant response, the system delivered 0.05 ml of
water or 0.90% v/v ACD solution. The number of lever presses
was automatically recorded. Animals were tested each day at the
same time (9:00 to 14:00), and each trial lasted 20 min.

Extinction
Animals underwent an operant responding session during which
reward delivery was suspended. The number of lever presses at the
end of the 20 min session was recorded for both ACD and Control
groups.

Deprivation
ACD self-administration was suspended for 7 days to achieve a
forced abstinence. Rats were left undisturbed in their home cages
and received water and food ad-libitum.

Relapse
After the deprivation period, rats were exposed again to lever
pressing in the operant chamber with a fixed ratio 1 response
schedule for 7 days. Responses for ACD or water were recorded
during the 20 min-experimental sessions.

Conflict
This protocol represented a modification of the Geller–Seifter
paradigm, a procedure in which a positive reinforcement (water
or ACD solution) is earned by an operant response; however,
delivery of the positive reinforce is paired with an aversive stimu-
lus, as a footshock. In our study, animals underwent alternatively
unpunished and punished responses according to “3 minutes–
1 minute” schedule. The session started and ended with an
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unpunished interval. The punishment was signaled by a cue-light
triggered by the response. During the punished response inter-
val, lever presses were rewarded with the solution and coupled
with a mild footshock of 0.2 mA. The number of unpunished and
punished responses was automatically recorded.

Treatment
CB1 antagonist AM281 was administered to ACD-group 30 min
before the experimental sessions, during extinction (1 day),
relapse (7 days), and conflict (7 days). Control rats were adminis-
tered intraperitoneally with vehicle.

Statistical analysis
Operant-drinking behavior. A Two-Way analysis of variance
(ANOVA) was conducted on the number of lever presses dur-
ing the training, extinction-, relapse- and conflict-sessions, as
dependent variables, with “ACD self-administration” (treatment)
as between-subjects factor, and “days” as repeated measurement
factor. When necessary, simple main effects and post-hoc com-
parisons were calculated with Bonferroni post-test (α = 0.05).
Differences were considered statistically significant if p < 0.05.
Furthermore, to compare the effect of AM281 treatment on ACD-
seeking behavior during extinction, a 2-tailed Student’s t-test for
unpaired measures was employed.

RESULTS
OPERANT SELF-ADMINISTRATION
Training period
The results of a Two-Way ANOVA for repeated measures includ-
ing ACD treatment as the between-subjects factor and “Days”
as within-subjects factor showed a significant effect of time,
treatment, and their interaction on the number of responses emit-
ted, F(20, 600) = 19.52, p < 0.0001; F(1, 30) = 5.16, p < 0.0304;
F(20,600) = 26.81, p < 0.0001. Although during the training
period both groups showed a similar pattern of operant-drinking
behavior, post-hoc analysis revealed significant differences along

the paradigm (Figure 1). In particular, at the beginning, rats
exposed for the first time to ACD in the operant paradigm,
showed a lower number of lever presses, and consequently a
reduced liquid intake, reaching an amount of ACD consumed of
259 ± 68 mg/kg In the second week of the paradigm, ACD rats’
drinking behavior increased, displaying higher number of lever
presses and greater liquid intake 3 days of 7, displaying an average
intake of 325 ± 21 mg/kg. Values from the third week of training
were considered as reference measure of ACD baseline operant
behavior. In this week, ACD rats’ lever presses were increased
significantly with respect to controls, 6 days of 7 (t = 7.32, p <

0.001; t = 3.106, p < 0.05; t = 6.359, p < 0.001; t = 6.906, p <

0.001; t = 5.843, p < 0.001; t = 5.745, p < 0.001), for a mean
ACD intake of 355 ± 17 mg/kg. When water intake was measured
during the free-drinking hour at the end of the experimental ses-
sions, no differences were observed between the two experimental
groups.

Extinction
Rats were tested on the operant condition paradigm to assess
drug seeking when reward delivery was suspended. The effects
of AM281 treatment on ACD seeking behavior in terms of lever
presses were analyzed by a two-tailed Student’ t-test for unpaired
measures. Our data indicated that ACD was able to induce a sig-
nificant increase in the number of lever presses (t = 5.152, df =
30, p < 0.001) compared to control rats. AM281 administration
induced a reduction in the number of lever presses (t = 4.196,
df = 30, p < 0.001) in ACD group (Figures 2A,B). AM281 was
ineffective on control rats’ operant behavior for water.

Relapse
Following 7 days of abstinence from ACD self-administration,
rats were tested again in the operant chamber to assess whether
deprivation could influence their drinking behavior. The results
of a Two-Way ANOVA for repeated measures including ACD
treatment as the between-subjects factor and “Days” as within-
subjects factor showed a significant effect of time, treatment, and

FIGURE 1 | Number of lever presses during the 21 days of training period. Each value represents the means ± S.D. of 16 rats. #p < 0.05; +p < 0.01;
∗p < 0.001 vs. control groups. ( ) CTR, ( ) ACD.
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their interaction on the number of responses emitted, F(6,180) =
14.21, p < 0.0001; F(1, 180) = 41.14, p < 0.001; F(6, 180) = 15.79,
p < 0.0001. Bonferroni post-hoc analysis showed that ACD group
displayed an increased number of lever presses on day 1, 2, 4,
6, and 7 (t = 8.008., p < 0.001; t = 4.173, p < 0.001; t = 6.574,
p < 0.001; t = 8.231, p < 0.001; t = 4.320, p < 0.001) when
compared to controls (Figure 3A), reaching an average intake of
409 ± 37 mg/kg. Furthermore, when animals received the selec-
tive cannabinoid antagonist AM281, statistical analysis performed
by a Two-Way ANOVA for repeated measures, including AM281
treatment as the between-subjects factor and “Days” as within-
subjects factor, showed a significant effect of time, treatment, and
their interaction on the number of responses emitted, F(6, 180) =
4.61 p < 0.0002; F(1, 180) = 39.57, p < 0.001; F(6, 180) = 7.82,
p < 0.0001. Bonferroni post-hoc analysis showed that AM281
was able to induce a reduction in the number of lever presses
in all days of relapse (t = 4.763, p < 0.001; t = 6.836, p <

0.001; t = 3.028, p < 0.05; t = 4.522, p < 0.001; t = 3.944, p <

0.001; t = 7.936, p < 0.001; t = 5.448, p < 0.001) in ACD group

FIGURE 2 | Effects of ACD (A) and AM281 treatment (B) on the number

of lever presses during the extinction day. Each value represents the
means ± S.D. of 16 rats. ∗p < 0.001 vs. respective control groups.

(Figure 3B) leading to a decrease in the amount of ACD con-
sumed (266 ± 16 mg/kg). No significant differences in the num-
ber of lever presses were recorded when AM281 was administered
to control rats.

Conflict
In this set of experiments, rats underwent a cyclic schedule of
unpunished and punished rewarded responses. Results of a Two-
Way ANOVA for repeated measures, including ACD treatment
as the between-subjects factor and “Days” as within-subjects fac-
tor on unpunished responses, showed a significant effect of time,
treatment, and their interaction on the number of responses emit-
ted, F(6, 180) = 3.80, p < 0.0014; F(1,180) = 74.32, p < 0.0001;
F(6,180) = 2.35, p < 0.0328. Bonferroni post-hoc analysis showed
that ACD group displayed an increase in the number of unpun-
ished lever presses on day 1, 2, 3, 4, 5, and 6 (t = 5.009, p < 0.001;
t = 5.417, p < 0.001; t = 3.064, p < 0.05; t = 4.686, p < 0.001;
t = 3.677, p < 0.01; t = 5.817, p < 0.001) when compared to
controls (Figure 4A), and greater amount of ACD consumed
(377 ± 31 mg/kg). When the parameter “punished responses”
was analyzed, a Two-Way ANOVA for repeated measures includ-
ing ACD treatment as the between-subjects factor and “Days”
as within-subjects factor, showed a significant effect of time,
treatment, and their interaction on the number of responses emit-
ted, F(6, 180) = 16.62, p < 0.0001; F(1, 180) = 585.43, p < 0.0001;
F(6, 180) = 3.07, p < 0.0070. Bonferroni post-hoc analysis showed
that ACD group displayed an increase in the number of punished
lever presses along the conflict period (t = 7.584, p < 0.001; t =
5.583, p < 0.001; t = 6.162, p < 0.001; t = 6.847, p < 0.001; t =
8.980, p < 0.001; t = 9.085, p < 0.001; t = 10.56, p < 0.001)
when compared to controls (Figure 4B), reaching an average
amount of ACD ingested of 43 ± 23 mg/kg.

When animals received AM281, statistical analysis by a Two-
Way ANOVA for repeated measures including AM281 treat-
ment as the between-subjects factor and “Days” as within-
subjects factor, showed a significant effect of time, treatment, and
their interaction on the number of unpunished responses emit-
ted, F(6, 180) = 32.43, p < 0.0001; F(1, 180) = 38.50, p < 0.0001;

FIGURE 3 | Effects of ACD (A) and AM281 treatment (B) on the number of lever presses during the relapse periods. Each value represents the means
± S.D. of 16 rats. #p < 0.05; ∗p < 0.001 vs. respective controls. ( ) CTR, ( ) ACD, ( ) (ACD-AM281).
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F(6, 180) = 5.09, p < 0.0001. Bonferroni post-hoc analysis showed
that AM281 was able to induce a decrease in the number of
unpunished lever presses in day 1, 2, 5 (t = 7.649, p < 0.001;
t = 4.146, p < 0.001; t = 4.229, p < 0.001) in ACD group com-
pared to respective controls (Figure 5A), and lower amount of
ACD consumed (259 ± 21 mg/kg). When the parameter “pun-
ished responses” was analyzed after AM281 administration, the
results of a Two-Way ANOVA for repeated measures, includ-
ing ACD treatment as the between-subjects factor and “Days”
as within-subjects factor, showed a significant effect of time,
treatment, and their interaction on the number of responses emit-
ted, F(6, 180) = 5.21, p < 0.0001; F(1, 180) = 328.73, p < 0.0001;
F(6, 180) = 4.19, p < 0.0001. Bonferroni post-hoc analysis showed
that AM281 was able to induce a decrease in the number of
punished lever presses along the conflict period (t = 12.01, p <

0.001; t = 7.791, p < 0.001; t = 6.779, p < 0.001; t = 6.203, p <

0.001; t = 7.345, p < 0.001; t = 9.057, p < 0.001; t = 9.280, p <

0.001) (Figure 5B) compared to their respective controls, reach-
ing an average amount of ACD ingested of 12 ± 1 mg/kg. No
significant difference in the number of unpunished and pun-
ished responses was recorded when AM281 was administered to
control rats.

DISCUSSION
The aim of the current study was to evaluate whether ACD could
induce and maintain a self-administration drinking behavior in
an operant-conditioning paradigm which consisted of training-,
extinction-, reinstatement and conflict phases (Cannizzaro et al.,
2011; Cacace et al., 2012), in order to demonstrate ACD rein-
forcing and motivational properties. Afterwards we pointed at
exploring the effect of AM281, a CB1 antagonist, on drug-seeking,
drug-taking and drug-induced compulsive-like behavior.

FIGURE 4 | Differences in the number of unpunished (A) and punished (B) responses during the conflict periods in ACD-and in water-drinking rats.

Each value represents the means ± S.D. of 16 rats. #p < 0.05; +p < 0.01; ∗p < 0.001 vs. control groups. ( ) CTR, ( ) ACD.

FIGURE 5 | Effects of the administration of AM281 on the number of unpunished (A) and punished (B) responses during the conflict periods in ACD

treated rats. Each value represents the means ± S.D. of sixteen rats. ∗p < 0.001 vs. control groups. ( ) ACD, ( ) (ACD-AM281).

Frontiers in Behavioral Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 64 | 84

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


Plescia et al. AM281 in acetaldehyde operant-conflict paradigm

There is increasing interest in developing animal models that
more closely mimic addiction diagnostic criteria (DSM-IV-TR,
American Psychiatric Association, 2000) than classical reinstate-
ment models (Vanderschuren and Ahmed, 2012). Based on this
awareness, the experimental protocol implemented in the present
study aimed at evaluating the co-occurrence of various aspects
of the addictive phenotype, such as the increase in drug use over
time; difficulty in restricting drug intake or consuming more than
intended; perseveration in drug abuse despite its negative con-
sequences. Our data show that ACD exerted motivational and
reinforcing activity, since it was able to induce and maintain
an operant drinking behavior; it induced drug-seeking during
extinction, and a relapse behavior after 1-week forced abstinence;
remarkably, ACD rats displayed a higher emission of punished
responses with respect to controls, in a modified Geller–Seifter
conflict procedure, which may efficaciously model compulsive
drug taking despite negative consequences.

In detail, our results confirm data from a previous study
(Cacace et al., 2012), showing that rats readily acquire ACD
operant self-administration, according to a fixed ratio of rein-
forcement, during the training sessions. The number of lever
presses for ACD increased over the 3 weeks of training, signif-
icantly overcoming control group’s lever presses for water from
the second week. Moreover when animals were allowed to freely
access to water, no significant differences in water intake were
observed between the two groups, a finding that accounts for
ACD specific motivational effects.

Given that escalation of drug intake is a well-known phe-
nomenon in oral ethanol self-administration studies (Wise,
1973), our data clearly show that ACD shares this feature with
ethanol and suggest a direct role in the progressive loss of con-
trol over drinking behavior. Difficulty in abstaining from drug
use can be studied in animals by assessing drug seeking when
the drug is no longer available that is to say extinction paradigm
(Ahmed, 2012). Our results indicate that ACD induced a drug-
seeking behavior, since ACD group emitted a significantly higher
number of lever presses in the extinction experiment with respect
to controls. ACD-self administering rats persisted in respond-
ing in an attempt to earn the rewarding substance, due to the
motivational property of ACD; in fact water self-administering
rats showed an earlier extinction of responding, due to the lower
value of the reward. This finding allows us to speculate that
in ACD group the formation of specific ACD-related associa-
tions becomes overly salient, thus enhancing craving for ACD.
In the operant conditioning paradigm, reinstatement refers to
the rapid resumption of drug-reinforced operant response in
animals previously extinguished from drug self-administration
training (Marchant et al., 2013). This experimental model mirrors
the relapse behavior observed in humans, the most troublesome
facet of addiction. ACD oral self-administration sustained a rein-
statement in animals. Indeed, ACD-rats, previously exposed to
extinction and 1-week forced abstinence, displayed a higher num-
ber of lever presses with respect to controls, during the relapse
phase. Furthermore, in the first relapse day, lever presses for ACD
were higher than in the last training day, suggesting that ACD
maintained acute reinforcing strength and motivation even after
extinction and deprivation (Martin-Fardon and Weiss, 2013). It

is well-known that repeated drug use leads enhances the salience
attributed to drugs and drug-associated contexts (Robinson and
Berridge, 2008), increasing their consumption following periods
of abstinence (Hölter et al., 1998; Rodd et al., 2003). Accordingly,
ACD-drinking rats showed a ready resumption of the operant
drinking behavior, and displayed a significant effect of depri-
vation, suggesting that ACD might be also involved in alcohol
deprivation effect during relapse (Spanagel and Hölter, 1999).

Drug self-administration in the presence of response-
contingent shock punishment highlights the motivational prop-
erties of substances and it reliably models compulsive drug use
despite adverse consequences (Deroche-Gamonet et al., 2004).
Moreover, increasing attention is paid to addiction models that
focus on punishment-resistance, as a core feature in captur-
ing the addictive phenotype (Vanderschuren and Ahmed, 2012).
Given these premises, we developed the operant-conflict pro-
cedure in order to assess whether ACD consumption itself was
resistant to aversive consequences associated to drug intake. In the
operant-conflict procedure, responses were alternatively paired to
a footshock, signaled by a light-cue. In the conflict paradigm rats
suffer from the “conflict” between the drive to drink and the fear
of the shock: this usually leads to a suppression of conditioned
responses for reinforcement. The aversive stimulus has a general
dissuasive effect in the operant behavior for water, as it strongly
decreases the number of lever presses in CTR group. Despite its
highly negative value, the contingent punishment less effectively
inhibited operant responding for ACD, and a higher number of
punished responses was observed, with respect to controls. It
seemed that ACD shares ethanol anti-conflict properties (Baldwin
et al., 1991), but since ACD-rats showed an increase both in pun-
ished and unpunished responses, it is reasonable to interpret our
data recalling ACD strong motivational properties, rather than an
anti-conflict effect. Indeed, ACD appears to be a 1000-fold more
potent reinforcement than ethanol in the posterior VTA (Rodd
et al., 2005). Besides, ACD involvement in recruiting the neuroen-
docrine stress system (Cannizzaro et al., 2010; Escrig et al., 2012)
may be crucial in the development of negative emotional states,
thus leading to the progressive loss of control in drinking behav-
ior and compulsive alcohol intake (Koob, 2013). A major finding
of the present study was the pharmacological probing of ACD
reinforcing and motivational properties, addressing the AM281
effect in the distinct addiction-related behaviors explored, namely
drug-seeking, relapse and punishment resistance. Recent preclin-
ical and clinical data indicate that CB1 receptor antagonists, such
as SR141716A (SR, Rimonabant), can reduce self-administration
and craving for several commonly addictive drugs (Colombo
et al., 1998; De Vries et al., 2001; Navarro et al., 2001; Cohen
et al., 2005; Rigotti et al., 2009). CB1 function is required for
ethanol-mediated activation of VTA DA neurons (Cheer et al.,
2007), supporting the hypothesis that ethanol rewarding prop-
erties are due in part to ECs release, which likely exerts reduction
of GABA inhibition onto VTA dopamine neurons (Lupica and
Riegel, 2005; Barrot et al., 2012). This effect is quite specific,
since the neuroanatomical loci of the SR-mediated reduction in
ethanol self-administration involve brain regions typically associ-
ated with addiction; indeed SR microinjections into VTA, medial
prefrontal cortex and NAcc reduce ethanol self-administration,
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whereas injections into the dorsal striatum do not affect the
number of responses for ethanol (Caillé et al., 2007; Hansson
et al., 2007; Malinen and Hyytiä, 2008). AM281 is structurally
related to SR, but displays higher affinity and specificity for CB1
receptor (Gatley et al., 1998), since it does not interact with
GPR55 and opioid receptors (Seely et al., 2012). Our results
show that AM281 administration was able to decrease ACD-
seeking, ACD-relapse after forced abstinence, and ACD-induced
resistance to punishment in highly predictive experimental pro-
cedures. Indeed, animals receiving the CB1 antagonist emitted
a lower number of responses for ACD with respect to vehi-
cle group during extinction. This evidence suggests that ACD
positive incentive properties underlie perseveration in lever press-
ing when reinforce delivery is suspended. No significant effect
was recorded in water-administering rats, ruling out an aspecific
action on operant responding. AM281 administration induced a
significant reduction in lever-pressing during the relapse session,
when compared to their respective controls. This finding further
suggests a role for CB1 receptor in ACD-induced as well as it has
been reported in alcohol-related addictive behavior (Serrano and
Parsons, 2011). Ultimately, AM281 administration in the con-
flict paradigm decreased the number of punished lever presses
for ACD, and a similar though less evident effect was observed
in unpunished ones. At this regard, an aspecific effect of the

CB1 antagonist on motor activity seems unlikely, since AM281
administration was able to affect unpunished responses for
ACD discontinuously, while the reduction of punished responses
occurred along the whole conflict period. This effect may be
related to a decrease in the incentive for lever-pressing due to the
pharmacological treatment. The clear influence of CB1 receptor
activity on ACD-induced punishment resistance further high-
lights the involvement of the reward-processing machinery as
the intrinsic mechanisms underlying ACD-related behavioral fea-
tures. As a matter of fact, these data provide evidence of ACD
incentive properties, whose contribution must be taken into
account in studying and treating ethanol-related behaviors. The
neural substrates underpinning rewarding properties of orally
self-administer ACD involve CB1 receptors, which are able to
indirectly modulate DA mesocorticolimbic pathway. Drugs able
to manipulate EC system might represent a useful therapeu-
tic strategy affecting both ethanol and its neuroactive metabo-
lite actions on crucial addiction-related behaviors, such as drug
seeking, relapse and drug abuse despite negative consequences.
This study aims at representing a step forward in elucidating
the complex framework of actors playing a role in maintain-
ing ethanol addiction; nevertheless further efforts are needed to
fully characterize the actual contribution of ACD to ethanol’s
effects.
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It has been postulated that a number of the central effects of ethanol are mediated via
ethanol metabolites: acetaldehyde and acetate. Ethanol is known to produce a large
variety of behavioral actions such anxiolysis, narcosis, and modulation of locomotion.
Acetaldehyde contributes to some of those effects although the contribution of acetate
is less known. In the present studies, rats and mice were used to assess the acute and
chronic effects of acetate after central or peripheral administration. Male Sprague-Dawley
rats were used for the comparison between central (intraventricular, ICV) and peripheral
(intraperitoneal, IP) administration of acute doses of acetate on locomotion. CD1 male
mice were used to study acute IP effects of acetate on locomotion, and also the effects
of chronic oral consumption of acetate (0, 500, or 1000 mg/l, during 7, 15, 30, or 60
days) on ethanol- (1.0, 2.0, 4.0, or 4.5 g/kg, IP) induced locomotion, anxiolysis, and loss
of righting reflex (LORR). In rats, ICV acetate (0.7–2.8 μmoles) reduced spontaneous
locomotion at doses that, in the case of ethanol and acetaldehyde, had previously
been shown to stimulate locomotion. Peripheral acute administration of acetate also
suppressed locomotion in rats (25–100 mg/kg), but not in mice. In addition, although
chronic administration of acetate during 15 days did not have an effect on spontaneous
locomotion in an open field, it blocked ethanol-induced locomotion. However, ethanol-
induced anxiolysis was not affected by chronic administration of acetate. Chronic
consumption of acetate (up to 60 days) did not have an effect on latency to, or duration
of LORR induced by ethanol, but significantly increased the number of mice that did not
achieve LORR. The present work provides new evidence supporting the hypothesis that
acetate should be considered a centrally-active metabolite of ethanol that contributes to
some behavioral effects of this alcohol, such as motor suppression.

Keywords: ataxia, anxiety, alcohol metabolism, acetaldehyde, acetate, narcosis

INTRODUCTION
Acetate is a short-chain fatty acid formed as the final step in
ethanol oxidation. The oxidative metabolism of ethanol into
acetaldehyde takes place in several organs, and can involve
multiple enzymes, including alcohol dehydrogenase (ADH),
cytochrome P450 2E1 (CYP2E1), and catalase. Acetaldehyde is
then metabolized mainly by aldehyde dehydrogenase (ALDH)
into acetate. Following ethanol ingestion, approximately 70% of
the acetate generated through oxidative metabolism is released
from the liver into systemic circulation (Busch, 1953; Van den
Berg et al., 1966). Acetate can be detected in plasma after ethanol
administration, because the portion that has not been metab-
olized hepatically is released into the blood. Acetate is then
redistributed throughout the body, metabolized in extra-hepatic
organs (Lundquist et al., 1962), rapidly taken up into the brain by
a carrier-mediated process (Oldendorf, 1973), and also is actively
metabolized in the brain (Cullen and Carlen, 1992). An alterna-
tive central source of acetate is brain ethanol metabolism. It has

been demonstrated (Zimatkin et al., 2006) that pharmacologi-
cal manipulations that reduce catalase activity also reduce the
amount of acetate detected in rat and mice brain homogenates.
Moreover, when brain homogenates from CYP2E1 KO mice
where incubated with ethanol plus a catalase inhibitor, there was
a significant reduction of acetate formation, an effect which was
not observed in brain homogenates from catalase-deficient mice
(Zimatkin et al., 2006). Pharmacological inhibition of CYP2E1
also leads to significant decreases in acetate accumulation in
rat brain homogenates. Moreover, enzymatic inhibition of ADH
and ALDH also reduced acetate levels (Zimatkin et al., 2006).
These results demonstrate that acetate can be formed in the
brain via ethanol metabolism and that the enzymatic systems
involved in this process are some of the ones required to form
acetaldehyde.

Acetate has been demonstrated to have specific effects on
behavior. Peripherally administered acetate increased the time
off a treadmill, a measure of motor incoordination in rats, and
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suppressed locomotion in mice (Carmichael et al., 1991; Israel
et al., 1994). In fact, peripherally injected acetate has been demon-
strated to be three times more potent than ethanol at suppress-
ing locomotion in mice (Israel et al., 1994). Moreover, acetate
injected peripherally or in the brain ventricles also suppressed
food-reinforced lever pressing on a FR5 schedule of reinforce-
ment, which generates high levels of performance (Arizzi et al.,
2003; McLaughlin et al., 2008). Thus, it has been suggested that
acetate is involved mainly in the depressant effects of ethanol
(Carmichael et al., 1991; Israel et al., 1994; Arizzi et al., 2003;
Correa et al., 2003). Consistent with this idea, acetate can mimic
some of the motor suppressant, ataxic, or sedative effects of
ethanol. For instance, general anesthesia is potentiated in a dose-
dependent fashion by ethanol as well as acetate (Carmichael et al.,
1991; Campisi et al., 1997). Acetate seems to mediate tolerance
to the loss of the righting reflex (LORR) produced by ethanol.
Repeated administration of ethanol [3.5 g/kg, intraperitoneal (IP)
during 7 days] to outbred rats, resulted in tolerance to LORR
induced by ethanol and to higher concentrations of acetate in
different areas of the brain compared to acutely treated animals
(Kiselevski et al., 2003). Moreover, higher amounts of acetate are
formed in short sleeping (SS) rats, which have an inborn toler-
ance to the LORR induced by high doses of ethanol, relative to
the long sleeping (LS) substrain (Zimatkin et al., 2011).

Because direct administration of ethanol and acetaldehyde
seem to have different motor effects depending on the route of
administration (for a review see Correa et al., 2012), the present
experiments addressed the potential differences between periph-
eral and central injections of acetate on locomotor activity in
rats. We also evaluated the impact of peripherally administered
acetate on motor activity in mice at similar low doses. In a sec-
ond group of experiments, because acetate accumulation after
repeated administration of ethanol seems to mediate tolerance
to LORR induced by ethanol (Kiselevski et al., 2003), we evalu-
ated the impact of chronic consumption of acetate across multiple
time periods on different behaviors modulated by an acute dose
of ethanol in mice. Thus, we evaluated the impact of chronic
exposure to acetate on ethanol-induced stimulation of locomo-
tion and on ethanol-induced LORR in mice. Moreover, although
acutely administered acetate has not shown to have an effect on
anxiety measures in mice (Escrig et al., 2007, 2012) and rats
(Correa et al., 2003), the anxiolytic actions of ethanol at low
doses are well known (Correa et al., 2008). Thus, in the present
study we also evaluated the impact of chronic administration of
acetate on measures of anxiolysis induced by a low dose of ethanol
in mice.

METHODS
SUBJECTS
Male Sprague-Dawley rats (Harlan Sprague-Dawley,
Indianapolis, IN), were housed in a colony maintained at
23◦C with lights on from 7:00 to 19:00 h. Animals weighed
between 350 and 430 g at the time of the experiment. These
animals had ad libitum access to food and water in their home
cages. Before the test day, rats were allowed 2 weeks to acclimate
to laboratory conditions, plus 1 week of being handled by the
experimenter for 5 min each day. For the IP study, a total of 43

rats (n = 8–9 per group) were used and for the intraventricular
(ICV) study the number was 38 (n = 8–10 per group).

CD1 male mice (30–40 g) were purchased from Harlan-
Interfauna Iberica S.A. (Barcelona, Spain). Mice 6–7 weeks old
at the beginning of experiments 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. Mice were han-
dled and habituated to the test room for 1 week before tests
were conducted. For the acute acetate study, 42 mice were used
(n = 10–11 per group). For the chronic acetate studies, the loco-
motion experiment included 78 mice (n = 8–9 per group), the
anxiety experiment included a total of 63 mice (n = 10–11 per
group), and for the LORR experiments the total number was 218
(n = 14 per group).

All experimental procedures were approved by the
Institutional Animal Care and Use Committee, 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 AND SELECTION OF DOSES
Anhydrous sodium acetate (hereafter referred to as acetate, Fisher
Scientific) was dissolved in physiological saline for the IP studies,
in artificial cerebrospinal fluid (aCSF) for the ICV studies, and in
tap water for the oral chronic studies. These vehicles serve as the
control solutions. For IP injections, acetate 10% w/v was used as
the stock solution from which the different doses were obtained.
ICV acetate doses of 0.7, 1.4, or 2.8 μmoles (0.0, 42.03, 84.07, or
168.14 μg), were administered in 1.0 μl total volume. Chronically
administered acetate was prepared dissolving sodium acetate in
tap water. Concentration of the solutions were 500 or 1000 mg/l.
After recording fluid intake and body weight per animal for 60
days, we calculated that the average dose of acetate consumed
for the group exposed to 500 mg/l was 29.9 ± 5.3 mg/kg and for
the 1000 mg/l group was 67.6 ± 1.8 mg/kg. Ethanol (96% v/v,
Panreac Quimica S. A.) was dissolved in physiological saline in a
20% v/v solution used as the stock solution from which the differ-
ent doses were obtained. Hydrochloric acid (1N, Panreac Quimica
S. A.) was used to bring the sodium acetate solutions for the acute
studies to pH 7.4. Xylazine and Ketamine were purchased from
Phoenix Pharmaceutical, Inc. (St. Joseph, Mo).

The selection of doses and times was based on pilot stud-
ies and on previous studies from our laboratory (Arizzi et al.,
2003; Arizzi-LaFrance et al., 2006; Correa et al., 2003; Escrig et al.,
2012).

SURGICAL PROCEDURE AND ICV INJECTIONS
For the ICV study, rats were implanted with unilateral guide
cannulae (10.0 mm length, 23 ga.). Rats were anesthetized with
a solution (1.0 ml/kg, IP) that contained Ketamine (100 mg/ml)
and Xylazine (20 mg/ml). The stereotaxic coordinates for the can-
nulation into the lateral ventricle were as follows: AP −0.5 mm
(from bregma), DL +1.3 mm lateral (from midline), and DV
−3.0 mm ventral (from the surface of the skull). The incisor bar
on the stereotax was set to 0.0 mm above the interaural line. All
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animals were single housed following surgery, and were allowed
to recover for 7–10 days before behavioral testing. Stainless steel
stylets were kept in each guide cannulae to maintain its integrity.

ICV injections were made via 30 ga. stainless steel injection
cannulae extending 1.5 mm below the guide cannulae. The injec-
tors were attached to 10.0 μl Hamilton syringes by PE-10 tubing,
and were driven by a syringe pump (Harvard Apparatus) at a rate
of 0.5 μl/min for a total volume of 1.0 μl. Following the infu-
sion period the injectors were left in place for 1 min to allow for
diffusion of the drug, after which the injectors were removed,
stylets were replaced, and animals were immediately placed into
the behavioral chambers for testing.

HISTOLOGY
For the ICV experiments, the placements of the injectors were
verified histologically. After the experiments were completed, all
animals were intracardially perfused with heparinized physiolog-
ical saline. Brains were stored refrigerated in 3.7% formaldehyde
solution for at least 5 days prior to slicing. Consecutive 50 micron
sections through the relevant brain areas were collected, mounted
on slides, and stained with cresyl violet solution to aid in detection
of the injector tracts. Coverslipped slides were viewed micro-
scopically to assess accuracy of implantation. Any animal with
improper placement, or significant damage around the injection
site, was not included in the statistical analyses of behavioral data.
A total of 5 animals were rejected due to bad placements.

APPARATUS AND BEHAVIORAL PROCEDURE IN RATS
Enclosed stabilimeter
Locomotor testing was performed in an automated activity cham-
ber (28 × 28 × 28 cm), which was inside a sound-proof shell. The
floor of the chamber consisted of two moveable wire mesh pan-
els (27 × 13 cm) mounted 6.0 cm above the chamber floor on
a center rod attached at either end to the sides of the cham-
ber; this allowed for slight vertical movement of the floor panels.
Movement of the panels was detected by microswitches mounted
outside the chamber at the ends of the panels. A depression
of a given quadrant (quadrant = 1/2 of each panel) would
close the circuit on the microswitch attached to the panel. Each
microswitch closure was counted as a single activity count, and
activity counts were recorded by a computer in 10 min intervals.
Rats were habituated to the chamber and to injections prior to
the drug test. This was done to decrease activational effects due
to novelty on the test day. On the test day, animals were placed
into the activity chamber immediately after IP injections, and for
the ICV studies they were placed in the chambers after 1 min to
allow for diffusion of the drug, as described above. Locomotion
was recorded in 10 min periods. In the ICV studies, after drug
injections animals were anesthetized and perfused as described
above, and histological analyses of brain sections were performed.

APPARATUS AND BEHAVIORAL PROCEDURES IN MICE
Enclosed activity box
The enclosed locomotion chamber was made of polypropylene
and consisted of a square white box divided in two compartments
(25 cm W × 25 cm H × 22 cm L), covered with a translucent ceil-
ing. The behavioral test room was illuminated with a soft red

light, and external noise was attenuated. As in the stabilimeter,
this enclosed two-compartment box was used in order to mini-
mize anxiogenic stimulation of locomotion. Mice were habituated
to the chamber and to injections prior to the drug test. This was
done to decrease activational effects due to novelty on the test day.
Acetate IP was injected 10 min before test started. Locomotion
was recorded for 10 min. An activity count was registered by a
trained observer, unaware of the experimental condition, each
time the animal crossed from one quadrant to another with all
four legs.

Open Field (OF)
The OF arena consisted of a Plexiglass cylinder with translucent
walls (30 cm in diameter and 30 cm high) and an opaque floor
divided into four equal quadrants by two intersecting lines. Mice
were handled repeatedly and habituated to the test room before
the behavioral test, but were not pre-exposed to the OF. On the
test day, ethanol (1.0 or 2.0 g/kg) or saline were administered
acutely IP and animals were placed immediately in the OF and
locomotor observations started 10 min later. The behavioral test
room was illuminated with a soft light, and external noise was
attenuated. An activity count was registered by a trained observer,
unaware of the experimental condition, each time the animal
crossed from one quadrant to another with all four legs.

Dark-light box
The apparatus consisted of a polypropylene chamber divided in
two compartments by a partition containing a small opening
(5 cm H × 5 cm W). The light compartment (25 cm W × 25 cm
H × 25 cm L) was open, painted in white, and illuminated, while
the dark compartment (25 cm W × 25 cm H × 18 cm L) was
painted in black and enclosed by a removable ceiling. This anxi-
ety paradigm measures the avoidance that rodents show to bright
open spaces. Several parameters were recorded during 5 min test-
ing sessions. The dependent variables were: latency for the first
entry into the bright compartment from the dark one, latency to
go back to the dark compartment, total time spent in the bright
compartment, and total crosses between compartments. In the
acute study, acetate IP was injected 10 min before the dark-light
box test.

LORR
Test of latency and duration of LORR were recorded consecu-
tively. Ethanol (4.0 or 4.5 g/kg) was injected IP, and immediately
mice were individually placed in a plexiglass cage. The latency
was defined as the time elapsed between ethanol injection and
LORR. Mice that did not lose righting reflex were not included
in the posterior measurements. After mice lost the righting reflex,
they were put on their back in a V-shape bed. The duration of
LORR was defined as the time elapsed from LORR to the time that
righting reflex was regained. Recovery was determined when mice
could right themselves twice in 1 min after being placed on their
backs. All the animals recovered the righting reflex. The behav-
ioral room was illuminated with a soft light and external noise
was attenuated.

These parameters were chosen based on previous studies
(Correa et al., 1999, 2001, 2003, 2008; Arizzi-LaFrance et al., 2006;
Chuck et al., 2006; Escrig et al., 2012).
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STATISTICAL ANALYSIS
All the experiments used a between-groups design, with each
animal only being tested once. Data were analyzed by simple
analysis of variance (ANOVA). If there was a significant over-
all drug effect, the LSD was used to make planned comparisons
between each dose and the respective vehicle control condition. A
computerized statistical program was used to analyze these data
(SPSS 10.0).

RESULTS
EXPERIMENT 1: EFFECT OF ACUTE CENTRAL OR PERIPHERAL
ADMINISTRATION OF ACETATE ON LOCOMOTOR ACTIVITY IN RATS
Figure 1A shows the effect of ICV acetate administration (0.0,
0.7, 1.4, or 2.8 μmoles) on locomotor activity in the stabilime-
ter. Because the pattern of results was the same in the two
time periods registered and there was no interaction, separate
ANOVAs were performed for the two periods. The One-Way
ANOVA for the 0–10 period showed a statistically significant
overall treatment effect [F(3, 22) = 7.82, p < 0.01]. Planned com-
parisons showed all doses of acetate were significantly differ-
ent from vehicle (0.7 and 2.8 μmoles p < 0.01, and 1.4 μmoles
p < 0.05). The same pattern of results were found for the
ANOVA of the second period [F(3, 22) = 8.47, p < 0.01]. The
data for the effect of IP acetate administration (0, 12.5, 25,
50, or 100 mg/kg) on locomotor activity in the stabilimeter
were analyzed in the same way (see Figure 1B). The One-
Way ANOVA for the first period of time showed a signifi-
cant effect of the peripheral dose of acetate [F(4, 36) = 4.90,
p < 0.01], and the planned comparisons showed that the three
highest doses were significantly different from vehicle (p <

0.01). The same results were shown for the second period of
time; 10–20 min [F(4, 36) = 4.86, p < 0.01], and for the planned
comparisons.

EXPERIMENT 2: EFFECT OF ACUTE IP ADMINISTRATION OF ACETATE
ON LOCOMOTOR ACTIVITY IN MICE
The one-way factorial ANOVA for the effect of acetate treat-
ment (0, 50, 100, or 200 mg/kg) did not show significant effects
on the number of crossings between the two compartments of
the enclosed box [F(3, 38) = 0.63, n.s.]. These data are shown in
Figure 2.

EXPERIMENT 3: EFFECT OF 15 DAYS OF ORAL CONSUMPTION OF
ACETATE ON ETHANOL-INDUCED LOCOMOTION IN MICE
A two-way factorial ANOVA (concentration of acetate × dose
of ethanol) showed no effect of the acetate concentration factor

FIGURE 2 | Effect of acetate administered acutely IP on locomotor

activity evaluated in mice in the enclosed activity box. Data are
expressed as mean + SEM counts in 10 min.

FIGURE 1 | Effect of acetate administered acutely ICV (A) or IP (B)

on locomotor activity evaluated in rats in the enclosed

stabilimeter. Data are expressed as mean + SEM counts in 10 min

periods. ∗∗p < 0.01, ∗p < 0.05 different from vehicle in the 0–10 min
period. ##p < 0.01, #p < 0.05 different from vehicle in the 10–20 min
period.
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[F(2, 69) = 1.42, n.s.], but a significant effect of the ethanol dose
factor [F(2, 69) = 9.50, p < 0.01], and a significant interaction
[F(4, 69) = 2.76, p < 0.05]. Planned comparison revealed that the
two doses of ethanol significantly induced locomotion (1.0 g/kg
p < 0.05 and 2.0 g/kg p < 0.01) compared to vehicle in the water-
consuming group. Moreover, these differences disappeared in the
acetate consuming groups. These results are depicted in Figure 3.

EXPERIMENT 4: EFFECT OF 15 DAYS OF ORAL CONSUMPTION OF
ACETATE ON ETHANOL-INDUCED ANXIOLYSIS IN MICE
The four dependent variables (see Table 1) were analyzed inde-
pendently. A two-way factorial ANOVA (concentration of acetate
× dose of ethanol) was performed in every case. The results
of the ANOVA for the dependent variable latency to enter the
bright compartment showed that there was a significant effect
of the ethanol dose [F(1, 57) = 4.72, p < 0.05], but no effect of
the acetate treatment [F(2, 57) = 0.36, n.s.], and no significant
interaction [F(2, 57) = 0.57, n.s.]. The same pattern of results for
the dependent variable latency to come back to the dark com-
partment was found: ethanol dose [F(1, 57) = 5.32, p < 0.05], the
concentration of acetate [F(2, 57) = 0.46, n.s.], and the interaction

FIGURE 3 | Effect of chronic acetate consumption during 15 days on

ethanol-induced locomotor activity in an open field in mice. Data are
expressed as mean ± SEM counts in 10 min. ∗∗p < 0.01, ∗p < 0.05
different from vehicle in the same acetate group. ##p < 0.01 different from
the same dose of ethanol in the 0 mg/l group.

[F(2, 57) = 0.78, n.s.]. These results demonstrate that ethanol had
an anxiolytic effect independently of the acetate treatment. The
results for the total time in the bright compartment showed no
significant effect: ethanol dose [F(1, 57) = 2.67, n.s.], acetate treat-
ment [F(2, 57) = 0.82, n.s.], and the interaction [F(2, 57) = 0.68,
n.s.]. The frequency of crossings between the bright and the
dark compartments showed a marginally non-significant effect
of the ethanol factor [F(1, 57) = 3.28, p = 0.07], a significant
effect of the acetate treatment [F(2, 57) = 3.53, p < 0.05], but no
significant interaction [F(2,57) = 0.52, n.s.].

EXPERIMENT 5: EFFECT OF ORAL CONSUMPTION OF ACETATE DURING
DIFFERENT PERIODS OF TIME ON ETHANOL-INDUCED LORR IN MICE
Animals received ethanol only once and different measures were
assessed. We observed that the lower dose of ethanol (4.0 g/kg)
did not produce LORR in some animals that were immedi-
ately excluded from the following measures in this experiment
(they are not included in the latency and duration analyses).
Grouping together the number of animals in the three treat-
ment groups (water, 500 and 1000 mg/l) independently of how
many days they had consumed acetate (15, 30, or 60 days, there
were no animals in the 7 days groups), the χ2 test for indepen-
dence showed a significant effect of the acetate treatment (χ2 =
10.64, df = 2, p < 0.01). These data are depicted as percent-
age of animals not achieving LORR in every treatment group in
Figure 4.

Among the animals that did achieve LORR, a two-way facto-
rial ANOVA (concentration of acetate × time of consumption)
for the latency to reach LORR measure yielded no significant
effect of acetate concentration [F(2, 163) = 0.54, n.s.], no effect
of time of consumption [F(3, 163) = 1.48, n.s], and no interac-
tion [F(6, 163) = 0.79, n.s.]. The factorial ANOVA for duration
of LORR demonstrate no effect of the acetate concentration
[F(2, 163) = 0.07, n.s.], but a significant effect of the time of
consumption [F(3, 163) = 14.28, p < 0.01]. However, the inter-
action was not significant [F(6, 163) = 0.20, n.s.]. Thus, 4.0 g/kg
ethanol produced an increase in duration of LORR in older
animals independently of the acetate treatment. The data for
the higher dose of ethanol (4.5 g/kg) in animals consuming
acetate during 60 days were analyzed separately by means of a
One-Way ANOVA. The results show no effect of the concen-
tration on either the latency [F(2, 40) = 0.43, n.s.], or the dura-
tion of LORR [F(2, 40) = 0.62, n.s.]. These data are presented in
Figures 5A,B.

Table 1 | Effect of chronic acetate consumption during 15 days on vehicle or ethanol (1 g/kg, IP) treated mice in measures of anxiety in the

dark/light box.

Acetate (mg/l) Latency to lit compartment Latency to go back to Time in lit compartment Number of crossings into the

dark compartment lit compartment

Veh EtOH Veh EtOH Veh EtOH Veh EtOH

0 11.6 ± 1.8 9.4 ± 1.6 6.6 ± 1.9 14.6 ± 2.9 105.9 ± 10.9 122.8 ± 14.5 27.7 ± 3.1 30.8 ± 3.7

500 11.2 ± 1.9 6.6 ± 1.5 7.5 ± 1.8 9.6 ± 1.4 128.2 ± 10.6 129.3 ± 6.6 27.2 ± 3.3 37.4 ± 2.8

1000 15.3 ± 6.5 7.2 ± 1.3 8.7 ± 1.4 12.4 ± 3.2 110.0 ± 11.2 137.1 ± 11.6 37.2 ± 4.8 40.8 ± 4.1

Data are expressed as the mean ± SEM seconds or counts in 5 min.
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EXPERIMENT 6: EFFECT OF ORAL CONSUMPTION OF ACETATE DURING
DIFFERENT PERIODS OF TIME ON VOLUME OF WATER CONSUMED
AND BODY WEIGHT GAIN
Results from the evolution of body weight and fluid intake in ani-
mals for experiment 5 are shown in Figures 6A,B. The Two-Way
ANOVA for the body weight was analyzed with a within factor for
duration of treatment and a between factor for concentration of
acetate. There was a significant effect of the duration [F(4, 960) =
437.5, p < 0.01], but no effect of concentration [F(2, 10) = 0.40,

FIGURE 4 | Percentage of mice exposed to different concentrations of

acetate that did not achieve LORR after receiving 4.0 g/kg ethanol IP.

n.s.], and no significant interaction [F(8, 2) = 0.84, n.s.]. The
same pattern of results was shown for the fluid intake variable.
The Two-Way ANOVA showed a significant effect of the dura-
tion [F(4, 11) = 15.43, p < 0.01], but no effect of concentration
[F(2, 10) = 0.11, n.s.], and no significant interaction [F(8, 1) =
0.58, n.s.].

DISCUSSION
Studies of the behavioral effects of the ethanol metabolite
acetaldehyde have been increasing in number, especially dur-
ing the last decade; as a result, our knowledge of acetaldehyde’s
behavioral and neurochemical effects is quite comprehensive (for
a recent review see Correa et al., 2012). However, acetate has
remained mostly unknown, and only a handful of studies have
addressed its behavioral and neurochemical actions (Israel et al.,
1994; Correa et al., 2003; Kiselevski et al., 2003; Arizzi-LaFrance
et al., 2004; McLaughlin et al., 2008; Zimatkin et al., 2011; Escrig
et al., 2012). The present results demonstrate that acute low
doses of acetate administered peripherally or into the ventricles
reduce spontaneous locomotion in rats at least during 20 min (see
Figures 1A,B). The present studies measured locomotion in small
and enclosed stabilimeter cages. Centrally administered acetate
(ICV) has also been shown to produce locomotor suppressant
effects in rats in an open field arena (Correa et al., 2003). In that
case acetate produced a monotonic decrease in activity (1.4 and
2.8 μmoles) marked by significant decreases in locomotion as well
as rearing (Correa et al., 2003). The suppression is more effica-
cious when using the small stabilimeter cages (0.7 μmoles also
suppressed locomotion), possibly because this device is less anx-
iogenic than the open field, and therefore induces a higher level
of locomotion.

FIGURE 5 | Effect of chronic acetate consumption during different periods of time on latency (A) and duration (B) to LORR induced by an acute

administration of ethanol (4.0 or 4.5 g/kg, IP). Data are expressed as mean ± SEM of time in seconds.
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FIGURE 6 | Evolution of body weight (g) (A) and volume of fluid consumed (ml) (B) in animals exposed for 60 days to different concentrations of

acetate. Mean ± SEM of grams.

Rats seem to be more sensitive than mice to the suppressant
effects of peripherally administered ethanol and acetate. Thus,
in the present studies acetate doses between 25 and 100 mg/kg
reduced locomotion in rats but not in mice; even the dose
of 2.0 mg/kg did not suppress locomotion in mice under the
present conditions (enclosed activity box); this dose is much
lower than doses used in previous studies in mice (Israel et al.,
1994). In mice the minimal dose of acetate effective for sup-
pressing locomotion in an open field was 1.0 g/kg, while the
dose of ethanol was 3.0 g/kg (Israel et al., 1994). Thus, acetate
seems more potent than ethanol at suppressing locomotion.
This difference in drug potency has also been observed in
other studies in rats. When injected peripherally, acetate was
more potent than ethanol or acetaldehyde for suppressing food-
reinforced operant responding (Arizzi et al., 2003; McLaughlin
et al., 2008), reducing the number of fast responses and increas-
ing the number of pauses that the animals took during the
operant session at doses of 200–400 mg/kg, IP (McLaughlin
et al., 2008). Injected into the ventricles, acetate suppressed
lever pressing (2.8 and 5.6 μmoles), and also increased the
number of pauses at the highest concentration (5.6 μmoles;
McLaughlin et al., 2008), while ethanol and acetaldehyde did
not. Moreover, acetate at the highest doses (5.6 and 8.8 μmoles)
was also the most efficacious of the three substances at sup-
pressing lever pressing in an operant schedule of reinforce-
ment that generates very low rates of response, and thus is
very difficult to suppress [i.e., the differential-reinforcement-
of-low-rates-of-responding (DRL) 30 s schedule, Arizzi et al.,
2003].

While in the present experiments acute administration of
acetate was demonstrated to suppress locomotion, at least in
rats, chronic administration of acetate in the drinking water for
15 days did not change locomotion on its own. Nevertheless, it
did reduce ethanol-induced locomotion in the open field (see
Figure 3). Thus, chronic pre-exposure to a low dose of acetate

made animals more resistant to the stimulating effects of medium
doses of ethanol in mice. Acetate, however, does not seem to
mediate other ethanol well known effects, such as the anxiolytic
response which acetaldehyde has been demonstrated to regu-
late (Correa et al., 2003, 2008; Escrig et al., 2007, 2012). Acutely
administered acetate (50–200 mg/kg, IP) did not alter the behav-
ior of mice in either the elevated plus maze or the dark and
light box (Escrig et al., 2007, 2012). The same pattern of effects
was observed in the interior part of an OF (Correa et al., 2003).
Acutely administered acetate ICV at doses similar to the present
ones (0.35–2.8 μmoles) did not modify anxiety measures in the
open field in rats, although it reduced locomotion (Correa et al.,
2003). Moreover, in the present results, mice exposed to acetate
for 15 days did not show changes in the anxiolytic response in the
dark/light box after ethanol administration. The dose of ethanol
used (1.0 g/kg) has previously been demonstrated to have a potent
anxiolytic effect under the present conditions (Correa et al., 2008;
Escrig et al., 2012). Unfortunately, that anxiolytic effect was very
mild in the present results, thus we cannot rule out this fact as
the lack of interaction. In summary, although acetate has been
shown to be involved in the locomotor suppressing effects of
ethanol in mice (Israel et al., 1994) and rats (Correa et al., 2003;
Arizzi-LaFrance et al., 2004; present results), it does not seem to
mediate ethanol’s anxiolytic actions (Correa et al., 2003), nor does
it seem to be involved in the anxiogenic response produced by
a bolus injection of acetaldehyde in the periphery (Escrig et al.,
2012).

The higher levels of acetate that accumulate in the brain after
repeated administration of ethanol (3.5 g/kg, IP, during 7 days)
seem to mediate tolerance to LORR induced by an acute dose
of ethanol (3.5 g/kg) in outbred rats (Kiselevski et al., 2003).
Moreover, there is evidence that higher amounts of acetate are
formed in SS rats that have an inborn tolerance to hypnotic
doses of ethanol compared to the LS substrain (Zimatkin et al.,
2011). In the present studies with mice, the doses achieved
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FIGURE 7 | Schematic drawing showing ethanol regulation of

adenosine production, release, and uptake in striatum. Abbreviations:
A1R and A2AR, adenosine receptors; ACh, acetylcholine; ADH, alcohol
dehydrogenase; ALDH, aldehyde dehydrogenase; ATP, adenosine
triphosphate; AMP, adenosine monophosphate; CAT-H2O2, catalase;
CYP-2E1, cytochrome P4502E1; D1R and D2R, dopamine receptors; ENT,
equilibrative nucleoside transporters; M1R and M4R, muscarinic receptors;
MSN, medium spiny neuron.

after consuming water with acetate concentrations of 500 and
1000 mg/l are significantly lower (around 30 and 65 mg/kg per
day, respectively). Thus, the lack of effects in latency and dura-
tion of LORR after acute administration of the high doses of
ethanol (4.0 and 4.5 g/kg) could be due to the fact that the doses
achieved after consuming these concentrations of acetate are sig-
nificantly lower than the ones used in other studies. Also, these
discrepancies in results could be due to species differences; mice
been shown to be more resistant than rats to the suppressive
effects of ethanol and acetate. However, our results on number of
animals achieving LORR (Figure 4) indicate that chronic acetate
provides some sort of resistance in mice to the hypnotic effects of
ethanol.

The precise brain areas and neural mechanisms through which
acetate produces its potent suppression of motor activity are not
known. A potential neuroanatomical locus for the locomotor
actions of acetate, ethanol and acetaldehyde was previously found
(Arizzi-LaFrance et al., 2004, 2006). Acetate injected into the sub-
stantia nigra pars reticulata of the mesencephalon produced a
slight locomotor suppression (Arizzi-LaFrance et al., 2004) in
contrast to the clear stimulation demonstrated for ethanol and
acetaldehyde (Arizzi-LaFrance et al., 2006). Concentrations of
several neurotransmitters such as acetylcholine (ACh) and adeno-
sine seem to be modulated by the production of acetate. These
hypothetical mechanisms are summarized in Figure 7. Acetate
has demonstrated to increase the formation of adenosine (Dar
et al., 1983; Phillis et al., 1992; Carmichael et al., 1993; Israel
et al., 1994; Kiselevski et al., 2003). Ethanol increases adenosine
levels by acting as a precursor through the production of acetate

(Orrego et al., 1988; Carmichael et al., 1991). High doses of
sub-chronically administered ethanol have been demonstrated to
increase acetate, adenosine, and ACh, as well as several other bio-
chemical factors responsible of acetate, in several areas of the
brain (Kiselevski et al., 2003). It has also been suggested that
ethanol as well as acetate can block adenosine uptake into the neu-
ron (Fredholm and Wallman-Johansson, 1996; Kiselevski et al.,
2003; Correa and Font, 2008), thus increasing extra-synaptic
adenosine levels. Adenosine has been implicated in multiple
behaviors including sleep, arousal, and motor activity (Huston
et al., 1996; Iversen et al., 2009). There is evidence that adeno-
sine may contribute to some behavioral effects of ethanol such
as sedation, and motor suppression or incoordination (Proctor
et al., 1985; Clark and Dar, 1988, 1989; Dar, 1990, 1993, 2000;
Carmichael et al., 1991; Meng and Dar, 1995; Campisi et al.,
1997; Barwick and Dar, 1998). Motor incoordination induced by
ethanol is controlled by adenosine in the striatum and cerebel-
lum (Dar, 1993; Meng and Dar, 1995). Studies also indicate that
adenosine receptor activation provides a major contribution to
motor suppressant effects of low concentrations of ethanol when
the production of acetate is near maximal (Carmichael et al.,
1993; Israel et al., 1994). At higher doses of ethanol, such as the
ones used in LORR studies, the role of the acetate–adenosine
system is proportionately reduced (Israel et al., 1994). As the
acetate level increases after high doses of ethanol, the activation
of acetyl–CoA synthetase would be expected and the formation of
ACh is then potentiated (Kiselevski et al., 2003). Acetate induced
increases in ACh in cerebral cortex have been associated to tol-
erance to ethanol-induced LORR (Zimatkin et al., 2011). Thus,
the present results suggest that an increase in ACh/adenosine
content may be responsible for the effects of acetate on locomo-
tor suppression, and for blocking the stimulation of locomotion
induced by ethanol and increasing resistance to achieve LORR.
Further studies about the involvement of ACh, adenosine, and
their subtype-receptors in these actions of acetate are warranted.

The relevance of the present acetate results (i.e., suppression
of locomotion, blockade of ethanol stimulation) is related to the
suggestion that two pharmacological effects that may be particu-
larly relevant for alcohol consumption are behavioral stimulation
and sedation (King et al., 2002, 2011). In general, doses of ethanol
that produce more stimulation are more likely to be consumed.
Subjects report that their typical drinking bout is in the dose
range that was considered as having activating or disinhibiting
effects (King et al., 2002, 2011). Sedative or suppressing effects on
activation may also influence drinking behavior; anticipated seda-
tive effects vary inversely with alcohol consumption (Earleywine
and Martin, 1993) and heavier drinkers anticipate fewer seda-
tive effects of alcohol than lighter drinkers (O’Malley and Maisto,
1984). Thus, sedative effects seem to prevent self-administration
of ethanol, and stimulant effects can foster consumption of this
drug. In agreement with these hypotheses, rats do not self-
administer acetate ICV under the same conditions that lead
to ethanol or acetaldehyde self-administration (Rodd-Henricks
et al., 2002), and acetate does not stimulate locomotion under the
same conditions that ethanol and acetaldehyde do (Correa et al.,
2003).
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Animal models have shown that early ontogeny seems to be a period of enhanced
affinity to ethanol. Interestingly, the catalase system that transforms ethanol (EtOH) into
acetaldehyde (ACD) in the brain, is more active in the perinatal rat compared to adults.
ACD has been found to share EtOH’s behavioral effects. The general purpose of the
present study was to assess ACD motivational and motor effects in newborn rats as a
function of prenatal exposure to EtOH. Experiment 1 evaluated if ACD (0.35 µmol) or EtOH
(0.02 µmol) supported appetitive conditioning in newborn pups prenatally exposed to
EtOH. Experiment 2 tested if prenatal alcohol exposure modulated neonatal susceptibility
to ACD’s motor effects (ACD dose: 0, 0.35 and 0.52 µmol). Experiment 1 showed that
EtOH and ACD supported appetitive conditioning independently of prenatal treatments.
In Experiment 2, latency to display motor activity was altered only in neonates prenatally
treated with water and challenged with the highest ACD dose. Prenatal EtOH experience
results in tolerance to ACD’s motor activity effects. These results show early susceptibility
to ACD’s appetitive effects and attenuation of motor effects as a function of prenatal
history with EtOH, within a stage in development where brain ACD production seems
higher than later in life.

Keywords: prenatal ethanol exposure, acetaldehyde, associative learning, reinforcement, ontogeny, neonatal

learning, motor activity, tolerance

INTRODUCTION
Epidemiological studies have shown an association between pre-
natal exposure to ethanol (EtOH) and later development of EtOH
drinking problems (Baer et al., 2003; Alati et al., 2006). Animal
studies have extensively agreed with this observation (for a review
see Abate et al., 2008). The effect of prenatal exposure to EtOH
upon later responsiveness to the drug has been observed soon
after birth (March et al., 2009; Miranda-Morales et al., 2010), dur-
ing infancy (Arias and Chotro, 2005), adolescence (Chotro and
Arias, 2003), and adulthood (Barbier et al., 2008).

Several mechanisms have been proposed to explain this effect.
One possibility relies on fetal associative learning and memory
capabilities. The odor, taste and somatosensory stimulation pro-
vided by EtOH in the amniotic fluid is perceived by the fetus
(Domínguez et al., 1996). The fetus can also experience EtOH’s
postabsorptive pharmacological effects (Domínguez et al., 1996;
Abate et al., 2000), originating the opportunity for the develop-
ment of an association between EtOH’s chemosensory properties
and its pharmacological effects (Abate et al., 2000, 2001, 2002).
Additionally, it has been proposed that exposure to EtOH dur-
ing early ontogeny involves learning about positive effects of the
drug, since at this developmental stage rats seem more susceptible
to EtOH’s effects than later in life (Molina et al., 2007b; Pautassi
et al., 2009). In other words, there seems to be an ontogenetic

switch in the way organisms perceive EtOH’s positive effects.
For example, EtOH intoxication on postnatal days 7–8 increases
EtOH intake and enhances EtOH’s palatability. On the contrary,
intoxication during postnatal days 10–11 decreases EtOH intake
and increases aversive responses to the drug (Arias and Chotro,
2006).

These changes in EtOH consumption and reinforcement occur
during a period of rapid brain maturation (Pautassi et al., 2009).
Among the several changes occurring in the neural system during
early ontogeny are those concerning EtOH metabolism. Although
some sources of EtOH metabolism are slow to develop, brain cata-
lase activity and acetaldehyde (ACD) production are significantly
higher in rat pups than adults (Gill et al., 1992). Catalase activ-
ity progressively drops during the first weeks of life (Del Maestro
and McDonald, 1987). This is not a minor fact, since central cata-
lase oxidizes EtOH into ACD in the brain (Aragon et al., 1991).
Additionally, in adult rodents ACD has been shown to have an
active role in EtOH postabsorptive effects, such as motor stimula-
tion, anxiolysis, appetitive, and aversive properties (Correa et al.,
2003a,b, 2009; Escarabajal et al., 2003; Quertemont et al., 2003).
In spite of this evidence, few studies have analyzed ACD effects
during infancy (Nizhnikov et al., 2007; Pautassi et al., 2011).
These studies show that appetitive memories related to EtOH
can be blocked by sequestering ACD (Pautassi et al., 2011; March
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et al., 2013) or by the inhibition of the catalase system (Nizhnikov
et al., 2007).

An important issue in studying the effects of EtOH (or ACD)
during early ontogeny is the accommodation of research tools
to the age-specific behavioral repertoire of the animal. Suckling
is an age-specific, complex and organized behavior, essential for
the newborn’s survival (Petrov et al., 2003). The artificial nipple
technique has provided valuable information about the reinforc-
ing properties of fluids during early ontogeny (Nizhnikov et al.,
2002). Neonates readily self-administer milk as well as sucrose
and EtOH solutions through the surrogate nipple. Exposure to an
artificial nipple providing EtOH increases subsequent attachment
to an empty surrogate nipple (Cheslock et al., 2001). Additionally,
2–5-h old pups are also capable of robust olfactory conditioning
when an odor cue (conditioned stimulus, CS) is associated with
a natural reinforcer such as milk (Cheslock et al., 2000). For tests
of EtOH reinforcement, presenting a surrogate nipple providing
water (CS) in close temporal contiguity with an i.p. adminis-
tration of very low EtOH doses (0.125 and 0.25 g/kg) results in
increased attachment to an empty surrogate nipple (Petrov et al.,
2003). Although prenatal exposure to EtOH increases later accep-
tance for the drug (Arias and Chotro, 2005; March et al., 2009), it
has not been established if this experience alters the acute effects
induced by EtOH’s first metabolite (ACD).

EtOH motivational and motor effects have been linked (Arias
et al., 2010). Moreover, motor activating effects of EtOH seems to
be mediated by ACD, in adult and infant rodents (Correa et al.,
2003a,b; Pautassi et al., 2011). Additionally, infants are likely to
exhibit motor conditioned responses resulting from the associa-
tion between chemosensory stimuli and drugs of abuse, such as
EtOH that alter frequency and duration of different behaviors.
These learned responses may overshadow other specific behaviors
(such as suckling) indicative of the drug’s motivational properties.

The general purpose of the present study was to analyze ACD’s
reinforcement capability as well as its motor effects in newborn
pups, as a function of prenatal exposure to EtOH. In Experiment
1, this goal was addressed using the artificial nipple technique,
an animal model developed to assess drug and natural reinforce-
ment in neonatal pups (Petrov et al., 2003). Yet, the use of EtOH
(or ACD) as an unconditioned stimulus (US), can also lead to
motor conditioned responses which can confound interpretations
in tests related with drug reinforcement (Molina et al., 2007a).
For this reason, Experiment 2 was performed to directly assess
the possibility that ACD may induce motor effects that can alter
pups’ responsiveness to the artificial nipple.

METHODS
SUBJECTS
Wistar derived rats were born and reared at the vivarium of the
Instituto de Investigaciones Médicas Mercedes y Martín Ferreyra.
Temperature was kept at 22–24◦C with a 12-h light/12-h dark
cycle (light onset at 0800 h). Vaginal smears of female rats (preg-
nancy weight: 230–300 g) were microscopically analyzed on a
daily basis. On the day of Proestrus, females were housed with
males (3 females per male) overnight. The next morning, females
were withdrawn and this day was considered to be gestational day
0 (GD 0). From DG 0, pregnant females were housed in group of 3

in standard maternity cages. These dams had continuous access to
rat chow (Cargill, Buenos Aires, Argentina) and tap water. From
GD 17 to 21, dams were individually housed.

Animals were maintained and treated in compliance with
guidelines for animal care established by the Institute of
Laboratory Animal Resources, National Research Council, U.S.A.
(Institute of Laboratory Animal Research, 1996) and were
approved by the Animal Care and Use committee at INIMEC-
CONICET.

PRENATAL TREATMENTS
During GD 17–20 pregnant females received a daily intragas-
tric administration of either 0 or 2 g/kg EtOH. Control dams
(Prenatal Water) received 0.015 ml per g of body weight of tap
water. The 2 g/kg EtOH dose was achieved using a similar volume
(0.015 ml/g) of a 16.8% v/v EtOH solution (190 proof alcohol,
Porta Hnos.). This EtOH dose and timing of exposure were cho-
sen according to previous data showing that, at this age, the
fetus can process EtOH chemosensory as well as its postabsorp-
tive effects and form an associative memory comprising these
stimuli (Abate et al., 2002; Chotro and Arias, 2003). During GD
21, pups were born by cesarean delivery procedure. For a more
detailed description of procedures involved in prenatal treatment
and cesarean delivery see (Domínguez et al., 1996; Abate et al.,
2002). This procedure was performed to avoid suckling experi-
ences with the dam. It has been shown that appetitive behavior
toward the surrogate nipple increases over the first 3 h after
birth (Smotherman et al., 1997) and that suckling from an arti-
ficial nipple is more vigorous when pups lack experience with
the maternal nipple (Petrov et al., 2001). In Experiment 1, 12
pregnant females received water (group Prenatal Water) and 13
received EtOH (group Prenatal EtOH). For Experiment 2, prena-
tal pups from water treated dams were derived from 10 pregnant
females and pups in the prenatal EtOH group were derived from
9 dams.

CENTRAL DRUG ADMINISTRATION PROCEDURE
Drugs were administered into the cisterna magna (intra-cisterna
magna administration –IC-) using a 30-gauge hypodermic nee-
dle attached to transparent polyethylene tubing (PE 10, Clay
Adams, Parsippany, NJ). EtOH and ACD were prepared using
phosphate buffer as a vehicle (PB). For Experiment 1, vehi-
cle (PB 0.1 M), EtOH (0.02 µmol) or ACD (0.35 µmol) were
administered. The dosage of each particular drug was selected
in accordance with previous literature (Arizzi-LaFrance et al.,
2006; Nizhnikov et al., 2006c, 2007; Correa et al., 2009; March
et al., 2013). For Experiment 2, the following ACD doses were
administered: 0.0, 0.35 or 0.52 µmol. Administration procedure
has been described elsewhere (Nizhnikov et al., 2006c; March
et al., 2013). Briefly, the needle was inserted under visual guid-
ance into the foramen magnum between the occipital bone and
the first cervical vertebra (Petrov et al., 1998). Successful place-
ment of the needle into the target site was confirmed by the
appearance of cerebrospinal fluid in the tubing. The correspond-
ing solution (1 µl) was injected during a period of 10 s using a
micrometer gastight syringe (Hewlett Packard, U.S.A.). Following
each IC administration, the needle remained in position during
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30 s and then removed to minimize leaking of cerebrospinal
fluid. It has been observed that an inert substance administered
into the cisterna magna (inulin) follows a caudal-to-rostral and
ventral-to-dorsal pattern of distribution and preferred entry of
tracer from ventral surfaces of the ventral forebrain—particularly
hypothalamus—and brainstem (Proescholdt et al., 2000).

APPARATUS
In Experiment 1 and 2, neonates were kept in a heated incuba-
tor (32–34◦C; Fábrica Eléctrica Delver, La Plata, Argentina) until
commencement of experimental manipulations. Responsiveness
to a surrogate nipple (Experiment 1) and motor reactivity
(Experiment 2) were assessed 3–5 h after cesarean delivery. The
evaluation procedure took place in a transparent Plexiglas (63 ×
50 × 25 cm) glove box equipped with a fan system for ventila-
tion and two holes in the front section that allowed access to the
neonate. For facilitating presentation of the nipple or aromatic
cues, newborns were individually placed in this conditioning
chamber equipped with a heated Styrofoam container (internal
base diameter: 9 cm; volume capacity: 750 cc) maintained at 35
± 0.5◦C via a temperature controller (Model 40-90B; Frederick
Haer Co., Brunswick, ME).

ASSESSMENT OF ACD MOTIVATIONAL EFFECTS BY THE ARTIFICIAL
NIPPLE TECHNIQUE (EXPERIMENT 1)
Two hours after delivery, pups received an intracisternal (IC)
administration of one of the following drugs: vehicle (PB 0.1 M),
EtOH (0.02 µmol), or ACD (0.35 µmol). Thirty seconds later (see
drug administration procedure), pups were suited in a restric-
tion vest and taken into the conditioning chamber. One minute
after placement in the conditioning chamber, lemon odor (CS)
was presented using a cotton applicator scented with 0.1 cc of
lemon oil (Montreal, Argentina) during 5 min. Pups returned to
the incubator where they remained for 1 h until commencement
of the nipple attachment test.

During testing, pups were presented with an artificial nipple
scented with lemon oil. Carved soft vinyl was used to shape a 25-
mm long surrogate nipple also characterized by a rounded tip
with a diameter of 1 mm. The base of the nipple was attached
to the end of an angled dental probe, which served to allow pre-
cise control of the position of the nipple in relation to the pup
and to establish physical distance between the newborn and the
experimenter. Polyethylene tubing (PE 10, 0.58 mm inner diame-
ter; Clay Adams, Sparks, MD) was inserted through the nipple.
This tubing was attached to a syringe that contained distilled
water. The tubing and the syringe, once filled with the distilled
water, represented an open hydraulic system because the end
of the tubing was opened and the syringe had a hole located
in its upper body surface. Slight negative pressure produced by
pups while attached to the nipple was necessary and sufficient
to extract fluid from this device. Water availability through the
nipple seems to facilitate attachment behavior but water does not
induce conditioning in these circumstances (Smotherman et al.,
1993). Before testing, pups were voided and body weights were
registered. Immediately after termination of the test, body weights
were also registered. An experimenter, blind to pre- and postna-
tal treatments, tested the pups via the artificial nipple technique.

Exposure to the surrogate nipple involved gentle contact between
the tip of the nipple and the oral area of the test subject. No
attempt was made to force the tip of the nipple into the mouth
of the pup (Petrov et al., 1997). Attachment was confirmed by
periodic (every 30 s) gentle attempts to withdraw the nipple from
the pup. The pup’s active release of the nipple was considered to
be a disengagement from the nipple (Nizhnikov et al., 2006c).
Video records were obtained during conditioning and testing
sessions.

ASSESSMENT OF MOTOR REACTIVITY FOLLOWING AN IC
ADMINISTRATION OF ACD IN NEWBORNS (EXPERIMENT 2)
Two hours after delivery, pups prenatally exposed to 0 or 2 g/Kg
EtOH, were IC administered with 0, 0.35 or 0.52 µmol ACD. One
minute following ACD central administration, pups were placed
in the conditioning chamber and were given five discrete presen-
tations of lemon odor. Each odor exposure lasted for 5 s. One
group of animals was presented with this odorant five times dur-
ing the first 5 min of testing (1–5 min). These pups remained
in the heated container for 5 additional minutes without fur-
ther olfactory stimulation (Olfactory Treatment: Odor/No Odor).
The remaining pups were placed in the heated container without
lemon odor for the first 5 min, then were given five presenta-
tions of lemon odor distributed in 5 min (Olfactory Treatment:
No Odor/Odor). Motor activity of all animals was videotaped.

EXPERIMENTAL DESIGN AND DATA ANALYSIS
Experiment 1 was a 2 (prenatal treatment: Water or EtOH) × 3
(US: vehicle, EtOH or ACD) between-subject factorial design.
No more than one subject from a given litter was assigned to
the same treatment condition (Holson and Pearce, 1992). Efforts
were made to maintain an equivalent number of males and
females per group. Number of pups per group was as follows:
prenatal water/postnatal vehicle, n = 12; prenatal water/postnatal
EtOH, n = 10; prenatal water/postnatal ACD, n = 8; prenatal
EtOH/postnatal vehicle, n = 11; prenatal EtOH/postnatal EtOH,
n = 10; and, prenatal EtOH/postnatal ACD, n = 8. During con-
ditioning, duration and frequency of forelimb and hind limb
movements were registered (results are shown in Table 2). During
testing, the suckling response was further delineated separated
into two components consisting of (1) measures of latency to
grasp the nipple, total time spent on the nipple (referred as total
attachment duration, calculated as the sum of the duration of all
grasps), and mean grasp duration (total time divided by number
of grasps), and (2) percentage of body weight gain (measure of
fluid intake). Additionally, latency to perform limb movements
during testing was also registered. All of these measures served as
dependent variables.

Experiment 2 was defined by orthogonal variation in prena-
tal treatment (water or EtOH), postnatal ACD administration
(0, 0.35, or 0.52 µmol), and order of odor presentation (groups
No Odor/Odor and Odor/No Odor). Temporal block of test-
ing (1–5 and 6–10 min) served as a within factor. Each group
was composed by 7–9 pups. A total of 99 pups were utilized.
Frequency of crawling, rolling, turning on side, probing and
stretching were registered during the first 10 s of each minute
of testing. Probing was registered when the neonate touched the
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rounded wall of the heated container with its nose. Stretching
was considered as coordinated extension of both hindlimbs, often
accompanied by dorsoflexion of the back and elevation of the
head. Overall motor activity was considered as the sum of the
frequency of the mentioned behaviors. Latency to show any of
these behaviors was also registered (we will refer to this variable
as latency to exert an overt behavior). Separated mixed ANOVAs
were used to analyze motor activity and latency to exhibit an overt
behavior.

Data were evaluated using separate between-groups ANOVA
procedures. Significant interactions were further analyzed using
Tukey’s HSD tests with a probability of Type I error set at 0.05. In
this and prior studies, it was observed that sex systematically failed
to exert significant effects or to interact with EtOH reinforcement
(Nizhnikov et al., 2012; Pautassi et al., 2012a,b,c). For this reason,
inferential processing of data were performed by collapsing sex
across treatments.

RESULTS
EFFECTS OF PRENATAL EtOH EXPOSURE UPON MATERNAL AND
NEONATAL PHYSICAL PARAMETERS
In Experiment 1, percentage of maternal body weight gained
(%BWG) during gestational days 17–20, number of pups deliv-
ered alive and pup’s body weight at birth were evaluated.
Percentage of dam’s %BWG during late pregnancy was calcu-
lated as follows: {[(maternal body weight at GD20—maternal
body weight at GD17)/maternal body weight at GD17] × 100}. A
One-Way ANOVA showed that prenatal treatments had no effect
upon this index [F(1, 23) = 0.10; p = 0.75]. Number of pups born
alive was not affected by prenatal exposure to EtOH [F(1, 23) =
0.93, p = 0.35]. On the other hand, pups’ body weights at birth
(averaged within each litter), were affected by prenatal treatment
[F(1, 23) = 5.95; p < 0.025]. Pups prenatally exposed to EtOH
had lower body weights than control pups. These data have been
summarized in Table 1.

In Experiment 2, neither percentage of maternal body weight
gain during GDs 17–20, number of pups per litter, nor average lit-
ter body weight were significantly affected by prenatal treatment.
Data have been summarized in Table 1.

Table 1 | Maternal and neonatal physical parameters registered in

Experiments 1 and 2, as a function of prenatal treatments.

Treatment during GD 17–20

Experiment 1 Experiment 2

Water EtOH Water EtOH

Percentage of
MBW gain (g.)

7.78 ± 0.49 7.97 ± 0.36 8.22 ± 0.87 7.15 ± 0.92

Number of pups
per litter

8.42 ± 0.79 9.46 ± 0.74 8.50 ± 0.91 9.77 ± 0.96

Litter’s average
weight (g.)

5.02 ± 0.11 4.74* ± 0.04 5.05 ± 0.13 4.70 ± 0.14

Data are presented as mean ± SEM. Asterisk represent statistically different

from water controls in the same experiment (p < 0.05).

ASSESSMENT OF ACD MOTIVATIONAL EFFECTS BY THE ARTIFICIAL
NIPPLE TECHNIQUE (EXPERIMENT 1)
Conditioning session
Limb activity was registered during conditioning. Neither fre-
quency [F(2, 53) = 0.84, p = 0.44] of limb movement nor dura-
tion [F(2, 53) = 0.13, p = 0.87] differed across treatments. These
data have been summarized in Table 2.

Attachment behavior
Conditioned reinforcing effects of EtOH and ACD were observed
in the analysis of total attachment duration [main effect of US
drug: F(2, 53) = 8.27; p < 0.001]. This dependent variable was
significantly higher in neonates conditioned with EtOH (p <

0.01) or ACD (p < 0.001) compared to control pups. A simi-
lar profile was found when analyzing mean grasping duration
[main effect of US drug: F(2, 53) = 3.65; p < 0.05]. In this case,
EtOH-treated pups displayed intermediate levels of mean grasp-
ing duration, whereas those pups treated with ACD differed
significantly from the control group (p < 0.05). Additionally,
latency to grasp the nipple varied as a function of drug utilized as
US [F(2, 53) = 5.16, p < 0.01]. Neonates from the control group
had longer delays to grasp the artificial nipple than did EtOH
(p < 0.05) or ACD (p < 0.025) treated pups. These results have
been summarized in Figure 1.

Latency to initiate hindlimb or forelimb movements were
recorded during testing. Latency to initiate limb movement was
not affected by prenatal treatment or by the drug given dur-
ing conditioning [F(2, 53) = 0.65, p = 0.53]. Means and S.E. of
the mean were as follow: for neonates prenatally treated with
water and postnatally administered with vehicle: 26.73 ± 4.86,
EtOH: 15.51 ± 5.52 and ACD: 25.01 ± 5.95 and for neonates
prenatally exposed to EtOH and postnatally administered with
vehicle: 19.27 ± 5.07, EtOH: 16.45 ± 5.32, and ACD: 13.67 ±
5.95.

Intake
%BWG varied as a function of drug administered during con-
ditioning [main effect: F(2, 53) = 6.45, p < 0.01]. Post-hoc test-
ing indicated that neonates conditioned with EtOH, achieved
higher %BWG than control siblings (p < 0.001). Neonates con-
ditioned with ACD had intermediate levels of water consumption
(means and S.E. were as follows: 0.17 ± 0.07 g; 0.51 ± 0.07 g and
0.38 ± 0.08 g for the control, EtOH and ACD groups, respec-
tively). Prenatal treatment did not exert any significant effect

Table 2 | Data summarize mean + SEM duration and frequency of

limb movements registered during the conditioning phase in

Experiment 1.

US drug Prenatal treatment

Water EtOH

Frequency Duration Frequency Duration

Vehicle 12.08 ± 2.06 144.85 ± 27.09 9.90 ± 2.15 95.06 ± 28.30

EtOH 11.90 ± 2.26 140.47 ± 29.68 12.50 ± 2.26 118.00 ± 29.68

ACD 14.25 ± 2.53 135.16 ± 33.18 8.62 ± 2.53 86.92 ± 33.18
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FIGURE 1 | Effect of prenatal exposure to EtOH on attachment behavior

to a surrogate nipple in the presence of an odor conditioned to EtOH or

ACD. Data represent mean + SEM in seconds of (A) total attachment

duration, (B) grasp duration, and (C) latency to first grasp. Asterisk
(∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001) depicts a significant difference from
vehicle control group.
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upon this dependent variable nor did it interact with postnatal
treatment.

MOTOR REACTIVITY FOLLOWING CENTRAL ADMINISTRATION OF ACD
AS A FUNCTION OF PRENATAL TREATMENT (EXPERIMENT 2)
A Four-Way ANOVA (prenatal treatment × ACD dose × olfac-
tory treatment × time block) showed that frequency of motor
activity was significantly higher during the first time block of
testing relative to the second block [F(1, 86) = 10.21, p < 0.01].
Interestingly, this effect was tempered by the interaction involv-
ing block and ACD treatment [F(2, 86) = 8.58, p < 0.001]. This
results have been depicted in Figure 2A. Post-hoc analysis indi-
cated that while levels of activity during the first, relative to the
second block of testing, were significantly higher in pups admin-
istered 0 or 0.35 µmol ACD (both p′s < 0.01). This difference was
not significant in neonates that received the highest ACD dose
(0.52 µmol). In this group, levels of activity remained low across
testing. This significant interaction is depicted in Figure 2B.
When analyzing this dependent variable, prenatal treatment did
not exert statistically significant effects.

A significant main effect of olfactory treatment was found in
the analysis of latency to exert an overt behavior. Specifically, pups
exposed to lemon odor at commencement of testing (Odor/No
Odor group: 70 ± 8 s) exhibited significantly lower latency scores
than pups initially exposed to a non-olfactory testing context
(No Odor/Odor group: 96 ± 8 s). Presentation of lemon odorant
rapidly recruited behavioral responsiveness. A significant interac-
tion between prenatal and ACD treatments [F(2, 86) = 3.19, p <

0.05] was found. Post-hoc comparisons indicated that neonates
treated with the highest ACD dose (0.52 µmol) and with no
prior EtOH experience exhibited significantly longer latencies
(p < 0.025) than pups treated with a similar ACD dose but with
a positive history of prenatal EtOH exposure (Figure 3).

DISCUSSION
As mentioned, EtOH exposure during gestation has been linked
to later EtOH acceptance and drinking. In previous studies, we
have found that EtOH exposure during GD 17–20 increases post-
natal operant responsiveness for an intraorally infused EtOH
solution (3% v/v) (March et al., 2009; Miranda-Morales et al.,
2010). Nizhnikov et al. (2006a) found that prenatal exposure to
the drug also increased the range of doses capable of sustaining
appetitive conditioning when EtOH is administered into the peri-
toneum. This route of administration minimizes the possibility of
recruiting the chemosensory properties of the drug. Nevertheless,
some detection of such cues can be present due to hematopoietic

FIGURE 3 | Effect of prenatal exposure to EtOH on latency to exert a

given overt behavior after central ACD administration. Data represent
mean + SEM in seconds. Asterisk (∗p < 0.025) depicts significant
differences between prenatal treatments in the same ACD dose.

FIGURE 2 | Effect of central ACD administration on motor activity. Data
represent mean + SEM of motor behavior (frequency) in consecutive 5 min
blocks during testing. (A) Motor activity after central ACD administration as a
function of prenatal exposure to EtOH. (B) Motor activity collapsed across

prenatal treatments. Asterisk (∗p < 0.01) depicts a significant difference
between time intervals in the same ACD dose. Double numeral (##p < 0.01)
indicates a significant difference between doses during minutes in block
1–5 min.
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stimulation (Nizhnikov et al., 2006a). In Experiment 1, when
EtOH and ACD were directly administered in the cisterna magna,
differences in drug induced appetitive conditioning as a function
of prenatal exposure to EtOH were not observed. However, only
one dose of each substance was tested in the mentioned experi-
ment. It is possible that an effect of prenatal exposure to EtOH
upon central reinforcement of ACD might emerge when using a
wider range of doses.

It could be objected that in the present study we did not
employ untreated dams during gestation, since prenatal stress by
itself can alter later responsiveness to EtOH (Van Waes et al.,
2011a,b). However, in a recent study (March et al., 2013) we ana-
lyzed central EtOH and ACD appetitive conditioning in neonates
using the artificial nipple technique. This study was conducted
without any prior prenatal treatment and the results in terms
of conditioned responses, promoted by the different pharmaco-
logical treatments, is analogous to those reported in the present
article.

It can be argued that differences in suckling from the artifi-
cial nipple in neonates administered with EtOH or ACD com-
pared to vehicle-administered siblings, can be explained either
by pseudo-conditioning or by the effects of these substances
upon motor activity. Regarding the first possibility, previous stud-
ies in which unpaired and US-only control groups have been
included have consistently supported the notion that an associa-
tive learning mechanism underlies later increases in responses to
lemon-nipple-water CS when EtOH is used as the US (Petrov
et al., 2003; Nizhnikov et al., 2006b,c). The second alternative
explanation can arise from the observation that in prewean-
lings, motor conditioned responses arising from the use of
EtOH as a US can confound interpretations in tests related with
drug reinforcement (Molina et al., 2007a). In Experiment 1 we
directly assessed limb activity during conditioning and found
no differences between groups. Additionally, in Experiment 2
we explicitly examined in freely moving neonates if ACD had
specific motor effects in a time frame similar to the post-
administration time during which conditioning occurred in
Experiment 1. Groups administered with 0.35 µmol of ACD
did not show any modifications in motor activity (whereas a
higher dose did alter motor activity). This observation argues
against the possibility that the behavioral expression of EtOH-
or ACD-derived associative learning was due to motor effects
of these pharmacological agents rather than their motivational
properties.

Experiment 2 suggested that 0.52 µmol ACD had a sedative
effect expressed as increased latency to display an overt behavior
as well as a reduction in motor activity. These effects were not
present in newborns prenatally exposed to EtOH, perhaps due to
the development of tolerance to ACD effects. In adult rats and
mice, increased locomotion has been induced by acute challenges
with central ACD (in rats; Correa et al., 2003a,b, 2009; Sanchez-
Catalan et al., 2009); in mice: Correa et al., 1999, 2001a. Sedative
effects of ACD have been found in adult mice (Holtzman and
Schneider, 1974; Correa et al., 2001b; Quertemont et al., 2004;
Tambour et al., 2006, 2007) and, to a minor extent, in adult rats
(Myers et al., 1987). In infant rats, ACD seems to stimulate motor

activity (Pautassi et al., 2011). Current discrepancies concerning
stimulatory vs. sedative effects in adults are difficult to reconcile
due to differences in methodologies for inducing ACD, including
direct administration of ACD vs. alteration of EtOH metabolism,
as well as differences in route of administration and strain of
rodent.

In summary, the present study found that very early in
ontogeny (1) classical olfactory conditioning occurs when either
EtOH or ACD are used as US, (2) this conditioning is expressed
as an increase in suckling and in water ingestion from an artificial
nipple scented with the odorant previously paired with intracis-
ternal ACD (0.35 µmol) or EtOH and (3) motor activity, when
the animals are allowed to move freely in the conditioning con-
text, is decreased after an acute challenge with a high dose of
ACD (0.52 µmol). This later effect emerged in animals without
a prenatal history of EtOH exposure, whereas for animals prena-
tally exposed to EtOH, no sedative effect upon motor activity was
observed. It is important to note that the emergence of sedative
effects appears to coincide with the perception of aversive intero-
ceptive effects of the drug while resistance to this effects has been
linked to higher susceptibility to EtOH reinforcement (Arias et al.,
2009). If prenatal EtOH exposure reduces sedative effects of the
drug it may also ameliorate its aversive properties. In turn, this
might help explain the heightened disposition to consume EtOH
observed in prenatally exposed subjects and their sensitivity to
alternative positive effects of the drug.

There is some controversy in the literature regarding the effect
of central ACD in mediating EtOH effects. Uncertainty origi-
nates from the observation that very low ACD is detected in the
brain after EtOH administration (Gill et al., 1992; Hunt, 1996).
However, the participation of ACD has been shown not only when
directly administering this substance in the brain (Rodd-Henricks
et al., 2002; Correa et al., 2003b, 2009) but also by manipulat-
ing EtOH metabolism (Arizzi-LaFrance et al., 2006; Font et al.,
2006; Correa et al., 2008; Pastor and Aragon, 2008; Enrico et al.,
2009). In the present study, from a behavioral perspective, EtOH
and ACD exerted a similar magnitude of appetitive condition-
ing. Also, we have previously observed that EtOH and ACD
reinforcement is similarly inhibited by sequestering ACD trough
d-penicillamine (March et al., 2013).

The role of ACD and acetate in mediating EtOH postab-
sortive effects has been widely studied in adult animals. However,
we should be cautious in extrapolating findings in adult ani-
mals to expected results in newborns since there are marked
differences in metabolic systems (both peripheral and central)
between these ontogenetic stages. Catalase concentrations in cere-
bellum, striatum, cerebral hemispheres, and brain stem of the
newborn rat are about eight times higher than those observed
in the adult organism (Del Maestro and McDonald, 1987).
Additionally, pre-weanlings have slower rates of EtOH blood
metabolism after systemic administration compared to older ani-
mals (Silveri and Spear, 2000). In newborn and infantile rats,
ACD-mediated positive reinforcement and behavioral activa-
tion has been observed (Nizhnikov et al., 2007; Pautassi et al.,
2011). Nevertheless, the profile of behavioral effects derived from
ACD has not been extensively studied during early ontogeny.
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For example, negative reinforcement, a property that is believed
to play an important role in EtOH use and abuse, has yet to
be directly assessed. The gap in contemporary knowledge of the
role of ACD in EtOH’s postabsortive effects at this develop-
mental period emphasizes the importance of the present study
as well as the need for further tests of ontogenetic differences
in EtOH acceptance and the role of its metabolites in these
differences.
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Clinical and biomedical studies sustains the notion that early ontogeny is a vulnerable
window to the impact of alcohol. Experiences with the drug during these stages increase
latter disposition to prefer, use or abuse ethanol. This period of enhanced sensitivity
to ethanol is accompanied by a high rate of activity in the central catalase system,
which metabolizes ethanol in the brain. Acetaldehyde (ACD), the first oxidation product of
ethanol, has been found to share many neurobehavioral effects with the drug. Cumulative
evidence supports this notion in models employing adults. Nevertheless very few studies
have been conducted to analyze the role of ACD in ethanol postabsorptive effects,
in newborns or infant rats. In this work we review recent experimental literature that
syndicates ACD as a mediator agent of reinforcing aspects of ethanol, during early
ontogenetic stages. We also show a meta-analytical correlational approach that proposes
how differences in the activity of brain catalase across ontogeny, could be modulating
patterns of ethanol consumption.

Keywords: early ethanol exposure, acetaldehyde, ontogeny, learning, appetitive response, suckling, newborns,

infants

WHY SHOULD WE STUDY EARLY ETHANOL EXPOSURE
EFFECTS?
Epidemiological and preclinical research indicate that prenatal
and/or early postnatal ethanol experiences are associated with
later responsiveness and affinity to the drug (for review see: Spear
and Molina, 2005; Abate et al., 2008; Pautassi et al., 2009). Early
initiation in ethanol drinking constitutes a risk factor for the
development of later ethanol related problems. Adolescents who
begin drinking at age 15 are four-times more likely to become
alcohol-dependent than those who start at age 21 (Grant and
Dawson, 1997). Ethanol intake usually begins during adolescence,
with a decrease in the average age of initiation in the United States
from 17.8 years in 1987 to 15.9 years in 1996 (Windle, 2003).
Faden (2006) proposed that the peak year for alcohol initiation
is even earlier (13–14 years). Heavy drinking in this population is
also widespread; with 30% of 12th graders reporting that they had
been drunk at least once in the last 30 days (Johnston et al., 2009).
Finally, epidemiological data clearly reflects the high prevalence
of alcohol use and abuse in both children and adolescents world-
wide (e.g., Ahlstrom and Osterberg, 2005). Yet, ethanol exposure
can occur involuntarily earlier in ontogeny (Spear and Molina,
2005). In some cultures alcohol soaked gauze pads are employed
to avoid infections derived from the remainder of the umbilical
cord or to treat stomach spasms (e.g., Dalt et al., 1991; Mancini,
2004). Transdermal absorption of alcohol and inhalation of alco-
hol vapors can lead to high infantile blood alcohol concentrations
(Choonara, 1994). Maternal alcohol drinking during pregnancy
can derive in severe damage, such as Fetal Alcohol Syndrome
(West, 1994) but also in more subtle effects (i.e., increases the
likelihood of ethanol drinking during adolescence: Baer et al.,

1998). Ethanol drinking during breastfeeding is still highly preva-
lent and implies an alternative mode of early exposure to the drug
(e.g., Mennella and Beauchamp, 1991; Mennella, 1999; Pepino
and Mennella, 2004; Giglia and Binns, 2006). These epidemiolog-
ical studies highlight the need for developing experimental animal
models for understanding the above mentioned effects of early
ethanol exposure.

WHAT DO WE KNOW ABOUT ETHANOL
PHARMACOLOGICAL EFFECTS IN EARLY ONTOGENY?
Ethanol exerts a wide array of effects. It is rich in calories
(7 kcal/g), has a distinctive taste characterized by a combina-
tion of sweet and bitter qualities (Molina et al., 2007b). These
sensory features can serve as signals conditioned stimulus (CS)
that predict biologically relevant events (unconditioned stimu-
lus, US: Molina et al., 1986). Contingent experiences with the
scent of alcohol and aversive stimulation result in conditioned
avoidance towards the ethanol odor and reduce ethanol intake
in 21-day-old rats (Serwatka et al., 1986). Ethanol can also act
as an interoceptive context that, when present during the acqui-
sition and retrieval phases of a learning situation, regulates the
storage and expression of memories. State dependency mediated
by ethanol has been reported in infant, adolescent, and adult rats
(Fernandez-Vidal et al., 2003).

Ethanol’s sensory features have been proposed to constitute a
“taste barrier,” precluding substantial intake of the drug (Pautassi
et al., 2008a). Ethanol intake decreases sharply as ethanol con-
centration increases. If faced with a forced choice between water
and a relatively low concentration of ethanol (1–5%), adult het-
erogeneous rats may show a modest preference for the drug, but
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ethanol consumption decreases dramatically as higher concen-
trations are employed (Kiefer et al., 1987; Samson et al., 1988;
Kiefer and Morrow, 1991). In contrast, naïve infant rats ingest
surprisingly high quantities of ethanol—in concentrations as high
as 30%—without initiation procedures (Truxell and Spear, 2004;
Sanders and Spear, 2007; Truxell et al., 2007). Early acceptance
for highly concentrated ethanol solutions seems to be mediated
by the drug’s pharmacological properties (Kozlov et al., 2008).

Ethanol induced reinforcement has been documented in
neonates and infant rats. Newborn pups rapidly acquire a condi-
tioned response towards an artificial nipple that signals pharma-
cological effects of very low doses of the drug (Petrov et al., 2003).
Ethanol’s central injection also promotes positive reinforcement
at this age (Nizhnikov et al., 2006c). In infants, first and second
order appetitive conditioning has been observed when using low-
to high ethanol doses (0.5–2.5 g/kg: Molina et al., 2007a; Pautassi
et al., 2008b). Both, locomotor stimulation and reinforcement
have been observed during the raising limb of ethanol blood
accumulation curve (Petrov et al., 2006; Nizhnikov et al., 2007).

In adult rodents, ethanol induces dopamine release in stria-
tum and nucleus accumbens (Di Chiara and Imperato, 1986;
Imperato and Di Chiara, 1986; Di Chiara and Imperato, 1988).
The mesolimbic dopaminergic system is involved in ethanol
induced motor activity, since D1-like or D2-like receptor antag-
onists reduce this effect in mice (Pastor et al., 2005). The
dopaminergic system seems to modulate ethanol’s activating
effects also during early ontogeny, with D1 and D2-like recep-
tors antagonist suppressing locomotor stimulation, as shown
in adults (Arias et al., 2009b, 2010). However, compared to
infants, adult rats seem more prone to ethanol-induced seda-
tion. Locomotor stimulation has been mostly observed in mice
or in selectively breed rat strains (Waller et al., 1986; Risinger
et al., 1994; Colombo et al., 1998; Agabio et al., 2001). Infant
rats show clear biphasic motor effects in response to ethanol,
even in response to high doses (2.5 g/kg: Arias et al., 2009a,
2010).

Neurochemical effects of ethanol also include the opi-
ate system as a mediator for DA release (Gianoulakis, 2009;
Bodnar, 2012). For example, naltrexone suppresses ethanol
self-administration and prevents ethanol-induced increases in
dialysate dopamine levels (Gonzales and Weiss, 1998). In rela-
tion to early exposure to ethanol, when opiate antagonists are
presented with ethanol administration during late gestation, the
usual pattern of later enhancement of ethanol ingestion, appet-
itive orofacial responses and self-administration is prevented
(Chotro and Arias, 2003; Arias and Chotro, 2005b; Miranda-
Morales et al., 2010). Yet, the opiate system has been found to
function differently in neonates compared to adults. Whereas
kappa receptor stimulation has aversive effects in adults (Walker
and Koob, 2008; Wee and Koob, 2010), newborn rats found it
reinforcing (Smotherman and Robinson, 1992, 1994; Nizhnikov
et al., 2012). In addition, ethanol reinforcement during this devel-
opmental stage requires the joint activation of mu and kappa
receptors (Nizhnikov et al., 2006b). During the second postna-
tal week, a fully functional opioid system is needed to promote
ethanol reinforcement. Disruption by either, naloxone or specific
opioid antagonists (mu, delta, kappa) is sufficient for substantial

reduction in consummatory and seeking behaviors associated
with ethanol reinforcement (Miranda-Morales et al., 2012a,b).

Ethanol-derived aversive effects have been easily detected
in adult rats, when pairing a taste stimulus (Chester and
Cunningham, 1999) or an external context (Philpot et al., 2003)
with stages of peak blood ethanol concentrations. In 11-day old
infants, an administration of ethanol (3 g/kg) induces condi-
tioned aversions (Molina and Chotro, 1989; Molina et al., 1989).
However, the same ethanol dose does not induce conditioned
aversion in younger organisms (8 day-old infants: Arias and
Chotro, 2006). This developmental switch in ethanol motiva-
tional effects is not explained by a deficit in aversive learning
capabilities since conditioned aversions are found using lithium
chloride as an US (Smotherman, 1982a,b; Miller et al., 1990;
Gruest et al., 2004).

The literature reviewed in the present section, along with
the biomedical research discussed above, allow us to propose
early ontogeny as a sensitive window during which contact with
ethanol increases latter disposition to prefer, use or abuse ethanol.

THE ACETALDEHYDE HYPOTHESIS
As mentioned, during early ontogeny organisms show a high
affinity towards ethanol positive effects, and these early experi-
ences facilitate latter ethanol drinking. Even more, the increasing
number of studies showing the role of ethanol metabolites on its
postabsortive effects during adulthood (Quertemont et al., 2005),
show a profound gap in the literature regarding its effects during
early ontogeny; specially when considering that developmental
changes in ethanol metabolism have been observed. Following
systemic administration of ethanol, higher blood ethanol lev-
els as well as a lower rate of clearance are observed in younger
organisms compared to adults (Kelly et al., 1987). Central ethanol
metabolism also differs across ontogeny. The catalase system
activity, which oxidizes ethanol in the brain, is higher in pups
compared to adults (Gill et al., 1992; Hamby-Mason et al.,
1997). Thus, ethanol metabolism during early ontogeny seems
to derive in high ACD levels in the brain (due to high cata-
lase activity) along with slow ACD formation in the periphery
(due to slow EtOH clearance). In addition, aldehyde dehydro-
genase –ALDH- activity (acetaldehyde is used as a substrate) in
the barrier structures of the brain makes only 10–30% during
the antenatal period and increases gradually, reaching the activ-
ity specific for mature animals by PD 20–40 (Zimatkin and Lis,
1990).

It is interesting to note that the rate of central/peripheral
accumulation of ACD has been involved in the perception of
appetitive/aversive effects of the drug. Peripheral accumulation of
ACD induces aversive effects (Quertemont, 2004). In fact, aver-
sive reactions induced by ethanol drinking in patients treated
with disulfiram [which increases ACD peripheral accumulation
and allows peripheral ACD to cross the blood brain barrier, by
blocking ALDH activity (Escrig et al., 2012) is the basis of its
use in alcoholism’s treatment (Kristenson, 1995)]. On the other
hand, central ACD formation has been mainly linked to ethanol
reinforcing effects (Wall et al., 1992; Hahn et al., 2006). The
balance between brain and peripheral formation of ACD can
determine the amount of ethanol intake (Chao, 1995). Taking
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into account these considerations, it is possible to speculate
that early ethanol acceptance may be due to high ACD gen-
eration in the brain, along with low ACD generation in the
periphery.

In spite of cumulative evidence showing that ACD shares most
of ethanol effects, such as hypothermic (Closon et al., 2009), loco-
motive (Correa et al., 2003; Arizzi-Lafrance et al., 2006; Correa
et al., 2009; Sanchez-Catalan et al., 2009), sedative (Tambour
et al., 2006, 2007), reinforcing (Quertemont and De Witte, 2001;
Font et al., 2006a, 2008; Peana et al., 2008), anxiolytic (Correa
et al., 2008) and aversive effects (Aragon et al., 1986) in adult
rodents, very few studies have analyzed ACD’s effects during early
ontogeny. In the next section, evidence regarding its involvement
in ethanol postabsortive effects in newborn and infant rats will be
discussed.

BEHAVIORAL EFFECTS OF ACETALDEHYDE DURING EARLY
ONTOGENY
Recently, ACD has been found to have a crucial role in ethanol
reinforcement in newborns. Intracisternal administration of
ethanol in close temporal contiguity with an odor cue (con-
ditioned stimuli –CS-) derives in increased suckling response
to an artificial nipple aromatized with the CS. Yet, this effect
is blocked when ACD is inhibited by blocking catalase activ-
ity with sodium azide. This effect was specific to ethanol
reinforcement since when an alternative central reinforcer was
administered (dynorphin), catalase inhibition did not alter subse-
quent attachment to the scented nipple (Nizhnikov et al., 2007).
However, the utilization of catalase inhibitors obstructs certain
data interpretation since, along with inhibition of ACD for-
mation, an accumulation of EtOH levels may also take place.
Additionally, most catalase inhibitors have unspecific effects
such as an impairment of learning produced by sodium azide
(Lalonde et al., 1997). Considering this possibility, a study was
conducted to corroborate ACD involvement in ethanol reinforce-
ment. Once again, when ACD was neutralized, by inactivating
ACD with d-penicillamine, ethanol reinforcement was blocked.
Moreover, direct central administration of ACD (0.35 μmol)
induced sustained suckling response to an odorized artificial
nipple (March et al., 2013a). These studies have been pioneer
in showing that ACD has in fact appetitive effects in newborn
pups.

ACD reinforcement was also observed by March et al. (2013b),
who replicated and extended previous results. Central ethanol
or ACD administration induced appetitive conditioning in pups
with or without prenatal exposure to ethanol. Pregnant rats
received a daily i.g. administration of ethanol (2 g/kg, GDs 17–
20). This pattern of prenatal alcohol administration increases
appetitive responsiveness to ethanol in newborns (Nizhnikov
et al., 2006a; March et al., 2009; Miranda-Morales et al., 2010),
infants (Arias and Chotro, 2005a,b), and adolescent rats (Chotro
and Arias, 2003). Results showed that ACD induced appetitive
conditioning regardless of prior fetal experience with the drug.
The conditioned appetitive response to an aromatized artificial
nipple was similar to the results reported by March et al., 2013a.
The explicit comparison between these studies is represented in
Figure 1.

FIGURE 1 | Total attachment duration in naive newborns

(untreated—UT—adapted from March et al., 2013a) and newborns

prenatally exposed to water or ethanol (a dayly dose of 2 g/kg during

gestational days 17–20; adapted from March et al., 2013b). Newborns
were trained in a clasical conditioning paradigm in which an aromitic cue
was associated to a central administration of vehicle, ethanol, or
acetaldehyde. Testing took place 1 h later and consisted of presenting an
artificial nipple aromatized with the conditioned cue.

Even though differences in appetitive effects induced by
central ethanol (or ACD) administration as a function of
prenatal treatments have not been observed, when a higher
dose of ACD (0.52 μmol) is centrally administered, motor
reactivity is differentially altered. Newborns lacking previ-
ous exposure to ethanol showed longer latencies to display
motor activity following ACD administration than newborns
prenatally exposed to ethanol. Considering this evidence, it
is possible that prenatal ethanol exposure may not only
induce conditioned appetitive response to the drug’s chemosen-
sory properties, but also lead to the development of tol-
erance to aversive effects induced either by ethanol or its
metabolites.

The role of ACD in ethanol’s motivational effects were also
assessed in 2-week old infant rats (Pautassi et al., 2011). These
subjects developed a tactile conditioned preference to a CS (sand-
paper) previously paired with ethanol (1 g/kg, i.g.). Conditioning
took place during the raising limb of the blood ethanol curve.
At this early postadministration time, motor activation was
also induced by ethanol. When the authors inactivated ACD
by d-penicillamine administration, motivational and locomotive
effects of ethanol were inhibited.

Ethanol reinforcing and stimulatory properties appear to be
strongly related (Arias et al., 2009a). Interestingly, the ACD
dose found to exert appetitive effects in newborns (0.35 μmol)
induces motor stimulation in adults (Correa et al., 2003,
2009; Arizzi-Lafrance et al., 2006). The neurochemical bases
of these effects have been studied during adulthood. It has
been observed that, as well as ethanol, ACD activates the
mesolimbic dopamine system (Melis et al., 2007; Diana et al.,
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2008; Melis et al., 2009). Interestingly, sequestering of cen-
tral ACD by d-penicillamine prevents ethanol-induced stimula-
tion of the mesolimbic dopamine transmission (Enrico et al.,
2009). The opiate system is also involved in ACD reinforce-
ment. Naloxone produced a decrement in schedule-induced ACD
self-administration (Myers et al., 1984). Additionally, enhance-
ment of locomotor activity induced by administration of ACD or
EtOH into the ventral tegmental area is reduced in animals pre-
viously given naltrexone, or β-funaltrexamine (Sanchez-Catalan
et al., 2009). The involvement of dopaminergic and opiate activ-
ity in ethanol behavioral effects during early ontogeny has been
previously discussed. To the extent in which these effects are
due to ethanol or to its metabolic products still needs to be
determined.

Is there additional support linking early ethanol affinity with
high levels of central catalase activity and hence, heightened
bioavailability of ACD? Can we find evidence in the litera-
ture establishing at least a correlation between levels of cata-
lase activity and ethanol appetitiveness across ontogeny? To our
knowledge, not in a specific article. But from a meta ana-
lytical perspective, the answer appears positive. Let’s explain
ourselves in this approach. First, we took into account devel-
opmental changes in catalase activity based on average scores
(U/mg protein) observed in cerebral hemispheres, striatum, cere-
bellum and brain stem (Del Maestro and Mcdonald, 1987).
There is a gradual decrease in these levels as a function of
increasing age. In accordance with the developmental catalase
curves shown by these authors, we extrapolated the correspond-
ing values for postnatal days 12, 18, 22, 25, 28, 30, and 60.
These values were linearly correlated with those reported by
(Truxell and Spear, 2004; Truxell et al., 2007) in terms of
blood ethanol levels obtained in alcohol consumption tests,
performed at similar ages. Spontaneous ethanol intake also
decreases gradually across development. These tests were con-
ducted with relatively high ethanol concentrations (either 15%
or 30% v/v ethanol). In both cases the correlations (Pearson’s
correlation coefficients) were significantly positive. The values of
the correlation indexes were as follows: when employing 15%
v/v ethanol, r = 0.82 (p < 0.025) and when utilizing 30% v/v
ethanol, r = 0.93 (p < 0.01). These results have been depicted
in Figure 2. From a meta-analytical correlational approach,
the hypothesis that differential levels of brain catalase during
ontogeny modulates patterns of ethanol affinity, seems to receive
support.

Ethanol behavioral and motivational effects (appetitive, aver-
sive and anxyolitic) have been extensively studied in adults and
infants. The capability of ACD to induce similar effects has
not been comprehensively studied during early ontogeny. For
example, negative reinforcement, a property that is believed
to play an important role in alcohol use and abuse, has yet
to be directly assessed. The gap in contemporary knowledge
of the role of ACD in ethanol’s postabsortive effects at this
developmental period emphasizes the importance of the stud-
ies discussed in this section as well as the need for fur-
ther tests of ontogenetic differences in alcohol acceptance and
consumption and the role of EtOH’s metabolites in these
differences.

FIGURE 2 | The figure illustrates regression lines and linear

correlations when taking into account catalase activity levels (U/mg

protein; data derived from the study of -Del Maestro and Mcdonald,

1987-) and blood ethanol levels attained in alcohol drinking tests

performed with either 15 or 30% v/v ethanol (data derived from Truxell

and Spear, 2004; Truxell et al., 2007). In order to perform these
correlations, catalase and blood ethanol levels were calculated for the
following postnatal days: 12, 18, 22, 25, 28, 30, and 60.

CONCLUSION
The literature revised here does show that the developing
organism can be exposed to ethanol unwillingly. During early
ethanol exposure, the organism can learn about ethanol effects
(or ACD-mediated effects) and modify its latter responsiveness
to the drug (or to associated sensory cues) as a function of these
experiences. Compared to the growing body of evidence regard-
ing the modulation of ACD in ethanol effects in adults, little is
known about its effects in very young organisms. Even more, to
our knowledge, there are none studies addressing acetate effects
in newborns or infants.

Until now, ACD levels produced following ethanol adminis-
tration have not been assessed in newborn or infant rats. The
methodological difficulties regarding its measurement in vivo
and in vitro have been discussed elsewhere (Correa et al., 2012)
and exceed the purpose of the present review. Yet, studies per-
formed in adult subjects shows compelling evidence signaling
ACD’s involvement in ethanol effects, since blocking its produc-
tion (Aragon et al., 1985; Sanchis-Segura et al., 1999; Font et al.,
2008; Pastor and Aragon, 2008) or sequestering it (Font et al.,
2005, 2006b; Peana et al., 2008; Enrico et al., 2009), inhibits
some ethanol behavioral effects. Additionally, potentiating ACD
by inducing catalase activity (Correa et al., 1999, 2001) or by
administering it directly into the brain (Rodd-Henricks et al.,
2002; Correa et al., 2003, 2009; Rodd et al., 2005; Diana et al.,
2008; Sanchez-Catalan et al., 2009) mimics the effects typically
observed after ethanol administration. Even more, some exper-
imental studies have already started to analyze underlying neu-
rochemical mechanism (Rodd et al., 2003; Hipolito et al., 2009,
2010). We have provided evidence that during early ontogeny
ACD has also a role in ethanol reinforcement. Future studies
including ontogenetical comparisons are certainly needed.
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A commentary on
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postabsortive effects during early
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The mini review of March et al. (2013)
is devoted to a very interesting problem:
the role of acetaldehyde in the effects of
ethanol in early postnatal development. It
summarizes and analyzes carefully the lit-
erature available on the problem (about
120 references in the list) and in general
the review looks quite comprehensive.

In the beginning, as an introduction,
the authors provide epidemiological data
concerning the early initiation of alco-
hol consumption in children. In addition
they mentioned the possibility of involun-
tary alcohol exposure of fetus or newborn
as a result of maternal alcohol consump-
tion during pregnancy and breastfeeding.
It can induce both a dramatic disturbances
in all organs, especially in the brain, and
increased alcohol consumption in their
future life. It may be postulated that “the
earlier beginning of alcohol exposure, the
higher risk of alcoholism development.”
It confirms the need of using the animal
models to understand the mechanisms of
early alcohol effects.

Then the authors describe the data
available on the pharmacological, mostly
behavioral, effects of ethanol in early
ontogeny. They indicate a very intensive
consumption and no aversion to high con-
centrations (doses) of ethanol in naïve
infant rats, in contrast to adult ones. The
neurochemical mechanisms of those speci-
ficities of alcohol related behavior is still
unclear.

The next section of the review is
called “The acetaldehyde hypothesis.” The

authors speculate there that early ethanol
acceptance may be due to high acetalde-
hyde (AC) generation from ethanol in the
brain, along with low AC generation in
the periphery. Indeed, the high central AC
generation can be due to the increased
activity in pups brains of catalase, the main
ethanol-oxidizing enzyme in the brain
of adults. Unfortunately, nobody mea-
sures in pups another important enzyme,
Cytochrome P450 2E1, also oxidizing
ethanol in adult brains (Zimatkin et al.,
2006).

Another side of the process is the
removal of ethanol-derives AC by alde-
hyde dehydrogenase (ALDH). Therefore, it
is better to talk about the accumulation of
AC as a result of the balance between AC
production and elimination. The accumu-
lation of ethanol-derived AC in the brain
structures in early ontogeny can be more
significant then in adults due not only to
its higher generation, but also its insuffi-
cient removal, because of the known lower
activity of ALDH. It was found that ALDH
activity (with acetaldehyde as a substrate)
in the rat brain neurons of various types
in fetus was very low and up to the 10th
postnatal day makes 45–70% of adult level,
and then increases sharply, and by the
20th day approaches the definitive level
(Zimatkin and Lis, 1990). Both the higher
catalase and low ALDH activity provide
the conditions for higher accumulation of
AC in the brain. But nobody measures
the level of ethanol-derived AC in pups
in vivo.

In addition, the induction of cata-
lase following intragastric administration
of ethanol to pups on the 5th and 6th
day after birth as well as appearance of
AC adducts with proteins in the brain
have been found (Hamby-Mason et al.,
1997). Following intragastric administra-
tion of ethanol to rats during pregnancy
we found the increased activity of brain

ALDH in pups. It can impact to accu-
mulation of ethanol-derived AC in the
developing brain.

Another problem is the possibilities
for production and elimination of AC in
the specific brain structures and types
of neurons, responsible for the special
brain functions, like dopaminergic neu-
rons (with specifically high activity of cata-
lase and low activity of ALDH) (Zimatkin
and Lindros, 1996), activation of which as
known mediates the reinforcing properties
of ethanol.

The final section of the review is
devoted to the behavioral effects of
acetaldehyde during early ontogeny. The
important role of AC in mediation of
the motivational and motor effects of
ethanol has been demonstrated. Blocking
of AC formation from ethanol (by cata-
lase inhibitors) or sequestering of cen-
tral AC (by d-penicillamine) decreases the
ethanol behavioral effects and stimulation
of mesolimbic dopamine system directly
of through the opioid system. The pro-
vided meta analysis of the literature data
demonstrates a high positive correlation
between brain catalase activity and ethanol
consumption in developing rats, demon-
strating the important role of ethanol-
derived AC in alcohol craving in early
ontogeny.
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The present review update the relationship between acetaldehyde (ACE) and parkinsonism
with a specific focus on the role of P450 system and CYP 2E1 isozyme particularly.
We have indicated that ACE is able to enhance the parkinsonism induced in mice by
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, a neurotoxin able to damage the nigrostriatal
dopaminergic pathway. Similarly diethyldithiocarbamate, the main metabolite of disulfiram,
a drug widely used to control alcoholism, diallylsulfide (DAS) and phenylisothiocyanate
also markedly enhance the toxin-related parkinsonism. All these compounds are
substrate/inhibitors of CYP450 2E1 isozyme. The presence of CYP 2E1 has been detected
in the dopamine (DA) neurons of rodent Substantia Nigra (SN), but a precise function
of the enzyme has not been elucidated yet. By treating CYP 2E1 knockout (KO) mice
with the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, the SN induced lesion
was significantly reduced when compared with the lesion observed in wild-type animals.
Several in vivo and in vitro studies led to the conclusion that CYP 2E1 may enhance
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity in mice by increasing free radical
production inside the dopaminergic neurons. ACE is a good substrate for CYP 2E1
enzyme as the other substrate-inhibitors and by this way may facilitate the susceptibility
of dopaminergic neurons to toxic events. The literature suggests that ethanol and/or
disulfiram may be responsible for toxic parkinsonism in human and it indicates that basal
ganglia are the major targets of disulfiram toxicity. A very recent study reports that there
are a decreased methylation of the CYP 2E1 gene and increased expression of CYP 2E1
mRNA in Parkinson’s disease (PD) patient brains. This study suggests that epigenetic
variants of this cytochrome contribute to the susceptibility, thus confirming multiples lines
of evidence which indicate a link between environmental toxins and PD.

Keywords: CYP450 2E1 isozyme, acetaldehyde, Parkinson’s disease, dopaminergic neurons, ethanol

ALCOHOL CONSUMPTION AND PARKINSON’S DISEASE
A large number of case-control studies analysed the relationship
between Parkinson’s disease (PD) and some environmental fac-
tors (De Lau et al., 2004). Addictive behaviors, such as cigarette
smoking and coffee drinking, showed a protective effect against
PD and parkinsonism. Regarding alcohol consumption, most
studies report either a moderately decreased risk or no change
in risk associated with alcohol intake (Benedetti et al., 2000;
Paganini-Hill, 2001; Hernan et al., 2004; Wirdefeldt et al., 2011;
Campdelacreu, 2012; Noyce et al., 2012; Palacios et al., 2012). In
contrast with these clinical findings, experimental data in rodents
showed that alcohol induces a reduction in the dopamine (DA)
levels in the midbrain, even if contradictory data are present in
literature and an increased oxidative stress in nigral cells (Collins,
2002; Ambhore et al., 2012) and Golgi fragmentation (Tomas
et al., 2012). Likely, alcohol consumption and neurodegenerative
disease (e.g., PD) induce similar effects on intracellular structures
and trafficking (Ambhore et al., 2012). It’s conceivable that some
components of alcoholic beverages (e.g., flavonoids in red wine)
could have a neuroprotective activity (Palacios et al., 2012).
Beer drinkers have a lower risk of PD (Hernan et al., 2003), and
this result can be explained with higher plasma urate levels that

beer induces. Indeed, urate plays a protective role against PD
(Xiang et al., 2008). It has been known that in parkinsonian
patients addiction such as cigarette smoking, drug consump-
tion, alcoholism and compulsive disorders such as gambling,
compulsive shopping, hypersexuality are less common than into
general population (De Lau et al., 2004; Xiang et al., 2008; Noyce
et al., 2012). Data collected in the last decades all over the world
highlight the link between dopaminergic replacement and onset
of addiction behaviors and compulsive disorders in Parkinson’s
patients (Villa et al., 2011). However, alcohol consumption and
a history of alcoholism seem to be related with higher incidence
of impulse control disorders in PD patients receiving dopamin-
ergic replacement (Evans et al., 2005; Wu et al., 2009). Some
endogenous alkaloids, like salsolinol (1-methyl-6,7-dihydroxy-
1,2,3,4-tetrahydroisoquinoline,SAL) and tetrahydropapaveroline
(6,7-dihydroxy-1-(3′ ,4′ -dihydroxybenzyl)-1,2,3,4-tetrahydro-
isoquinoline; THP), whose blood levels are increased by
alcohol, have neurotoxic effects especially in the striatum
and reduce DA content into basal ganglia (Young-Joon and
Hyun-Jung, 2010). THP is detected at a high level in the urine
of parkinsonian patients under L-DOPA therapy (Cashaw,
1993); however, there are very low levels of THP in the
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urine of abstinent alcoholics. Possible implications of THP in
alcohol dependence were inferred from the observation that rats
which normally rejected alcohol, would drink alcohol in excessive
amount following direct delivery of THP (Duncan and Deitrich,
1980). Thus, these substances might contribute to alcohol depen-
dence (Collins, 2004; Hipólito et al., 2012; Deehan et al., 2013).
These factors can be useful to identify PD patients at high risk
of developing impulse control disorders during dopaminergic
replacement.

ACETALDEHYDE AND PARKINSON’S DISEASE
Acetaldehyde (ACE) is the alcohol metabolite responsible for
unpleasant effects such as nausea, vomiting, tachycardia and
hypotension. ACE increases the toxic effect of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) in striatum (Corsini et al.,
1987; Zuddas et al., 1989a,b, 1992; Vaglini et al., 1996); this
activity has been demonstrated in mice but not in rats (Fornai
et al., 1997). There are no studies in humans that relate ACE to
PD or parkinsonism, most likely because it’s not a substance of
abuse nor a drug nor a pollutant. ACE is further metabolized
to acetic acid with catalysis of Aldehyde dehydrogenase (ALDH);
disulfiram, a blocker of this enzyme, induces ACE accumula-
tion and is used in treatment of alcoholism. Disulfiram can have
a neurotoxic effect; namely, acute intoxication induces unilat-
eral pallidal lesion as described by means of magnetic resonance
evaluation and clinical assessment (De Mari et al., 1993) while
chronic administration can induce Wernicke’s encephalopathy,
with progressive frontal decline and akineto-rigid parkinson-
ism (Charles et al., 2006). Brain MRI revealed symmetrical and
reversible lesions in basal ganglia, but after discontinuation of
disulfiram, clinical recovery was slow and partial. These observa-
tions suggest that basal ganglia are the major targets of disulfiram
neurotoxicity (Laplane et al., 1992). Similar brain lesions are also
observed in “energy deprivation syndromes,” which are toxic,

genetic or nutritional disorders that disrupt enzymes involved in
energy production pathways (Laplane et al., 1992; Charles et al.,
2006). Probably, disulfiram impairs cellular processes involved
in ATP production but the exact mechanism remains unclear.
It’s conceivable that disulfiram toxicity is linked at least in part
to the action of ACE; indeed other aldehydes, such as 3,4-
dihydroxyphenilacetaldehyde (DOPALD), an oxidative metabo-
lite of DA, have been shown to have a neurotoxic activity (Gesi
et al., 2001) and higher levels of these compounds are related with
neurodegenerative diseases (Marchitti et al., 2007) (Figure 1).

ACETALDEHYDE AND EXPERIMENTAL PARKINSONISM
Corsini et al. (1985) unexpectedly found that diethyldithiocar-
bamate (DDC), the main metabolite of disulfiram, markedly
enhanced the MPTP-induced parkinsonism in mice. This effect
was initially interpreted as due to the inhibition of superoxide dis-
mutase leading to an increase in oxidative stress induced by the
toxin. Subsequently, among numerous compounds tested, other
enhancers of MPTP toxicity (ethanol and ACE) were found by
the same authors (Corsini et al., 1987). After this further discov-
ery, this group suggested that these compounds could increase the
potency of the toxin via an inhibition of ALDH within the stria-
tum. The “enhancers,” at the same time, prolonged the striatal
half-life of 1-methyl-4-phenylpyridinium ion (MPP+), the toxic
metabolite of MPTP, (Irwin et al., 1987; Zuddas et al., 1989b)
and this was interpreted as the causative factor of this enhance-
ment. However, in 1996 an article by Vaglini et al. demonstrated
that striatal MPP+ levels do not necessarily correlate with MPTP
toxicity in the same animal species (mouse) and they further on
suggested, as previously reported, that DDC-increased toxicity
was probably due to an independent action on glutamate recep-
tors (Vaglini et al., 1996). However it is likely that the prolonged
storage of MPP+ inside the DA neurons was crucial for its toxic
effects. According to this interpretation, the enzymes, which may

FIGURE 1 | Convergence of metabolic pathway for acetaldehyde and dopamine.
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determine the disposition of MPP+ inside the DA neurons, have
a cardinal role in MPTP toxicity. CYP 2E1 and the CYP 2D family
are the most widely represented isozymes within the DA neurons
(Watts et al., 1998; Riedl et al., 1999) and it is likely that these
two P450 enzymes are responsible for MPP+ clearance. As a mat-
ter of fact, DDC, ethanol and ACE have been discovered to be
specific substrates/inhibitors of CYP 2E1 when they are acutely
administered (Stott et al., 1997) (Figure 2). This specific inhibi-
tion inside the DA neuron may account for the increase in MPP+
striatal half-life, and thus toxicity.

More recently, furthermore, we demonstrated that, similar to
DDC and ACE, CYP 2E1 substrates/inhibitors, such as diallylsul-
fide (DAS) or phenylethylisothiocyanate (PIC) markedly enhance
MPTP toxicity in C57/bl brain, suggesting an involvement of CYP
2E1 in the enhancement of MPTP toxicity. However, because DAS
and PIC are not true CYP 2E1 inhibitors (Nissbrandt et al., 2001),
in order to provide direct evidence for CYP 2E1 involvement, CYP
2E1 knockout (KO) mice and their wild-type counterparts were
challenged with the combined treatment DDC+MPTP (Vaglini
et al., 2004). In that article we consistently showed that an inhi-
bition of the enzyme, as obtained with DDC challenge, failed to
enhance the toxic effect of MPTP in CYP 2E1 KO mice, whereas
the effect was regularly present in wild-type animals. Focusing
on this, we have studied the sensitivity of CYP 2E1 KO mice
to the toxin (Viaggi et al., 2009). The lack of CYP2 E1 did
not increase MPTP toxicity as expected from previous experi-
ments with the inhibitors, and, in fact, the CYP 2E1 KO mice
showed a significant resistance to DA neuronal lesions induced by
the toxin in comparison with their wild-type counterparts. The
reduced sensitivity to MPTP of CYP 2E1 KO mice, but not the
complete insensitivity, may be due to compensatory mechanisms
taking place because of the missing protein. This phenomenon
was observed very clearly by Gonzalez when his team gener-
ated these mice in order to study acetaminophen-induced liver
toxicity (Lee et al., 1996). This drug causes liver and kidney necro-
sis when it is metabolized to an alkylating intermediate by the
P450 system, and more specifically by CYP 2E1 (Jollow et al.,
1973; Mitchell et al., 1973; Gonzalez, 2007). CYP 2E1 KO mice
were generated to strengthen the specific role of CYP 2E1 dur-
ing acetaminophen toxicity (Lee et al., 1996). The CYP 2E1 KO

mice were less sensitive to the hepatotoxicity of the drug but
they were not completely unaffected. A compensatory isozyme
of the P450, probably CYP2D6, was substituted, thus producing
the same—though reduced—toxic effect. Very recently we gener-
ated mesencephalic cell cultures from CYP 2E1 KO and wild-type
embryos to investigate MPP+ toxicity and its cell distribution. In
this model we demonstrated that a trace amount of MPP+ accu-
mulates inside the neurons from KO mesencephalic cultures in
a quantity double than that from wild-type embryos, although
the KO cultures are less lesioned by the toxin (manuscript in
preparation). We then suggested, once inside the cell (or stri-
atal synaptic terminal), MPP+ entered preferentially into vesicles
where its storage represented a sort of protection with respect to
other toxic sites such as mitochondria.

In conclusion CYP 2E1 may facilitate the transfer of MPP+ to
mitochondria for further metabolism. Alternatively and indepen-
dently from MPP+ disposition, CYP 2E1 produces toxic reactive
intermediates from endogenous or exogenous substrates which in
turn impair neuronal viability.

THE P450 SYSTEM IN PD
In 1985, Barbeau et al. elegantly presented evidence for an asso-
ciation of a CYP 2D6 defect with PD (Barbeau et al., 1985).
Indeed, they postulated that subjects with a reduced CYP 2D6
enzyme (poor metabolizers) are vulnerable for PD because of the
impaired capacity of liver to detoxify those neurotoxins which are
harmful for DA neurons. It is worth noting that further stud-
ies have actually indicated CYP 2D6 as the major detoxifying
liver enzyme for the PD-inducing neurotoxin, MPTP (Coleman
et al., 1996; Gilham et al., 1997). After this pioneering report,
however, many conflicting results were obtained in phenotypic
and genotypic CYP 2D6 studies, which have been outlined in a
comprehensive review by Riedl et al. (1998).

Several enzymes involved in the metabolism of endogenous
compounds and xenobiotics have been studied in relation to
PD. However, CYP450 in particular drew attention, due to its
ability to defend the body against xenobiotic aggression. In par-
ticular, six P450 enzymes have been examined with respect to
PD: CYP 1A1 (Kurth and Kurth, 1993; Bennet et al., 1994;
Takakubo et al., 1996), CYP 2C9 (Ferrari et al., 1990; Peeters

FIGURE 2 | Role of CYP 2E1 in metabolizing ethanol and acetaldehyde.
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et al., 1994), CYP 2C19 (Gudjonsson et al., 1990; Tsuneoka et al.,
1996), CYP 1A2, CYP 2E1 (Factor et al., 1989; Steventon et al.,
1989), and CYP 2D6 (Riedl et al., 1998). Since the first enthusi-
astic claim, more than 50 reports have debated the role of CYP
2D6 in the pathogenesis of PD. Subsequent phenotypic stud-
ies have failed to support a link between this isozyme and PD.
Similarly, the most extensive genetic studies initially confirmed
this link, but a critical analysis of the recent studies from differ-
ent groups again failed to draw any definitive conclusion (Riedl
et al., 1998). Indeed, with respect to CYP 2D6, no laboratories
have succeeded in replicating the initial report of Smith et al.
(1992), according to which the frequency of poor metabolizers
significantly increased in a PD population. Subsequent reports
have been conflicting, although some groups have claimed dif-
ferences in the allelic frequency of CYP 2D6∗4 and other CYP
2D6 allelic variants in PD. Two recent meta-analyses failed to find
an increased frequency of poor metabolizers among PD patients
(Christensen et al., 1998; Rostami-Hodjegan et al., 1998). On the
contrary, an earlier meta-analysis suggested a weak association,
but this included fewer studies (McCann et al., 1997). As a result
of their inability to observe any association, other authors per-
formed sub-group analyses, thus suggesting a possible link with
“young onset PD” (Agundez et al., 1995) or PD with prominent
tremor (Akhmedova et al., 1995). Unfortunately, these findings
have not been replicated, either (Sandy et al., 1996). Although
most studies have been negative, there are some critical issues
that have been addressed by Le Couteur and McCann (1998) in
connection with this problem. First, it is unlikely, on the basis
of current studies, to completely refute the involvement of CYP
2D6, as, in order to have a definitive study of a statistical power,
one would need almost 3000 subjects to exclude a 50% increase
in the frequency of poor metabolizers among PD patients. The
second issue is that studies should consider only patients who
have had neurotoxin exposure. If CYP 2D6 polymorphism influ-
ences vulnerability to PD by affecting the metabolism of an
environmental neurotoxin, then studies should include only those
subjects who have undergone this kind of neurotoxin exposure.
The authors concluded that this stratification for toxin exposure
is necessary in order to rule out the role of CYP 2D6 in the
pathogenesis of PD.

This last concept of an environmental toxin and CYP 2D6, as
its metabolizing enzyme, opens an old issue regarding the toxic
hypothesis of PD, which originated from the incidental discov-
ery of MPTP as a widespread impurity (Langston et al., 1983).
Indeed, MPTP is metabolized by some P450 enzymes and by CYP
2D6 in particular (Coleman et al., 1996; Gilham et al., 1997) and
has recently been discovered to be a synthetic impurity of het-
erocyclic drugs (Kramer et al., 1998). In this study, the authors
assessed the risk of administering MPTP orally and reported
that compounds containing less than 5 p.p.m. of MPTP do not
involve any neurotoxicological health risk. They concluded sur-
prisingly that it may be assumed that MPTP is also present as a yet
undiscovered minor impurity in various existing drugs (Kramer
et al., 1998). If this was true, MPTP or one of its analogues
would represent the toxin probably responsible not for idiopathic
PD, but for a specific subgroup of parkinsonism. In this case,
CYP 2D6-related metabolism would be of extreme importance

and phenotypic and genotypic studies should be carried out on
different and selected types of subjects.

P450 IN EXPERIMENTAL PARKINSONISM
In general, MPP+ metabolism, unlike MPTP, has been poorly
investigated. Johannessen et al. (1985) postulated that MPP+
may be transformed into free radical species, and other authors
provided evidence for CYP 2D isoform involvement (Fonne-
Pfister and Meyer, 1988; Jolivalt et al., 1995). It is interesting to
note that CYP 2E1 is associated with the metabolism of several
small planar molecules, such as nitrosoamines, benzene, alco-
hol and 3-hydroxypiridine (Parkinson, 1996), and is present in
a functional form because its levels can be induced by prior
treatment with isoniazid (Park et al., 1993). CYP 2E1 therefore
may represent, in this particular case, a detoxification pathway of
MPP+, whose inhibition by DDC leads to an increased toxicity.
A similar conclusion can be drawn for CYP 2D isozymes. CYP
2D6, the isoform present in humans and monkeys, metabolizes
MPTP and MPP+ probably to harmless compounds (Fonne-
Pfister and Meyer, 1988; Jolivalt et al., 1995; Coleman et al.,
1996; Gilham et al., 1997). Therefore, “CYP 2D6 poor metabo-
lizers,” or the drugs that inhibit this isoenzyme, may represent
susceptible factors favoring the neurotoxicity induced by MPTP
(Barbeau et al., 1985; Lane, 1998). It is worth noting that MPP+
binding sites, as described by Del Zompo et al. (1986), may
partly correspond in the mouse brain to the substrate recog-
nition sites of CYP 2D isozymes. This MPP+ binding, indeed,
is displaced potently by debrisoquine and its analogues, which
are good substrates for the P450 system (Del Zompo et al.,
1990). MPP+ binding has also been studied in post-mortem
brain of PD patients and, among the several brain areas ana-
lyzed, only the Substantia Nigra (SN) showed a reduction in
this binding in comparison with age-matched controls (Corsini
et al., 1988). This reduction may be interpreted as a result
of CYP 2D6 loss in the SN following DA neuron degenera-
tion, a finding which is similar to that observed by Riedl et al.
(1999) in the rat brain after 6-OHDA lesion of DA neurons.
Furthermore, CYP 2D isoforms not only metabolize the neuro-
toxins MPTP and/or MPP+, but also markedly participate in the
metabolism of methamphetamine and its analogues (Lin et al.,
1995). Actually, similar conclusions must be drawn for these toxic
compounds which are widely abused by humans. The role of
CYP 2D6-mediated metabolism of amphetamines must be con-
sidered not only for the hepatic enzyme, but also for the one
present in DA neurons. At present, it is difficult to suggest the
effective physiological role of this enzyme in the DA neuron. It is
likely that it behaves like a guard against endogenous or exoge-
nous harmful intruders (false transmitters) which may affect DA
metabolism. The concept of a “false transmitter” implies that
endogenous chemicals may be handled within the neurons like
the natural transmitter, thereby influencing the intraneuronal dis-
position and release of the natural transmitter (Thoenen, 1969).
Among the various false transmitters which affect DA neurons,
tryptamine is one of the most widely studied (Baumgarten and
Zimmermann, 1992). Tryptamine is an endogenous substrate
of CYP 2D6 (Martinez et al., 1997) and its involvement in PD
and in schizophrenia as well has been evaluated since the 60’s
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(Brune and Himwhich, 1962; Keuhl et al., 1968; Herkert and
Keup, 1969; Smith and Kellow, 1969).

CYTOCHROME P450 2E1
The highest concentration of the enzyme CYP 2E1 is in the
liver where it is the main P450 enzyme for ethanol metabolism
(Thomas et al., 1987; de Waziers et al., 1990; Correa et al., 2009).
However, it has been found in many extrahepatic organs, for
example in kidney and lung. CYP 2E1 is specifically implicated
in the metabolism of several compounds including toxicants
and low molecular weight procarcinogens (Koop, 1992). Among
the many endogenous substrates of the enzyme that have been
identified (Ronis et al., 1996; Lieber, 1997; Ingelman-Sundberg,
2004), are ketones (e.g., acetone) and fatty acids such as arachi-
donic acid. The exogenous compounds metabolized by CYP 2E1
comprise a wide variety of xenobiotics (e.g., acetaminophen, ani-
line, paracetamol, N-nitrosodimetylamine, and chlorzoxazone,
with the latter two often used as enzymatic probes), alcohols
(e.g., ethanol, methanol), ACE, aromatic hydrocarbons such as
benzene and toluene, halogenated hydrocarbons (e.g., carbon
tetrachloride) and finally anesthetics including enflurane, isoflu-
rane, and halothane. Its active site pocket is relatively small and
hydrophobic, creating a suitable environment for small non-polar
molecules. Due to its existence predominantly as high spin form,
CYP 2E1 also is important in oxygen reduction and generation
of reactive oxyradicals, potent initiators of membrane lipid per-
oxidation (Ekstrom and Ingelman-Sundberg, 1989; Persson et al.,
1990).

Several isoenzymes of P450 have been identified in the CNS
of several animal species, including man (Kalow, 1992; Warner
et al., 1993). Altough the activities of the different cytocromes in
the brain are very low as compared to in the liver, CYP 2E1 has
been detected by immunohistochemical techniques in the DA-
containing areas, the striatum and the SN (Anandatheerthavarada
et al., 1993a; Gonzalez and Kimura, 1999). As in the liver, CYP 2E1
in brain is inducible by, e.g., ethanol, isoniazid or nicotine admin-
istration (Anandatheerthavarada et al., 1993b; Sohda et al., 1993;
Gonzalez and Kimura, 1999). Also, induction of this enzyme
during ischemic injury was shown in hippocampal and cortex
astrocytes of rat and gerbil in vivo (Tindberg et al., 1996; Watts
et al., 1998) showed that inducible CYP 2E1 existed in the same
compartment as tyrosine hydroxylase in the rat SN but could not
detect the enzyme in nigral glia cells. In addition, localization
of the enzyme in monkey brain, as well as prenatal and adult
human brain was confirmed (Brzezinski et al., 1999; Upadhya
et al., 2000; Joshi and Tyndale, 2006). The active form of CYP 2E1

has been found in ER (microsomes), in the Golgi apparatus and
in the plasma membrane of rat hepatocytes (Wu and Cederbaum,
1992; Loeper et al., 1993; Neve et al., 1996). It is possible that in
the CNS, the active form of this enzyme is localized in the same
membrane compartments as its hepatic variety.

There is evidence that interindividual variability in the expres-
sion and functional activity of this cytochrome may be consid-
erable. Genetic polymorphisms in CYP 2E1 were identified and
linked to altered susceptibility to hepatic cirrhosis induced by
ethanol and esophageal and other cancers in some epidemiologi-
cal studies. Therefore, it is important to evaluate how such poly-
morphisms affect CYP 2E1 function and whether it is possible
to construct a population distribution of CYP 2E1 activity based
upon the known effects of these polymorphisms and their fre-
quency in the population (Itoga et al., 2002; Danko and Chaschin,
2005).

Recently, considering these findings on the enzymatic prop-
erties and genetic characteristics of CYP 2E1 and the fact that
the enzyme is found in the SN, preliminary data demonstrated
a possible association between CYP 2E1 polymorphisms and PD
(Shahabi et al., 2009).

More recently Kaut et al. (2012) found decreased methylation
of the cytochrome CYP 2E1 gene and increased expression of CYP
2E1 messenger RNA in PD patients’ brains, suggesting that epige-
netic variants of this cytochrome contribute to PD susceptibility.
Alterations of gene methylation patterns may form an interface
between genetic and environmental susceptibility, carrying for-
ward long lasting changes which may have been acquired even
in preceding generations (Feinberg, 2007; Suzuki and Bird, 2008;
Urdinguio et al., 2009).

Summarizing the above mentioned paragraphs the use of
ACE, or other CYP 2E1 substrates/inhibitors as well, revealed the
role of a specific P450 enzyme in experimental parkinsonism as
obtained in the MPTP mouse model. Similarly clinical studies
in PD led to the conclusion that environmental factors, such as
several xenobiotics, contribute to the development of the disease.
Among the relevant toxic environmental chemicals, pesticides
and volatile solvents are the most suspected ones which are all
substrates of CYP 2E1. It is likely that the oxidative stress induced
by these substrates, including ethanol and its main metabolite
ACE, may trigger a chronic impairment of DA neurons leading
to degeneration. CYP 2E1 epigenetic alterations may facilitate the
degenerative process through the metabolism of such xenobiotics
and represent the genetic susceptibility to the disease. CYP 2E1
might be just the tip of the iceberg of epigenetic alterations to be
identified in apparently sporadic neurodegenerative disorders.
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