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ABSTRACT

Previous studies suggest that acetaldehyde generated from ethanol in the brain is reinforcing. The present studies tested
the feasibility of achieving a long-term reduction of chronic and post-deprivation binge ethanol drinking by a single
administration into the brain ventral tegmental area (VTA) of a lentiviral vector that codes for aldehyde
dehydrogenase-2 (ALDH2), which degrades acetaldehyde. The ALDH2 gene coding vector or a control lentiviral vector
were microinjected into the VTA of rats bred for their alcohol preference. In the chronic alcohol administration model,
naïve animals administered the control vector and subsequently offered 10% ethanol and water ingested 8–9 g
ethanol/kg body weight/day. The single administration of the ALDH2-coding vector prior to allowing ethanol avail-
ability reduced ethanol drinking by 85–90% (P < 0.001) for the 45 days tested. In the post-deprivation binge-drinking
model, animals that had previously consumed ethanol chronically for 81 days were administered the lentiviral vector
and were thereafter deprived of ethanol for three 7-day periods, each interrupted by a single 60-minute ethanol
re-access after the last day of each deprivation period. Upon ethanol re-access, control vector-treated animals con-
sumed intoxicating ‘binge’ amounts of ethanol, reaching intakes of 2.7 g ethanol/kg body weight in 60 minutes. The
administration of the ALDH2-coding vector reduced re-access binge drinking by 75–80% (P < 0.001). This study
shows that endowing the ventral tegmental with an increased ability to degrade acetaldehyde greatly reduces chronic
alcohol consumption and post-deprivation binge drinking for prolonged periods and supports the hypothesis that
brain-generated acetaldehyde promotes alcohol drinking.
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INTRODUCTION

Conditions present at different stages in the path to
human alcoholism include chronic drinking and, after
detoxification, the inability to abstain once access to
alcohol is re-initiated, leading to binge drinking. The
present study aims at reproducing and preventing these
conditions in Wistar-derived rats selectively bred to prefer
drinking ethanol-containing solutions over water.

The possible involvement of the ethanol metabolite
acetaldehyde as a mediator of the reinforcing effects of
ethanol was proposed over 40 years ago, and the ‘acetal-
dehyde hypothesis’ has been strengthened since then
(reviewed by Correa et al. 2012; Deehan, Brodie & Rodd
2013). Studies in the late 1970s (Brown, Amit &
Rockman 1979) showed that naïve rats maintained in
operant chambers self-administer acetaldehyde solutions
into the cerebral ventricles. However, the concentrations
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attained in the cerebrospinal fluid were on the order of
5 × 10−3 M, which are two to three orders of magnitude
higher than those present in the arterial blood of
animals. Blood levels of acetaldehyde attained after the
administration of low doses of ethanol (1 g ethanol/kg)
do not normally exceed 20 × 10−6 M (Quintanilla et al.
2007; Rivera-Meza et al. 2010). At the latter concentra-
tions, acetaldehyde does not cross the blood–brain barrier
(Peterson & Tabakoff 1979; Stowell et al. 1980) because
acetaldehyde is cleared by the high-affinity aldehyde
dehydrogenase-2 (ALDH2) present in the endothelial
(tight-junction) cells that constitute the blood–brain
barrier; thus, it is highly improbable that acetaldehyde
generated from ethanol metabolism in the liver could
reach the brain. Only after the exogenous administration
of systemic acetaldehyde, when acetaldehyde concentra-
tions exceed 100 × 10−6 M, is this metabolite found in the
central nervous system (Tabakoff, Anderson & Ritzmann
1976).

Cohen, Sinet & Heikkila (1980) asked if ethanol could
be oxidized by catalase in the brain. Their in vivo studies
showed that the administration of ethanol prevented the
inhibition of brain catalase by the drug 3-aminotriazole,
which indicated that ethanol binds to the same oxidized
intermediate of catalase (‘compound I’) that binds
3-aminotriazole. These studies suggested that the brain
could also oxidize ethanol to acetaldehyde. It is noted that
while alcohol dehydrogenase is not expressed in the
brain, several in vitro studies have indicated that acetal-
dehyde is generated from ethanol by the action of brain
catalase (Tampier & Mardones 1979; Aragon, Rogan &
Amit 1992; Zimatkin et al. 2006) and, to a minor extent,
by CYP2E1 (Zimatkin et al. 2006). Catalase generates
some 70% of brain acetaldehyde, whereas CYP2E1 gen-
erates only 15–20% (Zimatkin et al. 2006).

It has been shown that the inhibition of catalase by
the acute administration of 3-aminotriazole (Aragon &
Amit 1992; Tampier, Quintanilla & Mardones 1995) or
the administration of D-penicillamine, which condenses
to acetaldehyde, reduces voluntary consumption of
ethanol and binge drinking in animals (Font, Aragon &
Miquel 2006; Orrico et al. 2013). The effect of these
drugs is short-lived, thus requiring the current or daily
administration of these agents to sustain the effects on
chronic alcohol-related behaviors.

A different experimental approach has greatly con-
tributed to strengthening the acetaldehyde hypothesis.
Rodd and co-workers (see Rodd et al. 2005; Deehan et al.
2013) demonstrated that rats selectively bred as alcohol
drinkers (strain P of Indianapolis) placed in operant
chambers self-administer both ethanol and acetaldehyde
into the brain ventral tegmental area (VTA). Most impor-
tantly, the reinforcing concentrations of acetaldehyde
[(6–12) × 10−6 M] are three orders of magnitude lower

than those required for ethanol (17 × 10−3 M) (Oster et al.
2006).

Karahanian et al. (2011) and Quintanilla et al. (2012)
aimed at inhibiting ethanol intake by permanently reduc-
ing VTA catalase synthesis by a genetic approach, thus
adding to the view that endogenous acetaldehyde genera-
tion is required to exert the reinforcing effects of orally
consumed ethanol. This was accomplished in UChB
alcohol-drinker rats by single administration into the
VTA of a lentiviral vector that coded for a short hairpin
RNA (shRNA), which inhibited the synthesis of VTA
catalase by 70%. Genes carried by lentiviral vectors per-
manently integrate into the cell genome. The single stere-
otaxic administration of the anti-catalase shRNA-coding
lentiviral vector into the VTA greatly reduced (70–95%)
the voluntary ethanol consumption for the 40–60 days
studied (Karahanian et al. 2011; Quintanilla et al. 2012).
There was also a full inhibition of the alcohol-dependent
release of dopamine in the nucleus accumbens
(Karahanian et al. 2011). While in the brain, enzymes
other than catalase are mainly involved in the degrada-
tion of hydrogen peroxide (Halliwell 2006), a reduction of
catalase activity might affect the levels of this molecule,
considered an intracellular signal transduction molecule
(Gill & Lavine 2013).

In the present study, we used an alternative approach
aimed at increasing the VTA ability to degrade ace-
taldehyde, leading to a long-term reduction of ethanol
voluntary intake and binge drinking; namely by
transducing into the VTA a single dose of a lentiviral
vector that codes for ALDH2. The affinity of ALDH2 is
high (Km < 0.2 × 10−6 M; Klyosov 1996), thus allowing
maximal activity at the acetaldehyde concentrations
[(6–12) × 10−6 M] that animals self-administer into the
VTA (Oster et al. 2006).

In their studies using rats, Sinclair and co-workers
showed that chronic ethanol intake followed by a period
of alcohol deprivation and a subsequent ethanol
re-access period led animals to markedly increase their
ethanol intake above their pre-deprivation levels (Sinclair
& Senter 1968). This increase in ethanol intake above
basal levels has been termed the alcohol deprivation effect
(ADE) (Spanagel & Hölter 1999; Rodd-Henricks et al.
2001). ADE is seen either after a short (1–3 days)
(Sinclair & Li 1989; Agabio et al. 2000) or a long (up to
60–75 days) deprivation period (Sinclair, Walker &
Jordan 1973; Spanagel & Hölter 1999), but prolonged
exposure to ethanol alone without a period of deprivation
did not produce such a marked increase in ethanol intake
(Spanagel & Hölter 1999). Some 3–4 weeks of continu-
ous alcohol drinking are required before deprivation to
elicit an ADE (Spanagel & Hölter 1999). It is noteworthy
that a number of studies have shown that repeated cycles
of alcohol intake-deprivation re-access lead to additional
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increases in ethanol intake (Oster et al. 2006; Rodd et al.
2009). Another characteristic of ADE is that animals
allowed re-access to two or three concentrations of
ethanol choose to consume most of the ethanol from
solutions that are more concentrated than those con-
sumed during their basal chronic intake (see Rodd et al.
2009). Such a behavior, referred to as ‘relapse-like drink-
ing’ by some authors (Vengeliene, Noori & Spanagel
2013), allows the animals to attain a marked intoxication
in a short re-access time.

An ADE has been reproduced by several groups
(Sinclair & Li 1989; Heyser, Schulteis & Koob 1997;
Spanagel & Hölter 1999; Rodd-Henricks et al. 2001;
Serra et al. 2003), including experiments with the Indi-
anapolis P; HAD-1 and HAD-2 rat strains (Sinclair & Li
1989; Bell et al. 2008; Rodd et al. 2009); the Finnish AA
rat line (Sinclair & Li 1989); the Sardinian alcohol-
preferring sP rats (Serra et al. 2003); and the Chilean
UChB line (Tampier et al. 2013).

The biological bases underlying ADE have not been
established, although it is conceivable that after chronic
free access to ethanol, the deprivation period may lead to
sensitization, as reported for other drugs (Morgan, Smith
& Roberts 2005). In line with this view, in the ADE con-
dition, animals work to a greater extent (to a higher
break-point in progressive ratio schedules) to obtain
ethanol (Rodd et al. 2003; Oster et al. 2006; Vengeliene
et al. 2009). Vengeliene et al. (2005) showed that binge
drinking is blunted after the intraperitoneal administra-
tion of ethanol. What is not clear is whether the same
molecular agent that promoted chronic drinking is also
involved in ADE intake. Two recent short-term studies
suggest that acetaldehyde may be required as the infusion
of D-penicillamine intra VTA administration or of an
anti-catalase gene vector inhibited ADE (Orrico et al.
2013; Tampier et al. 2013). The present study aimed at
inducing a long-term increase in the ability of the VTA to
degrade acetaldehyde at the time of ADE expression. The
effect of the ALDH2-coding vector on post-alcohol depri-
vation (ADE) binge drinking was determined during a
60-minute re-access to ethanol on each of three 7-day
ethanol deprivation and re-access cycles.

Overall, the study shows a marked long-term inhibi-
tory effect on chronic alcohol intake of a single dose of an
ALDH2-coding lentiviral vector when administered to
naïve rats that are subsequently exposed to ethanol and
on binge drinking in rats deprived of ethanol after
chronic consumption and subsequently allowed re-access
to ethanol.

MATERIALS AND METHODS

Animal experimental procedures were approved by the
Ethics Committee for Experiments with Laboratory

Animals, Faculty of Medicine, University of Chile (Proto-
col CBA#0507, FMUCH) and by the Chilean Council for
Science and Technology Research, endorsing the princi-
ples of laboratory animal care (NIH; No. 86-23). Every
effort was made to minimize the numbers and any suffer-
ing of animals.

Generation of lentiviral vectors

The lentiviral vector coding for rat ALDH2 was con-
structed cloning the rat ALDH2 cDNA sequence (Jeng &
Weiner 1991) in pCDH1 (System Biosciences, Mountain
View, CA, USA) under the control of the cytomegalovirus
promoter. The control virus was generated from the same
vector but it did code for ALDH2. The viruses were
packed, purified and titrated as previously described
(Karahanian et al. 2011).

Generation of ALDH2 in vitro by ALDH2-coding
lentiviral vector

HEK-293 (ATCC #CRL-1573) cells (that do not express
ALDH2) in 6-well plates were infected at 50% confluency
with Lenti-ALDH2 or Lenti-Control (at a multiplicity of
infection of 1 virus/cell) (n = 3). Three days after infec-
tion, ALDH2 enzymatic activity in cell lysates was deter-
mined spectrophotometrically by NADH generation in
the presence of 0.8 × 10−3 M NAD+ and 14 × 10−6 M
propionaldehyde, according to Karahanian, Ocaranza &
Israel (2005).

Intracerebral administration of lentiviral vectors

The studies were performed in Wistar-derived UChB rats
bred for over 85 generations to ingest ethanol solutions in
preference to water (Quintanilla et al. 2006). In these
studies, 3- to 4-month-old female rats (having nearly sta-
bilized their body weight) were used. Sixteen naïve female
rats and 10 female rats that had prior access to 10%
ethanol and water for 81 days were anesthetized with a
mixture of air and isoflurane and placed in a stereotaxic
frame for intracerebral administration of the viral vector
into the left VTA (B-5.6, L-0.5, V-7.4; from Paxinos &
Watson 1986. Further, 1 μl of a solution containing the
control lentiviral vector (8 × 104 viral particles was
microinjected into eight naïve and five ethanol-drinking
rats) and 1 μl of ALDH2-coding viral vector (8 × 104 viral
particles was also microinjected into eight naïve and
five ethanol-drinking rats). The lentiviral vectors were
injected in approximately 5 minutes, which should allow
distribution into the whole VTA. It should be noted that,
in line with the work of Rodd et al. (2005), in the present
study, the VTA infusion was more posterior than in
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previous studies (B-5.2) by Karahanian et al. (2011), but
still in a total volume of 1 μl, likely spreading to most of
the VTA-injected side.

Experiment 1

Effect of an ALDH2-coding vector injected into the VTA of
alcohol-naïve rats on voluntary ethanol intake

After the intracerebral lentiviral (ALDH2, n = 8) or
control (empty virus, n = 8) vector injection, the animals
were returned to their individual home cage, and 4 days
later, they were offered 24-hour continuous access to an
ethanol solution (10% v/v) and water for 45 days. Both
10% ethanol and water consumption were recorded daily.
Ethanol consumption was expressed as g ethanol/kg
body weight/day.

Experiment 2

Effect on voluntary ethanol intake of an ALDH2-coding
vector injected into the VTA of chronically
alcohol-consuming rats

Ten rats that had prior 24-hour access to 10% ethanol
and water for 81 days were divided into two groups with
closely similar alcohol consumption. Five rats with final
intakes of 8.8 ± 1.0 g ethanol/kg/day were injected with
the ALDH2-coding viral vector into the VTA and five rats
with intakes of 9.1 ± 0.8 g ethanol/kg/day were injected
with the control viral vector. Animals were returned to
individual home cage and continued under the 24-hour
continuous access to ethanol solution (10% v/v) and
water for 11 days. Ethanol consumption continued to be
determined on a daily basis and expressed as gram
ethanol/kilogram body weight/day.

Experiment 3

Effect on alcohol intake of an ALDH2-coding vector injected
into the VTA rats that had chronically consumed ethanol
and were subsequently exposed to ethanol deprivation and
thereafter allowed ethanol re-access

Rats that had consumed 10% ethanol chronically for 81
days were intracerebrally injected with ALDH2- or
control-lentiviral vectors (n = 5 rats/group) and intake
was further determined for 11 days. The animals were
then deprived of ethanol for 7 days and were subse-
quently allowed re-access to 10 and 20% ethanol solu-
tions and water for only 60 minutes. The ethanol
deprivation and subsequent re-access cycles were
repeated three times. On each of the cycles, the 1-hour
ethanol intake was determined as gram ethanol of each
of the 10 and 20% solutions consumed/kilogram body
weight. The experimental design follows studies that have
shown that binge drinking occurs mainly in the first hour

of ethanol re-exposure (Rodd-Henricks et al. 2001; Bell
et al. 2006; Tampier et al. 2013) and have demonstrated
that repeated ethanol deprivation and re-access cycles
result in significant increases in ethanol binge drinking
(Oster et al. 2006; Rodd et al. 2009). On each cycle, after
the 7-day ethanol deprivation period, ethanol re-access
started at 1:00 pm on a regular 7:00 am lights on to
7:00 pm lights off circadian cycle (thus not ‘drinking-in-
the-dark’).

Statistical analyses

Data are expressed as means ± SEM. Statistical differ-
ences were analyzed by Student’s t-test, or by one-way or
two-way ANOVA using Bonferroni’s as post hoc test. A
level of P < 0.05 was considered statistically significant.

RESULTS

Cells (HEK-293) transduced with the ALDH2-coding
vector showed an ALDH2 activity (10.3 ± 0.76 nmol
NADH/min/mg protein; n = 3) two orders of magnitude
greater than that of cells transfected with the control
vector (0.12 ± 0.09 nmol NADH/min/mg protein n = 3)
(P < 0.02; Student’s t-test).

Figure 1 shows that when administered to naïve
animals, the single injection of an ALDH2-coding
lentiviral vector into the VTA greatly reduced (85–90%)
ethanol intake for a 45-day period [F(1,43) = 2730,
P < 0.001; two-way ANOVA]. Animal weights were not
significantly different between the two groups [data not
shown; F(1,43) = 3.59, N.S.]. Similarly, total fluid intake
was not different in the two groups (control vector:
108 ± 1.2 ml fluid/kg/day; 104 ± 1.4 ml fluid/kg/day for
ALDH2-coding vector group). Water intake (from the
water tubes) was markedly lower in animals that received
the control lentiviral vector (15 ± 1.5 ml/kg/day) than in
animals treated with the ALDH2-coding lentiviral vector
(92 ± 1.5 ml/kg/day) (P < 0.001; Student’s t-test).

Figure 2 shows that the ALDH2-coding vector that
had greatly inhibited ethanol intake in naïve animals was
inactive in reducing ethanol intake in rats that had con-
sumed ethanol on a 24-hour basis for 81 days. In these
animals, ethanol intake was monitored for 11 days fol-
lowing the ALDH2-coding (or control) viral vector injec-
tion (N.S.; two-way ANOVA). Possible reasons for this
difference with the findings observed in naïve animals are
discussed (vide infra).

Figure 3a shows that a 7-day ethanol deprivation of
animals that had consumed ethanol chronically (92
days) results in binge-like drinking when ethanol
re-access was allowed for only 1 hour. Data show that
repeated deprivation and re-access cycles led to further
increases in 60-minute ethanol intake [one-way ANOVA,
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F(2,14) = 14.88, P < 0.001]. In control vector-treated
animals, intake was 2.0 g ethanol/60 minutes/kg after
the first deprivation re-access cycle, increasing to 2.7 g
ethanol/60 minutes/kg on the third deprivation
and re-access cycle (Bonferroni’s test, P < 0.001). The
ALDH2-coding lentiviral viral vector administration sig-
nificantly inhibited ethanol intake during the three
re-access cycles compared to the Lenti-Control vector
group. A two-way ANOVA (Treatment × Deprivation
cycles) of total ethanol intake data (Fig. 3a) showed a
significant overall inhibitory effect of ALDH2 lentiviral
vector treatment [F(1,29) = 65.46, P < 0.001]. A post hoc
Bonferroni’s test showed that rats treated with Lenti-
ALDH2 vector displayed a statistically significant greater
inhibitory effect on total ethanol intake compared to the
Lenti-Control group as the number of deprivation and
re-access cycles increased (first re-access: P < 0.05;
second re-access: P < 0.01; third re-access: P < 0.001).
On the third deprivation and re-access cycle, the ALDH2-

coding vector reduced alcohol intake of animals by
75–80%. Figure 3b shows the intake (means ± SEM) of
20% ethanol solution during the three post-deprivation
re-access periods. ALDH2 treatment also resulted in a
marked inhibition of ethanol intake [two-way ANOVA,
F(1,29) = 76.86, P < 0.001]. A post hoc Bonferroni’s test
showed that rats treated with Lenti-ALDH2 vector dis-
played a statistically significant greater effect on 20%
ethanol intake compared to the Lenti-Control group on
each of the three deprivation re-access cycles (first
re-access: P < 0.05; second re-access: P < 0.001; third
re-access: P < 0.001). Figure 3c shows the intake
(means ± SEM) of the 10% ethanol solution during the
three post-deprivation and re-access cycles. ALDH2 treat-
ment resulted in a significant inhibition of ethanol intake
[two way-ANOVA, F(1,29) = 8.18, P < 0.001]. Addition-
ally, Fig. 3b and c shows that ethanol deprivation and
re-access cycles led animals to prefer the more concen-
trated ethanol solution available [two-way ANOVA for the

Figure 1 A single aldehyde
dehydrogenase-2 (ALDH2)-lentiviral
vector injection into the ventral tegmental
area (VTA) reduces long-term alcohol
intake in rats. Rats (n = 8 rats/group) mark-
edly reduced their alcohol intake when an
ALDH2 lentiviral vector was injected into
the VTA prior to ethanol exposure.A two-
way ANOVA analysis revealed a significant
inhibition on ethanol intake (85–90%) by
the administration of the ALDH2-lentiviral
vector versus control vector (P < 0.001)

Figure 2 Aldehyde dehydrogenase-2
(ALDH2)-lentiviral vector injection did not
reduce alcohol intake in rats that had
chronically ingested ethanol. Arrow indi-
cates the time of administration of either
control-lentiviral vector (-▲-) or ALDH2-
lentiviral vector (-□-). The number of
animals was 8 rats/group. Neither the
ALDH2-coding vector nor the control
vector modified the voluntary ethanol
intake of the animals for the 11 days
studied (N.S.)
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Lenti-Control group, effect of alcohol concentration:
F(1,29) = 63.97, P < 0.001]; ethanol intake from the 20%
ethanol solution was two to three times larger than that
from 10% ethanol (Bonferroni’s test: first re-access:
P < 0.05; second re-access: P < 0.001; third re-access:
P < 0.001).

Table 1 shows that water intake was not affected by
the ethanol deprivation and re-access cycles or by the
viral vectors [two-way ANOVA (Treatment × Deprivation
cycle); treatment effect: F(1,29) = 0.007, N.S.; deprivation
effect: F(2,29) = 2.319, N.S.].

DISCUSSION

The data presented earlier show that in naïve animals the
administration of an ALDH2-coding lentiviral vector into
the VTA markedly reduced (80–95%) ethanol intake. The
study supports the hypothesis that ethanol reinforcement
is mediated by acetaldehyde generated endogenously
in the VTA. Previous studies (Karahanian et al. 2011;
Quintanilla et al. 2012) showed that inhibition of
catalase synthesis, which reduced the generation of acet-
aldehyde, is also effective in markedly reducing chronic
ethanol intake in alcohol-preferring rats. Thus, either
increasing the metabolism of acetaldehyde or reducing its
generation in the VTA leads to a marked reduction of
ethanol intake. In both cases, total fluid intake was
unchanged, but water was replaced by ethanol solution.

Genetic manipulation of ALDH2 activity is likely more
specific than approaches reported previously. An addi-
tional advantage of lentiviral delivery is the fact that since
the genes are incorporated into the genome, the duration
of their effect is prolonged, thus not requiring multiple
intracranial administrations. The present study shows
that ALDH2 gene transduction did not alter body weight
or total fluid intake. In lentiviral-ALDH2-treated animals,
water intake (from the water tube) was higher than in the

Figure 3 The injection of an aldehyde dehydrogenase-2 (ALDH2)-
lentiviral vector inhibits ethanol intake on re-access after repeated
access-deprivation cycles. Animals that had voluntarily consumed
10% ethanol for 81 days were administered an ALDH2-coding
lentiviral vector or a control-lentiviral vector into the ventral
tegmental area (VTA) (n = 5/group). On day 91, animals were
deprived for 7 days followed by 1 hour of access to 10 and 20%
ethanol and water. These deprivation and ethanol re-access cycles
were repeated three times. Ethanol consumption on re-access was
expressed as g ethanol/kg/60 minutes. (a) Values represent the
mean ± SEM of total ethanol consumption (from both the 10 and
20% ethanol solutions) on the three deprivation (-//-) and re-access
cycles. Effect of ALDH2 treatment: P < 0.001. (b)Values represent the
mean ± SEM of 20% ethanol solution consumption during the three
deprivation (-//-) and re-access cycles. Effect of ALDH2 treatment:
P < 0.001. (c) Values represent the mean ± SEM of 10% ethanol
solution consumption during the three re-access cycles. Effect of
ALDH2 treatment: P < 0.001. Overall (a–c), the effect of ALDH2
treatment was increased following each deprivation cycle: *P < 0.05,
**P < 0.01, ***P < 0.001 versus Lenti-Control group. The symbol †
indicates a greater total ethanol intake (P < 0.001, by Bonferroni’s
test) versus the first Lenti-Control re-access

Table 1 Water intake of control-lentiviral vector and ALDH2-
lentiviral vector treated rats subjected to three deprivation and
ethanol re-access cycles.

Water intake (ml/kg/day)

First
re-access

Second
re-access

Third
re-access

Control-lentiviral
vector (n = 5)

104 ± 3 95 ± 7 97 ± 4

ALDH2-coding
lentiviral
vector (n = 5)

108 ± 7 91 ± 6 96 ± 9

Data (means ± SEM) correspond to the 24-hour intake of water (from the
water tube) on the day of ethanol re-access. N.S. = ANOVA did not show
significant differences.
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lentiviral-control animals, as the ALDH2-treated animals
greatly reduced their water intake from the 10% ethanol
solution. Similar effects on ethanol and water intake were
observed in animals treated with a shRNA anti-catalase
lentiviral-coding vector (Karahanian et al. 2011).

An effect that requires further studies is the observa-
tion that unlike the strong inhibitory effect (80–95%) on
ethanol intake generated by the administration of the
ALDH2-coding vector to naïve animals, animals that had
consumed ethanol chronically for 2–3 months did not
reduce their ethanol intake upon the administration of
the ALDH2-coding vector. Cues such as odor are associ-
ated with increases in alcohol self-administration in
habitual drinkers (Perkins et al. 2003). In hazardous
drinkers, ethanol odor per se increases the activity in the
nucleus accumbens, potentially enhancing the desire
to drink (Bragulat et al. 2008). In mice exposed to a
reinstatement paradigm similar to ADE, alcohol cues in
an alcohol context increased alcohol self-administration
(Tsiang & Janak 2006). Thus, odor may constitute a cue
that perpetuates ethanol drinking when the primary
molecular mechanisms that lead to chronic drinking are
blunted by the administration of the ALDH2-coding
vector. Alternatively, after chronic ethanol intake, per-
petuation of alcohol self-administration may not be
dependent on VTA acetaldehyde or may reside in brain
areas other than the VTA (see Chaudhri et al. 2013).
Studies by Engleman et al. (2009) suggest that at intoxi-
cating levels of ethanol, the nucleus accumbens may also
be involved in ethanol reinforcement. In the opiate field, it
has been described that after chronic opiate treatment
of animals, reward no longer occurs via the VTA
dopaminergic control (Laviolette & Van der-Kooy 2004;
Vargas-Perez, Ting-A-Kee & van der Kooy 2009). Addi-
tionally, the possibility that in rats that have consumed
ethanol chronically a system that degrades VTA acetal-
dehyde may be activated cannot be discarded.

A marked inhibitory effect (75–80%; P < 0.001) on
ethanol intake of the ALDH2-coding vector was however
observed in animals exposed to chronic ethanol intake,
followed by ethanol deprivation and subsequent alcohol
re-access. Further, binge drinking was increased on each
ethanol deprivation cycle, whereas the inhibitory effect
on ethanol intake generated by ALDH2 overexpression
was enhanced after each deprivation period, being signifi-
cantly greater after the third deprivation cycle. Data in
this study suggest that acetaldehyde is required for the
binge drinking induced by the ADE.

The binge-like alcohol intake resulting from the ADE
reached 2.7 g ethanol/kg in 60 minutes. The higher
ethanol intake following repeated ethanol deprivation
cycles might be due to a repeated reversal of tolerance to
the putatively hedonic effect of ethanol, thus leading to
sensitization to the rewarding effects of ethanol. In

line with the development of sensitization in the ADE
condition, Rodd et al. (2003), Oster et al. (2006) and
Vengeliene et al. (2009) showed that animals performed
more work (bar-pressed to a higher break-point) to obtain
ethanol than they did before the chronic intake and
deprivation cycles, thus suggesting that deprivation
increases the hedonistic effect of ethanol. Previous
studies suggest that physical dependence does not occur
in this animal model (Quintanilla et al. 2012); thus, it is
unlikely that negative reinforcement would play a major
role in the increases in ethanol intake.

Overall, the present study shows that a single injection
into the VTA of a lentiviral vector that codes for the high-
affinity alcohol dehydrogenase-2 markedly reduces
chronic ethanol drinking in naïve rats and also greatly
reduces the binge-like ethanol consumption that is seen
in animals that have consumed alcohol chronically, are
alcohol deprived and are subsequently allowed ethanol
re-access. Data also strongly suggest that brain-generated
acetaldehyde mediates these two effects, suggesting
clinically relevant therapeutic avenues.
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