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Abstract
Ethanol is a frequently abused drug that impairs cognitive processes such as learning. Varenicline,
an α4β2 nicotinic receptor partial agonist and α7 nicotinic receptor full agonist prescribed for smoking
cessation, has been shown to decrease ethanol consumption. The current study investigated whether
varenicline could ameliorate ethanol-induced deficits in learning and whether varenicline alters blood
alcohol concentration in C57BL/6 mice. Conditioning consisted of two auditory conditioned stimulus
(CS; 30 seconds, 85 dB white noise)–foot shock unconditioned stimulus (US; 2 seconds, 0.57 mA)
pairings. For all studies, saline or ethanol (1.0, 1.5, 2.0 g/kg i.p.) was administered 15 minutes before
training, and saline or varenicline (0.05, 0.1, 0.2 mg/kg i.p.) was administered 60 minutes before
either training or testing. For blood alcohol analysis, saline or varenicline (0.1 mg/kg) was
administered 60 minutes before collection, and saline or ethanol (1.0, 1.5, 2.0 g/kg) was administered
15 minutes before collection. Varenicline dose-dependently ameliorated ethanol-induced
conditioning deficits for all three doses of ethanol when administered before training but not when
administered 24 hours later, before testing. In addition, varenicline did not alter blood alcohol
concentration. The smoking cessation aid varenicline may have therapeutic uses for treating ethanol-
associated disruptions in cognitive processes.
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Introduction
Although the health risks associated with alcohol abuse and addiction are well-known,
alcoholism remains a worldwide public health issue. The most common alcohol abstinence
aids for patients are nonspecific opioid receptor antagonists such as naltrexone (Nava et al.,
2006), and the glutamate receptor antagonist acamprosate, both of which decrease ethanol
craving (Cowen et al., 2005). Although these drugs, alone and in combination, decrease the
likelihood of relapse to drinking in abstinent alcoholics (Feeney et al., 2006), acamprosate has
minimal effects on the cognitive deficits associated with acute and chronic ethanol
consumption (Brasser et al., 2004), while naltrexone actually exacerbates ethanol-induced
cognitive deficits (McCaul et al., 2000). As a result of the incomplete treatment options for
alcohol cessation, research is ongoing to identify new therapies that treat both the cognitive-
disruptive and addictive effects of ethanol.
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One potential therapeutic target for treating alcoholism is the nicotinic acetylcholinergic
system. There are strong correlations between susceptibilities to ethanol and nicotine
dependence (Dawson, 2000; John et al., 2003) and between heavy consumption of both drugs
(Dawson, 2000; John et al., 2003; Larsson & Engel, 2004) that may reflect a genetic link
between alcoholism and nicotine addiction (Funk et al., 2006). In addition, both ethanol and
nicotine act on nicotinic acetylcholine receptors (nAChRs) that underlie diverse neuronal
processes (Davis & De Fiebre, 2006) such as those involved in reward/reinforcement (Jerlhag
et al., 2006; Walters et al., 2006) and learning/memory (Chan et al., 2007; Davis et al., 2007;
Gould, 2006). Drugs that target nAChRs have been shown to decrease both nicotine
consumption (Rollema et al., 2007a; Tennant et al., 1984) and ethanol consumption (Blomqvist
et al., 1996; Ericson et al., 1998; Le et al., 2000). Varenicline, an α4β2 nicotinic acetylcholine
receptor partial agonist and α7 nicotinic receptor full agonist that is currently prescribed as a
smoking cessation aid (under the names Chantix or Champix), has recently been shown to
decrease ethanol consumption and craving (Steensland et al., 2007). It remains unclear,
however, if varenicline also exerts an effect on ethanol-induced cognitive deficits.

The goal of the current study was to examine the dose-dependent interactive effects of acute
varenicline and ethanol on contextual and cued fear conditioning. Fear conditioning is useful
for investigating the effects of ethanol on learning because it tests two types of learning that
are disrupted by ethanol (Gould, 2003; Gould & Lommock, 2003; Gulick & Gould, 2007);
hippocampus-dependent contextual learning, in which contextual features are associated with
an unconditioned stimulus (US) foot shock, and hippocampus-independent cued learning, in
which an auditory conditioned stimulus (CS) is associated with the US (Logue et al., 1997;
Phillips & LeDoux, 1992). We examined the effects of varenicline on acquisition and recall
of conditioning in saline- and ethanol-treated mice. In addition, we examined whether
varenicline altered blood alcohol levels following acute ethanol administration.

Materials and Methods
Subjects

Male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were tested at 8–12 weeks
of age (20–30 g). Mice were housed in groups of 4 mice per cage and had ad libitum access to
food and water. A 12-hr light–dark cycle (lights on at 0700) was maintained, with all testing
done between 9:00 am and 5:00 pm. Procedures were approved by the Temple University
Institutional Animal Care and Use Committee.

Apparatus
Training took place in identical conditioning chambers housed in sound-attenuating boxes
(MED Associates, St. Albans, VT). Each 17.78 × 19.05 × 38.10 cm chamber consisted of
Plexiglas panels in the front, back, and ceiling and two stainless-steel walls on the sides. The
metal grid floor of each chamber, through which the foot-shock US (0.57 mA) was delivered,
was connected to a shock generator and scrambler. Background noise and air exchange (69
dB) were provided by ventilation fans mounted on the right wall of each sound-attenuating
box, and speakers that were used to deliver a white noise CS (85 dB) were mounted on the
right wall of each chamber. A computer running MED Associates (St. Albans, VT) software
controlled presentation of training and testing stimuli. Chambers were cleaned with 70%
ethanol before each session.

Testing for freezing to the CS occurred in a separate room in altered context chambers that
were housed in sound-attenuating boxes. Speakers that delivered the white noise CS were
mounted on the left wall of each chamber. The 20.32 × 22.86 × 17.78 cm chambers were
constructed of Plexiglas walls and ceiling, and a metal grid floor covered with opaque white
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plastic. In addition, visual cues (e.g., white walls in the training context and black walls in the
altered context boxes), chamber dimensions, floor construction, and a vanilla extract olfactory
cue (no olfactory cue was present in the training chambers) further distinguished the altered
context chambers from the original training chambers.

Procedure
Groups for all behavioral procedures consisted of 7–9 animals. Each animal was used in only
one condition and one experiment. On training day, mice were placed in conditioning
chambers. After a 120 second baseline period, they received two coterminating CS (30-s, 85
dB white noise)–US (2-s, 0.57 mA foot shock) pairings. At 120 and 270 seconds, the CS
sounded for 30 seconds; the US occurred during the last 2 seconds of the CS. The mice remained
in the chamber for 30 seconds after the second CS-US presentation, for a total of 5.5 minutes.
Baseline freezing behavior was recorded during the first 120 seconds and immediate freezing
was assessed between CS-US presentations (methods based on Gould and Higgins, 2003).
Twenty-four hours after training, freezing to the context was assessed and then freezing to the
CS was assessed one hour later. To evaluate freezing to the context, mice were placed in the
training chamber for 5 minutes. To evaluate freezing to the CS, mice were placed in an altered
context consisting of a modified conditioning chamber located in a different room. During the
first 3 minutes of the altered context test, the CS was not presented (pre-CS test). During the
last 3 minutes, the CS was continuously presented (CS test). Freezing was assessed during the
entire 6-minute period.

We first tested whether a dose of varenicline (0.1 mg/kg) that preliminary data suggest may
ameliorate nicotine withdrawal-associated deficits in fear conditioning would ameliorate acute
ethanol-induced deficits in fear conditioning. Animals received saline or varenicline (0.1 mg/
kg) via intraperitoneal (i.p.) injections 60 minutes before training (based on communications
with Dr. Hans Rollema of Pfizer; Rollema et al., 2007) and saline or ethanol (1.0 g/kg) i.p. 15
minutes before training (based on Gould, 2003). The 1.0 g/kg dose of ethanol disrupts fear
conditioning (Gould, 2003; Gulick & Gould, 2007) and administration before training may be
altering processes involved in acquisition of learning. To determine whether the effects of
varenicline are specific to acquisition, we also examined the effect of varenicline on testing
day to assess changes in recall of learning. Animals received saline or ethanol (1.0 g/kg) i.p.
15 minutes before training, and saline or varenicline (0.1 mg/kg) i.p. 60 minutes before testing.
For all drug conditions, contextual and cued fear conditioning was assessed at 24 hours post-
training.

We then examined the interactive effects of multiple doses of ethanol and varenicline on fear
conditioning. For the varenicline dose-response, saline or varenicline (0.05, 0.1, 0.2 mg/kg)
was administered i.p. 60 minutes before training, and saline or ethanol (1.0 g/kg) was
administered i.p. 15 minutes before training. For the ethanol dose-response, saline or
varenicline (0.1 mg/kg) was administered i.p. 60 minutes before training and saline or ethanol
(1.5, 2.0 g/kg) was administered i.p. 15 minutes before training.

Scoring
Freezing behavior was observed using a time-sampling procedure during training and testing
sessions. At 10-second intervals, mice were assessed for freezing during a 1-second period.
Freezing was defined as the absence of visible movement with the exception of respiration
(methods based on Gould & Wehner, 1999).

Blood Alcohol Concentration
Finally, we examined changes in blood alcohol concentration (BAC) in response to ethanol,
varenicline, and ethanol with varenicline treatment. Groups for BAC analysis consisted of 4–
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5 animals. Animals received saline or varenicline (0.1 mg/kg) i.p. 60 minutes before BAC
analysis, and saline or ethanol (1.0, 1.5, 2.0 g/kg) i.p. 15 minutes before analysis to approximate
BAC during training. Trunk blood was collected in a capillary tube (Analox Instruments,
Lunenberg, MA) and spun down in a centrifuge for 2 minutes at 14,000 rev/min. The plasma
was then analyzed by an AM1 Analyzer (Analox Instruments) to obtain BAC (mg/dl). To assure
the accuracy of the reading, each sample was analyzed twice and a mean from the two readings
was used for data analysis (Gould & Lommock, 2003).

Drugs
Varenicline was a gift from Pfizer (New York, NY). Ethanol was procured from Fisher
Scientific (Pittsburgh, PA). Ethanol (1.0, 1.5, 2.0 g/kg diluted in saline) was given i.p. 15
minutes before each training session and varenicline was given i.p. 60 minutes before either
training (0.05, 0.1, 0.2 mg/kg dissolved in saline) or testing (0.1 mg/kg). Injection volume for
varenicline was 0.01 ml/g body weight, and ethanol was 20% vol/vol in saline. Controls
received physiological saline.

Statistical Testing
Data were analyzed using a two-way analysis of variance. Tukey’s post hoc analysis was used
to detect significant differences at the p<0.05 level. Statistics were calculated with SPSS
(Version 13; SPSS, Chicago, IL).

Results
Varenicline on training day ameliorates ethanol-induced deficits in conditioning

To examine whether varenicline ameliorates ethanol-induced deficits in acquisition, animals
received saline or varenicline (0.1 mg/kg) 60 minutes before training, and saline or ethanol
(1.0 g/kg) 15 minutes before training. The levels of baseline freezing, measured before the first
CS presentation, and the levels of immediate freezing, measured between stimulus
presentations, were similar across groups. There was a significant main effect of ethanol on
freezing to the context, F(1, 31)=29.52, p<0.001, but not on freezing to the cue, and there were
significant main effects of varenicline on freezing to both the context, F(1, 31)=10.61, p<0.01
and to the cue, F(1, 31)=5.55, p<0.05. There was also a significant interactive effect of ethanol
and varenicline on freezing to the cue, F(1, 31)= 13.84, p<0.01 but not on freezing to the
context. There was no significant difference in freezing during the pre-CS period (Figure 1).

Post-hoc analysis revealed that the group administered ethanol alone froze significantly less
than saline controls to both the context (p<0.001) and the cue (p<0.01). The group administered
varenicline alone was not significantly different from saline controls in freezing to the context
or the cue, but the group administered varenicline and ethanol froze significantly more than
the group administered ethanol alone to both the context (p<0.05) and to the cue (p<0.001).
Furthermore, the varenicline and ethanol group was not significantly different from saline
controls in freezing to the context or to the cue.

To determine whether the effects of varenicline on ethanol-induced conditioning deficits are
specific to acquisition as opposed to recall, animals received saline or ethanol (1.0 g/kg) 15
minutes before training and saline or varenicline (0.1 mg/kg) 60 minutes before testing. The
levels of baseline freezing and of immediate freezing were similar across all groups. There
were significant main effects of ethanol on freezing during context testing, F(1, 30)=42.41,
p<0.001, and on freezing during cued testing, F(1, 30)=31.67, p<0.001, and a significant main
effect of varenicline on freezing during context testing, F(1, 30)=5.58, p<0.05, but not on
freezing during cued testing. There were also significant interactive effects of ethanol and
varenicline on freezing to the context, F(1, 31)=5.58, p<0.05 and on freezing to the cue, F(1,31)
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=5.50, p<0.05. There was no significant difference in freezing during the pre-CS period (Figure
2).

Post-hoc analysis revealed that the groups administered ethanol froze significantly less than
saline controls to the context (p<0.001) and to the cue (p<0.001) regardless of varenicline
treatment. The group administered varenicline alone froze significantly more to both the
context and the cue than the groups administered ethanol (p<0.05) but significantly less than
the group administered saline alone (p<0.05). These results suggest that varenicline ameliorates
ethanol-induced learning deficits by altering processes involved in acquisition rather than
recall.

Dose-dependent effects of varenicline and ethanol on conditioning
To further examine the interactive effects of varenicline and ethanol on fear conditioning,
multiple doses of each drug were tested. For the varenicline dose-response, animals received
saline or varenicline (0.05, 0.1, 0.2 mg/kg) 60 minutes before training and saline or ethanol
(1.0 g/kg) 15 minutes before training. The levels of baseline freezing and immediate freezing
were similar across all groups. There were significant main effects of ethanol on freezing during
context testing, F(1, 61)=9.89, p<0.05, and on freezing during cued testing, F(1, 61)=40.00,
p<0.001, as well as significant main effects of varenicline on freezing during context testing,
F(3, 59)=15.23, p<0.001, and on freezing during cued testing, F(3, 59)=19.73, p<0.001. There
were significant interactive effects of ethanol and varenicline on freezing to the context, F(3,
59)=6.75, p<0.01, and on freezing to the cue, F(3, 59)=12.05, p<0.001. There was no significant
difference in freezing during the pre-CS period (Figure 3).

Post-hoc analysis revealed that the groups administered varenicline alone were not significantly
different from saline controls in freezing to the context or to the cue. The group administered
ethanol alone froze significantly less than controls to the context and to the cue (p<0.001). The
groups administered ethanol and 0.05 or 0.1 mg/kg varenicline were not significantly different
from controls in freezing to the context or to the cue. The group administered ethanol and 0.2
mg/kg varenicline froze significantly more than the group administered ethanol alone to the
context (p<0.05) and to the cue (p<0.01) but froze significantly less than saline controls to the
cue (p<0.005).

To test if varenicline would ameliorate deficits due to higher doses of ethanol, animals received
saline or varenicline (0.1 mg/kg) 60 minutes before training and saline or ethanol (1.5 or 2.0
g/kg) 15 minutes before training. The levels of baseline freezing and of immediate freezing
were similar across all groups. There were significant main effects of ethanol on freezing during
context testing, F(2, 69)=115.33, p<0.001, and on freezing during cued testing, F(2, 69)
=6175.55, p<0.001. There were significant main effects of varenicline on freezing to the
context, F(1, 70)=11.78, p<0.05 and on freezing to the cue, F(1, 70)=26.17, p<0.001. There
were also significant interactive effects of ethanol and varenicline on freezing to the context,
F(2, 69)=4.88, p<0.05, and on freezing to the cue, F(2, 69)=10.82, p<0.001. There was no
significant difference in freezing during the pre-CS period (Figure 4).

Post-hoc analysis revealed that all ethanol-treated groups froze significantly less than saline
controls to the context and to the cue (p<0.001). The group administered varenicline alone was
not significantly different from controls in freezing to the context and to the cue. The group
administered varenicline and 1.5 g/kg ethanol froze significantly more than the group
administered 1.5 g/kg ethanol alone to the context (p<0.005) and to the cue (p<0.001). The
group administered varenicline and 2.0 g/kg ethanol froze significantly more than the group
administered 2.0 g/kg ethanol alone to the cue (p<0.005) but not to the context; this may be
due to the greater impairment of contextual conditioning compared to cued conditioning by
ethanol, which may be too great to be fully overcome by varenicline. These results demonstrate
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that varenicline ameliorates ethanol-induced conditioning deficits associated with higher doses
of ethanol but that this effect decreases as ethanol doses increase.

Varenicline does not alter blood alcohol concentration
In order to determine whether the modulation of ethanol-induced learning deficits may be due
to changes in BAC after varenicline treatment, animals were administered saline or varenicline
(0.1 mg/kg) 60 minutes before analysis and saline or ethanol (1.0, 1.5, 2.0 g/kg) 15 minutes
before analysis. There was a significant main effect of ethanol, F(3, 35)=258.25, p<0.001 but
no significant main effect of varenicline and no significant interaction between ethanol and
varenicline. Post-hoc analysis revealed that ethanol treatment significantly increased BAC
above baseline levels (p<0.001) but varenicline treatment did not alter BAC in any group. Thus,
changes in BAC by varenicline cannot explain the amelioration of ethanol-induced learning
deficits by varenicline across the range of ethanol doses used in the current study (Figure 5).

Discussion
Ethanol interacts with many neurotransmitter systems (for review, see Chastain, 2006) and
these diverse effects may contribute to an equally diverse range of drug treatments for
alcoholism. This is the first study to demonstrate that varenicline, which has previously been
shown to decrease ethanol consumption and seeking (Steensland et al., 2007), ameliorates
ethanol-induced cognitive deficits without altering blood alcohol concentration. Specifically,
varenicline ameliorated deficits in acquisition of contextual and cued associative learning.
Interestingly, varenicline impaired recall in ethanol-naïve mice when administered before
testing; this impairment may be due to an over-activation of the acetylcholinergic system by
varenicline. Indeed, it is well-established that nicotinic drugs produce inverted, u-shaped dose-
response curves (for review, Picciotto, 2003). In addition, the highest dose of varenicline used
in the current study only partially reversed ethanol-induced learning impairments, further
suggesting that the dose-response curve for varenicline on ethanol-induced deficits may be
curvilinear. It should be noted that the effective dose range in the present study (0.05–0.2 mg/
kg) differed from the effective dose range in the Steensland and colleagues study (1–2 mg/kg)
(2007). However, the current study used mice whereas the Steensland study used rats, and the
differences between studies could be due to differences in drug effects across species.
Nonetheless, the ability of varenicline to modulate the effects of ethanol on systems underlying
both reward and learning may make it an effective treatment for patients who struggle with
multiple behavioral consequences of alcohol abuse.

Compared to naltrexone and acamprosate, varenicline may have different therapeutic indices
because of the diverse substrates on which these drugs act. Naltrexone is an opioid receptor
antagonist; by blocking the opioid receptors involved in producing the positive effects of
ethanol, naltrexone may decrease the motivation to consume alcohol (Stromberg et al., 2001).
Naltrexone, however, may not ameliorate the negative effects of ethanol on learning. Opioid
antagonists impair memory formation (Freeman & Young, 2000), possibly by altering the
protein synthesis processes that underlie learning and memory (Cole &McNally, 2007;
Freeman & Young, 2000). Thus, because ethanol also disrupts learning, naltrexone in
combination with ethanol could produce greater memory impairments in alcoholics than either
drug alone. In support, naltrexone exacerbates ethanol-induced learning deficits in heavy
drinkers (McCaul et al., 2000) and potentiates the memory-impairing effects of another
depressant, chlordiazepoxide (Silva & Frussa-Filho, 2002). The other commonly-prescribed
treatment for alcohol dependence, acamprosate, is an n-methyl-d-aspartate (NMDA) receptor
antagonist (al Qatari et al., 1998). Although the mechanisms underlying the behavioral effects
of acamprosate remain unclear, NMDA receptors are an important substrate underlying
learning (for review, Sweatt, 1999), and the effects of acamprosate on glutamatergic processes
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may produce learning deficits. Indeed, chronic acamprosate treatment impairs delayed recall
in non-alcoholic subjects (Schneider et al., 1999), although acamprosate has no effect on
working memory (Okulicz-Kozaryn et al., 2001) or short-term memory (Mikolajczak et al.,
2002) in rats. Although studies are needed to directly compare the effects of alcohol cessation
aids on learning, if naltrexone and acamprosate fail to ameliorate ethanol-induced cognitive
deficits and varenicline can ameliorate these deficits, varenicline may be a more complete
therapeutic agent for treating alcohol abuse and addiction.

The mechanism by which varenicline ameliorates ethanol-induced learning deficits has not yet
been elucidated. Varenicline is both an α4β2 nAChR partial agonist and α7 nAChR full agonist;
thus, either receptor subtype could mediate the effects of varenicline on ethanol-induced
impairments in learning. Both receptors also exist in large numbers in the hippocampus
(Séguéla et al., 1993; Marks et al., 2006; Wada et al., 1989) and amygdala (Addy et al.,
2003; Han et al., 2003), brain areas involved in fear conditioning (Logue et al., 1997; Phillips
and LeDoux, 1992). As a partial agonist, varenicline has high affinity for α4β2 receptors but
has lower efficacy at these receptors compared to other nAChR agonists such as nicotine and
acetylcholine (Coe et al., 2005; Mihalak et al., 2006; Rollema et al., 2007a; Rollema et al.,
2007b). The α4β2 nAChR underlies the enhancement of learning by nicotine (Davis et al.,
2007) and animals lacking the β2 subunit of this receptor show neither enhancement of learning
by nicotine nor amelioration of ethanol-induced learning deficits by nicotine (Wehner et al.,
2004). Thus, evidence supports the possibility that varenicline may be acting at α4β2 nAChRs
to ameliorate ethanol-induced learning deficits. Varenicline also binds to α7 receptors and, as
a full agonist, has a high level of efficacy at these receptors (Mihalak et al., 2006); however,
varenicline has a much lower affinity for α7 receptors compared to α4β2 receptors (Coe et al.,
2005, Mihalak et al., 2006; Rollema et al., 2007b). Furthermore, although α7 nAChRs have
been implicated in the effects of ethanol on learning, α7 knockout mice show a decreased
sensitivity to the memory-impairing effects of ethanol (Wehner et al., 2004). Therefore, a drug
acting primarily as anα7 agonist may increase sensitivity to the memory-impairing effects of
ethanol and, thus, may fail to reverse learning deficits in animals administered ethanol. This,
combined with the lower affinity of varenicline for a7 receptors, suggests that the a4b2 rather
than a7 receptors are mediating the effects of varenicline on ethanol-induced deficits in
learning. Further research identifying the mechanism by which varenicline exerts its effects
on ethanol-induced learning deficits may increase understanding of the effects of ethanol on
learning and may also lead to new treatments for alcoholism.
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Figure 1.
Varenicline ameliorates ethanol-induced deficits in acquisition of both contextual and cued
fear conditioning (Mean ± SEM; * indicates significant difference from controls, p<0.05).
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Figure 2.
Varenicline does not reverse ethanol (1.0 g/kg)-induced deficits in fear conditioning by altering
recall (Mean ± SEM; * indicates significant difference from controls, p<0.05).
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Figure 3.
Varenicline dose-dependently ameliorates ethanol (1.0 g/kg)-induced deficits in fear
conditioning but does not alter conditioning when administered alone (Mean ± SEM; *
indicates significant difference from controls, + indicates differences between starred groups
p<0.05).
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Figure 4.
Varenicline (0.1 mg/kg) ameliorates the deficits in fear conditioning associated with higher
doses of ethanol (Mean ± SEM; * indicates significant difference from controls and + indicates
significant difference between groups, p<0.05).
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Figure 5.
Varenicline (1.0 g/kg) does not decrease blood alcohol (Mean ± SEM; * indicates significant
difference from controls and line indicates no significant difference across varenicline
conditions, p<0.05).
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