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Abstract
Rationale—Two pharmacotherapies are approved for treating alcohol craving (acamprosate and
naltrexone), but both have shown mixed findings in animals and humans.

Objectives—The present experiments utilized a “reinforcer blocking” approach (i.e., rats were able
to consume ethanol during treatment) to better understand the efficacy of these treatments for ethanol
seeking and drinking using ethanol-dependent and nondependent rats.

Materials and methods—In “nondependent” experiments, drugs (acamprosate 50, 100, and 200
mg/kg; naltrexone 0.1, 0.3, and 1.0 mg/kg) were administered over 3-week periods prior to operant
sessions with a low response requirement to gain access to reinforcers for 20 min. For “dependent”
experiments, rats were made dependent in vapor/inhalation chambers.

Results—Acamprosate and naltrexone had similar effects on intake in nondependent and dependent
rats; neither drug was selective for ethanol over sucrose drinking. In nondependent animals,
naltrexone was more efficacious at more doses than acamprosate, and acamprosate’s effects were
limited to a dose that also had adverse effects on body weight. Both pharmacotherapies showed more
selectivity when examining reinforcer seeking. In nondependent rats, acamprosate and naltrexone
had response-attenuating effects in ethanol, but not sucrose, groups. In dependent animals,
acamprosate had selective effects limited to a decrease in sucrose seeking. Naltrexone, however,
selectively decreased ethanol-seeking in nondependent rats.

Conclusions—The naltrexone-induced decreases in seeking suggested a change in incentive
motivation which was selective for ethanol in nondependent rats. The “nondependent” paradigm may
model early stages of “problem drinking” in humans, and the findings suggest that naltrexone could
be a good intervention for this level of alcohol abuse and relapse prevention.
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Introduction
Two pharmacotherapies are currently approved clinically for use in treating alcohol craving:
acamprosate (calcium acetyl homotaurinate) and naltrexone (an opiate receptor antagonist)
(Bouza et al. 2004; Heilig and Egli 2006; Johnson 2008 for reviews). Acamprosate has been
used to treat relapse in detoxified alcoholics (Paille et al. 1995; Tempesta et al. 2000; for review,
see Littleton 1995), and it has been shown to decrease alcohol, but not sucrose, food, or water
self-administration in rats (Boismare et al. 1984; Czachowski et al. 2001b; Naassila et al.
1998). Clinically, while some studies report that acamprosate treatment decreases the severity
of relapse, there are mixed and negative findings related to the effects of acamprosate on
measures of alcohol craving and dependence (Anton et al. 2006; Chick et al. 2000; Tempesta
et al. 2000). In an animal model of relapse, chronic acamprosate (two daily injections for 5
days) prevented the increase in responding seen after ethanol deprivation, but did not decrease
baseline ethanol intake (Heyser et al. 1998). An analysis of the time course of acamprosate’s
effects using this model suggested that acamprosate must be experienced together with ethanol
intake to cause a long-lasting decrease in ethanol intake (Hölter et al. 1997). A shorter treatment
regimen, twice daily acamprosate at 100–200 mg/kg, has also been shown to decrease
reinstatement responding for an ethanol-paired cue (Bachteler et al. 2005). We have previously
demonstrated in nondependent rats that acamprosate (twice daily at 50–200 mg/kg) specifically
decreased ethanol drinking on the second day of administration without affecting sucrose
drinking and without attenuating the reinforcer-seeking response for either fluid (Czachowski
et al. 2001b). This pattern of results also suggested that drug treatment was most effective
following some experience with the ethanol/drug combination (i.e., following the first day of
administration of acamprosate). Ideally, however, for an “anti-craving” pharmacotherapy, a
decrease in ethanol seeking would accompany the decrease in ethanol drinking. The present
experiments examined both a more extended treatment period (14 days as compared to 2 or 5)
in nondependent rats and treatment in ethanol-dependent animals after a recovery phase based
on the positive clinical findings with detoxified alcoholics.

Naltrexone is an opiate receptor antagonist that has been shown to be useful for attenuating
alcohol craving and for postponing relapse in humans (O’Malley et al. 1992; Volpicelli et al.
1992) and to decrease alcohol intake in animal models (for review, see Ulm et al. 1995). Recent
studies continue to demonstrate the clinical efficacy of naltrexone treatment for decreased
intake and alcohol relapse prevention in alcoholics and heavy drinkers (Anton et al. 2006;
Donovan et al. 2008; Morley et al. 2006; Nava et al. 2006; O’Malley et al. 2008), with some
conflicting findings regarding a role for genetic influence in naltrexone’s effects (Anton et al.
2008; McGeary et al. 2006) and an unsurprising mitigating effect of medication compliance
(Baros et al. 2007). Interestingly, evidence suggests that naltrexone treatment may be more
efficacious in patients who continue to drink some alcohol during treatment (Heinälä et al.
2001; Killeen et al. 2004). The interaction between consumed ethanol and naltrexone’s efficacy
may be somewhat explained by rodent studies showing that naltrexone interacts directly with
the palatability of ethanol (Ferraro et al. 2002) and that a learned, associative component of a
“disruption” of ethanol reinforcement while drinking best explains naltrexone-mediated
attenuation of responding (Stromberg et al. 1998). Tests of pure ethanol consumption (i.e.,
non-operant models) using nondependent rats have shown selective attenuation of ethanol
versus water (Stromberg 2004; Stromberg et al. 2002a) but not sucrose (Stromberg et al.
2002b) intake using moderate doses (1–3.0 mg/kg) of naltrexone. Using the rodent model of
relapse discussed above, naltrexone also decreased the alcohol deprivation effect, and a
combination of naltrexone and acamprosate blocked both the deprivation effect and the
rebound in intake that occurred following low dose treatment with naltrexone alone (Heyser
et al. 2003). The pattern of ethanol intake following naltrexone treatment suggested that
blocking opiate receptors does not affect the initial onset of drinking. Therefore, treatment may
be specific to ongoing consummatory rather than seeking/appetitive responding for ethanol,
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again consistent with the idea of associative or “reinforcer blocking” effects of naltrexone
mitigating ethanol drinking. Also, in nondependent rats using a model that separates seeking
behavior from drinking, our group has previously shown that naloxone, a shorter acting opiate
antagonist as compared to naltrexone, decreased ethanol intake at a lower dose (3.0 mg/kg)
than it decreased sucrose intake (5.0 mg/kg) with some disruption of reinforcer seeking that
was not statistically significant (Sharpe and Samson 2001). In that study, all testing followed
only a single drug administration and the seeking response requirement was relatively low (16
lever presses). The present experiments examined a longer treatment period, utilized ethanol-
dependent and nondependent rats, and measures of extinction responding for more stringent
tests of reinforcer seeking.

The goal of the present study was to determine treatment efficacy for “craving-like” behavior
as well as for ongoing alcohol drinking in both alcohol-dependent and nondependent rats. To
this end, the operant test sessions employed a behavioral model that procedurally separates
seeking from drinking to distinctly assess these two reinforcer-directed responses (e.g.,
Czachowski and Samson 1999; Samson et al. 2000). Using this approach, rats consume
pharmacologically relevant amounts of ethanol (Hodge et al. 2001; Macenski and Shelton
2001) in operant sessions, and previously, we have shown that the behavioral responses are
sensitive to pharmacological manipulations that specifically affect either the seeking
(Czachowski et al. 2001a, 2002) or the consumption (Czachowski et al. 2001b) component of
the reinforced responding. Alcohol dependence was achieved by exposing animals to alcohol
vapors for 14 h/day over 14-day cycles, which has been shown to be sufficient to produce mild
to moderate dependence (O’Dell et al. 2004). The approach employed for drug administration
was conceptualized as a “reinforcer blocking” strategy where the low response requirement
during sessions that followed drug injections made it likely that rats would continue to consume
ethanol during acamprosate and naltrexone treatment.

Materials and methods
Four separate experiments were conducted, two with non-dependent animals and two with
dependent animals given either acamprosate (experiments 1 and 3) or naltrexone (experiments
2 and 4) treatment, each with an ethanol- and a sucrose-reinforced group. Table 1 gives a brief
timeline for each experiment, beginning with sessions that followed training and establishment
of baseline responding.

Subjects
The subjects were male Long Evans rats from Harlan Sprague–Dawley, Indianapolis, IN that
were randomly divided into sucrose- or ethanol-reinforced groups (n=8/group; 64 total in four
experiments). Body weights ranged from 175 to 199 g on arrival and averaged 420±6 g at
completion of all training immediately prior to treatment or dependence induction. Ad libitum
access to food and water was maintained except as noted below. The rats were housed
individually on a 12-h light/dark cycle (6:00 A.M. to 6:00 P.M.), and animal care was in
accordance with NIH guidelines (Guide for the Care and Use of Laboratory Animals; NIH
Guide 1996) and approved by the Institutional Animal Care and Use Committee.

Apparatus and drugs
Daily sessions were conducted in modular chambers (Med-Associates; St. Albans, VT, USA;
30×30×24.5 cm) equipped with houselight, a retractable lever, and a retractable graduated
cylinder tube with rubber stopper and a stainless steel spout with double ball bearings to prevent
leakage. The lever was located on the wall opposite to the sipper tube drinking bottle. All
chambers were housed in sound-attenuated enclosures equipped with exhaust fans that masked
external noise. Electrical inputs and outputs of each chamber were controlled using Med-
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Associates software (Med-Associates). Ethanol solutions were prepared volume/volume in
water from 95% ethanol. For sucrose/ethanol solutions, the sucrose solution was prepared
weight/volume and used as a solute. Acamprosate (generously provided by Forest Research
Institute, Jersey City, NJ, USA) and naltrexone (Sigma-Aldrich, Inc., St. Louis, MO, USA)
were dissolved in saline and injected at a volume of 1.0 ml/kg. Acamprosate injections were
administered intraperitoneally at −2 and −21 h relative to the time of operant conditioning
sessions, and naltrexone was administered subcutaneously at −30 min. Ethanol dependence
induction was conducted using alcohol inhalation systems from La Jolla Alcohol Research
Inc., La Jolla, CA, USA. These consisted of 16 separate standard plastic rodent cages in sets
of four that allowed for the controlled delivery of alcohol vapor. Briefly, within these four
closed systems, alcohol was dripped at a set rate (24–27 mg/l) into a heated flask, and airflow
was controlled by vacuum pump to deliver an alcohol vapor/air mixture in order to achieve
desired blood alcohol levels.

Training and ethanol initiation
Upon arrival, subjects were weighed and handled for a minimum of 3 days. Daily sessions
were conducted 5 days/week at the same time each day during the lights-on cycle. Subjects
were initially trained to press the lever on a fixed-ratio-one schedule that resulted in 15 s of
access to the sipper tube with 10% sucrose in 30-min sessions. Subjects were water-restricted
for the initial two to five sessions only, after which food and water were available ad libitum
in the home cage. Over a 3-week period, the training/sucrose-fading (Samson 1986) procedures
involved the following: increasing the fixed ratio from 1–4, decreasing the sucrose
concentration to 2%, and in the ethanol groups introducing ethanol and increasing the
concentration from 2% to 10% while fading the sucrose out completely (final solutions: sucrose
groups, 2%; ethanol groups, 10%). The procedural separation between seeking (lever pressing)
and consumption was then instituted. Following completion of a single-response requirement,
access to the sipper tube was provided for 20 min. Over 4 weeks, the response requirement
was increased from four to 20, and then the response requirement of 20 was maintained for
four additional weeks. Four different treatment/ethanol exposure paradigms were then
instituted; see Table 1 for a brief timeline of each of the treatment portions of the experiments.

Treatment schedule and test sessions (experiments 1 and 2; nondependent subjects)
Daily session cycles of drug (3 weeks/14 sessions from a Tuesday to Friday) or saline (2 weeks/
nine sessions from a Tuesday to Friday) treatment were then alternated. For these sessions, the
response requirement was decreased to 2 to ensure that all subjects would gain access to the
reinforcer solution. At the end of each drug or saline cycle, a single, non-reinforced extinction
session was conducted on a Monday (i.e., following 2 days of no injections or reinforcer
access). Extinction sessions consisted of 20 min of access to the lever, with no presentation of
the sipper tube spout (solutions were present in the sipper tube to control for scent cues). The
response requirement then was gradually increased back to 20 for the remainder of that week
(no injections) through the following Monday to ensure subjects would continue to reliably
respond (i.e., that the prolonged exposure to the response requirement 2 schedule did not cause
a decrement in responding), and then the next cycle was initiated.

For naltrexone (experiment 2), the literature provided good evidence for dose choices, so 0.1,
0.3, and 1.0 mg/kg were tested in a balanced/random order by subject across the three dosing
cycles with a corresponding saline cycle paired to each dose (so there were a total of three drug
cycles and three intervening saline cycles for this experiment; see Table 1). However, for
acamprosate (experiment 1), 50, 100, and 200 mg/kg were tested in increasing dose order due
to some health concerns about high doses (dose-dependent weight loss problems; Bowers et
al., 2007). We had previously observed some problems using a single injection of a 400-mg/
kg dose (Czachowski et al. 2001b) and again noted severe weight loss and intestinal issues
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after repeated injections of the 200-mg/kg dose, so only nine drug sessions were conducted in
the final drug cycle with no final saline cycle (i.e., there were a total of three drug cycles and
two intervening saline cycles for this experiment; see Table 1).

Dependence induction, treatment schedule, and test sessions (experiments 3 and 4;
dependent subjects)

For experiments 3 and 4 to assess treatment in dependent subjects, following training, three
cycles of dependence induction, recovery, and operant sessions were instituted (see Table 1).
Dependence induction consisted of exposure to ethanol vapor for 14 days at 14 h/day with
target blood ethanol levels of 150–200 mg%. Ethanol flow rates were adjusted during vapor
exposure based on animal’s individual blood ethanol measures (see below). These parameters
were based upon recent validations of the approach (Funk and Koob 2007;O’Dell et at.
2004;Sabino et al. 2006;Zhao et al. 2007) that demonstrate that the intermittent 14-h/day
exposure ranging from 2 to 4 weeks in length has better face validity than 24-h exposure and
confirming that the 2-week exposure length is sufficient for the “escalation of the allostatic
processes responsible for excessive ethanol self-administration” and blood ethanol
concentrations (BECs) associated with mild to moderate dependence and mild signs of physical
withdrawal (O’Dell et al. 2004). The recovery week for each of the three dependence/treatment
cycles involved no handling or access to ethanol. This was followed by five daily sessions; for
the first four sessions, the response requirement was increased from 10 to 20, and then a single,
non-reinforced extinction session was conducted on Friday. Cycle 1 was “no treatment”; in
cycle 2, saline injections preceded the sessions, and drug treatment was conducted during
recovery and preceding sessions in cycle 3 (experiment 3, 100 mg/kg acamprosate; experiment
4, 0.3 mg/kg naltrexone). Note that in the nondependent experiments 1 and 2, extinction
sessions were conducted in animals with no drug treatment on board (i.e., final injection on
Friday with extinction on Monday; see Table 1). Therefore, in experiment 4 only, an additional
week of sessions/naltrexone treatments and a final reinforcer-seeking test (extinction) on the
following Monday with no drug treatment on board was conducted to compare to the similar
session in experiment 2. This final treatment/test was not conducted in experiment 3 with
acamprosate due to the weight loss observed and since no effects of acamprosate were observed
in experiment 1 that warranted comparison in dependent subjects (see “Results” below).

BEC determination
To measure BECs, samples were collected (100 μl) into heparinized capillary tubes from a
nick to the tip of the tail while the rats were restrained briefly for a maximum of 2–4 min.
Samples were stored sealed on ice during collection and then immediately centrifuged, and a
5 μl sample of plasma was analyzed using the AM1 Analyzer (Analox Instruments, Lunenburg,
MA, USA). Ethanol concentration is determined with an amperometric oxygen electrode that
measures oxygen consumption during the enzymatic oxidation of alcohol to acetaldehyde.
BECs were monitored at random intervals over the two dependence experiments (three samples
on nonconsecutive days in each experiment). Blood samples were taken from all subjects
immediately at the end of a 14-h ethanol vapor exposure.

Data analyses and statistics
Total intakes of sucrose and ethanol were determined from the change in fluid volume in the
graduated cylinder sipper tube, and grams per kilogram intake was calculated from the intake
volume and daily body weight measures. Total lever presses as well as a cumulative record of
responding were recorded for each session. In all four experiments, ethanol-reinforced and
sucrose-reinforced groups were analyzed separately using repeated measures analysis of
variance (RM ANOVA), and post hoc comparisons were performed using Student–Newman–
Keuls method when appropriate. For experiments 1 and 2, saline treatment data (two
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determinations for acamprosate and three for naltrexone) were collapsed for each subject when
possible as confirmed by paired t test or RM ANOVA (all cases except acamprosate
experiment, extinction responding, see below). For intake data, dose (four: saline plus three
drug doses) and day were the main factors over the first 9 days. In addition, mean intake over
the nine (saline) or 14 (drug) day treatments were analyzed with dose as the main factor. For
the seeking data, dose was the main factor. For experiments 3 and 4, condition (four: pre-
dependence, post-dependence, post-dependence/saline, and post-dependence/drug) and day
(four) were the main factors for the intake data. For the seeking data, condition was the main
factor (experiment 3 had three levels: post-dependence/no injection, post-dependence/saline,
and post-dependence/drug; experiment 4 had four levels with the additional extinction test in
naltrexone-treated dependent animals with no drug on board).

Results
All groups started with eight subjects, and a total of seven rats were dropped from the initial
64 animals. One animal from each group was dropped in experiment 3 for failing to maintain
consistent responding prior to any manipulations, and one subject was dropped from the ethanol
group in experiment 4 for failure to respond on the saline extinction day (i.e., failure to provide
a reliable control response). Four subjects (two from the sucrose and two from the ethanol
group) were removed very early in training in experiment 2 for failing to acquire the lever press
response while sucrose was still the reinforcer solution (this is an unusually large number to
drop from one experiment using this paradigm, but there was no obvious reason for the failure
to train).

Acamprosate in nondependent subjects (experiment 1)
In the ethanol-reinforced group, analysis of ethanol intake (g/kg) following saline or
acamprosate (Fig. 1) over days 1–9 showed that there was a main effect of dose [F(3,161)=
7.96, p<0.001] with post hoc analyses indicating that every dose differed from saline but no
differences between doses. There was no main effect of day and no day/dose interaction.
Analysis of total mean ethanol intake collapsed over all days again showed a main effect of
dose [F(3,21)=4.4, p<0.05]; however, post hoc analyses indicated that only the high dose
differed from saline. Since this collapsed analysis includes the extra 5 days of drug treatment
for the low and medium doses, this suggests that these two lower doses began to lose
effectiveness after the initial 9-day treatment.

In the sucrose-reinforced group, analysis of sucrose intake (g/kg) following saline or
acamprosate (Fig. 2) over days 1–9 also showed a main effect of dose [F(3,144)=6.3, p<0.01],
with post hoc analyses indicating that the high dose decreased intake relative to both saline
treatment and the middle dose of acamprosate. There was also a main effect of day [F(8,144)
=3.2, p<0.01] and a day/dose interaction [F(24,144)=1.6, p<0.05]. Post hoc analyses indicated
that the effect of day was due to a slight decrease in intake over days overall (days 1 and 2 vs.
7 and 8), but the day/dose interaction showed no meaningful pattern of differences when days
within dose (saline and acamprosate) were examined. Analysis of total mean sucrose intake
collapsed over all days again indicated a main effect of dose [F(3,18)=5.5, p<0.01], and post
hoc analyses showed that the high dose of acamprosate was decreased as compared to saline.

Ethanol seeking and sucrose seeking following saline and acamprosate treatments were
assessed using extinction responding (Fig. 5, left panel). The lever press response in this
experiment was the only dependent measure in any of the four experiments for which the saline
treatment data could not be collapsed over the repeated determinations in either group due to
a decrease in responding from the first to the second determination. Specifically, in the ethanol
group, there was a main effect of dose [F(4,26)=4.3, p< 0.01], with post hoc analyses showing
that both the high dose of acamprosate and the second saline test were decreased relative to
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the first saline. In the sucrose group, there was also an effect of dose [F(4,26)=10.9, p<.001],
with saline treatments again differing from each other and the low dose of acamprosate
increasing responding relative to all other treatments. There was no effect of treatment in either
group on the latency to initiate lever press responding.

Naltrexone in nondependent subjects (experiment 2)
In the ethanol-reinforced group, analysis of ethanol intake (g/kg) following saline or naltrexone
(Fig. 3) showed that over days 1–9, there was a main effect of dose [F(3,120)= 23.5, p<0.001],
but not day and no day/dose interaction. Post hoc analyses showed a dose-dependent decrease
in ethanol intake in that every dose of naltrexone differed from saline, and the low and high
doses of naltrexone (0.1 vs. 1.0) were also significantly different from each other. Analysis of
the total mean ethanol intake collapsed over all days again showed a main effect of dose [F
(3,15)=31.6, p<0.001], with the same pattern of findings.

In the sucrose-reinforced group, analysis of sucrose intake (g/kg) following saline or naltrexone
(Fig. 4) showed that over days 1–9, there was a main effect of dose [F(3,119)= 21.5, p<0.001]
and of day [F(8,119)=0.15, p<0.001] and an interaction between dose and day [F(24,119)=2.5,
p<0.001]. Post hoc analyses of the dose effect showed that every dose of naltrexone differed
from saline, and all but the low and middle doses of naltrexone (0.1 and 0.3) differed from
each other. The dose/day interaction and main effect of day were due to a general decrease in
sucrose intake over days in the naltrexone conditions, but not in the saline condition. When
collapsed over all days, analysis of the total mean sucrose intake (g/kg) showed that there was
again a main effect of dose [F(3,15)=25.8, p<0.001], with the same pattern of findings.

Ethanol seeking and sucrose seeking following saline or naltrexone treatments were assessed
using extinction responding (Fig. 5, right panel). In the ethanol group, analysis of number of
responses showed that naltrexone significantly decreased responding [F(3,15)=5.6, p<0.01],
with all doses differing from saline and no differences between naltrexone treatments. In the
sucrose group, naltrexone had no effect on reinforcer seeking. There was no effect of treatment
in either group on the latency to initiate lever press responding.

Acamprosate in dependent subjects (experiment 3)
BECs during vapor exposure averaged 158.9 mg% (±23) in the ethanol-reinforced group and
146.4 mg% (±18) in the sucrose-reinforced group. When mean total ethanol intake was
observed over the four conditions, there was no main effect of condition (pre-dependence, 0.80
±0.07 g/kg; post-dependence no injection, 0.75±0.06; saline, 0.70±0.07; and acamprosate, 0.73
±0.05). However, when analyzed as intake by day (see Table 2) over the 4 days of each
condition, while there was again no effect of condition, there was an effect of day [F(3,48)
=9.84, p<0.01], which was a result of day 1 (Mondays) being a low intake day relative to
Tuesdays through Thursdays. Similarly, analysis of mean total sucrose intake showed no main
effect of condition. Also, when analyzed as intake by day over the 4 days of each condition,
there was again no effect of condition and an effect of day [F(3,48)=3.52, p<0.05] and a day
× condition interaction [F(3,48)=2.65, p<0.05] which resulted from decreased intake again on
Mondays, but with the most pronounced difference within the pre-dependence condition. This
“Monday” pattern of drinking was not seen in any of the other four experiments including the
naltrexone/dependent animals (i.e., not an effect of the dependence protocol) and did occur in
all four conditions of the ethanol group (i.e., not an effect of the acamprosate treatment).

Reinforcer seeking was analyzed following no injection, saline, and acamprosate treatment
(Fig. 6, left panel) using the Friday extinction sessions. In the ethanol-reinforced group, there
was no effect of condition on total number of ethanol-seeking responses. However, the latency
to first response differed by condition [F(2,12)=7.6, p<0.01], reflecting an increase in start
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latency only in the acamprosate-treated subjects (118±24 s) relative to saline (42±15 s) and no
injection (35±8 s). In subjects reinforced with sucrose after ethanol dependence induction, there
was no effect of condition on start latency; however, there was a main effect on number of
responses [F(2,12)=7.44, p<.01]. Post hoc analysis indicated no difference between no
injection compared to saline, but a significant decrease in sucrose seeking that resulted from
acamprosate treatment when compared to both no injection and saline.

Naltrexone in dependent subjects (experiment 4)
BECs during vapor exposure averaged 171.1 mg% (±22) in the ethanol-reinforced group and
189.3 mg% (±26) in the sucrose-reinforced group. Analysis of mean total ethanol intake over
the four conditions (pre-dependence, post-dependence no injection, saline, and naltrexone)
showed a main effect of condition [F(3,18)=8.8, p<0.001] such that naltrexone treatment
decreased intake (to 0.53±0.06 g/kg) relative to all other conditions (pre-dependence, 0.83±
0.06 g/kg; post-dependence no injection, 0.80±0.10; saline, 0.92±0.14), with no differences in
intake between the other control conditions. When assessed over each of the 4 days (see Table
2) under each condition, there was again a main effect of condition [F(3,50)=7.2, p<0.01], but
not day. In the sucrose-reinforced group, analysis of mean total sucrose intake similarly
indicated that naltrexone decreased intake relative to all other conditions with no difference
between those conditions [F(3,21)=6.7, p<0.01]. When analyzed as day × condition, there was
an effect of condition [F(3,59)= 7.0, p<0.01] and a day × condition interaction [F(9,59)= 3.0,
p<0.01], but no effect of day alone. Post hoc analysis showed that the treatment effect of
naltrexone did not occur on day 1 (Monday), with decreased sucrose intake on all other days.

Reinforcer seeking was analyzed following no injection, saline, and naltrexone treatments (Fig.
6, right panel). The first three were Friday sessions that immediately followed the treatment
indicated, while the final naltrexone/extinction test took place on Monday following 2 days of
no injection or reinforcer access (similar to the protocol for experiment 2 in nondependent
subjects). In the ethanol group, there was a main effect of condition [F(3,18)=4.0, p<0.05],
with post hoc analysis showing that no injection and saline did not differ, and only the first
naltrexone treatment condition differed from saline and from no treatment. The second
naltrexone “test” with no naltrexone on board showed that ethanol seeking had returned to
control levels (saline and no injection). A similar analysis of sucrose seeking also showed a
main effect of condition [F(3,21)=14.0, p<0.001]. Saline and no injection did not differ, but
both naltrexone treatment conditions differed from saline and from no treatment. There was
also a significant difference between the two naltrexone tests, therefore indicating some
recovery of sucrose seeking with no naltrexone on board, but not to control levels. Latency to
first response was not affected by naltrexone in either the ethanol or sucrose groups.

Discussion
The behavioral paradigm utilizing a low response requirement for intake assessment along with
single extinction sessions to assess reinforcer seeking, and the separation of appetitive and
consummatory responding within each session, made it possible to determine that each drug
treatment had differential effects on the regulation of seeking and drinking behaviors. It is also
important to note that we previously have demonstrated that the seeking response (extinction
session lever-press behavior) in this model is stable over repeated measurements (Samson et
al. 2001) and reflects a prior association with the post-ingestive, pharmacological effects of
ethanol (Samson et al. 2004). Therefore, with the inclusion of the sucrose-reinforced control
groups, the experiments allowed for detailed comparison between the treatment effects, the
identification of the specific behaviors “targeted” by each drug treatment, and the selectivity
of treatment effects for ethanol. Overall, naltrexone appeared to be the better pharmacotherapy,
and most of the beneficial or “treatment-like” effects of acamprosate were limited to a dose
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that also caused weight loss and general health issues. This is consistent with most comparison
assessments of both drugs in animal and human studies (Morley et al. 2006; Richardson et al.
2008; Stromberg et al. 2001) and a follow-up of the COMBINE project (Combining
Medications and Behavioral Interventions) that found that at 1 year post-treatment, naltrexone
but not acamprosate was “associated with sustained efficacy beyond discontinuation” of the
drugs (Donovan et al. 2008).

To briefly summarize the overall findings, with regard to drinking behavior, both acamprosate
and naltrexone had somewhat similar effects in both nondependent and dependent rats in that
neither drug was selective for ethanol over sucrose intake. However, in nondependent animals,
naltrexone was more efficacious at more doses than acamprosate, and acamprosate’s effects
primarily were limited to a dose that also had adverse effects on body weight gain. In dependent
animals, naltrexone was again more efficacious since acamprosate did not attenuate either
ethanol or sucrose intake at the moderate dose tested. Both pharmacotherapies showed more
selectivity when examining a specific reinforcer-seeking response. In nondependent rats, both
acamprosate and naltrexone had response-attenuating effects in the ethanol groups, but not the
sucrose groups. In fact, acamprosate increased sucrose seeking at the low dose, but
unfortunately, the decreases in ethanol seeking were again only noted at the high dose. Of more
concern in terms of treatment efficacy, in dependent animals, is that acamprosate had selective
effects limited to a decrease in sucrose seeking with no effect on ethanol seeking. Naltrexone,
on the other hand, selectively decreased ethanol seeking in nondependent rats with no effects
on sucrose seeking and decreased reinforcer seeking in general in ethanol-dependent animals.
There was no indication of the development of either tolerance or sensitivity to treatment effects
over the 9 or 14-day dosing regimens and no motor impairment as indicated by the lack of
effects on latency to respond. The present findings are limited to male Long Evans rats, and
other rat strains and females should be examined to assess possible strain or sex-specific
treatment effects.

Daily administration of naltrexone dose-dependently decreased ethanol consumption in
nondependent rats, while the same treatment decreased sucrose intake, but to a slightly lesser
degree at all doses and with a less pronounced dose/response pattern. Naltrexone doses in a
similar range (0.15–0.45 mg/kg) previously have been shown to non-selectively decrease
“free” home cage intake of sweetened ethanol and the sweetened control solution, with modest
selectivity for ethanol responding at the lower dose (0.15 mg/kg) when tested in an operant
paradigm in “binge-drinking” rats with baseline intake of approximately 0.8–1.0 g/kg (Ji et al.
2008). While treatment selectivity was not assessed, a 1.0-mg/kg dose of naltrexone decreased
cue-induced reinstatement responding for ethanol when tested in rats after a single and multiple
ethanol withdrawals after vapor exposure (Ciccocioppo et al. 2003). In the present experiments,
when tested 3 days after naltrexone/reinforcer sessions, subjects in the ethanol-reinforced
group showed a decreased tendency to seek ethanol, while sucrose-reinforced subjects showed
no such effect of the naltrexone/sucrose exposures (Fig. 5). Since subjects had no naltrexone
on board at the time of these extinction tests, the decreases in ethanol seeking indicate a decrease
in incentive motivation that likely resulted from the reinforcer devaluation caused by the
repeated naltrexone/ethanol pairings during the reinforced sessions. It is unlikely that
naltrexone produced a general malaise that interfered with subsequent reinforcer seeking, since
no decrement in responding was observed in the sucrose-reinforced subjects. Moreover, the
use of the sucrose control groups showed that while naltrexone’s effect on the consumption of
a reinforcing substance was not specific to ethanol, the decrease in ethanol seeking did not
generalize to a highly palatable calorie source, suggesting that the seeking attenuation in
nondependent animals may be specific to the psychoactive reinforcing properties of ethanol
and possibly related to the phenomenon of craving. This finding is in agreement with the
clinical observation that naltrexone seems to be most efficacious in patients that continue to
drink some ethanol (Killeen et al. 2004), since some ethanol must be consumed in order to
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experience that it is less reinforcing with naltrexone on board and then for this experience to
subsequently affect ethanol-motivated behavior (Heinälä et al. 2001). In rats, the intake
suppression produced by naltrexone over extended drug treatment and following termination
of treatment was best accounted for by a learned association of the decreased reinforcing
properties of consumed ethanol (Stromberg et al. 1998). The present findings in nondependent
rats suggest that naltrexone treatment may be effective for decreasing the motivation to seek
ethanol in “binge-drinking” individuals without disrupting motivational processes in general.
Moreover, the effects on continued ethanol seeking did not require naltrexone on board,
indicating that this reinforcer blocking type of mechanism is perhaps long lasting and again
consistent with the follow-up study of patients in the COMBINE Study (Donovan et al.
2008).

In rats, naltrexone has been shown to suppress ethanol intake and ethanol-induced increases
in dopamine in the nucleus accumbens during ethanol self-administration (Gonzales and Weiss
1998). Recent evidence extends this finding to show that naltrexone also blocks ethanol-
induced increases in tyrosine hydroxylase mRNA levels in the ventral tegmental area (Lee et
al. 2005), leading to the conclusion that naltrexone affects the reinforcing properties of ethanol
by interfering with ethanol-induced stimulation of the mesolimbic dopaminergic pathway. In
humans, naltrexone has been shown to decrease some of the positive reinforcing properties of
ethanol on the ascending limb of the blood alcohol curve, such as simulation, vigor, “high”,
and positive mood (Ray and Hutchison 2007). Acamprosate has also been shown to affect the
dopaminergic system in rats, producing increases in dopamine transporter density and
decreases in dopamine D2-like receptor density in the nucleus accumbens, but tolerance
develops quickly (within 3 days) to this effect (Cowen et al. 2005). In addition, the combination
of naltrexone plus acamprosate treatment showed no evidence of either additive or synergistic
effects on ethanol-reinforced responding, suggesting that the two drugs are not working by a
common mechanism (Stromberg et al. 2001).

Our previous study using a similar operant model, nondependent rats, and 2 days of
acamprosate treatment at the same doses used in this study (Czachowski et al. 2001b) found
that all doses decreased ethanol intake relative to saline after 2 days, again supporting the notion
of “reinforcer blocking” or that ethanol and acamprosate needed to be experienced together to
be effective. In that study, there were no effects on sucrose seeking or intake and no effects of
acamprosate on any measure of ethanol seeking at doses that did not cause weight-related side
effects. Overall, the short-term study suggested selective effects of acamprosate on ethanol
intake, while the present study shows nonselective effects with extended treatment. Also, the
low doses of acamprosate were effective at attenuating ethanol drinking early in treatment (first
9 days), but when examined over the whole 14-day treatment in this study, effectiveness was
limited to the high dose that also had adverse side effects. We also observed these
gastrointestinal problems/weight loss in our previous study after a single injection of 400 mg/
kg, and Bowers et al. (2007) reported a similar dose-dependent weight loss over 100- to 500-
mg/kg doses, with the high dose reaching significant loss by day 3 and causing one fatality
when administered only once daily, with deficits in locomotor activity at 300 and 500 mg/kg.

One rationale for assessing acamprosate in ethanol-dependent subjects was based on findings
showing that dependent (LeMagnen et al. 1987) or high-drinking (Boismare et al. 1984)
subjects showed greater responsiveness to acamprosate than non-selected nondependent
animals (Heyser et al. 1998). Indeed, there was one indication that acamprosate specifically
affected ethanol seeking in dependent animals in the present study which was the increase in
latency to first response, which was not seen in the sucrose-reinforced subjects and therefore
not simple motor impairment. Total responding, however, was affected only in the sucrose-
reinforced subjects, suggesting that even at moderate doses, acamprosate may have unwanted
side effects. One hypothesis as to the process by which acamprosate decreases ethanol intake
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is that it inhibits the negative reinforcing properties of ethanol (Littleton 1995; Spanagel and
Zieglgansberger 1997); however, the present paradigm tested animals after a withdrawal
recovery period, so they were not exposed to the negative reinforcing (i.e., withdrawal-
attenuating) properties of ethanol.

In ethanol-dependent rats, a moderate dose of naltrexone decreased ethanol consumption and
decreased sucrose intake to a lesser but significant degree. The sustained “devaluation” of
ethanol that resulted from multiple naltrexone/ethanol pairings and was evidenced by an
attenuation of ethanol seeking in the nondependent rats, however, did not occur following
dependence induction (Fig. 6). When tested with naltrexone on board (not previously tested in
the nondependent rats), both ethanol and sucrose seeking were significantly decreased. When
tested after experience with naltrexone/reinforcer pairings but with no naltrexone on board
(similar to the nondependent animals), only sucrose seeking remained attenuated, while ethanol
seeking had returned to baseline levels. It should be noted that the effectiveness of naltrexone
in nondependent versus dependent animals may reflect differences in the number of naltrexone/
ethanol pairings in each experiment which were greater in the nondependent animals (14)
versus the dependent animals (4). Alternatively, naltrexone’s effectiveness in the
nondependent versus dependent animals may be a result of differences in opiate system
function resulting from the repeated dependence/withdrawal cycles. More specifically, recent
findings from Walker and Koob (2008) also show that naltrexone produced greater attenuation
of ethanol-reinforced responding in nondependent rats as compared to dependent rats and that
dysregulation of the κ-opioid system versus the μ-opioid system is primarily involved in
dependence-induced ethanol drinking.

Interestingly, the ethanol dependence induction used in the present experiments did not result
in an increase in “binge-like” ethanol drinking in the operant chamber (sucrose drinking was
also unaffected). It should be noted that animals were tested after a week-long recovery period,
so they were not in withdrawal at the time of the operant sessions. Ciccocioppo et al. (2003)
similarly observed that repeated ethanol vapor exposure did not augment ethanol cue-induced
reinstatement responding and also attributed this to the absence of exposure to ethanol self-
administration during the alleviation of withdrawal. Studies that report an increase in intake
have used animals tested 6–12 h into withdrawal and are thus assessing the tendency to self-
administer ethanol to avoid or decrease withdrawal symptoms (Roberts et al. 1996; Walker
and Koob 2007). From a clinical perspective, those approaches would be examining patients
with experience of drinking for negative reinforcement, that is, to alleviate ethanol withdrawal,
while the present approach more closely models individuals with prolonged abstinence
preceding relapse. In terms of “success” of the two pharmacotherapies, it should be noted that
treatment-seeking individuals are not modeled by either the binge-drinking or ethanol-
dependent animals assessed in the present experiments. Therefore, lack of specificity of the
treatments for ethanol reinforcement may be of less concern when choosing a drug treatment.
That is, motivated, treatment-seeking individuals may still greatly benefit from a
pharmacotherapy that decreases the reinforcing properties of ethanol in order to overcome
craving and, in conjunction with other forms of therapy, may be the best approach for
controlling the excessive use of alcohol.
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Fig. 1.
In the ethanol-reinforced group (n=8), mean (±SEM) ethanol intake (g/kg) over days following
either saline or acamprosate treatment in nondependent rats. Inset Total mean (±SEM) ethanol
intake collapsed over all days. Asterisk indicates a main effect of dose, with the high dose of
acamprosate differing from saline
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Fig. 2.
In the sucrose-reinforced group (n=8), mean (±SEM) sucrose intake (g/kg) over days following
either saline or acamprosate treatment in nondependent rats. Inset Total mean (±SEM) sucrose
intake collapsed over all days. Asterisk indicates a main effect of dose, with the high dose of
acamprosate differing from saline
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Fig. 3.
In the ethanol-reinforced group (n=6), mean (±SEM) ethanol intake (g/kg) over days following
either saline or naltrexone treatment in nondependent rats. Inset Total mean (±SEM) ethanol
intake collapsed over all days. Asterisks indicates that all doses of naltrexone decreased intake
relative to saline, and the high and low doses of naltrexone produced significantly different
attenuation of ethanol drinking (number symbol)
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Fig. 4.
In the sucrose-reinforced group (n=6), mean (±SEM) sucrose intake (g/kg) over days following
either saline or naltrexone treatment in nondependent rats. Inset Total mean (±SEM) sucrose
intake collapsed over all days. Asterisks indicates that all doses of naltrexone decreased intake
relative to saline, and the high and low doses of naltrexone produced significantly different
attenuation of sucrose intake (number symbol)
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Fig. 5.
Mean (±SEM) lever-press responses during single, non-reinforced extinction sessions in the
ethanol and sucrose groups (as indicated) in acamprosate-treated (left panel) or naltrexone-
treated (right panel) nondependent rats. Asterisks indicate a significant difference from the first
or collapsed saline treatment conditions; also, the low dose of acamprosate increased the
sucrose-seeking response (number symbol)
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Fig. 6.
Mean (±SEM) lever-press responses during single, non-reinforced extinction sessions in the
ethanol (n=7 both experiments) and sucrose (n=7 experiment 3; n=8 experiment 4) groups as
indicated in acamprosate-treated (left panel) or naltrexone-treated (right panel) ethanol-
dependent rats. Asterisks indicate a significant difference from the post/saline condition and
plus symbol indicates a significant difference from the post/naltrexone condition
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