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Abstract

The present experiment evaluated the effects of naltrexone, a non-selective opioid receptor
antagonist, on post-abstinence alcohol drinking in C57BL/6NCRL and DBA/2J male mice. Home
cage 2-bhottle (alcohol vs. water) free-choice procedures were employed. During the pre-abstinence
period, alcohol intake was much lower for the DBA/2J mice relative to the C57BL/6NCRL mice,
and this strain difference was observed for groups receiving either 3% or 10% alcohol
concentrations. The four-day abstinence period effectively reduced alcohol intakes (i.e., a negative
alcohol deprivation effect, negative ADE) in both groups of DBA/2J mice, but had no effect on
alcohol intakes in either group of C57BL/6NCRL mice. Both groups trained with 3% alcohol
received the second four-day abstinence period, where the effects of acute administration of either
naltrexone or saline on post-abstinence alcohol drinking were assessed. Naltrexone was more
effective in reducing post-abstinence drinking of 3% alcohol in the DBA/2J mice than in the
C57BL/6NCRL mice. In the DBA/2J mice, naltrexone further reduced, relative to saline-injected
controls, the low levels of post-abstinence alcohol intake. Thus, the low baseline levels of alcohol
drinking in DBA/2J mice were further diminished by the four-day abstinence period (negative
ADE), and this suppressed post-abstinence level of alcohol drinking was still further reduced by
acute administration of naltrexone. The results indicate that naltrexone is effective in reducing
further the low levels of alcohol drinking induced by the negative ADE.
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1. Introduction

Naltrexone, a non-selective opioid receptor antagonist, reduces alcohol drinking in rats and
in mice (Coonfield et al., 2002; Davidson and Amit, 1997; Egli, 2005; Froehlich et al., 1990;
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Goodwin et al., 2001; Grahame et al., 2000; Heyser et al., 1997; Hubbell and Reid, 1988; Le
etal., 1993; Middaugh et al., 1999a, 1999b; Phillips et al., 1997; Salimov et al., 19953,
1995b; Volpicelli et al., 1986). Naltrexone’s effects are particularly well-documented in
high alcohol drinking strains of rats (Davidson and Amit, 1997; Dhaher et al., 2012; Heyser
et al., 2003; Hill and Kiefer, 1997; Holter and Spanagel, 1999; Juarez and Eliana, 2007;
Myers and Lankford, 1996) and in high alcohol drinking strains of mice, notably C57BL/6
and related sub-strains (Escher and Mittleman, 2006; Grahame et al., 2000; Kamdar et al.,
2007; Kim et al., 2004; Phillips et al., 1997). While it is clear that naltrexone reliably
reduces high levels of alcohol drinking, its effects on lower levels of alcohol drinking have
not been reported. For example, there are no published reports of naltrexone’s effects on
alcohol drinking in DBA/2J mice, an inbred mouse strain that exhibits little tendency to
drink alcohol.

The present experiment investigated the effects of acute administration of naltrexone on
alcohol drinking in two inbred strains of mice (C57BL/6NCRL and DBA/2J) known to
differ in their tendencies to drink alcohol. Of primary interest are the effects of acute
naltrexone administration on alcohol drinking following a period of alcohol abstinence.
Relapse-like elevation of post-abstinence alcohol drinking (i.e., positive alcohol deprivation
effect, or positive ADE) has been reported in rats and in mice (Holstein et al., 2011; Khisti
et al., 2006; McKinzie et al., 1998; Melendez et al., 2006; Rodd-Henricks et al., 2000a,
2000b; Rodd et al., 2004; Salimov et al., 1993; Salimov and Salimova, 1993a, 1993b;
Sinclair, 1972; Sinclair, 1979; Sinclair and Li, 1989; Sinclair and Senter, 1967; Sparta et al.,
2009; Tambour et al., 2008; Wolstenholme et al., 2011). Although far less extensively
studied, several reports indicate that in rodents, when alcohol drinking levels are low, the
alcohol abstinence period may induce even less post-abstinence alcohol drinking than pre-
abstinence baseline levels i.e., negative alcohol deprivation effect, or negative ADE
(DiBattista, 1991; Melendez et al., 2006; Salimov et al., 1995a; Sinclair and Bender, 1978;
Sinclair and Sheaff, 1973; Sinclair and Tiihonen, 1988). While investigators have reported
that acute administration of naltrexone suppressed post-abstinence relapse-like alcohol
drinking, subsequently reducing the magnitude of the positive ADE (Heyser et al., 2003;
Holter and Spanagel, 1999; Kuzmin et al., 2006; Oslin et al., 2003; Pellicano and Sadile,
2006; Sinclair, 1998; Stromberg et al., 2001), there are no published studies evaluating the
effects of naltrexone administration on negative ADE.

Thus, we evaluated the effects of an acute subcutaneous injection of a single 10.0 mg/kg
dose of naltrexone on post-abstinence alcohol drinking in groups of C57BL/6NCRL and
DBA/2J male mice trained to drink a 3% alcohol solution. Separate groups of each strain
were also trained to drink a 10% alcohol solution, but these groups were not evaluated for
the effects of an injection of naltrexone. Of particular interest was the effect of the
abstinence period on further reducing the low levels of drinking of 3% alcohol in DBA/2J
mice (i.e., negative ADE) and the effectiveness of naltrexone in reducing still further the
lower levels of abstinence-induced suppression of alcohol drinking in these DBA/2J mice.
The 10.0 mg/kg naltrexone dose was employed based on reports that an acute injection of
this dose reliably reduced alcohol consumption (Critcher et al., 1983; Davidson and Amit,
1997; Gardell et al., 1996; Reid et al., 1996) and, in addition, significantly suppressed post-
abstinence positive ADE as well (Holter and Spanagel, 1999). Moreover, a single acute
injection of naltrexone has been reported to more reliably reduce alcohol drinking than
either repeated or chronic administration of naltrexone (Holter and Spanagel, 1999; Iso and
Brush, 1991).
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2. Materials and methods

2.1. Animals

The subjects were 48 male C57BL/6NCRL mice obtained from Charles River Laboratories
(Kingston, NY, USA) and 48 male DBA/2J mice obtained from Jackson Laboratories (Bar
Harbor, ME, USA). Mice were approximately 60 days old at the beginning of the
experiment. During the 12-day pre-abstinence period, the mean body weights of the C57BL/
6NCRL mice receiving access to 3% alcohol or 10% alcohol were 25.8 g and 26.0 g,
respectively, and the mean body weights of the DBA/2J mice receiving access to 3% alcohol
or 10% alcohol were 21.7 g and 21.8 g, respectively. All mice were acclimated to the colony
room for one week prior to the beginning of the study. The 96 mice were housed in pairs of
the same strain, in 48 clear plastic shoe box cages, in a light controlled room maintained on
a 12 hour light/dark cycle (lights on at 0600 hours). They were provided with unrestricted
access to food (PMI 5012 rat chow) and tap water. All experimental procedures were
performed in accordance with the guidelines of the Institutional Care and Use Committee of
the National Institute on Drug Abuse, National Institute of Health and the Guide for the Care
and Use of Laboratory Animals (Institute of Laboratory Animal Resources Commission on
Life Sciences. Guide for the Care and Use of Laboratory Animals, 1996) and approved by
the IACUC at Rutgers University.

2.2. Housing apparatus

2.3. Drugs

Mice were housed two per cage in each of the 48 plastic shoebox cages, providing each
mouse a proximal cage-mate. Each shoebox cage contained a ¥-in thick clear plastic barrier
that divided the shoebox cage lengthwise into two compartments of approximately equal
size. The plastic barrier was the height of the shoebox cage and was drilled with 20 circular
holes, of one quarter-inch diameter each, to allow for ventilation between the two
compartments. One mouse was housed on each side of the plastic barrier. This housing
apparatus allowed the evaluation of alcohol drinking of individual mice without housing
each mouse in isolation, a condition which substantially elevates alcohol drinking in mice
(Pohorecky, 1991).

Bulk alcohol (95%) was obtained from Rutgers University Chemical Stores. Alcohol was
diluted in tap water to produce the alcohol concentrations (volume to volume, vol./vol.)
employed in the study. Naltrexone hydrochloride was purchased from Merck Laboratories
and was dissolved in 0.9% saline to a volume equivalent to 1.0 ml/kg. All drug doses refer
to the total salt.

2.4. Alcohol Provision and Deprivation Procedure

All mice were provided with continuous access in the home cage to two sippers, one
containing alcohol and the other containing tap water. Fluids were contained in clear glass
vials equipped with a rubber stopper and a stainless steel ball valve sipper. Sipper tube
position (left vs. right) was randomized across days. All mice and drinking tubes were
weighed daily at approximately 1000 hours, after which drinking tubes were emptied and
refilled with fresh solutions.

All subjects in the 10% alcohol groups (24 C57BL/6NCRL mice and 24 DBA/2J mice) were
run prior to any of the subjects in the 3% alcohol groups and received alcohol concentrations
of 2%, 4%, 6%, 8%, and 10% during daily drinking sessions 1, 2, 3, 4, and 5, respectively.
Thereafter, all subjects in the 10% alcohol groups received the 10% alcohol concentration
during all remaining days of the experiment (except for the first abstinence period) (see
upper panel of Fig. 1). All subjects in the 3% alcohol groups (24 C57BL/6NCRL mice and
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24 DBA/2J mice) received the 3% alcohol concentration during all days of the experiment
(except for the first and second abstinence periods) (see lower panel of Fig. 1).

All 96 subjects received the first abstinence period, which began after the completion of the
12t daily alcohol drinking session. The first abstinence period consisted of 4 consecutive
days (13-16) without alcohol, when all mice were provided with access to two drinking
tubes containing only tap water. After the first abstinence period, all subjects received the
first post-abstinence session (day 17), during which all mice received access to the alcohol
concentration employed during the pre-abstinence period (3% or 10%), while the other
drinking tube contained tap water. Procedures during days 18 and 19 were identical to those
for day 17.

Only the 48 mice in the 3% alcohol groups received the second abstinence period, which
consisted of 4 consecutive days (20-23) without alcohol, when all mice were provided with
access to two drinking tubes containing only tap water. Upon observing the significant
negative ADE in the DBA/2J mice receiving 10% alcohol, we then ran the 3% alcohol
procedures in both strains to determine if we would replicate the negative ADE in the DBA/
2J mice at the lower concentration. When we did observe the reliable negative ADE in the
DBA/2J receiving 3% alcohol following Abstinence 1, we investigated the possibility that
naltrexone would further reduce the low levels of drinking of 3% alcohol following
Abstinence 2. After the second abstinence period, the mice in the 3% group were randomly
assigned to either the naltrexone or saline group. For both strains, these groups differed in
mean ethanol intake, ethanol preference, and bodyweight by less than 10%. Approximately
1 hour prior to the first post-abstinence session (day 24), mice in the naltrexone group
received 10mg/kg of naltrexone hydrochloride via subcutaneous injection, with an injection
volume of 1.0mg/ml, while the mice in the saline group received a subcutaneous injection of
0.9% isotonic saline. On Day 24, all mice received access to the 3% alcohol concentration
employed during the pre-abstinence period, while the other drinking tube contained tap
water.

2.5. Alcohol drinking measures

For each subject, for each daily drinking session, alcohol fluid consumed (g) and water fluid
consumed (g) and bodyweight (kg) were measured, then alcohol intake (grams of alcohol
consumed per kg of bodyweight) and percent (%) alcohol preference [(grams of alcohol
fluid consumed divided by grams of alcohol fluid consumed + grams of water fluid
consumed) x 100] were derived.

2.6. Abstinence Ratio Calculation

The post-abstinence ratio for each subject was calculated as: B / (A + B), where A = mean
of the last 5 sessions of the pre-abstinence period, and B = session 1 of the post-abstinence
period. A post-abstinence ratio > 0.50 indicates that post-abstinence alcohol drinking was
elevated relative to the pre-abstinence baseline level of alcohol drinking (i.e., abstinence-
induced “rebound” or “relapse-like” effect or positive alcohol deprivation effect (positive
ADE)), while a post-abstinence ratio < 0.50 indicates that post-abstinence alcohol drinking
was reduced relative to the pre-abstinence baseline level of alcohol drinking (i.e., negative
alcohol deprivation effect or negative ADE). The mean post-abstinence ratio for a subject
provides a single number that reflects changes in that subject’s alcohol drinking induced by
the abstinence period, and does so while allowing all subjects, regardless of their level of
alcohol drinking, to contribute equally to the group mean post-abstinence ratio. Moreover,
the post-abstinence ratio provides a measure of change for a subject relative to that subject’s
baseline, and therefore, allows comparisons of changes in alcohol drinking between strains
and/or groups of subjects that differ markedly in their baseline levels of alcohol drinking. To
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evaluate within-subject changes in alcohol drinking across the abstinence period, the post-
abstinence ratio for each subject was compared to that subject’s pre-abstinence ratio, which
was calculated as: A/ (A + B), where A = mean of the last 5 sessions of the pre-abstinence
period, and B = session 1 of the post-abstinence period.

2.7. Statistics

3. Results

Analyses of group differences in mean alcohol intake and mean % alcohol preference were
based on the means of the last 5 daily alcohol drinking sessions, prior to the first abstinence
period (days 8-12). Main effects of mouse strain drinker (C57BL/6NCRL vs. DBA/2J) and
main effects of alcohol concentration (3% vs. 10%) and interaction effects between mouse
strain and alcohol concentration were assessed by a 2 x 2 two-way univariate Analysis of
Variance (ANOVA) using General Linear Model (Systat Statistical Software, Richmond,
CA, USA), with an alpha level of 0.05. Mean group differences between strains (C57BL/
6NCRL vs. DBA/2J) in post-abstinence ratios following the first abstinence period were
assessed by one-way ANOVA. The effect of the abstinence period in producing changes in
alcohol intake or changes in percent alcohol preference was evaluated by comparing the pre-
abstinence ratio to the post-abstinence ratio using one-way ANOVA. Effects of the
abstinence period in producing elevated (positive ADE) or suppressed (negative ADE) mean
post-abstinence ratios were assessed by repeated-measures one-way ANOVA. Mean
differences between strains (C57BL/6NCRL vs. DBA/2J) in post-abstinence ratios
following the naltrexone injection or saline injection of the second abstinence period were
assessed by one-way ANOVA. The effects of the naltrexone injection or the effects of the
saline injection, following the second abstinence period, relative to the effects of the non-
injection, following the first abstinence period, were assessed using one-way repeated-
measures ANOVA.

3.1. Pre-abstinence levels of alcohol drinking

3.1.1. Pre-abstinence alcohol intake (g/kg)—For both the C57BL/6NCRL mice and
the DBA/2J mice, the groups trained with the 10% alcohol concentration yielded higher
mean daily g/kg alcohol intakes than did the groups trained with the 3% alcohol
concentration (Fig. 2), and this is consistent with previous studies comparing daily intakes of
these alcohol concentrations in these inbred strain of mice (Yoneyama et al., 2008). A 2 x 2
factorial ANOVA revealed a significant main effect of strain, (F (1, 92) =51.11, p < 0.01), a
significant main effect of concentration, (F (1, 92) = 22.25, p < 0.01), and no significant
interaction effect between strain and concentration, (F < 1). Separate one-way ANOVAS
revealed that the 10% alcohol concentration induced significantly more alcohol intake than
did the 3% alcohol concentration, in the C57BL/6NCRL mice (p < 0.05) and in the DBA/2J
mice (p < 0.01).

3.1.2. Pre-abstinence alcohol preference (%)—The 2 x 2 factorial ANOVA (Fig. 3)
revealed a significant main effect of strain, (F (1, 92) = 192.38, p < 0.01), a significant main
effect of concentration, (F (1, 92) = 26.44, p < 0.01), and a significant interaction effect
between strain and concentration, (F (1, 92) = 23.73, p < 0.01). One-way ANOVA revealed
that the 3% alcohol concentration induced significantly higher alcohol preference than did
the 10% alcohol concentration, in the C57BL/6NCRL mice (p < 0.01) but there was no
effect of alcohol concentration in the DBA/2J mice (p > 0.20).

3.2. Post-abstinence alcohol drinking

3.2.1. Post-abstinence alcohol intake (g/kg)—The effect of the first abstinence
period (where no injections were given) was to reduce post-abstinence alcohol intake of
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DBA/2J mice, but not of C57BL/6NCRL mice (Fig. 4). For both DBA/2J groups, the post-
abstinence ratio was significantly lower than the pre-abstinence ratio (F (1,23) = 18.18, p <
0.001) and (F (1,23) = 62.58, p< 0.001) for the groups trained with 3% and 10% alcohol
concentrations, respectively. This indicates that for both DBA/2J groups the effect of the
abstinence period was to reduce alcohol intake (i.e., negative ADE). In contrast, for both
C57BL/6NCRL groups, the post-abstinence ratio did not differ significantly from the pre-
abstinence ratio (F’s < 1). For the groups trained with the 3% alcohol concentration, one-
way ANOVA revealed that the post-abstinence ratio evaluating the alcohol intake measure
for the C57BL/6NCRL group was significantly higher than the post-abstinence ratio for the
DBA/2J group, (F (1,46) = 10.82, p < 0.01). For the groups trained with the 10% alcohol
concentration, one-way ANOVA revealed that the post-abstinence ratio evaluating the
alcohol intake measure for the C57BL/6NCRL group was also significantly higher than for
the DBA/2J group, (F (1,46) = 19.44, p < 0.01).

The effect of the second abstinence period (where naltrexone or saline injections were
given) was to reduce post-abstinence alcohol intake of DBA/2J mice (Fig. 6), but not of
C57BL/6NCRL mice (Fig. 7). For the DBA/2J injection groups combined, the post-
abstinence ratio was significantly lower than the pre-abstinence ratio (F (1,23) = 26.42, p <
0.001), indicating that the effect of the second abstinence period was to reduce alcohol
intake (i.e., negative ADE), but for the C57BL/6NCRL injection groups combined, the post-
abstinence ratio did not differ significantly from the pre-abstinence ratio (F (1,23) = 1.48, p
> 0.20).

3.2.2. Post-abstinence alcohol preference (%)—The effect of the first abstinence
period (where no injections were given) was to reduce post-abstinence alcohol preference of
DBA/2J mice, but not of C57BL/6NCRL mice (Fig. 5). For both DBA/2J groups, the post-
abstinence ratio was significantly lower than the pre-abstinence ratio (F (1,23) = 10.32, p <
0.01) and (F (1,23) = 24.68, p< 0.001) for the groups trained with 3% and 10% alcohol
concentrations, respectively. This indicates that for both DBA/2J groups the effect of the
abstinence period was to reduce alcohol preference (i.e., negative ADE), but for both
C57BL/6NCRL groups, the post-abstinence ratio did not differ significantly from the pre-
abstinence ratio (F’s < 1). For the groups trained with the 3% alcohol concentration, one-
way ANOVA revealed that the post-abstinence ratio for the % alcohol preference measure
for the C57BL/6NCRL group was significantly higher than for the DBA/2J group, (F (1,46)
=6.03, p < 0.02). For the groups trained with the 10% alcohol concentration, one-way
ANOVA revealed that the post-abstinence ratio for the % alcohol preference measure for the
C57BL/6NCRL group was also significantly higher than for the DBA/2J group, (F (1,46) =
5.82, p < 0.02).

The effect of the second abstinence period (where injections were given) was to reduce post-
abstinence alcohol preference of DBA/2J mice (Fig. 8), but not of C57BL/6NCRL mice
(Fig. 9). For the DBA/2J injection groups combined, the post-abstinence ratio was
significantly lower than the pre-abstinence ratio (F (1,23) = 15.85, p < 0.001), indicating that
the effect of the second abstinence period was to reduce alcohol intake (i.e., negative ADE),
but for the C57BL/6NCRL injection groups combined, the post-abstinence ratio did not
differ significantly from the pre-abstinence ratio (F < 1).

3.3. Naltrexone’s effects on post-abstinence alcohol drinking

3.3.1. Naltrexone’s effects on post-abstinence alcohol intake (g/kg)—One-way
repeated-measures ANOVA comparing mean pre-abstinence ratios to mean post-abstinence
ratios for the DBA/2J mice revealed that naltrexone injection significantly reduced g/kg
alcohol intake (F (1,11) = 73.98, p < 0.01), indicating that naltrexone injection induced a
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significant negative ADE. On the other hand, the effect of the saline injection on alcohol
intake of the DBA/2J mice was not significant (F (1,11) = 3.77, p > 0.05). One-way
repeated-measures ANOVA comparing mean pre-abstinence ratios to mean post-abstinence
ratios for the C57BL/6NCRL mice revealed that naltrexone injection did not significantly
reduce g/kg alcohol intake (F (1,11) = 1.68, p > 0.20), indicating that naltrexone injection
did not induce a significant negative ADE. The effect of the saline injection on alcohol
intake of the C57BL/6NCRL mice was not significant, F < 1.

One-way repeated measures ANOVA (Fig. 6) for the DBA/2J mice revealed that the post-
abstinence ratio for the alcohol intake measure was significantly lower following naltrexone
injection relative to following saline injection, (F (1,22) = 3.66, p < 0.05). On the other
hand, one-way repeated measures ANOVA (Fig. 7) for the C57BL/6NCRL mice revealed
that the post-abstinence ratio for the alcohol intake measure was not significantly lower
following naltrexone injection relative to following the saline injection, F < 1. The post-
abstinence ratios for the alcohol intake measures for the naltrexone injection groups were
0.28 + 0.04 and 0.42 + 0.06 for the DBA/2J and C57BL/6NCRL mice, respectively (see
Figs. 6 and 7). One-way ANOVA revealed that this difference was significant, (F (1, 22) =
4.42, p < 0.05). On the other hand, for the saline injection groups, the post-abstinence ratios
for the alcohol intake measures were 0.40 + 0.04 and 0.49 + 0.06 for the DBA/2J and
C57BL/6NCRL mice, respectively (see Figs. 6 and 7). One-way ANOVA revealed that this
difference was not significant, (F (1, 22) = 1.62, p > 0.20).

3.3.2. Naltrexone’s effects on post-abstinence alcohol preference (%)—One-
way repeated-measures ANOVA comparing mean pre-abstinence ratios to mean post-
abstinence ratios for the DBA/2J mice revealed that naltrexone injection significantly
reduced alcohol preference (F (1,11) = 52.70, p < 0.001), indicating that naltrexone injection
induced a significant negative ADE. On the other hand, the effect of the saline injection on
alcohol preference of the DBA/2J mice was not significant, F < 1. One-way repeated-
measures ANOVA comparing mean pre-abstinence ratios to mean post-abstinence ratios for
the C57BL/6NCRL mice revealed that naltrexone injection did not significantly reduce
alcohol preference, F < 1, indicating that naltrexone injection did not induce a significant
negative ADE. The effect of the saline injection on alcohol preference of the C57BL/
6NCRL mice was also not significant, F < 1.

One-way repeated measures ANOVA (Fig. 8) for the DBA/2J mice revealed that the post-
abstinence ratio for the alcohol preference measure was significantly lower following
naltrexone injection relative to following saline injection (F (1,22) = 4.22, p < 0.03). On the
other hand, one-way repeated measures ANOVA (Fig. 9) for the C57BL/6NCRL mice
revealed that the post-abstinence ratio for the alcohol preference measure was not
significantly lower following the naltrexone injection relative to following the saline
injection, F < 1. The post-abstinence ratios for the naltrexone injection groups were 0.33 £
0.04 and 0.45 £ 0.06, for the DBA/2J and C57BL/6NCRL mice, respectively (see Figs. 8
and 9). One-way ANOVA revealed that this difference was significant (F (1, 22) = 3.66, p <
0.05). On the other hand, for the saline injection groups, the abstinence ratios for the alcohol
preference measures were 0.44 + 0.04 and 0.52 + 0.05, for the DBA/2J and C57BL/6NCRL
mice, respectively (see Figs. 8 and 9). One-way ANOVA revealed that this difference was
not significant (F (1, 22) = 1.18, p > 0.20).

4. Discussion

The results indicate that the DBA/2J mice provided low pre-abstinence levels of alcohol
intake and alcohol preference which were each further reduced by the 4-day abstinence
period, providing evidence of negative ADE (negative alcohol deprivation effect). The
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C57BL/6NCRL mice provided higher pre-abstinence levels of alcohol intake and alcohol
preference and provided no evidence of negative ADE. These effects of the abstinence
period on alcohol drinking and preference are consistent with the literature, which indicates
that negative ADE may be observed in post-abstinence alcohol drinking when low levels of
alcohol drinking are observed during the pre-abstinence period (DiBattista, 1991; Melendez
et al., 2006; Salimov et al., 1995a; Sinclair and Bender, 1978; Sinclair and Sheaff, 1973;
Sinclair and Tiihonen, 1988).

Naltrexone injection was more effective in reducing post-abstinence alcohol intake and post-
abstinence alcohol preference in DBA/2J mice than was saline injection, and neither of these
injection effects were observed in C57BL/6NCRL mice. The finding that naltrexone’s effect
may depend on baseline alcohol intake is consistent with the finding that naltrexone reduced
alcohol drinking in rats with low alcohol preference but increased alcohol drinking in rats
with high alcohol preference (Iso and Brush, 1991). Moreover, in alcohol-preferring C57BL/
6J mice, naltrexone has been reported to increase or to have no effect on alcohol drinking
(Phillips et al., 1997). Thus, the failure to observe an effect of naltrexone on alcohol
drinking in the high-alcohol drinking C57BL/6NCRL mice is not unprecedented.

In the present study, in saline injected DBA/2J mice, post-abstinence alcohol intake and
post-abstinence alcohol preference were both significantly reduced relative to pre-abstinence
levels, providing evidence that negative ADE was induced by the second four-day
abstinence period. The finding that the naltrexone injected DBA/2J mice provided even
more dramatic reductions in these post-abstinence alcohol drinking measures indicates that
naltrexone’s effect was to further reduce alcohol intake and alcohol preference beyond the
levels of suppression attributable to negative ADE. These results provide the first report
demonstrating that naltrexone significantly reduced low levels of alcohol drinking and serve
to extend the range of the documented effectiveness of naltrexone in suppressing alcohol
drinking.

The C57BL/6NCRL mice provided higher pre-abstinence levels of alcohol intake and
alcohol preference than did the DBA/2J mice, and did so with either the 3% or the 10%
alcohol concentrations. These between-strain differences are consistent with those reported
in previous studies that compared mean daily alcohol intakes of 3% and 10% alcohol
solutions (Belknap et al., 1978; Belknap et al., 1993; Fuller, 1964; Rodgers, 1966;
Yoneyama et al., 2008). For example, Yoneyama et al. (2008) compared voluntary
consumption of 3% alcohol in 22 inbred mouse strains and reported that C57BL/6J mice
consumed approximately 4.2 g/kg per day of 3% alcohol, while DBA/2J mice consumed
approximately 1.0 g/kg per day. Khisti et al. (2006) reported that C57BL/6J mice drank
approximately 4.8 g/kg alcohol per day when provided with access to 10% alcohol for 18
hrs/day, while Yoneyama et al. (2008) reported that DBA/2J mice consumed approximately
2.0 g/kg alcohol per day when provided with 10% alcohol for 24 hrs/day. It should be noted
that training with the 3% and 10% concentrations of alcohol yielded mean daily percent
alcohol preference scores of less than 12%, and this is consistent with reports of previous
investigators who have also reported low levels of alcohol preference in DBA/2J mice
trained with alcohol concentrations of 10% or lower (Fuller, 1964; Yoneyama et al., 2008).

Alcohol drinking by the C57BL/6NCRL mice was not significantly altered by the first four-
day abstinence period (i.e., no evidence of positive ADE or negative ADE). In high alcohol
drinking strains of mice, including C57BL/6NCRL mice, the abstinence period has typically
been reported to induce positive ADE or relapse-like elevations in alcohol intake (Khisti et
al., 2006; Salimov et al., 1993; Salimov et al., 1995b; Salimov and Salimova, 1993a,
1993b); however, in the present study, the C57BL/6NCRL mice showed no evidence of
positive ADE. While studies reporting positive ADE in mice typically employed more
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extended training with higher concentrations of alcohol, Khisti et al. (2006) had noted that
14 days of training with 10% alcohol was sufficient to obtain stable alcohol intake and,
following a 4-day abstinence period, they found consistent increases of 50% to 100% in
ethanol intake and ethanol preference, providing evidence of positive ADE in C57BL/
6NCRL mice. While we also found that 12 daily sessions of training with 10% alcohol was
sufficient to induce stable alcohol intake, we found no evidence of positive ADE following a
4-day abstinence period. It should be noted that the mice in the Khisti et al. (2006) study
were isolation-housed, while the mice in the present study were housed in proximal pairs, on
separate sides of a barrier strip. There is evidence that isolation housing triggers stress-
induced alcohol drinking (Araujo et al., 2005; Jones et al., 1990; Lopez et al., 2011; McCool
and Chappell, 2009; Paivarinta, 1990; Pohorecky, 1991) which may contribute to the
development of positive ADE reported by other investigators. These data, therefore, suggest
that the effects of isolation housing are not necessary to observe the suppressing effects of
naltrexone on alcohol drinking in studies of ADE. With respect to the effects of stressors on
alcohol drinking, it should be noted that to reduce novelty-induced stress, the mice in the
present study were not assessed for locomotor activity or open-field behavior, nor were they
subjected to blood draws to obtain samples for the purpose of assaying blood alcohol
concentrations.

In the C57BL/6NCRL mice, the administration of naltrexone following the second four-day
abstinence period did not significantly alter either alcohol intake or alcohol preference
relative to the saline injected controls or relative to post-abstinence alcohol drinking
following the first four-day abstinence period. Thus, naltrexone was less effective in
reducing alcohol drinking in the C57BL/6NCRL mice relative to the DBA/2J mice, even
though the pre-abstinence and post-abstinence levels of alcohol drinking and alcohol
preference were much higher in the C57BL/6NCRL mice as compared to the DBA/2J mice.

For the C57BL/6NCRL mice, the group trained with the 3% alcohol concentration yielded
significantly higher mean daily percent alcohol preference than did the group trained with
the 10% alcohol concentration. This finding is discrepant with reports that the 10% alcohol
concentration induced elevated alcohol preference relative to the 3% alcohol concentration
in C57BL/6 mice (Belknap et al., 1993; Fuller, 1964; McClearn and Rodgers, 1959;
Rodgers, 1966; Yoneyama et al., 2008). For example, Yoneyama et al. (2008) found that
C57BL/6J mice showed greater percent alcohol preference (79%) of the 10% alcohol
concentration, as compared to the percent alcohol preference (55%) of the 3% alcohol
concentration. This discrepancy in results may be due to differences between studies in the
procedures employed. For example, the present study employed a between-groups design,
where each subject was tested with only one alcohol concentration, whereas, previous
studies have employed repeated-measures assessments, where each subject was tested with
an ascending sequence of several different alcohol concentrations.

These results may be relevant for the clinical use of naltrexone for the treatment of
alcoholism because it extends the range of alcohol drinking levels upon which naltrexone
therapy may be effectively employed. While it is well established that naltrexone is effective
in reducing high levels of alcohol drinking (Davidson and Amit, 1997; Froehlich et al.,
1990; Grahame et al., 2000; Heyser et al., 1997; Holter and Spanagel, 1999; Hubbell and
Reid, 1988; Volpicelli et al., 1986), our results show for the first time that naltrexone has a
significant effect on low levels of alcohol drinking, reducing further the suppressed levels of
alcohol drinking following a period of abstinence (i.e., negative ADE). This suggests that an
abstinent recovering alcoholic experiencing a lapse, who consumes a small amount of
alcohol, may be effectively treated with naltrexone. Our data reveal that the administration
of naltrexone will reduce even low levels of post-abstinence alcohol drinking, thereby
reducing the chances of regressing into higher levels of alcohol drinking.
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The evidence in the literature that naltrexone reduces post-abstinence relapse-like elevation
of alcohol drinking may be taken to indicate that naltrexone’s effect is to induce alcohol
drinking levels that more closely approximate pre-abstinence baseline levels. This
interpretation, that naltrexone facilitates the recovery of pre-abstinence baseline levels of
alcohol drinking, is not supported by the present data. Our results show that following
administration of naltrexone alcohol drinking further deviated from pre-abstinence baseline
levels, indicating that the effect of naltrexone is to reduce alcohol drinking, across a broad
range of alcohol drinking levels, rather than to mitigate deviations of alcohol drinking from
baseline levels.

5. Conclusion

In DBA/2J mice, the initial four-day abstinence period reduced alcohol intake and alcohol
preference, relative to pre-abstinence baseline levels, providing evidence of a negative
alcohol deprivation effect (i.e., negative ADE); however, in contrast, the initial four-day
abstinence period had no effect on either alcohol drinking measures in C57BL/6NCRL mice.
Following a second four-day abstinence period, an acute injection of naltrexone reduced
post-abstinence drinking of 3% alcohol in DBA/2J mice more than in C57BL/6NCRL mice.
In addition, naltrexone was effective in further reducing the low levels of post-abstinence
alcohol drinking in DBA/2J mice. These data also provide the first evaluation of
naltrexone’s effects on the negative ADE and indicate that naltrexone’s effect on post-
abstinence alcohol drinking in DBA/2J mice was to further suppress alcohol intake and
alcohol preference.
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Experimental time-line showing % alcohol available as a function of Time (Experimental
Days). Upper Panel: For both of the 10% alcohol groups (C57BL/6NCRL and DBA/2J) the
duration of the experiment was 19 days, and included one 4-day abstinence period (Days
13-16). Lower Panel: For both of the 3% alcohol groups (C57BL/6NCRL and DBA/2J) the
duration of the experiment was 26 days, and included two 4-day abstinence periods (Days
13-16 and Days 20-23). A subcutaneous injection of either Naltrexone (10.0 mg/kg) or
0.9% Saline was given one-hour prior to the first post-abstinence drinking session (Day 24)

following the second 4-day abstinence period.
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Fig. 2. Pre-abstinence alcohol intake (g/kg)

Mean daily g/kg alcohol intake (grams of alcohol consumed per kilogram of bodyweight)
during the last 5 sessions preceding the first abstinence period for the C57BL/6NCRL mice
trained with the 3% alcohol concentration (n=24) and the C57BL/6NCRL mice trained with
the 10% alcohol concentration (n=24) and for the DBA/2J mice trained with the 3% alcohol
concentration (n=24) and the DBA/2J mice trained with the 10% alcohol concentration
(n=24). The vertical bars represent the standard error of the mean (SEM). The single asterisk
(*) indicates that the groups differed at the 0.05 level of significance. The double asterisk
(**) indicates that the groups differed at the 0.01 level of significance.
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Fig. 3. Pre-abstinence alcohol preference (%)

Mean daily percent alcohol preference [(grams of alcohol fluid consumed divided by grams
of alcohol fluid consumed + grams of water fluid consumed) x 100] during the last 5
sessions preceding the first abstinence period for the C57BL/6NCRL mice trained with the
3% alcohol concentration (n=24) and the C57BL/6NCRL mice trained with the 10% alcohol
concentration (n=24) and for the DBA/2J mice trained with the 3% alcohol concentration
(n=24) and the DBA/2J mice trained with the 10% alcohol concentration (n=24). The
vertical bars represent the standard error of the mean (SEM). The double asterisk (**)
indicates that the groups differed at the 0.01 level of significance.
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Fig. 4. Strain differencesin post-abstinence alcohol intake (g/kg)

Mean post-abstinence ratios based on g/kg alcohol intake (grams of alcohol consumed per
kilogram of bodyweight) for the first abstinence period (no injection) for the C57BL/
6NCRL mice trained with the 3% alcohol concentration (n=24) and the C57BL/6NCRL
mice trained with the 10% alcohol concentration (n=24) and for the DBA/2J mice trained
with the 3% alcohol concentration (n=24) and the DBA/2J mice trained with the 10%
alcohol concentration (n=24). The post-abstinence ratio for each subject was calculated as
[(session 1 of the post-abstinence period) / (session 1 of the post-abstinence period + mean
of the last 5 sessions of the pre-abstinence period)]. The vertical bars represent the standard
error of the mean (SEM). The double asterisk (**) indicates that the groups differed at the
0.01 level of significance.
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Fig. 5. Strain differencesin post-abstinence alcohol preference (%)

Mean post-abstinence ratios based on % alcohol preference [(grams of alcohol fluid
consumed divided by grams of alcohol fluid consumed + grams of water fluid consumed) x
100] for the first abstinence period (no injection) for the C57BL/6NCRL mice trained with
the 3% alcohol concentration (n=24) and the C57BL/6NCRL mice trained with the 10%
alcohol concentration (n=24) and for the DBA/2J mice trained with the 3% alcohol
concentration (n=24) and the DBA/2J mice trained with the 10% alcohol concentration
(n=24). The post-abstinence ratio for each subject was calculated as [(session 1 of the post-
abstinence period) / (session 1 of the post-abstinence period + mean of the last 5 sessions of
the pre-abstinence period)]. The vertical bars represent the standard error of the mean
(SEM). The single asterisk (*) indicates that the groups differed at the 0.05 level of
significance.
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Fig. 6. Naltrexone effects on post-abstinence alcohol intake (g/kg) in DBA/2J mice

Mean post-abstinence ratios based on g/kg alcohol intake (grams of alcohol consumed per
kilogram of bodyweight) for the first abstinence period (no injection) and for the second
abstinence period (injection) for the DBA/2J mice trained with the 3% alcohol concentration
(n=24). The injection given prior to the first session following the second abstinence period
was either naltrexone (n=12) or saline (n=12). The post-abstinence ratio for each subject was
calculated as [(session 1 of the post-abstinence period) / (session 1 of the post-abstinence
period + mean of the last 5 sessions of the pre-abstinence period)]. The vertical bars
represent the standard error of the mean (SEM). The single asterisk (*) indicates that the
groups differed at the 0.05 level of significance.
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Fig. 7. Naltrexone effects on post-abstinence alcohol intake (g/kg) in C57BL/6NCRL mice
Mean post-abstinence ratios based on g/kg alcohol intake (grams of alcohol consumed per
kilogram of bodyweight) for the first abstinence period (no injection) and for the second
abstinence period (injection) for the C57BL/6NCRL mice trained with the 3% alcohol
concentration (n=24). The injection given prior to the first session following the second
abstinence period was either naltrexone (n=12) or saline (n=12). The post-abstinence ratio
for each subject was calculated as [(session 1 of the post-abstinence period) / (session 1 of
the post-abstinence period + mean of the last 5 sessions of the pre-abstinence period)]. The
vertical bars represent the standard error of the mean (SEM).
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Fig. 8. Naltrexone effects on post-abstinence alcohal preference (%) in DBA/2J mice

Mean post-abstinence ratios based on % alcohol preference [(grams of alcohol fluid
consumed divided by grams of alcohol fluid consumed + grams of water fluid consumed) x
100] for the first abstinence period (no injection) and for the second abstinence period
(injection) for the DBA/2J mice trained with the 3% alcohol concentration (n=24). The
injection given prior to the first session following the second abstinence period was either
naltrexone (n=12) or saline (n=12). The post-abstinence ratio for each subject was calculated
as [(session 1 of the post-abstinence period) / (session 1 of the post-abstinence period +
mean of the last 5 sessions of the pre-abstinence period)]. The vertical bars represent the
standard error of the mean (SEM). The single asterisk (*) indicates that the groups differed
at the 0.05 level of significance.
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Fig. 9. Naltrexone effects on post-abstinence alcohol preference (%) in C57BL/6NCRL mice
Mean post-abstinence ratios based on % alcohol preference [(grams of alcohol fluid
consumed divided by grams of alcohol fluid consumed + grams of water fluid consumed) x
100] for the first abstinence period (no injection) and for the second abstinence period
(injection) for the C57BL/6NCRL mice trained with the 3% alcohol concentration (n=24).
The injection given prior to the first session following the second abstinence period was
either naltrexone (n=12) or saline (h=12). The post-abstinence ratio for each subject was
calculated as [(session 1 of the post-abstinence period) / (session 1 of the post-abstinence
period + mean of the last 5 sessions of the pre-abstinence period)]. The vertical bars
represent the standard error of the mean (SEM).
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