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Abstract Rationale: Previous studies suggest that some
behavioral effects of ethanol and morphine are genetically
correlated. For example, mice bred for sensitivity (FAST)
or insensitivity (SLOW) to the locomotor stimulant effects
of ethanol differ in their locomotor response to morphine.
Objective: To evaluate a possible common mechanism for
these traits, we examined the effect of naloxone, an opioid
receptor antagonist, on ethanol- and morphine-induced
locomotion in FAST and SLOW mice, as well as on eth-
anol-induced locomotion in two heterogeneous stocks of
mice. Method: In experiments 1 and 2, naloxone was given
to FAST and SLOW mice 30 min prior to 2 g/kg ethanol
or 32 mg/kg morphine, and locomotor activity was mea-
sured for 15 min (ethanol) or 30 min (morphine). In ex-
periments 3 and 4, naloxone was administered 30 min
prior to 1.25 g/kg ethanol, and locomotor activity was
assessed in FAST mice and in a heterogeneous line of
mice [Withdrawal Seizure Control (WSC)]. Experiment 5
assessed the effect of naloxone on ethanol-induced stim-
ulation in outbred National Institutes of Health (NIH)

Swiss mice. Results: There was no effect of naloxone on
the locomotor response to ethanol in FAST, SLOW, WSC,
or NIH Swiss mice. However, naloxone did significantly
attenuate the locomotor effects of morphine in FAST and
SLOW mice. Conclusions: These results suggest that a
common opioidergic mechanism is not responsible for the
correlated locomotor responses to ethanol and morphine in
FAST and SLOW mice, and that activation of the endog-
enous opioid system is not critical for the induction of
ethanol-induced alterations in activity.
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Introduction

Increased sensitivity to the stimulant effects and decreased
sensitivity to the ataxic/intoxicating effects of ethanol have
been linked both to ethanol consumption history and
familial risk for the development of alcohol use disorders.
For example, increased behavioral stimulation was found
in response to ethanol in moderate to heavy drinkers,
whereas a lack of behavioral stimulation or the onset of
behavioral sedation was found in light drinkers under the
same treatment conditions (Fromme et al. 2004; Holdstock
et al. 2000; King et al. 2002). Newlin and Thomson (1991,
1999) have suggested that nonalcoholic men with a posi-
tive family history of alcoholism are more sensitive to the
stimulant effects of ethanol during the rise in the blood
ethanol curve, but less sensitive to the sedative effects of
ethanol during decreasing blood ethanol levels, as com-
pared to men without a positive family history for al-
coholism. In addition, Schuckit and Smith (2000, 2001)
found that young men with a low level of response to
ethanol (as characterized by body sway, subjective feelings
of intoxication, and ethanol-induced hormone changes)
had a higher risk of alcoholism than men with a larger
response to ethanol. Combined, these findings suggest a
potential link between sensitivity to the behavior-modify-
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ing effects of ethanol and risk for alcohol use disorders.
Animal models allow for more detailed analyses of the
genetic and neurochemical mechanisms underlying sensi-
tivity to ethanol use.

One genetic animal model that we have used frequently
in our laboratory for studying ethanol-induced alterations
in locomotor activity is the activity selection lines, known
as the FAST and SLOW selected mouse lines. These lines
were selectively bred, in replicate, for increases (FAST-1,
FAST-2) and decreases (SLOW-1, SLOW-2) in locomotor
activity in response to low to moderate doses of ethanol
(Crabbe et al. 1987; Palmer et al. 2002; Phillips et al. 1991,
2002; Shen et al. 1995). Their extreme difference in sen-
sitivity to the stimulant, sedative (Shen et al. 1996; Phillips
et al. 2002), and ataxic (Shen et al. 1996) effects of ethanol
makes them ideal for examining the neurobiological and
genetic mechanisms associated with these ethanol effects.
In addition, the FAST and SLOW selected lines differ in
locomotor response to the prototypic μ-opioid receptor
agonist morphine (Bergstrom et al. 2003). This suggests
that some of the alleles that were altered in frequency dur-
ing selection for differential sensitivity to ethanol-induced
locomotion also influence sensitivity to the acute locomo-
tor effects of morphine. From a neurobiological perspec-
tive, this also suggests that ethanol and morphine may be
acting through similar mechanisms in the central nervous
system to induce changes in locomotion. This makes the
FAST and SLOW lines ideal for studies examining neuro-
chemical mechanisms that influence the locomotor re-
sponses to both ethanol and morphine.

One manner in which ethanol and morphine are hy-
pothesized to induce locomotor stimulation is through in-
creased activation of the mesolimbic dopaminergic pathway,
specifically via activation of dopamine neurons originating
in the ventral tegmental area (VTA) and terminating in the
nucleus accumbens (NAc) (Brodie et al. 1999; Di Chiara
et al. 1996; Gysling and Wang 1983; Joyce and Iversen
1979; Klitenick et al. 1992; Kohl et al. 1998; Matthews and
German 1984; Phillips and Shen 1996; Vezina et al. 1987).
Opioid receptor agonists have been found to activate me-
solimbic dopamine neurons through activation of opioid
receptors located on γ-aminobutyric acid (GABA) inter-
neurons within the VTA, thus, disinhibiting these dopa-
mine neurons (Johnson and North 1992). Ethanol, on the
other hand, has been suggested to activate mesolimbic do-
pamine neurons directly by increasing the firing rate of
dopamine neurons (Brodie and Appel 2000; Brodie et al.
1999). However, others have suggested that ethanol ac-
tivates the mesolimbic dopaminergic system via an indirect
mechanism similar to that of opioid receptor agonists, and
evidence suggests that both the reinforcing and locomotor
stimulant actions of ethanol are manifested by direct ac-
tivation of the endogenous opioid system (Gianoulakis
2001; Herz 1997).

Ethanol has been found to stimulate the release of β-
endorphin, the endogenous μ-opioid receptor ligand, in
hypothalamic cultures (Gianoulakis 1990; Reddy et al.
1995; for review, see Herz 1997; Madeira and Paula-
Barbosa 1999) and to increase extracellular levels of β-

endorphin in vivo in the NAc of rats (Marinelli et al. 2003;
Olive et al. 2001). A selective lesion of β-endorphin con-
taining neurons in the arcuate nucleus of the hypothalamus
(which sends projections to both the VTA and the NAc;
see Gianoulakis 2001) by estradiol valerate decreased eth-
anol-induced locomotor stimulation in Swiss–Webster mice
(Sanchis-Segura et al. 2000). The nonspecific opioid re-
ceptor antagonist naltrexone (which has received mixed
experimental support as a therapeutic agent for alcoholism;
Kranzler et al. 2000; Latt et al. 2002; O’Brien et al. 1996;
O’Malley et al. 1992; Volpicelli et al. 1992; for review, see
Garbutt et al. 1999) has also been found to significantly
attenuate the locomotor stimulant effects of ethanol. In clin-
ical studies (King et al. 1997; Swift et al. 1994), naltrexone
attenuated ethanol-induced increases in stimulation scores
as measured by the Biphasic Alcohol Effects Scale. In ad-
dition, naltrexone and another nonspecific opioid receptor
antagonist, naloxone, which both attenuate morphine-in-
duced locomotor stimulation (Powell and Holtzman 2001;
Sanchis-Segura et al. 2004), were found to attenuate eth-
anol-induced locomotor stimulation without affecting base-
line activity levels in several inbred (BALB/cJ, DBA/2J)
and outbred (CD-1, Swiss) strains of mice (Camarini et al.
2000; Kiianmaa et al. 1983; Pastor et al. 2005; Sanchis-
Segura et al. 2004; but see Cunningham et al. 1995;
Gevaerd et al. 1999). Naltrexone did not attenuate ethanol-
induced locomotor depression, however, in C57BL/6J mice
(Middaugh et al. 1978). Thus, we hypothesized that there
may be a common opioid mechanism for ethanol- and mor-
phine-induced locomotor stimulation, and this could explain
the observed correlated locomotor response to morphine
in mice selected for differential sensitivity to the locomo-
tor effects of ethanol.

The purpose of these experiments was to determine
whether blockade of opioid receptors would have similar
effects on ethanol- and morphine-induced locomotion in
FAST and SLOW mice, thereby suggesting a common
mechanism—opioid receptor activation—in the induction
of ethanol- and morphine-induced locomotor changes.
Based on published results, we predicted that naloxone
would attenuate the locomotor stimulant effects of ethanol
and morphine in FAST mice, as well as the locomotor
depressant effects of morphine (due to blockade of mor-
phine’s binding site by naloxone), but not ethanol (because
opioid receptor blockade has not previously been found to
influence ethanol-induced locomotor depression; Middaugh
et al. 1978), in SLOW mice. In addition, we examined the
effect of naloxone on ethanol-induced locomotor stimula-
tion in a nonselected, genetically heterogeneous stock of
mice from the same foundation population as the FASTand
SLOW selected lines [Withdrawal Seizure Control repli-
cate 1 (WSC-1)], as well as in a nonselected, genetically
heterogeneous stock of mice from a different foundation
population than the FASTand SLOW selected lines (Swiss),
to investigate a potential role of genetic background on the
effects of naloxone on ethanol-induced locomotor stimu-
lation. Based on previous work and the possibility that a
more modest stimulant response to ethanol would be more
likely affected by opioid receptor blockade, we predicted
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that naloxone would attenuate the stimulant response to
ethanol in both of these lines.

Materials and methods

Animals

Experiments 1–3 Replicate lines of FAST (FAST-1, FAST-
2) and SLOW (SLOW-1, SLOW-2) mice were used for
experiments 1–3. Males were used for experiments 1 and
2, whereas female mice were used for experiment 3, be-
cause of greater availability and because we found no
interaction of naloxone dose and ethanol dose with sex in
preliminary studies. FAST and SLOW lines were derived
from a heterogeneous stock (HS/Ibg) developed from an
eight-way cross of inbred strains (McClearn et al. 1970),
and selectively bred for increased (FAST) and decreased
(SLOW) sensitivity to the locomotor stimulant effects of
an intraperitoneal injection of 1.5–2.0 g/kg of ethanol
(20% v/v). Locomotion was measured for 4 min in a
circular (61-cm-diameter) activity monitor (LVE model
PAC-001, Lehigh Valley, PA) 2 min after an intraperito-
neal injection of physiological saline (0.9%) or ethanol.
The selection trait was indexed by subtracting the activity
score after a saline injection from the activity score after an
ethanol injection. After selection generation 37 (S37),
breeding of the high and low ethanol sensitivity lines has
been performed under relaxed selection conditions, with
mice chosen randomly and bred within line (Crabbe et al.
1987, 1988; Phillips et al. 1991, 2002; Shen et al. 1995).

Experimentally naive male and female mice from the
S37G72–77 generations (Sxx refers to the number of se-
lection generations, Gyy refers to the total number of
elapsed generations since the beginning of selection) of the
FAST and SLOW lines (FAST-1, FAST-2, SLOW-1,
SLOW-2) were 50–106 days of age at the time of testing.
All mice were reared with the dam and sire until 20–22
days of age, at which point, they were isosexually housed
in polycarbonate [28×18×13 cm (l×w×h)] cages, two to
five per cage, with littermates (when possible) or with
nonlittermates of the same genotype and age range (within
5 days of age) to avoid isolate housing. Subjects were
maintained on a 12:12-h light–dark cycle (lights on at
0600 hours) at 21±2°C with food (Purina Laboratory
Rodent Chow #5001; Purina Mills, St. Louis, MO) and
water available ad libitum, except during behavioral test-
ing. No more than two cage mates were assigned to a
single dose group within a given experiment.

Experiment 4 WSC-1 mice were developed as a control
line for another selective breeding experiment (Crabbe
et al. 1983) and are a nonselected, genetically segregating
stock that was derived from the same foundation stock (HS/
Ibg) as the FAST and SLOW selected mouse lines (Crabbe
et al. 1987). These mice were chosen for this experiment
because of their common genetic background with the
FAST and SLOW lines, and more modest locomotor
stimulant response to ethanol. Experimentally naive male

mice were 50–87 days of age at the time of testing. Rear-
ing, housing, and group assignment conditions were as
described for the mice used in experiments 1–3.

Experiment 5 Experimentally naive male National In-
stitutes of Health (NIH) Swiss mice (Hsd:NIHS) were
obtained from Harlan (Indianapolis, IN) at 5 weeks of age.
This outbred stock was chosen for this study because of
previous research demonstrating an attenuation of ethanol-
induced locomotor stimulation by naloxone or naltrexone
in Swiss mice (Camarini et al. 2000; Pastor et al. 2005).
Upon arrival, mice were housed four per cage and were
allowed to acclimate to the colony room for at least 14
days before any behavioral testing began. No more than
two cage mates were assigned to a single dose group.

Apparatus

All subjects were tested in automated locomotor activity
monitors measuring 40×40×30 cm (l×w×h) (AccuScan
Instruments, Columbus, OH), each housed in light-proof,
sound-attenuating cabinets (Flair Plastics, Portland, OR).
The inside of the cabinet was illuminated by a 15-W
fluorescent white light, and a fan was mounted on the in-
side back wall, providing both ventilation and background
noise. Two equally spaced sets of eight infrared beams
were mounted 2 cm above the test chamber floor at right
angles to one another, with detectors mounted on the op-
posite sides. Movement of the mice within the activity
monitors caused interruption of the infrared beams. These
interruptions were automatically recorded and later trans-
lated by AccuScan software to horizontal distance traveled
(in centimeters), which served as the dependent variable for
these studies.

Drug sources and preparation

The rationale for drug doses is provided within individual
experiment descriptions. All drugs were dissolved in 0.9%
physiological saline and injected intraperitoneally. Nalox-
one HCl was obtained from Sigma (St. Louis, MO) and
injected in a 10-ml/kg volume. Ethanol was obtained from
Pharmco Products (Brookfield, CT) and diluted from a
100% stock to a 20% v/v solution. Morphine sulfate was
obtained from Research Biochemicals International (RBI,
Natick, MA) and injected in a 10-ml/kg volume.

Procedure

For all experiments, subjects were moved in their home
cages from the colony room to the activity testing room on
the day of testing and allowed to acclimate for at least
45 min prior to any handling. All testing occurred between
0800 and 1600 hours, and room lighting within the activity
testing room approximately matched the lighting condi-
tions in the colony room. Details specific to each exper-

279



iment are given below. At the end of each experiment, all
subjects were euthanized by carbon dioxide asphyxiation.
All procedures were performed in accordance with the
Portland Veterans Affairs Medical Center Institutional
Animal Care and Use subcommittee and complied with the
Guidelines for the Care and Use of Laboratory Animals
(National Institutes of Health 1986) as well as the Prin-
ciples of Laboratory Animal Care (http://www.nap.edu/
readingroom/books/labrats/).

Experiment 1 The purpose of this experiment was to assess
the effect of naloxone on the locomotor stimulant and
depressant effects of ethanol in male FAST and SLOW
mice. The full factorial design included two lines of mice
(FAST and SLOW), two replicates of each line (1 and 2),
five naloxone doses, including saline (0, 0.3, 1, 3, and
6 mg/kg), and two ethanol doses (0 and 2 g/kg). Consistent
with the methods used by Camarini et al. (2000), all mice
received an injection of saline or one of the four doses of
naloxone, followed by a 30-min waiting period in indi-
vidual holding cages. Each animal was then administered a
2-g/kg dose of ethanol (the main selection dose for the
FAST and SLOW lines) or a volume-matched injection of
saline, and activity was recorded for 15 min to encompass
the peak locomotor stimulant and locomotor sedative ef-
fects of ethanol. Data were compiled in 5-min intervals.
Immediately after behavioral testing, periorbital sinus
blood samples (20 μl) were collected from ethanol-treated
animals for determination of blood ethanol concentration
(BEC) to assess possible effects of naloxone treatment on
the clearance rate of ethanol. Each blood sample was
immediately placed in a microcentrifuge tube containing
50 μl of ice-cold 5% ZnSO4 solution and further processed
as described by Boehm et al. (2000). BECs were de-
termined using a gas chromatograph (Agilent 6890) with
flame ionization detection.

Experiment 2 The purpose of this experiment was to con-
firm that our procedures using naloxone were effective in
attenuating the locomotor effects of morphine. The same
experimental design used in experiment 1 was used here,
except that morphine was used instead of ethanol. Thus,
male FAST and SLOW mice received either an injection
of saline or one of four doses of naloxone, followed by a
30-min waiting period in individual holding cages, then
administration of saline or a 32-mg/kg dose of morphine
(a dose at which a maximal line difference between FAST
and SLOW mice was found; Bergstrom et al. 2003). Hor-
izontal distance traveled in centimeters was recorded
for 30 min, in 5-min intervals. Pilot studies suggested
that acute increases in morphine-induced locomotion were
longer lasting than increases in locomotion after ethanol,
and thus, a longer test duration was used.

Experiment 3 Because of selection pressure, FAST mice
show their most extreme locomotor stimulant response to a
2-g/kg dose of ethanol. A more modest stimulant response
is observed at lower doses of ethanol (Palmer et al. 2002).
We speculated that the involvement of the endogenous

opioid system might be more clearly demonstrated at a
lower, less stimulatory dose in these mice. The procedures
used in experiment 3 were identical to those in experi-
ment 1, except that FAST-1 and FAST-2 female mice (due
to greater availability) and a dose of 1.25 g/kg ethanol
were used. Thus, because SLOW mice were excluded, the
design included only one line of mice of two replicates
(1 and 2), five naloxone doses (0, 0.3, 1, 3, and 6 mg/kg),
and two ethanol doses (0 and 1.25 g/kg).

Experiment 4 The purpose of experiment 4 was to assess
the effect of naloxone pretreatment on ethanol-induced
locomotor stimulation in mice not bred for increased
sensitivity to the stimulant effects of ethanol. Male WSC-1
mice were chosen for this study because they possess the
same genetic background as the FAST and SLOW lines,
but not the extreme sensitivity to ethanol. The same pro-
cedures and factors as those in experiment 3 were utilized,
except that WSC-1 mice replaced FAST mice, and there
was no replicate. Thus, the factors were naloxone dose (0,
0.3, 1, 3, and 6 mg/kg) and ethanol dose (0 and 1.25 g/kg).
A 1.25-g/kg dose of ethanol was chosen because it was a
low dose of ethanol at which WSC-1 mice showed a
significant locomotor stimulant response that we specu-
lated might be more subject to attenuation than the re-
sponse to a higher dose.

Experiment 5 As our results examining the effects of
naloxone on ethanol-stimulated activity had thus far been
negative, we thought it important to attempt to replicate
the findings of others using Swiss mice. The NIH Swiss
stock was available for our purchase and originates from a
different genetic foundation population than the FAST,
SLOW, and WSC-1 lines. We speculated that opioid sys-
tems could be involved in the ethanol stimulant response
in some genetic backgrounds, but not others. The proce-
dures for experiment 5 matched those of experiment 1,
except that a 30-min activity test was used to account for a
possible difference in the time course of the ethanol stim-
ulant response in this genotype. The factorial design
included the factors naloxone dose (0, 0.3, 1, 3, and 6 mg/
kg) and ethanol dose (0 and 2 g/kg).

Statistical analyses

For all five experiments, the dependent variable was hor-
izontal distance traveled in centimeters. Data from indi-
vidual mice were removed if the distance traveled over the
entire test period or BEC value did not fall within 2.5
standard deviations of the group mean (see individual
experiment results for number of outliers removed). For
experiments 1 and 2, data were first analyzed by a four-way
analysis of variance (ANOVA), with the data grouped by
line (FAST or SLOW), replicate (1 or 2), naloxone dose,
and ethanol (experiment 1) or morphine (experiment 2)
dose. Significant interactions with replicate prompted sep-
arate analyses of line and drug effects within each set of
replicate lines. Data were then subjected to two-way
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ANOVAs, simple main effect (SME) analyses, and mean
comparisons using the Newman–Keuls test as appropriate.
The same approach was used for the analysis of data from
experiment 3, except that data were grouped on replicate,
naloxone dose, and ethanol dose. For experiments 4 and 5,
which used only one genotype, data were initially analyzed
using a two-way ANOVA, with naloxone dose and ethanol
dose as the between-group factors. Repeated measures
analyses were also performed for each experiment to ex-
amine time-dependent effects that might suggest an effect
of naloxone on the temporal pattern of locomotor activity
after saline, ethanol, or morphine administration. All sta-
tistical analyses were conduced with the Statistica 6.1 soft-
ware package (StatSoft, Tulsa, OK).

Results

Experiment 1

The effect of naloxone on locomotion after saline or 2 g/kg
of ethanol in FAST and SLOW mice is shown in Fig. 1.
Group size was 10–19 per naloxone and ethanol dose for
each FAST line and 9–11 for each SLOW line. The smaller
group size was used for SLOW mice because of the lower
between-subject variability after ethanol treatment seen in

early analyses of individual passes of the experiment. Data
from one SLOW-1 mouse (1 mg/kg naloxone/2 g/kg eth-
anol) were removed as a statistical outlier. There was no
significant five-way interaction involving time (line×rep-
licate×naloxone dose×ethanol dose×time), and visual in-
spection of the data suggested that naloxone did not
affect the temporal pattern of ethanol- or saline-induced
locomotion (data not shown); therefore, data are presented
as horizontal distance traveled, with data accumulated
for the 15-min test. There was a significant interaction of
line, replicate, and ethanol dose [F(1,431)=15.9, p<0.001].
Data for each set of replicate lines were then examined, and
line and ethanol dose interacted for both replicate 1 [F
(1,177)= 163.5, p<0.001] and replicate 2 [F(1,254)=260.3,
p< 0.001]. As expected, FAST mice were stimulated by
ethanol [FAST-1, F(1,89)=63.9, p<0.001, Fig. 1a; FAST-2,
F(1,164)=357.8, p<0.001, Fig. 1b for the main effect of
ethanol dose within FAST lines]. However, there was no
significant effect of naloxone pretreatment on the activity
of either saline- or ethanol-treated FAST mice (the nalox-
one dose×ethanol dose interaction was not significant for
data from either FAST line). In SLOW mice, ethanol in-
duced significant decreases in locomotion below saline-
control levels [SLOW-1, F(1,88)=369.3, p<0.001, Fig. 1c;
SLOW-2, F(1,90)=157.6, p<0. 001, Fig. 1d]. Again, there
was no significant effect of naloxone on the activity of
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Fig. 1 Naloxone does not alter locomotor stimulation or locomotor
depression to ethanol in male FAST and SLOW mice. Shown is
mean (±SEM) distance traveled summed over the 15-min activity
test. Ethanol (2 g/kg) induced significant increases in locomotor
activity in FAST-1 (a) and FAST-2 (b) mice, and induced significant

decreases in locomotor activity in SLOW-1 (c) and SLOW-2 (d)
mice, as evidenced by a main effect of ethanol dose in all four
genotypes, p<0.05. Pretreatment with naloxone 30 min before saline
or ethanol treatment did not significantly alter the locomotor
response to ethanol or saline
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either saline- or ethanol-treated mice (the naloxone dose×
ethanol dose interaction was not significant). There were
no line or replicate differences or naloxone pretreatment
effects on BEC values. Mean BEC (±SEM) was 2.12±
0.01 mg/ml.

Experiment 2

Naloxone pretreatment did not alter the locomotor response
to 2 g/kg of ethanol in the FAST and SLOW selected lines;
however, it did alter the locomotor response to morphine.
Group size was 9–15 per line, replicate, naloxone dose, and
morphine dose. Data from three FAST-2 mice (one from
each of the following dose groups: saline/saline, 1 mg/kg
naloxone/32 mg/kg morphine, 3 mg/kg naloxone/saline)
were removed from the analysis as statistical outliers. Data
from both the first 15 min of the test and for the entire
accumulated 30-min test were separately analyzed to de-
termine whether the precise time frame utilized in exper-
iment 1 to study ethanol could be used to determine the
effect of naloxone on morphine’s effects here. We found
almost identical results from the analyses of these two data

sets. The five-way interaction including time (line×rep-
licate×naloxone dose×morphine dose×time) was not sig-
nificant in either case. Although there were time-dependent
effects, visual inspection of the data revealed that at the
times when morphine stimulation was prominent and nal-
oxone effects were apparent, the patterns of results were
similar. Data for the first 15 min of the morphine test are
shown in Fig. 2. Because of an interaction of line, replicate,
and morphine dose [F(1,413)=6.7, p<0.01] and a signif-
icant interaction of line, naloxone dose, and morphine dose
in both replicate 1 [F(4,181)=9.7, p<0.001] and replicate 2
[F(4,232)=3.9, p<0.01], data for each replicate set of lines
were analyzed separately.

There was a significant naloxone dose×morphine dose
interaction in both FAST lines [FAST-1, F(4,86)=5.7, p<
0.001, Fig. 2a; FAST-2, F(4,137)=4.5, p<0.01, Fig. 2b].
SME analysis revealed that morphine induced significant
increases in locomotor activity in both FAST lines (p<
0.05), and naloxone significantly reduced the locomotor
stimulant response to morphine (p<0.001 for both repli-
cates). All doses of naloxone significantly decreased the
activity of morphine-treated FAST-1 (p<0.001) and FAST-
2 (p<0.05) mice. In addition, in FAST-2 mice, some higher
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Fig. 2 Naloxone attenuates the locomotor stimulant effects of mor-
phine in FASTmice and the locomotor depressant effects of morphine
in SLOW-1 mice. Shown is mean (±SEM) distance traveled summed
over the first 15 min of the locomotor activity test; all mice tested
were male. In FAST-1 (a) and FAST-2 (b) mice, naloxone sig-
nificantly attenuated locomotor stimulation to morphine (32 mg/kg).
Naloxone significantly attenuated locomotor depression to morphine
in SLOW-1 mice (c), but not SLOW-2 mice (d). There were no

significant effects of naloxone in saline-treated mice. *Significant
difference between activity levels of morphine-treated and saline-
treated mice at specific naloxone dose (p<0.05). **Significant dif-
ference from the 0-mg/kg naloxone dose plus morphine group
(p<0.05). There was no significant interaction of morphine dose and
naloxone dose for SLOW-2 mice; therefore, no group comparisons
were made
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doses of naloxone (1 and 3 mg/kg), when administered in
combination with morphine, induced significant decreases
in locomotor activity below saline control levels (p<0.05).
However, there was no significant effect of naloxone pre-
treatment on activity levels after saline administration in
either FAST-1 or FAST-2 mice.

A significant interaction of naloxone dose and morphine
dose was found in SLOW-1 mice [F(4,95)=4.7, p<0.01,
Fig. 2c]. Morphine significantly reduced locomotor activ-
ity (inducing locomotor depression) (SME, p<0.001), and
naloxone significantly attenuated this effect (p<0.001).
Post hoc analysis revealed that SLOW-1 mice pretreated
with 3 or 6 mg/kg naloxone had significantly higher ac-
tivity levels than mice administered morphine alone (p<
0.05). There was no significant effect of naloxone on saline
activity. In SLOW-2 mice, there was a main effect of mor-
phine dose [F(1,95)=124.6, p<0.001], but no main effect
of naloxone dose or an interaction of the two factors, in-
dicating that naloxone did not specifically alter saline or
morphine activity in these mice (Fig. 2d).

Experiment 3

Pretreatment with naloxone did not alter activity in re-
sponse to saline or a lower dose of ethanol (1.25 g/kg) in
FAST mice, as shown in Fig. 3. As mentioned, due to
greater availability, female mice were used in this exper-
iment. Data from five FAST-1 mice (one from each of the
following dose groups: 0.3 mg/kg naloxone/saline, 0.3 mg/
kg/1.25 g/kg ethanol, 1 mg/kg naloxone/saline, 3 mg/kg
naloxone/1.25 g/kg ethanol, 6 mg/kg naloxone/1.25 g/kg
ethanol) and one FAST-2 mouse (0.3 mg/kg naloxone/
1.25 g/kg ethanol) were removed from the analysis as
statistical outliers. Thus, group size was 11–14 per nal-
oxone dose, ethanol dose, and replicate FAST line. Because
initial analyses detected no significant replicate effects (p

values ranged between 0.08 and 0.7), data for the replicate
lines were combined in subsequent analyses. There was no
significant interaction of naloxone dose, ethanol dose, and
time. Consistent with experiment 1, data are presented as
distance traveled in centimeters for the entire 15-min test.
The 1.25-g/kg dose of ethanol had significant locomotor
stimulant effects in FAST mice [main effect of ethanol
dose, F(1,237)=357.4, p<0.001]. There was a significant
effect of naloxone dose [F(4,237)=2.5, p<0.05], but no
interaction of naloxone dose and ethanol dose, indicating
that naloxone did not attenuate ethanol activity in these
mice. There was no significant effect of naloxone dose on
BEC values. Mean BEC (±SEM) was 1.31±0.01 mg/ml.

Experiment 4

As expected, WSC-1 mice had a more modest locomotor
stimulant response to ethanol as compared to FAST mice
(Fig. 4). However, similar to FAST mice, naloxone pre-
treatment did not alter their locomotor stimulant response.
Data from one WSC-1 mouse (3 mg/kg naloxone/saline)
were removed from the analysis, resulting in a final group
size of 10–12 per naloxone dose and ethanol dose. There
was no significant interaction of naloxone dose and ethanol
dose with time, and data are presented as distance traveled
in centimeters for the entire 15-min test. There was a sig-
nificant effect of ethanol dose [F(1,100)=38.4, p<0.001],
demonstrating that ethanol elicited a significant increase in
locomotor activity in WSC-1 mice. However, there was no
significant effect of naloxone dose or an interaction of
naloxone dose with ethanol dose, indicating that naloxone
pretreatment did not significantly alter saline- or ethanol
activity in these mice. There was no significant effect of
naloxone dose on BEC values. Mean BEC (±SEM) was
1.39±0.03 mg/ml.
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Fig. 3 Naloxone does not at-
tenuate the locomotor stimulant
response to a low dose of etha-
nol in female FAST mice.
Shown is mean (±SEM) dis-
tance traveled summed over the
15-min activity test. Ethanol
(1.25 g/kg) induced significant
increases in locomotor activity
in FAST mice; naloxone pre-
treatment did not significantly
alter this response or the re-
sponse of saline-treated mice
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Experiment 5

Locomotor activity data were collected for 30 min in NIH
Swiss mice after ethanol administration. Examination of
the time course revealed that their pattern of responding
was similar to that of FAST and WSC-1 mice in the first
15 min. Further, the ethanol stimulant response was most
robust during this early period. Thus, for consistency with
our other data presentation, data from the first 15 min of the
activity test were analyzed for an effect of naloxone and are
shown in Fig. 5. Data from one mouse (1 mg/kg nalox-
one/2 g/kg ethanol) were removed from the analysis as a
statistical outlier, resulting in a group size of 11–13 per
naloxone dose and ethanol dose. Ethanol induced a sig-
nificant increase in locomotor activity in NIH Swiss mice
[F(1,109)=158.4, p<0.001] during the first 15 min of the
activity test. Their response was comparable to that of

FAST-1 mice, but more modest than that of FAST-2 mice
(Fig. 1). Again, as we found in FAST and WSC-1 mice,
there was no significant effect of naloxone pretreatment
on ethanol response (the naloxone dose×ethanol dose in-
teraction was not significant). There was also no signif-
icant effect of naloxone dose on BEC values. Mean BEC
(±SEM) was 2.10±0.03 mg/ml.

Discussion

Selectively bred lines of animals facilitate the elucidation
of the genetic and neurobiological determinants of the
selection trait and allow for the identification of traits that
share common genetic influence (pleiotropy). The FAST
and SLOW mouse lines differ in response not only to eth-
anol, but also to several other drugs of abuse including
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Fig. 4 Naloxone does not
alter the locomotor stimulant
response to a low dose of etha-
nol in male WSC-1 mice.
Shown is mean distance traveled
(±SEM) summed over the
15-min activity test. Ethanol
(1.25 g/kg) induced significant
increases in locomotor activity
in WSC-1 mice; naloxone pre-
treatment did not significantly
alter this response or the re-
sponse in saline-treated mice
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Fig. 5 Naloxone does not at-
tenuate ethanol-induced loco-
motor stimulation in male NIH
Swiss mice. Shown is mean
distance traveled (±SEM)
summed over the first 15 min of
the activity test. Ethanol (2 g/kg)
induced significant increases in
locomotor activity in NIH Swiss
mice; naloxone pretreatment did
not significantly alter this loco-
motor response or the response
of saline-treated mice
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cocaine, amphetamine, nicotine, benzodiazepines, barbitu-
rates, and morphine (Bergstrom et al. 2003; Palmer et al.
2002; Phillips et al. 1992; Shen et al. 1998). Here we
examined whether the genetic correlation between ethanol-
and morphine-induced locomotor activity might indicate a
common role of the endogenous opioid system. Naloxone
pretreatment failed to attenuate the locomotor stimulant
response to ethanol in FAST, WSC-1, or NIH Swiss mice.
The locomotor depressant response of SLOW mice was
also unaffected by naloxone. However, during the same
period, when naloxone failed to alter the locomotor re-
sponse to ethanol, naloxone pretreatment did attenuate the
locomotor stimulant response to morphine in both FAST-1
and FAST-2 mice, as well as the locomotor depressant
response to morphine in SLOW-1 mice. Thus, these data do
not support similar interactions of ethanol and morphine
with the opioid system in the induction of locomotor
changes.

A role of the endogenous opioid system in the
behavioral effects of ethanol

Other studies have identified a role for the endogenous
opioid system in the stimulant response to ethanol. Both
naloxone and naltrexone pretreatment antagonized ethanol-
induced increases in locomotor activity in Swiss and CD-1
outbred mice (Camarini et al. 2000; Pastor et al. 2005;
Sanchis-Segura et al. 2004) and in DBA/2 and BALB/c
inbred mice (Kiianmaa et al. 1983). Although naloxone and
naltrexone are characterized as nonspecific opioid receptor
antagonists, low doses of these antagonists (e.g., 1 mg/kg
and less) may be specific for the μ-opioid receptor, whereas
higher doses may additionally recruit the κ- and δ-opioid
receptors (Mhatre and Holloway 2003; Takemori and
Portoghese 1984; Williams et al. 2001). In addition, it has
been suggested that the effect of this low dose of naltrexone
may be specific to the μ(1/2)- and/or μ(3)-opioid receptor
subtypes (Pastor et al. 2005). Given these data supporting
the involvement of the endogenous opioid system in the
locomotor stimulant effects of ethanol, it is puzzling that
we did not find an effect of naloxone pretreatment on
ethanol-induced locomotor stimulation in these studies.

Because a trend was seen for reduced ethanol stimula-
tion after pretreatment with some naloxone doses in FAST-
2 mice (at 2 g/kg ethanol, Fig. 1b), we hypothesized that
the effect of opioid receptor blockade is dependent on
ethanol dose and the magnitude of the locomotor stimulant
response to ethanol. The FAST mice are most profoundly
stimulated by a 2-g/kg dose of ethanol. Blockade of the
endogenous opioid system may be ineffective if other neu-
rotransmitter systems that are activated by this dose of
ethanol influence locomotion (e.g., dopamine or GABA,
see Phillips and Shen 1996 for review). However, even
the less profound stimulant response of FAST mice to
1.25 g/kg ethanol was not significantly affected by opioid
receptor blockade.

The lack of an effect of opioid receptor blockade on
ethanol-stimulated activity in FAST mice was not due to an

insensitivity to opioid receptor agonists or antagonists. The
FAST and SLOW lines are sensitive to opioid receptor
activation, as evidenced by the line difference in the loco-
motor response to morphine, and to opioid receptor block-
ade, as evidenced by the attenuation of morphine-induced
locomotor stimulation in FAST-1 and FAST-2 mice and of
morphine-induced locomotor depression in SLOW-1 mice.
Our studies included naloxone doses up to 6 mg/kg, a dose
much higher than what has been typically reported as an
effective dose (≤1 mg/kg), and all of the doses of naloxone
we used were highly effective at attenuating morphine-
induced locomotor stimulation in FAST mice, during the
same period when no effect of naloxone was seen in eth-
anol-treated subjects. We have no obvious explanation for
the locomotor depression seen in response to a combination
of moderate doses of naloxone and morphine in FAST-2
mice. However, that naloxone was not found to accentuate
morphine-induced locomotor depression in SLOW mice,
and in fact reversed the sedative effects of morphine in
SLOW-1 mice, suggests that naloxone does not enhance
the sedative effects of morphine.

The lack of an effect of naloxone pretreatment on eth-
anol-induced locomotor stimulation in mice selectively
bred for enhanced sensitivity to this effect of ethanol
suggests that activation of the endogenous opioid receptor
system (and more specifically, activation of opioid recep-
tors) may not be responsible for the induction of ethanol-
induced increases in locomotor activity. However, it is also
possible that the contribution of the endogenous opioid
system to this ethanol effect is dependent on genotype.
When we examined the effect of naloxone in a heteroge-
neous stock of mice from the same foundation population
as the FASTand SLOW selected lines (WSC-1) and in NIH
Swiss mice, we found no attenuation of ethanol-induced
locomotor stimulation.

A revised understanding of the interactions between
the opioid system and ethanol

Some studies have provided supporting evidence for a
critical role of the opioid system in the stimulant effect of
ethanol in the brain; some studies, however, have suggested
no such involvement. Cunningham et al. (1995) found no
effect of naloxone pretreatment on ethanol-induced loco-
motor stimulation in DBA/2J mice. This study assessed
locomotor activity during the first 5-min period after eth-
anol administration (2 g/kg), the time when pure stimula-
tion (with no sedation) is most likely to be seen (Shen et al.
1995). Ethanol induced a significant increase in locomotor
activity that was not attenuated by opioid receptor block-
ade. In another study, naloxone failed to alter the stimulant
response of a low dose of ethanol (1.2 g/kg) during a 20-
min test in Swiss mice (Gevaerd et al. 1999). The mixed
results could be associated with differences in testing pro-
cedures or with differences in the genotype of mice used
in the various experiments.

The experiments that have found a reduction in ethanol-
induced locomotor stimulation by either naloxone or nal-
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trexone have utilized longer test durations after ethanol
treatment, ranging from 20 to 60 min (Camarini et al. 2001;
Kiianmaa et al. 1983; Pastor et al. 2005; Sanchis-Segura
et al. 2004). In some of these studies, only data from the
last 10 min of a 20-min test were considered. Blood and
brain ethanol levels rise rapidly after intraperitoneal in-
jection (Nurmi et al. 1994; Smolen and Smolen 1989), and
behavioral stimulation begins to occur during this rising
phase (Newlin and Thomson 1991, 1999; Shen et al. 1995;
Smoothy and Berry 1985). Sedation may then occur during
later time points depending upon the sensitivity character-
istics of the animal. Longer studies that accumulate data
and studies that eliminate the early period after ethanol
administration are not capturing the induction phase of
ethanol-induced stimulation, which could be insensitive to
opioid receptor blockade. It is not clear from these studies
precisely what specific behavior was altered because in-
formation about the behavioral time course was not given.
Reduced activity in ethanol- and naloxone-treated mice
vs ethanol alone could be due to blockade of stimulant
effects or accentuation of sedative effects. Although our
data in SLOW mice do not support accentuation of loco-
motor depression, it is possible that a floor effect inhibited
our ability to determine this. A shorter activity test focuses
more specifically on the induction of locomotor stimulation
and may permit a clearer distinction for determining whether
activation of opioid receptors is critical for the induction of
ethanol-induced locomotor stimulation. The importance
of time course is supported by data showing that ethanol-
induced increases in extracellular levels of β-endorphin in
the NAc, in vivo, were not observed until 60 (Olive et al.
2001) and 90 min (Marinelli et al. 2003) after ethanol ad-
ministration. However, ethanol-induced increases in extra-
cellular dopamine levels in the NAc were observed in the
first 30 min after ethanol administration, and increases in
β-endorphin levels were not observed until a time point at
which extracellular dopamine levels had returned to base-
line levels (Marinelli et al. 2003).

Another possible explanation for the discrepancy in re-
sults is variation in genotype. Perhaps the clearest example
of this point involves Swiss mice. Two independent reports
have found that naloxone (Camarini et al. 2001) and nal-
trexone (Pastor et al. 2005) attenuated ethanol-induced lo-
comotor stimulation in outbred Swiss mice. However,
Gevaerd et al. (1999) and the current study failed to find a
significant effect of naloxone pretreatment in Swiss mice.
Although these differences could reflect differences in
procedure or apparatus, they could also reflect genetic dif-
ferences in mechanisms associated with ethanol-induced
stimulation. The Swiss line used in this study, NIH Swiss,
has been reproductively isolated for more than 70 years,
and estimates of heterozygosity within this line are fairly
low (Cui et al. 1993; Lynch 1969). Other Swiss sublines
used appear to have not been derived from the NIH colony
(Pastor et al. 2005) or have been derived from institution-
specific breeding colonies (Camarini et al. 2001; Gevaerd
et al. 1999). Thus, the lines are reproductively isolated
from NIH Swiss mice, and all sublines have been subject to
various amounts of inbreeding throughout the years. There

is considerable potential for genetic diversity among these
Swiss sublines. The possibility that behaviorally similar
responses to ethanol could be manifested through different
gene combinations and different mechanisms in these mice,
including or excluding a contribution of the endogenous
opioid system, must be considered.

Finally, differences in experimental procedure, such as
time of testing and environmental novelty, must be con-
sidered. Locomotor activity has been found to vary be-
tween the light and dark phases of the light–dark cycle,
with higher basal activity levels exhibited in an open-field
apparatus during the dark phase as compared to the light
phase (Valentinuzzi et al. 2000). In addition, the locomotor
stimulant response to some drugs, including amphetamine
and morphine, has been found to be higher in novel vs
habituated environments (Badiani et al. 1998; Paolone et al.
2003). Thus, it is possible that the contribution of the en-
dogenous opioid system to the locomotor effects of ethanol
may vary in response to different experimental conditions.
Most of the studies that have examined the effects of opi-
oid receptor antagonists and fully reported experimental
conditions tested ethanol-induced locomotor activity dur-
ing the light phase of the light–dark cycle (Cunningham
et al. 1995; Pastor et al. 2005; Sanchis-Segura et al. 2004),
and did not habituate the mice to the locomotor activity
apparatus prior to locomotor activity assessment (Camarini
et al. 2000; Gevaerd et al. 1999; Pastor et al. 2005; Sanchis-
Segura et al. 2004). Under these conditions, no effect of
opioid receptor blockade on ethanol-induced locomotor
stimulation (Cunningham et al. 1995; Gevaerd et al. 1999;
present studies) and blockade of ethanol-induced locomo-
tor stimulation (Camarini et al. 2000; Pastor et al. 2005;
Sanchis-Segura et al. 2004) were both observed. Variable
effects of opioid receptor blockade by naloxone or nal-
trexone were also observed in mice habituated to the exper-
imental environment (Cunningham et al. 1995; Kiianmaa
et al. 1983). Therefore, although differences in locomotor
activity test duration and background genotype may con-
tribute to the discrepancy in results, it appears that sys-
tematic differences in testing procedures do not account for
the divergent effects of naloxone or naltrexone on ethanol-
induced locomotor stimulation.

Our data do not support activation of the endogenous
opioid system as a critical mechanism in the induction of
ethanol-induced locomotor stimulation. However, further
evaluation may be warranted. Naltrexone has been found to
attenuate ethanol-induced increases in extracellular dopa-
mine levels in the NAc in both rats (Benjamin et al. 1993)
and in C57BL/6J mice (Middaugh et al. 2003). In the study
using rats, ethanol was locally applied into the NAc, and
behavioral effects were not measured. In the study using
C57BL/6J mice, ethanol was consumed rather than acutely
administered. C57BL/6J mice are also well known for their
relative insensitivity to the locomotor stimulant effects of
ethanol (Kiianmaa et al. 1983; Lister 1987; Randall et al.
1975). That naloxone failed to attenuate ethanol-induced
locomotor stimulation in the current studies could suggest
that it was not able to attenuate ethanol-induced increases
in dopaminergic activity and/or extracellular dopamine
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levels in the NAc under these treatment and test conditions.
This could be directly studied. It is also possible that eth-
anol-induced alterations in locomotor activity are indepen-
dent from alterations in extracellular dopamine levels in the
NAc, although there is evidence to the contrary (Larsson
et al. 2002).

Conclusions

An analysis of whether activation of the endogenous opioid
system is required for the locomotor stimulant response to
ethanol suggests that the answer is no. However, opioid
system involvement may be strongly dependent on the time
of assessment after ethanol administration, genotype, and
other factors such as level of dopaminergic influence. In-
terestingly, the efficacy of naltrexone in the clinical treat-
ment of alcoholism has suggested genotype dependence as
well, specifically focusing on a polymorphism within the
μ-opioid receptor gene (Oslin et al. 2003). The current
results provide conclusive evidence that ethanol can induce
increases in locomotor activity despite nonspecific antag-
onism of opioid receptors.
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