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Abstract

Morphine produces robust increases in locomotor activity in mice. Recent data indicate that dopamine (DA) D2/3 agonists attenuate
the discriminative stimulus and antinociceptive effects of mu opioid agonists such as morphine. The present study was designed to
determine the extent to which D2/3 receptor activation and blockade can modulate morphine-induced locomotion using a novel
cumulative dosing procedure in Swiss—Webster mice. The results indicate that morphine-induced locomotion is nonsignificantly
attenuated by the D2/3 agonists quinelorane and quinpirole, whereas the D2/3 antagonists eticlopride and nafadotride, as well as the
partial D2/3 agonist BP897, significantly reduced morphine-induced locomotion. To determine the specificity of this modulation, these
agonists and antagonists were examined in combination with caffeine, a drug that also indirectly alters DAergic activity. Unlike the
effects on morphine, caffeine-induced locomotion was unaltered by eticlopride, nafadotride and BP897, but was attenuated by
quinelorane and quinpirole. These results indicate that modulation of D2/3 receptors can, in turn, alter the locomotor-activating effects of

morphine.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Neurochemical evidence indicates that the acute admin-
istration of mu opioid agonists results in stimulating dop-
amine (DA) release and turnover in the striatum and nucleus
accumbens of rodents (Di Chiara and Imperato, 1988; Wise
et al.,, 1995; Wood et al., 1983). This neurochemical
interaction between the mu opioid system and the DA
system has led many investigators to examine the role of
DA and its receptors in modulating the behavioral effects of
mu opioids. For instance, the ability of DA antagonists to
modulate the reinforcing properties (David et al., 2002;
Gerrits et al.,, 1994; Hemby et al., 1996; Shippenberg et
al., 1993; Shippenberg and Herz, 1988; Winger et al., 1992)
and discriminative stimulus effects (Colpaert et al., 1977,
Cook and Picker, 1998; Corrigall and Coen, 1990;
McCarten and Lal, 1979; Ukai et al., 1991) of the mu
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opioids heroin and morphine have been explored. The
results from these studies vary in that under some conditions
the reinforcing and discriminative stimulus effects are
attenuated (e.g., Corrigall and Coen, 1990; Hemby et al.,
1996; Shippenberg and Herz, 1988) or not affected (e.g.,
Shippenberg et al., 1993; Shippenberg and Herz, 1988; Ukai
et al., 1991; Winger et al., 1992) by DA receptor antagon-
ism. Besides having discriminative stimulus and reinforcing
effects, mu opioid receptor agonists like morphine also have
locomotor-activating effects (Brase et al., 1977; Kuschinsky
and Hornykiewicz, 1974). Morphine-induced locomotion is
attenuated by the coadministration of the DA D1 antagonist
SCH23390 and the DA D2/3 antagonist sulpiride (Zarrin-
dast and Zarghi, 1992), although interpretation of these
results is equivocal because the effects of these antagonists
administered by themselves on locomotor activity were not
reported. Similarly, U-99194A, a D2/3 antagonist (Manza-
nedo et al., 1999), SCH23390, a D1 antagonist, and
raclopride, a D2/3 antagonist, also attenuate the loco-
motor-activating effects of morphine; however, the attenu-
ation by these latter agents occurs at doses that significantly
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suppress locomotion by themselves (Rodriguez-Arias et al.,
2000). These studies indicate that DA antagonists, under
some conditions, can attenuate morphine-induced loco-
motion. However, because DA antagonists suppress loco-
motor activity when administered by themselves (e.g.,
Chausmer and Katz, 2001; Fujiwara, 1992), drawing infer-
ences about the modulatory role of DA from the effects of
DA antagonists on morphine-induced locomotion can be
complicated.

A previous study demonstrated that the D2/3 agonist 7-
OH-DPAT attenuates morphine-induced locomotion in mice
(Suzuki et al., 1995). More recently, we have shown that
D2/3 receptor agonists attenuate the discriminative stimulus
(Cook and Beardsley, 2001; Cook and Picker, 1998) and
antinociceptive (Cook et al., 1999) effects of morphine.
Taken together, these data suggest that D2/3 receptor
activation can alter the behavioral effects of the mu opioid
morphine. The present study was designed to evaluate the
modulatory actions of D2/3 receptors on morphine-induced
locomotion. The ability of D2/3 agonists (quinelorane and
quinpirole) (Levant, 1997) and D2/3 antagonists (eticlopride
and nafadotride) (Levant, 1997) as well as the partial D2/3
agonist BP897 (Pilla et al., 1999; Wicke and Garcia-
Ladona, 2001; Wood et al., 2000) to affect morphine-
induced locomotion was examined in male Swiss—Webster
mice.

Opioids are not the only drug class known to indirectly
alter DA brain levels. For example, caffeine, which is a
methylxanthine, indirectly alters DAergic activity through
antagonism of adenosine receptors (Acquas et al., 2002;
Daly et al., 1981; Snyder et al., 1981). As with morphine,
these alterations in DA are thought to mediate several of the
behavioral effects of caffeine (e.g., locomotor-activating,
discriminative stimulus and reinforcing effects) (Garrett and
Griffiths, 1997). Although DA is thought to be intimately
involved in the behavioral effects of both caffeine and
morphine, it is not known whether DA agonists and antag-
onists modulate morphine- and caffeine-induced locomotion
in similar manners. Therefore, caffeine was tested alone and
in combination with selected doses of the D2/3 agonists and
antagonists to determine the specificity of the effects
obtained with morphine.

In most locomotor activity studies a mouse is exposed to
only one dose of a drug, with activity levels being measured
over a predetermined amount of time. This type of design
requires the use of many subjects because separate groups of
mice must be used for each dose to obtain a complete dose—
effect curve. Moreover, when drug combination tests are
conducted using this procedure the ability of several doses
of a test drug (e.g., DA antagonist) to attenuate the effects of
multiple doses of a standard drug (e.g., morphine) must be
determined in separate groups of mice. Therefore, a cumu-
lative dosing procedure was employed in this study such
that the effect of a single dose of a test compound could be
determined in combination with multiple doses of a standard
like morphine in the same animal.

2. Method
2.1. Subjects

Adult male Swiss—Webster mice (Harlan Sprague—Daw-
ley, Indianapolis, IN) weighing 25-35 g were used. Mice
were housed five per cage, had continuous access to food
and water, and were allowed to acclimate to the vivarium
environment 1 week before the start of any testing. The
vivarium was temperature controlled (22—24 °C) on a 12-h
light—dark cycle. All testing occurred during the light
component. Animals used in this study were cared for in
accordance with the guidelines of the Institutional Animal
Care and Use Committee of Virginia Commonwealth Uni-
versity, and the “Guide for the Care and Use of Laboratory
Animals” (Institute of Laboratory Animal Resources,
National Academy Press, 1996).

2.2. Cumulative locomotor activity procedure

Four commercially obtained, automated, activity-moni-
toring devices each enclosed in sound- and light-attenuating
chambers were used (AccuScan Instruments, Columbus,
OH). The interior of each chamber was divided into two
separate 20 x 20 x 30-cm arenas permitting the independent
and simultanecous measurement of two mice. Sixteen photo-
beam sensors were spaced 2.5 cm apart along the walls of
the chamber. On each test day, eight mice were randomly
selected from the available stock in the vivarium and
brought to the laboratory where they were allowed to
acclimate for approximately 30 min.

Each test session consisted of up to eight 15-min com-
ponents. Each mouse was tested only on a single occasion.
During the first component each mouse, regardless of group
assignment, was placed into an activity chamber for a 15-
min period during which activity was recorded but not used
in the data analyses. Between components the mice were
removed from their activity chambers, given one or two
injections (see below), and immediately returned to their test
chambers. The injection before the second component (i.e.,
between the end of the first and beginning of the second
component) for all mice was of water vehicle. The activity
level during the second component was used as the “base-
line control” for each mouse. Separate groups of mice
received different injections following each subsequent
component. The water-only group continued to receive an
injection of water immediately before each subsequent
component. Some groups of mice received a single, high-
dose injection of a D2/D3 agonist or antagonist preceding
the third component and water injections preceding Com-
ponents 4—7. Other groups of mice were given injections of
either morphine or caffeine before Components 3-8 result-
ing in a cumulative dosing of each drug. Morphine-treated
mice were given acute doses of 10, 20, 70, 30, 70 and 100
mg/kg morphine to result in cumulative doses of 10, 30,
100, 130, 200 and 300 mg/kg preceding the third through
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eighth components, respectively. Caffeine-treated mice were
tested for six 15-min components and were given acute
doses of 3, 7, 20 and 70 mg/kg caffeine to result in
cumulative doses of 3, 10, 30 and 100 mg/kg. Other groups
of mice were treated with morphine or caffeine in a similar
manner but, in addition, were given an injection of a D2/D3
agonist or antagonist along with the morphine (10 mg/kg) or
caffeine (3.0 mg/kg) injection immediately before the third
component.

2.3. Data analyses

Total distance traveled (centimeters) was assessed for
each mouse during each 15-min component. Differences
between water baseline control (second component) for the
morphine-alone group and the morphine plus a D2/3 agonist
or antagonist group were determined by an ANOVA. The
effect of drug treatment (D2/3 agonist or antagonist) on
morphine- or caffeine-induced locomotion was determined
by a repeated measures ANOVA in which cumulative
morphine or caffeine dose served as the within-subjects
repeated measure and drug treatment (D2/3 agonist or
antagonist) served as the between-subjects measure.
ANOVA indicated that the water control baseline levels of
activity differed amongst the BP897/morphine treatment
groups. Therefore, an ANCOVA was conducted for BP897
in combination with morphine to control for these differ-
ences in baseline levels of activity. A Bonferroni post hoc
adjustment was used for pairwise comparisons. The water
baseline control (second component) for the water-alone
group was compared with the water baseline control for the
D2/3 agonist or antagonist group using an independent-
samples ¢ statistic. Similarly, the water baseline control
(second component) for the caffeine-alone group was com-
pared with the water baseline control for the caffeine plus a
D2/3 agonist or antagonist group using an independent-
samples ¢ statistic. The alpha level for all comparisons was
set at P <.05.
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2.4. Drugs

Quinelorane dihydrochloride, (—)-quinpirole hydro-
chloride, (—)-eticlopride hydrochloride and caffeine were
purchased from Sigma-Aldrich (St. Louis, MO). Nafado-
tride and BP897 were generously supplied by Pierre
Sokoloff (Unite de Neurobiologie et Pharmacologie
Moleculaire, INSERM, Paris, France). Morphine sulfate
was provided by the National Institute on Drug Abuse
(Research Triangle Institute, Cary, NC). All drugs were
dissolved in sterile water except for BP§97. BP897 was
first dissolved in 20% wt/vol hydroxypropyl-3-cyclodextrin
(ENCAPSIN HPB, Cerestar USA, Hammond, IN) in
sterile water, at a maximal concentration of 5 mg/ml, to
form a stock solution. Appropriate amounts of stock
solution were added to sterile water to form test doses.
All drugs were administered subcutaneously, except for
quinelorane, quinpirole and caffeine, which were adminis-
tered intraperitoneally. All drugs were administered in an
injection volume of 5.0 or 10 ml/kg. Injections during tests
in which a D2/3 agonist or antagonist was administered in
combination with morphine (or caffeine), were injected
separately and consecutively with the mice subsequently
returned to the activity chambers.

3. Results

3.1. Effects of morphine alone and in combination with
quinelorane and quinpirole

Fig. 1 shows the effects of morphine alone on total
distance traveled as well as in combination with quinelorane
(left panel) and quinpirole (right panel). There was a main
effect of morphine dose for total distance traveled
[F(6,42)=38.72, P <.05]. A Bonferroni post hoc test indi-
cated that relative to water control levels, a dose of 10 mg/
kg morphine significantly reduced activity, whereas doses of
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Fig. 1. Effects of morphine alone (MS, n=8) and in combination with quinelorane (Quinel, »=8) (left panel) and quinpirole (QP, n=38) (right panel) on total
distance traveled (cm). Data points above “C” represent the total distance traveled following water administration during the second 15-min component.
Following the second component, mice received either (1) a morphine injection (10 mg/kg) or (2) an injection of morphine (10 mg/kg) in combination with a
dose of an agonist at the beginning of the third component. For the remaining components all mice received morphine injections. The morphine curve
represented in each panel is the same. Each data point represents the mean total distance traveled during each 15-min component. Brackets indicate S.E.M.

Where brackets are not visible, the S.E.M. fell within the data point.
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130, 200 and 300 mg/kg produced significant increases.
An ANOVA indicated that water control values obtained
during the second component were not different between
the morphine-alone group and morphine plus quinelorane
group [ F(2,21)=2.09, P>.05]. An ANOVA indicated that
quinelorane treatment nonsignificantly decreased the effects
of morphine [F(2,21)=2.29, P>.05]. The ANOVA indi-
cated that water control values obtained during the second
component were not different between the morphine-alone
group and morphine plus quinpirole group [ £(2,21)= 0.00,
P>.05]. Quinpirole nonsignificantly decreased the effects of
morphine similar to that of quinelorane, [ F(2,21)=1.28,
P>.05] (right panel).

3.2. Effects of morphine alone and in combination with
eticlopride, nafadotride and BP897

Fig. 2 shows the effects of morphine alone on total
distance traveled as well as in combination with eticlopride
(left panel), nafadotride (middle panel) and BP897 (right
panel). An ANOVA indicated that water control values
obtained during the second component were not different
between the morphine-alone group and the morphine plus
eticlopride group [F(2,21)=1.01, P>.05]. An ANOVA
indicated there was a main effect of eticlopride treatment
[F(2,21)=26.43, P<.05] and a morphine dose by etic-
lopride treatment interaction [F(10,105)=18.63, P <.05]
such that a dose of 0.01 mg/kg eticlopride attenuated the
effects of 300 mg/kg morphine and a dose of 0.03 mg/kg
eticlopride attenuated the effects of 100—-300 mg/kg mor-
phine (left panel). An ANOVA indicated that water control
values obtained during the second component were not
different between the morphine-alone group and the mor-
phine plus nafadotride group [F(2,21)=1.44, P>.05]. An
ANOVA indicated there was a main effect of nafadotride
treatment [ F(2,21)=15.36, P <.05] and a morphine dose by
nafadotride treatment interaction [F(10,105)=2.89,
P <.05] such that a dose of 1.0 mg/kg nafadotride attenu-

ated the effects of 130 and 200 mg/kg morphine (middle
panel). An ANOVA indicated that water control values
obtained during the second component were different
between the morphine-alone group and the morphine plus
BP897 group [ F(2,21)=4.41, P <.05] such that the water
control value for the group receiving morphine plus 0.3
mg/kg BP897 was significantly greater than the control
value for the morphine-alone group, but not significantly
different than the water control value for the morphine plus
1.0 mg/kg BP897 group. Because differences in water
control values existed between the treatment groups,
an ANCOVA was conducted to control for differences
in predrug baseline levels of activity. The ANCOVA
indicated there was a main effect of BP897 treatment
[F(2,20)=11.45, P<.05] and a morphine dose by BP§97
treatment interaction [ F(10,100)=5.28, P <.05] such that
a dose of 0.3 mg/kg BP897 attenuated the effects of 200
and 300 mg/kg morphine and a dose of 1.0 mg/kg BP897
attenuated the effects of 30—300 mg/kg morphine (right
panel).

3.3. Effects of caffeine alone and in combination with
quinelorane, quinpirole, eticlopride, nafadotride and BP897

To determine the specificity of the modulatory actions of
the DA D2/3 agonists and antagonists, the largest dose for
each DA D2/3 agonist or antagonist tested in combination
with morphine was examined for its ability to alter the
locomotor actions of caffeine. Fig. 3 shows the effects of
caffeine alone on total distance traveled and in combination
with quinelorane and quinpirole (left panel) as well as in
combination with eticlopride, nafadotride and BP897 (right
panel). Caffeine produced a biphasic effect on total distance
traveled. There was a main effect of caffeine dose
[F(4,28)=13.33, P <.05] such that doses of 10 and 30
mg/kg caffeine produced increases in total distance traveled
of 64% and 30% relative to water control, respectively,
whereas, a dose of 100 mg/kg caffeine significantly reduced
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Fig. 2. Effects of morphine alone (MS, n=28) and in combination with eticlopride (ETIC, n=8) (left panel), nafadotride (Nafad, »=28) (middle panel) and
BP897 (n=38) (right panel) on total distance traveled (cm). Data points above “C” represent the total distance traveled following water administration during
the second 15-min component. Following the second component, mice received either (1) a morphine injection (10 mg/kg) or (2) an injection of morphine (10
mg/kg) in combination with a dose of one of an antagonist at the beginning of the third component. For the remaining components all mice received morphine
injections. The morphine curve represented in each panel is the same. Each data point represents the mean total distance traveled during each 15-min
component. Brackets indicate S.E.M. Where brackets are not visible, the S.E.M. fell within the data point. * Significant difference compared to morphine
alone. #Significant difference compared to the water control of the morphine dose—effect curve.
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Fig. 3. Effects of caffeine alone (»=28) and in combination with quinelorane (Quinel, »=38) or quinpirole (QP, n=38) (left panel) and in combination with
nafadotride (Nafad, n=38), BP897 (n=28) or eticlopride (ETIC, n=8) (right panel) on total distance traveled (cm). Data points above “C” represent the total
distance traveled following water administration during the second 15-min component. Following the second component, mice received either (1) a caffeine
injection (3.0 mg/kg) or (2) an injection of caffeine (3.0 mg/kg) in combination with a dose of an agonist (or antagonist) at the beginning of the third
component. For the remaining components all mice received caffeine injections. The caffeine curve represented in each panel is the same. Each data point
represents the mean total distance traveled during each 15-min component. Brackets indicate S.E.M. Where brackets are not visible, the S.E.M. fell within the
data point. * Significant difference compared to caffeine alone.

total distance traveled relative to water control. The water 3.4. Effects of water alone and in combination with
control value obtained during the second component for the quinelorane, quinpirole, eticlopride, nafadotride and BP897
caffeine alone group did not differ from the water control

values for the quinelorane [#(14)=0.52, P>.05], quinpirole Fig. 4 shows the effects of water alone on total distance
[#(14)=1.75, P>.05], nafadotride [#(14)=0.58, P>.05], etic- traveled and in combination with quinelorane and quinpirole

lopride [#(14)=0.24, P>.05] or BP897 [#(14)=0.31, P>.05] (left panel) as well as in combination with eticlopride,
groups. An ANOVA indicated that there was an effect of nafadotride and BP897 (right panel). Water was repeatedly

quinelorane treatment [ F(1,14)=25.04, P <.05] as well as a administered for five components following the initial water
caffeine dose by quinelorane interaction [ F(3,42)=10.52, baseline control administered during the second component.
P <.05] such that 0.01 mg/kg quinelorane significantly The largest dose for each DA D2/3 agonist or antagonist
attenuated the effects of 3.0-30 mg/kg caffeine on total tested in combination with morphine was tested alone to
distance traveled. An ANOVA indicated that there was an determine its effects relative to the water control group. The
effect of quinpirole treatment [ F(1,14)=18.65, P <.05] as water control value obtained during the second component
well as a caffeine dose by quinpirole interaction [ F(3,42)= for the water-alone group did not differ from the water

8.82, P <.05] such that 0.03 mg/kg quinpirole significantly control values for the quinelorane [#(14)=0.99, P>.05] or
attenuated the effects of 3.0-30 mg/kg caffeine on total quinpirole [#14)=0.75, P>.05] groups. An ANOVA indi-
distance traveled. An ANOVA indicated that there was no cated that there was no effect of quinelorane (0.01 mg/kg)
effect of nafadotride (1.0 mg/kg) [ F(1,14)=0.27, P>.05], treatment [ F(1,14)=3.86, P>.05], however, the P value
eticlopride (0.03 mg/kg) [ F(1,14)=0.14, P>.05] or BP897 approached significance at 0.07 (left panel). An ANOVA
(1.0 mg/kg) [ F(1,14)=0.02, P>.05] treatment on the total indicated that there was an effect of quinpirole (0.03 mg/kg)

distance traveled induced by caffeine. treatment [ F(1,14)=6.22, P <.05] such that activity was
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Fig. 4. Effects of water alone (n=8) and in combination with quinelorane (Quinel, »=8) or quinpirole (QP, n=28) (left panel) and in combination with
nafadotride (Nafad, n=38), BP897 (n=28) or eticlopride (ETIC, n=8) (right panel) on total distance traveled (cm). Data points above “C” represent the total
distance traveled following water administration during the second 15-min component. At the beginning of W1, mice received either (1) a water injection or (2)
a drug injection. For the remaining components (W2—W35) all mice received water injections. The water-alone curve represented in each panel is the same.
Each data point represents the mean total distance traveled during each 15-min component. Brackets indicate S.E.M. Where brackets are not visible, the S.E.M.
fell within the data point. * Indicates a significant main effect of quinpirole treatment relative to water control.
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reduced relative to the water-alone group (left panel). The
water control value obtained during the second component
for the water-alone group did not differ from the water
control values for the nafadotride [#(14)=0.61, P>.05],
eticlopride [#14)=0.26, P>.05] or BP897 [#(14)=0.17,
P>.05] groups. An ANOVA indicated that there was no
effect of nafadotride (1.0 mg/kg) [ F(1,14)=2.86, P>.05],
eticlopride (0.03 mg/kg) [ F(1,14)=1.51, P>.05] or BP897
(1.0 mg/kg) [F(1,14)=0.53, P>.05] treatment, confirming
that these drugs had no effect on total distance traveled by
themselves.

4. Discussion

The results of the present investigation indicate that
morphine produces dose-dependent increases in locomotion
when administered in a cumulatively dosed manner in male
Swiss—Webster mice. At the highest dose tested (300 mg/
kg), total distance traveled was increased by approximately
1000% relative to vehicle control activity levels. This
cumulative dosing procedure is unique in that multiple
doses of morphine can be tested in each mouse, which
contrasts with conventional methods in which separate
groups of mice are tested with different doses of morphine
alone (e.g., Longoni et al., 1987; Rodriguez-Arias et al.,
2000). Moreover, the modulatory actions of a single dose of
a drug (e.g., D2/3 agonist or antagonist) can be determined
in combination with multiple doses of morphine in an
individual mouse. This ultimately results in dramatically
reducing the total number of mice needed to complete a
study.

Both the D2/3 antagonists eticlopride and nafadotride
attenuated morphine-induced locomotion, although the
magnitude of the attenuation obtained with nafadotride
was not as great as that obtained with eticlopride. The
partial D2/3 agonist BP897 dose-dependently reduced mor-
phine-induced locomotion and produced intermediate levels
of attenuation compared with eticlopride and nafadotride.
Importantly, this attenuation occurred at doses of eticlopr-
ide, nafadotride and BP897 that did not alter activity relative
to water control activity levels. Both the D2/3 agonists
quinelorane and quinpirole produced a nonsignificant
attenuation of morphine-induced locomotion at doses that
either significantly (0.3 mg/kg quinpirole) or nonsignifi-
cantly (0.01 mg/kg quinelorane) reduced activity levels
relative to water control activity levels. These results dem-
onstrating that both antagonists and, albeit less robustly,
agonists at D2/3 receptors, attenuate morphine-induced
locomotion are similar to the findings that nafadotride,
eticlopride, quinelorane and quinpirole attenuate mu opioid-
like discriminative stimulus effects in rats (unpublished
observations; Cook and Beardsley, 2001). The attenuation
is likely the result of the agonists’ ability to decrease
DAergic activity through presynaptic receptors (Robertson
et al., 1993; See et al., 1991) or a negative feedback

pathway following postsynaptic receptor activation (Koelt-
zow et al., 1998; Timmerman et al., 1990) as well as the
antagonists’ ability to block DAergic activity via postsy-
naptic D2/3 receptor blockade.

The methodologies employed in the present study were
designed to minimize habituation by exposing the mice to
the test chambers for only 30 min (15-min nondrug period
plus 15-min water period) before drug administration. This
conservative approach accomplished the goal of producing
moderate levels of non-drug-affected activity such that
when the D2/3 agonists and antagonists were administered
alone detection of suppressant effects could be observed.
The attenuation of morphine-induced locomotion by quin-
pirole and quinelorane is likely the combined result of
these agonists suppressing activity alone, which counter-
acted the increases produced by morphine, as well as a
result of their ability to modulate DAergic activity follow-
ing morphine administration (Kamei and Saitoh, 1996).
The attenuation produced by eticlopride, nafadotride and
BP897 appears to be the direct result of a pharmacological
interaction between D2/3 receptor activity and the block-
ade of the increased DAergic activity produced by mor-
phine.

The present results concur with previous studies in which
the D2/3 antagonists sulpiride and raclopride were reported
to attenuate the locomotor-activating effects of morphine
(Rodriguez-Arias et al., 2000; Zarrindast and Zarghi, 1992).
In the Rodriguez-Arias et al. (2000) study, however, raclopr-
ide reduced morphine-induced locomotion at doses that by
themselves suppressed activity suggesting that this attenu-
ation was nonspecific in nature. Additionally, in the Zarrin-
dast and Zarghi (1992) study, the effect of sulpiride alone on
nondrug levels of activity was not reported, although the
sulpiride dose tested (25 mg/kg) had been previously
identified as a dose that can reduce baseline levels of
activity (Chausmer and Katz, 2001).

The marginal attenuation of morphine’s effects obtained
with quinelorane and quinpirole in the present study is
similar to the results of a previous study in which quinpirole
(0.5 mg/kg) produced approximately a 10% reduction in
morphine-induced (10 mg/kg) locomotion (Zarrindast and
Zarghi, 1992). Interestingly, quinpirole produced increases
in locomotion that were similar to that obtained with
morphine alone (10 mg/kg) (Zarrindast and Zarghi, 1992).
In contrast with the results obtained with the D2/3 agonists
in the present study, the D2/3 agonist 7-OH-DPAT attenu-
ated the locomotor-activating effects of morphine in mice at
doses that did not markedly alter nondrug levels of activity
when administered alone (Suzuki et al., 1995). Morphine-
induced locomotion (10 and 20 mg/kg) was reduced by
approximately 75% by 7-OH-DPAT (Suzuki et al., 1995),
whereas the maximal attenuation obtained with quinpirole
and quinelorane in the present study was approximately
37% and 50%, respectively, at the 300 mg/kg morphine
dose. The discrepancies in the magnitude of the attenuation
between the present findings and those previously reported
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may be the result of procedural differences as well as
differences in the strain of mice tested.

Several of the behavioral effects induced by caffeine,
including increased locomotion, are believed to be medi-
ated, in part, through the DA system (Garrett and Griffiths,
1997). As such, the highest doses of the D2/3 agonists and
antagonists tested in combination with morphine were
examined in combination with caffeine. Caffeine produced
a biphasic effect on total distance traveled with peak
stimulatory effects occurring at a dose of 10 mg/kg and
inhibitory effects occurring at 100 mg/kg. This biphasic
action by caffeine is similar to the findings of other studies
using mice (Kaplan et al., 1992; Logan et al., 1986) and rats
(Garrett and Holtzman, 1994; White et al., 1978). Both
quinpirole and quinelorane significantly attenuated the loco-
motor stimulant effects of caffeine, whereas nafadotride,
eticlopride and BP897 had no effect on caffeine-induced
locomotion. It is unclear, however, as to how much of the
attenuation produced by quinelorane and quinpirole was the
direct result of these drugs suppressing activity alone. The
failure of eticlopride to alter the effects of caffeine contrasts
with a study in which both eticlopride and sulpiride reduce
caffeine-induced locomotion (Garrett and Holtzman, 1994).
Although the authors report that eticlopride had little effect
on activity levels alone, the rats received 5 days of habitu-
ation to the test chambers before testing and on the day of
testing each rat received an additional 15 min of habituation.
Baseline levels of nondrug activity may have been so low
that detection of further decreases by eticlopride may have
been precluded. Thus, the lack of effect of eticlopride in the
present investigation compared to the Garrett and Holtzman
(1994) study may be, in part, related to the differing
amounts of habituation between the studies. The D2/3
antagonist pimozide attenuates the stimulant effects of
caffeine in mice, but this attenuation is obtained at doses
that significantly decrease activity alone in nonhabituated
mice (Estler, 1979). In contrast with studies employing
extensive habituation periods in which the resulting baseline
levels of activity are near zero, in the present study the
implementation of a brief ““habituation” period consisting of
a 15-min nondrugged period followed by a 15-min water
control period resulted in moderate levels of baseline
activity and, thus, likely provides a bidirectional baseline
against which to measure the modulatory role of D2/3
receptors. As such, the present results with the D2/3
antagonists suggest that D2/3 receptors are not intrinsically
involved in the locomotor effects of caffeine. The results
with quinelorane and quinpirole suggest that D2/3 receptor
activation modulates caffeine-induced locomotion. How-
ever, the resulting levels of activity produced by caffeine
in combination with a D2/3 agonist (200—400 cm traveled,
Fig. 3) are similar to the activity levels obtained with these
D2/3 agonists alone (~200 cm traveled, Fig. 4), which
suggests that a nonspecific modulatory role cannot be
excluded. Furthermore, that doses of the D2/3 antagonists,
which when administered alone did not alter activity, failed

to alter caffeine-induced locomotion, implies that the attenu-
ation of caffeine-induced locomotion by D2/3 antagonists
observed in previous studies may, in part, be nonspecific in
nature.

All of the DA antagonists tested exhibit affinity for both
D2 and D3 receptors, but with different degrees of select-
ivity. For example, nafadotride exhibits approximately 10-
fold selectivity for D3 over D2 receptors (Audinot et al.,
1998; Sautel et al., 1995), whereas the selectivity of etic-
lopride for D2 over D3 receptors approaches 15-fold
(Levant, 1997). The greater attenuation obtained with etic-
lopride, a preferential D2 receptor antagonist, relative to
nafadotride, a D3-receptor-preferring antagonist, suggests
that D2 receptors, more so than D3 receptors, are involved
in modulating the locomotor-activating effects of mu
opioids. A modulatory role for the D3 receptor, however,
cannot be eliminated, as nafadotride doses equal to, or
smaller than 1.0 mg/kg sc (as in the present study), exhibit
negligible binding at D2 receptors (Levant and Vansell,
1997). To maintain selectivity for D3 over D2 receptors,
doses larger than 1.0 mg/kg nafadotride were not tested. The
partial agonist BP897 exhibits agonist and antagonist activ-
ity at D3 receptors and only antagonist properties at D2
receptors (Pilla et al., 1999; Wicke and Garcia-Ladona,
2001; Wood et al., 2000). The attenuation produced by
BP897 was greater than that observed with nafadotride, but
less than that obtained with eticlopride. Taken together,
these results suggest that the antagonist actions of BP897
at D2 more so than D3 receptors are likely mediating the
attenuation observed against morphine.

As with the DA antagonists, both quinelorane and
quinpirole bind to both D2 and D3 receptors. In binding
assays, quinelorane and quinpirole exhibit greater selectivity
for D3 than D2 receptors (see Levant, 1997). Results from
functional assays indicate that quinpirole exhibits marginal
selectivity for D3 over D2 receptors, whereas quinelorane
remains selective for D3 receptors (Chio et al., 1994; Sautel
et al., 1995). There is evidence that quinpirole differs from
other D2/3 agonists in that it binds to a potential novel
binding site (Gilliland et al., 2000; Levant et al., 1996). This
novel site of action may partially explain why quinpirole
can produce behavioral effects that differ from other clas-
sical D2/3 agonists under some circumstances (Cook et al.,
1999, 2000; Cory-Slechta et al., 1996; Depoortere et al.,
1996). The observation that quinpirole and quinelorane
produced similar effects in the present study suggests that
this novel mechanism of action is not likely involved in its
locomotor actions when administered alone or in combina-
tion with morphine or caffeine.

The cumulative dosing procedure employed in the pre-
sent study was extremely sensitive to not only the stimulant,
but also the inhibitory properties of drugs, and appears well
suited to study complex drug—drug interactions. However,
this locomotor procedure is not without its limitations.
Firstly, the resulting activity levels obtained for each dose
of morphine (15 min post administration) in the present
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study do not correspond to the maximal activity levels for
each dose, as peak activity levels with morphine occur
approximately 60 min post administration (e.g., Kuribara,
1995). Secondly, the current experimental design does not
take into account pharmacokinetic differences across D2/3
drugs. All of the D2/3 agonists and antagonists were
coadministered with the first morphine dose following the
water baseline component. Therefore, it is possible that the
peak effects of each D2/3 drug occurred at differing time
points across the 1- to 1.5-h test session. It is unclear how
and if differing pharmacokinetic profiles may have influ-
enced the attenuation obtained in the present study.

The results of the present study demonstrate that doses of
D2/3 antagonists, which attenuate the locomotor-activating
effects of morphine, fail to modify the locomotor-activating
effects of caffeine. This suggests that although both mu
opioids and methylxanthines indirectly alter DAergic activ-
ity, the manner in which the DA system interacts with the
opioid and methylxanthine systems is not the same. In fact,
there are data suggesting that mu opioid- and caffeine-
induced locomotion occur independent of presynaptic DA
release (Joyce and Koob, 1981; Vaccarino et al., 1986) and
that the locomotor-activating effects of mu opioids and
caffeine are mediated by distinct neural mechanisms. For
example, reports that the administration of the GABA4
agonist muscimol into the ventral pallidum blocks the
locomotor response to heroin, but not to caffeine, suggests
that mu opioids stimulate locomotion through inhibition of
GABAergic activity and that caffeine produces locomotion
through a GABA-independent neural substrate (Swerdlow
and Koob, 1985). Thus, the failure of the D2/3 antagonists
to attenuate caffeine-induced locomotion suggests that
DAergic activity produced by caffeine is not an integral
part of caffeine’s locomotor-activating effects. In contrast,
the D2/3 receptor antagonism results demonstrate that the
DA system is intimately involved in mediating the loco-
motion induced by morphine.
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