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Isradipine Suppresses Amphetamine-Induced
Conditioned Place Preference and

Locomotor Stimulation in the Rat
Olgierd Pucilowski, M.D., Ph.D., Adam Plaznik, M.D., Ph.D.,

and David H. Querstreet, Ph.D.

The locomotor activating and the reinforcing effects of
psychomotor stimulants are considered to be correlated
with and responsible for the development and
maintenance of stimulant addiction. Experiments were
conducted to examine the effects of isradipine, the L-type
calcium channel inhibitor, on the d-amphetamine-induced
(1 mg/kg IP) reinforcement (conditioned place preference)
and locomotor stimulation. Isradipine dose-dependently
(0.6, 1.2, 2.5 mg/kg IP) attenuated the reinforcing effect
of amphetamine. Two higher doses completely blocked the
induction of place preference. At these doses isradipine
also prevented the increase in the number of
intercompartment crosses that was observed in both
amphetamine- and vehicle-treated controls. In an acute
experiment, isradipine failed to affect locomotor activity
on its own either in the place preference boxes or in the

open field. Amphetamine increased the open field activity
but did not change the number of crosses in the place
preference boxes. Only the highest (2.5 mg/kg) dose of
isradipine significantly suppressed amphetamine-induced
hyperactivity in the open field. The present results
suggest that isradipine interferes with amphetamine-
derived reinforcement at doses lower than those needed to
block the acute locomotor effects of amphetamine. Given
the qualitatively similar, previously reported results with
verapamil, we conclude that the antireinforcing effects of
the L-type calcium channel blockers cannot be exclusively
explained by the suppression of psychomotor stimulation.
The present results further support the notion that the
L-type calcium channel blockers may be effective against
stimulant addiction.[Neuropsychopharmacology
12:239-244, 1995]
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Several lines of evidence suggest that L-type calcium
channel inhibitors (CCls) may interfere with drug-
derived reinforcement. Calcium channel inhibitors have
been demonstrated to block cocaine- and amphetamine-
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induced conditioned place preference in rats (Pani et
al. 1991; Pucilowski et al. 1993) and to suppress intra-
venous cocaine self-administration in rats (Martellotta
et al. 1994) and mice (Kuzmin et al. 1992). The positive
reinforcing properties of psychomotor stimulants are
thought to be directly correlated with their ability to in-
duce locomotor stimulation (Wise 1990). It is hypothe-
sized that effective pharmacological treatment for drug
abuse should suppress conditioned responses, that is,
reinforcing and locomotor stimulant effects, to a greater
extent than the acute effects of addictive drugs. This
is because potent acute antireinforcing or aversive
effects of a therapeutic drug would likely compromise
the necessary patient compliance with the therapy
(Hursh 1993).

The ability of dihydropyridine CClIs (e.g., isradi-
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pine, nicardipine, nimodipine) to antagonize cocaine-
derived reinforcement in the place preference condi-
tioning and intravenous self-administration paradigms
(Kuzmin et al. 1992; Martellotta et al. 1994; Pani et al.
1991) is paralleled by the potent suppression of cocaine-
induced locomotor stimulation (Ansah et al. 1993;
Moore et al. 1993; Pani et al. 1990) and stereotyped be-
havior (Ansah et al. 1993). However, amphetamine-
induced locomotor stimulation and stereotypy in rats
is only marginally inhibited or not affected at all by
nimodipine or nicardipine (Ansah et al. 1993; Martin-
Iverson et al. 1993; Moore et al. 1993). Interestingly
enough, amphetamine-induced locomotor stimulation
in mice is suppressed by high, sedative doses of some
dihydropyridine CCls (darodipine, nicardipine, nifedi-
pine) (Grebb 1986; Renwart et al. 1986) but not the
others (nimodipine, nitrendipine, nisoldipine) (Grebb
1986). In our previous study, we demonstrated that ver-
apamil, a phenylalkylamine CCI reportedly devoid of
antagonistic action against either amphetamine- (Grebb
1986; Renwart et al. 1986) or cocaine-induced locomo-
tor stimulation (Mecke et al. 1991; Pani et al. 1990),
significantly suppressed amphetamine-induced condi-
tioned place preference (Pucilowski et al. 1993). Ver-
apamil also failed to affect side preference on its own,
indicating that it does not have aversive or rewarding
properties in this paradigm. The aim of the present
study was to examine the interaction of isradipine with
the reinforcing effect of amphetamine using the condi-
tioned place preference procedure. In this paradigm,
repeated pairing of habit-forming drug injections (pri-
mary reward) with the distinctive environmental cues,
or “place,” will result in development of preference for
this environment in the absence of the drug-derived
reward (White et al. 1985). Conditioned place prefer-
ence model offers practical advantages of technical sim-
plicity and lack of possibly confounding operant vari-
ables (Van der Kooy 1985). The reinforcing properties
of amphetamine and other stimulants have been well
established using this test, and it has been suggested
that they involve mesolimbic dopaminergic transmis-
sion (Spyraki et al. 1982; Van der Kooy 1985; Wise 1990).

Isradipine is a highly lipophylic dihydropyridine
CClI previously demonstrated to be an efficient blocker
of the reinforcing properties of cocaine (Kuzmin et al.
1992; Martellotta et al. 1994; Pani et al. 1991), morphine
(Kuzmin et al. 1992), and alcohol (Fadda et al. 1992;
Pucilowski et al. 1994). Isradipine, similarly to ver-
apamil, does not appear to affect place preference con-
ditioning on its own (Calcagnetti and Schechter 1994).
Additionally, we tested the acute interaction of isradi-
pine with the amphetamine-induced locomotor stimu-
lation. We hypothesized that isradipine would attenu-
ate the conditioned reinforcement but not the acute
locomotor stimulatory effect of amphetamine. The
results indicate that although isradipine interferes with
both effects of amphetamine, it reveals its antireinforc-
ing properties at doses lower than those required for
acute suppression of locomotor stimulation.
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METHODS
Animals

Male Wistar rats approximately 60 days of age and
weighing a minimum of 250 g at the beginning of the
study served as subjects. The rats used in the condi-
tioning place preference study and for testing activity
in preference boxes were purchased from Charles River
(Raleigh, NC). Wistar rats used for the open field loco-
motor activity experiment were obtained from a licensed
breeder in Warsaw, Poland. All animals were housed
in groups of 2 to 3 per cage (25 x 45 x 20 cm), in a
temperature-controlled room (21 + 1°C) with free ac-
cess to food and tap water.

Drugs

(+)Isradipine (Sandoz, East Hanover, NJ) was sus-
pended in 1% Tween 80 (Sigma, St. Louis, MO) in sa-
line and injected intraperitoneally (IP) in doses of 0.6,
1.2, and 2.5 mg/kg (1.6, 3.2, and 6.7 pmol/kg, respec-
tively). d-Amphetamine sulfate (Sigma) was dissolved
in sterile saline solution and injected IP in a dose of 1
mg/kg (2.7 umol/kg, calculated as salt). Both drugs were
administered in a volume of 1 ml/kg.

Procedures

Place Preference Conditioning. Eight identical testing
chambers, divided into two compartments equal in size
(30 x 30 x 30 cm), but clearly differentiated by color
(black/gray stripes vs. white), were used in the place
preference conditioning experiments. The two compart-
ments were separated by a wooden partition with a guil-
lotine door. The positioning of a rat was detected by
microswitches and the information fed directly into a
custom written program for data collection running on
a PC computer. This program recorded the time spent
in each compartment as well as the number of crosses
between the compartments over a desired time interval.
The procedure was started, beginning on day 1, by
familiarizing the rats with the apparatus. Each animal
was placed in the white compartment next to the open
guillotine door and allowed to explore both compart-
ments for 30 minutes. On the next two days (day 2 and
3), the rats’ original preference was evaluated over a
15-min period each day by recording the relative cu-
mulative time spent on each side. The rats were then
assigned to experimental groups, matched for their side
bias, and the conditioning procedure was initiated.
The conditioning phase consisted of alternating 4
drug and 4 saline injection days (i.e., 8 days/pairings
total). The guillotine doors were closed during this
phase and each rat spent daily 30 minutes in the ap-
propriate respective compartment. Thirty-five rats were
assigned into five groups of seven rats each. Group 1
included the control rats not treated with amphetamine
(i.e., saline + saline). Each in the remaining four groups
received d-amphetamine injection 10 minutes prior to
conditioning sessions during which rats were placed
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in the originally less preferred compartment. Forty
minutes prior to amphetamine injection (and 50 minutes
prior to conditioning session) each of these groups was
injected with either a vehicle or one of three doses of
isradipine. On alternate days every animal in each
group received injections of saline paired with the orig-
inally more preferred compartment.

On the day following the last conditioning session,
that is, on day 12, place preference and the number of
crosses over a 15-minute period were reexamined simi-
larly as it was done on day 2 or 3.

Acute Effects on Locomotor Activity. Two separate ex-
periments were performed. In the first one, the acute
interaction of isradipine and amphetamine was exam-
ined in the same boxes as those used for the place prefer-
ence testing. In the second, the effect of drugs on loco-
motor activity was evaluated in the open field. The
apparatus used for that purpose (COTM, Bialystok, Po-
land) consisted of four identical white open-field arenas
(40 x 40 cm) each bound by a 30-cm high wall made
of opaque acrylic plastic. Locomotor activity was de-
tected by 16 parallel infrared light photocell/sensors on
the X and 16 on the Y axis, 2 cm above the floor level.
The activity was sampled by the computer every 0.2
seconds and subsequently integrated as the total dis-
tance covered. The test was carried out in a dimly illu-
minated, sound insulated room between 1000 and 1200
hours under white noise conditions (provided by an
electric fan).

The procedure was similar for each experiment, the
only difference being the length of testing period, which
was 15 minutes for activity in place preference boxes
(i.e., the same as used for testing reinforcement) and
10 minutes for the open field test. On experimental day
1 the rats’ baseline activity was established (Pretest).
The rats were then divided into four treatment groups
within each experiment and matched for their baseline
activity. Two days later (day 3), the rats were injected
with either a vehicle or isradipine. After a 30-minute
break, the rats’ locomotor activity was examined over
a 15- or 10-minute period (Test). Immediately afterward,
all rats were injected IP with amphetamine, and follow-
ing, another 10-minute interval, their activity was mea-
sured again (Retest).

Twenty-four rats were used for the experiment with
the place preference boxes, twenty-eight rats for the
open field study. One group in each experiment was
injected IP with 1% Tween 80 (1 ml/kg), the remaining
three groups were injected with one of three doses of
isradipine (1.6, 3.2, and 6.7 pmol/kg).

Statistics

All data are presented as means + SEM. The place
preference data were expressed as the difference in time
spent on drug-associated side from the pretest base-
line. The results were analyzed with a one-way analy-
sis of variance (ANOVA), followed by the Duncan Mul-
tiple Range test. The locomotor activity data were

analyzed with the repeated measures ANOVA followed
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by the Scheffe’s test for multiple post hoc comparisons.
The p value greater than .05 was considered statistically
significant. Analyses were performed using the Pharm/
PCS v.4 (Tallarida and Murray 1987) and Statquick
v.4 (Lundon Software, Chagrin Falls, OH) statistical
packages.

RESULTS
Place Preference Conditioning

There was no marked side bias among the rats used
in the present experiment: the overall mean time spent
in the stripped compartment was 456 + 51s, or 51%
of the total test time. One-way ANOVAs revealed a
significant overall treatment effect [F(4,30) = 2.91, p <
.05]. Repeated amphetamine treatment has led to a
significant place preference (Figure 1). Pretreatment
with the lowest, 0.6-mg/kg dose of isradipine failed to
modify this amphetamine-induced reinforcing effect.
However, both higher doses of isradipine antagonized
amphetamine-derived reinforcement in this paradigm
since the mean change in time spent on drug-associated
side was not different from that of the control group
(i.e., the group not treated with amphetamine).

In addition, there was a significant overall treatment
effect on the change in activity in the preference boxes,
thatis, the number of intratrial crosses [F(4,30)— = 3.02,
p < .05]. The baseline activity, which overall was 9 +
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Figure 1. Effect of isradipine on amphetamine-induced place
preference conditioning (upper panel) and activity (lower panel).
Data expressed as means + SEM of seven rats per group. Time
difference scores in the upper panel indicate the difference
from the baseline in time spent on the drug-associated com-
partment. * p < .05 versus controls; © p < .05 versus isradi-
pine 0 (Duncan'’s test).
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1 crosses per 15 minutes, increased by approximately
60% to 70% in controls as well as in amphetamine-
injected groups pretreated with either the vehicle or the
lowest dose of isradipine (Figure 1). Both higher doses
of isradipine, which blocked the development of place
preference, also significantly (p < .05) suppressed that
increase in the locomotor activity.

Acute Effects on Locomotor Activity

Place Preference Boxes. Repeated ANOVA measures
revealed that there was no overall difference in the num-
ber of crosses between the three tests [F(2,60) = 0.37].
Neither the treatment effect [F(3,60) = 1.22] nor the in-
teraction of test x treatment effects [F(6,60 = 0.24] were
found significant. There was, however, a tendency for
the two higher doses of isradipine to attenuate activity
upon pairing with amphetamine (Figure 2).

Open Field. Repeated ANOVA measures revealed that
there was a significant overall difference in locomotor
activity scores between the three tests [F(2,72) = 17.27,
p < .001]. Neither the treatment effect [F(3,72) = 1.97]
nor the interaction of test x treatment effects [F(6,72) =
2] were found significant. As it is shown in Figure 3, the
effect of isradipine by itself did not differ from that of
the control Tween injection. Moderate increase in loco-
motor activity observed during the second test may be
explained by the neophobic reaction to the unfamiliar
open field during the pretest. There was a significant
(p < .01) increase in locomotor activity following am-
phetamine injection, as compared to the pretest values,
with the exception of the group pretreated with the
highest 2.5-mg/kg dose of isradipine.

DISCUSSION

The present results confirm the prediction that isradi-
pine would suppress the rewarding effect of ampheta-
mine in the conditioned place preference paradigm. It
has been recently demonstrated by Calcagnetti and
Schechter (1994) that isradipine does not produce place
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Figure 2. Acute effect of isradipine on spontaneous and
amphetamine-induced locomotor activity in the place prefer-
ence boxes (mean + SEM of six rats per group).
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Figure 3. Acute effect of isradipine on spontaneous and
amphetamine-induced locomotor activity in the open field
(mean + SEM of seven rats per group). * p< .05, ** p <.01
versus pretest (baseline) values (Scheffe’s test).

preference or aversion on its own. Furthermore, our
present data suggest that although isradipine can at-
tenuate amphetamine-induced locomotor activity in the
open field at the highest dose used (i.e., 2.5 mg/kg),
this acute effect cannot fully account for the significant
suppression of amphetamine-derived reinforcement.
Isradipine injected acutely in 1.2-mg/kg doses failed to
modify amphetamine-induced locomotor stimulation
in the open field, yet it caused a significant inhibition
of amphetamine-induced place preference that did not
differ from the effect of the highest 2.5-mg/kg dose of
isradipine. Obviously, the results of the acute experi-
ment cannot relate directly to the effects of chronic con-
ditioning study. However, repeated pairing of an acute
effect of amphetamine, such as locomotor stimulation,
with a distinct set of environmental cues leads to the
development of a conditioned response. Existence of
this acute effect is necessary for it to be associated
through the process of conditioning. It appears that 1
mg/kg of amphetamine is a sufficient dose to produce
reinforcement but not locomotor activation. It is also
important to note that the number of intercompartment
crosses in the place preference box does not seem to
be a good index of the locomotor stimulatory effects of
amphetamine. There was no clear increase in the num-
ber of crosses following injection of amphetamine in
the acute experiment. In the chronic conditioning study,
a similar increase in the number of crosses was observed
after conditioning in control saline-treated animals as
in the amphetamine-injected group. This may indicate
that the increased motility (number of crosses) in the
conditioning experiment is contingent on purely en-
vironmental factors and is not an effect of sensitization
to amphetamine. Interestingly enough, two higher
doses of isradipine (1.2 and 2.5 mg/kg) caused a sig-
nificant suppression of this activity increase that paral-
leled the inhibitory effect on amphetamine-derived rein-
forcement (i.e., place preference). Decreased activity
in rats pretreated with two higher doses of isradipine
may in fact be secondary to the suppression of
amphetamine-derived reward and reflect alack of moti-
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vation toward crossing on to amphetamine-associated
territory. Taken together, these data suggest that the
antireinforcing effect of isradipine may be more related
to interference with the reward and less with drivelike
effects of amphetamine. Similar reasoning applies to
verapamil, a phenylalkylamine CClI reported to be a po-
tent antagonist of amphetamine-induced place prefer-
ence without intrinsic aversive or reinforcing proper-
ties (Pucilowski et al. 1993) and devoid of inhibitory
activity against amphetamine-induced locomotor stim-
ulation (Grebb 1986; Mecke et al. 1991; Renwart et al.
1986).

Cocaine and amphetamine are both considered to
produce their stimulant and addictive effects by increas-
ing dopaminergic transmission (Wise 1990), albeit via
different mechanisms. Primary mechanism by which
cocaine increases dopamine synaptic concentrations is
the reuptake inhibition with additional facilitation of
amine release. Amphetamine predominantly has a di-
rect releasing action accompanied by the reuptake in-
hibition. If the processes affected by cocaine are both
calcium-dependent, amphetamine-induced release of
dopamine appears to be largely impulse- and calcium-
independent (Martin-Iverson et al. 1991; McMillen
1983). Dihydropyridine, but not phenylalkylamine or
benzothiazepine CClIs reportedly suppress cocaine-
induced dopamine release in the nucleus accumbens
(Pani et al. 1990). Thus, it has been argued that this
property of CCIs may account for their ability to attenu-
ate the drive (locomotion) and reward (place preference,
self-administration) effects of cocaine. Interestingly
enough, various CCls have been generally ineffective
in antagonizing amphetamine-induced dopamine re-
lease {Pani et al. 1990) or locomotor stimulation (An-
sah et al. 1993; Grebb 1986; Martin-Iverson et al. 1993;
Mecke et al. 1991; Moore et al. 1993; Renwart et al. 1986).
It has been thus hypothesized that there is a causal rela-
tionship between the inability of CCls to interfere with
either effect of amphetamine. However, given the pres-
ent results and the previous data on verapamil (Puci-
lowski et al. 1993), it appears that CCls’ interaction with
calcium-dependent dopamine release may not be the
only mechanism by which they attenuate drug-derived
reward. Considerable neuroanatomical and functional
evidence indicate that the N-type calcium channels are
primarily involved in presynaptic processes of neu-
rotransmitter uptake and release, although in some cells
L-type channels modulate transmitter release as well
(see Porzig 1990; Sher et al. 1991, for review). On the
other hand, CClI-sensitive L-type channels, owing to
their postsynaptic localization (Ahlijanian et al. 1990),
appear to modulate such cytosolic effects as enzyme ac-
tivity regulation, channel phosphorylation, and gene
expression (Ghosh 1994; Sher et al. 1991). It is possible
that CClIs, in addition to modulation of amine release,
interact with dopamine-initiated postsynaptic events
(e.g., transmitter and hormone synthesis, impulse
propagation) that are common to different drugs of
abuse and that lead to an activation of cellular processes
involved in drug-derived reinforcement.
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We have hypothesized that CCIs may act to pre-
vent the neuroadaptive changes brought about by var-
ious drugs interacting with the dopaminergic system
activity (Pucilowski 1992). This is substantiated by the
evidence that concomitant treatment with CCls can pre-
vent behavioral supersensitivity to dopaminergic ago-
nists (apomorphine, quinpirole) in animals chronically
administered haloperidol (Grebb et al. 1987; Pucilowski
and Eichelman 1991a,b; Pucilowski and Kostowski,
1988) or alcohol (Pucilowski and Eichelman, 1991a;
Pucilowski and Kostowski, 1988). Furthermore, CCls
interfere with the induction and expression of be-
havioral sensitization to psychomotor effects of stimu-
lants (Karler et al. 1991) and act synergistically with neu-
roleptics to inhibit the unconditioned and conditioned
locomotor response to amphetamine (Martin-Iverson
et al. 1993). Isradipine and verapamil do not appear to
be aversive in the place preference conditioning para-
digm (Calcagnetti and Schechter 1994; Pucilowski et al.
1993), but direct dopaminergic antagonists do not pro-
duce place aversion either (Spyraki et al. 1982). This
lack of clear aversive properties of CCls further rein-
forces their potential in the treatment of drug abuse.

In conclusion, the present and previously reported
data suggest that CCls can attenuate both the psycho-
motor activation and the positive reinforcement elicited
by amphetamine. However, suppression of amphet-
amine-derived reinforcement is seen at doses lower
than those needed to attenuate locomotor stimulation.
This suggests that the antireinforcing properties of CCls
are not directly or exclusively related to their inter-
ference with the locomotor stimulant effect of am-
phetamine.
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