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FRANK, R. A., T. POMMERING AND D. NITZ. The interactive effects of cocaine and imipramine on self-stimulation
train-duration thresholds. PHARMACOL BIOCHEM BEHAYV 30(1) 1-4, 1988.—The present experiment examined
the ability of the tricyclic antidepressant imipramine to influence cocaine’s effect on intracranial self-stimulation. Following
a predrug, saline injection period, cocaine hydrochloride (10, 20 or 30 mg/kg) was injected (IP) in 19 rats implanted with
ventral tegmental area electrodes. Cocaine treatment uniformly decreased self-stimulation train-duration thresholds. In the
next phase, the subjects were divided into two groups. One group received cocaine (as in the previous phase) and the other
received cocaine plus imipramine (10 mg/kg, IP). Imipramine doubled cocaine’s effect on self-stimulation train-duration
thresholds. In addition, several other effects of cocaine (e.g., bradycardia, rear-limb dyskinesia) were potentiated by
imipramine treatment. The results suggest that care must be exercised when treating cocaine abuse with tricyclic
antidepressants since coadministration of these drugs intensifies cocaine’s effects.

Cocaine Imipramine Self-stimulation

Brain stimulation reward

Tricyclic antidepressants

TRICYCLIC antidepressants have been used to treat co-
caine dependence under the assumption that these drugs
block cocaine euphoria and/or reduce the dysphoria and
craving associated with abstinence [1, 7, 15, 22, 23, 27]. Sev-
eral researchers have speculated that changes in brain
dopamine are responsible for cocaine’s mood altering ef-
fects, and the tricyclics produce their therapeutic effects by
“‘normalizing’’ dopaminergic neurotransmission [3, 6, 15].
However, the effectiveness of tricyclic treatments for co-
caine abusers has not been subjected to rigorous testing [15],
nor has there been a systematic study of the interaction of
tricyclics and cocaine-induced changes in affect in animals.
The value of tricyclic antidepressant treatments for cocaine
dependence should be evaluated with human and animal
studies of this kind.

It is well established that cocaine facilitates self-
stimulation, both increasing response rates and lowering
thresholds [5, 8, 11, 18, 28]. It has been hypothesized that
this effect reflects the ability of cocaine (and other
euphorigenic drugs) to sensitize central reward mechanisms
[14, 17, 20].

The present experiment evaluated the influence of the tricy-
clic antidepressant imipramine on cocaine-induced euphoria by
examining imipramine’s ability to modify cocaine’s effect on
intracranial self-stimulation.

One would predict that some recovering cocaine abusers
who undergo tricyclic antidepressant therapy would relapse,
potentially resulting in the coadministration of the
antidepressant and cocaine. What effect would this have on

cocaine-induced euphoria? Schenkel and Boff [21] demon-
strated that imipramine enhanced cocaine’s stimulant effects
on active avoidance. The present experiment compared the
effect of cocaine on intracranial self-stimulation when in-
jected alone or in combination with imipramine. If, as is
often the case, cocaine’s effects are similar to those of am-
phetamine, one would predict that imipramine would poten-
tiate cocaine-induced facilitation of brain stimulation reward
[2, 13, 19, 25].

METHOD
Subjects

Male Sprague-Dawley rats (Zivic-Miller Labs, Pittsburgh,
PA) weighing between 300400 g (at the time of surgery)
served as subjects. The animals were housed individually in
stainless steel wire hanging cases, and had continuous access
to food (Purina Lab Chow) and tap water. They were main-
tained on a 12 hr light/dark cycle at a temperature of 70°F.
Each subject was implanted with a bipolar stainless steel
electrode (Plastic Products Co., electrode diameter=0.5
mm) under sodium pentobarbital anesthesia (55 mg/kg). The
electrodes were aimed at the ventral tegmental area using the
coordinates 4.5 mm posterior from bregma, 1.5 mm lateral
from the midline and 8.5 mm ventral from the skull surface,
with the skull held level between lambda and bregma.

Apparatus
All training and testing took place in six metal and Plexi-
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glas chambers (23x21x19 ¢cm) with a floor constructed of
aluminum rods spaced 1.0 cm apart. One wall of the chamber
had a 3.5 cm hole positioned 5.0 cm above the floor. The hole
opened into a 5x35x4 ¢cm chamber which contained a photo-
cell beam. A 1.0 cm excursion of an object (e.g.. arat’s nose)
into the chamber initiated a signal pulse that was registered
as a response by a computer.

Brain stimulation was delivered by Grass SDY square
wave stimulators. These stimulators delivered constant-
current bipolar square-wave stimulation through a high im-
pedance stimulation circuit. Stimulation frequency was
maintained at 100 Hz and pluse width was set at 1.0 msec.
Train duration as timed with an Ohio Scientific CIP mi-
crocomputer. The computer also handled all other timing and
logic functions including data storage and formatting.

Procedure

Subjects were trained to self-stimulate following a 10 day,
postoperative recovery period. Stimulation train duration
was set at 250 msec for these tests. The 19 most reliable and
vigorous self-stimulators were selected for further study.
Next the subjects were trained to discriminate between 90
sec stimulation periods, separated by 30 sec time-outs. Dur-
ing time-outs, a small house light attached to each cage was
illuminated and no brain stimulation was available. Response
rates were collected in 30 sec blocks during each session.

Once the animals had learned to discriminate between the
stimulation and time-out periods, the train duration that was
available during the stimulation period was randomly varied
between 20 and 140 msec. A 10 msec spacing between test
durations was used (i.e., train durations of 30, 40, 50, etc.
were employed). A train duration of 0 msec was included to
assess the effects of cocaine on free operant rates. Once the
rats became acclimated to this new procedure, the stimula-
tion current of each animal was adjusted so that the steep
portion of each subject’s train duration function fell between
50 and 100 msec. Each daily session lasted 28.0 min (i.e.,
fourteen 90 sec stimulation periods separated by 30 sec
time-outs).

In the next phase, the animals were injected with isotonic
saline (0.25 ml) 15 min prior to testing for five consecutive
days. Following this predrug baseline phase, the subjects
were divided into three groups that received 10 (n=7), 20
(n=6) or 30 (n=6) mg/kg cocaine HCI (IP) for three days.
Self-stimulation testing began 15 min post-injection. In the
next phase, rats in each dosage group were assigned to either
a cocaine/imipramine or cocaine alone condition. During a
subsequent three-day test phase, the cocaine alone group
received the same treatment administered during the initial
drug phase of the experiment, except that saline was injected
15 min prior to the cocaine injections. The co-
caine/imipramine group received 10 mg/kg imipramine (IP)
15 min prior to the cocaine injection. This test regimen was
used for daily testing on six consecutive days. A postdrug
baseline phase brought the experiment to a conclusion 10
days after the final day of drug administration. During this
phase, the rats were injected with isotonic saline 15 min prior
to testing on three consecutive days.

Histology

At the completion of behavioral testing, the animals were
sacrificed with an overdose of sodium pentobarbital, per-
fused through the heart with saline and then a 10% formal-
saline solution. The brains were subsequently sectioned at 60
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FIG. 1. Train-duration response functions for three representative
animals. The data are from the predrug, saline phase of the experi-
ment.

um and examined to determine the locations of the elec-
trode tips.

RESULTS

The first 60 sec of each stimulation trial was considered a
warm-up and sampling period and response rates obtained
during this time were not analyzed in detail. Data from the
final 30 sec of each stimulation trial were used to generate
train duration response functions for each animal in each
condition of the experiment. This was accomplished by cal-
culating median response rates for each train duration in
each phase of the experiment. The train duration response
functions of several representative subjects are shown in
Fig. 1.

Two statistics were used to analyze these functions. The
maximal median response rate generated in each phase of the
experiment was determined, as was the shortest train dura-
tion to support 25, 50 and 75% of the maximal median rate.
Train duration threshold was taken as the mean of the 25, 50
and 75% values . (Previous research [10] has shown that the
slope of the train duration response function does not change
as the function shifts to the left or right, and that the mean of
the 25, 50 and 75% values provides a more stable estimate of
threshold than any one value alone.)

Two-between (treatment group and dose), one-within
(treatment condition) analyses of variance were used to
assess the effects of the drugs on thresholds and maximal
rates. These analyses revealed that the main effect for treat-
ment condition (i.e., predrug baseline vs. cocaine treatment
vs. cocaine/imipramine treatment vs. postdrug baseline) was
significant for both the threshold, F(3,39)=42.7, p<0.001,
and maximal rate measures, F(3,39)=3.9, p<0.05. In addi-
tion, the treatment group (cocaine only vs. co-
caine/imipramine) by treatment condition interaction was
significant for the threshold measure, F(3,39)=3.1, p<0.05.
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FIG. 2. Mean thresholds for the four experimental conditions in the
cocaine/fimipramine (C/I) and cocaine only (COC) groups. Pre-
drug=saline; Cocaine=cocaine only; COC/IMP=cocaine plus imip-
ramine or cocaine only, depending on group; Postdrug=saline. The
lines above each bar show one standard error of the mean.

No other main effects or interactions were significant.

The mean threshold values for both treatment groups are
plotted against treatment condition in Fig. 2. (Notice that the
data have been collapsed across dose.)

The treatment groups are similar in two respects; cocaine
significantly lowered thresholds in both groups, t(9)=8.6,
p>0.01, 1(8)=4.9, p<0.01, and thresholds returned to pre-
drug levels during postdrug, saline testing, 7(9)=1.09,
p<0.05, r(8)=0.01, p>0.05. However, the two groups dif-
fered when the two drug phases of the experiment were
compared. The group tested twice with cocaine produced the
same mean threshold for the two tests, 7(8)=0.9, p>0.05,
whereas the group tested first with cocaine and then with
cocaine plus imipramine showed a significant lowering of
thresholds from the first to the second drug test, 1(9)=4.5,
p<0.01.

Maximal rates were significantly lower for the second
phase of drug testing (mean =83 responses/30 sec) vs. the
average rate of the other conditions combined (mean=95
responses/30 sec), 1(18)=3.0, p <0.01.

Histological analyses showed that the electrode tips were
located along the course of the medial forebrain bundle from
the ventral tegmental area to the posterior hypothalamus.
The loci were similar to those we have reported in previous
work (e.g., see [10]).

DISCUSSION

Research in our laboratory has demonstrated that like
stimulation frequency and current thresholds, shifts in train
duration thresholds are associated with changes in brain
stimulation reward [10]. Consistent with previous findings,
cocaine lowered thresholds in the present study [8, 11, 18].
In addition, imipramine enhanced cocaine’s threshold lower-
ing effects. This result is consistent with the finding that
imipramine facilitates cocaine’s effects on active avoidance
[21] and other work on the interactive effects of the tricyclics
and amphetamine [2, 16, 25]. The interactive effects of co-
caine and imipramine are especially interesting given that the
tricyclics alone have very little or no effect on self-
stimulation thresholds ([9,24], unpublished observations).
The most likely explanation for the imipramine/cocaine in-
teraction is that imipramine increases brain levels of cocaine
by slowing cocaine catabolism. This interpretation is sup-
ported by the findings that coadministration of amphetamine
and tricyclics lead to higher levels of amphetamine in the
brain [4, 12, 13, 19, 26]. The ability of imipramine to increase
brain levels of cocaine should be verified in future research.

The results of the present study suggest that the coad-
ministration of tricyclics and cocaine may intensify cocaine
euphoria, thereby increasing the incentive value of the drug.
Thus, a relapse episode in a cocaine abuser who is receiving
tricyclic treatment would be more likely to lead to the
reinstatement of a stable pattern of drug use. In addition, the
tricyclics probably potentiate other behavioral and physiolog-
ical effects of cocaine [21]. In fact, the present experiment
was terminated after six days of imipramine/cocaine treat-
ment because the rats receiving both drugs showed increas-
ing problems with bradycardia and rear-limb dyskinesia on
consecutive days. This pattern of results indicates that one
should exercise extreme care when treating cocaine abusers
with the tricyclic antidepressants.

Maximal rates tended to be lower during the second phase
of drug testing, dropping from mean predrug baseline, cocaine
only and postdrug baseline levels of 93, 95 and 96 re-
sponses/30 sec to 83 responses/30 sec. Part of this decrease
can be attributed to the stereotypy and rear-limb dyskinesia
observed with coadministration of cocaine and imipramine.
We have seen a similar drop in rates with high doses of
amphetamine [10]). However, the animals who were treated
twice with cocaine only also showed this effect. It is unlikely
that this finding is related to sensitization to cocaine treat-
ment since previous work in our laboratory found no
changes in maximal rates over 18 consecutive days of co-
caine treatment [11]. Although the explanation for this effect
is unclear, it does demonstrate that changes in self-
stimulation rates do not necessarily predict changes in
thresholds.

REFERENCES

1. Blum, K. Depressive states induced by drugs of abuse: Clinical
evidence, theoretical mechanisms and proposed treatment, J
Psychedelic Drugs 8: 235-262, 1976.

2. Carlton, P. L. Potentiation of the behavioral effects of am-
phetamine by imipramine. Psychopharmacologia 2: 364-376,
1961.

3. Cohen, S. Reinforcement and rapid delivery systems: Under-
standing adverse consequences of cocaine. In: Cocaine Use in
America: Epidemiologic and Clinical Perspectives, edited by N.
J. Kozel and E. H. Adams. Rockville, MD: NIDA Research
Monograph 61, 1985, pp. 151-157.

4. Consolo, S., S. Dolfini, S. Garattini and L. Valzelli. Desip-
ramine and amphetamine metabolism. J Pharm Pharmacol 19:
253-256, 1967.

5. Crow, T. H. Enhancement by cocaine of intracranial self-
stimulation in the rat. Life Sci 9: 375-381, 1970.

6. Dackis, C. A. and M. S. Gold. New concepts in cocaine addic-
tion: The dopamine depletion hypothesis. Neurosci Biobehav
Rev 9: 469-477, 1985.

7. Ellinwood, E. H. Amphetamine and cocaine. In: Psychophar-
macology in the Practice of Medicine, edited by M. E. Jarvik.
New York: Appleton-Century-Crofts, 1977, pp. 467-476.



1.

12.

. Groppetti, A.

. Esposito, R. U., A. H. D. Motola and C. Kornetsky. Cocaine:

Acute effects on reinforcement thresholds for self-stimulation
behavior to the medial forebrain bundle. Pharmacol Biochem
Behav 8: 437-439, 1978.

. Fibiger, H. C. and A. G. Phillips. Increased intracranial self-

stimulation in rats after long-term administration of desip-
ramine. Science 214: 683-684, 1981.

. Frank, R. A., A. Markou and L. L. Wiggins. A systematic

evaluation of the properties of train duration response func-
tions. Behav Neurosci 101; 546-559, 1987.

Frank, R. A., S. Martz and T. Pommering. The effect of cocaine
on brain stimulation reward does not tolerate during chronic
drug administration. Soc Neurosci Abstr 12: 933, 1986.
Freeman, J. J. and F. Suiser. Iprindole-amphetamine interac-
tions in the rat: The role of aromatic hydroxylation of am-
phetamine in its mode of action. J Pharmacol Exp Ther 183:
307-315, 1972.

and E. Costa. Tissue concentrations of
p-hydroxynorephedrine in rats injected with d-amphetamine:
Effect of pretreatment with desipramine. Life Sci 81: 653-665,
1969.

. Hall, R. P., F. E. Bloom and J. Olds. Neuronal and neurochem-

ical substrates of reinforcement. Neurosci Res Proj Bull 15:
141-314, 1977.

. Kleber, H. D. and F. H. Gawin. Cocaine Abuse: A review of

current and experimental treatments. In: Cocaine: Pharmacol-
ogy, Effects and Treatment of Abuse, edited by J. Grabowski.
Rockville, MD: NIDA Research Monograph 50, 1984, pp. 111-
129.

. Kokkinidis, L., R. M. Zacharko and P. A. Predy. Post-

amphetamine depression of self-stimulation responding from the
substantia nigra: Reversal by tricyclic antidepressants. Phar-
macol Biochem Behav 13: 379-383, 1980.

. Kornetsky, C. Brain stimulation reward: A model for the

neuronal bases for drug-induced euphoria. In: Neuroscience
Methods in Drug Abuse Research, edited by R. M. Brown, D.
P. Friedman and Y. Nimit. Rockville, MD: NIDA Research
Monograph 62, 1985, pp. 30-49.

8

20.

21.

22.

28.

FRANK, POMMERING AND NITZ

Kornetsky, C. and R. U. Esposito. Reward and detection
thresholds for brain stimulation: Dissociative effects of cocaine.
Brain Res 209: 496-600, 1981.

. Lewander, T. Influence of various psychoactive drugs on the in

rivo metabolism of d-amphetamine in the rat. Kur J Pharmacol
14: 351-359, 1971.

Olds, M. E. and J. J. Fobes. The central basis of motivation:
Intracranial self-stimulation studies. Ann Rev Psvchol 31: 523—
574, 1981.

Schenkel, C. L. and E. Boff. Behavioral effects of interacting
imipramine and other drugs with d-amphetamine, cocaine and
tetrabenazine. Psychopharmacologia 5: 198-208, 1964.

Siegel, R. K. Cocaine smoking. J Psychoactive Drugs 14: 271-
359, 1982.

. Smith, D. E. and D. R. Wesson. Cocaine. In: Cocaine, 1980,

edited by F. R. Jeri. Lima, Peru: Pacific Press, 1980, pp. 49-61.

. Stein, L. Psychopharmacological aspects of mental depression.

Can Psvchiatr Assoc J 11: 34-43, 1966.

25. Stein, L. and J. Seifter. Possible mode of antidepressive action

of imipramine. Science 134: 286-287, 1961.

. Sulser, F. Tricyclic antidepressants: Animal pharmacology

(biochemical and metabolic aspects). Handbook Psvchophar-
macol 14: 157-186, 1978.

. Tennant, F. S. and A. L. Tarver. Double-blind comparison of

desipramine and placebo in withdrawal from cocaine depend-
ence. Presented at Proceedings of the 46th Annual Scientific
Meeting, Committee on Problems of Drug Dependence, 1984.
Wauquier, A. and C. I. E. Niemegeers. Intracranial self-
stimulation in rats as a function of various stimulus parameters:
V. Influence of cocaine on medial forebrain bundle stimulation
with monopolar electrodes. Psyvchopharmacologia 38: 210-210,
1974.



