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GEORGE, F. R. Cocaine produces low dose locomotor depressant effects in NBR and F344 rats. PHARMACOL BIOCHEM BE-
HAV 37(4) 795-798, 1990.—Recently, cocaine has been shown to produce a significant locomotor depressant effect in mice at
doses of 0.1-3.0 mg/kg. These low doses are below those associated with the well-described locomotor stimulant effects of cocaine,
and represent a highly potent effect of this drug. It was postulated that these low doses of cocaine which depress locomotor activity
do so via inhibition of serotonin uptake, resulting in potentiation of serotonergic activity. One important means of validating and
extending novel findings is to determine the species generality of an effect. Thus the present study examined the effects of low doses
of cocaine on locomotor activity in two rat strains, the NBR and F344. Cocaine produced low dose locomotor depressant effects in
both rat strains. However, NBR rats showed a three-fold greater sensitivity to the depressant effects of cocaine relative to F344 rats,
with EDy, values being 0.73 and 2.2 mg/kg for the two strains, respectively. As the dose of cocaine increased, activity for rats of
both strains returned to baseline, but at the highest doses, large increases in locomotor activity were found only in the NBR rats.
These results extend the conditions over which low doses of cocaine have been shown to depress locomotor activity to an additional
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mammalian species, namely rats, and confirm that significant genetic differences exist in the extent and expression of this effect.
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COCAINE has been commonly classified as a local anesthetic,
due to its ability to block nerve conduction following local appli-
cation (24). However, when administered systemically by any of
several routes, cocaine produces numerous central and peripheral
effects, primary among them being central nervous system (CNS)
stimulation (21, 24, 34). In laboratory animals, the CNS effects
of moderate cocaine doses are commonly observed as increases in
ambulatory or locomotor activity, while further increases in co-
caine dose can produce stereotypy, disruption of schedule-con-
trolled behavior, seizures and, eventually, death (5, 6, 9, 16, 28,
30, 32).

The CNS effects of cocaine are believed to result from inhibi-
tion of monoamine uptake (2, 12, 14, 25-27). Evidence suggests
that the locomotor stimulant effects of this drug are mediated pri-
marily by inhibition of dopamine uptake, with a resultant increase
in dopaminergic transmission. For example, the locomotor stim-
ulant effects of cocaine can be reduced by pretreatment with do-
pamine receptor antagonists (29).

While the locomotor stimulant effect of cocaine may be me-
diated dopaminergically, cocaine has been reported to have high
affinity for the serotonin-related transporter with a reported K;
some five-fold lower than that at the dopamine transporter, and
greater than an order of magnitude lower than its affinity at the
norepinephrine transporter (25). Augmentation of serotonergic
activity has been associated with decreases in behavioral activity
(3,18), and there is evidence that increased serotonin activity de-
creases the reinforcing potential of drugs (10, 11, 15, 25, 26, 31,
35).

In previous studies reporting behavioral depressant effects of
cocaine, high doses were employed which resulted in stereotypy
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and disruption of behavior (8, 9, 32). However, Ruth et al. (28)
showed that cocaine at low doses produced a decrease in rearing
activity, and a low dose depressant effect of cocaine on locomo-
tor ambulatory activity has recently been reported (4). In this lat-
ter study, locomotor depressant effects of cocaine were found in
the range of 0.1-1.0 mg/kg in mice. Previous cocaine-related lo-
comotor activity studies in rodents have used cocaine doses of 2.5
mg/kg or greater, and most studies have used cocaine doses in
excess of 5 mg/kg [cf. (8, 9, 16, 30, 32)]. Metabolic and dispo-
sitional studies indicate that these doses should result in brain co-
caine concentrations which would be maximally inhibiting reuptake
at all three monoamine transporter sites. Thus it is possible that a
behavioral depressant effect of cocaine specifically related to the
affinity of this drug at a single high affinity site, such as the se-
rotonin transporter, may have been masked in previous studies by
effects at the other monoamine sites.

The primary purpose of this study was to replicate and extend
the findings that cocaine produces a low dose locomotor depres-
sant effect in mice by examining in two rat strains the locomotor
effects of cocaine at doses below those which typically produce
locomotor stimulation. If a significant depressant effect was found,
a second purpose was to verify that cocaine produces a locomo-
tor stimulant effect at doses higher than those which resulted in
locomotor depression. A third purpose was to determine if these
effects were genotype dependent.

METHOD
Animals
Experimentally naive male F344/CRIBR and NBR/NIH rats,
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FIG. 1. Locomotor activity scores as a function of cocaine dose in NBR
and F344 male rats. Data are presented as mean total horizontal ambula-
tory activity scores for 60 min +SEM. Symbols represent scores signifi-
cantly different from control: * = <0.05, ** = <0.02, *** = <0.01, ¥*** =
<0.0005.

14—-16 weeks old and weighing 220-320 g, were used. These rats
were bred and raised at the NIDA Addiction Research Center,
and were first generation offspring of breeders obtained from
Charles River (Kingston, NY) or the NIH (Frederick, MD). The
animals were housed in sexually segregated groups of 24 with
ad lib access to Purina chow and tap water. All rats were main-
tained in a temperature-controlled room (26°C) with a 12-h light-
dark cycle (0700-1900 lights on). All animals used in this study
were maintained in facilities fully accredited by the American
Association for the Accreditation of Laboratory Animal Care
(AAALACQC) and the studies were conducted in accordance with
the Guide for Care and Use of Laboratory Animals provided by
the NIH and adopted by the NIDA.

Procedure

The rats were randomly assigned into treatment groups of N=
6-8 per group. Within each group, rats were injected IP with one
of the following doses of I-cocaine-HCl expressed as free base in
0.9% sterile saline: 0 (vehicle), 0.625, 1.25, 2.5, 5.0 or 10.0
mg/kg. All cocaine doses were administered in a volume of 3.0
ml/kg. All rats were tested between 0900 and 1300 h under white
fluorescent lighting. Prior to injection, rats were placed in a Di-
giscan (Digiscan Instruments, Columbus, OH) activity monitor,
and baseline activity was measured during a 20-min acclimation
period. Immediately following injection, the rats were again placed
in the Digiscan activity monitor and determinations of horizontal
ambulatory activity as measured by the interruption of photocell
light beams were accumulated electronically and summed every
10 min for 60 min.

Data Analysis

All analyses were conducted using SYSTAT for Macintosh
(33). Group designs using nonrepeated measures analysis of vari-
ance (ANOVA) were used.

RESULTS

Cocaine produced significant overall dose-related changes in
locomotor activity, F(Dose)(5,83)=32.04, p<<0.0001 (Fig. 1). A
significant strain difference in response to cocaine was also found,
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FIG. 2. Data for mean 60-min locomotor activity scores are presented as
percent of control activity within genotype for those doses where activity
was depressed relative to controls. Symbols represent scores significantly
different from control: * = <0.05, **=<(0.02.

F(Strain)(1,83) =120.73, p<0.0001, with NBR rats being sub-
stantially more affected overall by cocaine than F344 rats. This
significant strain difference was also evident across cocaine doses,
F(Strain X Dose)(5,83)=27.04, p<<0.0001. A significant differ-
ence between the two strains in baseline activity was also shown,
with NBR rats showing greater locomotor activity relative to F344
rats (p<<0.05).

For NBR rats, cocaine produced an overall significant effect
on locomotor activity, F(Dose)(5,41)=29.13, p<<0.0001 (Fig. 1).
Injection of cocaine resulted in a significant decrease in locomo-
tor activity at 1.25 mg/kg, #(14)=2.29, p<0.05 (Fig. 2). Co-
caine administration produced significant increases in activity at
5 and 10 mg/kg [¢r=2.96 and 7.66, df=14 and 13, p<<0.01 and
<<0.0001, respectively] (Fig. 1).

For F344 rats, an overall but less robust effect of cocaine on
locomotor activity was seen, F(Dose)(5,42) =2.40, p<<0.05 (Fig.
1}. Injection of cocaine resulted in a significant decrease in loco-
motor activity at 2.5 and 5 mg/kg [r=2.28 and 2.98, df=13 and
13, p<<0.05 and <0.02, respectively] (Fig. 2). Cocaine adminis-
tration did not produce any locomotor stimulant effect in the F344
rats even at the 10 mg/kg dose (Fig. 1).

There were no apparent differences between strains in the time
course of cocaine’s effects on activity. At all effective doses of
cocaine, both depressant and activating, the effect was most pro-
nounced between twenty and forty minutes postinjection, followed
by a gradual return to baseline.

DISCUSSION

The results of this study indicate that cocaine produces signif-
icant effects on locomotor activity, but that the nature and extent
of these effects are both dose and genotype dependent. In NBR
and F344 rats, cocaine produced locomotor depressant effects at
doses below those associated with the stimulant and stereotypic
effects of this drug. In addition, significant genetic differences
were found in that NBR rats showed a three-fold greater sensitiv-
ity to this effect, while F344 rats were depressed across a wider
dose range. One interesting finding was that, at the S mg/kg co-
caine dose, NBR rats were significantly activated, while F344
rats were depressed, representing a substantial difference in the
dose response curves for both the activating and depressant ef-
fects of cocaine. Overall, the results obtained in this study from
the lowest doses of cocaine provide additional data showing that
cocaine produces decreases in locomotor activity, while the re-
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sults from the higher doses substantiate previous findings that
cocaine produces significant increases in locomotor activity at
these doses (16, 21, 30). These results substantiate other recent
reports showing low dose depressant effects of cocaine on behav-
ioral activity (4,28). Interestingly, the decreases in activity seen
in this study were not associated with changes in stereotypy or
rearing behavior, and little, if any, stereotypy was observed at the
low doses of cocaine associated with decreased ambulatory
activity.

The differences in response to cocaine between the NBR and
F344 rats indicate the importance of genetic factors in these stud-
ies. F344 rats showed a significant but not robust decrease in ac-
tivity, and showed no increase in locomotor activity even at 10
mg/kg, while NBR rats showed a sharp but limited decrease in
activity at low doses, and showed several-fold increases in loco-
motor activity at higher doses. These findings agree with other
recent data, where it has been shown that NBR rats are highly
sensitive and highly responsive to the locomotor stimulant effects
of cocaine, and where F344 rats only showed significant increases
in activity when doses of at least 20 mg/kg were used (6).

Rates of cocaine metabolism were not obtained in this study.
However, the large differences seen between the two strains, and
the fact that the general patterns of drug-related effects over time
were similar for the two strains, makes it unlikely that the differ-
ences seen between strains are due solely to pharmacokinetic fac-
tors. It is more likely that differences in neuronal mechanisms are
primarily responsible for the differential responses of these strains,
although a pharmacokinetic contribution with regards to either the
depressant or stimulant effects of cocaine in this study cannot be
ruled out.

Brain cocaine content was not directly measured in the present
study. Therefore, actual receptor occupancy by cocaine cannot be
precisely determined. However, receptor occupancy can be esti-
mated based upon standard compartmentalization assumptions
(17) and cocaine distribution studies (19). Estimations based upon
the present data suggest that the doses of cocaine which produced
significant locomotor depressant effects are in the range of 1.5
M or less. These estimations are consistent with the findings of
Ruth et al. (28) in which 5 mg/kg [*H]-cocaine injected systemi-
cally resulted in a brain concentration of approximately 1.5 uM
at 15 minutes postinjection in C57 and DBA mice. These estima-
tions are also consistent with the work of Benuck et al. (1), who
showed that IP injections of 10 mg/kg cocaine resulted in brain
cocaine concentrations of approximately 4 pM at 15 minutes
postinjection.

While it has been shown that cocaine has similar potencies for
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inhibiting reuptake of the three monoamines (13), several other
studies support a possible serotonergic involvement in this low
dose depressant effect of cocaine. The estimated brain concentra-
tions of cocaine derived from the present findings are similar to
the potency of cocaine to inhibit [*H]-paroxetine binding to the
serotonin transporter (25). These estimated brain concentrations
are also similar to K, values reported by Reith et al. (23) for so-
dium-independent [*H]-cocaine binding at cortical serotonin trans-
porters. Both reports suggest that cocaine has a greater affinity
for the serotonin transporter relative to the dopamine transporter.
Pitts and Marwah (20) have shown that serotonergic dorsal raphe
neurons are more sensitive to cocaine than are ventral tegmental
or zona compacta dopaminergic neurons. The results from stud-
ies showing that serotonin agonists depress behavioral activity
(3,18) further suggest involvement of a serotonin-related mecha-
nism in the low dose depressant effect of cocaine. Finally, Reith
and Lajtha (22) showed that the locomotor depression caused by
norcocaine does not involve alpha,-adrenergic or presynaptic do-
pamine receptors, and it has recently been shown (6) that NBR
and F344 rats do not differ in ligand affinity or receptor density
of dopamine transporters and dopaminergic D1 and D2 receptors
from striatal tissue, providing additional indirect support for a
serotonin hypothesis.

The findings presented suggest several questions concerning
mediation of this low dose depressant response to cocaine and its
possible relationship to other cocaine effects such as self-admin-
istration. It will be important to determine the degree of mono-
amine uptake site and SHT receptor system specificity for this
effect. It would be useful to know if blockers of serotonin action
or lesions of serotonin pathways would modulate this depressant
effect. It would also be important to know if this depressant ef-
fect of cocaine is positively or negatively related to the reinforc-
ing effects of this drug. An additional question is whether the
genetic variation in the locomotor depressant response to cocaine
shown in the present study can be utilized to determine the mode
of transmission and molecular basis of this trait. Answers to these
and other related questions will contribute to our understanding of
the specific nature of cocaine’s actions as well as to the more
general phenomenon of substance abuse.

ACKNOWLEDGEMENTS

The author thanks Elizabeth Kramer for technical assistance, and Dr.
Mary Ritz for helpful comments on the manuscript. Supported by the
National Institue on Drug Abuse, and by NIAAA Grant AA-07754. Por-
tions of this work were conducted while the author was Senior Fellow at
the NIDA Addiction Research Center.

REFERENCES

1. Benuck, M.; Lajtha, A.; Reith, M. E. A. Pharmacokinetics of sys-
temically administered cocaine and locomotor stimulation in mice. J.
Pharmacol. Exp. Ther. 243:144-149; 1987.

2. Blackburn, K. J.; French, P. C.; Merrills, R. J. 5-Hydroxytryptamine
uptake by rat brain in vitro. Life Sci. 6:1653; 1967.

3. Brady, L. S.; Barrett, J. E. Effects of serotonin receptor agonists and
antagonists on schedule-controlled behavior of squirrel monkeys. J.
Pharmacol. Exp. Ther. 235:436—441; 1985.

4. George, F. R. Cocaine produces low-dose locomotor depressant ef-
fects in mice. Psychopharmacology (Berlin) 99:147-150; 1989.

5. George, F. R.; Goldberg, S. R. Genetic approaches to the analysis
of addiction processes. Trends Pharmacol. Sci. 10:78-83; 1989.

6. George, F. R.; Porrino, L. J.; Ritz, M. C.; Goldberg, S. R. Inbred
rat strain comparisons indicate different sites of action for cocaine
and amphetamine locomotor stimulant effects. Psychopharmacology
(Berlin), in press; 1991.

7. George, F. R.; Ritz, M. C. Cocaine produces locomotor stimulation
in SS/Ibg but not LS/Ibg mice. Psychopharmacology (Berlin) 101:

18-24; 1990.

8. Goldberg, S. R. Comparable behavior maintained under fixed-ratio
and second-order schedules of food presentation, cocaine injection or
d-amphetamine injection in the squirrel monkey. J. Pharmacol. Exp.
Ther. 186:18-30; 1973.

9. Gonzalez, F. A.; Goldberg, S. R. Effects of cocaine and d-amphet-
amine on behavior maintained under various schedules of food pre-
sentation in squirrel monkeys. J. Pharmacol. Exp. Ther. 201:33-43;
1977.

10. Griffiths, R. R.; Brady, J. V.; Bradford, L. D. In: Thompson, T.;
Dews, P. B., eds. Advances in behavioral pharmacology. vol. 2.
New York: Academic Press; 1979:163-208.

11. Griffiths, R. R.; Bigelow, G. E.; Henningfield, J. E. Similarities in
animal and human drug taking behavior. In: Mello, N. K., ed. Ad-
vances in substance abuse. vol. 1. Greenwich, CT: JAI Press Inc.;
1980:1-90.

12. Hom, A. S.; Cuello, C.; Miller, R. J. Dopamine in the mesolimbic
system of the rat brain: Endogenous levels and the effects of drug on



798

20.

21.

22.

23.

the uptake mechanism and stimulation of adenylate cyclase activity.
J. Neurochem. 22:265-270; 1974.

. Hyttel, J. Citalopram—Pharmacological profile of a specific seroto-

nin uptake inhibitor with antidepressant activity. Prog. Neuropsy-
chopharmacol. Biol. Psychiatry 6:277-295; 1982.

. Javitch, J. A.; Blaustein, R. O.; Snyder, S. H. [3H] Mazindol bind-

ing associated with neuronal dopamine and norepinephrine uptake
sites. Mol. Pharmacol. 26:35—44; 1984.

. Johanson, C. E.; Schuster, C. R. Animal models of drug self-admin-

istration. In: Mello, N. K., ed. Advances in substance abuse. vol. 1.
Greenwich, CT: JAI Press Inc.; 1980:219-297.

. Kalivas, P. W.; Duffy, P.; DuMars, L. E.; Skinner, C. Behavioral

and neurochemical effects of acute and daily cocaine administration
in rats. J. Pharmacol. Exp. Ther. 245:485-492; 1988.

. Levine, R. R. Pharmacology: Drug actions and reactions. Boston:

Little, Brown and Company; 1973:71-111.

. Lucot, J. B.; Seiden, L. S. Effects of serotonergic agonists and an-

tagonists on the locomotor activity of neonatal rats. Pharmacol. Bio-
chem. Behav. 24:537-541; 1986.

. Mule, S. J.; Misra, A. L. Cocaine: Distribution and metabolism in

animals. In: Ellinwood, E. H.; Kilbey, M. M., eds. Advances in be-
havioral biology, vol. 21: Cocaine and other stimulants. New York:
Plenum Press; 1977:215-228.

Pitts, D. K.; Marwah, J. Cocaine and central monoaminergic neuro-
transmission: A review of electrophysiological studies and compari-
son to amphetamine and antidepressants. Life Sci. 42:949-968; 1988.
Post, R. M.; Contel, N. R. Human and animal studies of cocaine:
Implications for development of behavioral pathology. In: Creese. I.,
ed. Stimulants: Neurochemical, behavioral and clinical perspectives.
New York: Raven Press; 1983:169-203.

Reith, M. E. A.; Lajtha, A. Locomotor depression in mice by nor-
cocaine does not involve central alpha 2-adrenergic or presynaptic
dopamine receptors. Pharmacol. Biochem. Behav. 24:305-307; 1986.
Reith, M. E. A.; Meisler, B. E.; Sershen, H.; Lajtha, A. Structural
requirements for cocaine congeners to interact with dopamine and
serotonin uptake sites in mouse brain and to induce stereotyped be-
havior. Biochem. Pharmacol. 35:1123-1129; 1986.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

GEORGE

Ritchie, J. M.; Greene, N. M. Local anesthetics. In: Gilman, A. G.;
Goodman, L. S.; Gilman, A., eds. Goodman and Gilman’s The
pharmacological basis of therapeutics, 6th ed. New York: Macmillan;
1980:300-320.

Ritz, M. C.; Lamb, R. J.; Goldberg, S. R.; Kuhar, M. J. Cocaine
receptors on dopamine transporters are related to self-administration
of cocaine. Science 237:1219-1223; 1987.

Ritz, M. C.; Kuhar, M. J. Relationship between self-administration
of amphetamine and monoamine receptors in brain: Comparison with
cocaine. J. Pharmacol. Exp. Ther. 248:1010-1017; 1989.

Ross, S. B.; Renyi, A. L. Inhibition of the uptake of tritiated 5-hy-
droxytryptamine in brain tissue. Eur. J. Pharmacol. 7:270-277; 1969.
Ruth, J. A.; Ullman, E. A.; Collins, A. C. An analysis of cocaine
effects on locomotor activities and heart rate in four inbred mouse
strains. Pharmacol. Biochem. Behav. 29:157-162; 1988.
Scheel-Kruger, J.; Graestrup, C.; Nielson, M.; Golembiowski, K.;
Mogilnicka, E. Cocaine: Discussion on the role of dopamine in the
biochemical mechanism of action. In: Ellinwood, E. H.; Kilbey, M.
M., eds. Advances in behavioral biology, vol 21: Cocaine and other
stimulants. New York: Plenum Press; 1977:373-407.

Shuster, L.; Yu, G.; Bates, A. Sensitization to cocaine stimulation in
mice. Psychopharmacology (Berlin) 52:185-190; 1977.

Smith, F. L.; Yu, D. S. L.; Smith, D. G.; Lecesse, A. P.; Lyness,
W. H. Dietary tryptophan supplements attenuate amphetamine self-
administration in the rat. Pharmacol. Biochem. Behav. 25:849-855;
1986.

Spealman, R. D.; Kelleher, R. T.; Goldberg, S. R. Stereoselective
behavioral effects of cocaine and a phenyltropane analog. J. Pharma-
col. Exp. Ther. 225:509-514; 1983.

Wilkinson, L. SYSTAT: The system for statistics. Macintosh version
3.2. Evanston, IL: SYSTAT, Inc.; 1987.

Woods, J. Behavioral effects of cocaine in animals. In: Petersen, R.
C.; Stillman, R. C., eds. Cocaine: 1977. Washington: U.S. Govern-
ment Printing Office; 1977:63-95.

. Woods, J. Behavioral pharmacology of drug self-administration. In:

Lipton, M. A.; DiMascio, A.; Killam, K. F., eds. Psychopharmacol-
ogy: A generation of progress. New York: Raven Press; 1978:595—
607.



