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RUTH, J. A, E. A. ULLMAN AND A. C. COLLINS. An analysis of cocaine effects on locomotor activities and heart
rate in four inbred mouse strains. PHARMACOL BIOCHEM BEHAYV 29(1) 157-162, 1988.—The effects of cocaine on
Y-maze activity and heart rate have been examined in four inbred strains of mouse (BALB, C57BL, C3H and DBA). In
addition, brain [*H]-cocaine concentrations were measured at the time of maximal response to cocaine. Cocaine produced a
dose-related increase in Y-maze cross activity in C3H, DBA and C57BL, with C3H mice being considerably more sensitive
than DBA or C57BL. Cocaine was without effect on Y-maze cross activity in BALB mice. Cocaine produced a biphasic
effect on rearing activity in C3H mice, a dose related depression in BALB mice, and was without effect on C57BL and DBA
mice. At the highest dose studied (15 mg/kg), cocaine produced a small decrease in heart rate in C3H mice. Strain
differences in behavior were maximal 15 minutes after a dose of 5 mg/kg, IP. At this dose and time interval, brain
[*H]}-cocaine concentrations were not significantly different among the four strains of mice. The results suggest a
genetically-determined difference in CNS sensitivity to cocaine.
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COCAINE use and abuse has become widespread in our
society, but little is known concerning the biological factors
that contribute to the use of this substance. Genetic factors
are known to contribute to the use of other psychoactive
substances by humans. For example, it has been clearly es-
tablished that genetic factors contribute to the development
of alcoholism [4, 5, 11] and it may be that the use of tobacco
products is also regulated, in part, by heritable factors [8,26].
Similarly, significant variability in response to the methyl-
xanthines (caffeine, theophylline) exist in humans [9,30] and
it has been suggested that these differences, which are
presumably genetically determined, explain why some
people use methylixanthines and others do not. No studies of
the potential influence of genotype on cocaine use by hu-
mans have been published.

One way of establishing the potential for genetic factors
influencing substance use and abuse in humans is to ascer-
tain whether variability exists in parameters such as sensitiv-
ity to an acute dose of the drug, the development of drug
tolerance or drug avidity in genetically-defined animal mod-
els. Inbred strains of the mouse or rat have been used fre-
quently for such studies. If genetic factors regulate the acute
sensitivity, tolerance development or drug avidity (self-
administration) in laboratory animals the possibility exists
that humans may also differ in such measures because of
genetically regulated factors.

Numerous studies have demonstrated that genetically-
defined stocks of animals, generally mice or rats, differ in
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acute sensitivity to alcohol, in the development of tolerance
to alcohol, in alcohol withdrawal and in alcohol self-
administration (see {6, 10, 14, 15, 24, 29] for examples).
Strain differences in response to other CNS depressants
such as the barbiturates [1], benzodiazepines [7], general
anesthetics [16], and opiates [3,27] have also been reported.
Similarly, strain differences have been reported for a number
of CNS stimulants including the methylxanthines [25], am-
phetamine [20,22], apomorphine [17], and nicotine [12, 18,
19, 21]. Strain differences in response to drugs could result
from differences in pharmacokinetic and/or phar-
macodynamic measures and, with only a few exceptions,
such determinations have not been made. Nonetheless, the
data currently available clearly indicate that genetic factors
regulate the behavioral responses, both acute and chronic,
that accompany psychoactive drug administration.

The studies presented here comprise an attempt to estab-
lish whether inbred mouse strains differ in their responses to
an acute dose of cocaine. These studies used four inbred
mouse strains that we have demonstrated differ in acute
sensitivity [12, 18, 21] and in development of tolerance [19]
to nicotine. Two behavioral responses, Y-maze locomotor
and rearing activities, and a physiological response, heart
rate, were measured. In an attempt to ascertain whether the
strain differences that were detected were due to phar-
macokinetic or pharmacodynamic differences, brain levels
of radiolabeled cocaine were measured at the time of behav-
ioral testing (15 min after injection).
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FIG. 1. Dose related effect of cocaine on Y-maze crossing activity of four inbred mouse strains. Cocaine in normal saline
was injected IP. After 15 minutes the animals were placed in a Y-maze as described in the experimental section. Crosses
from one of the six sections of the maze to another were counted for a period of three minutes. Values represent the
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METHOD
Animals

Male mice of four inbred strains were used in this study.
C57BL/6Ibg, DBA/2Ibg and C3H/2Ibg mice were bred at the
Institute For Behavioral Genetics, University of Colorado,
Boulder, CO. These strains have been maintained at the In-
stitute for at least 20 generations. Male mice of the
BALB/cBylJ strain, originally obtained from Jackson Lab-
oratories, Bar Harbor, ME, were also bred at the Institute,
but have been maintained there for fewer than 10 genera-
tions. All animals were weaned at 25 days of age and were
housed with 1-5 male littermates. Food (Wayne Lab Blox)
and water were available ad lib. Animals were 60-90 days old
when tested.

Cocaine Administration

Cocaine HCI was obtained from Sigma Chemical Co., St.
Louis, MO. The drug was dissolved in normal saline, and
was administered by intraperitoneal (IP) injection. The in-
jection volume was 0.01 ml/g body weight. Five doses were
used: 0.0, 2.5, 5.0, 10.0 and 15.0 mg/kg. When employed,
L-[benzoyl-3,4-*H]cocaine (29.9 Ci/mmol, New England
Nuclear Corp., Boston, MA) was used in the preparation of
[*H]-cocaine for determination of brain concentrations after

IP administration. For these experiments, the 5 mg/kg dose
was administered at a specific activity of 7,485 dpm/nmol.

Y-Maze Activity

Both locomotor (crossing) and rearing activity were
measured in a symmetrical Y-maze. The maze consists of
three arms which are 26 cm long, 6.1 cm wide and 10.2 cm
high. Each arm was divided into two equal sections. The
maze was constructed of black acrylic plastic, and underlit
through a red floor using two 25 cm, 8 W fluorescent bulbs.
The top of the Y-maze was constructed of red translucent
acrylic plastic. Testing was begun 15 min after injection of
cocaine by placing the mouse in the center of the maze.
Testing was conducted for 3 min. Movements from one sec-
tion to another were counted, as were rears. Preliminary
experiments indicated that testing 15 min after injection as-
sured near maximal response to injected cocaine.

Heart Rate

Heart rate was measured by placing a mouse in a re-
strainer to allow insertion of needle electrodes under the
skin. One electrode was placed behind the left foreleg and
the other in front of the right hindleg. The electrodes were
connected through a preamplifier to a Narco Systems E & M
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FIG. 2. The dose related effect of cocaine on Y-maze rearing activity of four inbred mouse strains. Cocaine in normal saline
was injected IP. After 15 minutes, animals were placed in a Y-maze as described in the experimental section. Rearing
activity was counted for a period of three minutes. Values represent the mean+S.E.M. of observations on 6-8 animals.

Physiograph. Heart rate was measured for 6 sec and the rate
was estimated by counting the number of QRS complexes.
Heart rate was measured 18 min after injection. These mice
had already been tested in the Y-maze.

[*H]-Cocaine Concentration in Brain

Animals were injected with [®*H]-cocaine, and were de-
capitated, 15 min later. The brains were quickly removed
and weighed and the tissue was immediately homogenized in
3 ml of cold (4°C) 50 mM tris HCl (pH 7.4) containing 40 mM
NaF to inhibit plasma esterases. The resulting suspension
was centrifuged (20,000x g 20 min), and the supernatant was
decanted and adjusted to pH 9.5. The supernatant was then
extracted twice with 2 ml portions of ethyl acetate. In this
extraction, ecgonine and benzoyl ecgonine, the major co-
caine metabolites in brain, remain in the aqueous layer [2].
The organic extract was assayed by liquid scintillation count-
ing (minimum efficiency 35%), and each sample was cor-
rected for quenching. Extraction efficiency measured for this
procedure was found to be 92.1+3.8%. Brain concentrations
were calculated using the specific activity factor described
above, and expressed as nmol/g of tissue.

Data Analysis
All data were analyzed using both a one-way and a two-

way Analysis of Variance (ANOVA)to determine the effects
of strain and dose within a test condition. Since substantial
differences in basal (saline injected) Y-maze activity was
found, these data were analyzed after normalizing the scores
for the individual test saline activities for each of the four
strains. For those analyses in which significant effects were
observed, the results were subjected to Newman-Keul’s post
hoc test.

RESULTS

Figure 1 presents the effects of the varying doses of co-
caine on Y-maze locomotor activity (number of crosses into
the separate arms of the Y-maze) in the four strains. Both
qualitative and quantitative differences among the strains
were detected in this measure. C3H mice responded to co-
caine injection with an overall increase in Y-maze crossing,
F@4,29)=2.95, p<0.05. As the cocaine dose was increased
from 0-5 mg/kg, increased activity was observed. No further
increases were seen in this strain at the 10 and 15 mg/kg
doses. DBA mice exhibited a dose-related increase in activ-
ity throughout the dose range used, F(4,34)=2.86, p<0.05.
The C57BL and BALB strains, on the other hand, were more
resistant to cocaine’s effects on this test. CS7BL mice
showed an overall effect of cocaine, F(4,29)=3.30, p<0.05,
but significant increases were not seen until the 10 mg/kg
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FIG. 3. The dose related effect of cocaine on heart rate of four inbred mouse strains. Cocaine in normal saline was injected
IP. After completion of the Y-maze. test animals were placed in a restrainer and the heart rate was measured by means of
needle electrodes as described in the experimental section. QRS complexes were counted for 6 seconds. Values represent

the mean=S.E.M. of observations on 68 animals.

dose was attained. Cocaine did not significantly alter Y-maze
crosses in the BALB strain at any of the test doses,
F(4,33)=0.28, p>0.05. The two-way ANOVA detected sig-
nificant influences of strain, F(3,111)=20.63, p<0.01, dose,
F4,111)=5.89, p<0.01, and a significant strain by dose in-
teraction, F(12,111)=14.55, p<0.02. Therefore, the strains
were differentially affected by cocaine and the dose-
response relationships differed.

Strain differences in the effects of cocaine on Y-maze
rearing activity were also detected (Fig. 2). As was the case
with the Y-maze crosses, both qualitative and quantitative
differences among the strains were detected. Cocaine elic-
ited an overall effect in C3H mice, F@4,31)=6.35, p<0.01. A
dose-dependent increase and then decrease in rearing activ-
ity was observed. Rearing increased between 0 and 5 mg/kg
and returned to control levels with further increase in co-
caine dose. DBA mice showed what appeared to be a gradual
increase in rearing activity throughout the entire dose range
but the ANOVA indicated no overall drug effect,
F@4,34)=2.12, p>0.05. Similarly, CS7BL mice were unaf-
fected by cocaine in this test, F(4,29)=1.52, p>0.05,
whereas BALB mice were depressed by cocaine doses that
exceeded 5 mg/kg, F(4,33)=4.22, p<0.01. These qualitative
comparisons are consistent with the results obtained from
the two-way ANOVA where significant effects of strain,
F(3,111)=31.11, p<0.01, and dose, F(4,111)=3.35, p<0.02,

were detected. A significant strain by dose interaction term,
F(12,111)=3.61, p<0.01, was also obtained which supports
the contention that the strains were differentially affected by
increases in cocaine dose.

Because cocaine elicits powerful effects on the car-
diovascular system in humans, the effects of these doses of
cocaine on heart rate were also measured. The resuits of
these observations are presented in Fig. 3. Once again, strain
differences were detected (two-way ANOVA,
F(3,111)=4.71, p<0.01). Cocaine treatment elicited de-
creases in heart rate in only one of the four strains. The heart
rates of C3H mice were unaffected by cocaine until the 15
mg/kg dose was reached at which point a significant depres-
sion was seen, F(4,31)=3.09, p<0.05; post hoc analysis indi-
cated that the 15 mg/kg dose was different from all others
p<0.05). Cocaine did not affect the heart rates of C57BL,
F(4,29)=0.37, p>0.05, BALB, F4,33)=1.89, p>0.05, and
DBA mice, F4,34)=1.11, p>0.05.

In an attempt to ascertain whether these strain differences
in response to cocaine are due to pharmacokinetic differ-
ences, the concentration of [*H]-cocaine was measured in
brain following the injection of 5 and 50 mg/kg cocaine doses.
The results of these experiments are presented in Table 1.
Strain differences in cocaine content were minimal. The only
significant difference found was DBA>C3H at the 50 mg/kg
dose (p<0.05).
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TABLE 1

BRAIN CONCENTRATION OF [*H]-COCAINE IN FOUR INBRED
MOUSE STRAINS

[*H]-Cocaine

Strain (nmol/g of tissue)

Brain concentration of unhydrolyzed cocaine 15 minutes after
injection with a 5 mg/kg dose

C3H 1.99 = 0.42
DBA 1.54 = 0.06
BALB 2.32 £ 0.36
Cs7 1.48 = 0.10

Brain concentrations of unhydrolyzed cocaine 15 minutes after
injection with a 50 mg/kg dose

C3H 45.7 = 1.00
DBA 53.7 £ 3.10
BALB 38.6 = 9.50
Cs7 43.3 = 4.80

n=3-4.
Only significant difference: DBA > C3H at 50 mg/kg p<0.05,
Student’s r-test.

DISCUSSION

The results presented here clearly demonstrate strain
differences in Y-maze crosses and rearing activity and in
heart rate as well as in response to cocaine. Interestingly, the
relative rank order of the strains varied for the various tests
as well as for the cocaine effects. The C3H strain was the
most sensitive to cocaine’s effects on every measure, but the
rank order of the other strains varied for the various meas-
ures. For example, in Y-maze crossing activity the BALB
strain was the most resistant; cocaine did not alter the activ-
ity of BALB mice at any of the test doses whereas a sugges-
tion of an increase in activity was detected in DBA mice. The
effects of cocaine on Y-maze rearing activity are complex in
that one strain (C3H) showed a biphasic response, two
(C57BL. and DBA) were unaffected by cocaine, and another
(BALB) showed a dose-related decrease. Cocaine elicited
statistically significant decreases in heart rate in only one of
the strains (C3H). The BALB and DBA strains showed a
pattern of cocaine effect on heart rate that resembles the
effect seen in the C3H strain but the variance in response
was so large in these strains that statistically significant ef-
fects were not detected. The strains differed in rank order for
baseline activity in the various tests as well as in cocaine
response. However, there was no consistent relationship be-
tween baseline activity and cocaine effects.

The finding that the four strains vary in their relative sen-
sitivity to the effects of cocaine on the various tests suggests
that strain differences in cocaine disposition are not the pri-
mary cause of the variance in response. If pharmacokinetic
differences were the primary cause of the strain differences,
it seems reasonable to expect that a given strain would be
uniquely resistant or sensitive to every test. Differences
among the strains in brain cocaine content were not detected
15 min after cocaine administration. Therefore, we conclude
that the strain differences in response to cocaine are likely
due to differences in tissue sensitivity.

Shuster et al. [28] have assessed the effects of acute and
chronic cocaine injection on locomotor activity in three in-
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bred mouse strains (A, BALB, and C57BL). They reported
strain differences in activation following a single dose as well
as in sensitization (increased drug effect) following chronic
treatment. The least affected strain (A) showed the greatest
behavioral sensitization following chronic cocaine injection.
Cocaine metabolism was not measured. Nonetheless, the re-
sults of this study when combined with our results clearly
demonstrate that inbred mouse strains differ in their behav-
ioral responses to cocaine.

Several investigators have used some or all of these
mouse strains in studies of the genetic influence on response
to other psychoactive agents. For example, Moisset and
Welch [22] measured the effect of a 5 mg/kg dose of am-
phetamine on the open field activity of CS7BL/10J (a strain
that is very closely related to the C57TBL/6Ibg mice that were
used in our study) and BALB/cJ mice. These investigators
found that amphetamine treatment affected the C57BL mice
to a greater degree than it did the BALB mice. Meier et al.
[20] studied the effects of amphetamine (25 mg/kg) on jiggle
cage activity in the same four strains as were used in our
study. Only C57BL/6J mice showed an increase in jiggle cage
activity. Thus, it appears as though C57BL mice may be
uniquely sensitive to the actions of amphetamine whereas
they are among the most resistant of the strains that we
tested with regard to their responses to cocaine. The finding
that the relative sensitivity of genetically-defined mouse
strains differs for amphetamines and cocaine suggests differ-
ences in genetic regulation of response. An important impli-
cation of this finding is that it is not likely that cocaine and
amphetamine have identical mechanisms of action. ~

Strain differences in response to a psychoactive drug can
be used as a valuable first step in testing hypotheses concern-
ing the potential mechanism of action of that drug. For
example, comparisons of various mouse strains with regard
to their sensitivity to ethanol and to nicotine have provided
data that support the hypothesis that ethanol works by in-
creasing membrane fluidization [10] and that sensitivity to
nicotine-induced seizures is regulated by the number of
nicotinic receptors in the hippocampus [21]. It has been
suggested that the inhibition of reuptake of brain amines into
presynaptic nerve endings may be an important mechanism
of action for cocaine (13, 23, 31]. Strain differences in behav-
ioral sensitivity to cocaine may prove useful in testing the
hypothesis that cocaine does, indeed, exert its effects via an
action on monoamine uptake. If cocaine exerts its actions by
affecting monoamine uptake those mouse strains that are
most sensitive to behavioral effects of cocaine should also be
most sensitive to cocaine’s effects on monoamine uptake.
Alternatively, if behavioral effects and biochemical effects
are not correlated data will have been obtained which will
allow rejection of the ‘‘cocaine works by inhibiting
monoamine reuptake’’ hypotheses. It should be remembered
that adequate testing using the genetic method requires that a
sufficiently large (greater than 10) number of inbred strains
be used.

In summary, the results presented here clearly demon-
strate that genetic factors regulate the response of the mouse
to cocaine. Further studies of genetic influence on acute and
chronic response to this agent in laboratory animals may
ultimately prove useful in explaining why some individuals
use and abuse this drug while others do not.
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