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(4) 665–669, 1997.—We conducted experiments investigating
the role of altered cocaine distribution in behavioral sensitization. The first was designed to determine whether carry-over
from one injection to the next occurs after acute cocaine administration. Female, Sprague–Dawley rats were administered
5 mg/kg 

 

3

 

H-cocaine and 24 h later were challenged with either 5 mg/kg unlabeled cocaine or saline. Animals were sacrificed
15 min after drug administration. There was no difference between groups in cocaine levels in brain, liver, or plasma, thus in-
dicating that carry-over did not occur following acute cocaine administration. The second experiment was designed to deter-
mine whether bound cocaine could be released following acute or multiple dose cocaine administration. In the acute dose
study, animals were administered either 20 mg/kg cocaine or saline, challenged 24 h later with 5 mg/kg 

 

3

 

H-cocaine, and sacrificed 5
min after drug administration. Animals with previous cocaine experience exhibited a significant increase in the number of
rearings. The groups did not differ in brain or plasma cocaine levels. In the multiple dose study, animals were injected daily
for 4 days with 20 mg/kg cocaine or saline, challenged with 5 mg/kg 

 

3

 

H-cocaine on day 5, and sacrificed 10 min after drug ad-
ministration. Animals with previous cocaine experience exhibited significantly greater locomotor activity and number of
rearings. There was no difference between groups in cocaine levels in various brain regions, plasma, or liver. Brain cocaine
content in various regions was significantly correlated, though heterogeneously distributed within the various regions. The
highest cocaine levels were found in hippocampus, striatum, thalamus/hypothalamus, and cortex. These results provide fur-
ther evidence that behavioral sensitization is not the result of cocaine redistribution following repeated administration.
© 1997 Elsevier Science Inc.
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REPEATED intermittent administration of cocaine and am-
phetamine results in a progressive increase in exploratory be-
havior in animals, a process known as sensitization or reverse
tolerance (20,10). Numerous studies have led to the conclu-
sion that sensitization is most likely related to increased
dopaminergic transmission following repeated cocaine admin-
istration, although the exact mechanism is unknown.

Alternatively, increased response after repeated adminis-
tration may be due to increased availability of the drug upon
subsequent administration (19,11,14). Possible mechanisms for
this include:

1. increased absorption from the injection site (15),

2. persistence of drug in the biophase, such as observed with
repeated haloperidol administration (3,9), or

3. persistence of drug in peripheral binding sites that may be
displaced or mobilized upon subsequent drug administra-
tion.

In order to investigate the role of increased brain cocaine
content in behavioral sensitization after repeated cocaine ad-
ministration, we have measured cocaine content in various
brain regions under conditions that produce behavioral sensi-
tization and carried out a study to determine whether re-
peated cocaine administration results in displacement of pe-
ripherally bound cocaine.

 

Requests for reprints should be addressed to Peter L. Bonate, Hoechst Marion Roussel, POB 9627 (F4-M3112), Kansas City, MO 64134.
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METHODS AND MATERIALS

 

Drugs and Reagents

 

Drug standards (cocaine hydrochloride, 
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H-cocaine, and
RTI-31) were obtained courtesy of the National Institute on
Drug Abuse (Research Triangle Park, NC). Solvents were at
least HPLC grade and inorganic chemicals were reagent
grade or better. Drug standards and doses were calculated as
the free base. 
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H-cocaine was at least 95% pure as determined
by HPLC with fraction collection. The major contaminant in
the standard was norcocaine based on retention time confir-
mation and co-chromatography. The radiolabeled cocaine
standard was diluted with unlabeled cocaine in 0.1 N hydro-
chloric acid to generate a solution of 5 mg/kg cocaine.

 

Subjects

 

Subjects were female, Sprague–Dawley rats (Harlan
Sprague Dawley, Indianapolis, IN) weighing between 200–270 g.
They were group housed, 4–5 animals per cage, with a 12-L:12D
cycle. Food and water were freely available except that food
was made unavailable the night prior to sacrifice because pre-
vious research suggested that food delays the intraperitoneal
absorption of cocaine and blunts the maximal cocaine plasma
concentration. All injections were intraperitoneal.

 

Behavioral Assessment

 

Locomotor activity was monitored using a Digiscan Ani-
mal Activity Analyzer (Omnitech Electronics, Columbus OH).
Animals were placed in a Plexiglas box (16 

 

3 

 

16 
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 8 inches)
with 12 photocell detectors along 2 perpendicular sides of the
box and 12 photocell detectors along the other 2 sides for the
measurement of horizontal activity. The beams were placed
approximately 2 inches above the floor of the locomotor box.
Photocell counts, produced by interruption of the infrared
beams, were counted and displayed. The boxes were placed in
a hood to minimize outside interference and were isolated
from one another by dividers. To maximize the difference be-
tween the test cage and home hanging wire cages, wood chips
were placed in the bottom of the test cage.

 

Analysis of Cocaine by HPLC and 
Liquid Scintillation Spectroscopy

 

Parent cocaine was analyzed by HPLC with ultraviolet de-
tection (2). The limit of detection (LOD) was 25 ng/ml and 25
ng/g in plasma and brain, respectively, and was linear from 50
to 4000 ng/ml or ng/g, respectively. A modification of the method
using a smaller dilution factor decreased the LOD to approxi-
mately 5 ng/g in brain.

Due to lack of a validated HPLC method for cocaine in tis-
sues other than brain, cocaine levels were measured in other
tissues by radioactivity using a Packard Tri-Carb Liquid Scin-
tillation Counter (Merriden, CT). Counting efficiency was
verified by spiking blank plasma, liver, and brain with a
known amount of 

 

3

 

H-cocaine. After background correction,
quantification using radioactivity offered greater sensitivity
than HPLC: the LOD for cocaine in plasma and brain was ap-
proximately 10 ng/ml and 10 ng/g, respectively. However, be-
cause radioactivity measures parent drug and any metabolites
that carry the radiolabel, it suffers from lack of specificity.

 

Data Analysis

 

Differences between groups were tested using analysis of
variance (ANOVA). When the assumptions of the ANOVA

were violated, the Kruskal–Wallis test was substituted. Differ-
ences between groups in regional brain cocaine levels were
tested using multivariate analysis of variance (MANOVA).
Differences between brain regions were tested using Scheffe’s
test. Data are expressed as mean 
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 SEM. Radioactivity data
was transformed to ng-equivalents of cocaine using the fol-
lowing formula:

Test statistics were considered statistically significant if the

 

p

 

-value was less than 0.05. 

 

STUDY 1: IS THERE CARRY-OVER OF COCAINE
FROM ONE INJECTION TO THE NEXT?

 

Study Design

 

Ten animals were taken to the testing room and weighed.
Animals were isolated in individual plastic cages for 30 min
prior to injection. Animals were then given 5 mg/kg 
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H-cocaine
(0.4 

 

m

 

Ci) and placed in the locomotor boxes where their loco-
motor activity was recorded for 30 min. Immediately after-
ward the animals were returned to their home cage. The next
day, animals were randomized into two groups. The control
group was administered saline, sacrificed by decapitation 15
min after injection, and whole blood, brain, and liver were
collected. The test group was taken to the testing room,
weighed, and isolated in individual plastic cages for 30 min.
Animals were then given 5 mg/kg unlabeled cocaine and
placed in the locomotor boxes where their locomotor activity
was recorded for 15 min. Immediately afterward the animals
were carried to another room, where they were sacrificed by
decapitation and whole blood, brain, and liver removed. Tis-
sues were diluted 1:3 in 0.2 N perchloric acid and radioactivity
in a 1.0 g aliquot counted by liquid scintillation spectroscopy.
Whole blood was centrifuged and radioactivity in a 1.0 ml
aliquot of plasma was counted. Animals in both groups were
sacrificed 24 

 

6

 

 1 h after their initial radiolabeled cocaine
challenge.

 

Results

 

Figure 1 shows the radioactive cocaine plasma, liver, and
brain levels 15 min after the second of 2 cocaine injections
spaced 24 h apart. Negligible radioactivity was observed in
brain and liver. Plasma levels were very close to the limit of
detection and for all practical purposes were undetectable.
Using an average weight of 5.0 and 1.7 g for liver and brain,
respectively, approximately 310 and 66 ng of cocaine-equiva-
lents was observed in the liver and brain, respectively. This
represents less than 0.01% of the injected dose. Because the
liver and brain cocaine levels within groups were highly
skewed, the Kruskal–Wallis test was used to test for differ-
ences between groups. Although brain and liver levels were
increased in the group challenged with cocaine 24 h after co-
caine pretreatment the difference between groups was not sig-
nificant. These results suggest that cocaine does not carry-
over from one injection to the next.

 

STUDY 2: CAN BOUND COCAINE BE MOBILIZED FOLLOWING
MULTIPLE DOSE COCAINE ADMINISTRATION?

 

Acute Study

 

Twenty animals were taken to the test room, weighed, and
placed in isolated plastic cages for 30 min. Animals were then

ng equivalent–
g of tissue or ml
---------------------------------------

dpm
ml or g
-----------------   * dilution

factor
 * specific

activity
=
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administered either 20 mg/kg cocaine or saline, immediately
placed in the locomotor cage for 30 min, and then returned to
their home cage. The next day animals were taken to the test
room, weighed, and placed in isolated plastic cages for 30 min.
They were then administered 5 mg/kg 

 

3

 

H-cocaine (0.4 

 

m

 

Ci)
and placed into the locomotor boxes. Five min after drug ad-
ministration, the animals were sacrificed and whole blood and
brain removed. In Experiment 1 quenching had occurred be-
cause brains were homogenized in perchloric acid. To mini-
mize quenching in this study, brain tissue was homogenized in
the buffer recommended by Bonate et al. (2). Radioactivity in
1.0 g of brain homogenate and 1.0 ml of plasma was counted.
Brain homogenate was assayed for parent cocaine using
HPLC with UV detection.

 

Multiple Dose Study

 

The multiple dose study was similar to the acute study. Six-
teen animals were given either 20 mg/kg cocaine or saline
daily for 4 days. On the fifth day animals were injected with 5
mg/kg 

 

3

 

H-cocaine (0.4 

 

m

 

Ci). In the acute study, increased lo-
comotor activity was not observed in animals with previous
cocaine experience, possibly as a result of the short (5 min) in-
terval between injection and sacrifice. Therefore in the multi-
ple dose study animals were sacrificed 10 minutes after the fi-
nal injection of radiolabeled cocaine in an attempt to further
delineate behavioral differences between groups. Immedi-
ately after sacrifice the brain was dissected into the striatum,
cerebellum, hippocampus, thalamus/hypothalamus, midbrain,
hindbrain, and cortex using the modified method of Glowinski
and Iversen (7). Radioactivity in each brain region was
counted. Liver was removed, diluted 1:3 with 100 mM potas-
sium phosphate monobasic/0.5% sodium fluoride, pH 4.5, and
radioactivity in 1.0 g was counted.

 

Results

 

Figure 2 shows the plasma and brain cocaine levels 5 min
after the second of 2 cocaine injections spaced 24 h apart. Fig-
ure 2 also shows the horizontal locomotor activity and num-
ber of rearings in each group. Animals with previous cocaine

experience had greater exploratory activity than controls as
evidenced by an increased number of rearings 

 

(

 

F

 

(1, 17) 

 

5

 

13.81, 

 

p 

 

,

 

 0.001) in the cocaine treated group, thus suggesting
that behavioral sensitization had occurred in the cocaine
treated group. There was no difference in total locomotor ac-
tivity between groups nor were there significant differences in
brain or plasma cocaine levels between groups. There was a
marginally significant correlation between whole brain co-
caine levels and number of rears (Pearson’s 

 

r

 

 

 

5 

 

0.48, 

 

p

 

 

 

,

 

0.048), whereas the correlation between whole brain levels
and locomotor activity was not significant. Also, there was a
significant increase in the brain to plasma ratio (

 

p 

 

,

 

 0.05) in
cocaine treated animals (2.3 
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 0.2) compared to saline treated
animals (1.7 
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 0.15). HPLC analysis of the whole brain homo-
genates revealed that all of the radioactivity could be ac-
counted for by parent cocaine and was not due to the pres-
ence of any radiolabeled metabolites such as norcocaine or
benzoylecgonine.

Figure 3 shows the cocaine concentration in each brain re-
gion, in plasma, and in liver after repeated cocaine adminis-
tration, along with total horizontal locomotor activity and
number of rears. Animals with previous cocaine experience
had greater exploratory activity than controls as evidenced by
both total locomotor activity (

 

F

 

(1, 11) 

 

5

 

 20.1, 

 

p

 

 

 

, 

 

0.001) and
number of rears (

 

F

 

(1, 11) 

 

5

 

 29.9, 

 

p

 

 

 

, 

 

0.001), thus indicating
behavioral sensitization. No difference between groups was
observed in plasma or liver cocaine levels.

Although there was good correlation in cocaine content
among brain regions (range: 0.94–0.99, 

 

p

 

 

 

, 

 

0.001), MANOVA
revealed that cocaine was heterogeneously distributed in the

FIG. 1. Cocaine liver, brain, and plasma radioactivity levels 15 min
after administration of either 5 mg/kg cocaine (open) or saline (solid).
All animals were treated 24 h earlier with 5 mg/kg 3H-cocaine. There
was no difference in liver, brain or plasma levels between groups.
Error bars are standard error of mean (n 5 5/group).

FIG. 2. Total horizontal locomotor activity and number of rears in 5
min after administration of 5 mg/kg 3H-cocaine (top). Animals were
treated 24 hours previously with either 20 mg/kg cocaine or saline
controls. There was a significant difference in number of rears (p ,
0.001) in animals with previous cocaine experience, but not in total
locomotor activity, compared to saline-treated controls. There was no
difference in cocaine brain or plasma levels (bottom). Error bars are
standard error of mean (n 5 9–10/group).
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brain (Wilks’ 

 

L 5

 

 0.0179, 

 

F

 

(6, 66) 

 

5

 

 54.7, 

 

p

 

 

 

, 

 

0.0001). Using
Scheffe’s test, there was no difference in cocaine levels in hip-
pocampus, striatum, thalamus/hypothalamus, and cortex. Sig-
nificantly less cocaine was found in hindbrain (

 

p

 

 

 

, 

 

0.01), mid-
brain (

 

p

 

 

 

, 

 

0.05), and cerebellum (

 

p

 

 

 

, 

 

0.01). Plasma cocaine
levels were significantly correlated with brain cocaine levels
(range: 0.64–0.73, 

 

p

 

 

 

, 

 

0.02). No significant correlation was ob-
served between brain cocaine levels and locomotor activity or
between brain cocaine levels and number of rears. No differ-
ence was observed in the brain to plasma cocaine ratio be-
tween cocaine pretreated and saline pretreated rats. These re-
sults suggest that bound cocaine is not mobilized or released
by subsequent cocaine administrations.

 

DISCUSSION

 

The results indicate that sensitization occurred following
repeated cocaine administration but alterations in cocaine
brain levels did not. Due to differences in time of sacrifice it is
difficult to make comparisons between the studies. In Study 1,
carry-over of cocaine did not occur from one injection to the
next. In study 2, bound cocaine did not appear to be mobilized

or released following acute or multiple dose cocaine adminis-
tration. The results of this study indicate that behavioral sen-
sitization occurs in the absence of altered brain cocaine levels
suggesting that sensitization is independent of cocaine distri-
bution.

Previous studies have reported that repeated cocaine ad-
ministration could result in increased cocaine levels compared
to an acute administration (8,17,18,19). In contrast, none of our
studies demonstrated increased brain cocaine levels following
either acute or multiple dose cocaine administration. Two pos-
sibilities may explain this discrepancy. First, the dose of cocaine
used in our study is at least 50% less than the dose used in other
studies. It may be that the pharmacokinetics of cocaine are
nonlinear such that multiple administration of high cocaine
doses results in increased brain cocaine levels whereas multiple
administration of low cocaine doses does not.

Common mechanisms of nonlinearity include saturable
protein binding or saturable tissue binding. Since it is gener-
ally believed that only unbound drug penetrates the blood-
brain barrier, it follows that an increase in the unbound drug
fraction after saturation of peripheral binding sites may in-
crease the amount of drug in the brain to maintain equilib-
rium. Parker et al. (16) showed that in human serum free co-
caine levels significantly increase when serum cocaine
concentrations are greater than 1000 ng/ml. In fact, an in-
crease from 1000 ng/ml to 3000 ng/ml resulted in a 40% in-
crease in the free fraction. It is easy to conceive a scenario
wherein the first and subsequent cocaine administrations sat-
urate peripheral binding sites such that the final challenge
dose results in an increase in the free fraction. Thus, in hu-
mans the possibility exists that disproportionately more co-
caine may reach the brain after administration of higher doses
than lower doses, if the corresponding drug concentrations
are greater than the plasma protein saturation point. The
question remains “at what level do cocaine levels saturate
protein binding sites in the rat”?

Alternatively, our study used female rats whereas previous
studies used male rats. It is widely recognized that the phar-
macokinetic disposition of many drugs differs between fe-
males and males due to many factors, including alterations in
metabolism and protein binding (1). It may be that female
rats have either greater protein binding capability at a given
cocaine concentration or have a higher saturation point than
males. Thus females may require more cocaine to saturate pe-
ripheral binding sites than males with less cocaine available
for diffusion into the brain. Behavioral data do not support
this hypothesis; female rats tend to sensitize more readily than
male rats (6) suggesting that, if anything, they may have
greater free cocaine levels than males.

The brain to plasma ratio in animals pretreated with a sin-
gle cocaine injection was elevated compared to saline controls
but was not elevated following multiple dose cocaine pretreat-
ment. Pharmacokinetic studies have shown that it is brain to
plasma partition coefficient, not the observed brain to plasma
ratio, which is an indicator of the degree of binding between a
tissue and plasma (5). The brain to plasma partition coeffi-
cient is a constant, specific for a drug and the brain, whereas
the brain to plasma ratio is a nonlinear function of many vari-
ables, including time, organ blood flow and the brain partition
coefficient (4). It is only when an animal is dosed via continu-
ous infusion and steady-state is reached, that the brain to
plasma partition coefficient equals the brain to plasma ratio.
Whether an increase in the brain to plasma ratio results in an
increase in the brain to plasma partition coefficient is unclear
in the absence of brain blood flow data. Hence, alterations in

FIG. 3. Total horizontal locomotor activity and number of rears in
10 min after administration of 5 mg/kg 3H-cocaine (top). Animals
were treated daily for 4 days with either 20 mg/kg cocaine (open) or
saline (solid). There was a significant difference in locomotor activity
(p , 0.001) and number of rears (p , 0.001) in animals with previous
cocaine experience compared to saline-treated controls. There was
no difference between groups in regional cocaine brain levels,
plasma, or liver levels (bottom). Error bars are standard error of
mean (n 5 7–8/group).
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the observed brain to plasma ratio can not be interpreted
physiologically. The increase in brain to plasma ratio is appar-
ently transient and not maintained upon multiple administra-
tion and/or is increased in the first 5 min after drug adminis-
tration, but returns to control values within 10 min. Future
studies are needed to further define the temporal characteris-
tics of the brain to plasma ratio.

Animals pretreated with either warfarin (21) or the angio-
tensin converting enzyme inhibitor, enalaprilat (22) demon-
strate elevated drug levels upon repeated administration.
Levy (12) proposed that this could result from high-affinity,
low-capacity binding in tissues whereupon subsequent drug
administration results in altered drug distribution. Levy further
speculated that drug redistribution might lead to an “unex-
pected and undesired resurgence of a pharmacologic effect”,
such as LSD flashbacks. Nayak et al. (13) demonstrated per-
sistent radioactivity in liver and kidney of rats administered
radiolabeled cocaine 24 hours earlier. We therefore hypothe-

sized that repeated cocaine administration was either mobiliz-
ing this bound form of cocaine from liver to plasma, and sub-
sequently to brain, or that once saturation of liver and/or fat
binding sites was complete, subsequent drug administration
would result in higher brain levels. Either effect could result
in behavioral sensitization. Our results suggest that neither
occurs. Although there was radioactivity in liver and brain 24
hours following administration of radiolabeled cocaine, there
was no increase in brain radioactivity after challenge with un-
labeled cocaine. This suggests that bound cocaine is not mobi-
lized by subsequent cocaine administration.

In summary, our results suggest that changes in cocaine
brain levels as a result of repeated administration are minimal
and that sensitization is not the result of such changes. Future
studies should be done studying the linearity of cocaine phar-
macokinetics in rats and whether differences occur between
males and females in cocaine’s pharmacokinetics.
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