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(2) 395–405, 1998.—The development of sensitization to the behavioral effects of cocaine oc-
curs with repeated intermittent usage. In the present study rats were given five daily IP injections of cocaine (10 mg/kg) im-
mediately prior to placement in an open-field environment for 20 min to induce cocaine sensitization. Control groups
received saline injections or cocaine injections (10 mg/kg) 30 min after testing in the home cage. One week later the animals
were given a challenge test with 10 mg/kg cocaine. The animals that had received cocaine in the test environment exhibited a
more rapid onset of cocaine-induced behavioral effects than either animals previously treated with saline or animals that had
received cocaine in the home cage. In a second experiment, the same sensitization protocol was followed except that during
the interval between the end of the cocaine/saline treatments and the challenge test, the animals were given six daily 20-min
saline tests to assess the contribution of differential habituation and/or Pavlovian conditioning to the sensitization effect. Nei-
ther habituation or Pavlovian conditioning altered the more rapid onset of cocaine stimulant effects induced by repeated co-
caine treatments. It is suggested that the faster onset of cocaine effects is another way in which cocaine sensitization contrib-
utes to cocaine abuse liability. © 1998 Elsevier Science Inc.
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TWO opposite but frequent effects of chronic drug use are
the development of either (a) tolerance or, (b) sensitization to
the initial drug-induced effect. In the case of the stimulant ef-
fects of cocaine, tolerance as well as sensitization can develop
depending upon the schedule of drug administration. With a
continuous cocaine treatment regimen tolerance occurs
(25,43), whereas with discontinuous or intermittent cocaine us-
age sensitization typically is observed (41). The development
of sensitization to cocaine with intermittent administration has
attracted considerable attention as an important contributing
factor in the addictive potency of cocaine (3,24,31,37). In view
of this possible link to addictive processes, extensive preclini-
cal research has been conducted in an effort to identify the
mechanisms that underlie the development of sensitization to
cocaine. Evidence obtained from a variety of methodologies
implicate dopamine, opioid, and excitatory amino acid mech-
anisms (12,14–16,18–23,28–30,32,33,36,38,39) in the develop-
ment of behavioral/neurochemical sensitization to cocaine. In
addition, steroids such as corticosterone, estrogen, and tes-
tosterone also appear to contribute to the occurrence of co-
caine sensitization effects (2,13,17,26,27,34,40). Interestingly,
behavioral but not neuroendocrine effects of cocaine undergo

sensitization (4). Altogether, these studies reveal the com-
plexity of the cocaine sensitization process at the neurobiolog-
ical level.

Although the possible mechanisms underlying cocaine sen-
sitization are being intensively investigated, the behavioral di-
mensions of sensitization have received less attention. In a
previous study, (7) we observed that the behavioral and phar-
macokinetic effects of an IP cocaine injection are rapid with
peak effects occurring within the first 5 min after the injec-
tion. Whereas most studies of behavioral sensitization to co-
caine assess the overall behavioral drug response, we thought
it would be useful to assess cocaine sensitization effects during
the onset of the drug effect. A focus on the onset of the drug
effect appeared relevant to issues relating cocaine sensitiza-
tion to abuse liability because it is well known that the efficacy
of a reinforcement upon behavior is strongly influenced by
both the magnitude and the delay of the reinforcement. Thus,
a potentially important behavioral impact of a sensitization
mechanism upon drug reinforcement would be to shift the on-
set of peak drug effects to an earlier time after drug adminis-
tration. Guided by this consideration, we examined whether
repeated (IP) cocaine treatments (10 mg/kg) would lead to a
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shift in the onset of the locomotor stimulant effect to an ear-
lier time after the cocaine injection.

 

METHOD

 

Animals

 

Naive male Sprague–Dawley rats from Taconic Farms
(Germantown, NY), 6 months old and weighing approxi-
mately 500 g at the start of the experiments, were used. Upon
arrival, the animals were housed in individual 25 

 

3

 

 17 

 

3

 

17 cm
wire mesh cages in a climate-controlled room at 22

 

8

 

C with a
12 D:12 L cycle. During the first week after arrival, all animals
were handled and weighed daily for 7 days. During the second
week the animals received three injections (IP) of 0.9% saline
(1 ml/kg) to acclimate the animals to the injection procedure.
All experiments occurred during the 12-h light cycle.

 

Drugs

 

Cocaine hydrochloride (Mallinckrodt Specialty Chemical,
St. Louis, MO) was dissolved in sterile distilled H

 

2

 

O in a con-
centration of 10 mg/ml. All injections were IP.

 

Apparatus

 

All of the behavioral tests were conducted in a square
open-field compartment that was 60 

 

3

 

 60 

 

3

 

 45 cm. A closed-
circuit video camera (RCA TC7011U) was mounted 50 cm
above the open-field box. All signals were analyzed by a video
tracking system, the Videomex-V from Columbus Instru-
ments (Columbus, OH), and the data was imported into a PC-
compatible computer. The walls of the chamber were white,
and the floor of the open-field box was covered by plain white
paper that was changed after each animal. Ambient white
noise (80 dB) was provided by an audio tape player and was
turned on immediately prior to placement of the animal in the
test chamber and turned off upon removal from the test
chamber. Testing was conducted under conditions of red-light
illumination to enhance the contrast between the subject and
background and to reduce the animal’s shadow. To be sure
that penetration of the central zone had occurred, the ani-
mal’s head was blackened by a marker pen and the camera
only tracked this feature of the rat’s body. A central zone
(CZ) comprising 

 

1

 

⁄

 

9

 

 of the floor area was programmed to be
monitored by the video analyzer independently from the rest
of the open field. During each session, data was collected ev-
ery 2.5 min or in some instances 30 s by the computer. A dot
matrix printer (Epson FX-286e) was placed outside the test
room and was connected to the image analyzer by a parallel
cable and the computer screen tracings of the animal’s move-
ment were printed out either every 2.5 min or every 30 s, de-
pending upon the experiment. The complete test procedure
was conducted automatically without the presence of the ex-
perimenter in the test room. In addition, a VHS VCR was also
connected to the camera for the purpose of recording supple-
mentary behavioral data and providing the ability for one to
review and reinput the video tape signal to the image analyzer
in case of a malfunction of either the analyzer or the printer
during the experiments.

 

Design and Procedures

 

Two separate experiments were performed. In each exper-
iment, there were two phases: (a) a sensitization induction
phase, and (b) a sensitization challenge test phase. In both ex-
periments the induction phase was the same. Initially, the ani-

mals received a 10-min test in the open-field environment fol-
lowing a saline injection. This test was used to match groups
upon the two dependent variables used in the experiment,
namely locomotion distance and entries into the central zone.
Three days after the completion of this nondrug test the ani-
mals were assigned to one of three treatment conditions: (a)
saline (S), (b) 10 mg/kg cocaine before (Coc-B), and (c) 10
mg/kg cocaine after (Coc-A). The Coc-B and Coc-A groups
had 

 

n 

 

5

 

 7, respectively, whereas the S group had 

 

n 

 

5

 

 14, one-
half of which was given cocaine in the sensitization challenge
test and the other half was given saline. The S and the Coc-B
treatments were administered immediately prior to placement
of the animals in the test environment. The Coc-A treatment
group received the cocaine injection 30 min after testing in its
homecage. All animals received five daily treatments during
the induction phase. In Experiment 1, the animals were given
a sensitization challenge test 7 days after completion of the in-

FIG. 1. Means and SEMs for locomotion distance (upper panel) and
central zone entries (lower panel) during 20-min test sessions on 5
successive treatment days. The cocaine-before group received
cocaine (10 mg/kg) immediately before testing and the cocaine-after
group received cocaine (10 mg/kg) 30 min after testing in the home
cage. The two saline groups received saline immediately before test-
ing. 1Denotes p , 0.01 for the difference between the group that
received cocaine before testing vs. all other groups.
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duction phase. In the challenge test, the Coc-B, Coc-A and
one-half of the S group received 10 mg/kg cocaine immedi-
ately prior to testing. One-half of the original S group re-
ceived saline on this last test day to have a baseline nondrug
reference group. The test lasted for 20 min. In Experiment 2
the induction protocol was the same (the Coc-B and Coc-A
groups had 

 

n 

 

5

 

 7 and the S group had 

 

n 

 

5

 

 14), but the sensiti-
zation challenge test procedures were modified. Prior to the
challenge test for sensitization the animals were given six
daily saline injections. This testing was performed to extin-
guish possible cocaine conditioned effects that could add to
the sensitization effects. If the sensitization effects were the
result of conditioned effects adding to the drug-induced ef-
fects then the extinction procedure should serve to reduce the
cocaine response in the Coc-B group to that of the Coc-A and
S groups when they are given the cocaine challenge test after
the extinction procedure. This latter test was conducted the
day after the sixth extinction test. Because the sensitization ef-
fects in Experiment 1 were most evident within the first 5 min
after the cocaine injection, this challenge test lasted 5 min
with behavior recorded every 30 s. In addition, the animals
were sacrificed immediately after testing to measure brain
and plasma levels of cocaine.

 

Statistical Analyses

 

Multivariate Analysis of Variance (MANOVA) was used
to analyze the behavioral data to determine the group effects,

repeated measurement effects, within-session effects, as well
as the interaction between these three variables. Subse-
quently, more specific comparisons were needed using one-
way and two-way ANOVA for locomotion distance (meters)
and CZ entries. To make specific group comparisons, post hoc
Duncan’s multiple range tests were performed because this
test incorporates the variability at all treatments. 

 

p 

 

,

 

 0.05 was
used as the criterion for statistical significance. One-way
ANOVA was employed to assess the biochemical data.

 

Biochemical Procedures

 

Immediately following completion of the behavioral test-
ing in Experiment 2, animals were placed in a plastic restrain-
ing cone (Braintree Products, Inc.) and sacrificed by decapita-
tion. Trunk blood was collected in tubes containing 200 

 

m

 

l of
0.5% sodium fluoride and centrifuged for 15 min at 2,500 rpm.
The plasma was frozen at 

 

2

 

70

 

8 

 

and subsequently assayed for
cocaine. The brain was rapidly removed and dissected on a
chilled glass plate. Under magnification, three brain samples
were collected; a frontal cortex sample (a 2 

 

3

 

 2 mm bilateral
section of the medial frontal pole), a bilateral striatal and a bi-
lateral limbic sample. The limbic tissue included nucleus ac-
cumbens, olfactory tubercle, and overlying pyriform cortex.
Following dissection, the samples of brain tissue were
weighed, placed in tubes containing 0.5 ml of 0.1 M perchloric
acid and 4.5 

 

m

 

l of 10 

 

m

 

m/ml dihydroxybenzylamine (DHBA)
as an internal standard, and then homogenized and centri-

FIG. 2. Within-session means and SEMs for distance (upper panel) and central zone entries (lower panel) on the pretreatment test (10 min)
and day 1 and day 5 treatment days (20 min). All groups received saline prior to the pretreatment test. 1Denotes p , 0.01 for the difference
between the group that had received cocaine-before testing in the treatment phase vs. all other groups.
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fuged. The resulting supernatant was filtered through 0.2 

 

m

 

m
pore filters and the extracts were stored at 

 

2

 

70

 

8

 

C until the
HPLC-EC analysis, which was completed within 24–72 h. The
tissue samples were analyzed for dopamine (3-hydroxy-
tyramine), the dopamine metabolites, DOPAC (3,4-dihydroxy-
phenyl-acetic acid), 5-HT (5-hydroxytryptamine), and the me-
tabolite 5-HIAA (5-hydroxyindole-3-acetic acid). A BAS
biophase C18 reverse phase column (4.6 

 

3

 

 250 mm, 5 

 

m

 

m)
was used. The buffer was 0.15 M monochloroacetic acid, pH
3.1, 2 mM EDTA, and 0.86 mM SOS (sodium octyl sulfate).
This was added to 35 ml acetonitrile to make 1 l. This solution
was then filtered and degassed and 18 ml tetrahydrofuran
(THF) was added. The mobile phase flow rate was 1.2 ml/min
and a BAS 4B EC detector was set at 0.8 V.

After the blood samples were centrifuged to separate
plasma from blood cells, a solid phase extraction procedure
was followed to prepare the plasma sample for analysis. The
extraction column was a Narc2, 3 ml (125 mg) column (J. T.
Baker, Phillipsburg, NJ). 0.5 to 1.0 ml of serum was used, de-
pending upon availability. One hundred percent acetonitrile
was added to the serum (3:1 acetonitrile to serum) and centri-
fuged for 5 min at 2,500 RPM. The supernate was decanted
and added to it 0.1 M sodium phosphate buffer, pH 6.1 (2:5
buffer to serum). Using 0.1 M HCl, the final pH of the sample
was between 4 and 6. Under vacuum, the column was first
conditioned with 2 ml methanol followed by 2 ml 0.1 m so-
dium phosphate buffer (pH 6.1). Before the column could dry
the prepared sample was passed through the column and this
was immediately followed with 3 ml HPLC grade water, 3 ml
0.1 m HCl followed by 9 ml 100% methanol. Finally, the sam-
ple was eluted with 2 1.0 ml Methylene chloride/Isopropanol/
Ammonium hydroxide (77:19:4) and then dried under a
stream of nitrogen. Mobile phase was added to the dried sam-
ple and directly injected into the HPLC column.

For cocaine analyses in plasma and brain tissue a 100 

 

3

 

 4.6
mm 3 

 

m

 

m Adsorbosphere catecholamine column (Alltech,
Deerfield, IL) was used in conjunction with a 76% 0.02 M Po-
tassium phosphate, pH 3.0 buffer, and 24% acetonitrile mo-
bile phase. Column temperature was maintained at 25

 

8

 

C, with
a flow rate of 0.5 ml/min. The samples were detected with a
Bioanalytical Systems (West Lafayette, IN) variable wave-
length UV detector. The setting was 235 nm (8).

 

RESULTS

 

An overall statistical analysis was performed upon the re-
sults obtained in Experiment 1 during the 5 days of cocaine
treatment. Separate MANOVA analyses were performed for
the distance and central zone entry data using group, day, and
within-session interval as the three variables. For distance,
there was a highly significant group effect, 

 

F

 

(3, 24)

 

 

 

5

 

 188.9,

 

p 

 

,

 

 0.001, interval effect 

 

F

 

(4,24) 

 

5

 

 128.1, 

 

p 

 

,

 

 0.001 and group
interval interaction, 

 

F

 

(12, 96) 

 

5

 

 10.7, 

 

p 

 

,

 

 0.001. No other
main effects or interactions were statistically significant (

 

p 

 

.

 

0.05). In the case of central zone entries, there was a statisti-
cally significant group effect, 

 

F

 

(3, 24)

 

 

 

5

 

 79.5, 

 

p 

 

,

 

 0.001, and a
statistically significant group interval interaction, 

 

F

 

(12, 96)

 

 

 

5

 

6.4, 

 

p 

 

,

 

 0.001. No other differences were statistically signifi-
cant (

 

p 

 

.

 

 0.05). Figure 1 presents the session totals for dis-
tance and CZ entries over the 5 days of treatment. One-way
ANOVAs performed on group differences for each day
yielded 

 

F

 

-values that were statistically significant at the

 

 p 

 

,

 

0.001 level, and on each day the cocaine before group had
higher scores than the other three groups, which did not differ
from each other. The three-way MANOVA statistical analy-

sis indicated that there was a marked treatment by within-ses-
sion interval relationship. Accordingly, Fig. 2 presents the
within-session results for the pretreatment test and for treat-
ment day 1 and treatment day 5. On the pretreatment test,
there were no group differences for distance, 

 

F

 

(3, 24)

 

 

 

5

 

 0.34,

 

p 

 

.

 

 0.05, or central zone entries, 

 

F

 

(3, 24)

 

 

 

5

 

 0.61, 

 

p 

 

.

 

 0.05.
There was a statistically significant within-session effect for
distance, 

 

F

 

(3, 24)

 

 

 

5

 

 16.8, 

 

p 

 

,

 

 0.001, but not for CZ entries,

 

F

 

(3, 24)

 

 

 

5

 

 1.19, 

 

p 

 

.

 

 0.05. The within-session decline in dis-
tance is consistent with a within-session habituation effect. In
that we have previously noted the absence of habituation (9)
for CZ entries, the absence of a within-session effect for cen-
tral zone entries in the this study is consistent with this previ-
ous observation. It can be seen that the effects of the cocaine
treatment are readily apparent in Fig. 2 for both treatment
day 1 and treatment day 5. As can be seen in the upper half of
Fig. 2, the effects of the cocaine treatment were evident in the
first interval and the increases in locomotion occurred at each
within-session interval. Inspection of day 1 vs. day 5 indicates
that the onset of peak locomotion shifted from the second to
the first interval. In the lower half of Fig. 2 the CZ entry data
is presented. Inspection of day 1 vs. day 5 indicates a more
dramatic change in behavior with repeated treatments oc-

FIG. 3. Within-session means and SEMs on a 20-min challenge test
conducted 1 week after the treatment phase of the experiment. In this
test three groups received cocaine (10 mg/kg) immediately prior to
testing (the cocaine-before group, the cocaine after-group, and one
saline group). 1Denotes p , 0.01 for the difference between the
cocaine-before group vs. all other groups. *Denotes p , 0.01 for the dif-
ference between the three groups that received cocaine vs. the group
that received saline prior to testing.
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curred for CZ entries than was the case for locomotion dis-
tance. On day 1 the animals in the initial session intervals did
not exhibit an increase in CZ entries. In fact, there is a lack of
correspondence between CZ entries and locomotion distance
in that the animals entered the CZ more frequently in the lat-
ter part of the session when their locomotion was decreasing.
In session 5, however, the highest rates of CZ entry occurred
early in the test session. Thus, the CZ entry results were con-
sistent with a more rapid onset of cocaine effects with re-
peated treatments.

To more directly evaluate the suggestion that repeated co-
caine treatments shifted the onset of peak effects to a time
closer to the injection, a second phase of testing was con-
ducted. This testing was undertaken 1 week after the comple-
tion of the five successive daily cocaine treatments. On this
test day, three groups were given cocaine (10 mg/kg) immedi-
ately before the 20-min test, and one group received saline.
The three cocaine groups included (a) the group that had re-
ceived the cocaine treatments in the test environment (Coc-
B), (b) the group that had received the five cocaine treat-
ments in the home cage after testing (Coc-A), and (c) one of
the two groups that received saline during the first five ses-
sions. The other saline group again received saline on this
challenge test day. The overall statistical analysis indicated
that for distance there was a statistically significant group ef-
fect, 

 

F

 

(3, 24) 

 

5

 

 7.2, 

 

p 

 

,

 

 0.001, and a group interval interac-
tion, 

 

F

 

(27, 96)

 

 

 

5

 

 2.9, 

 

p 

 

,

 

 0.001. Similarly, for CZ entries there
was a statistically significant group effect, 

 

F

 

(3, 24)

 

 

 

5

 

 7.0, 

 

p 

 

,

 

0.001, interval effect, 

 

F

 

(7, 24)

 

 

 

5

 

 2.7, 

 

p 

 

,

 

 0.001, but not a statis-
tically significant group interval interaction, 

 

F

 

(27, 96)

 

 

 

5

 

 1.1,

 

p 

 

.

 

 0.05. The results are shown graphically in Fig. 3. As can be
seen in the upper half of Fig. 3, the group that had previously
received cocaine in the test environment exhibited an enhanced
locomotion response to cocaine in the first interval compared
to the other two cocaine treatment groups. The one-way
ANOVA for the first interval was 

 

F

 

(3, 24)

 

 

 

5

 

 9.6, 

 

p 

 

,

 

 0.001,
with the Coc-B group having a significantly higher locomotion
level than all other groups. In the subsequent seven intervals,
all three cocaine treatment groups had elevated locomotion
levels above the saline treatment 

 

p 

 

,

 

 0.001, but the three
groups were not different from each other. In the lower half of
Fig. 3, it can be seen that the Coc-B group that had received co-
caine previously in the test environment had a greater initial re-
sponse to the cocaine treatment. The one-way ANOVAs for in-
tervals 1–3 yielded 

 

F

 

-values of 5.8, 

 

p 

 

,

 

 0.001, 8.7, 

 

p 

 

,

 

 0.001 and
3.7, 

 

p 

 

,

 

 0.01, respectively, with the Coc-B group significantly
higher than all other groups. By the fourth interval, however,
the three cocaine treatment groups were statistically indistin-
guishable, but yet all exhibited a statistically reliable increase in
CZ entries over the level of the saline group (

 

p 

 

,

 

 0.01).
The finding in the first experiment that exposure to co-

caine in the test environment but not in the home cage en-
hanced the onset of peak cocaine effects indicated that some
type of associative process was involved in this effect. One
seemingly straightforward way to assess this possibility was to
subject animals to an extinction process and then determine if
the effect was eliminated. Accordingly, in the second experi-
ment, the same initial protocol used in Experiment 1 was fol-
lowed in which animals received five daily 20-min tests. One
group received cocaine (10 mg/kg) immediately prior to test-

FIG. 4. Means and SEMs for locomotion distance (upper panel) and central zone entries (lower panel) on a pretreatment test (10 min) and day
1 and day 5 treatment test sessions (20 min) in Experiment 2. All groups received saline prior to the pretreatment test. 1Denotes p , 0.01 for
the differences between the group that received cocaine (10 mg/kg) immediately before testing in sessions 1 and 5 vs. all other groups.
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FIG. 5. Means and SEMs for distance and central zone entries on the first and sixth extinction tests in Experiment 2. The first 5 min of the 20-
min test sessions are presented. 1Denotes p , 0.01 for the difference between the cocaine-before group vs. all other groups.
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ing (Coc-B), another group received the same cocaine treat-
ment in its home cage 30 min after testing (Coc-A), and the
remaining two groups received saline prior to testing (S). Af-
ter completion of this treatment phase, all of the groups re-
ceived six successive daily tests of 20 min in which they re-
ceived saline immediately before testing. This was the
extinction treatment. As was the case in the first experiment,
the groups did not differ from each other on the pretreatment
test, F(3, 25) 5 0.07, p . 0.05, and F(3, 25) 5 0.25, p . 0.05 for
distance and CZ entries, respectively. For the distance measure
there was a statistically significant interval effect, F(3, 25) 5
17.1, p , 0.001, but for CZ entries there was not a statistically
significant interval effect, F(3, 25) 5 0.49, p . 0.05. The differ-
ence between distance and CZ entries as related to the within
session interval results indicates the occurrence of habituation
for the distance measure but not the CZ entry measure. This
result is similar to Experiment 1 and to previous studies (9).

For the 5 days of treatment, however, there were statistically
significant group differences, F(3, 25) 5 43.0, p , 0.001, and
F(3, 25) 5 34.8, p , 0.001, for distance and CZ entries, respec-
tively. For both measures, the group that received cocaine
prior to testing had higher scores than all of the other groups
that did not differ from each other. There were no other statis-
tically significant effects, and the day effect was not significant
p . 0.05. Figure 4 presents the results of the pretreatment test
and the first and fifth cocaine treatments for each group across
eight successive 2.5-min intervals. As can be seen in the far left
panel, the groups were closely matched prior to the initiation
of the cocaine treatments. As was the case for Experiment 1,
the repeated cocaine treatments led to a shift to peak behav-
ioral effects induced by cocaine to occur in the initial 2.5-min
period following the cocaine injection. On the extinction tests
there were also statistically significant effects. Figure 5 pre-
sents the results obtained in the first and last days of extinction
(days 1 and 6, respectively). In that the critical effects in Exper-
iment 1 occurred shortly after the injection, the data for the
first 5 min of each session is presented. The statistical results for
the 20-min session were similar to those shown for the initial
5 min of testing. As can be seen in Fig. 5, the cocaine before
treatment resulted in higher levels of locomotion, F(2, 25) 5
12.2, p , 0.001, and CZ entries, F(2, 25) 5 7.9, p , 0.001, on
the first extinction test. On the last extinction day, however,
there were no statistically significant group differences, F(2,
25) 5 0.3, p . 0.05, and F(2, 25) 5 0.44, p . 0.05 for distance
and CZ entries, respectively. Thus, these results indicate that
the cocaine before treatment induced a conditioned cocaine
response that was subsequently extinguished. One day after
the completion of the extinction protocol, three groups were
given the cocaine treatment (10 mg/kg) immediately before
testing (a) the Coc-B group, (b) the Coc-A group, and (c) one
of the S groups. The remaining S group was given saline. This
test lasted 5 min, and behavior was recorded every 30 s to at-
tempt to determine if the onset of the cocaine response had
been modified by the prior cocaine treatments. The results are
presented in Fig. 6. As can be seem in Fig. 6, the Coc-B group
again exhibited a more rapid onset of the behavioral response
than the other two groups that received cocaine in the chal-
lenge test. For distance, there was a group effect, F(3, 24) 5
9.3, p , 0.001, interval effect, F(9, 24) 5 6.8, p , 0.001, and
group interval interaction F(3, 96) 5 3.8, p , 0.001. For CZ en-
tries there was a similar set of statistical findings, F(3, 24) 5
5.2, p , 0.001, for group differences, F(9, 24) 5 2.8, p , 0.05,
for interval effects, and F(3, 96) 5 2.7, p , 0.01, for the group
interval interaction. For locomotion distance the one-way
ANOVAs for intervals 3–5 yielded F-values of 7.6, p , 0.001,
5.9, p , 0.001, and 13.9, p , 0.001, respectively, with the Coc-B
group having a higher level of locomotion than all other
groups, p , 0.05. On intervals 6–10 the locomotion distance
score of all three cocaine groups were higher than the saline
group, p , 0.05, but not different from each other, p . 0.05. In
the lower half of Fig. 6, it can be seen that the Coc-B group has
more CZ entries than all other groups. One-way ANOVAs in-
dicated that these differences were statistically significant at
intervals 3–6 and 9–10. Thus, the extinction procedure that was
sufficient to eliminate the cocaine-conditioned response to sa-
line and test environment cues was insufficient to eliminate the
enhanced onset of the Coc-B animal’s response to cocaine. Im-
mediately after completion of the 5-min challenge test, all the
animals were sacrificed and ex vivo measurements were per-
formed on limbic brain tissue. The results obtained for dopa-
mine, DOPAC/DA turnover ratio, 5-HT, 5-HIAA/5-HT turn-
over ratios, and cocaine concentrations in limbic tissue samples

FIG. 6. Within-session means and SEMs for distance and central
zone entries on the 5-min challenge test in Experiment 2. This test
was conducted 1 day after the extinction phase of the experiment.
Three groups received cocaine (10 mg/kg) immediately prior to test-
ing (cocaine-before group, cocaine-after group, and one saline
group). The remaining saline group received saline prior to testing.
1Denotes p , 0.01 for the difference between the cocaine-before
group vs. all other groups, and *denotes p , 0.01 for the difference
between the three groups that received cocaine vs. the saline group.
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are presented in Figs. 7 and 8. As can be seen in Fig. 7, the co-
caine treatments had no effect upon dopamine concentration,
F(3, 24) 5 0.35, p . 0.05, or 5-HT concentration, but had a sub-
stantial effect upon DOPAC/DA ratios, F(3, 24) 5 13.8, p ,
0.001, and 5-HIAA/5-HT ratios, F(3, 24) 5 7.4, p , 0.001. The
three cocaine treatment groups did not differ from each other,
but all were different from the saline treatment (p , 0.01). In
cortical and striatal tissue samples there were no statistically
significant effects on any of these neurotransmitter measure-
ments. Figure 8 shows the cocaine concentrations in the limbic
tissue brain sample for the three groups that received cocaine.
The saline group had no detectible cocaine. The three cocaine
treatment groups did not differ statistically, F(2, 18) 5 0.004,
p . 0.05. These findings indicate that the cocaine treatments
had an equivalent neurochemical impact regardless of prior
treatment. It also was found that there were no differences in
cocaine concentration in plasma, cortex, or striatum among the
three groups that received cocaine for the challenge test.

DISCUSSION

Cocaine-induced sensitization effects have been exten-
sively studied and are considered to be an important compo-

nent of the abuse liability of cocaine (37). One straightfor-
ward implication of cocaine sensitization effects relevant to
drug abuse issues is that sensitization, by increasing the mag-
nitude of the cocaine behavioral effects, would also increase
the magnitude of cocaine reinforcement effects. In addition to
reinforcement magnitude, another important variable that de-
termines reinforcement efficacy is the delay of reinforcement.
That is, the shorter the delay, the more effective the rein-
forcer. In the case of cocaine, this would be the length of the
delay from drug taking to the onset of peak reinforcement ef-
fects. The findings of the present experiments, which showed
that repeated cocaine treatments advanced the onset of peak
cocaine stimulant effects to a time closer to the cocaine injec-
tion, suggests that sensitization effects may also accelerate the
onset of cocaine reinforcement effects. Thus, by both increas-
ing the magnitude of cocaine reinforcement and decreasing
the delay in the onset of peak cocaine reinforcement effects,
sensitization processes may substantially enhance the abuse li-
ability of cocaine.

In addition to providing an additional facet to the behav-
ioral characterization of the sensitization phenomena, namely
the onset of cocaine stimulant effects, the present study also
undertook to assess the potential contribution of habituation

FIG. 7. Means and SEMs for the ex vivo brain measurements obtained upon animals sacrificed immediately after the 5-min challenge test in
Experiment 2. The measures were obtained from limbic brain samples. *Denotes p , 0.01 for each of the cocaine-treated groups vs. saline-
treated animals.
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and conditioning to this sensitization effect. In that the sensiti-
zation effects observed in our experiments are context specific,
it is apparent that some type of associative process is impli-
cated. Using the more rapid onset of the cocaine stimulant ef-
fects as an index of sensitization, we assessed whether this ef-
fect could be accounted for by the general associative processes
of habituation and/or Pavlovian conditioning. Animals exposed
to the test environment without cocaine undergo habituation to
the test environment cues. If animals are treated with cocaine,
however, it is possible that habituation effects may be blocked
by cocaine (10). One obvious consequence of this potential ha-
bituation differential is that the behavioral differences between
the cocaine-treated and saline-treated groups would increase as
a consequence of greater habituation in the saline group than
the cocaine group. This habituation-dependent difference
could then be mislabelled as sensitization. Somewhat less ap-
parent is the possible contribution of habituation when the
comparison is made between cocaine and saline groups on a co-
caine challenge test comparison. In this circumstance, the habit-
uation effect developed by the saline control group during the
sensitization treatment phase may subtract from the cocaine
treatment effect in this group in the challenge test. As a conse-
quence, the occurrence of a greater response to cocaine by co-
caine-sensitized animals on the cocaine challenge test may be
attributable to a subtractive effect of habituation in the control
group rather that to a sensitization effect. Importantly, the ha-
bituation differential would be applicable to context specific
sensitization in that the habituation would be context specific.
The present study is pertinent to this issue because behavioral
sensitization to cocaine was observed using two behavioral
measures of cocaine efficacy: distance and central zone entries.
Critically, central zone entries did not exhibit habituation in the
control groups so that a habituation differential could not ac-
count for the behavioral sensitization to cocaine observed using
central zone entries as the dependent variable.

Another potential contributing factor to the occurrence of
context specific behavioral sensitization to cocaine stimulant
effects is that conditioning can develop to the cocaine associ-
ated cues (11,35). Thus, when animals previously treated with
cocaine are compared with animals who have either not previ-
ously received cocaine or received cocaine out of context then
any differential behavioral effects induced by the cocaine
treatment may be explicable by the conditioning differential.
That is, all groups could have the same unconditioned re-
sponse to cocaine, but the group previously exposed to the test
cues under the influence of cocaine may also have the added
effect of the cocaine-conditioned response. Thus, the condi-
tioning explanation could account for the context specific sen-
sitization in terms of an added effect of conditioning. This
contrasts with a habituation explanation that accounts for the
context-specific sensitization by a subtractive effect of habitu-
ation upon the unconditioned cocaine response. Seemingly,
both such effects could occur together with conditioning add-
ing to the unconditioned cocaine response in the cocaine
group and habituation subtracting from the unconditioned co-
caine response in the control group. The present study di-
rectly assessed the conditioning factor by subjecting animals
that received cocaine in the test environment to an extinction
procedure. The extinction testing revealed that indeed a con-
ditioned cocaine response did develop to the test environment
cues but, that with repeated non-cocaine exposures to the test
environment, the conditioned response did extinguish. In ad-
dition, the extinction procedure also provided the opportunity
for habituation to develop in this cocaine-treated group. Im-
portantly, when these animals were treated with cocaine they
still exhibited an enhanced onset of the cocaine response com-
pared with the control groups. Thus, the present study sug-
gests that this component of cocaine sensitization effects are
not explicable in terms of habituation and/or conditioning fac-
tors (1,42). In the case of drug conditioning, however, the

FIG. 8. Means and SEMs for cocaine concentrations obtained from limbic brain tissue samples. There was no detectible cocaine in the saline
treatment group, and the three groups that received cocaine (10 mg/kg) did not differ statistically from each other.
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drug not only induces the unconditioned response but it also
provides interoceptive drug cues. As we have shown in previ-
ous studies (5,6), interoceptive drug cues can activate a condi-
tioned drug response even after the response has been extin-
guished in the nondrug state to the exteroceptive cues.
Possibly then, following repeated cocaine treatments, the ini-
tial postinjection cocaine concentrations that have detectable
stimulus effects but lack behavioral activating effects could
function as Pavlovian-conditioned stimuli and activate the full
cocaine response before behaviorally activating brain concen-

trations of cocaine are achieved. This latter possibility, how-
ever, is merely speculative at this time. Thus, the underlying
mechanism that mediates context-specific behavioral sensiti-
zation of cocaine effects remains elusive.
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