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Repeated
administration
of cocaine to rodents produces
a
progressive
augmentation
in motor activity known as behavioral sensitization.
By using microdialysis
in the ventral
striatum, some studies have found that the development
of
behavioral
sensitization
is associated
with a similar augmentation in dopamine
release, while others have not. It was
postulated
that differences
in doses and withdrawal
periods
may account for the discrepancies
between
studies. Rats
were behaviorally
sensitized
to daily peripheral
injections
using two cocaine treatment
regimens
(15 mg/kg, i.p. x 5
d or 30 mg/kg, i.p. x 5 d). Using in viva microdialysis
in the
ventral striatum, the effect of acute cocaine (15 mg/kg, i.p.)
on extracellular
dopamine
content and motor behavior was
examined
at various times after discontinuing
daily treatments. Twenty-four
hours after discontinuing
the low dose
of daily cocaine, the increase
in motor activity and extracellular dopamine
elicited
by an acute cocaine challenge
was significantly
elevated.
In contrast, following
the higher
daily treatment
regimen there was a significant
augmentation in motor activity, but the increase
in extracellular
dopamine produced by cocaine was significantly
reduced. When
rats were challenged
1 O-l 4 d after discontinuing
either dosage regimen
of daily cocaine, the increase
in both motor
activity and extracellular
dopamine
was augmented.
In general, the increase in extracellular
dopamine
by an acute cocaine challenge
increased
over time when rats were challenged between 1 and 22 dafter discontinuing
daily cocaine.
Basal concentrations
of extracellular
dopamine
were determined by measuring
the in viva flux of dopamine
across the
dialysis membrane,
and there was no significant
difference
at 24 hr or 2 weeks following the last daily injection of saline
or cocaine. It is concluded
that behavioral
sensitization
to
cocaine is generally associated
with an augmentation
in extracellular
dopamine
in the ventral striatum,
but that high
doses of daily cocaine produce
apparent
tolerance
to the
augmentation
in extracellular
dopamine
during the early
withdrawal
period.
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Anatomy,

Pharmacology

and Physiology,

The acute motor stimulant effect of systemiccocaineis thought
to be mediatedby increaseddopamine transmissionin the forebrain resulting from a blockade of presynaptic dopamine reuptake from the synaptic cleft (Hadfield and Nuggent, 1983;Reith
et al., 1986; Izenwasseret al., 1990). Thus, cocaine-induced
motor excitation is prevented by the microinjection of dopamine antagonistsinto the nucleusaccumbens,or by destruction
of accumbal dopamine terminals (van Rossum et al., 1962;
Kelly and Iversen, 1975; Scheel-Kruger et al., 1977). Motor
activity is also produced by direct cocaine administration into
the nucleus accumbens(Delfs et al., 1990). Finally, the motor
stimulation produced by acute peripheral cocaine injection is
associatedwith an increase in extracellular dopamine in the
ventral striatum, including the nucleusaccumbens,asmeasured
by in vivo dialysis (Di Chiara and Imperato, 1988; Hurd et al.,
1989; Kalivas and Duffy, 1990; Pettit et al., 1990).
When cocaineis injected repeatedly, the motor stimulant responseincreaseswith each subsequentinjection (Downs and
Eddy, 1932; Post and Rose, 1976; Kalivas et al., 1988). This
phenomenon,termed behavioral sensitization, hasbeenshown
to occur with as little as a singleinjection of cocaine (Weisset
al., 1989) and to persist for weeksafter discontinuing cocaine
treatment (Kalivas and Stewart, 1991). Like the acute motor
stimulant effect of cocaine, the sensitized motor responsehas
been postulated to result from augmenteddopamine releasein
the forebrain. Becausecocaine potentiatesdopamine transmission by blocking the reuptake of dopamine into axon terminals,
the useof traditional postmortem measuresof dopamine turnover such as tissue levels of dopamine metabolites and dopa
accumulation hasnot proven very useful in examining this hypothesis(Taylor and Ho, 1977; Hanson et al., 1987; Kalivas et
al., 1988). More recently, in vivo brain microdialysis hasbeen
usedto measuredirectly the extracellular concentration of dopamine in the nucleusaccumbensand striatum. In general,this
technique has verified the involvement of dopamine in behavioral sensitization to cocaine by showing that an increasein
extracellular dopamine is associatedwith the augmentedbehavioral responseto repeated cocaine injections (Akimoto et
al., 1989; Kalivas and Duffy, 1990;Pettit et al., 1990).However,
in one study where rats self-administeredcocaine, there was a
reduction, not an augmentation, in extracellular dopamine in
the nucleusaccumbensin responseto an acute cocainechallenge
(Hurd et al., 1989). Also, Segaland Kuczenski (1992b) recently
observed that the daily administration of cocaineproduced behavioral sensitization without augmentingthe extracellular content of dopamine in the nucleusaccumbens.Similar to cocaine,
many dialysis studies conducted in amphetamine- or methamphetamine-sensitizedrats reveal that augmented extracel-
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Table

1.

Treatment

groups

for dialysis

in the ventral

Groun

Treatment day
1

2-6

1
2
3
4
5
6

Saline (10)
Saline (7)
Cocaine (30)
Cocaine (22)
Saline
Cocaine

Cocaine,
Saline
Cocaine,
Cocaine,
Saline
Cocaine,

striatum

7
30 m&kg
15 mg/kg
30 mg/kg
30 mg/kg

Saline (11)
Cocaine (9)
Cocaine (8)
Cocaine (12)
Basal (6)
Basal (6)

10
Cocaine (8)
Cocaine (6)
-

17-21

2-l-29
Cocaine (9)
Cocaine (8)
-

Saline (13)
Cocaine (8)
Cocaine (13)
Cocaine (9)
Basal (6)
Basal (8)

Days I, 7, 10, 17-2 1,and 27-29 were conducted in the photocell/dialysis apparatus and ratswere injected with cocaine (I 5 mg/kg, i.p.) or saline, or differentconcentrations
of dopamine were passedthrough the probe in viva(groups 5 and 6). On days 2-6 rats received a daily intraperitoneal injection of saline or I5 or 30 me/kg of cocaine
in the home cage.The number of determinations at each time is shown in parentheses.
lular dopamine levels in the nucleus accumbens and striatum
are associated with behavioral
sensitization
(Robinson
et al.,
1988; Kazahaya et al., 1989; Akimoto
et al., 1990; Patrick et
al., 1991). However, one laboratory found that daily amphetamine administration
resulted in robust behavioral sensitization
without an accompanying
augmentation
in extracellular
dopamine in the nucleus accumbens or striatum (Kuczenski
and
Segal, 1990; Segal and Kuczenski,
1992a).
One possible explanation
for the negative reports is revealed
in previous studies demonstrating
that after longer drug withdrawal periods behavioral sensitization
increases (Kolta et al.,
1985; Robinson and Becker, 1986; Antelman, 1988). This seems
especially true if large doses of psychostimulants
are employed.
The negative reports with microdialysis
examined a relatively
short withdrawal
period of 24-48 hr, and in one of the cocaine
studies, high doses of cocaine were being self-administered
(approximately 30 mg/kg, iv. x 10 d) (Hurd et al., 1989; Kuczenski
and Segal, 1990; Segal and Kuczenski,
1992a,b). Based upon
the possible role of withdrawal
period and dose on the association between dopamine release and psychostimulant-induced
behavioral
sensitization,
the following
experiments
examined
the effect of two different daily doses of cocaine on extracellular
dopamine in the nucleus accumbens and motor activity in response to a cocaine challenge made between 1 and 21 d after
discontinuing
daily drug treatment.
A small portion of these data were reported previously in a
review (Kalivas and Stewart, 199 1).

Materials and Methods
housing and surgery.
Male Sprague-Dawley rats (Laboratory
Animal Resource Center, Pullman, WA) were individually housed with
food and water made available ad libitum. A 12 hr/12 hr light/dark
cycle was used with the lights on at 6:30 hr. All injections of cocaine
were made between 1 1:OOand 13:OO hr.
Rats weighing between 260 and 320 gm were anesthetized with Equithesin (3.0 ml/kg; 9.7 gm of sodium pentobarbital, 42.5 gm of chloral
hydrate, 21.3 gm of MgSO, dissolved in one liter of 11% ethanol, 42%
propylene glycol, v/v) and mounted in a stereotaxic apparatus (David
Kopf, Torrance, CA). Either chronic unilateral or bilateral dialysis (20
gauge stainless steel, 12 mm long) guide cannulas were implanted 3 mm
dorsal to the nucleus accumbens (A/P 8.7 to 9.0 mm, D/V -0.5 to 0.0
mm, M/L I .7 mm; relative to the interaural line according to the atlas
of Pellegrino et al., 1979). The cannulas were cemented into place by
affixing dental acrylic to three stainless steel screws tapped into the skull.
The wounds were sutured, and the rats were allowed a minimum of 1
week recovery prior to beginning experimentation.
Microdialysis.
All rats were placed into individual photocell cages
(Omnitech Electronic, Inc., Columbus, OH) that had been modified to
conduct intracranial dialysis experiments (Kalivas and Duffy, 1990).
The dialysis probes were constructed as described by Robinson and
Whishaw (1988), with 2.0-3.0 mm ofactive dialysis membrane exposed
Animal

at the tip. The probes were inserted through one of the guide cannulas
into the ventral striatum the night prior to the experiment. The next
day, dialysis buffer (5 mM KCl, 120 mM NaCI, 1.8 mM CaCI,, 1.2 mM
MgCI,, plus 0.2 mM phosphate-buffered saline to give a pH value of 7.4
and a final sodium concentration of 120.7 mM) was advanced through
the probe at a rate of 1.9 pl/min (Harvard Instruments, Boston, MA)
for 2 hr. Baseline samples (20 min each) were collected for 60-80 min,
and then cocaine (15.0 mg/kg, i.p.) or saline (1.0 ml/kg, i.p.) was administered and between six and nine additional 20 min dialysis samples
were obtained. Behavioral data were collected in 20 min intervals simultaneous with the dialysis samples. When the experiment was terminated, the dialysis probe was removed, and the animal returned to
its home cage or killed for histological verification of dialysis probe
placement (see below).
Treatment
groups 1-4. Table 1 shows the cocaine treatment and dialysis schedule. In the initial experiments, rats were implanted with a
unilateral guide cannula (N = 22), and were examined at a single time
point. However, in later experiments (N = 108), rats were implanted
with bilateral guide cannulas and two experiments were performed in
each rat. In all cases, each rat was acutely implanted with a dialysis
probe only once in each guide cannula. Thus, rats receiving bilateral
guide cammlas underwent two separate dialysis experiments (i.e., on
days 1, 7, 10, 17-2 1, 27-29; see Table 1).
All rats were placed into the photocell/dialysis apparatus the night
prior to day 1 and connected to a dialysis probe connector. However,
only a portion of rats had a dialysis probe inserted into the ventral
striatum (N = 69 out of 130 rats). Daily injections on days 2-6 were
made in the home cage. All acute challenges of cocaine or saline made
following the daily treatments (i.e., days 7-29) were in the photocell/
dialysis chamber, and the rats were attached to a dialysis connector
with a dialysis probe inserted into the ventral striatum. In group 1, all
rats were injected with saline (1 .O ml/kg, i.p.) in the photocell/dialysis
apparatus on day 1, and on days 2-6 were given daily cocaine (30 mg/
kg, i.p.) in the home cage. Then the rats were injected with saline (1 .O
ml/kg, i.p.) in the photocell/dialysis chamber on days 7 and/or 20. The
rats placed in group 2 were injected with saline on days 1-6, and then
challenged with cocaine (15 mg/kg, i.p.) on days 7 and/or 20. The
treatments in group 3 consisted of cocaine (15 mg/kg, i.p.) on days l6 followed by an acute cocaine challenge (15 mg/kg, i.p.) on days 7, 10,
17-2 I, or 27-29. The fourth treatment group received cocaine (15 mg/
kg, i.p.) on day 1, cocaine (30 mg/kg, i.p.) on days 2-6, and an acute
cocaine challenge (15 mg/kg, i.p.) on days 7, 10, 17-2 1, or 27-29. In
68 rats treated with the high dose of cocaine (i.e., groups 1 and 4), 9
died from convulsions occurring within 60 set after administering the
cocaine. No convulsive activity was observed in the other rats. Of 238
possible dialysis experiments from 130 rats in groups 1-4, 183 (77%)
were used in data analysis. In addition to cocaine-induced convulsions,
experiments were excluded or not performed for one of the following
reasons: probe placement was outside the ventral striatum, the guide
cannula was obstructed, the acrylic implant was loose, the basal levels
of dopamine were unstable, or chromatographic difficulties occurred.
Determination

ofbasal

levels of extracellular

dopamine

(groups

5 and

6). In separate animals, the basal concentration of extracellular dopamine was determined by adding dopamine to the dialysis perfusate at
concentrations above and below the expected extracellular concentration to generate a series of points that were interpolated to measure the
concentration at which no net flux of dopamine occurred across the
dialysis membrane (Lonroth et al., 1987; Parsons and Justice, 1991;
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Figure 1. The effect of acute cocaine and saline in naive rats on motor
activity and extracellular dopamine in the ventral striatum. Data were
pooled from day I of treatment groups I+. The neurochemical data
were normalized by dividing all values by the average of the three
baseline measurements made before the injection of acute saline. The
data are shown as mean * SEM photocell counts or percentage change
in dopamine. Basal values (fmol/20 min) and number ofdeterminations:
saline, 62 + 8, N = 17; cocaine, 89 + I I, N = 52 (F = 3.70, p = 0.059).
All data were analyzed using a two-way ANOVA with repeated measures
over time. F scores for the photocell counts: treatment F = I 1.87, p <
0.001; time F = 46.5 I, p < 0.001; interaction F = 4.49, p < 0.001.
Dopamine F scores: treatment F = 6.13, p = 0.016; time F = 33.22, p
< 0.001; interaction F = 5.08, p < 0.001. *, p < 0.05, comparing
cocaine to saline using a least significant difference post hoc analysis,
as described by Milliken and Johnson (I 984).
Parsons et al., 199la). A total of 18 rats with bilateral guide cannulas
over the ventral striatum were used. As shown in Table I, group 5
received saline (I .O ml/kg. i.o.) on davs l-6 and aroun 6 received cocaine
(15 mg/kg, i.p. jon day l-and cocaine (30 mg/kg, i.p.) on days 2-6. The
probes were inserted the night before the experiment. Perfusion of dialysis buffer (containing 0.25 mM ascorbic acid to inhibit dopamine
oxidation) was begun in the morning, and 3 hr later 0, I, 3, or IO nM
dopamine was advanced through the probe. Five 20 min dialysis samriles were obtained at each concentration of dopamine. and the last two
samples were averaged for a determination of the net kux of dopamine
into or out of the dialysis buffer. A steady state between the perfusate
and extracellular dopamine concentration was achieved more rapidly
than has been reported previously (Parsons and Justice, I99 1: Parsons
et al., I99 la) because of the nigher flow rate employed in the present
study (1.9 vs. 0.2 pl/min).

Measurement ofdopamine in dialysis samples. The dialysis samples
were collected into microfuge tubes in 20 ~1 of mobile phase (0.1 M
citric acid, 75 mM Na,HPO,, 0.6-l .O mM heptane sulfonic acid, 0. I mM
EDTA, 13% methanol, v/v, pH 3.8-4.2) plus 2.0 pmol of dihydroxybenzylamine as the internal standard, and placed in a freezer (-70°C)
until analyzed for dopamine content. The samples were placed in a
refrigerated autosampler (Gilson Medical Supplies, Middleton, WI) and
dopamine content measured using HPLC with electrochemical detection. The dopamine was separated using a 25 cm C- I8 reversed-phase
column (Bioanalytical Systems, West Lafayette, IN) and oxidized/reduced using coulometric detection (ESA Inc.. Bedford. MA). Three
electrodes were used: a preinjection port guard cell (+0.4 V) to oxidize
the mobile phase, an oxidation analytical electrode (+0.3 V), and a
reduction analytical electrode (-0.2 V). Peaks were recorded on a chart
recorder and compared to an external standard curve (10-1000 fmol).
For experiments using no net flux of dopamine, the pH of the mobile
phase was 6.0 to avoid coelution of dopamine and ascorbic acid.
Histology and data analysis. Rats were killed with an overdose of
pentobarbital, and their brains were removed and placed in 10% formalin for at least I week. The brains were then blocked and coronal
sections (100 pm thick) made with a vibratome. The sections were
mounted on gelatin-coated slides and stained with cresyl violet, and
probe sites were determined by an individual unaware of the rats’ behavioral or neurochemical response according to the atlas of Paxinos
and Watson (1986).
Some rats were used twice while others only once (see above). To
determine if the repeated measurements could be pooled with the sinde
measurements, the variance between rats used twice and those used
once was compared at each day with an F test. In no instance was the
F score significant @ < 0.05), and the data were pooled. The neurochemical and behavioral time course data were statistically evaluated
using a two-way analysis of variance (ANOVA) with repeated measures
over time. The dopamine content was normalized to percentage change
from the average of three baseline samples for each experiment prior
to statistical analysis. Pos hoc evaluation of statistical differences was
performed using a least significant difference test, as described by Milliken and Johnson (I 984). To determine the concentration corresponding to no net flux of dopamine through the dialysis probe, regression
analysis was performed (Lonroth et al., 1987; Parsons and Justice, 199 1;
Parsons et al., 199 I), and basal concentrations compared between coCaine and saline treatment groups using a two-tailed Student’s test.

t

Results
and saline in untreated rats. Figure 1
showsthe pooled data from groups l-4 for animals undergoing
dialysis on day 1. The behavioral responseto cocaine(15 mg/
kg, i.p.) reached a maximum during the first 20 min after injection and returned to baselinelevelsby 100min after injection.
Cocaine significantly increasedthe level of extracellular dopamine in the ventral striatum, with a peak responsebetween20
and 40 min after injection, and returned to baselinelevels by
80 min after injection.
Efect of daily cocaine on the responseto a saline challenge,
group I. Figure 2 showsthe behavioral and neurochemicaleffects of saline(1.Oml/kg, i.p.) in rats treated with daily cocaine
(30 mg/kg, i.p. x 5 d; group 1). This cocaine treatment regimen
did not significantly alter the responseto saline. A modest increasein horizontal photocell counts and no alteration in extracellular dopamine in the ventral striatum was produced on
day 1 before daily cocaine administration and on days 7 and
20 after discontinuing the daily injections.
Effect of daily cocaineon the responseto a cocainechallenge,
groups2-4. Figure 3 showsthe effect of the three daily treatment
regimenson extracellular donamine and motor activitv following an acute cocainechallenge(15 mg/kg, i.p.) on day 7 (i.e., 24
hr after discontinuing daily treatments). Compared to the rats
pretreated with daily saline(group 2), rats pretreated with daily
cocainedemonstratedan increasein cocaine-inducedmotor activity. However, only at 20 min after cocaine administration
Effect of acute cocaine
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Effect of daily cocaine on the behavioral and neurochemical
response to an acute saline challenge on day 1 (W), day 7 (+), or day
20 (Cl). These data were derived from group 1 shown in Table 1. The
neurochemical data were normalized by dividing all values by the average of the three baseline measurements made before the injection of
acute saline. The data are shown as mean t SEM photocell counts or
percentage change in dopamine. Basal values (fmol/20 min) and number
of determinations for each day: day 1, 48 + 10, N = 10; day 7, 79 +
19, N = 11; day 20, 95 f 16, N = 13 (F = 2.09, p = 0.141). All data
were analyzed using a two-way ANOVA with repeated measures over
time. F scores for the photocell counts: day F = 2.24, p = 0.123; time
F = 15.39, D < 0.001; interaction F = 1.40, p = 0.142. Dopamine F
scores: day F = 0.15, p = 0.866; time F = 1.52, p = 0.149; interaction
I; = 0.47, p = 0.961. *, p < 0.05, comparing the effect of cocaine on
days 7 and 20 to the effect on day 1 within each time bin using a least
significant difference post hoc analysis, as described by Milliken and
Johnson (1984).
was the increase significant. The rats pretreated with the lower
dose of daily cocaine (15 mg/kg, i.p.; group 3) also showed a
significant elevation in extracellular
dopamine
content in the
first 20 min after cocaine injection. In contrast, rats receiving
the highest dose of daily cocaine (30 mg/kg, i.p.; group 4) demonstrated a significant decrease in extracellular
dopamine during
the first 20 min after injection.
Figure 4 shows the effect of the three daily treatment regimens
on the response to a cocaine challenge (15 mg/kg, i.p.) given on
days 17-2 1 (i.e., 1 l-l 5 d after discontinuing
the daily injections). Compared to rats pretreated with daily saline (group 2),
both daily cocaine pretreatment
groups demonstrated
behavioral sensitization.
Following
the lower dose of daily cocaine

501
-60

1 .
-30

I
0

Time

’

(min)

Figure 3. Effect of daily cocaine pretreatment on the effect of an acute
cocaine challenge made 24 hr after discontinuing daily treatment. Rats
were pretreated with daily saline (group 2, N = 9) daily cocaine, (15
mg’kg; group 3, N = 8) or daily cocaine (30 mg/kg; group 4, N = 12)
and challenged with acute cocaine (15 mg/kg, i.p.) 1 dafter discontinuing
the daily treatments (i.e., day 7). A, Photocell counts are shown as mean
k SEM. Treatment F = 1.40, p = 0.26; time F = 4 1.26, p < 0.00 I;
interaction F = 1.69, p = 0.05 1. II, Extracellular dopamine is shown as
the mean + SEM percentage change from the average of the three
baseline samples. Treatment F = 1.20, p = 0.32; time F = 24.14, p <
0.001; interaction F = 1.95, p = 0.017. Basal values (fmol/20 min):
group 1, 72 -t 12; group 2, 77 + 14; group 3, 76 + 17 (F = 0.026, p
= 0.974). *, p < 0.05, comparing the effect of cocaine in daily cocainetreated rats (groups 3 and 4) with daily saline-treated rats (group 2)
within each time bin using a least significant difference post hoc analysis
as described by Milliken and Johnson (1984).
(I 5 mg/kg, i.p.; group 3), the increase was significant during the
first 20 min after injection.
In group 4, which was pretreated
with the high dose of daily cocaine (30 mgkg, i.p.), the augmentation in photocell counts was significant at 20 and 40 min

after injection. In comparison, the effect of daily cocaine pretreatment on extracellular dopamine was more marked. The
lowest dose of daily cocaine resulted in a significant augmentation at 40, 60, and 100 min after the acute cocaine challenge,
and in rats pretreated

with

the high dose of daily cocaine,

ex-

tracellular dopamine was significantly augmentatedat 20, 40,
and 60 min after injection.
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Figure 4. Effect of daily cocaine pretreatment on the effect of an acute
cocaine challenge made 1 l-15 d after discontinuing daily treatment.
Rats were pretreated with daily saline (group 2, N = 8) daily cocaine,
(15 mg/kg; group 3, N = 13) or daily cocaine (30 mg/kg; group 4, N =
9) and challenged with acute cocaine (15 mg/kg, i.p.) 11-15 d after
discontinuing the daily treatments (i.e., days 17-2 1). A, Photocell counts
are shown as mean & SEM. Treatment F = 1.19, p = 0.32; time F =
47.3 1, p < 0.001; interaction F = 3.24, p < 0.001. B, Extracellular
dopamine is shown as the mean t- SEM percentage change from the
average of the three baseline samples. Treatment F = 5.87, p = 0.008;
time
F = 38.06, p < 0.001; interaction F = 2.73, p < 0.001. Basal
values (fmol/20 min): group 2, 67 + 9; group 3, 65 + 16; group 4, 62
f 14 (F = 0.3 1, p = 0.737). *, p < 0.05, comparing the effect of cocaine
in daily cocaine-treated rats (groups 3 and 4) with daily saline-treated
rats (group 2) within each time bin using a least significant difference
post hoc analysis as described by Milliken and Johnson (1984).
Figure 5 shows the cumulative
photocell counts and extracellular dopamine over 120 mitt after the injection of cocaine
in groups 3 and 4. Comparisons
were made between the injection of cocaine on day 1 and the cocaine challenges made

after discontinuing daily cocainetreatment (i.e., days 7, 10, 172 1, and 27-29). Daily treatment with 15 mg/kg (group 3) significantly enhancedthe motor stimulant effect of cocaine at all
times compared to day 1 (Fig. 54). However, extracellular dopamine was augmentedonly following cocaine administration
in the last two challengeperiods, days 17-21 and 27-29 (Fig.
5B). After daily treatment with 30 mg/kg (group 4) photocell

Day

1

7

10

Experimental

Day

Figure 5. Cumulative photocell counts and area under the curve for
extracellular dopamine during the first 120 min after injection of cocaine. Data are from groups 3 (daily 15 mg/kg, i.p.) and 4 (daily 30 mg/
kg, i.p.). The number of determinations is shown within each bar, and
the data are shown as mean ? SEM. The dopamine values were converted to percentage change from the average of three basal values in
each dialysis experiment and analyzed with a one-way ANOVA. A,
F(4,67) = 6.93, p < 0.001. B, F(4,67) = 4.64, p = 0.002. Basal values
(fmol/20 min): day 1, 83 * 8; day 7, 77 * 14; day 10, 122 f 38; days
17-21, 65 ? 16; days 27-29, 43 & 9 (F = 1.97, p = 0.113). C, F(4,56)
= 4.51, p = 0.003. D, F(4,56) = 3.45, p = 0.014. Basal values (fmol/
20 min): day 1, 97 f 14; day 7, 76 f 17; day 10, 55 f 13; days 1721, 62 k 14; days 27-29, 94 * 21 (F = 1.59, p = 0.189). *, p i 0.05,
comparing all days to day I with a Dunnett’s test.

counts were elevated at all times except on day 10 (Fig. 5c).
Similar to the lower dose of daily cocaine, extracellular dopamine wasaugmentedonly during the last two challengeperiods
(Fig. 5D).
Basal concentration
of dopamine, groups 5 and 6. Regression
curves were obtained from the titration of increasingconcentrations of dopamine through the dialysis probe. The point of
no net flux is indicative of the basalconcentration of extracellular dopamine. Figure 6 showsthat on day 7 the basalvalue
of dopamine was slightly, but not significantly, reduced in rats
pretreated with daily cocaine compared to daily salinerats (saline, 3.62 ? 0.50 nM; cocaine, 3.14 ? 0.56 nM). However, the
slope of the regressionline obtained from cocaine-pretreated
rats wassignificantly elevated (saline,0.26 f 0.03; cocaine,0.47
* 0.07; t,, = 36.2, p < 0.001). While the slopeswere not significantly different on day 20 betweendaily saline-and cocainepretreated rats (saline, 0.31 + 0.08; cocaine, 0.39 + 0.05) the
basal extracellular concentration of dopamine in cocaine-pretreated rats approacheda significant increasecomparedto controls (saline, 3.35 * 0.26 ruq cocaine, 4.85 ? 0.87 nM; t,* =
1.82, p < 0.1). The slopesof the lines are lessthan those previously reported in the ventral striatum ofcontrol animalsusing
this method (Parsonsand Justice, 1991, 0.67 * 0.08 and 0.64
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k 0.09; Parsonset al., 199la, 0.60 t- 0.03; Parsonset al., 1991b,
0.60 + 0.03), becauseof the higher flow rate employed in the
presentstudy (1.9 pl/min vs. 0.2 pl/min). The meancorrelation
coefficient for eachofthe lines in Figure 6 wasgreaterthan 0.96.
Histology. Figure 7 illustrates the placement of the dialysis
probes in the ventral striatum from groups l-4. The majority
of probeswere placed in the rostra1nucleusaccumbens,medial
to the anterior commissure.While at least 50% of the dialysis
membrane of most probes was in the nucleus accumbens,all
probeswere also located partly in the striatum and/or olfactory
tubercle. Six probes in the ventral striatum were caudal to the
illustrations in Figure 7 at A/P = 10.0 ? 0.2 mm. Eleven of a
total of 194probe placementsfrom completedexperimentswere
determined to be outside of the ventral striatum, 7 of which
were rostra1to the diagramsin Figure 7. The probe placements
for groups 5 and 6 were also located predominantly in the rostromedial ventral striatum. One probe placementfrom 3 1 completed experiments was rostra1to the ventral striatum. In four
experiments, the correlation coefficient of the regressionline
was ~0.90 and thesedata were excluded from statistical analysis.
Discussion
The presentstudy demonstratesthat after repeateddaily cocaine
injections the sensitizedbehavioral responseto an acute cocaine
challenge is generally associatedwith an augmentation in extracellular dopamineconcentrationsin the ventral striatum. This
is in agreementwith recent studiesexamining this behavioral
sensitizationto repeatedadministration of cocaine(Akimoto et
al., 1989; Kalivas and Duffy, 1990; Pettit et al., 1990)and other
psychostimulantssuchasamphetamine,methamphetamine,and
methylphenidate (Robinson et al., 1988; Kazahaya et al., 1989;
Akimoto et al., 1990; Patrick et al., 1991). However, during the
first l-4 d after discontinuing daily treatments with the higher
doseofcocaine, the behavioral augmentationwasnot associated
with elevated extracellular dopamine. This apparent dissociation at early withdrawal time points from high dosesof cocaine
is consistent with the finding of Hurd et al. (1989) that 24 hr
after rats had been self-administering cocaine (approximately
30 mg/kg, i.v. x 10 d), a decreasein extracellular dopamine
was produced by an acute cocaine challenge compared to a
cocainechallengein naive rats. Kuczenski and Segal(l990) and
Segaland Kuczenski (1992a,b) have also observedthat behavioral sensitization to repeated amphetamine or cocaine treatmentswasassociatedwith a significant reduction in extracellular
dopaminein both the striatum and nucleusaccumbens.In these
studies, moderate dosesof daily amphetamine (2.5 mg/kg, i.p.
x 6 d) or cocaine (10 mg/kg, i.p. x 6 d) were given, and the
rats challengedwith amphetamine or cocaine 2 d after discontinuing the daily treatments. In contrast, Robinson et al. (1988)
observed behavioral sensitization associatedwith augmented
dopamine releasein the ventral striatum using a much more
aggressiverepeatedamphetamine treatment regimen in which
intraperitoneal dosesof amphetamine were escalatedfrom 1.O
to 10.0 mg/kg over a 35 d treatment period. However, the test
for sensitizationwas not madeuntil 15-2 1 d after discontinuing
the sensitizing treatment regimen.
The data to date with daily cocaineand amphetamineindicate
that tolerance may develop to psychostimulant-induced elevation in extracellular dopamine that persistsfor a few days
after discontinuing administration. Thus, Hurd et al. (1989) and
Segaland Kuczenski (1992a,b) observed a decreasein the ca-
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Figure 6. Basalextracellularconcentrationof dopaminein ventral
striatumdeterminedusingin vivo net flux of dopamine.Dialysiswas

performedon day 7 or day 20 after the ratshad beenpretreatedwith
saline(group5 in Table 1)or cocaine(group6) on days l-6. Eachline
wasderivedfrom six to eight animals,andthe dataare shownasthe

mean f SEM difference between the concentration ofdopamine applied
to the dialysisprobein the perfusateand that collectedat the probe

effluent(Parsons
andJustice,1991).Zeroonthey-axisistheinterpolated
concentrationof dopaminein the perfusateat which no net flux with
theextracellularfluid occursandcorresponds
to the basalconcentration
of dopamine.The basalconcentrationof dopaminewasunalteredin
cocaine-pretreated
ratsat eitherwithdrawaltime,but onday7 theslope
of the line wassignificantlyelevated.
pacity of an acute challengewith cocaine or amphetamine to
elevate extracellular dopamineduring the early withdrawal from
a daily drug treatment regimen. Likewise, we found a reduction
in the effect of cocaineon day 7 in rats pretreated daily with 30
mg/kg intraperitoneal cocaine(group 4), but alsoobservedthat
the apparent tolerance subsidedwith time such that an augmentation in extracellular dopamine was manifest by 1l-15 d
following the discontinuation of daily cocaine. One study reported a similar increasein the sensitization ofin vitro dopamine
releasewith the passage
of time after discontinuing a sensitizing
psychostimulant treatment regimen (Kolta et al., 1985). Also,
many studieshave revealed an increasein behavioral sensitization over time (Hitzemann et al., 1980;Hirabayashiand Alam,
1981; Kolta et al., 1985; Antelman, 1988; Kalivas and Duffy,
1989; Robinson, 1991).
There are a number of possiblemechanismsfor the development of short-term tolerance to the effectsof cocaine on extracellular dopamine. First, it has been proposed that, similar
to high dosesof amphetamines(Seidenet al., 1988), repeated
cocaine administration may reduce the concentration of dopamine in various terminal fields (Dackis and Gold, 1985). In
general, the measurementof tissue levels of dopamine in numerouslaboratorieshasfailed to verify this hypothesis(Kalivas
et al., 1988; Kleven et al., 1988; Yeh and De Souza, 1991; but
seeKaroum et al., 1990). Likewise, there is not a reduction in
basal levels of extracellular dopamine in the early withdrawal
period after repeatedcocaineor amphetamine(Robinson et al.,
1988; Kalivas and Duffy, 1990; Parsonset al., 1991; Segaland
Kuczenski, 1992a,b;presentresults).However, there have been
reports of diminished levels of dopamine synthesisand tyrosine
hydroxylase phosphorylation in the nucleus accumbensafter
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Figure 7. Illustrationofdialysisprobe

placementin the ventral striatum,includingthe nucleusaccumbens,
olfactory tubercle,and striatum.Although
the active portion of the probevaried
from2.0to 3.0mmin length,all probes
weredrawnas2.5mm.Thebroken track
lines referto probeplacements
excluded from data analysis.An additional
sevenwerelocatedrostra1to the illustration.The number oneachsectionrefersto millimetersrostra1to the interaural line accordingto the atlas of
PaxinosandWatson(1986).
repeatedcocaine administration (Kalivas et al., 1988; Brock et
al., 1990;Beitner-Johnsonand Nestler, 1991).Thus, while basal
levels of intra- and extracellular dopamine are not significantly
affected during withdrawal from cocaine, it is possiblethat dopamineterminals may be compromisedin the ability to regulate
dopamine synthesisin responseto a cocaine challenge.
Another possibleexplanation for the apparent tolerance IS
that an increasein dopamine reuptake may compensatefor the
augmentedreleasesuchthat the amount of dopamine escaping
the synaptic cleft and captured by the dialysis probe may be
unaltered or decreased.The effects of repeated cocaine on in
vitro measurementsof uptake carrier function have been inconsistent (Izenwasserand Cox, 1990; Peris et al., 1990; Yi and
Johnson, 1990). However, in vivo voltammetry was recently
employed to demonstrate that after 24 hr, but not 10 d, after
discontinuing daily cocaine there is a significant increase in
dopamine uptake in the striatum (Ng et al., 1991). This is consistent with an increasein the slope of the dopamine titration
curve in the cocaine-pretreatedrats (Parsonset al., 1991; present
results), which has been postulated to reflect increasedelimination ofdopamine from the synaptic cleft (Parsonsand Justice,
1991; Parsonset al., 1992). Thus, enhancedelimination of dopamine, presumably resulting from augmented reuptake, may
partly mask the appearanceat the dialysis probe of increased

concentrations of dopamine in the synaptic cleft. However, Ng
et al. (199 1) demonstratedin rats pretreated with daily cocaine
that electrical stimulation of the medial forebrain bundle significantly augmenteddopamine overflow compared to control
rats, even in the presenceof the enhanceddopamine uptake.
Furthermore, similar to the presentreport, this group found that
after 24 hr ofwithdrawal from repeatedcocaine,the basallevels
of extracellular dopamine were unchangedin the presenceof
increased dopamine uptake (Parsonset al., 1991). Thus, enhanced reuptake doesnot offer a complete explanation for the
lack of an augmentation in synaptic dopamine levels during the
early withdrawal period from daily cocaine.
A final explanation for the apparent tolerance is that there
may be an alteration in the presynaptic regulation of dopamine
release.Likely candidatesinclude changesin presynaptic inhibition produced by D, autoreceptorsor changesin the presynaptic stimulation of dopamine releaseby excitatory amino acids
or 5-HT. Data suggestingan alteration in Dz autoreceptor function following repeated cocaine administration have been inconsistent (Dwoskin et al., 1988; Peris et al., 1990; Yi and
Johnson, 1990). Supporting a role for excitatory amino acidsis
the observation that systemic administration of the noncompetitive NMDA receptor antagonistMK-801 with cocaineprevents the development of behavioral sensitization (Karler et al.,
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1989). Also, lesions of the fimbria, which would disrupt the
dopamine releasecould elicit a greater behavioral stimulant
response.This possibility isconsistentwith reports showingthat
excitatory amino acid projection from the hippocampus to the
nucleus accumbens, prevent the development ofbehavioral senthe inhibitory effect of dopamine on the firing frequency of
sitization to cocaine (Yoshikawa et al., 199 1). A role for 5-HT
neuronsin the striatum (Rebecand Groves, 1976) and nucleus
is indicated by the fact that cocaine augments 5-HT transmisaccumbens(Henry et al., 1989) is enhancedin rats pretreated
sion by binding the 5-HT uptake carrier (Reith et al., 1986)
with repeated injections of cocaine or amphetamine (but see
Kamata and Rebec, 1985). The augmentedresponseto iontoand the recent observation that the in vivo administration of
5-HT into the nucleus accumbensincreasesthe extracellular
phoretic dopamine in the nucleusaccumbensof rats pretreated
level of accumbal dopamine (Benloucif and Galloway, 1991;
with repeated cocaine injections appearsto result from an enChen et al., 1991).
hanced responsiveness
of the D, receptor and enduresfor up to
Regardlessofthe mechanismmediatingthe lack ofaugmented
30 d after discontinuing the repeatedcocainetreatments(Henry
extracellular dopamine during the early withdrawal period, it
and White, 1991). This is consistentwith reports showingthat
remainsunknown how behavioral sensitization could occur in
an augmentation in dopamine stimulated adenylyl cyclase in
the absenceof enhanceddopamine transmissionin the nucleus
the striatum of rats pretreated with daily amphetamine(Roseaccumbens.A number of factors may be involved. First, beboom et al., 1990; Beitner-Johnsonet al., in press;but seeBarhavioral sensitization may be mediated by nondopaminergic
nett et al., 1987). In addition, the density of DZ receptors is
substratesor dopamine terminals outside the ventral striatum.
upregulated in the nucleus accumbensduring the early with5-HT augments dopamine release(Imperato and Angelucci,
drawal period after daily treatment with cocaine (Goedersand
1989; Jiang et al., 1990; Benloucif and Galloway, 1991; Chen
Kuhar, 1987; Kleven et al., 1990; Peris et al., 1990; Zeigler et
et al., 1991; Yi et al., 1991) and a role for 5-HT and norepial., in press).
nephrine in modulating the acute motor effect of psychostiParsonset al. (199 la) examined the effect of repeatedcocaine
mulants hasbeendescribed(Segal,1976; Dickinson et al., 1988;
(20 mg/kg, i.p. x 10 d) on basal dopamine levels using the in
Kuczenski and Segal, 1988; Taghzouti et al., 1988). Also, senvivo dopamine flux method and found that at 10d ofwithdrawal,
sitization of adrenergic transmissionin the hippocampuscan
extracellular dopamine in the nucleusaccumbenswas reduced.
be produced by prior exposureto chronic stress(Nisenbaumet
In contrast, we observed no change 14 d after discontinuing
al., 1991). Although the striatum, nucleusaccumbens,and olrepeatedcocaine treatments (group 6). An explanation for this
factory tubercles are the dopamine terminal fields most frediscrepancy is not readily apparent, but may involve differences
quently associatedwith the modulation of motor activity by
in treatment and withdrawal parameters.Also, differences in
amphetamine-like psychostimulants, other dopamine terminal
dialysis buffer and flow rate may affect the basallevels of exlieldsmay be important. Notably, pharmacologicallystimulated
tracellular dopamine. Notably, the higher flow rate employed
dopamine transmissionin the ventral pallidum (Napier et al.,
in the present study (1.9 &min vs. 0.2 pl/min) may causea
1988; Klitenick et al., in press)and prefrontal cortex (Louilot
modest depletion of extracellular dopamine, as reflected by the
et al., 1989) has been shown to modulate locomotor activity
lower basallevels of dopamine in the presentstudy (3.35-3.62
and/or dopamine releasein the nucleusaccumbens.While ennM) versus those obtained by Justice and coworkers (Parsons
hanceddopaminetransmissionin the ventral pallidum increases and Justice, 1991, 3.8-4.5 nM; Parsonset al., 1991, 3.9 nM;
motor activity, dopamine appearsto have an inhibitory influParsons et al., 1991b, 6.9 nM). It is possible that a modest
ence in the prefrontal cortex (Deutch and Roth, 1990). Thus,
depletion may have masked the reduction in daily cocainealthough acute cocaine injection increasesthe extracellular conpretreated rats.
tent of dopamine in the prefrontal cortex (Moghaddam and
In conclusion, long-term behavioral sensitization to repeated
Bunney, 1989) perhaps behavioral sensitization could be ascocaineadministration wasassociatedwith an augmentationin
sociatedwith a decreasein extracellular dopamine in the preextracellular dopamine content in the ventral striatum. Howfrontal cortex (Sorg, in press).
ever, behavioral sensitization waspresentin the absenceof augA secondexplanation for the apparent lack of an association mented dopamine levels during the early withdrawal period
between extracellular dopamine and behavioral sensitization
from a relatively high-dosage,repeated cocaine pretreatment
may be the presenceof environmental conditioning previously
regimen. Thus, while alterations in dopaminc releasein the
identified with single and repeated administration of psychoventral striatum are likely to contribute to the long-term exstimulants (Tilson and Rech, 1973; Post et al., 1981; Weiss et
pressionof behavioral sensitization produced by repeated coal., 1989; seeStewart and Vezina, 1988, for review). Furthercaine administration, other factors needto be consideredduring
more, Beninger et al. (1983, 1986) found that amphetaminethe early withdrawal period.
and cocaine-conditioned locomotor behavior does not depend
on intact dopamine transmission.Although in the presentstudy
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