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Abstract

Intermittent cocaine administration induces sensitization (reverse tolerance) to its behavioral effects. The mechanism(s) mediating
sensitization is not clear, however, previous research has implicated 5-HT, receptors in the expression of sensitization. The present
experiment evaluated the ability of the 5-HT; receptor antagonist, ondansetron, administered during withdrawal from chronic intermittent
cocaine administration, to block the expression of sensitization. Rats were pretreated for 14 days by daily subcutaneous injections of
either 40 mg/kg cocaine or 0.9% saline. During the first 5 days of withdrawal from this pretreatment regimen, al rats received a daily
subcutaneous injection of 0—1.0 mg/kg ondansetron. On days 7, 14 or 28 of withdrawal from the cocaine pretreatment, the rats received
a 15.0-mg/kg cocaine challenge. Ambulatory behavior was automatically recorded for 60 min. Ondansetron had no significant effect on
the subsequent behavioral response to cocaine in the saline control subjects. In contrast, daily injections of ondansetron blocked the
expression of sensitization at all withdrawal times. We thus report that it is possible to permanently block the expression of sensitization

once it has developed by administering a 5-HT, receptor antagonist. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Stimulant sensitization is characterized by an increasing
behavioral or neurochemical response to the stimulant with
repeated i ntermittent administration (Post and Contel, 1983;
Kalivas and Duffy 1990; Kalivas and Stewart 1991; King
et al., 1993, 1994a). Senditization lasts months, and is
thought to represent a permanent change in the neurobiol-
ogy of the organism (Kalivas and Stewart 1991). The
mechanism(s) mediating sensitization is not clear, but the
process of establishing sensitization can be divided into
three phases: Development, transfer, and expression. The
literature suggests that different mechanisms probably me-
diate each phase.

The most common method for evaluating the receptor(s)
mediating the development of sensitization is to co-admin-
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ister an antagonist with cocaine during the treatment regi-
men. Using this strategy, several reports have implicated
D, receptors in amphetamine (Vezing, 1996), but not
cocaine (White et a., 1998) sensitization. This method has
also implicated NMDA and AMPA receptors (e.g., Karler
et al., 1989, 1990, 1991, 1994; Kalivas and Alesdatter,
1993; de Montis et al., 1995; Li et a., 1997, Wolf, 1998;
Wolf and Jezlorski, 1993; Wolf and Khansa, 1991; Wolf et
al., 1993) in the development of both amphetamine and
cocaine sensitization. We have previously reported that
ondansetron, a 5-HT; receptor antagonist, co-administered
with intermittent cocaine, can block the development of
sensitization (King et al., 1997). These results were re-
cently confirmed by Steketee and Crissman (1997) using
other 5-HT, receptor antagonists locally administered into
the ventral tegmental area.

There is evidence that the development and expression
of sensitization and tolerance are distinct events (eg.,
Cador et al., 1995) with a transfer phase between the
development and expression of sensitization (White et al.,
1998). First, maximal sensitization does not occur immedi-
ately after the last injection, but rather approximately 7—10
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days after the final injection (see Post, 1980, for a review
of this literature). Furthermore, Kalivas and Weber (1988)
reported that local administration of amphetamine into the
A10 region induced sensitization to systemic amphetamine
and cocaine. In contrast, local application of amphetamine
into the nucleus accumbens does not induce sensitization
(Dougherty and Ellinwood, 1981).

The expression of sensitization is associated with en-
hanced dopamine release in the nucleus accumbens
(Nicolaysen et al., 1988; Kalivas and Duffy 1990; Kalivas
et al., 1988; Pettit et al., 1990; Ng et al., 1991; King et &,
1993, 1994a,b). A common approach to eva uate the recep-
tor basis of the expression of sensitization is to administer
a single injection of an antagonist before the stimulant
challenge at some time after the stimulant pretreatment
regimen. Using this procedure, the literature indicates that
neither NMDA (Wolf et al., 1995) nor AMPA (Karler et
al., 1994) receptor antagonists blocked the expression of
cocaine sensitization in rats. In contrast, we have reported
that the 5-HT receptor antagonist, ondansetron, does block
cocaine sensitization in rats (King et al., 1994a,b).

However, this method may not adequately address the
issue of the receptor bases of the expression of stimulant
sensitization. As stated above, the transfer of necessary
neurobiological changes from the ventral tegmental areato
the nucleus accumbens is a process that requires a period
of time (most likely several days). Thus, the changes in
receptor mechanisms necessary for the consolidation occur
over an extended period of time. As a result, a single
injection of an antagonist at a specific time point may not
be sufficient to probe the receptor bases of the transfer of
sensitization from the soma to the terminal areas (i.e,
ventral tegmenta area to the nucleus accumbens).

Given these considerations, we have evaluated the re-
ceptor bases of this transfer process by administering
antagonists for the first 5 days after the cessation of the
cocaine pretreatment regimen. Using these procedures, we
have reported that ondansetron can block the expression of
sensitization on day 7 of withdrawa from the cocaine
pretreatment regimen (King et al., 1998). However, the
guestion arises as to whether this result represents a long-
term /permanent blockade of sensitization, or whether on-
dansetron administration simply delayed the onset of sensi-
tization. In other words, would sensitization appear at a
later withdrawal time, following ondansetron administra
tion, or was the expression of sensitization permanently
blocked?

A long-term or permanent blockade of sensitization
would suggest a critical role for 5-HT; receptors in the
mediation of sensitization, while a delay in the expression
of sensitization would suggest a more tangentia role for
5-HT; receptors. The present experiment replicated our
previous report (King et a., 1998), except that the subjects
were withdrawn from the cocaine pretreatment regimen for
7, 14, or 28 days to determine whether the previous
blockade of the expression of sensitization persists beyond

7 days. We predict that the cocaine plus vehicle subjects
will exhibit sensitization at all withdrawa periods. In
contrast, the cocaine plus ondansetron subjects will exhibit
significantly less behavior at al withdrawal periods.

2. Materials and methods
2.1. Subjects

Male Sprague—Dawley rats, initially weighing 200 to
225 g (Charles River Laboratories), were acclimated to the
vivarium on a 12 h light /dark cycle (light between 0700
to 1900 h ) for 1 week prior to treatment. They were
housed in pairs in plastic cages with continuous access to
food and water. All subjects were treated according to the
guidelines for the ethical treatment of subjects proposed by
the American Psychological Association. The research was
conducted under a protocol approved by the Duke Univer-
sity IACUC.

2.2. Drugs

Cocaine HCI (received from NIDA) was dissolved in
0.9 % sterile saline. Ondansetron hydrochloride dihydrate,
(+)-1,2,3,9-tetrahydro-9-methy!-3[(2-methyl-1 H-im-
idazol-1-yl)methyl]-4H-carbazol-4-one, monohydrochlo-
ride dihydrate, (generously supplied by Glaxo Wellcome,
Middlesex, UK) was dissolved in distilled water. All doses
are calculated as the salt, and injection volume was based
on the body weight.

2.3. Pretreatment regimen

The cocaine pretreatment regimen was for a 14-day
period. On day 1 of treatment the animals received either
daily s.c. injections of 40 mg /kg cocaine HCI (intermittent
administration group), or daily s.c. injections of 0.9 %
saline (saline control group). For the saline control and
cocaine pretreatment subjects, each injection was done as
two separate injections at separate sites (e.g., the cocaine
subjects received two 20-mg/kg cocaine injections, one
right after the other). This was done to minimize the
development of tissue necrosis due to the vasoconstrictive
properties of cocaine. As a result of this procedure, no
significant necrosis developed in the cocaine-treated sub-
jects. At the end of the 14-day pretreatment period, the
subjects were exposed to a 7-, 14-, or 28-day withdrawal
period. During the first 5 days of the withdrawal period, al
subjects received a s.c. injection of ondansetron. The
ondansetron doses were vehicle, 0.01, 0.1, and 1.0 mg/kg.
These were the same doses that we used in our previous
experiment (King et a., 1997) evaluating the ability of
ondansetron to block the development and expression of
sensitization and tolerance. Furthermore, previous research
had indicated that this dose range spans the effective dose
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Fig. 1. The mean AUCs for the behavioral response to a 15.0-mg/kg cocaine challenge, as a function of withdrawal day, separately for each pretreatment
group are presented. The top panel presents the mean AUCs for the saline control subjects, and the bottom panel presents the data for the intermittent
cocaine subjects. The bars represent one standard error of the mean. The asterisks (*) indicate a significant difference between the cocaine pretreated and
saline control subjects. The pound sign (#) indicates a significant difference between an ondansetron dose and the vehicle.

range for ondansetron (see Costall, 1993, Costall et al.,
1990c for reviews).

2.4. Behavioral testing

On day 7, 14, or 28 following the cocaine pretreatment
regimen (or 2, 9, or 23 days after the final ondansetron
injection), the animals were acclimated to the test room in
their home cage for 30 min under normal light conditions.
The animals were then transferred to the center of plexi-
glas boxes (43.2x 43.2x 21 cm) inside Opto-Varimex
““minor’’ activity monitors, and allowed to acclimate to
the test cages for an additional 30 min. The activity
monitors had 15 photobeams, spaced 2.5 cm apart, along
each side of the monitor. All subjects received a 15.0
mg/kg i.p. cocaine injection. Activity counts (horizontal
movements and ambulation) were taken in 5 min bins for
60 min.

2.5. Data analysis

The current experiment is a mixed model design.
Specificaly, there were three group factors (cocaine pre-
treatment, ondansetron dose, and withdrawal period) that
produces 24 separate groups (two pretreatment groups X
four ondansetron doses X three withdrawal periods), and
one repeated measures factor (time). There were 10 rats
per group, for a total of 240 subjects. In the current
experiment, the subjects were randomized according to a
Latin Square design. The data were analyzed by standard
analyses of variance (ANOVA). Differences between spe-

cific groups were determined by a-priori t-tests. The sig-
nificance level is set at p < 0.05 for al comparisons.

3. Reaults

Fig. 1 presents the mean area under the curve (AUC)
for each pretreatment group as a function of the on-
dansetron dose administered during withdrawal, separately
for each withdrawal period. A threeway ANOVA was
conducted on the AUCs presented in Fig. 1. The factors
were pretreatment group (saline vs. cocaine), ondansetron
dose (vehicle, 0.01, 0.1, 1.0 mg/kg), and withdrawal day
(day 7, 14, or 28). The results of the ANOVA indicated
that the main effects of the pretreatment group [ F(1,216)
=15.38] and the ondansetron dose [F(3,216) = 14.69]
were significant, but that the main effect of withdrawal day
[F(2,216) = 0.28] was not. Furthermore, the results indi-
cated that the pretreatment group X ondansetron dose
[F(3,216) = 8.62] interaction was significant, but no other
interaction was significant [pretreatment group X
withdrawal day: F(2,216) = 1.32; withdrawal day X
ondansetron dose: F(6,215) = 0.84; pretreatment group X
withdrawal day x ondansetron dose: F(6,216) = 0.74].

4. Discussion
The present results support and extend previous find-

ings, which suggest a role for 5-HT, receptors in cocaine
sensitization. The current results demonstrate that daily
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injections of the 5-HT, antagonist, ondansetron, during the
first 5 days of withdrawal from chronic cocaine can perma-
nently block the expression of behavioral sensitization.

The present results indicate that chronic ondansetron
had no consistent, systematic effect on the subsequent
behavioral response to cocaine in the saline control sub-
jects. This result is consistent with previous research indi-
cating that these compounds have no effect on locomotor
behavior when administered alone in drug naive rats (see
Costall and Naylor 1974, Costall et a., 1987, 1989,
1990a,b,c for examples). This result is also consistent with
our previous reports (King et al., 1997). The absence of an
effect of ondansetron on the behavioral response to co-
caine in the saline control subjects indicates that the effects
of ondansetron in the cocaine-pretreated subjects is not the
result of some non-specific effect of ondansetron on be-
havior.

The results presented in Fig. 1 highlight several find-
ings. First, the intermittent cocaine subjects that received
vehicle injections on days 1-5 of withdrawal all exhibited
sengitization to the 15.0-mg/kg cocaine challenge at all
withdrawal periods. Further, the magnitude of sensitization
did not significantly change over the withdrawal periods.
This pattern of results is consistent with previous literature
indicating that sensitization is a long-term response to
intermittent cocaine administration (Kalivas and Stewart
1991).

Second, the results in Fig. 1 aso indicate that on-
dansetron blocked the expression of sensitization induced
by intermittent cocaine administration at al withdrawal
periods. The results in Fig. 1 indicate that there were no
significant differences in the behaviora response to the
cocaine challenge between the saline control subjects and
the cocaine subjects that received different doses of on-
dansetron. Further, the magnitude of the blockade of sensi-
tization did not change over the withdrawal periods. In
other words, there was no increase, at any ondansetron
dose, in the behavioral response to the cocaine challenge
over the three withdrawal periods. The elimination of
sensitization was not due to the subjects exhibiting stereo-
typies following the cocaine chalenges. An analysis of
behavior ratings using the Ellinwood and Balster (1974)
rating scale (data not presented) did not indicate that any
ondansetron-treated subject exhibited stereotypies. This re-
sult demonstrates that the blockade of sensitization was
long-term (if not permanent), and questions the assumption
that sensitization, once it has developed, represents a per-
manent change on the neurobiology of the organism.

The current results are also consistent with our previous
research (King et al., 1997) and the report of de la Garza
and Cunningham (1993) who found that the co-administra-
tion of zacopride, another 5-HT, receptor antagonist, and
cocaine also blocked the development of sensitization. The
results are also consistent with the findings of Steketee and
Crissman (1997) who reported that the intraventra
tegmental area administration of a variety of 5-HT; recep-

tor antagonists blocked the development of sensitization.
Overdl, these reports, aswell as the current results, strongly
suggest arole for 5-HT; receptors in both the development
and expression of cocaine sensitization.

The effects of ondansetron on the subsequent behavioral
response to the cocaine challenge were not dose depen-
dent. In other words, ondansetron exhibited a flat dose—re-
sponse curve. This result is not surprising, as the effects of
5-HT, receptor antagonists often show either an inverted
U-shaped or flat dose-response curve (Costall et al.,
1990a,b). Furthermore, the current results are consistent
with the results of our previous report (King et al., 1998),
where the effects of ondansetron were also not dose-depen-
dent. The results presented in Fig. 1 suggest that the two
highest doses of ondansetron did not completely eliminate
sensitization on day 7 of withdrawal. This result is consis-
tent with our previous report (King et a., 1998), which
examined the ability of ondansetron to block the develop-
ment of cocaine tolerance and sensitization. In that report,
similar to the current results, the lowest and highest on-
dansetron doses attenuated, but did not completely elimi-
nate, the development of sensitization. These two results
suggest that multiple mechanisms may be involved in the
development and expression of sensitization.

In contrast to the current results, White et a. (1998)
reported that SCH 23390, a dopamine D, receptor antago-
nist, administered during the first 4 days of withdrawal
from an intermittent cocaine administration regimen, failed
to block the expression of sensitization on day 7. Thus, the
current results suggest that 5-HT, receptors, but not D,
receptors, are critical to the subsequent expression of
sensitization.
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