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Abstract

The present experiment evaluated the interactions between continuous cocaine dose, duration of administration, and duration of

withdrawal on the induction of behavioral tolerance and changes in dopamine autoreceptor (DA) function. In the current experiments, rats

were exposed to a pretreatment regimen involving the continuous administration of 0, 5, or 20 mg/kg/day cocaine for either 3 or 7 days. All

subjects were then withdrawn from the pretreatment regimen for 1 or 7 days. For the experiments examining behavioral tolerance, the

subjects received 15.0 mg/kg ip cocaine. For the experiments examining alterations in DA function, the subjects received a 0.063 mg/kg ip

quinpirole injection, followed 5 min later by a 15.0 mg/kg ip cocaine injection. For all experiments, the subjects were placed in activity

monitors, and ambulation was measured for 60 min. The results indicated that all continuous cocaine durations induced significant changes in

cocaine-induced behavior at the 1-day withdrawal period. However, for tolerance to be exhibited on the 7-day withdrawal period, either high-

dose or long-duration continuous cocaine had to be administered. This tolerance was associated with an increase in DA sensitivity. However,

the change in DAs was dose- or duration-dependently related to tolerance. Overall, the literature suggests that behavioral tolerance following

continuous cocaine administration may be mediated by multiple, time-dependent mechanisms that operate in an all-or-none manner.
D 2004 Published by Elsevier Inc.
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1. Introduction

Previous research involving chronic cocaine administra-

tion clearly indicates that the continuous administration of

cocaine results in tolerance to its behavioral and neuro-

chemical effects, where behavioral tolerance is typically

exhibited as a decrease in cocaine-induced locomotion,

and tolerance to the neurochemical effects is exhibited as

a reduction in cocaine-induced dopamine autoreceptor (DA)

release (Chen and Reith, 1993; King et al., 1992, 1993,

1994a,b, 1995, 1997; Reith et al., 1987). Most of this

research utilized high-dose and/or long-duration administra-

tion regimens in an attempt to model chronic cocaine abuse.
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In spite of the substantial literature indicating that tolerance

to many of the effects of cocaine can develop following

continuous administration, the parameters that induce toler-

ance have been systematically explored only recently.

The literature regarding the parameters of continuous

cocaine administration that effect tolerance indicates that

the magnitude of tolerance induced by a 14-day pretreatment

regimen appears to be dose-dependent (King et al., 1999a).

In contrast, the magnitude of tolerance is independent of

pretreatment duration (3, 7, or 14 days) when high contin-

uous cocaine doses are used (40 mg/kg/day; King et al.,

2002). Lastly, the magnitude of tolerance induced by 14 days

of 40 mg/kg/day continuous cocaine is present on Days 1 and

7 of withdrawal but dissipated by Day 14 of withdrawal from

the pretreatment regimen (King et al., 1999b).

The data also indicate that the tolerance induced by

continuous cocaine administration is associated with several

indices of DA supersensitivity. Zhang et al. (1992) found that



G.R. King et al. / Pharmacology, Biochemistry and Behavior 78 (2004) 293–300294
dopamine neurons in the substantia nigra compacta from rats

that had received continuous cocaine were supersensitive to

the inhibitory effects of apomorphine on cell firing rates on

Days 1 and 7, but not on Day 14, of withdrawal from

continuous cocaine administration. Gao et al. (1998) recently

reconfirmed these results using the selective D2/D3 agonist

quinpirole. Lastly, Jones et al. (1996), using in vitro fast scan

cyclic voltammetry, found that DAs were supersensitive to

the inhibitory effects of quinpirole. The behavioral literature

suggests that the induction of this supersensitivity is not

dose-dependent (King et al., 1999a) but is duration-depen-

dent (King et al., 2002).

The previous research examined the effects of dose,

treatment, and withdrawal duration in isolation. However,

no studies have examined how the induction of tolerance and

DA supersensitivity are jointly determined by the interactions

between dose, treatment duration, and withdrawal duration.

The central question is whether significant tolerance can be

induced by a short-duration, high-dose exposure; and, if so, is

this tolerance of the same magnitude and duration as that

produced by a long-duration, low-dose exposure?

In all experiments, the subjects were exposed to a

pretreatment regimen involving the continuous administra-

tion of 0, 5, or 20 mg/kg/day cocaine for 3 or 7 days. The

subjects were then withdrawn from this regimen for 1 or 7

days. The subjects were then challenged with 15.0 mg/kg ip

cocaine to evaluate the issue of tolerance or 0.063 mg/kg

quinpirole, followed 5 min later by 15.0 mg/kg cocaine to

evaluate the issue of changes in DA supersensitivity.
2. Materials and methods

2.1. Subjects

Male Sprague Dawley rats weighing 150–175 g (Charles

River Laboratories) were acclimated to the vivarium (12-

h light–dark cycle, lights on at 7:00 a.m.) for 1 week. They

were maintained on free food and water and were housed

singly. Terminal weights ranged from 275–325 g. The

current methods were approved by the University of North

Texas Health Sciences Center animal use committee, and all

subjects were treated in accordance to the guidelines in the

NIH Guide for Care and Use of Laboratory Animals.

2.2. Drugs

Cocaine HCl (received from NIDA) was dissolved in

0.9% saline, as was quinpirole, which was purchased from

Research Biochemicals (Natick, MA).

2.3. Minipump preparation and pretreatment regimen

Alzet osmotic pumps (Model 2ML2, Alza) were filled

with 2.5 ml of 50 mg/ml cocaine HCl, 2.5 ml of 12.5 mg/ml

cocaine HCl, or isotonic (0.9%) saline. The pumps were
slightly modified by adding a microdialysis fiber to the

output portal to eliminate tissue necrosis from the cocaine

(Joyner et al., 1993). The infusion rate for the cocaine was 5

Al/h, resulting in an overall dose of 0 (control group), 5, or

20 mg/kg/day cocaine. The pumps were primed by warming

in a warm water bath (37 jC) for 4 h before pump

implantation. The cocaine pretreatment was for a 3- or 7-

day period. On Day 1 of treatment, animals were implanted

with 2ML2 Alzet minipumps continuously infusing cocaine

at an average rate of 0, 5, or 20 mg/kg/day.

2.4. Surgery

Rats were anesthetized briefly by inhalation with me-

thoxyflurane (Metofane). They were then shaved along the

dorsal midline and injected with 0.1 cm3 lidocaine (Abbot)

proximal to the incision site. A 2-cm incision was made

with scissors, and a large subcutaneous pocket was made

with the scissors. The minipumps were inserted into the

pocket, with the delivery portal towards the head and the

incision closed with surgical autoclips. Removal of the

minipumps entailed an identical procedure.

2.5. Locomotor testing

On Day 1 or 7 of withdrawal from the continuous cocaine

pretreatment regimen, the animals were transported from the

vivarium to the test room in a rat transporter. The transporter

has slots for 60 cages, and the rats’ home cages are inserted

into the slots. The rats were acclimated to the test room in

their home cage for 30–45 min under normal light con-

ditions. The animals were then transferred to the center of

Plexiglas boxes (43.2� 43.2� 21 cm) inside Opto-Varimex

‘‘minor’’ activity monitors (Columbus Instruments, Colum-

bus, OH) and were allowed to acclimate to the test cages for

an additional 30 min. The activity monitors had 15 photo-

beams, spaced 2.5 cm apart, along each side of the monitor

and along the vertical surfaces of the chambers. For all

experiments, the rats received a 15.0 mg/kg ip injection of

cocaine and were then placed back into the activity cham-

bers. In some experiments, 5 min prior to the cocaine

challenge, some subjects received a 0.063 mg/kg ip quinpir-

ole injection to probe for changes in the functional properties

of DAs. Locomotor activity was recorded for 60 min.

2.6. Data analysis

The primary dependent measures for the current experi-

ments are horizontal and vertical activity counts. The

current experiment is a mixed model design. Specifically,

there were three group factors [Pretreatment Dose (0, 5, or

20 mg/kg/day), Pretreatment Duration (3 or 7 days), and

Withdrawal Duration (1 or 7 days)], which produce 12

separate groups (3 Cocaine Pretreatment Doses� 2 Pretreat-

ment Durations� 2 Withdrawal Durations), and one repeat-

ed-measures factor (Time) per experiment. Data were
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collected on 10 subjects per group. For all experiments, the

subject types (i.e., subjects receiving different continuous

cocaine doses and drug challenges) were randomized

according to a Latin square design.

Previous research (King et al., 1999a,b) indicated that

tolerance to the behavioral effects of a cocaine challenge is

manifested over a substantial portion of the 60-min loco-

motor-monitoring interval. Thus, the time course data are

not critical. For these reasons, the ambulation scores were

converted to areas under the curve (AUCs) over the entire

60-min session by PeakFit (Jandel) for statistical purposes.

The data were then analyzed by standard three-way analyses

of variance (ANOVAs). Significant differences were ana-

lyzed by post hoc Tukey’s tests. The significance level was

set at PV.05 for all comparisons.
3. Results

3.1. Cocaine-induced locomotor behavior

Fig. 1 presents mean cocaine-induced horizontal activity

as a function of time, for each pretreatment dose, separately

for each treatment and withdrawal duration.

Fig. 2 presents the mean cocaine-induced horizontal

activity on the data transformed to AUCs. The results of
Fig. 1. Mean cocaine-induced horizontal activity as a function of time, for each pr

filled circles represent the saline control subjects. The open inverted triangles repres

mg/kg/day cocaine subjects. The bars represent 1 S.E. of the mean. The data were
the three-way ANOVAs indicate that the main effects of

Dose [F(2,108) = 10.17], Treatment Duration [F(1,108) =

12.98], and Withdrawal Duration [F(1,108) = 3.94] are

significant, as was the Cocaine Dose�Withdrawal Dura-

tion interaction [F(2,108) = 3.14]. The results of post hoc

Tukey’s tests indicate that for the 5 mg/kg/day subjects, the

3- and 7-day treatment durations (collapsed across with-

drawal duration, inasmuch as the three-way interaction was

not significant) are significantly different. The Tukey’s tests

also indicate that, for the 1-day withdrawal period, the 5 and

20 mg/kg/day groups are significantly different from the

saline control subjects; while for the 7-day withdrawal

period, only the 20 mg/kg/day group is significantly differ-

ent from the saline control group.

3.2. Effects of quinpirole on cocaine-induced locomotor

behavior

Fig. 3 presents mean horizontal activity, induced by the

Quinpirole plus cocaine challenge, as a function of time, for

each pretreatment dose, separately for each treatment and

withdrawal duration.

Fig. 4 presents mean quinpirole + cocaine-induced hori-

zontal activity on the data transformed to AUCs. The re-

sults of the three-way ANOVAs indicate that the main effects

of Dose [F(2,108) = 16.77], Treatment Duration [F(1,108) =
etreatment dose, separately for each treatment and withdrawal duration. The

ent the 5.0 mg/kg/day cocaine subjects. The filled squares represent the 20.0

collected in 5-min bins. Time 0 is immediately after the cocaine challenge.



Fig. 2. Mean cocaine-induced horizontal, for each pretreatment dose, separately for each treatment and withdrawal duration. These data are the areas under the

curve (AUC) and are the data on which the statistical analyses were conducted. The filled circles represent the saline control subjects. The open inverted

triangles represent the 5.0 mg/kg/day cocaine subjects. The filled squares represent the 20.0 mg/kg/day cocaine subjects. The bars represent 1 S.E. of the mean.
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9.25], and Withdrawal Duration [F(1,108) = 4.21] are signi-

ficant. No other effect was significant.
4. Discussion

The results suggest that the effects of continuous cocaine

dose on locomotor behavior are modulated by the treatment

and withdrawal durations. The results indicate that high-dose
or long-duration continuous cocaine administration induces

tolerance to the behavioral effects of a cocaine challenge. In

addition, this tolerance seems to be associated with changes

in DA sensitivity. However, the magnitude of change in DA

supersensitivity does not seem to be related to continuous

cocaine dose, treatment duration, or withdrawal duration.

The present results, as well as our previous research,

suggest that the effects of cocaine dose on the induction of

tolerance is modulated by the treatment and withdrawal



Fig. 3. Mean horizontal activity, induced by the quinpirole plus cocaine challenge, for each pretreatment dose, separately for each treatment and withdrawal

duration. The filled circles represent the saline control subjects. The open inverted triangles represent the 5.0 mg/kg/day cocaine subjects. The filled squares

represent the 20.0 mg/kg/day cocaine subjects. The bars represent 1 S.E. of the mean. The data were collected in 5-min bins. Time 0 is immediately after the

cocaine challenge, which was 5 min after the quinpirole challenge.
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durations: 7 days of continuous cocaine administration,

regardless of dose-induced behavioral tolerance to a cocaine

challenge on Days 1 and 7 of withdrawal. In addition, the

values for the magnitude of tolerance on Days 1 and 7 of

withdrawal were roughly equivalent for both continuous

cocaine doses. This pattern of results is consistent with our

previous research (King et al., 2002) indicating that tolerance,

assessed on Day 7 of withdrawal, is present following 7 days

of continuous cocaine (40 mg/kg/day). However, the fact that

tolerance was roughly equivalent for the 5 and 20 mg/kg/day

subjects is not consistent with our previous research (King et

al., 1999a,b) showing that the induction of tolerance is dose-

dependent following 14 days of exposure. However, it is

possible that long-duration exposure has greater effects.

In contrast, the results for the 3-day treatment duration

are more complicated. Both the 5 and 20 mg/kg/day subjects

showed tolerance on Day 1 of withdrawal but not on Day 7

of withdrawal. This pattern would suggest that longer

durations are necessary to produce persistent tolerance.

However, the results of King et al. (2002) indicate that 3

days of continuous 40-mg/kg/day cocaine induces tolerance

on Day 7 of withdrawal. This pattern would suggest that

longer durations are necessary to produce persistent toler-

ance. However, the results of King et al. (2002) indicate that

3 days of continuous 40 mg/kg/day cocaine induces toler-

ance on Day 7 of withdrawal. This result would indicate that

very high dose, short-term exposure to cocaine can induce
tolerance but that low-dose, short-duration exposure is not

sufficient to induce tolerance. These results are consistent

with the work of Ahmed and Koob (1998, 1999) who found

that increasing the duration of the cocaine self-administra-

tion was stable and consistent. However, when the duration

was increased to 6 h, drug intake increased over sessions,

there was an increase in drug loading, and an upward shift in

the hedonic set point for cocaine, all presumably due to the

development of tolerance.

The pattern of results suggests that the casual intermittent

user may not develop sufficient tolerance after short-term

usage (e.g., one night at a party) to trigger a binge pattern of

consumption. However, either protracted low-dose use or

high-dose, short-term use could induce tolerance sufficient

to induce a binge pattern of use.

4.1. Mechanisms of tolerance

4.1.1. The role of dopamine autoreceptors

The current methods used low doses of quinpirole to

probe for changes in DA function following different

durations of continuous cocaine administration.

The results presented in Figs. 3 and 4 are consistent with

DA control of cocaine-induced hyperactivity and the deve-

lopment of DA supersensitivity. Activation of DAs, by

higher-than-normal levels of synaptic dopamine, results in

an inhibition of dopamine release in the terminal areas such as



Fig. 4. Mean quinpirole + cocaine-induced horizontal, for each pretreatment dose, separately for each treatment and withdrawal duration. These data are the

areas under the curve (AUC) and are the data on which the statistical analyses were conducted. The filled circles represent the saline control subjects. The open

inverted triangles represent the 5.0 mg/kg/day cocaine subjects. The filled squares represent the 20.0 mg/kg/day cocaine subjects. The bars represent 1 S.E. of

the mean.
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the nucleus accumbens or caudate, while activation of soma-

dendritic DA autoreceptors in the ventral tegmental area or

substantia nigra would inhibit dopamine neuronal firing rates.

The overall pattern of results presented in Figs. 3 and 4

tentatively suggest that DA supersensitivity developed in the

cocaine-pretreated subjects, which is consistent with previ-

ous research (e.g., King et al., 1999a,b). In the cocaine-

pretreated subjects, the quinpirole challenge dose generally
inhibited locomotor activity for both continuous doses and

durations at both withdrawal periods. However, this effect

was not duration- or dose-dependent, in that all doses and

durations seemed to produce roughly equivalent changes in

DA function. Indeed, the lack of any dose- or duration-

dependent effects on DAs indicates that this mechanism

alone cannot account for tolerance. Lastly, the results for

the 3-day treatment, 7-day withdrawal condition presented in
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Figs. 3 and 4 indicate that DA supersensitivity developed in

the absence of tolerance, suggesting that there may be a

dissociation between tolerance and changes in autoreceptor

function.

4.2. Synthesis of results

The overall pattern of results from the studies conducted

in our laboratory suggests that there are multiple convergent

drug use histories that can produce tolerance to the behav-

ioral effects of cocaine, as well as multiple mechanisms

mediating tolerance.

4.2.1. Drug-use history

One possible history is lower dose consumption over an

extended period of time. This route may model the casual,

recreational user who uses during the weekend for a long

time. On the other hand, another possible drug consumption

history is high-dose use for a short period of time. This

might model an individual who ‘‘parties hard’’ over an

evening or weekend, consuming a large amount of cocaine

during this period. In either case, both individuals would be

expected to develop tolerance to the effects of cocaine. The

development of tolerance may lead to the initiation of binge

cocaine use and, thus, the development of an abuse pattern

of consumption (Gold, 1992).

The results also indicate that the magnitude of tolerance

and the development of DA supersensitivity were largely

dose- and duration-independent but did depend on the

withdrawal period. If DA supersensitivity were the only

mechanism mediating tolerance, then one would have

expected to find that the magnitude of tolerance was

duration-dependent. Hence, the current results suggest that

multiple, time-dependent mechanisms determine tolerance

to the behavioral effects of cocaine.

4.2.2. Other mechanisms

Other researches indicate that a down-regulation of 5-

HT3 receptors represents another mechanism of the toler-

ance induced by continuous cocaine administration (King et

al., 1994a,b, 1995, 1997, 1999a,b; Matell and King, 1997).

Research indicates that 5-HT3 receptor agonists will stimu-

late DA release in vivo (Chen et al., 1991, 1992; Jiang et al.,

1990), while 5-HT3 antagonists will block the locomotor-

stimulating effects of acute cocaine administration (Hagan et

al., 1990; King et al., 1994b; Reith, 1990; Svingos and

Hitzemann, 1992; Tricklebank et al., 1989). A functional

down-regulation of 5-HT3 receptors by continuous cocaine

administration should decrease the stimulatory abilities of 5-

HT3 receptors on dopamine release and would contribute to

the behavioral tolerance.

Another possible mechanism mediating the develop-

ment of tolerance is changes in the dopamine transporter

(DAT). For example, Hitri et al. (1994) reported that

continuous cocaine administration for 14 days increased

WIN 35,420, but not RTI 55, binding in the caudate. On
the other hand, Kunko et al. (1997) reported that WIN

35,428 binding was unchanged in any brain or withdrawal

time following continuous cocaine administration (50 mg/

kg/day for 7 days). Letchworth et al. (2001) also reported

dose-dependent changes in the DAT following chronic

self-administration in primates. These results are similar

to those found in postmortem tissue samples taken from

human cocaine abusers. Little et al. (1993, 1995) reported

significantly increased Bmax for WIN 35,428 in both the

caudate and nucleus accumbens. Recent research indicates

that chronic cocaine can increase DAT Vmax and cell

surface expression (Daws et al., 2002; Little et al.,

2002). Lastly, we have found that continuous cocaine

induction increases the Bmax of the DAT in the VTA and

substantia nigra SN in a duration-independent, but dose-

dependent, manner (unpublished data). This pattern of

results is consistent with the behavioral results indicating

that the magnitude of tolerance induced by continuous

cocaine administration is independent of the pretreatment

duration (King et al., 2002) but does depend on the dose

(King et al., 1999a,b).

Overall, the effect of supersensitive somadendritic DAs

and increased numbers of DATs in these regions, coupled

with down-regulated 5-HT3 receptors, would produce a

dopaminergic system that was largely inhibited, in terms

of both firing rate and dopamine release. This combination

would result in the behavioral tolerance found following

continuous cocaine administration. The pattern of changes

in the DA, DAT, and 5-HT3 induced by different doses and

durations of continuous cocaine are generally consistent

with the behavioral tolerance exhibited by subjects follow-

ing the same pretreatment regimens.

In summary, the current results indicate that, over the

durations, doses, and withdrawal periods tested, behavioral

tolerance was determined by an interaction between the

dose, duration, and withdrawal period. In other words, low-

dose, long-duration and high-dose, short-duration adminis-

tration regimens induced tolerance to the behavioral effects

of a subsequent cocaine challenge. This tolerance is associ-

ated with the development of DA supersensitivity.
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