
&p.1:Abstract The goal of this study was to determine
whether slowly infused, response-independent cocaine
would reduce cocaine self-administration in an animal
model of drug abuse. Seven male rhesus monkeys self-
administered IV cocaine on a fixed-ratio 30 schedule (5-
min time-out). With unit dose (0.056 mg/kg per infusion
for one monkey and 0.032 mg/kg per infusion for the
rest) and infusion volume (0.5 ml) held constant, the
rate of delivery was manipulated (0.125, 0.1875, 0.375,
0.75 and 3 ml/min, with infusions lasting 240, 160, 80,
40, and 10 s, respectively). Response rates increased
monotonically as a function of delivery rate. Respond-
ing for cocaine at the slowest delivery rate did not differ
from saline. The effects of infusing additional cocaine
(starting 30 min prior to the session) at this non-rein-
forcing rate (0.125 ml/min) were then determined. De-
livery rate of the self-administered infusion was manip-
ulated as before. Non-contingent cocaine significantly
increased responding for cocaine (at the fastest delivery
rate) and for saline. While non-contingent cocaine re-
duced responding for cocaine in two of the seven mon-
keys, it also significantly reduced responding in three
monkeys that responded for food on the same schedule.
Plasma levels of cocaine delivered at rates of 0.125 and
3 ml/min were compared in five other monkeys. While a
higher peak was reached with the faster infusion, levels
did not differ after 5 min. Thus, when an infusion be-
came available (after the 5-min time-out) in the self-ad-
ministration experiments, plasma levels should not have
differed regardless of the delivery rate. These results
suggest that a low-dose, slow-delivery treatment with

cocaine might prime or reinstate drug seeking rather
than decrease it.
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Introduction

Substitution therapy is one of the most effective strate-
gies for treating drug dependence. Methadone substitu-
tion has long been an effective treatment for heroin de-
pendence (Dole and Nyswander 1965; Simpson et al.
1987), and systems for the slow delivery of nicotine have
become popular in recent years for reducing tobacco
smoking (Henningfield 1995). The ultimate goal of sub-
stitution therapy is to reduce the dose of the substituted
drug over time until the person is no longer dependent
and abstinence can be maintained without severe with-
drawal symptoms or craving. In practice, methadone
treatment does not consistently lead to abstinence
(O’Brien 1996), but it may still be valuable because it
eliminates the excessive behavioral patterns and risks in-
volved in obtaining and self-administering illicit drugs
(Ball et al. 1988).

A common feature of these successful substitution
treatments is that there is a slow onset and long duration
of action. This can be achieved by altering the way the
drug is delivered (e.g., nicotine delivered in chewing
gum or a patch), or by treating with a drug from the
same class, but with different pharmacokinetic properties
(e.g., orally-administered methadone). It is possible that
cocaine, delivered in a form that provides a slow onset
and long duration of action, might reduce drug seeking
and serve as an intermediate step towards abstinence.
However, the administration of cocaine itself as a substi-
tution therapy for cocaine abuse has not been applied in
clinical practice (Mendelson and Mello 1996; O’Brien
1996), nor has it been studied extensively in the labora-
tory (Nestler 1994; Mello and Negus 1996). Therefore,
the purpose of the present study was to determine wheth-
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er slowly delivered, response-independent cocaine would
reduce the amount of cocaine self-administered by rhe-
sus monkeys.

The abuse liability of cocaine is largely dependent on
the rapidity with which the drug enters the bloodstream,
and consequently the brain. For example, Balster and
Schuster (1973) demonstrated that rhesus monkeys’ self-
administration of IV cocaine varied as a direct function
of the rate at which the drug was infused. With the unit
dose held constant, rates of self-administration were re-
duced by up to 80% when the drug was delivered slowly.
A procedure like that of Balster and Schuster (1973) was
used in the present experiment to determine the fastest
delivery rate that would not maintain self-administration.
Cocaine was then infused at this delivery rate while the
monkey was allowed to self-administer additional co-
caine. The obtained effects were compared to those of a
similar slow infusion of cocaine administered to mon-
keys that responded for food. In addition, plasma levels
of cocaine were analyzed to compare the pharmacokinet-
ic profiles of cocaine administered under slow and fast
delivery rates.

Materials and methods

Subjects

Ten adult, male, rhesus monkeys were individually housed in a
colony room where lights were on from 8:00 a.m. to 8:00 p.m. All
of these monkeys were jacketed and tethered and had chronic IV
catheters (Silastic). Three monkeys were trained only with food.
When training sessions were not being conducted, saline solution
was slowly infused (0.03 ml/min) to maintain catheter patency.
Five other monkeys, used in the pharmacokinetics experiment,
were housed untethered in a similar, separate room. These mon-
keys did not have chronic catheters at the time of testing, and had
not received cocaine for at least 30 days. All monkeys had previ-
ously been exposed to a second-order schedule of cocaine self-ad-
ministration. None of the monkeys were food deprived. Fresh fruit
and environmental enrichment were provided daily.

Animals used in this study were maintained in facilities fully
accredited by the American Association for the Accreditation of
Laboratory Animal Care (AAALAC), and all procedures were
conducted in accordance with the guidelines of the Institutional
Care and Use Committee of the Addiction Research Center and
the National Research Council (1996).

Apparatus

An operant panel, attached to the front of each monkey’s home
cage, included two response levers (BRS/LVE PRL-001) with cue
lights (BRS/LVE QUE-003) above each lever. Cocaine was deliv-
ered by a peristaltic pump (Harvard 55-7766). Saline was slowly
infused by a second pump when sessions were not being conduct-
ed. During treatment sessions, non-contingent cocaine was deliv-
ered by a third pump, using the same concentration of drug used
for self-administration. For monkeys trained with food, a dispens-
er between the levers dispensed 1-g banana pellets (Bio-Serv),
which maintained responding without requiring food deprivation.
Experimental events were controlled with a MED Associates com-
puter interface in an adjoining room.

Procedure

Under baseline conditions, seven monkeys self-administered IV
cocaine (unit dose: 0.032 mg/kg for six monkeys, 0.056 mg/kg
for monkey 892; volume: 0.5 ml; pump rate: 3 ml/min) at an infu-
sion duration of 10 s on a fixed-ratio 30 schedule. When a blue
stimulus light above the active lever was turned on, the 30th re-
sponse on that lever turned off the light and produced an infusion
of cocaine (or saline during certain phases of the experiment).
Response rates were calculated during the time the blue light was
present. The infusion was signaled by a 2-s illumination of a yel-
low light over the lever. Responses on the other (inactive) lever
were recorded but had no programmed effect. The side (left ver-
sus right) of the active lever was counterbalanced across subjects.
Following a reinforced response (i.e., starting from the beginning
of each infusion), there was a 5-min time-out period, during
which the stimulus lights were turned off and responding had no
scheduled consequences. Sessions lasted 1 h, during which a
maximum of 12 infusions could be self-administered. If each
fixed ratio was satisfied soon after the blue light was presented,
all 12 reinforcers were received and the session ended during the
final time-out period. If the fixed ratio was not satisfied promptly,
and the total amount of time that the light was on during the ses-
sion exceeded 5 min, the session ended before the 12th reinforcer
could be made available. Thus, the response rate in the presence
of the light and the number of reinforcers per session were relat-
ed, but not perfectly correlated. Response rates could increase or
decrease without affecting the number of reinforcers per session
unless the total amount of time spent with the light on was altered
by an increment of 5 min.

Sessions were conducted daily at 6:00 a.m., 12:00 p.m., and
6:00 p.m. Monkeys 832, 836, and 892 had three sessions/day.
Monkeys that did not respond consistently with three daily ses-
sions were switched to two daily sessions (nos 862, 865, 876,
891). Three other monkeys (nos 827, 895, 897) lever-pressed for
food pellets under the same fixed-ratio 30, time-out 5-min sched-
ule, with a single pellet delivered in place of the infusion during
two daily sessions.

Four delivery rates (0.75, 0.375, 0.1875, and 0.125 ml/min,
with durations of 40, 80, 160, and 240 s, respectively) were com-
pared to the baseline (3 ml/min for 10 s) in a non-systematic or-
der. Unit dose was constant across all conditions. The time-out
still lasted 5 min from the beginning of the infusion. Each infu-
sion-duration condition was maintained for at least six consecu-
tive sessions until rates of responding and reinforcement stabi-
lized (i.e., showed no consistent upward or downward trend for
three consecutive sessions). Data points were taken from the last
three sessions under the condition. Baseline conditions (10-s infu-
sion) were maintained between test conditions for at least five
sessions, until response and reinforcement rates restabilized. This
rarely required more than five sessions. Before and after the
phase where infusion duration was manipulated, it was verified
that responding decreased when saline was substituted for co-
caine.

Once the effects of delivery rate had been determined, a deliv-
ery rate that did not reliably maintain self-administration was
chosen to serve as a treatment in the next phase of the experi-
ment. During treatment sessions, cocaine was administered inde-
pendently of the monkey’s behavior at a continuous rate of 0.125
ml/min (0.008 mg/kg per min) starting 30 min before each self-
administration session and continuing throughout the session.
During this treatment phase, the rate and duration of the self-ad-
ministered infusion was manipulated as before. The effects of
substituting saline for self-administered cocaine were also exam-
ined under non-contingent cocaine infusion. Behavior of food-
trained monkeys was studied under the 0.125 ml/min treatment
condition, as well as a 0.1875 ml/min treatment condition that
was intended to produce intake levels similar to those of the mon-
keys that self-administered cocaine in addition to the non-contin-
gent treatment.

Plasma levels of cocaine produced by 10- and 240-s infusion
durations were determined in five other monkeys. To increase
plasma levels and thus detectability, the unit dose from the self-ad-
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ministration studies was increased ten-fold in the plasma study.
The effects of the lower dose can be extrapolated from the higher
dose because distribution and clearance of the drug are proportion-
al to concentration (as long as enzymatic processes are not saturat-
ed, which would not occur within this range of doses). Monkeys
were anesthetized with ketamine and isoflurane, and two tempo-
rary IV lines were inserted. A single IV infusion of cocaine (0.32
mg/kg in a volume of 0.5 ml) was administered over 10 s on one
day and over 240 s on another day. Blood (0.5–1.0 ml) was drawn
from the second IV line 0, 1, 2.5, 5, 7.5, 10, 12.5, 15, 20, 30, 45,
and 60 min following the infusion. Samples were stored at −70º C
in heparinized Vaccutainers containing 25 µl NaF and 25 µl
AcOH. Cocaine levels in the samples were analyzed by GC/MS.
Plasma concentrations obtained 5 min after the start of the infu-
sion (this point was actually 5 min and 10 s after the 240-s infu-
sion) were compared. Peak concentrations produced by the two in-
fusion rates were also compared. While samples were not drawn
during the course of the infusions, it is unlikely that a peak could
have occurred during this time. With a steady infusion delivered
over a period considerably shorter than the half-life of the drug,
the peak concentration should not have occurred until the entire
dose had been delivered.

Statistical analysis

Because response and reinforcement rates were not independent,
and because the response rate measure was more sensitive (as de-
scribed above), a univariate, repeated-measures ANOVA was per-
formed on response rate data. Planned contrasts were used to com-
pare response rates under the baseline (10-s) infusion duration to

the rates under each of the other infusion durations 1) during the
no-treatment and 2) during the non-contingent-cocaine treatment
conditions. In addition, the response rate under each infusion dura-
tion during the no-treatment condition was compared to the rate
under the same infusion duration during non-contingent cocaine
treatment. Each of these three sets of contrasts maintained an
overall significance level of 0.05.

Results

As infusion duration was increased, response rates (Fig.
1) and reinforcement rates (Fig. 2) decreased. The main
effect of infusion duration on response rate (see Fig. 3)
was statistically significant [F(5,30)=14.1, P<0.0001].
Contrasts revealed that responding for the 160-s
[F(1,29)=4.55, P<0.042], and 240-s [F(1,29)=12.32,
P<0.002] infusions was significantly lower than for the
10-s, baseline duration. The 240-s infusion maintained
response rates about equal to those maintained by saline.
Response rates were very low under saline substitution,
while the number of infusions per session was typically
about 25% of baseline.

Non-contingent cocaine consistently decreased re-
sponding in only two of the seven monkeys (nos 862 and
876). In contrast, five monkeys showed increased respond-
ing during non-contingent cocaine treatment under at least
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Fig. 1 Lever-response rates (responses/s) for each monkey in the
cocaine self-administration group. Rates are presented as a func-
tion of the duration of the self-administered infusion (in s) with
non-contingent cocaine (“Cocaine Treatment”) and without addi-
tional cocaine (“No Treatment”) Rates are also presented during
saline substitution in the No Treatment and Cocaine Treatment
phases, as well as following the treatment phase (“Saline Redeter-
mination”). ● No treatment, ■■ cocaine treatment, ▲ redetermined
saline&/fig.c:

Fig. 2 Rates of cocaine self-administration (infusions per session)
for each monkey in the cocaine self-administration group. Rates
are presented as a function of the duration of the self-administered
infusion (in s) with non-contingent cocaine (“Cocaine Treatment”)
and without additional cocaine (“No Treatment”). Rates are also
presented during saline substitution in the No Treatment and Co-
caine Treatment phases, as well as following the treatment phase
(“Saline Redetermination”). ● No treatment, ■■ cocaine treatment,
▲ redetermined saline&/fig.c:



one infusion duration, and two (nos 891 and 892) showed
increases across the range of delivery rates. Under the 10-s
infusion duration, non-contingent cocaine significantly in-
creased responding [F(1,29)=7.05, P<0.013]. Responding
was also increased significantly by non-contingent treat-
ment during saline substitution [F(1,29)=10.75, P<0.003].
In three monkeys (nos 832, 876, and 891; see filled trian-
gles, Fig. 2), when all cocaine was discontinued following
the non-contingent treatment phase of the study, intake de-
creased less than it had during saline substitution prior to
the treatment phase.

Slow, non-contingent infusion of cocaine tended to re-
duce responding for food (Fig. 4). Like two of the mon-
keys that responded for cocaine, one monkey essentially
stopped responding for food when cocaine was adminis-
tered non-contingently. At the higher delivery rate, re-
sponding was significantly reduced [t(2)=5.26, P<0.04].

Figure 5 shows that the peak plasma level of cocaine
produced by the faster infusion was significantly higher
than that produced by the slower infusion [t(4)=3.02,
P<0.04]. The peak plasma level produced by the 240-s
infusion (immediately following the infusion, at the first
point of the 240-s curve) was substantially lower than the
peak reached with the faster infusion (1 min after the in-
fusion). Five minutes after the start of the infusion
(which corresponds to the duration of the post-infusion
time-out period under the self-administration schedule),
plasma levels produced by the two infusions did not dif-
fer [t(4)=0.66, P>0.55]. Thus, by the time the next infu-
sion became available under the self-administration
schedule, plasma levels should have been similar across
all delivery-rate conditions.

Discussion

The demonstration of a positive relationship between
responding for cocaine and the speed with which the
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Fig. 3 Mean response rates (±SEM) for the cocaine self-adminis-
tration group. Rates are presented as a function of the duration of
the self-administered infusion (in s) with non-contingent cocaine
(“Cocaine Treatment”) and without additional cocaine (“No Treat-
ment”) An asteriskindicates a significant difference compared to
the baseline condition (10-s infusion with no treatment), P>0.05,
and a cross symbolindicates a significant difference under cocaine
treatment compared to the same infusion duration with no treat-
ment, P<0.05. ● No treatment, ■■ cocaine treatment&/fig.c:

Fig. 4 Rates of responding (upper panel) and food intake (lower
panel) by individual monkeys trained with the food schedule.
Rates are presented as a function of the rate of infusion (in
ml/min) of cocaine solution. The 0.125 ml/min treatment was the
same as the non-contingent cocaine treatment given to monkeys in
the self-administration group. The 0.1875 ml/min treatment was
intended to be comparable to non-contingent cocaine treatment
with the addition of self-administered cocaine. ■■ Monkey 827,
◆ monkey 895, ● monkey 897&/fig.c:

Fig. 5 Mean concentration (±SEM) of cocaine in plasma follow-
ing infusion of 0.32 mg/kg cocaine at the rates used for the 10-
and 240-s infusion conditions in the self-administration study.
Concentrations are expressed as a function of time elapsed since
the start of the infusion. ■■ 10-s infusion, ◆ 240-s infusion&/fig.c:



drug is delivered represents a systematic replication of
the results of Balster and Schuster (1973). At the slow-
est delivery rate, self-administration dropped to saline
levels, indicating that cocaine delivered at this rate was
not reinforcing. The pharmacokinetic profiles obtained
here indicate that: 1) the peak plasma concentration of
cocaine would have been higher after a fast infusion,
but 2) levels after the 5-min time-out period would not
have differed regardless of the delivery rate. Thus, fast-
er infusions were more reinforcing because they pro-
duced a sharp increase in plasma concentration, making
more drug available to the brain shortly after the rein-
forced response. The similarity between plasma levels
following time-out (when the next infusion became
available) makes it unlikely that slower infusions were
self-administered less frequently as a result of longer-
lasting effects (i.e., satiation). The half-life of cocaine
under these conditions (21–31.5 min) agrees with the
24-min half-life obtained with a higher dose (1 mg/kg)
infused over 40–60 s in non-anesthetized rhesus mon-
keys (Saady et al. 1995). This consistency confirms that
the pharmacokinetics were not altered by the use of an-
esthesia and should have been similar across this range
of doses, allowing the pharmacokinetic data obtained
here to be extrapolated to the self-administration situa-
tion.

Non-contingent treatment with cocaine clearly re-
duced self-administration in only two of the seven mon-
keys. Although this suggests that substitution treatment
might be effective for some individuals, similar reduc-
tions in food-maintained responding indicate that this ef-
fect was not specific to self-administration or due to
“substitution”. In general, non-contingent cocaine had
the opposite effect: two monkeys showed increased re-
sponding across the range of delivery rates, and the other
three increased responding under at least one condition.
Pre-session treatment with slowly infused cocaine appar-
ently primed or reinstated (Gerber and Stretch 1975;
Stewart and deWit 1987) responding here, enhancing re-
sponding at the beginning of a session, when the self-ad-
ministered infusion was too slow to be reinforcing, or
when saline was substituted for self-administered co-
caine.

In earlier studies, IV cocaine was administered non-
contingently to rhesus monkeys as a bolus prior to self-
administration sessions (Mansbach and Balster 1993;
Skjoldager et al. 1993). High pre-session doses reduced
responding only for a brief time, apparently as a direct
effect of the drug rather than substitution (Skjoldager et
al. 1993). Pre-session cocaine decreased food responding
and cocaine responding non-selectively (Mansbach and
Balster 1993), even with IM administration, which
should have produced a longer duration of action (Her-
ling et al. 1979).

Glowa and Fantegrossi (1997) recently suggested that
non-contingent cocaine may be more likely to decrease
self-administration when the unit dose is low (making
the behavior more susceptible to change) and the treat-
ment is continuous (overcoming the rapid metabolism of

cocaine). When they administered non-contingent co-
caine to rhesus monkeys as a continuous, slow infusion
during the session in addition to a pre-session bolus, co-
caine responding (as opposed to food) was selectively re-
duced with a 0.01 mg/kg unit dose of cocaine, but not
0.056 mg/kg. Self-administration was decreased when
the total non-contingent dose was 2–3 times the amount
usually self-administered during a session. In the present
study, self-administration was not consistently de-
creased, even though the total non-contingent dose was
approximately double the amount usually self-adminis-
tered. While these studies differed procedurally in a
number of ways, it is notable that the pre-session treat-
ment in the present study consisted of a slow infusion
starting 30 min prior to the session, while Glowa and
Fantegrossi (1997) administered their pre-session treat-
ment as a bolus immediately prior to the session. This
suggests that the high peak levels of cocaine produced by
a bolus pre-treatment (supplemented by a slow, continu-
ous infusion) may reduce responding, while the lower
peak produced by a slowly-infused pre-treatment may
prime responding. If so, a slow-delivery system of co-
caine that produces low blood levels would probably not
be a widely effective treatment for cocaine abuse, and
might even increase drug seeking.
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