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Abstract The goal of this study was to determineocaine might prime or reinstate drug seeking rather
whether slowly infused, response-independent cocaithan decrease it.
would reduce cocaine self-administration in an animal
model of drug abuse. Seven male rhesus monkeys sk#y words Substitution therapy - Self-administration -
administered IV cocaine on a fixed-ratio 30 schedule (Becaine - Rhesus monk:2y
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, tHatroduction
rate of delivery was manipulated (0.125, 0.1875, 0.375,
0.75 and 3 ml/min, with infusions lasting 240, 160, 8&ubstitution therapy is one of the most effective strate-
40, and 10 s, respectively). Response rates increages for treating drug dependence. Methadone substitu-
monotonically as a function of delivery rate. Responten has long been an effective treatment for heroin de-
ing for cocaine at the slowest delivery rate did not diff@endence (Dole and Nyswander 1965; Simpson et al.
from saline. The effects of infusing additional cocaink987), and systems for the slow delivery of nicotine have
(starting 30 min prior to the session) at this non-reibecome popular in recent years for reducing tobacco
forcing rate (0.125 ml/min) were then determined. Demoking (Henningfield 1995). The ultimate goal of sub-
livery rate of the self-administered infusion was manigtitution therapy is to reduce the dose of the substituted
ulated as before. Non-contingent cocaine significantdiyug over time until the person is no longer dependent
increased responding for cocaine (at the fastest delivand abstinence can be maintained without severe with-
rate) and for saline. While non-contingent cocaine rérawal symptoms or craving. In practice, methadone
duced responding for cocaine in two of the seven mareatment does not consistently lead to abstinence
keys, it also significantly reduced responding in thr¢®’Brien 1996), but it may still be valuable because it
monkeys that responded for food on the same schedsliminates the excessive behavioral patterns and risks in-
Plasma levels of cocaine delivered at rates of 0.125 amilved in obtaining and self-administering illicit drugs
3 ml/min were compared in five other monkeys. While @all et al. 1988).
higher peak was reached with the faster infusion, levelsA common feature of these successful substitution
did not differ after 5 min. Thus, when an infusion bareatments is that there is a slow onset and long duration
came available (after the 5-min time-out) in the self-adf action. This can be achieved by altering the way the
ministration experiments, plasma levels should not hasmig is delivered (e.g., nicotine delivered in chewing
differed regardless of the delivery rate. These resuiism or a patch), or by treating with a drug from the
suggest that a low-dose, slow-delivery treatment wiglame class, but with different pharmacokinetic properties
(e.g., orally-administered methadone). It is possible that
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er slowly delivered, response-independent cocaine wo@ldcedure

reduce the amount of cocaine self-administered by ri@mer baseline conditions, seven monkeys self-administered IV

sus monkeys. cocaine (unit dose: 0.032 mg/kg for six monkeys, 0.056 mg/kg
The abuse liability of cocaine is largely dependent & monkey 892; volume: 0.5 ml; pump rate: 3 ml/min) at an infu-

the rapidity with which the drug enters the bIoodstrea@ﬁ’” duration of 10 s on a fixed-ratio 30 schedule. When a blue

. ulus light above the active lever was turned on, the 30th re-
and consequently the brain. For example, Balster E’Jﬂ)a]nse on that lever turned off the light and produced an infusion

Schuster (1973) demonstrated that rhesus monkeys’ s&lfeocaine (or saline during certain phases of the experiment).
administration of IV cocaine varied as a direct functidresponse rates were calculated during the time the blue light was
of the rate at which the drug was infused. With the uRiEesent. The infusion was signaled by a 2-s illumination of a yel-

d held tant. rat f self-administrati low light over the lever. Responses on the other (inactive) lever
ose held constant, rates of seli-administration Were |fie recorded but had no programmed effect. The side (left ver-

duced by up to 80% when the drug was delivered slowdys right) of the active lever was counterbalanced across subjects.
A procedure like that of Balster and Schuster (1973) welowing a reinforced response (i.e., starting from the beginning
used in the present experiment to determine the fasfis¢ach infusion), there was a 5-min time-out period, during
delivery rate that would not maintain self-c’;tdministratio%iﬁICh the stimulus lights were turned off and responding had no

. . . - - cheduled consequences. Sessions lasted 1h, during which a
Cocaine was then infused at this delivery rate while th@ximum of 12 infusions could be self-administered. If each

monkey was allowed to self-administer additional cdixed ratio was satisfied soon after the blue light was presented,

caine. The obtained effects were compared to those @l 2 reinforcers were received and the session ended during the

P ; ; ; o inal time-out period. If the fixed ratio was not satisfied promptly,
similar slow infusion of cocaine administered to mo@ d the total amount of time that the light was on during the ses-

keys that responded for food. In addition, plasma Iev%%n exceeded 5 min, the session ended before the 12th reinforcer
of cocaine were analyzed to compare the pharmacokingtid be made available. Thus, the response rate in the presence
ic profiles of cocaine administered under slow and fepstthe light and the number of reinforcers per session were relat-
delivery rates 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.

Materials and methods 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.
Subjects Monkeys that did not respond consistently with three daily ses-

sions were switched to two daily sessions (nos 862, 865, 876,

Ten adult, male, rhesus monkeys were individually housed irP%L)- Three other monkeys (nos 827, 895, 897) lever-pressed for
colony room where lights were on from 8:00 a.m. to 8:00 p.m. Afod pellets under the same fixed-ratio 30, time-out 5-min sched-
of these monkeys were jacketed and tethered and had chronig‘wﬁl (‘j"“_tlh a single pellet delivered in place of the infusion during
catheters (Silastic). Three monkeys were trained only with fod@0 dally Sessions. .
When training sessions were not being conducted, saline solutigpFoUr delivery rates (0.75, 0.375, 0.1875, and 0.125 ml/min,
was slowly infused (0.03 ml/min) to maintain catheter patencyf/th durations of 40, 80, 160, and 240 s, respectively) were com-
Five other monkeys, used in the pharmacokinetics experimdtii’®d to the baseline (3 ml/min for 10 s) in a non-systematic or-
were housed untethered in a similar, separate room. These @i Unit dose was constant across all conditions. The time-out
keys did not have chronic catheters at the time of testing, and Rgt| 12stéd S min from the beginning of the infusion. Each infu-
not received cocaine for at least 30 days. All monkeys had preyn-duration condition was maintained for at least six consecu-
ously been exposed to a second-order schedule of cocaine Se,ﬁ:ﬁg_sessmns until rates of responding and reinforcement stabi-
t

ministration. None of the monkeys were food deprived. Fresh fr|f€d (i-€., showed no consistent upward or downward trend for
and environmental enrichment were provided daily. ree consecutive sessions). Data points were taken from the last

Animals used in this study were maintained in facilities full{rée sessions under the condition. Baseline conditions (10-s infu-

accredited by the American Association for the Accreditation 8fo") Were maintained between test conditions for at least five
Laboratory Animal Care (AAALAC), and all procedures wer&€SSions, until response and reinforcement rates restabilized. This
conducted in accordance with the guidelines of the Institutiorfgf€y required more than five sessions. Before and after the
Care and Use Committee of the Addiction Research Center se where infusion duration was manipulated, it was verified

the National Research Council (1996). at responding decreased when saline was substituted for co-
caine.
Once the effects of delivery rate had been determined, a deliv-
Apparatus ery rate that did not reliably maintain self-administration was

chosen to serve as a treatment in the next phase of the experi-

An operant panel, attached to the front of each monkey’s hoMgnt. During treatment s,essions,_ cocaine was administered inde-
cage, included two response levers (BRS/LVE PRL-001) with CB%nd_entIy of the monkey's behavior at a continuous rate of 0.125
lights (BRS/LVE QUE-003) above each lever. Cocaine was delff/min (0.008 mg/kg per min) starting 30 min before each self-

ered by a peristaltic pump (Harvard 55-7766). Saline was slo ministration session and continuing throughout the session.
infused by a second pump when sessions were not being conddtfing this treatment phase, the rate and duration of the self-ad-
ed. During treatment sessions, non-contingent cocaine was déljRistered infusion was manipulated as before. The effects of
ered by a third pump, using the same concentration of drug uSegstituting saline for self-administered cocaine were also exam-
for self-administration. For monkeys trained with food, a disperf@€d under non-contingent cocaine infusion. Behavior of food-

er between the levers dispensed 1-g banana pellets (Bio-SéF@Z\f“?d monkeys was studied under the 0.125 ml/min treatment
which maintained responding without requiring food deprivatiogondition, as well as a 0.1875 ml/min treatment condition that

Experimental events were controlled with a MED Associates co‘i‘i‘:jls intended to produce intake levels similar to those of the mon-
puter interface in an adjoining room. eys 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 stuthe rates under each of the other infusion durations 1) during the
The effects of the lower dose can be extrapolated from the higheftreatment and 2) during the non-contingent-cocaine treatment
dose because distribution and clearance of the drug are proportgamditions. In addition, the response rate under each infusion dura-
al to concentration (as long as enzymatic processes are not sattics-during the no-treatment condition was compared to the rate

ed, which would not occur within this range of doses). Monkeysider the same infusion duration during non-contingent cocaine

were anesthetized with ketamine and isoflurane, and two tempeatment. Each of these three sets of contrasts maintained an
rary IV lines were inserted. A single 1V infusion of cocaine (0.3@verall significance level of 0.05.

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, 1?
and 60 min following the infusion. Samples were stored78° C esults

in heparinized Vaccutainers containing 25ul NaF and 2?%5 infusion duration was increased, response rates (Fig.

AcOH. Cocaine levels in the samples were analyzed by GC/MS? . . :

Plasma concentrations obtained 5 min after the start of the infl-and reinforcement rates (Fig. 2) decreased. The main

sion (this point was actually 5 min and 10 s after the 240-s infeffect of infusion duration on response rate (see Fig. 3)

sion) were compared. Peak concentrations produced by the twojRys  statistically significantF(5,30)=14.1, P<0.0001].

fusion rates were also compared. While samples were not dr ; )

during the course of the infusions, it is unlikely that a peak co? ntras’[_s revealed that responding for _the 160-s

have occurred during this time. With a steady infusion delivered(1,29)=4.55, P<0.042], and 240-s H(1,29)=12.32,

over a period considerably shorter than the half-life of the drdg<0.002] infusions was significantly lower than for the

the peak concentration should not have occurred until the enti@-s, baseline duration. The 240-s infusion maintained

dose had been delivered. response rates about equal to those maintained by saline.
Response rates were very low under saline substitution,

Statistical analysis while the number of infusions per session was typically

_ _ about 25% of baseline.
Because response and reinforcement rates were not 'ndePenderg\Ion—contingent cocaine consistently decreased re-

and because the response rate measure was more sensitive ( NP
scribed above), a univariate, repeated-measures ANOVA was _‘?1d|ng in Only two of the seven monkeys (nos 862 and

formed on response rate data. Planned contrasts were used to €of3)- In contrast, five monkeys showed increased respond-
pare response rates under the baseline (10-s) infusion duratioigpduring non-contingent cocaine treatment under at least
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Fig. 1 Lever-response rates (responses/s) for each monkey infige 2 Rates of cocaine self-administration (infusions per session)
cocaine self-administration group. Rates are presented as a fiioceach monkey in the cocaine self-administration group. Rates
tion of the duration of the self-administered infusion (in s) withre presented as a function of the duration of the self-administered
non-contingent cocaine (“Cocaine Treatment”) and without addifusion (in s) with non-contingent cocaine (“Cocaine Treatment”)
tional cocaine (“No Treatment”) Rates are also presented durangd without additional cocaine (“No Treatment”). Rates are also
saline substitution in the No Treatment and Cocaine Treatmpntsented during saline substitution in the No Treatment and Co-
phases, as well as following the treatment phase (“Saline Redetaine Treatment phases, as well as following the treatment phase
mination”). ¢ No treatmentJ cocaine treatmenta redetermined (“Saline Redetermination”) No treatment(d cocaine treatment,
saline: A redetermined salir:2
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Fig. 3 Mean response rates (xSEM) for the cocaine self-adminis- Minutes

tration group. Rates are presented as a function of the duratiqrgsiaf_ 5 Mean concentration (+SEM) of cocaine in plasma follow-

the self-administered infusion (in s) with non-contingent COcCalfky infusion of 0.32 m :
’ ! . a - - " . g/kg cocaine at the rates used for the 10-
(‘Cocaine Treatment”) and without additional cocaine (*No Treali 540 5 infusion conditions in the self-administration study.

ment”) An asteriskindicates a significant difference compared te: : : ; ;
h L . . h oncentrations are expressed as a function of time elapsed since
the baseline condition (10-s infusion with no treatmet)).05, the start of the infusioer 10-s infusion] 240-s infusior: P

and across symbaindicates a significant difference under cocaine
treatment compared to the same infusion duration with no treat-

ment,P<0.05.e No treatmenty] cocaine treatme it ) ) )

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(1,29)=7.05,P<0.013]. Responding

Lever Responding

E ; A .
3 ° was also increased significantly by non-contingent treat-
§ 27 O ment during saline substitutioR({L,29)=10.75P<0.003].
2 In three monkeys (nos 832, 876, and 891, see filled trian-
3] gles, Fig. 2), when all cocaine was discontinued following
§ 1 the non-contingent treatment phase of the study, intake de-
] D/D creased less than it had during saline substitution prior to
. the treatment phase.
0-— ——0oe Slow, non-contingent infusion of cocaine tended to re-
0 0125 0.1875 duce responding for food (Fig. 4). Like two of the mon-
Food Pellets keys that responded for cocaine, one monkey essentially
21 8 o—9 stopped responding for food when cocaine was adminis-
N 0 tered non-contingently. At the higher delivery rate, re

sponding was significantly reduce§?)=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 infusid@)=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

Fig. 4 Rates of respondingipper panél and food intakel@wer (.Wh'Ch corre_sponds to the duratlon_ O.f the_ post-infusion
pane) by individual monkeys trained with the food scheduldime-out period under the self-administration schedule),
Rates are presented as a function of the rate of infusion [il@sma levels produced by the two infusions did not dif-
ml/min) of cocaine solution. The 0.125 ml/min treatment was tligr [t(4)=0.66,P>0.55]. Thus, by the time the next infu-

same as the non-contingent cocaine treatment given to monkeys; i _ ini i
the self-administration group. The 0.1875 ml/min treatment w§§5h became available under the  self-administration

intended to be comparable to non-contingent cocaine treatmept€dule, plasma levels should have been similar across
with the addition of self-administered cocaire.Monkey 827, all delivery-rate conditions.
O monkey 895@ monkey 897

Pellets per session

0 T T v
0 0.125 0.1875
Cocaine Infusion Rate (ml/min)

Discussion

The demonstration of a positive relationship between
responding for cocaine and the speed with which the
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drug is delivered represents a systematic replicationcofcaine). When they administered non-contingent co-
the results of Balster and Schuster (1973). At the slogaine to rhesus monkeys as a continuous, slow infusion
est delivery rate, self-administration dropped to saliderring the session in addition to a pre-session bolus, co-
levels, indicating that cocaine delivered at this rate weaine responding (as opposed to food) was selectively re-
not reinforcing. The pharmacokinetic profiles obtainedliced with a 0.01 mg/kg unit dose of cocaine, but not
here indicate that: 1) the peak plasma concentration0dd56 mg/kg. Self-administration was decreased when
cocaine would have been higher after a fast infusidhe total non-contingent dose was 2-3 times the amount
but 2) levels after the 5-min time-out period would naisually self-administered during a session. In the present
have differed regardless of the delivery rate. Thus, fastudy, self-administration was not consistently de-
er infusions were more reinforcing because they praeased, even though the total non-contingent dose was
duced a sharp increase in plasma concentration, malapgroximately double the amount usually self-adminis-
more drug available to the brain shortly after the reitered. While these studies differed procedurally in a
forced response. The similarity between plasma levelsmber of ways, it is notable that the pre-session treat-
following time-out (when the next infusion becameent in the present study consisted of a slow infusion
available) makes it unlikely that slower infusions wergarting 30 min prior to the session, while Glowa and
self-administered less frequently as a result of long&antegrossi (1997) administered their pre-session treat-
lasting effects (i.e., satiation). The half-life of cocainment as a bolus immediately prior to the session. This
under these conditions (21-31.5 min) agrees with theggests that the high peak levels of cocaine produced by
24-min half-life obtained with a higher dose (1 mg/kgg bolus pre-treatment (supplemented by a slow, continu-
infused over 40-60 s in non-anesthetized rhesus mons infusion) may reduce responding, while the lower
keys (Saady et al. 1995). This consistency confirms tipgiak produced by a slowly-infused pre-treatment may
the pharmacokinetics were not altered by the use of anime responding. If so, a slow-delivery system of co-
esthesia and should have been similar across this racgjaee that produces low blood levels would probably not
of doses, allowing the pharmacokinetic data obtainbd a widely effective treatment for cocaine abuse, and
here to be extrapolated to the self-administration situaight even increase drug seeking.
tion.

Non-contingent treatment with cocaine clearly reacknowledgements This study was supported by the National
duced self-administration in only two of the seven moknstitute on Drug Abuse, Division of Intramural Research.
keys. Although this suggests that substitution treatment
might be effective for some individuals, similar reduc-
tions in food-maintained responding indicate that this gfeferences
fect was not specific to self-administration or due to
“substitution”. In general, non-contingent cocaine hahll JC, Myers CP, Friedman SR (1988) Reducing the risk of
the opposite effect: two monkeys showed increased re-AIDhivtgré)_ug&mze;%adone maintenance treatment. J Health Soc
spond_lng across the range of delivery rates, and the Qgﬂaﬁﬁgr RL, Schuster CR (1973) Fixed-interval schedule of co-
three increased responding under at least one conditiOficaine reinforcement: effect of dose and infusion duration. J
Pre-session treatment with slowly infused cocaine appar-Exp Anal Behav 20: 119-129
ently primed or reinstated (Gerber and Stretch 197¥le VP‘hNyS\Evk?nder)Mgd(_1?65) ?Amidil%asl t%aagn%%rg for diacetyl-
Stewart and deWit 1987) responding here, enhancing re-MOrphiné (heroin) addiction. JAL . 645— .
sponding at the beginning of a session, when the self-SecLCo; SLeeh = (1975) Diuginduced rentatement of exin
ministered infusion was too slow to be reinforcing, or Bijochem Behav 3: 1055-1061
when saline was substituted for self-administered d®lowa JR, Fantegrossi W E (1997) Effects of dopaminergic drugs
caine. on food- afmd_ cocag;g-mpﬁicnc:ﬁg}eger%sn%ozgigg I;/9 Continuous

H H H s ne in ons. 1—-

In. earlier studies, IV cocaine was adm|n|3t¢red no}q'ncrﬂﬁgfieeld JLIJEsa9S§5) N?cotine medi(?ations for smoking cessa-
contingently to rhesus monkeys as a bolus prior to sell-{on N Engl 3 Med 333: 1196-1203
administration sessions (Mansbach and Balster 19898tling S, Downs DA, Woods JH (1979) Cocairceamphet-
Skjoldager et al. 1993). High pre-session doses reducedamine, and pentobarbital effects on responding maintained by

responding only for a brief time, apparently as a direct f2°6°1ci§g;°°ai“e in rhesus monkeys. Psychopharmacology 64:

effect of the drug r_ather tha_m substitution (Skjoldager l\ﬁ_&nsbach RS, Balster RL (1993) Effects of mazindol on behavior
al. 1993). Pre-session cocaine decreased food respondingaintained or occasioned by cocaine. Drug Alcohol Depend
and cocaine responding non-selectively (Mansbach and31: 183-191 o _

Balster 1993), even with IM administration whiciello NK, Negus SS (1996) Preclinical evaluation of pharmaco-

- . therapies for treatment of cocaine and opioid abuse using drug
should have produced a longer duration of action (Her- self-administration procedures. Neuropsychopharmacology 14:

ling et al. 1979). 375-424
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ment is continuous (overcoming the rapid metabolism of Neurosci 12: 2439-2450
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