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Abstract

High-efficacy D2-like dopamine (DA) receptor agonists can function as positive reinforcers when made available to animals for

intravenous self-administration under a fixed-ratio (FR) schedule of reinforcement. In a previous study, however, low-efficacy D2-like

agonists failed to maintain self-administration under an FR schedule, suggesting that agonist efficacy is directly related to efficacy as a

positive reinforcer. To examine this hypothesis further, the present study compared two D2-like DA receptor agonists that maintained FR

responding, but differ in their D2-like receptor efficacy and selectivity, using a procedure designed to rank-order drugs according to their

efficacy as reinforcers. Rhesus monkeys (n = 5) were prepared with chronic, indwelling intravenous catheters and allowed to self-administer

cocaine (0.1 mg/kg/injection) or saline on different days under a progressive-ratio (PR) schedule. When responding was stable, doses of the

full D2-like agonist R(� )-propylnorapomorphine (NPA) or the partial D2-like agonist R(� )-apomorphine (APO) were made available for

self-administration in the test sessions. Both compounds maintained self-administration with sigmoidal or biphasic dose–response functions.

Surprisingly, the lower efficacy agonist APO was the more efficacious positive reinforcer. This result fails to support the hypothesis that

D2-like receptor efficacy is directly related to efficacy as a reinforcer. It is possible that other pharmacological effects, e.g., D1 receptor

activity, influenced self-administration. D 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The conclusion that increased dopamine (DA) neuro-

transmission is involved in the reinforcing effects of psy-

chomotor stimulants is well supported experimentally

(Koob, 1992; Wise, 1996; Woolverton and Johnson, 1992).

Further, research has implicated both D1- and D2-like DA

receptors in this effect. Both D1- and D2-like agonists

function as positive reinforcers in rats (Self and Stein,

1982; Yokel and Wise, 1978) and monkeys (Grech et al.,

1996; Weed andWoolverton, 1995; Woolverton et al., 1984).

Moreover, pretreatment with D1- or D2-like antagonists may

reduce the reinforcing effect of stimulants in animal subjects

(Corrigall and Coen, 1991; Koob et al., 1987; Wilson and

Schuster, 1972; Woolverton, 1986; Yokel and Wise, 1975).

Research with both D1- and D2-like agonists has sug-

gested that efficacy as a positive reinforcer may be directly

related to agonist efficacy at DA receptors. Low-efficacy

D1-like agonists failed to maintain self-administration by

monkeys when substituted for a baseline drug (Grech et al.,

1996; Weed and Woolverton, 1995; Woolverton et al., 1984)

while high-efficacy D1-like agonists maintained self-admin-

istration under these conditions and can be used to establish

self-administration in naı̈ve monkeys (Weed and Woolver-

ton, 1995). When a series of D1-like agonists that were

reinforcers under a fixed-ratio (FR) schedule were compared

under a progressive-ratio (PR) schedule of reinforcement

designed to rank-order efficacy as reinforcers, differences

between higher efficacy agonists were not obvious (Weed

et al., 1997). Thus, although D1-like efficacy appeared to

be related to efficacy as a reinforcer, the relationship may
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be based upon a ‘‘threshold’’ of efficacy necessary to

function as a reinforcer, rather than on a continuum

(Ruffolo, 1982).

Previous research with D2 agonists supports the con-

clusion that D2-like agonists are similar to D1-like ago-

nists in this regard (Pulvirenti et al., 1998; Ranaldi et al.,

2001). That is, higher efficacy D2-like agonists [R(� )-

propylnorapomorphine (NPA); R(� )-apomorphine (APO);

R(+)-3-(3-hydroxyphenyl)-N-propylpiperidine] maintained

self-administration while lower efficacy agonists [R(+)-

terguride; S(� )-3-(3-hydroxyphenyl)-N-propylpiperidine]

did not. The present study was designed to extend those

findings by using a PR schedule to compare two agonists,

NPA and APO, that functioned as reinforcers under an FR

schedule but that differ in their agonist efficacies at D2-

like receptors. NPA has been reported to be a full D2-like

agonist (Arnt and Hyttel, 1990; Lahti et al., 1992; Nilsson

and Eriksson, 1992), while APO has generally been

reported to be a moderate efficacy agonist, with efficacy

measures reported somewhere between 50% and 80% of

DA (Lahti et al., 1992; O’Boyle and Lawler, 1996). In

addition, NPA appears to be more selective than APO for

the D2 receptor (Creese et al., 1979; Euvrard et al., 1979;

Herrera-Marschitz and Ungerstedt, 1984). Our hypothesis

was that the higher efficacy, more selective D2-like ago-

nist, NPA, would be a more effective reinforcer than the

lower efficacy D2-like agonist APO.

2. Methods

All procedures were in compliance with the NIH Guide

for the Care and Use of Laboratory Animals.

2.1. Animals and apparatus

The subjects were five male (9.5–12.5 kg) rhesus mon-

keys (Macaca mulatta). Monkeys RMs2 and RIk2 had a

history of self-administration of local anesthetics under a PR

schedule of reinforcement (Wilcox et al., 2000). Monkeys

L500 and Rju2 had a history of self-administration of

methamphetamine on a PR schedule of reinforcement and

pretreatment with a 3-phenyltropane analog (Ranaldi et al.,

2000). Monkey N425 was experimentally naive at the start

of the present experiment. All monkeys were provided with

sufficient food to maintain stable body weight (150–200 g/

day, Teklad 25% Monkey Diet, Harlan/Teklad, Madison,

WI). Water was continuously available. A vitamin supple-

ment was provided three times a week.

The monkeys were housed in the experimental cubicles

(1.0 m3, Plaslabs, Lansing, MI). Each monkey was fitted

with a stainless steel restraint harness attached by a spring

arm to the rear wall of the cubicle. The front door of the

cubicle was transparent and the remaining walls were

opaque plastics. Two response levers (PRL-001, BRS/

LVE, Beltsville, MD) were mounted on the inside of the

door, on either side of a food dish. Four jeweled stimulus

lights, two red and two white, were mounted above each

lever. A peristaltic infusion pump (Cole-Parmer, Chicago,

IL) delivered drug injections. A Macintosh computer with

custom interface and software controlled all events in an

experimental session.

2.2. Procedure

Each monkey had a chronic indwelling venous catheter

surgically implanted in a major vein (jugular, femoral, or

brachial). Using strict aseptic techniques performed under

ketamine and isoflurane anesthesia, a silicone catheter

(0.26 cm O.D.� 0.076 cm I.D., Cole-Parmer) was im-

planted into a jugular (internal or external) or femoral vein.

Brachial veins were implanted with a tapered microren-

ethane catheter (0.08 cm O.D.� 0.04 cm I.D., Braintree

Scientific, Braintree, MA). The proximal end was inserted

into the vein and threaded to terminate in the vena cava

near the right atrium. The distal end of the catheter was

passed subcutaneously to exit the monkey between the

shoulder blades. After surgery, the catheter was threaded

through the spring arm, out the rear of the cubicle, and

connected to the peristaltic pump. In the event of catheter

failure, surgery was repeated using another vein, after the

veterinarian confirmed the health of the monkey.

Experimental sessions began at noon each day and were

conducted 7 days/week. The schedule was identical to the

PR schedule used previously to study self-administration of

BZT analogs (Wilcox et al., 2000; Woolverton et al., 2001).

At the beginning of a session, the white lights were

illuminated above both levers. Responding on the right

lever under a PR schedule of reinforcement resulted in the

delivery of an injection. Responding on the left lever was

counted but had no other programmed consequence. The PR

procedure consisted of five components, each made up of

four trials, for a total of 20 trials/day. Under baseline

conditions, the response requirement for the first component

was 200, and doubled for each successive component. The

same response requirement was in effect for each trial in a

component, and a trial ended with a 10-s drug injection or

the expiration of a 30-min limited hold. During the injection

the lights above both levers turned from white to red. There

was a 60-s time-out (TO) after each drug injection or the

expiration of a limited hold. If the response requirement was

not completed for two consecutive trials (i.e., the limited

hold expired) or the animal took all 20 injections, the

session ended.

In baseline sessions, cocaine (0.05 mg/kg/injection for

RMs2 and 0.10 mg/kg/injection for RJu2, RIK2, L500,

and N425) or saline were available for injection on

alternate days until responding was stable (mean ± 2 injec-

tions) for at least three consecutive cocaine and saline

sessions. At this point, the session sequence was changed

to a double alternation, i.e., two consecutive cocaine

sessions were followed by two consecutive saline sessions.

W.L. Woolverton, R. Ranaldi / Pharmacology, Biochemistry and Behavior 72 (2002) 803–809804



When responding was again stable, test sessions were

added to the daily sequence between consecutive saline

and consecutive cocaine sessions. Since monkeys occa-

sionally appear to learn this sequence and to anticipate

sessions, a randomly determined saline or cocaine session

was inserted after a test session at approximately 3-week

intervals. During test sessions, the monkeys had available

to them one of various doses of NPA or APO. In prelim-

inary studies, responding maintained by NPA or APO at a

30-min TO was investigated in two monkeys (data not

shown). Neither NPA (0.0125–0.05 mg/kg/injection) nor

APO (0.05 and 0.1 mg/kg/injection) maintained responding

above saline levels at starting PR sequences between 25

and 400. Subsequently, NPA or APO was made available

under a PR sequence beginning with a randomly deter-

mined response requirement of 50 or 100. As in baseline

sessions, response requirement doubled for each successive

component. The doses of NPA or APO were tested in

random order with the first compound or dose for an

individual monkey counterbalanced across monkeys. After

a test session, a monkey was returned to baseline con-

ditions until responding for cocaine and saline were again

stable. All doses of NPA and APO were tested twice on

each PR sequence (response requirement 50 or 100 to

start) in each monkey. For each PR sequence each dose

was tested twice, once between two saline sessions and

once between two cocaine sessions.

After each monkey had completed testing of all doses of

NPA and APO at each of the PR sequences, the possibility

that drug accumulation over a session influenced PR

responding was examined by lengthening the TO after

injections. The TO was lengthened to 600 s and NPA and

APO were tested again, as above, at the PR sequence

beginning with 50 responses. Monkey N425 became ill

and died, for reasons unrelated to the study, before all

conditions could be tested.

2.3. Data analysis

For each monkey the mean number of injections per

session was calculated using the data from each test session

for each PR sequence. The range of total number of

injections in each test session was used as a measure of

Fig. 1. Self-administration of APO and NPA under PR schedules of reinforcement. Sessions began with response requirements of 50 (PR50) or 100 (PR100)

responses that doubled after every fourth injection. Each point represents the total number of injections averaged across two or three test sessions of any

particular dose, and vertical lines represent the range of those values. Where vertical lines do not appear, the range is contained within the point. Individual

monkeys are identified in the upper left of each panel.

Table 1

Mean maximum number of injections and ED50 values for APO and NPA

available for self-administration in rhesus monkeys

Initial PR sequence

Drug PR50 PR100

ED50

(mg/kg) Max injection ED50 Max injection ED50

APO 17.5 ± 1.01 0.009 ± 0.003 14.5 ± 1.88 0.011 ± 0.006

NPA 12.2 ± 1.14 0.001 ± 0.0005 7.4 ± 3.2 0.002 ± 0.001

Values are mean ± S.E.M.
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variability. For each drug under each set of PR and TO

conditions, a mean maximum number of injections was

calculated by averaging the individual maximum mean

number of injections for a particular drug, regardless of

dose, across all monkeys. An ED50 was calculated for each

drug for each animal in which the drug served as a

reinforcer (self-administration in excess of saline rates) at

least at one dose, using the visibly linear portion of the

dose–response function and least squares linear regression

(GraphPad Prism 2.0). Means and S.E.M. were calculated

for maximum injections and ED50s for each drug at each

starting PR value. Statistical significance of differences

between means was examined using a paired t test.

2.4. Drugs

Cocaine HCl was provided by the National Institute on

Drug Abuse (Rockville, MD). NPA and APO were pur-

chased from Research Biochemicals in Natick, MA.

Cocaine was dissolved in saline. NPA and APO were

dissolved in distilled water containing 1 mg/ml ascorbic

acid. All injections were delivered over 10 s in a volume of

approximately 1.0 ml.

3. Results

All monkeys self-administered cocaine (0.05 or 0.1 mg/

kg/injection) under baseline conditions. The baseline rates

of cocaine self-administration for these monkeys ranged

from 12 (L500) to 15 (RIK2) injections per session. The

baseline rates of saline self-administration for these mon-

keys ranged from one to three injections per session for all

monkeys. Baseline rates remained stable for an individual

monkey over the course of the experiment.

Fig. 2. Mean maximum number of injections of APO and NPA self-

administered when either drug was available under the PR schedule of

reinforcement starting with 50 or 100 responses. The vertical lines represent

the S.E.M.

Fig. 3. Self-administration of APO and NPA under PR schedules of reinforcement. Sessions began with response requirements of 50 that doubled after every

fourth injection. TO after injections was either 60 or 600 s. Data for the 60-s TO are the same as those in Fig. 1. Other details are as in Fig. 1.
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When the PR sequence began at 50, all monkeys self-

administered at least one dose of NPA or APO at rates above

those observed when saline was available (Fig. 1). Self-

administration of these compounds increased over low to

moderate doses and, at higher doses, was asymptotic or

decreased. The doses of APO or NPA that maintained the

greatest number of injections varied somewhat among

monkeys. Changing the initial PR sequence from 50 to

100 responses shifted the dose–response functions to the

right and/or downward for APO in all monkeys except

RIK2. For the group, these changes did not achieve statist-

ical significance (Table 1; P > .05). A similar effect was

noted for NPA in all monkeys except L500 where the dose–

response function shifted upward. NPA was not a reinforcer

at PR100 in monkey RJu2 up to 0.012 mg/kg/injection. As

with APO, changes in mean ED50s and maxima were not

statistically significant (Table 1; P>.05) when the PR

sequence was changed. For both PR sequences, the mean

maximum number of injections per session when APO was

available was greater than the mean maximum number of

injections per session when NPA was available (Fig. 2,

Table 1; PR50: t = 10.3, df = 4, P < .001; PR100: t= 3.5,

df = 4, P =.025). The calculated ED50 for NPA was 9-fold

lower than the ED50 for APO for the PR50 and 5.5-fold

lower for the PR100 sequence (Table 1). However, these

differences did not achieve statistical significance (P>.05).

At the highest doses of both drugs, monkeys exhibited

psychomotor stimulation during the experimental session.

The dose–response functions for NPA or APO with the

600-s TO were similar to those seen at the 60-s TO in that

responding first increased with dose then was asymptotic or

decreased (Fig. 3). Although the ED50 appeared to increase

when the TO increased from 60 to 600 s, this effect was not

statistically significant across the group (P>.05). In addi-

tion, there were no significant between- or within-drug

differences in maximum responding with the change to

600-s TO (P>.05).

4. Discussion

Both NPA and APO maintained self-administration

under a PR schedule in rhesus monkeys. This finding

extends the conditions under which D2-like agonists have

been found to function as positive reinforcers. Although

NPA was a more potent reinforcer than APO in most

monkeys, mean values were not statistically different. In a

previous self-administration study with D2-like agonists, we

found that both APO and NPAwere self-administered under

an FR schedule of reinforcement and that NPA was more

potent than APO in most monkeys (Ranaldi et al., 2001).

Additionally, in radioligand binding studies, NPA has been

found to have higher affinity for D2 sites than APO in

monkey (Ranaldi et al., 2001) and rat (Arnt et al., 1983;

Kula et al., 1985; Valchar et al., 1987) brain tissue. Previous

studies of locomotor effects in rodents have found NPA to

be as much as 90-fold more potent than APO (Campbell et

al., 1986; Martin and Bendesky, 1984). It seems likely that

the lack of a statistically significant potency difference in

the present study was due variability and a small number of

degrees of freedom in the statistical comparison.

When APO and NPA were available under a simple FR

schedule of reinforcement, they were indistinguishable in

terms of rates of self-administration (Ranaldi et al., 2001).

Under the PR schedule used in the present study, there were

differences between the drugs in their relative efficacy as

reinforcers. When there was a 60-s TO after injections, APO

maintained more responding, i.e., was the more effective

reinforcer, regardless of initial PR sequence. When there was

a 600-s TO after injections, APO was at least as effective as

NPA as a reinforcer. Thus, the PR schedule and/or the TO

after responding revealed differences between the drugs that

were not apparent under a simple FR schedule. This finding

supports the longstanding conclusion that rate of self-admin-

istration under simple schedules of reinforcement is not a

reliable indicator of relative efficacy as a reinforcer (see

Johanson, 1978; Young and Herling, 1986).

Clearly, the finding that the lower efficacy D2-like

agonist APO was at least as effective a reinforcer as the

higher efficacy D2-like agonist NPA is contrary to the

hypothesis of the study. A conclusion that reinforcing

efficacy is inversely related to agonist efficacy, although

consistent with these data, would be both counterintuitive

and contrary to existing data with opioids (Winger et al.,

1996) and D1 agonists (Weed et al., 1997). However, that

the APO<NPA efficacy relationship is based upon in vitro

observations from rat brain tissue. It is not clear that this

relationship holds in behavioral assays. NPA and APO have

also been found to have similar efficacy as locomotor

stimulants (Campbell et al., 1986; Martin and Bendesky,

1984). Moreover, APO and the full D2 agonist piribedil

have been found to fully cross-substitute as discriminative

stimuli in rats (Woolverton et al., 1985; Kamien et al.,

1987), suggesting that APO functions as a full D2 agonist

in vivo. In monkeys, piribedil fully substituted for APO as a

discriminative stimulus, though the reverse has not been

tested (Woolverton et al., 1987). It is also possible that the in

vitro D2 efficacy relationship reported in rat brain is not the

same in the monkey brain. This possibility has not been

evaluated, to our knowledge, although substantial efficacy

differences were not observed when D1 receptor agonist

efficacy was compared in rat and monkey tissue (Weed

et al., 1997). On the other hand, behavioral differences

between agonists have been reported that may be important

in efficacy considerations. NPA has been reported to sub-

stitute for D-amphetamine as a discriminative stimulus (Arnt

and Hyttel, 1990) while APO substituted for some doses of

D-amphetamine but not others (Stolerman and D’Mello,

1981; Woolverton and Cervo, 1986). Additionally, APO

has been reported to be a less consistent positive reinforcer

than piribedil, suggesting that it is a less efficacious rein-

forcer (Woolverton et al., 1984).
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It is reasonable to also consider that pharmacodynamic

mechanism(s) other than D2 receptor efficacy may have

contributed to the efficacy of these compounds as positive

reinforcers. More specifically, pharmacological actions

other than those at D2-like receptors may interact with

D2-like actions to contribute to the reinforcing effect. One

logical candidate is D1 actions. APO has a relatively high

affinity at both D1- and D2-like binding sites (Euvrard et al.,

1979; Herrera-Marschitz and Ungerstedt, 1984) while NPA

appears to be more selective for the D2 receptor (Creese

et al., 1979). Thus, APO may be a more effective reinforcer

because of its mix of D1- and D2-like receptor actions,

above and beyond its partial D2-like receptor efficacy.

Interactions between D1- and D2-like receptor actions have

been implicated for other DA-mediated behavioral effects

(Walters et al., 1987). Manzardo et al. (2001) have recently

reported the combination of a D1 and a D2 agonist is

preferred to either type of agonist alone in rats. However,

APO is a partial efficacy D1 agonist (Kebabian and Calne,

1979) and partial efficacy D1 agonists have been found not

to function as positive reinforcers in rhesus monkeys (Weed

and Woolverton, 1995; Weed et al., 1997). Obviously,

highly selective agonists allow stronger conclusions in

this regard.

In addition to these pharmacodynamic possibilities,

pharmacokinetics appear to contribute to the observed

differences between these agonists. The relative reinforcing

efficacy of the drugs varied with TO. One would expect less

drug accumulation with longer TOs after injections. Since

drug accumulation over the course of a session generally

decreases rate of self-administration (see Johanson, 1978;

Young and Herling, 1986), we anticipated that responding

would increase with TO. In fact, responding decreased for

both drugs. Indeed, to begin the experiment both drugs were

briefly made available with a 30-min TO that we have

typically used to study cocaine as a reinforcer. As noted,

neither NPA (0.0125–0.05 mg/kg/injection) nor APO (0.05

and 0.1 mg/kg/injection) maintained responding above

saline levels at starting PR sequences between 25 and 400

at a 30-min TO. Together, these results imply that there is an

optimal TO for measuring the efficacy of each of these

drugs as a positive reinforcer. When the interinjection

interval is shorter than the optimal value, drug accumulates

over the session to the point that responding is reduced.

Conversely, when the interinjection interval is longer than

optimal, responding is reduced as well. The mechanism

controlling this effect is unclear. It is possible that insuf-

ficient drug accumulates over the session to optimize

reinforcement. Alternatively, it may be that there are aver-

sive side effects at the high doses necessary to maintain

responding with long TOs that suppress responding. In

addition, the higher efficacy agonist could limit self-admin-

istration to a greater extent via an aversive side effect. In any

case, the general point to be emphasized is that a TO after

injection is among the behavioral conditions that can modify

the relative efficacy of drugs as reinforcers.

There is an ongoing interest in the relationship between

pharmacological mechanism of action and efficacy as a

positive reinforcer (e.g., Bergman et al., 1989; Ritz et al.,

1987; Wilcox et al., 2000). The hypothesis that agonist

efficacy is directly related to efficacy as a reinforcer has

intuitive appeal. Indeed, available data tend to support this

hypothesis for DA agonists in, at least, a qualitative way

(Ranaldi et al., 2001; Weed et al., 1997). However, empirical

support for the graded nature of this relationship is, at this

point, limited to one experiment with two opioids (Winger

et al., 1996). The present experiment underscores the obser-

vation that rank-ordering drugs as to relative efficacy as

reinforcers is at least a complex undertaking even under the

best of circumstances (see Katz, 1990). Clearly, multiple

pharmacological and behavioral mechanisms can contribute

to a reinforcing effect. Although this is not the first demon-

stration of that fact, the present experiment emphasizes that

there is not a straightforward relationship between in vitro

measures of agonist efficacy and efficacy as a reinforcer.
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