
Abstract Rationale: Several halogenated analogs of
benztropine (BZT) have previously been characterized as
potent DA uptake inhibitors with behavioral profiles that
indicate diminished psychomotor stimulant effects
relative to cocaine. In a previous study using a fixed-ratio
10 schedule, two chloro-analogs (3’-C1-BZT and 4’-Cl-
BZT) maintained IV self-administration in monkeys but
appeared to be weak positive reinforcers. Objectives:
The present experiments were designed to test the
hypothesis that 3’-C1-BZT and 4’-Cl-BZT are relatively
weak reinforcers by evaluating reinforcing effects under
increased response requirements. To examine further the
effect of this halogen substitution on self-administration,
3’,4’’-diCl-BZT was also evaluated for reinforcing
effects. Methods: Four rhesus monkeys self-administered
cocaine (0.03 mg/kg per injection, IV) under a fixed-
ratio 25 (FR25) schedule until stable responding
was established. Saline, various doses of cocaine
(0.003–0.2 mg/kg per injection), the BZT analogs
(0.012–0.2 mg/kg per injection), GBR 12909
(0.012–0.2 mg/kg per injection), and compounds with
known reinforcing effects (d-amphetamine, morphine,
pentobarbital, ketamine) were then made available for
self-administration. Various doses (0.01–0.3 mg/kg per
injection) of the compounds that maintained self-admin-
istration under the FR schedule were then substituted for
cocaine (0.1 mg/kg per injection) under progressive-ratio
(PR) schedules. Results: Reinforcing effects were evident
under the FR schedule for 3’-C1-BZT, 4’-Cl-BZT, GBR
12909, and the control compounds, but not by 3’,4’’-
diCl-BZT. Results with the PR suggested that the rank

order of these compounds for their effectiveness as
reinforcers was cocaine>GBR 12909>3’-C1-BZT=4’-Cl-
BZT>>3’,4’’-diCl-BZT. Conclusions: This study confirms
and extends previous results suggesting that compounds
with high DAT affinity can have strong, moderate, weak,
or no effectiveness as reinforcers. The mechanisms that
may underlie this variation in reinforcing effectiveness
of these DAT ligands remain to be established.
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Introduction

A variety of novel, high-affinity ligands have been
developed that bind selectively to the dopamine trans-
porter (DAT; e.g., Carroll et al. 1992, 1997; Reith et al.
1997; Newman 1998; Newman and Agoston 1998).
These compounds can help establish the basic neurobiology
of the DAT and contribute to the development of potential
pharmacotherapeutic agents for treating cocaine abuse.
Benztropine [BZT, 3α-(diphenylmethoxy)-1αH, 5αH-
tropane] is the parent of a series of compounds with
structural similarities to both cocaine (i.e., a tropane
ring) and the more selective DA uptake inhibitor GBR
12909 (i.e., a diphenyl ether system). BZT and its
analogs share some pharmacological and behavioral
effects with cocaine. In particular, BZT and/or many of
its analogs exhibit high affinity binding to the DAT, and
inhibit DA uptake in vitro. BZT has been reported
to have cocaine-like effects on operant behavior in
monkeys (McKearney 1982). In other respects, however,
their effects appear to qualitatively differ (Newman et al.
1994, 1995; Agoston et al. 1997). For example, 4’-chloro-
3α-(diphenylmethoxy)tropine (4’-chloro-benztropine, or
4’-Cl-BZT) has an affinity for the DAT that is comparable
to that of cocaine, but is only marginally efficacious as a
stimulant of locomotor activity in rodents, and does not
have cocaine-like discriminative stimulus effects (Katz
et al. 1999). In contrast to the effects of most of the BZT
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analogs, 3’-chloro-3α-(diphenylmethoxy)tropane (3’-
chloro-benztropine, or 3’-C1-BZT) has discriminative
stimulus effects similar to those of cocaine (Kline et al.
1997).

In a previous experiment from our laboratory
(Woolverton et al. 2000), BZT and its analogs 3’-C1-
BZT and 4’-Cl-BZT were evaluated as reinforcers in
rhesus monkeys experienced in cocaine self-administra-
tion under a fixed-ratio (FR) 10 schedule of reinforce-
ment. A high rate of self-administration was maintained
by cocaine, with lower rates maintained by both 3’-C1-
BZT and 4’-Cl-BZT. BZT itself did not maintain
responding above vehicle levels at any dose tested.
While these results were suggestive of weak reinforcing
effects of the BZT analogs, the study was not designed to
assess graded reinforcing effects. The present experiment
was designed to extend our evaluation of the reinforcing
effects of BZT analogs with the goal of providing a more
reliable estimate of the relative effectiveness of these
compounds as reinforcers. To do this, the compounds in
the present study were examined under conditions of
increased response requirement relative to our previous
study, specifically, an FR25 schedule and a progressive-
ratio (PR) schedule of reinforcement (Hodos 1961). PR
schedules increase the number of responses required to
obtain a reinforcer until responding is no longer main-
tained above some minimum. This schedule has been
used to rank-order drugs according to their effectiveness
as reinforcers (see Richardson and Roberts 1996). In the
present experiment, several PR schedules were examined
to allow between-drug comparisons under multiple
behavioral conditions (see Wilcox et al. 2000).

Our approach was to compare self-administration of
BZT analogs to cocaine and GBR 12909. Compounds
were first evaluated under a FR schedule and those that
functioned as reinforcers were compared under PR
schedules. Cocaine is a highly effective reinforcer that
reliably maintains high rates of responding under both
FR and PR schedules. GBR 12909 is a 1,4-dialky(en)yl-
piperazine that is more selective than cocaine for the
DAT, and as noted above, shares some structural similar-
ities with BZT. GBR 12909 has also been found to serve
as a reinforcer in rhesus monkeys (Skjoldager et al.
1993; Wojnicki and Glowa 1996) and other species
(Bergman et al. 1989; Roberts 1993). Although 3’- and
4’-Cl-BZT differ structurally only in the position of the
chloro substituent in the meta versus the para positions
on one of the phenyl rings, and have similar DAT binding
affinities, there have been reported differences in their
behavioral effects. Therefore, 3’,4’’-diCl-BZT (3’,4’’-
dichloro-3-(diphenylmethoxy)tropane), a novel compound
that incorporated the 3’-Cl substituent on one phenyl
ring and a 4’’-Cl substituent on the other phenyl ring,
was synthesized (Katz et al. 2001). Based on structure-
activity relationships derived for a large series of phenyl
ring substituted BZT analogs (Newman et al. 1995), and
three dimensional quantitative structure activity relations
(Newman 1999), it was predicted that the 3’,4’’-diCl-
BZT analog would have similar binding affinity at the

DAT as the parent compounds. However, it was felt that
this compound might shed light on the structural rela-
tionship between these compounds and their reinforcing
effects, as well as other behavioral profiles (Katz et al.
2001). An assessment of the effects of this compound
would provide information on whether the 3’-Cl substitu-
ent is primarily responsible for the cocaine-like effects of
3’-Cl-BZT or whether the 4’-Cl substituent interferes
with cocaine-like behavioral effects.

Materials and methods

Animals and apparatus

The subjects were nine adult rhesus monkeys (Macaca mulatta).
Four (three male and one female, 18108) responded under a fixed-
ratio (FR) schedule of reinforcement. Most recently, monkeys,
18108 and AL99 had a history of self-administration of a variety
of drugs under an FR10 schedule, including the same compounds
studied here (Woolverton et al. 2000). Monkey Rf3 had a history
drug discrimination training using DOM as the training drug and
had been drug-free for 18 months (unpublished data). Three
monkeys (18108; H228; AL99) also had a brief history of FR self-
administration of the compounds studied in the present experiment,
under slightly different conditions that those used here.

Five other monkeys (four males and one female, 11084)
responded under a progressive-ratio (PR) schedule of reinforce-
ment. Monkeys AP13, 11084 and RJu2 had a history of responding
under a PR similar to the one used here. Most recently, monkeys
AP13 and 11084 had a history of self-administration of cocaine/
heroin combinations (Rowlett et al. 1998) while RJu2 had a history
of local anesthetic self-administration (Wilcox et al. 2000).
Monkeys L500 and L637 had a history of self-administration
under an FR10 schedule. For monkey L500 that history included
self-administration of BZT analogs under FR 10 (Woolverton et
al. 2000). Monkey L637 had self-administered various monoamine
uptake blockers (unpublished data). Monkey 11084 was removed
from the experiment before testing all doses because of erratic
responding in baseline sessions. Each was fitted with a stainless-
steel restraint harness that attached to a tether. The tether was
attached to the rear wall of a cubicle (1.0 m3; Plaslabs, Lansing,
Mich., USA) equipped with two response levers (BRS/LVE, PRL-
001, Beltsville, Md., USA) and a peristaltic infusion pump (Cole-
Parmer, Vernon Hills, Ill., USA). A force of 0.30 N upon either
lever was required to close a microswitch. Above each lever were
four jeweled stimulus lights, two white and two red. A Macintosh
II computer with custom interface and software controlled events
during the session and recorded data.

Procedure

All monkeys were fed Teklad Monkey Diet (Harlan, Indianapolis,
Ind., USA) daily in an amount sufficient to maintain stable body
weight. In addition, each was given a chewable multiple vitamin
tablet 3 days per week and received fresh fruit 5 days per week.
Water was continuously available throughout the study. Lights
were on at 0600 and off at 2200 hours.

Using aseptic techniques under ketamine and isoflurane
anesthesia, a silicone catheter (0.26 cm o.d.×0.076 cm i.d., Cole-
Parmer Co.) was implanted into a jugular or femoral vein. Brachial
veins were also implanted using a tapered micro-renethane catheter
(0.08 cm o.d. ×0.04 cm i.d., Braintree Scientific, Braintree, Mass.,
USA). 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 a mid-scapular
exit site. After surgery, the catheter was threaded through the
tether, out the rear of the cubicle and connected to the peristal-
tic pump. Upon catheter failure and after confirmation of the
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monkey’s health by a veterinarian, surgery was repeated using
another vein.

Experimental sessions were conducted seven days a week
beginning at noon with the illumination of the white lights above
both levers. Responses on the left lever had no consequences.
Completion of the response requirement on the right lever extin-
guished the white lights, illuminated the red lights and began a 10-s
injection of drug or vehicle. During an injection, responding on
either lever had no programmed consequences. The catheters were
flushed after the session with a solution of 30 IU/ml heparin
(mixed in saline) to prevent clotting at the catheter tip. For the FR
schedule, a baseline dose of cocaine (0.03 mg/kg per injection)
was available under conditions requiring 25 lever presses/injection
(fixed-ratio 25; FR25 schedule) in daily 2-h sessions (Fig. 1).
Once responding was stable (three consecutive sessions with the
number of injections within ±15% of the three-session mean and
no upward or downward trends), saline was substituted until
responding declined to low levels (fewer than ten injections/
session). Next, a double alternation schedule was begun in which
two consecutive sessions of cocaine availability alternated with

two consecutive sessions of saline availability. This schedule was
continued until stable responding was re-established.

The PR schedule was essentially identical to one we have used
previously (e.g., Rowlett et al. 1998; Wilcox et al. 2000). In base-
line sessions, cocaine (0.1 mg/kg per injection) or saline was avail-
able for injection. The schedule consisted of five components, each
made up of four trials, for a total of 20 trials/day. The response
requirement for each of the four trials of the first component was
100 (monkeys AP13, L637, 11084) or 200 (monkeys L500, RJu2),
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 (LH). There was a 30-min time-out after each drug
injection or the expiration of a LH. If the response requirement was
not completed (i.e., the LH expired) for two consecutive trials, or
the animal took all 20 injections, the session ended. The sequence
of sessions was comparable to that used with the FR schedule and
continued until responding was stable (mean ±2 injections).

For both schedules, after responding was stable test sessions
were conducted every third session, as long as baseline responding
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Fig. 1 Self-administration of
cocaine, GBR 12909 and benz-
tropine analogs by rhesus
monkeys responding under a
fixed-ratio 25 schedule of rein-
forcement. Symbols refer to
different monkeys and represent
the mean of two or three test
sessions. Vertical lines represent
the range of values over two
test sessions. Where vertical
lines do not appear, the range is
contained within the symbol.
x-Axis is drug dose and y-axis
is injections/2-h session.
S and V refer to self-adminis-
tration of 0.9% saline and
vehicle, respectively



was stable. For the FR, stability in cocaine sessions continued to
be ±15% of the running mean number of injections while stability
in saline sessions was defined as within ±2 injections/session with
a maximum of ten injections/session. Stability criteria were
comparable for the PR schedule with fewer than four saline injec-
tions in baseline sessions. A test session was identical to a training
session, except that vehicle or a different dose of cocaine or of a
novel drug was made available. Various doses of cocaine, GBR
12909, 3’-Cl-BZT and 4’-Cl-BZT were tested in all animals. In
addition, 3’,4’’-diCl-BZT was tested under the FR schedule only.
For the FR, doses were tested over a range that included a dose
low enough not to maintain responding and a dose high enough to
demonstrate the biphasic nature of the dose-response function. For
3’-Cl-BZT, 4’-Cl-BZT and GBR 12909 doses were between 0.012
and 0.2 mg/kg per injection, a range that included doses found to
be self-administered in the Woolverton et al. (2000) study. Doses
of 3’,4’’-diCl-BZT were the same as those of 3’-Cl-BZT and 4’-
Cl-BZT. For the PR, 3’-Cl-BZT and 4’-Cl-BZT were tested up to
doses 3- to 10-fold higher than those found to maintain responding
in the Woolverton et al. (2000) study, i.e., up to 0.3 mg/kg per
injection. Higher doses were not tested because of solubility limi-
tations. Each dose could be evaluated under five PR sequences:
(1) 50, 100, 200, 400, 800; (2) 100, 200, 400, 800, 1600; (3) 200,
400, 800, 1600, 3200; (4) 400, 800, 1600, 3200, 6400; (5) 800,
1600, 3200, 6400, 12,800. The PR sequences were tested in
ascending order beginning with 50 (PR50) and increased until
responding was not maintained at any dose. Each dose of a test
drug was made available twice, once with cocaine available in the
previous session and once with saline available in the previous
session. Occasionally, when the two tests were inconsistent, a dose
was tested a third time. Drug and dose orders were irregular. Since
the alternation sequence and single-session testing regimen used
here has not been studied previously for the FR schedule, stan-
dard compounds [d-amphetamine (0.003–0.1 mg/kg per injec-
tion), pentobarbital (0.03–2.0 mg/kg per injection), ketamine
(0.03–0.25 mg/kg per injection) and morphine (0.012–0.2 mg/kg
per injection)] were tested to examine the reliability of the procedure
for detecting positive reinforcers.

Drugs

3’-C1-BZT was synthesized as described by Kline et al. (1997).
The synthesis of 3’,4’’-diCl-BZT is described by Katz et al.
(2001). 4’-C1-BZT was purchased from Research Biochemicals,
Inc. (Natick, Mass., USA). GBR 12909 was supplied by Novo
Industri (Denmark). All were prepared in a vehicle of 2% ethanol
and 98% saline. Cocaine HC1, morphine sulfate and d-amphet-
amine sulfate were provided by the National Institute on Drug
Abuse (Rockville, Md., USA) and were dissolved 0.9% saline.
Pentobarbital solutions were prepared by dilution of Nembutal
(Abbott Laboratories, Chicago, Ill., USA) with 0.9% saline.
Ketamine solutions were prepared by dilution of ketamine hydro-
chloride (Abbott Laboratories) with 0.9% saline. All solutions

were filtered with 0.22 micron filter unit (Millipore, Bedford,
Mass., USA). Doses are expressed as the salt forms of the drugs.
Injections were delivered over 10 s and volumes approximating
1.0 ml/injection. Concentrations of drugs were adjusted to give the
reported mg/kg per injection dose.

Data analysis

For both schedules, the mean number of injections for the two test
sessions of each dose of each drug was compared to the comparable
mean of two sessions of availability of saline and/or the appropriate
vehicle. A dose of a drug was considered to be a positive reinforcer
for an individual monkey if the mean number of injections it
maintained was greater than the mean maintained by saline and/or
the drug vehicle, and the ranges did not overlap. Additionally for
the PR, the maximum number of injections of each drug, regard-
less of dose, was determined for each animal (see Rowlett et al.
1996). Maximums for all drugs were compared using a repeated
measures ANOVA. Maximums for individual drugs were compared
using a paired t-test. Statistical significance was set at P<0.05.
Since monkey 11084 did not finish the experiment, her data were
excluded from this analysis.

Results

Fixed-ratio schedule

There was substantial individual variability in the time
required for responding to stabilize under the double
alternation. Mean time to begin testing was 136
(±46.5 SEM) sessions. Test sessions occurred at rates
between one for every 3.9 sessions (AL99 and Rf3)
and one for every 4.75 sessions (18108). Cocaine
(0.03 mg/kg per injection) maintained an average of
between 28 (18108) and 48.2 (H228) injections/session
in baseline sessions while saline maintained an average of
between three (AL99) and eight (H228) injections/
session. Over the course of the experiment, responding
in baseline cocaine sessions increased slightly in H228,
AL99 and 18108 did not change in Rf3. Cocaine dose-
response functions were biphasic or injections/session
decreased with dose (H228) with maximum responding
at 0.03 mg/kg per injection in all monkeys. All monkeys
self-administered d-amphetamine, and morphine (Table 1).
Three of the four monkeys self-administered PB and
ketamine. Interestingly, the single exception for these
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Table 1 Self-administration of control compounds under an FR25
schedule of reinforcement with a double alternation schedule of
daily sessions. Saline levels are mean (range) of values from
saline test sessions. Numbers after drug names are the dose range
tested over all monkeys. Numbers under monkey numbers are the

maximum number of injections/session over the dose-response
function and, in parentheses, the dose (mg/kg per injection)
that maintained maximum responding. (–) Drug was not self-
administered above saline levels at any dose

Drug (mg/kg per injection) Monkey

AL99 Rf3 H228 18108 Total

Saline 2.5 (2–3) 6 (5–7) 10.5 (9–12) 3 (2–4)
d-Amphetamine (0.003–0.1) 43 (0.006) 52 (0.012) 43.5 (0.012) 10.5 (0.05) 4/4
Morphine (0.012–0.2) 12 (0.05) 35 (0.012) 23.5 (0.2) 9.5 (0.05) 4/4
Pentobarbital (0.03–2.0) 24 (0.5) 49.5 (0.25) 16 (0.062) (–) 3/4
Ketamine (0.03–0.25) 27 (0.12) 23 (0.25) 72 (0.03) (–) 3/4



latter two drugs was the female monkey in the group,
18108. When drugs were self-administered, the dose-
response functions were biphasic. Doses that maintained
maximum responding varied across monkeys suggesting
individual differences in sensitivity to the reinforcing
effects of these drugs.

Cocaine and GBR 12909 functioned as reinforcers, at
least at one dose and generally at several doses, in all
monkeys. Dose-response functions were, in general, biphasic
and shifted downward for GBR 12909 relative to cocaine.
The lowest rates of self-administration of both drugs were
seen in the female, 18108, and GBR 12909 exceeded our
definition of positive reinforcer by only one injection at
one dose (0.2 mg/kg per injection). Responding was main-
tained by 3’-Cl-BZT in two of four monkeys, also at rela-
tively low rates. Responding was maintained by 4’-Cl-
BZT only in monkey H228 and maximum rate was compa-
rable to that seen with cocaine. No monkey self-adminis-
tered 3’,4’’-diCl-BZT above vehicle levels over a dose range
of 0.012–0.2 mg/kg per injection. Generally, responding
was stable in baseline sessions during testing of all drugs.
There was no effect of any compound on cocaine self-
administration the day after a test session. The effects of a
dose did not vary systematically with the baseline condition
that was in effect the previous session.

Progressive-ratio schedule

For monkeys naive to the PR, the number of baseline
sessions before testing began was 50 for L637 and 74 for

L500. Experienced monkeys began testing immediately
upon beginning the experiment. Once testing began, test
sessions were conducted at rates between one for every
3.2 (RJu2) and one for every 4.4 (L500) sessions. In
baseline sessions, cocaine (0.1 mg/kg per injection)
maintained an average of between 11.7 (11084) and
14.7 (AP13) injections/session, while saline maintained
between 1.6 (RJu2) and 2.9 (11084) injections/session.
Over the course of the experiment, responding in base-
line sessions increased or decreased slightly in individual
monkeys but did not change systematically across
monkeys (data not shown).

Cocaine functioned as a reinforcer in all monkeys at
all PR values. Responding increased with dose in all
monkeys at PR50, 100 (Figs 2 and 3) and at PR200, 400
and 800 (data not shown). Injection maximums decreased
as beginning response requirement increased (Table 2).
Similarly, GBR 12909 functioned as a reinforcer in all
monkeys at PR50 and 100 (Figs 2 and 3), in four of five
monkeys at PR200 and 400 (data not shown), and in two
of five monkeys at PR800 (data not shown). As with
cocaine, injection maximums decreased with response
requirement (Table 2). Maximum responding maintained
by GBR 12909 was consistently lower than that main-
tained by cocaine. Responding was not as strongly main-
tained by 3’- and 4’-Cl-BZT under PR schedules. At
PR50, 3’-Cl-BZT functioned as a reinforcer clearly in
two monkeys, marginally in a third (L500), and failed to
maintain responding in the fourth ( 2). At PR100, results
were similar but injection rates were lower. Results with
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Fig. 2 Self-administration of
cocaine, GBR 12909 and benz-
tropine analogs by rhesus
monkeys responding under a
progressive-ratio schedule of
reinforcement. The response
requirement began at 50 and
doubled after every four injec-
tions (see Materials and
methods). Symbols refer to
different monkeys and represent
the mean of two or three test
sessions. Vertical lines represent
the range of values over two
test sessions. Where vertical
lines do not appear, the range is
contained within the symbol.
Points labeled 1 were determined
one time. x-Axis is drug dose
and y-axis is injections/2-h
session. S and V refer to self-
administration of 0.9% saline
and vehicle, respectively



4’-Cl-BZT were similar to those with 3’-Cl-BZT at PR50
(Fig. 2) with responding maintained in two monkeys. At
PR100, injections rates were lower than at PR50, and
comparable to or lower than those seen with 3’-Cl-BZT
at PR100. Neither 3’- nor 4’-Cl-BZT functioned as a
reinforcer up to 0.3 mg/kg per injection in those
monkeys tested at PR200 or above (data not shown). As
with the FR, the effects of a dose did not vary systemati-
cally with the baseline condition that was in effect the
previous session. 

Differences between drugs in injection maximums
were statistically significant at both the PR50 [F(3,9)=
24.8; P<0.05] and the PR100 sequence [F(3,9)=30;
P<0.05] (Table 2).. Maximums for cocaine were higher
than those for GBR 12909 at all sequences up to and
including 800 (P<0.05 in all cases). Maximum maintained
by GBR was higher than that maintained by 3’-Cl-BZT

at the PR100 but not at the PR50. Maximums maintained
by 3’-Cl-BZT and 4’-Cl-BZT were not significantly
different in any case.

Discussion

In a previous study (Woolverton et al. 2000) using an
FR10 schedule both 3’-Cl- and 4’-Cl-BZT functioned as
reinforcers. However, the results suggested that they
were relatively weaker reinforcers than cocaine. The
results of the present experiment provide further support
for that conclusion. Whereas all monkeys tested (n=4)
self-administered cocaine and GBR 12909 under the
FR25 schedule, only two of four self-administered 3’-Cl-
BZT and only one self-administered 4’-Cl-BZT. In
comparison, four of four monkeys self-administered 3’-
Cl-BZT under an FR10 schedule in the Woolverton et al.
(2000) experiment, while three of four monkeys self-
administered 4’-Cl-BZT in that experiment. It seems
likely that the increase in response requirement from 10
to 25 in the present experiment substantially weakened
the reinforcing effect of the BZT analogs while having
no apparent effect on the reinforcing effect of cocaine
(see, e.g., Goldberg et al. 1970).

Results with the PR schedule provide further support
for the conclusion that these BZT analogs are relatively
weak reinforcers. Cocaine maintained self-administration
in all monkeys up to a PR schedule that began at 800
while GBR 12909 maintained self-administration in all
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Fig. 3 Self-administration of
cocaine, GBR 12909 and benz-
tropine analogs by rhesus
monkeys responding under a
progressive-ratio schedule of
reinforcement. The response
requirement began at 100 and
doubled after every four injec-
tions (see Materials and
methods). Other details are
as in Fig. 2

Table 2 Maximum number of injections maintained by each drug
under each PR sequence. Numbers are mean value (SD) from of
between three and five monkeys. Where fewer than three monkeys
were tested, mean were not calculated and number of subjects
tested is presented. n.t. not tested

PR50 PR100 PR200 PR400 PR800

Cocaine 19.3 (1.3) 18.5 (1.06) 15.5 (2.2) 11.9 (1.9) 8.3 (1.5)
GBR 12909 12.5 (4.5) 13.2 (4.5) 8.7 (4.6) 7 (2.55) 4.1 (2.5)
3’-Cl-BZT 5.4 (3.3) 5 (2.1) n=2 n.t. n.t.
4’-Cl-BZT 5.2 (3) 3.5 (2.2) 3.3 (0.76) n=1 n=1
Saline 1.5 (0) 1.3 (0.25) 2.1 (0.95) 2.2 (1.26) n=2



monkeys up to a PR that began at 400 and in a portion of
the monkeys at PR800. For both 3’-Cl-BZT and 4’-Cl-
BZT, responding was only weakly maintained under a
PR that began with a response requirement of 50, and
more weakly maintained under a PR schedule that began
at 100. Responding was not maintained at all under
schedules with higher response requirements. That is,
cocaine and GBR 12909 were clearly more effective
reinforcers than the BZT analogs. It is interesting to note
that 3’-Cl-BZT has been found to engender full cocaine-
like activity as a discriminative stimulus in rats while 4’-
Cl-BZT has not (Newman et al. 1994; Kline et al. 1997;
Katz et al., submitted). Based on that finding, one might
propose that 3’-Cl-BZT would be a stronger reinforcer
than 4’-Cl-BZT. Although there was the suggestion of a
difference between these compounds, variability in the
present results does not allow such a conclusion to be
firmly made.

The 3’,4’’-diCl analog of BZT did not maintain
responding despite DAT affinity comparable to those of
3’-Cl-BZT and 4’-Cl-BZT, and of high affinity cocaine
binding (Katz et al., submitted). Thus, dichloro substitu-
tion preserved the DAT affinity of the mono-substituted
compounds but appeared to eliminate reinforcing effects.
Considered together with our previous experiment
(Woolverton et al. 2000), the present experiment supports
the conclusion that BZT and analogs can be rank ordered
according to their effectiveness as reinforcers as follows:
cocaine>GBR 12909>3’-Cl-BZT=4’-Cl-BZT>>3’,4’’-
diCl-BZT=BZT. That is, chloro substitution at either the
3’- or 4’-position of the BZT molecule was associated
with weak reinforcing effects while both the unsubstituted
parent compound BZT, and the 3’,4’’-dichloro substituted
compound failed to maintain self-administration. More-
over, despite relatively high affinity for the DAT a
compound may have strong (cocaine), moderate (GBR
12909), weak (3’-Cl-BZT and 4’-Cl-BZT) or no (3’,4’’-
diCl-BZT, BZT) effectiveness as a reinforcer. Clearly,
some mechanism(s) other than, or in addition to, simple
affinity for the DAT contributes to reinforcing effects
of these compounds. A number pharmacodynamic (e.g.,
different DAT binding domain, anticholinergic actions)
and pharmacokinetic (slow onset, long duration) possi-
bilities have been suggested that could contribute to this
apparent disconnect between DAT actions and reinforcing
effects (Katz et al. 1997, 1999; Woolverton et al. 2000).
Further research with these compounds may provide
insights into the relationship between the DAT and rein-
forcing effects.

In evaluating these conclusions, it is important to
comment on the validity of the testing conditions.
Although similar rapid paradigms have been published
(see Aigner and Balster 1978; Woods 1978), self-adminis-
tration has not been studied under the present FR schedule
and with this sequence of sessions. Therefore, we studied
compounds known to be self-administered under FR
schedules (see Johanson and Balster 1978) as positive
controls. Since these compounds were reinforcers, it
seems likely, that the testing conditions used here

provide reliable measures of reinforcing effects. The PR
schedule varies somewhat from typical PR schedules in
being a trials procedure with a TO after each injection.
Cocaine, heroin, procaine and other local anesthetics
have all been found to maintain self-administration under
conditions similar to those of the present experiment
(Rowlett et al. 1998; Wilcox et al. 2000). Advantages of
the present approach include its rapidity and the con-
sumption of relatively small amounts of drug. In terms
of rapidity, stability took longer to establish than the 3–4
weeks reported by Woods (1978), perhaps because two
sessions were conducted each day in that study com-
pared to a single daily session in the present study. Once
responding was established, rate of testing was comparable
across the different methods. In the present study and the
study of Wilcox et al. (2000), drugs were available under
multiple PR sequences. The advantage of this approach
is that it allows comparisons of drugs under multiple
behavioral conditions, strengthening conclusions about
relative effectiveness as reinforcers. The obvious dis-
advantage to be considered is that comparison under
multiple conditions takes more time than a single set of
conditions.

In considering the behavioral effects of these BZT
analogs, the compounds with 3-Cl-substituents are less
effective than cocaine but more effective than those with
4-Cl-substituents in stimulating locomotor activity and
substituting for cocaine as a discriminative stimulus
(Newman et al. 1994, 1995; Acri et al. 1996; Kline et al.
1997; Katz et al. 2001). Interestingly, 3’,4’’-diCl-BZT
has been found to have at least partial cocaine-like
discriminative stimulus effects in rats (Katz et al. 2001).
The results in these other behavioral procedures contrast
to the lack of reinforcing effectiveness of 3’,4’’-diCl-
BZT relative to 3’- and 4’-Cl-BZT. When considered
together, then, these results suggest mechanistic distinc-
tions between the reinforcing effects and these other
behavioral effects of BZT analogs.
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