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Abstract

Although the behavioral-stimulant and reinforcing effects of cocaine and related psychomotor stimulants have been attributed to their actions at
the dopamine transporter (DAT), the reinforcing effectiveness of these compounds varies. The properties that confer these differences are
important considerations when developing agonist pharmacotherapies for the treatment of stimulant abuse. The present studies focused on the time
course of action and pharmacological specificity of six 3-phenyltropane analogs of cocaine (RTI-112, RTI-126, RTI-150, RTI-171, RTI-177, and
RTI-336) by observing their behavioral-stimulant, neurochemical, and reinforcing effects in squirrel monkeys. The faster-onset analogs (RTI-126,
RTI-150, and RTI-336), and one of the slower-onset DAT selective analogs (RTI-177 and RTI-171) produced behavioral-stimulant effects, while
the slower-onset nonselective analog RTI-112 did not. The time to the peak behavioral-stimulant effect and the peak caudate dopamine levels was
strongly correlated, but the area under the curve of the time course of behavioral-stimulant effect and dopamine levels was not correlated. These
results suggest that the rate of onset plays a more important role than duration of action in the stimulant effect of these analogs. In addition, the
slower-onset nonselective analog (RTI-112) clearly did not exhibit any reinforcing effects while the faster-onset nonselective (RTI-126) and all the
DAT-selective analogs showed robust reinforcing effects (RTI-150, and RTI-177) or showed trends towards reinforcing effects (RTI-336 and RTI-
171). Hence, there was a general trend for compounds that had a faster onset and/or DAT selectivity to produce significant behavioral-stimulant
and reinforcing effects.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Cocaine is a nonselective inhibitor of monoamine transpor-
ters, including dopamine, serotonin, and norepinephrine, and
also binds to sodium channels (Kennedy and Hanbauer, 1983;
Madras et al., 1989; Reith et al., 1986; Schoemaker et al., 1985).
However, the behavioral effects of cocaine have been attributed
primarily to its actions at the dopamine transporter (DAT) (Ritz
et al., 1987). DAT inhibitors from distinct chemical structural
classes produce behavioral-stimulant (Cline et al., 1992; Gatley
et al., 1999; Kuhar, 1993) and reinforcing (Bergman et al.,
1989; Ritz et al., 1987; Wilcox et al., 2000) effects that correlate
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with their potency and occupancy at DAT. However, in order to
produce equivalent increases in locomotor activity in rodents,
selective DAT inhibitors must exhibit greater occupancy of
DAT than does the nonselective monoamine transporter inhibi-
tor cocaine (Rothman et al., 1992; Vaugeois et al., 1993).
Neuroimaging studies in humans have found a significant cor-
relation between DAT occupancy and the subjective high
following administration of cocaine (Volkow et al., 1997) or
methylphenidate (Volkow et al., 1999). However, DAT
inhibitors differ in their effectiveness as positive reinforcers.
For example, the selective DAT inhibitor GBR12909 maintains
self-administration in animals (Bergman et al., 1989; Howell
and Byrd, 1991), but it seems to be a less robust reinforcer than
cocaine in maintaining behavior under a progressive-ratio
schedule (Stafford et al., 2001). In addition, several local anes-
thetics are effective DAT inhibitors, but are weaker reinforcers
than cocaine in maintaining behavior under progressive-ratio or
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second-order schedules (Wilcox et al., 2005; Wilcox et al.,
2000). These studies suggest that DAT inhibition alone does
not fully account for the reinforcing properties of cocaine and
that neurotransmitters other than dopamine may influence the
reinforcing effects of cocaine and related stimulants. For exam-
ple, increasing serotonin activity attenuates cocaine-induced
increases in dopamine, cocaine-induced behavioral-stimulant
effects, and cocaine self-administration in nonhuman primates
(Czoty et al., 2002; Howell and Byrd, 1995; Lindsey et al.,
2004). Determining the pharmacological properties that influ-
ence the reinforcing effectiveness of behavioral stimulants can
provide insights for medications development for treating
stimulant abuse.

The use of agonist pharmacotherapies in the treatment of
substance abuse has been successful, as shown with methadone
maintenance for heroin dependence and nicotine replacement
for tobacco use. These agonists provide positive subjective
effects and improve compliance (Gorelick, 1998). These results
support efforts to develop similar pharmacotherapeutic strate-
gies to treat cocaine dependence (Grabowski et al., 2004;
Howell and Wilcox, 2001; Mello and Negus, 1996). Several
preclinical studies with DAT inhibitors provide evidence that
substitute agonists may be used to reduce cocaine use (Lindsey
et al., 2004; Mello and Negus, 1996; Rothman and Glowa,
1995). However, a possible limitation to the use of selective
DAT inhibitors as medications for cocaine abuse is their
potential for abuse. Both the phenyltropane analog, RTI-113
(Howell et al., 2000), and the phenylpiperazine derivative,
GBR12909 (Bergman et al., 1989; Howell and Byrd, 1991),
reliably maintain i.v. self-administration in nonhuman primates.
A viable approach to limit the reinforcing effectiveness of DAT
inhibitors is to manipulate their time course of action. The rate
of onset plays an important role in the reinforcing effectiveness
of a variety of drugs in animals and in humans. In rodents, drugs
that occupied DAT more rapidly produced more robust be-
havioral effects (Desai et al., 2005; Pogun et al., 1991; Stathis
et al., 1995). The more rapidly cocaine (Volkow et al., 2000) or
methylphenidate (Volkow et al., 2002) enter the brain, the
greater the reported “high” in humans. Orally-administered
methylphenidate did not elicit as great of a high as did
intravenously administered methylphenidate or cocaine, pre-
sumably due to the slow rate of uptake of the orally-
administered drug in brain (Volkow et al., 2002). Accordingly,
a slow onset of action may reduce the abuse liability of the
medications (Gorelick, 1998; Sellers et al., 1989). In addition, a
long duration of action is necessary to provide reasonable
dosing schedules (Carroll et al., 1999). However, duration of
action has not been found to be a critical factor in the reinforcing
effects of opioid drugs in rodents (Panlilio and Schindler, 2000)
or nonhuman primates (Ko et al., 2002).

The purpose of the present study was to characterize the
time course of the effects of six 3-phenyltropane analogs of
cocaine on behavior and dopamine neurochemistry in squirrel
monkeys. The cocaine analogs examined in the present study
are more potent than cocaine at binding to the dopamine
transporter (Carroll et al., 2006; Kuhar et al., 1999), and
produce robust increases in locomotor activity when admin-
istered systemically to mice (Carroll et al., 2004; Kimmel et
al., 2001). In these locomotor studies, the nonselective
monoamine transporter inhibitor RTI-126 and the DAT-
selective inhibitors RTI-150 and RTI-336 both had a faster
rate of onset (30 min) and a short duration of action (4 h). In
contrast, the nonselective monoamine transporter inhibitor
RTI-112 had a slower rate of onset (30–60 min) and a longer
duration of action (10 h). The DAT-selective inhibitors RTI-
171 and RTI-177 also had slower rates of onset (30–120 min),
but RTI-171 had a short duration of action (2.5 h) while RTI-
177 had a very long duration of action (20 h). The behavioral-
stimulant and neurochemical effects of the cocaine analogs
were compared directly to their effectiveness to maintain i.v.
drug self-administration. The hypothesis was that compounds
with a faster rate of onset would exhibit increased behavioral-
stimulant and reinforcing effects.

2. Materials and methods

2.1. Subjects

Twenty-two adult male squirrel monkeys (Samiri sciureus)
weighing 700–1200 g served as subjects. Animals lived in
individual home cages and had daily access to food (Harlan
Teklad monkey chow; Harlan Teklad, Madision, WI; fresh fruit
and vegetables) and unlimited access to water. All monkeys had
prior exposure to cocaine and other drugs with selective
dopaminergic or serotonergic activity in various behavioral
studies. Animal use procedures were in strict accordance with
the National Institutes of Health “Guide for Care and Use of
Laboratory Animals” (Publication No. 85–23, revised 1985)
and were approved by the Institutional Animal Care and Use
Committee of Emory University.

2.2. Apparatus

During daily test sessions, each animal was seated in a
Plexiglas chair within a ventilated, sound-attenuating chamber
(MED Associates, Georgia, VT). The chair was equipped with
stimulus lights and a response lever. For the studies using a
fixed-interval schedule, equipment for delivering a mild
electrical stimulus to the tail was attached to the chair. In
contrast, for the drug self-administration studies, a motor-driven
syringe pump (Harvard Apparatus, Holliston, MA) located
outside the chamber was used to deliver self-administered drug
injections. During drug self-administration experiments, Teflon
and polyvinyl chloride tubing passed through a small hole in the
chamber and connected the catheter to a syringe situated within
a computer-controlled pump located outside the chamber.
Behavioral test sessions lasted approximately 70 min each
day, 5 days/week. During microdialysis experiments in a
separate group of animals, subjects were seated in the chair and
fitted with an adjustable Lexan neckplate that was positioned
perpendicular to the medial plane of the body just above the
shoulder. All subjects had been acclimated to the chair over
several months. At least 2 weeks elapsed between microdialysis
experiments.
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2.3. Catheter implantation

Eighteen monkeys were prepared with chronically indwell-
ing venous catheters under sterile surgical conditions. Animals
were initially anesthetized with a cocktail consisting of Telazol
(tiletamine hydrochloride and zolazepam hydrochloride,
3.0 mg), ketamine HCl (20 mg), and atropine (0.1 mg). An-
esthesia was maintained with supplements of ketamine HCl. A
catheter made of polyvinyl chloride tubing (0.38 mm i.d.;
0.76 mm o.d.) was inserted via the femoral or external jugular
vein and passed to a point near the right atrium. The proximal
end of the catheter was passed subcutaneously to the
interscapular region of the monkey's back where it exited the
skin. The animal wore a nylon mesh vest (Lomir Biomedical,
Inc., Malone, NY) at all times to protect the externalized end of
the catheter. Veterinary staff prescribed preoperative antibiotics
[Monocid (cefonicid), Rocephin (ceftriaxone)] and post-oper-
ative analgesics [Banamine (flunixin meglumine)]. Catheters
were flushed with saline solution several times each week and
were filled with heparinized saline and sealed with a stainless
steel obturator when not in use.

2.4. Guide cannula implantation

A stereotaxic apparatus was used to implant CMA/11 guide
cannulae (CMA/Microdialysis, Acton, MA) bilaterally to target
both caudate nuclei of four monkeys as described previously
(Czoty et al., 2000). Anesthesia was initiated with Telazol
(tiletamine hydrochloride and zolazepam hydrochloride,
3.0 mg) and atropine. Inhaled isoflurane (1.0–2.0%) was ad-
ministered to maintain depth of anesthesia during the procedure.
A stainless steel stylet was placed in the guide cannula when not
in use. Analgesics [Banamine (flunixin meglumine)] and
antibiotics [Rocephin (ceftriaxone)] were prescribed as neces-
sary by veterinary staff. Animals were closely monitored during
recovery from anesthesia, and a minimum of 2 weeks was
allowed before microdialysis experiments were performed.
Within 2 months following each guide cannula implantation,
accurate placement was verified once in each monkey through
use of magnetic resonance imaging (MRI) as described previ-
ously (Czoty et al., 2000). The guide provided a very specific
path for the insertion of the probe such that the correct place-
ment of the guide ensured correct placement of the probe.

2.5. Stimulus termination procedures

Six animals were trained under a fixed-interval (FI) 300-s
schedule of stimulus termination. At the beginning of the testing
session the behavioral chamber was illuminated with a red light
for 300 s. When this interval had elapsed, the monkey had 3 s to
press the lever one time to terminate the red light, which was
associated with an impending electrical stimulus. Upon
termination of the red light, a white light was illuminated for
15 s, followed by a 60-s timeout. If the lever was not pressed
during the 3-s period, the animal received a 3-mA stimulus for
approximately 200 ms to the tail, followed by a 60-s timeout.
Responding during timeout periods had no scheduled con-
sequences. Animals were tested each day, 5 days/week, and
each daily session consisted of thirteen FI components. When
rates and patterns of responding had stabilized, venous catheters
were implanted as described above. At least 1 week elapsed
between catheter implantation and the initiation of procedures
to establish baseline responses to intravenous saline and cocaine
administration.

Drug experiments began when rates and patterns of respond-
ing to saline and cocaine stabilized (less than 10% variability in
response rate for five consecutive test days). A single dose of
drug or saline was administered through the intravenous catheter
5 s before the beginning of the experimental session. The
exception to this dosing regimen was RTI-112, which was
administered 30 min before the beginning of the experimental
session. Pilot data suggested that the peak stimulant effect of
RTI-112 occurred N30 min after administration. Animals were
tested, but did not receive drug on Mondays and Wednesdays.
They received a single dose of test drug or cocaine on Tuesdays
and Fridays, and saline was administered prior to the session on
Thursdays, as a control for the injection procedure. Animals
received each dose of each drug in ascending order, then a
second determination was performed with the doses adminis-
tered in descending order. The reported data reflect an average of
the two determinations. The baseline response for cocaine was
reassessed between each set of dose–response determinations.
The animals used in this study had a response rate of 0.54±0.03
(group mean±SEM) presses per second when given saline.

2.6. Self-administration procedures

Twelve animals were initially trained under a second-order
schedule of stimulus termination. At the beginning of the testing
session, the behavioral chamber was illuminated with a red light
for 600 s. Completion of 20 responses (fixed ratio (FR) 20)
produced a 2-s flash of white light FI 600-s (FR20:S). When the
600-s interval had elapsed, the monkey had 10 s to complete an
FR20 to terminate the red light, which was associated with an
impending electrical stimulus. Upon termination of the red
light, a white light was illuminated for 15 s, followed by a 60-s
timeout. If an FR20 was not completed in the 10-s period, the
animal received a 3-mA stimulus for approximately 200 ms to
the tail, followed by a 60-s timeout. Responding during timeout
periods had no scheduled consequences. Animals were tested
daily, 5 days each week, and each daily session consisted of five
FI 600-s (FR20:S) components. When rates and patterns of
responding had stabilized, venous catheters were implanted as
described above. Subsequently, the method of reinforcement
was changed such that the termination of the red light resulted in
the injection of 0.1 mg of cocaine. All other events and schedule
parameters were identical to those of the second-order schedule
of stimulus termination. Animals used in these studies had an
average response rate of 1.00±0.13 (group mean±SEM) lever
presses per second when self-administering 0.1 mg/inf cocaine.

Drug experiments began when rates and patterns of respond-
ing had stabilized (less than 10% variability in response rate
for five consecutive test days). Patterns of responding were
not used as stability criteria. Animals were allowed to self-
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administer the training dose for more than ten consecutive
sessions. Subsequently, a range of doses of cocaine (0.03–
1.0 mg/injection) was substituted for the training dose to
establish a full dose–effect curve for cocaine self-administra-
tion. Doses of cocaine were evaluated in a counter-balanced
order under the second-order schedule for a minimum of ten
consecutive test days, and mean response rates at each dose
were calculated by averaging daily mean response rates over the
last five sessions. Periodically, extinction sessions with saline
substitution were conducted on consecutive days until respond-
ing decreased to less than 20% of response rate obtained with
the maintenance dose of cocaine (0.1 mg/injection) to ensure
rapid extinction of responding in the absence of cocaine.
Various doses of the phenyltropane analogs were evaluated in a
counter-balanced order under the second-order schedule for a
maximum of ten consecutive test days. If the response rate fell
to or below 30% of responding for the training dose of cocaine,
testing of the phenyltropane analog was discontinued, and
cocaine-maintained responding was re-established. A stable
response rate for cocaine was re-established for a minimum of
five consecutive test days in between the substitution of each
dose of a phenyltropane analog.

2.7. Microdialysis procedures

CMA/11 dialysis probes with a shaft length of 14 mm and
active dialysis membrane measuring 4 mm long and 0.24 mm
diameter were flushed with artificial cerebrospinal fluid
(1.0 mM Na2HPO4, 150 mM NaCl, 3 mM KCl, 1.3 mM Ca
Cl2, 1.0 mMmg Cl2 and 0.15 mM ascorbic acid, final pH=7.4–
7.56) for at least 20 min. Probes were inserted into the guide
cannulae and connected to a Harvard PicoPlus microinfusion
pump via FEP Teflon tubing. Probes were perfused with
artificial cerebrospinal fluid at 2.0 μl/min for the duration of the
experiment. Samples were collected every 10 min in micro-
centrifuge tubes and immediately refrigerated. Following a 60-
min equilibration, three consecutive 10-min samples were
collected for determination of baseline dopamine concentration.
Following collection of baseline samples, saline or a dose of a
test drug was administered i.m. and 10-min samples were
collected for an additional 120 min. Animals were tested a
maximum of one time per week, and each site was accessed no
more often than once every 2 weeks. This regimen of repeated
access of the caudate has produced consistent responses to drug
treatment without significant gliosis (Czoty et al., 2000).

High-performance liquid chromatography (HPLC) and
electrochemical detection were used to quantify levels of
Table 1
Tropane analogs of cocaine

RTI-126 MW=324.35 3β-phenyl-2β-(1,2,4-o
RTI-112 MW=344.27 3β-(3-methyl-4-chloro
RTI-150 MW=358.89 3β-(4-methylphenyl)tro
RTI-171 MW=332.86 3β-(4-methylphenyl)tro
RTI-336 MW=429.38 3β-(4-chlorophenyl)tro
RTI-177 MW=419.85 3β-(4-chlorophenyl)tro

Full chemical name and molecular weight of each tropane analog used in these stud
dopamine. The HPLC system consisted of a small bore
(3.2 mm×150 mm, 3 μm) column (ESA, Inc., Chelmsford,
MA) with a commercially available mobile phase (MD-TM,
ESA, Inc.) delivered by an ESA 582 solvent delivery pump at a
flow rate of 0.6 ml/min. After loading onto the refrigerated
sample tray, samples (20 μl) were automatically mixed with 3 μl
of ascorbate oxidase, and 18 μl of the mixture was injected into
the HPLC system by an ESA Model 542 autosampler. Samples
were analyzed within 12 h of collection, remaining either in a
refrigerator or in the refrigerated autosampler tray during this
time. Electrochemical analyses were performed using an ESA
dual-channel analytical cell (model 5040) and guard cell (model
5020, potential=350 mV) and an ESA Coulochem II detector.
The potential of channel 1 was set to − 150 mV for oxidation,
while the potential of channel 2 was set to 275 mV for
reduction. A full range of dopamine standards (1–50 nM) was
analyzed both before and after each set of samples to evaluate
possible degradation of dopamine. Levels of dopamine below
1 nM were considered below the limit of detection. A desktop
computer collected data and chromatograms were generated by
EZChrom Elite software (version 3.1, Scientific Software,
Pleasanton, CA). The chromatograms were analyzed using the
EZChrom software, comparing the experimental samples with
the standards. The neurochemical effects of the drugs were
compared with the neurochemical effects of saline and cocaine.
Basal levels of dopamine were between 3 and 5 nM, unadjusted
for probe recovery, as reported in earlier studies (Czoty et al.,
2000). Before and after each in vivo experiment, probes were
tested in vitro to determine suitability of the probes. Percent
recovery was similar for all probes (10–20%).

2.8. Drugs

The full chemical name and molecular weight of each of the
tropane analogs is given in Table 1. Based on published studies
that determined the binding potency of each of the tropane
analogs at the three monoamine transporters (DAT, NET, and
SERT) in rat tissue (Kuhar et al., 1999), the compounds were
classified as being DATselective or nonselective (Table 2). RTI-
126, RTI-112, RTI-150, RTI-171 (Research Triangle Institute,
Research Triangle, NC) and cocaine hydrochloride (National
Institute on Drug Abuse, Bethesda, MD) were dissolved in
0.9% saline. RTI-336 and RTI-177 were dissolved in 2% final
volume 0.1 N HCl and 98% final volume water. Drug doses
were determined as salts. For the stimulus termination and self-
administration procedures, drug injections were administered
through the intravenous catheter. For the microdialysis studies,
xadiazol-5-methyl)tropane hydrochloride (Carroll et al., 1993)
phenyl)-2β-carboxylic acid methyl ester hydrochloride (Carroll et al., 1992)
pan-2β-carboxylic acid cyclobutyl ester hydrochloride (Carroll et al., 1995)
pan-2β-(3-methylisoxazol-5-yl) hydrochloride (Kotian et al., 1996)
pane-2β-[3-(4-methylphenyl)isoxazol-5-yl] hydrochloride (Carroll et al., 2004)
pane-2β-(3-phenylisoxazol-5-yl) hydrochloride (Kotian et al., 1995)

ies and references detailing the synthesis of each compound.



Table 2
Characterization of tropane analogs

Compound DAT/NET ratio DAT/SERT ratio Selectivity

Cocaine 0.0270 0.0856 Nonselective
RTI-126 0.0127 0.0261 Nonselective
RTI-112 0.0222 0.0762 Nonselective
RTI-150 0.0008 0.0018 DAT selective
RTI-336 0.0024 0.0007 DAT selective
RTI-171 0.0035 0.0002 DAT selective
RTI-177 0.0026 0.0005 DAT selective

Relative selectivity of binding to monoamine transporter ligands in rat tissue
(Kuhar et al., 1999).
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drug injections were administered into the thigh muscle in a
volume of 0.4 to 0.8 ml. Animals used in the microdialysis
studies no longer had any viable veins for intravenous catheters,
which necessitated the use of i.m. injections.

2.9. Data analysis and statistics

The overall rate data from the stimulus termination studies
(Fig. 1) and from the self-administration studies (Fig. 5) were
each analyzed using repeated measures ANOVAs. When a
significant main effect was observed, Tukey's post-hoc multiple
comparisons tests were used to determine statistical significance,
defined at the 95% level of confidence (pb0.05). Time-course
data from the stimulus termination studies (Fig. 2) and the
neurochemical studies (Fig. 3) were each analyzed using a paired
t-test, comparing the saline and drug data. For these analyses, the
neurochemical data in Fig. 3 was truncated at 80 min post-
Fig. 1. Dose–response curve of stimulant effects of nonselective monoamine tran
maintained by an FI schedule in squirrel monkeys (n=3). Data points represent mean
(⁎) represent individual points significantly different from saline control, based on T
injection to better correspond to the behavioral-stimulant time-
course data, with a final data point 78 min post-injection.

The correlational analysis shown in Fig. 4A compared the
times to peak stimulus termination and neurochemical effect.
The time to peak effect was determined for both the behavioral
and neurochemical data in the same manner. When there was an
obvious maximal effect, this data point was determined to be the
peak. However, when consecutive data points increased in value
until a plateau was observed, the peak point was determined to
be the first data point on this plateau from which subsequent
data points were not greater by at least 10% of that first plateau
point. The correlational analysis in Fig. 4B compared the area
under the curve (AUC) for the stimulus termination and
neurochemical data. The AUCs of the stimulus termination
time-course data (Fig. 2) and the microdialysis data (Fig. 3)
were determined using 100% of control as the baseline value
and included peaks below the baseline. To facilitate AUC
comparisons between these two data sets, the neurochemical
data in Fig. 3 was truncated at 80 min post-injection to better
correspond to the behavioral-stimulant time-course data, with a
final data point 78 min post-injection. Since RTI-112 did not
produce significant behavioral-stimulant effects, these data
were omitted from both correlational analyses.

3. Results

For each compound, a dose–response curve of the average
response rate during the 13-component fixed-interval behav-
ioral session was determined (Fig. 1). With the exception of
RTI-112, all of the compounds produced an inverted U-shaped
sporter inhibitors (A, B) and selective DAT inhibitors (C–F) on responding
±SEM rate of responding averaged across the 13-component session. Asterisks
ukey's post-hoc multiple comparisons tests.



Fig. 2. Time course of stimulant effects of nonselective monoamine transporter inhibitors (A, B) and selective DAT inhibitors (C–F) on responding maintained by an FI
schedule in squirrel monkeys (n=3). Data points represent mean±SEM rate of responding in each of 13 consecutive 5-min intervals. A 1-min timeout separated each
5-min FI component.
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dose–response curve that is typical of psychomotor stimulants.
Doses of RTI-112 greater than 0.03 mg/kg produced adverse
effects in the animals, including stereotypic behaviors and
seizures, so higher doses were not tested. One-way repeated
measures ANOVAs determined that, across the doses tested,
RTI-126 [F(3,6)=6.965, p=0.022], RTI-150 [F(4,8)=8.632,
p=0.005], RTI-336 [F(3,6)=6.214, p=0.029], and RTI-177 [F
Fig. 3. Effects of nonselective monoamine transporter inhibitors (A, B) and selecti
unanesthetized squirrel monkeys as determined with in vivo microdialysis (n=3). Dru
dopamine levels as a percent of values obtained prior to drug administration.
(3,6)=5.080, p=0.044] had a significant main effect, but that
RTI-171 [F(3,6)=3.180, p=0.106] and RTI-112 [F(2,4)=
5.513, p=0.071] did not. Individual points significantly
different from saline control as determined by post-hoc tests
are indicated by asterisks in Fig. 1. Although RTI-150 had a
main effect, post-hoc tests did not reveal a significant difference
between any individual dose and saline. In summary, the three
ve DAT inhibitors (C–F) on extracellular dopamine in the caudate nucleus of
gs were administered i.m. at time point zero. Data points represent mean±SEM



Fig. 4. Correlations between the time to peak (A) and the area under the curve
(B) of behavioral-stimulant effects and dopamine levels of each compound.
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faster-onset analogs and one of the DAT-selective slower-onset
analogs produced significant and dose-dependent behavioral-
stimulant effects, while the other slower-onset analogs did not.

Fig. 2 shows the time course of drug effects on responding
maintained by an FI schedule for a single dose of each drug. The
Fig. 5. Effects of nonselective monoamine transporter inhibitors (A, B) and selective
cocaine self-administration in squirrel monkeys (n=3). Data points represent mean±
0.1 mg/inf of cocaine. Asterisks (⁎) represent individual points significantly differe
different from cocaine, based on Tukey's post-hoc multiple comparisons tests.
most effective or highest dose as determined by the mean data in
Fig. 1 was selected for this time course analysis. Paired t-test
analyses revealed significant differences between drug and
saline for RTI-126 [t(12)=− 3.571, p=0.004], RTI-150 [t(12)=
− 7.096, pb0.001), RTI-336 [t(12)=− 13.269, pb0.001], RTI-
177 [t(12)=− 11.915, pb0.001], and RTI-171 [t(12)=− 11.218,
pb0.001], but not for RTI-112 [t(12)=− 1.284, NS]. In the RTI-
112 studies, animals received saline or drug 30 min prior to the
start of the session, rather than 5 s as in the other panels. The
first two time points of the RTI-112 data are highly variable
likely due to the fact that the animals were seated in the test
chair during the 30-min pretreatment period, without any
stimulus lights. Compared to the other three analogs, RTI-126,
RTI-150, and RTI-336 exhibit a faster rate of onset of
behavioral-stimulant effects, peaking at 12, 18, and 12 min
post-injection, respectively. In contrast, the behavioral effects of
RTI-177 and RTI-171 reach a peak at 24 and 42 min post-
injection, respectively. RTI-336, RTI-177, and RTI-171 all
exhibit longer durations of action than do RTI-126 and RTI-150.

Fig. 3 shows the time course of drug effects on extracellular
dopamine in the caudate as measured by in vivo microdialysis
for a single dose of each drug. The doses shown in the
behavioral time course analyses in Fig. 2 were selected for this
analysis. Paired t-test analyses revealed significant differences
between drug and saline for RTI-126 [t(10)=−3.042, p=
0.012], RTI-112 [t(10)=−3.874, p=0.003], RTI-150 [t(10)=
4.221, p=0.002), RTI-336 [t(10)=−4.723, pb0.001], RTI—
177 [t(10)=−4.232, p=0.002], and RTI-171 [t(10)=−4.104,
p=0.002]. As in the behavioral-stimulant studies, RTI-126,
RTI-150, and RTI-336 had a faster onset, producing peak DA
DAT inhibitors (C–F) on responding maintained by a second-order schedule of
SEM rate of responding. The dashed line represents responding maintained by
nt from saline control and crosses (+) represent individual points significantly
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levels 20 min after drug administration. Peak DA levels were
evident 30 min after RTI-112 and RTI-177 administration and
40 min after RTI-171 administration. These increases in DA
levels were longer lasting after administration of RTI-112, RTI-
336, RTI-177, and RTI-171 relative to RTI-126 and RTI-150.

The time to peak effect of behavioral-stimulant effects and
dopamine levels was determined for each drug using the time-
course data shown in Figs. 2 and 3 and correlated in Fig. 4A. In
the case of a plateau of elevated behavior or dopamine levels,
the first time point of this plateau was used as the peak. A linear
regression analysis of these data results in an r2 value of 0.9419,
and a p value of 0.0061. The area under the curve (AUC) of
the behavioral-stimulant effects and DA levels are correlated in
Fig. 4B. A linear regression of these data results in an r2 value
of 0.1661, and a p value of 0.4958.

The effects of drug substitution on responding maintained on
a second-order schedule of cocaine self-administration are
shown in Fig. 5. The data in these figures are represented as a
percent of the baseline response rate determined while self-
administering the training dose of cocaine (0.1 mg/inf). Al-
though the response rate engendered by this dose of cocaine
varied from animal to animal, this dose produced peak respond-
ing on the cocaine dose–response curve. One-way repeated
measures ANOVAs were performed on each data set to deter-
mine a main effect of the drug as compared to saline extinction
data. This analysis showed that the following drugs had a main
effect: RTI-126 [F(2,4)=11.275, p=0.023], RTI-150 [F(2,4)=
20.858, p=0.008] and RTI-177 [F(3,6)=6.403, p=0.027]
while RTI-112 [F(3,6)=2.956, p=0.120], RTI-336 [F(2,4)=
1.758, p=0.283], RTI-171 [F(3,6)=2.190, p=0.190] did not.
Doses greater than those shown for RTI-126, RTI-336, and RTI-
177 produced adverse effects, such as stereotypies and seizures
in these animals, so higher doses were not tested.

4. Discussion

The present study in nonhuman primates compared the
behavioral-stimulant, in vivo neurochemical, and reinforcing
effects of several phenyltropane analogs of cocaine with vary-
ing time course of action and selectivity of binding to mono-
amine transporters. The time to the peak of drug-induced
increases in extracellular dopamine indicated that RTI-126,
RTI-150, and RTI-336 each had a faster rate of onset while RTI-
112, RTI-177, and RTI-171 each had slower rates of onset. In
this study, the rate of onset of dopaminergic effects after i.m.
administration was predictive of the behavioral-stimulant ef-
fects of the cocaine analogs after i.v. administration in that the
three faster-onset analogs (RTI-126, RTI-150, and RTI-336)
produced significant behavioral-stimulant effects while two of
the slower-onset analogs (RTI-112 and RTI-171) did not. The
slower-onset DAT-selective analog (RTI-177) produced signif-
icant behavioral-stimulant effects. In addition, the faster-onset
analogs (RTI-126 and RTI-150) and the slower-onset DAT-
selective analog (RTI-177) had robust reinforcing effects,
whereas the slow-onset nonselective analog (RTI-112) did not
maintain responding at rates comparable to that of cocaine.
Although the reinforcing effects of the DAT-selective inhibitors
RTI-336 and RTI-171 did not reach significance, there was a
trend toward reliable self-administration. In summary, com-
pounds that had a faster onset of action produced significant
behavioral-stimulant effects, regardless of monoamine trans-
porter selectivity. Compounds that had a faster onset of action or
greater selectivity for DAT tended to function as more robust
reinforcers.

Previous studies have characterized the behavioral and
neurochemical effects of cocaine in squirrel monkeys under
similar conditions as in the present studies. In subjects trained to
lever press under a FI schedule identical to that employed in the
present study, cocaine produced an inverted U-shaped dose–
response curve typical of psychomotor stimulants (Howell and
Byrd, 1991; Howell and Byrd, 1995). In separate studies, a dose
of 1.0 mg/kg cocaine increased extracellular dopamine in the
caudate nucleus to about 300–350% of baseline within the first
10–20 min after i.m. administration (Czoty et al., 2002; Czoty
et al., 2000). In these studies, the rate of onset of the dopamine
increases corresponded well with the rate of onset of behavioral-
stimulant effects following cocaine administration reported
previously (Howell et al., 2000), despite the fact that drugs were
administered intravenously in the behavioral studies and
intramuscularly in the microdialysis studies. In subjects trained
to self-administer cocaine under a second-order schedule simi-
lar to the one used in the present studies, cocaine produced an
inverted U-shaped dose–response curve (Czoty et al., 2002;
Howell and Byrd, 1991), clearly indicating that cocaine func-
tions as a robust reinforcer under the conditions employed in the
present study. In summary, cocaine has a rapid rate of onset in
producing stimulant effects and in increasing extracellular
dopamine in squirrel monkeys, which is reflected by its robust
reinforcing effects.

The rate of drug entry into the brain plays an important role
in the reinforcing effectiveness of drugs in humans and
nonhuman primates (Ko et al., 2002; Marsch et al., 2001). In
humans, the rapid uptake of cocaine and methylphenidate into
the brain more closely paralleled the perception of the “high”,
rather than the duration of action of the drug itself (Volkow
et al., 2002). In addition, routes of administration (i.e. smoking,
intravenous) that result in a more rapid entry of the drug in brain
produce greater “highs” than routes of administration (i.e. oral)
resulting in slower drug uptake (Volkow et al., 2000). When
cocaine was infused more slowly, it was found to be less
effective as a reinforcer in nonhuman primates (Balster and
Schuster, 1973; Panlilio et al., 1998). Similarly, the cocaine
analog HD-23, which takes 60 min to attain significant binding
was not as reinforcing in rhesus monkeys as were cocaine or
methylphenidate (Lile et al., 2003). The piperazine analog (+)-
CPCA binds to DATmore slowly than cocaine and was found to
be a less robust reinforcer than cocaine in nonhuman primates
(Woolverton et al., 2002). Woolverton et al. (2002) have
suggested that reinforcing strength may be related to the rate of
DAT occupancy over a time frame within 3 min after injection.
The rate of drug onset also plays a role in determining its
behavioral-stimulant effects, as evidenced by the strong cor-
relation between the time to peak dopamine levels and peak
behavioral-stimulant effects in the present study. RTI-171 was
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selective for DAT in rodents (Kuhar et al., 1999) and increased
dopamine in the squirrel monkey caudate in the present studies,
but it was not a very effective behavioral-stimulant. One
important characteristic of RTI-171 is that it had a slower rate of
onset than the other DAT-selective tropane analogs in this study.

In addition to time course of effects, the pharmacological
specificity of the compounds may influence their stimulant and
reinforcing effects. Although RTI-177 had a slower rate of onset
than did RTI-126 and RTI-150, it still functioned as a reinforcer
in the second-order self-administration protocol. A recent review
suggests that a rapid onset of action is associated with the
reinforcing effects of a drug but is not required for a drug to act as
a reinforcer (Lile, 2006). Similarly, several other phenylpiper-
azine and phenyltropane DAT inhibitors function as positive
reinforcers in nonhuman primates despite a slow onset of DAT
binding (Bergman et al., 1989; Lile et al., 2003; Spealman and
Kelleher, 1981). Indeed, decreasing the rate of cocaine infusion
in rhesus monkeys decreased the reinforcing strength of the
drug, but only to a certain point, suggesting a “floor” effect in the
absence of alternate reinforcers (Woolverton and Wang, 2004).
In the present studies, the nonselective monoamine transporter
inhibitor RTI-112 did not have behavioral-stimulant effects,
although the doses used in this study clearly increased dopamine
levels in the caudate to approximately 200% of baseline.
Published studies show that high doses of RTI-112 are
associated with high DAT occupancy in rhesus monkeys
(Lindsey et al., 2004), so the lack of behavioral-stimulant
effects cannot be attributed to a lack of an effect at DAT. That
RTI-112 did not maintain self-administration behavior when
substituted for cocaine in the present study also corresponds well
with earlier studies in rhesus monkeys showing that RTI-112 did
not function as a reinforcer, ostensibly due to its serotonergic
effects (Lindsey et al., 2004). Consistent with the latter
interpretation, previous studies showed that increasing seroto-
nergic activity reduced cocaine self-administration in rats
(Richardson and Roberts, 1991) and in monkeys (Czoty et al.,
2002; Kleven andWoolverton, 1993) as well as cocaine-induced
increases in extracellular dopamine in nonhuman primates
(Czoty et al., 2002). There is a growing literature that supports a
negative modulatory role of serotonin on the behavioral-
stimulant and reinforcing effects of DAT inhibitors.

In summary, the present data suggest that the rate of onset of
drug effect and relative selectivity for monoamine transporters
are important determinants of the behavioral-stimulant and
reinforcing properties of the drug. Drugs with a faster rate of
onset are more likely to exhibit behavioral-stimulant and
reinforcing effects. Similarly, selectivity at DAT confers more
robust behavioral-stimulant and reinforcing effects to these
drugs. These behavioral effects of DAT inhibitors may be
attenuated by actions at SERT. These are important considera-
tions when developing substitute agonist medications to treat
stimulant addiction.
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