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ABSTRACT
Atypical dopamine-uptake inhibitors have low abuse potential
and may serve as leads for development of cocaine-abuse
treatments. Among them, the benztropine (BZT) derivatives, N-
butyl (JHW007), N-allyl (AHN2-005), and N-methyl (AHN1-055)
analogs of 3a-[bis(49-fluorophenyl)methoxy]-tropane dose-
dependently decreased cocaine self-administration without
effects on food-maintained responding. Our study examined
selectivity by assessing their effects on self-administration of
other drugs. As with cocaine, each BZT analog (1.0–10.0 mg/kg
i.p.) dose-dependently decreased maximal self-administration
of d-methamphetamine (0.01–0.32 mg/kg/infusion) but was
inactive against heroin (1.0–32.0 mg/kg/infusion) and ketamine
(0.032–1.0 mg/kg/infusion) self-administration. Further, stan-
dard dopamine indirect-agonists [WIN35,428 ((2)-3b-(4-fluoro-
phenyl)-tropan-2-b-carboxylic acid methyl ester tartrate), d-
amphetamine (0.1–1.0 mg/kg i.p., each)] dose-dependently left-
shifted self-administration dose-effect curves for d-metham-
phetamine, heroin, and ketamine. Noncompetitive NMDA-
glutamate receptor/channel antagonists [(1)-MK-801 (0.01–0.1

mg/kg i.p.), memantine (1.0–10.0 mg/kg i.p.)] also left-shifted
dose-effect curves for d-methamphetamine and ketamine (but
not heroin) self-administration. The m-agonists [dl-methadone
and morphine (1.0–10.0 mg/kg i.p., each)] dose-dependently
decreased maximal self-administration of m-agonists (heroin,
remifentanil) but not d-methamphetamine or ketamine self-
administration. The m-agonist-induced decreases were similar
to the effects of BZT analogs on stimulant self-administration
and effects of food prefeeding on responding maintained by
food reinforcement. Radioligand-binding and behavioral studies
suggested that inhibition of dopamine transporters and s
receptors were critical for blocking stimulant self-administration
by BZT-analogs. Thus, the present results suggest that the effects
of BZT analogs on stimulant self-administration are similar to
effects of m-agonists on m-agonist self-administration and food
prefeeding on food-reinforced responding, which implicates
behavioral mechanisms for these effects and further supports
development of atypical dopamine uptake inhibitors as medi-
cations for stimulant abuse.

Introduction
The dopamine transporter (DAT) is critically involved in

reinforcing effects of psychostimulants such as cocaine and
d-amphetamine (Ritz et al., 1987; Ritz and Kuhar, 1989).
Consequently, studies have assessed drugs acting at this site

as potential “substitution treatments” for stimulant abuse,
paralleling the use of methadone for heroin abuse (Dole and
Nyswander, 1965, 1967). Both preclinical and clinical studies
have offered some empirical support for the effectiveness of
amphetamine in the treatment of cocaine abuse (Grabowski
et al., 2004a). For example, Negus andMello (2003) found that
d-amphetamine dose-dependently decreased cocaine self-
administration with minimal effects on food-reinforced
responding in rhesus monkeys. Similar effects were reported
for the uptake inhibitor GBR 12909 [1-{2-[bis-(4-fluorophe-
nyl)methoxy]ethyl}-4-(3-phenylpropyl)piperazine] (Glowa
et al., 1995). Further, clinical support for this approach to
treatment of stimulant abuse was provided by reports that d-
amphetamine combined with methadone to treat concurrent
cocaine and opioid abuse decreased cocaine use in a random-
ized, double-blind trial (Grabowski et al., 2004b; Mooney et al.,
2009).
One likely problem with use of currently available standard

dopamine (DA)-uptake inhibitors as treatments for cocaine
abuse rests with their own abuse liability and potential to
enhance effects of abused drugs. For example, several labo-
ratory studies have demonstrated that standard DA indirect
agonists enhance the self-administration of cocaine exhibited
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as leftward shifts in the self-administration dose-effect curve
(Schenk, 2002; Barrett et al., 2004; Hiranita et al., 2011).
When the self-administration is compared with responding
maintained by another reinforcer such as food, under some
conditions this enhancement can look like a selective decrease
in self-administration without effects on food-maintained
responding (Hiranita et al., 2011).
Several DA-uptake inhibitors have been identified as

“atypical,” as these drugs bind to the DAT but produce
substantially blunted psychostimulant-like effects. For exam-
ple, benztropine (BZT) analogs produce less locomotor stimu-
lation compared with cocaine and do not fully substitute in
rodents trained to discriminate cocaine (e.g., Katz et al., 1999,
2004). Additionally, these compounds do not produce place
conditioning (Li et al., 2005) and are either minimally self-
administered or not self-administered at rates above those
obtained with vehicle (Ferragud et al., 2009; Hiranita et al.,
2009; Li et al., 2013). Further, the N-substituted BZT analog
(n-butyl)-3a-[bis-(49-fluorophenyl)methoxy]-tropane (JHW007)
decreases locomotor stimulation produced by cocaine (Desai
et al., 2005), and it as well as others [N-allyl-3a-[bis(49-fluorophe-
nyl)methoxy]-tropane (AHN2-005); 3a-[bis(49-fluorophe-
nyl)methoxy]-tropane (AHN1-055)] dose-dependently decrease
cocaine self-administration at doses lacking effects on com-
parable food-reinforced responding (Hiranita et al., 2009; Li
et al., 2013). Moreover, JHW007 reduces the effects of cocaine
on DA levels in the nucleus accumbens shell, an area critical
for reinforcing effects of drugs (Tanda et al., 2009a).
A recent study suggested that N-substituted BZT analogs

may also block abuse-related effects of DA releasers. In that
study (Velázquez-Sánchez et al., 2013), JHW007 blocked
locomotor stimulation produced by a dose of d-amphetamine
in mice. Thus, our study assessed whether N-substituted BZT
analogs blocked the self-administration of d-methamphet-
amine. Initial studies indicated that several N-substituted
BZT analogs produced an insurmountable antagonism, whereas
standard DA-uptake inhibitors produced leftward shifts in
the d-methamphetamine dose-effect curve.
The differences between BZT analogs and standard DA-

uptake inhibitors with respect to their interactions with
cocaine self-administration (Hiranita et al., 2009; Li et al.,
2013) prompted the present comparisons of effects of drug
pretreatments on self-administration of drugs fromwithin the
pharmacologic class (i.e., among drugs having the same
primary biologic target) and across classes to place outcomes
within a pharmacologic context. Whether the previously re-
ported insurmountable antagonism was specific to cocaine
self-administration was assessed by examining the effects of
BZT analogs on self-administration of m-opioid agonists
(heroin, remifentanil) and the noncompetitive N-methyl-D-

aspartate (NMDA) receptor/channel antagonist ketamine (in
lieu of the less selective phencyclidine). Those effects were
compared with those of standard DA indirect agonists. To
minimize the likelihood that effects were idiosyncratic to

particular test drugs, we made comparisons with several
drugs from within pharmacologic classes. Whether insur-
mountable antagonism of self-administration was more com-
monly produced by drugs from within the class prompted
comparisons with the effects of m-opioid agonists and NMDA
antagonists pretreatments on self-administration of drugs
within and across classes.
Because previous studies had suggested that dual in-

hibition of the DAT and s receptors (sRs) can block cocaine
self-administration (Hiranita et al., 2011), our study assessed
the sensitivity of d-methamphetamine self-administration to
pretreatments with combinations of the DA-uptake inhibitor
WIN35,428 [(2)-3b-(4-fluorophenyl)-tropan-2-b-carboxylic
acid methyl ester tartrate] and the sR antagonist BD1008 [N-
[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(1-pyrrolidinyl)eth-
ylamine dihydrobromide], and affinities at these sites were
determined. Finally, to place the findings within a behavioral
context, the effects of satiation with the reinforcer were
assessed by examining the effects of prefeeding on food-
reinforced behavior in another group of subjects.

Materials and Methods
Self-Administration Procedures. Twenty-four male Sprague-

Dawley rats (Taconic Farms, Germantown, NY), weighing approxi-
mately 300 g at the start of the study, served as subjects. The subjects
were acclimated to a temperature- and humidity-controlled vivarium
for at least 1 week with a 12-hour light/dark cycle (lights on at 07:00
hours) during which food (Scored Bacon Lover Treats; Bio-Serv,
Frenchtown, NJ) and tap water were available at all times. After
acclimation, body weights were maintained at approximately 320 g by
adjusting daily food rations. Water continued to be available at all
times in the home cages. Care of the subjects was in accordance with
the guidelines of the National Institutes of Health and the National
Institute on Drug Abuse Intramural Research Program Animal Care
and Use Program, which is fully accredited by Association for Assess-
ment and Accreditation of Laboratory Animal Care International.

Experimental sessions were conducted daily with subjects placed in
operant-conditioning chambers (modified ENV-203; Med Associates,
St. Albans, VT) that measured 25.5 � 32.1 � 25.0 cm and were
enclosed within sound-attenuating cubicles equipped with a fan for
ventilation and white noise to mask extraneous sounds. On the front
wall of each chamber were two response levers, 5.0 cm from the
midline and 4.0 cm above the grid floor. A downward displacement of
a lever with a force approximating 0.20 N defined a response, and
always activated a relay mounted behind the front wall of the
chamber producing an audible “feedback” click. Three light-emitting
diodes (LEDs) were located in a row above each lever. A receptacle for
the delivery of 45-mg food pellets via a pellet dispenser (Model ENV-
203-20; Med Associates) was mounted on the midline of the front wall
between the two levers and 2.0 cm above the floor. A syringe infusion
pump (Model 22; Harvard Apparatus, Holliston, MA) placed above
each chamber delivered injections of specified volumes from a 10-ml
syringe. The syringe was connected by Tygon tubing to a single-
channel fluid swivel (375 Series Single Channel Swivels; Instech
Laboratories, Plymouth Meeting, PA) that was mounted on a balance
arm above the chamber. Tygon tubing from the swivel to the subject’s

ABBREVIATIONS: AHN1-055, 3a-[bis(49-fluorophenyl)methoxy]-tropane hydrochloride; AHN2-005, N-allyl-3a-[bis(49-fluorophenyl)methoxy]-
tropane oxalate; BD1008, N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(1-pyrrolidinyl)ethylamine dihydrobromide; BZT, benztropine; DA,
dopamine; DAT, dopamine transporter; DTG, 1,3-di-o-tolylguanidine; EXT, extinction (no injection); FR, fixed ratio; GBR 12909, 1-{2-[bis-(4-
fluorophenyl)methoxy]ethyl}-4-(3-phenylpropyl)piperazine; inj, injection; JHW007, N-(n-butyl)-3a-[bis-(49-fluorophenyl)methoxy]-tropane hydrochloride;
LED, light-emitting diode; (1)-MK-801, (5S,10R)-(1)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (dizocilpine); NMDA, N-methyl-D-
aspartate; OWW, original wet weight; WIN 35,428, (2)-3b-(4-fluorophenyl)-tropan-2-b-carboxylic acid methyl ester tartrate; sR, sigma (s) receptor;
s1R, s1 receptor; s2R, s2 receptor.
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catheter was protected by a surrounding metal spring and completed
the connection to the subject.

Subjects were surgically prepared under anesthesia (ketamine
60.0 mg/kg i.p., and xylazine 12.0 mg/kg i.p.) in the right external
jugular vein with a chronic indwelling catheter that exited at the
midscapular region of the animal’s back. Catheters were infused daily
with 0.1 ml of a sterile saline solution containing heparin (30.0 IU/ml)
and penicillin G potassium (250,000 IU/ml) to minimize the likelihood
of infection and the formation of clots or fibroids. All animals were
allowed to recover from surgery for approximately 7 days before drug
self-administration studies were initiated.

Experimental sessions initially lasted for 120 minutes. Sessions
started with the illumination of the LEDs above each lever. Each
downward deflection of the right lever turned off the LEDs, produced
an audible click, and activated the infusion pump for 10 seconds (fixed
ratio or FR 1-response schedule) followed by a 20-second time-out
period during which the LEDs were off and responding had no
scheduled consequences. Drug injections were d-methamphetamine
(0.1 mg/kg/injection, n 5 6), (2)-heroin (0.01 mg/kg/injection, n 5 6),
or (6)-ketamine (0.32 mg/kg/injection, n 5 6). After the time-out, the
LEDs were illuminated, and responding again had the scheduled
consequences. Responses on the left lever were recorded but had no
scheduled consequences. These conditions remained in effect over the
course of 14 sessions. Subjects were returned to their home cages in
the vivarium after each session.

The self-administration procedure was then modified to facilitate
pharmacologic assessments. Subjects were further trained to self-
administer d-methamphetamine (0.1 mg/kg/injection), (2)-heroin
(0.01 mg/kg/injection), or (6)-ketamine (0.32 mg/kg/injection) under
an FR 5 schedule of reinforcement (each fifth response produced an
injection with stimulus changes as previously described) until self-
administration was consistent from one session to the next, as
evidenced by the absence of visually apparent shifts in dose-effect
curves. The session was then divided into five 20-minute components,
each preceded by a 2-minute time-out period. This arrangement
allowed the assessment of a range of self-administered doses in
a single session (Hiranita et al., 2009). By adjusting infusion volumes
and durations, the drug dose per injection was incremented in the
sequential components as follows: no injection (also referred to as
extinction, or EXT, because responses had no scheduled consequen-
ces), 0.01, 0.03, 0.10, and 0.32 mg/kg/injection for d-methamphet-
amine, EXT, 0.001, 0.003, 0.01, and 0.032mg/kg/injection for (2)-heroin,
and EXT, 0.03, 0.10, 0.32, or 1.0 mg/kg/injection for (6)-ketamine. The
infusion volumes (and durations) were, respectively, 0 ml (0 seconds),
5.6 ml (0.32 seconds), 18.0 ml (1.0 second), 56.0 ml (3.2 seconds), and
180 ml (10.0 seconds) based on a body weight of 0.32 kg. A sample
injection of the drug at the corresponding dose occurred independently
of responding at the end of the time-out period that preceded each
component, except the first during which there were no injections.

Training continued until responding was maintained with less than
20% variation in response rates across three consecutive sessions.
Once performances were stable, various compounds were substituted
for each of the drugs to assess their self-administration. The compounds
substituted in half-log dose (in mg/kg/injection) increments were: d-
methamphetamine (0.01–0.32), (2)-heroin (0.001–0.032), (6)-ketamine
(0.032–1.0), d-amphetamine (0.01–0.32), (2)-cocaine (0.032–1.0),
WIN35,428 (0.0032–0.1), remifentanil (0.0001–0.0032), dl-methadone
(0.01–0.32), (2)-morphine (0.01–0.32), (1)-MK-801 [(5S,10R)-(1)-5-
methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (dizo-
cilpine)] (0.00032–0.01), memantine (0.032–1.0), JHW007 (0.032–1.0),
AHN2-005 (0.032–1.0), AHN1-055 (0.032–1.0), and saline. Due to high
rates of remifentanil self-administration (Panlilio and Schindler,
2000; Hutchinson et al., 2012), infusion durations of remifentanil
were reduced to 0, 0.24, 0.75, 2.4, and 7.5 seconds to avoid excessive
fluid intake and emptying of the syringe.

Effects of presession intraperitoneal injections of the atypical
indirect-acting DA agonists (JHW007, AHN2-005, AHN1-055) were
compared with those of standard DA indirect-agonists (WIN35,428,

d-amphetamine). The specificity of the interactions between these
indirect DA agonists and self-administered d-methamphetamine was
assessed by comparing their effects on the self-administration of
m-opioid receptor agonists (heroin, remifentanil) and a noncompetitive
NMDA receptor/channel antagonist (ketamine). To put these findings
in a pharmacologic context, pretreatments from within and across
pharmacologic class were compared on self-administration of heroin,
remifentanil, and ketamine. Additionally, the effects of pretreatments
with the sR antagonist BD1008 were studied when administered
alone or in combination with WIN35,428. The effects of presession
treatments on respective drug self-administration were separated by
a minimum of 72 hours. The effects on pretreatment were studied
with a mixed order of drugs and doses.

To put the results in a behavioral context, responding was
maintained by different amounts of food in another group of subjects
using a procedure similar to the present drug self-administration
schedule (Hiranita et al., 2011). Six experimentally naïve subjects
were trained with food reinforcement (20-mg grain-based food pellets;
Bio-Serv) to press the right lever under an FR 5-response schedule of
reinforcement. Each fifth response produced a food pellet, which was
followed by a 20-second time-out period, during which responses had
no scheduled consequences (other than feedback clicks). Sessions
ended after delivery of 30 food pellets or 20 minutes. After obtaining
30 food pellets within three consecutive sessions, the subjects were
further trained under a five-component procedure similar to that used
for drug self-administration. All conditions were identical to those
used with drug self-administration except that food pellet presenta-
tions replaced the injections. Subjects were fed their daily food ration
(∼35 g of 1-g chocolate-flavored pellet; Bio-Serv) 150 minutes before
sessions so that their response rates approximated those maintained
by drug injections. Once performances were stable (as defined
previously), the effects of presession feeding conditions were varied
by giving the subjects unlimited amounts of food for time periods from
10 minutes to 22 hours (continuous food) before the ∼2-hour sessions.
These studies were designed to provide an indication of effects of
satiation under this schedule with which drug pretreatments could be
compared.

Response rates were determined by dividing responses by appro-
priate elapsed times (excluding time-outs, and 0.032–10.0 seconds for
each drug injection, or 0.1 seconds for each food presentation). The
statistical significance of various effects was assessed by appropriate
one-way or two-way repeated-measures analyses of variance
(ANOVA) as indicated below. A post-hoc Bonferroni t test was used
for all pairwise comparisons. For all analyses, P, 0.05 was considered
statistically significant.

Radioligand Binding. For DAT assays, brains from male
Sprague-Dawley rats weighing 200–225 g (Bioreclamation, Westbury,
NY) were removed, the striata dissected, and the tissue quickly
frozen. Membranes were prepared by homogenizing tissues in 20
volumes (w/v) of ice-cold modified sucrose phosphate buffer (0.32 M
sucrose, 7.74 mM Na2HPO4, 2.26 mM NaH2PO4, pH adjusted to 7.4)
using a Brinkman Polytron (setting 6 for 20 seconds; Kinematica AG,
Lucerne, Switzerland) and centrifuged at 50,000g for 10 minutes at
4°C. The resulting pellet was resuspended in buffer, recentrifuged,
and resuspended in buffer to a concentration of 10 mg/ml. Experi-
ments were conducted in assay tubes containing 0.5 ml sucrose
phosphate buffer for 120 minutes on ice. Each tube contained 0.5nM
[3H]WIN35,428 (specific activity 76 Ci/mmol) (PerkinElmer Life and
Analytical Sciences, Waltham, MA) and 1.0 mg of striatal tissue
(original wet weight [OWW]). Nonspecific binding was determined
using 0.1 mM cocaine HCl (Sigma-Aldrich, St. Louis, MO).

For sR binding, frozen whole guinea-pig brains (minus cerebellum)
were thawed on ice, weighed, and homogenized (with a glass and
Teflon homogenizer) in 10 mM Tris-HCl with 0.32 M sucrose, pH 7.4
(10 ml/g tissue). Guinea-pig brains were used because of the relatively
higher density of sRs in that tissue compared with rat brains (Tam,
1983). The homogenate was centrifuged at 1000g for 10 minutes at
4°C. The supernatant was collected into a clean centrifuge tube, and
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the remaining pellet was resuspended by vortex in 10-ml buffer
(10 mM Tris HCl, pH 8.0) and centrifuged again at 50,000g for
15 minutes at 4°C. The resulting pellet was resuspended in 50 mM
Tris-HCl, pH 8.0 buffer to 80 mg/ml OWW. Ligand binding experiments
were conducted in polypropylene assay tubes containing 0.5ml of 50mM
Tris-HCl buffer, pH 8.0. For s1R binding, each tube contained 3 nM
[3H](1)-pentazocine (PerkinElmer Life and Analytical Sciences) and
8.0 mg tissue, OWW. Nonspecific binding was determined using 10 mM
haloperidol. For s2R binding, each tube contained 3 nM [3H]1,3-di-
o-tolylguanidine (DTG) (PerkinElmer Life and Analytical Sciences),
200 nM (1)-pentazocine, and 8.0 mg tissue, OWW. Nonspecific
binding was determined using 100 mMhaloperidol. The reaction was
started with the addition of tissue, and the tubes were incubated for
120 minutes at room temperature.

Incubations for all binding assays were terminated by rapid
filtration through Whatman GF/B filters (Whatman/GE Healthcare,
Maidstone, Kent, United Kingdom), presoaked in polyethylenimine,
using a Brandel R48 filtering manifold (Brandel, Gaitherburg,
MD). The filters were washed twice with 5-ml ice cold buffer and
transferred to scintillation vials. Beckman Ready Safe (3.0 ml) was
added, and the vials were counted the next day using a Beckman 6000
liquid scintillation counter at 50% efficiency (Beckman Coulter, Brea,
CA).

All assays were typically conducted in at least three independent
experiments, each performed in triplicate. From the displacement
data, IC50 values were computed using a nonlinear, least-squares
regression analysis (GraphPad Prism; GraphPad Software Inc., San
Diego, CA). Affinities (Ki values) were calculated using the Cheng-
Prusoff equation (Cheng and Prusoff, 1973).

Drugs. The drugs used in the present study and their salt and
enantiomeric forms were as follows: d-methamphetamine HCl (Sigma-
Aldrich), (2)-heroin HCl (RTI International, Research Triangle Park,
NC), (6)-ketamine HCl (Fort Dodge Animal Health, Fort Dodge, IA),
d-amphetamine hemi sulfate (Sigma-Aldrich), (2)-cocaine HCl (Merck,
Whitehouse Station, NJ), WIN35,428 (National Institute on Drug
Abuse, Drug Supply Program), remifentanil HCl (Ultiva; Hospira, Inc.
Lake Forest, IL), dl-methadone HCl (Sigma-Aldrich), (2)-morphine
sulfate salt pentahydrate (Sigma-Aldrich), (1)-MK-801 hydrogen ma-
leate (Sigma-Aldrich), memantine HCl (Sigma-Aldrich), BD1008 di-HBr
(Tocris Cookson, Ellisville, MO), and haloperidol (Sigma-Aldrich). The
N-substituted BZT analogs JHW007 HCl, AHN2-005 oxalate, and
AHN1-055 HCl were synthesized in the Medicinal Chemistry Section of
National Institute on Drug Abuse Intramural Research Program ac-
cording to procedures previously published elsewhere (Newman et al.,
1995; Agoston et al., 1997). Saline (0.9% sodium chloride, USP; Hospira)

was used as the vehicle for all compounds with heat and sonication, as
necessary.

Self-administered drugs were delivered intravenously whereas
those delivered as pretreatments were injected into the peritoneal
cavity. Pretreatment compounds were administered at the following
times before sessions: 5 minutes, d-amphetamine, WIN35,428, BD1008;
30 minutes, dl-methadone, (2)-morphine, (1)-MK-801, memantine;
90 minutes, AHN1-055; 120 minutes, AHN2-005; and 150 minutes,
JHW007. Times were selected based on the published literature or
preliminary data.

Results
Radioligand Binding. Among N-substituted BZT ana-

logs tested, JHW007 was the most potent in displacing the
binding of the radioligands [3H](1)-pentazocine and [3H](1)-
DTG from s1 and s2 receptors, respectively (Table 1). AHN2-
005 was the second most potent in displacing both [3H](1)-
pentazocine and [3H](1)-DTG to s1 and s2 receptors,
respectively (Table 1). Though AHN1-055 was least potent in
displacing binding of both [3H](1)-pentazocine and [3H](1)-
DTG to s1 and s2 receptors, respectively, it was the most
potent in displacing binding of [3H]WIN35,428 to the DAT
among the DA uptake inhibitors tested (Table 1). The
standard DA indirect-agonists (cocaine, WIN35,428, d-meth-
amphetamine) had mM affinity for s1 receptors and, with the
exception of WIN35,428, had lower affinity for s2 receptors.
Neither heroin nor ketamine had appreciable affinity for s1 or
s2 receptors.
Self-Administration. Dose-effect curves for d-metham-

phetamine, heroin, and ketamine self-administration were
biphasic, with dose-related increases in rates of responding up
to maximal at doses of 0.1, 0.01, and 0.32 mg/kg/injection
which maintained rates of 0.070, 0.073, and 0.499 responses
per second (Fig. 1, A–C, filled symbols; Table 2). In contrast,
rates of responding obtained when saline was available were
uniformly low, regardless of the drug with which self-
administration was trained (Fig. 1, A–C, s). Maximal rates
of responding maintained by each of the training drugs were
significantly greater than those for saline (Table 3). Further,
the dose-effect curves for the training drugs over the course of
our study were not appreciably changed from the first to last

TABLE 1
Inhibition of binding of radioligands labeling DAT, s1, and s2 receptors
Values are Ki values, except as indicated, for displacement of the listed radioligands. Values in parentheses are 95% confidence limits, except as
indicated. Values listed from previous studies were obtained in this laboratory with conditions identical to the ones presently employed.

Compound DAT Ki Value
[3H]WIN35,428 s1R Ki Value [3H](+)-Pentazocine s2R Ki Value (High Affinity)a

[3H]DTG

nM

Cocaineb 76.6 (72.6–80.5) 5190 (3800–7060) 19,300 (16,000–23,300)
WIN35,428 5.24 (4.92–5.57)b,c 5700 (4060–8020) 4160 (3120–5550)
d-Methamphetamined NT 4390 (3740–5160) 15,900 (11,800–21,500)
JHW007 12.0 (11.2–12.8)e 2.40 (2.07–2.80) 12.0 (10.0–14.4)
AHN2-005 8.82 (8.13–9.56) 15.5 (13.2–18.3) 28.5 (23.6–34.4)
AHN1-055 4.09 (3.67–4.56) 119 (98.9–142) 78.7 (50.6–122)
Heroin NT ND 68,600 (27,100–173,000)
Ketamine NT 227,000 (53,400–963,000) 36,900 (20,100–67,900)

ND, no displacement at concentrations up to 10 mM; NT, not tested.
aThe value for displacement of DTG is a high-affinity site if the data modeled better for two than one site. The high-affinity site is similar to the

site previously identified as the s2 site.
bAll values are from Garces-Ramirez et al. (2011).
cValue is a Kd value obtained by homologous competition experiments.
dValues from Hiranita et al. (2013).
eValues from Kopajtic et al. (2010).
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Fig. 1. Substitution of various compounds in rats trained to self-administer either d-methamphetamine, heroin, or ketamine. Ordinates: responses per
second, log scale; abscissae: drug dose (mg/kg/injection), log scale, or sequential component of the session. Each point represents the mean6 S.E.M. of six
subjects. Each dose-effect curve of d-methamphetamine (0.01–0.32 mg/kg/injection), heroin (0.001–0.032 mg/kg/injection), and ketamine (0.032–1.0 mg/
kg/injection) was shown as an average of 45, 53, and 45 assessments, respectively). Substitutions include: saline injections, JHW007, AHN2-005, AHN1-
055 (0.032–1.0 mg/kg/injection, each), WIN35,428 (0.0032–0.1 mg/kg/injection), cocaine (0.032–1.0 mg/kg/injection), d-amphetamine (0.01–0.32 mg/kg/
injection), and d-methamphetamine (panels B and C). (A) Dose-effects of substitutions of indirect DA agonists in subjects trained to self-administer d-
methamphetamine. Effects were determined once except saline and d-amphetamine (shown as averages of two assessments, each). (B) Dose-effects of
substitutions of indirect DA agonists in subjects trained to self-administer heroin. Each dose-effect curve was determined only once except saline (shown
as an average of two assessments). (C) Dose-effects of substitutions of indirect DA agonists in subjects trained to self-administer ketamine. Each dose-
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three replications, though there were statistically significant
but small changes at some doses with each of the drugs
(Table 4).
Substitution for the Drugs Used to Train Self-

Administration. When substituted, the standard DA in-
direct agonists WIN35,428, cocaine, and d-amphetamine
maintained rates of responding greater than those with
vehicle (Table 3), and with biphasic dose-effect curves (Fig.
1, A–C, u, Ä, and , respectively) similar to those of the
training drugs. Maximal response rates maintained by the
standard DA indirect agonists were greater than those
maintained by d-methamphetamine and heroin, but not
greater than those maintained by ketamine (Table 2). Sub-
stitution of d-methamphetamine also maintained rates of
responding greater than vehicle in subjects trained with
heroin and ketamine (Fig. 1, B and C, ; Table 3).
In contrast to the effects of the standard DA indirect

agonists, neither JHW007 nor AHN2-005 maintained rates
of responding that were significantly different from those
obtained with saline in subjects trained with d-methamphet-
amine, heroin, or ketamine across the entire range of doses
tested (Fig. 1, A–C, n, ,; Table 3). The other BZT analog
tested, AHN1-055, maintained rates of responding that were
a bitonic function of dose and statistically significantly
greater than those obtained with saline in subjects trained
with d-methamphetamine and heroin (Table 2), though at
lower maximal rates than those maintained by cocaine,
WIN35,428, and d-amphetamine (Fig. 1, A and B, ◊;
Table 2). A bitonic dose-effect curve for substitution of
AHN1-055 was also obtained in subjects trained with ket-
amine (Fig. 1C, ◊), but the maximal response rates were

lower than those obtained in subjects trained with the other
self-administered drugs (Table 2) and were not significantly
greater than those obtained with saline (Table 3).
The pharmacologic specificity of the self-administration of

the three training drugs was further tested with substitution
tests using drugs from within and across pharmacologic class.
The m opioid-receptor agonists (remifentanils, dl-methadone
n, morphine,, and heroin◊,m) substituted (Fig. 1, D and E)
for both d-methamphetamine and heroin. Remifentanil was
approximately 10-fold more potent and maintained maximal
response rates that were approximately 10-fold greater than
those maintained by heroin (Table 2). Additionally, dl-
methadone and morphine maintained rates of responding
comparable to those maintained with heroin (Table 2) across
the same range of doses (0.01–0.32 mg/kg/injection), and were
each approximately 10-fold less potent than heroin (Fig.
1, D and E). The maximal effects of these compounds were
significantly greater than those obtained with saline for each
of the m opioid-receptor agonists substituted for either heroin
or d-methamphetamine (Table 3). None of the m-opioid-receptor
agonists maintained rates of responding greater than those
obtained with saline in subjects trainedwith ketamine (Fig. 1F;
Table 3).
For subjects trained with ketamine, both (1)-MK-801 (Fig.

1I, s) and memantine (Fig. 1I,n) dose-dependently substituted
and maintained rates of responding significantly greater than
those obtained with saline (Table 3). Ketamine maintained
rates of responding that were approximately 7-fold greater
than those of the other noncompetitive NMDA receptor/channel
antagonists (Table 2), and (1)-MK-801 was approximately
100-fold more potent than ketamine and memantine. These

effect curve was determined only once except saline (shown as an average of two assessments). (D) Dose-effects of substitutions of m-opioid agonists in
subjects trained to self-administer d-methamphetamine. Each dose-effect curve of the m-opioid agonists tested was determined only once. (E) Dose-
effects of substitutions of m-opioid agonists in subjects trained to self-administer heroin. Each dose-effect curve of the m-opioid agonists tested was
determined only once except remifentanil (shown as an average of two assessments). (F) Dose-effects of substitutions of m-opioid agonists in subjects
trained to self-administer ketamine. Each dose-effect curve of the m-opioid receptor agonist was determined once. (G) Dose-effects of substitutions of
NMDA antagonists in subjects trained to self-administer d-methamphetamine. Each dose-effect curve of the NMDA antagonists was determined once.
(H) Dose-effects of substitutions of NMDA antagonists in subjects trained to self-administer heroin. Each dose-effect curve of the noncompetitive NMDA
receptor/channel antagonists tested was determined once. (I) Dose-effects of substitutions of NMDA antagonists in subjects trained to self-administer
ketamine. Each dose-effect curve of the NMDA antagonists was determined once except (+)-MK-801 (shown as an average of two assessments).

TABLE 2
Maximal responses rates (in responses/seconds) if maintained above saline values

Substitution Compound
Self-Administered Drug

d-Methamphetamine (2)-Heroin (6)-Ketamine

Saline 0.0161 6 0.0029 @ the second
component

0.0185 6 0.0036 @ the second
component

0.0173 6 0.0031 @ the second
component

JHW007 X X X
AHN2-005 X X X
AHN1-055 0.061 6 0.013 @ 0.1 mg/kg/inj 0.056 6 0.008 @ 0.1 mg/kg/inj 0.032 6 0.005 @ 0.32 mg/kg/inj
d-Methamphetamine 0.070 6 0.011 @ 0.1 mg/kg/inj 0.072 6 0.013 @ 0.1 mg/kg/inj 0.072 6 0.011 @ 0.1 mg/kg/inj
d-Amphetamine 0.107 6 0.021 @ 0.1 mg/kg/inj 0.082 6 0.013 @ 0.1 mg/kg/inj 0.082 6 0.012 @ 0.1 mg/kg/inj
WIN35,428 0.232 6 0.083 @ 0.032 mg/kg/inj 0.101 6 0.016 @ 0.032 mg/kg/inj 0.069 6 0.014 @ 0.032 mg/kg/inj
(2)-Cocaine 0.337 6 0.142 @ 0.32 mg/kg/inj 0.451 6 0.232 @ 0.32 mg/kg/inj 0.335 6 0.137 @ 0.32 mg/kg/inj
(6)-Methadone 0.083 6 0.016 @ 0.1 mg/kg/inj 0.071 6 0.012 @ 0.1 mg/kg/inj X
(2)-Morphine 0.078 6 0.014 @ 0.1 mg/kg/inj 0.075 6 0.013 @ 0.1 mg/kg/inj X
(2)-Heroin 0.070 6 0.013 @ 0.01 mg/kg/inj 0.073 6 0.013 @ 0.01 mg/kg/inj X
Remifentanil 0.785 6 0.449 @ 0.001 mg/kg/inj 0.701 6 0.369 @ 0.001 mg/kg/inj X
(+)-MK 801 0.072 6 0.014 @ 0.0032 mg/kg/inj X 0.072 6 0.012 @ 0.0032 mg/kg/inj
(6)-Ketamine 0.533 6 0.159 @ 0.32 mg/kg/inj X 0.499 6 0.149 @ 0.32 mg/kg/inj
Memantine 0.061 6 0.010 @ 0.32 mg/kg/inj X 0.072 6 0.013 @ 0.32 mg/kg/inj

X, did not substitute with rates above those maintained by saline.
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compounds as well as ketamine maintained response rates
that were significantly greater than that obtained with
vehicle in subjects trained with d-methamphetamine (Fig.
1G,s,n,,; Table 3). Additionally, the pattern of substitution
obtained with the NMDA antagonists, the potency relations
and the differences in maximal response rates were similar in
subjects trained with ketamine and d-methamphetamine
(Fig. 1G). In contrast, none of the noncompetitive NMDA
antagonists maintained rates of responding significantly greater
than those obtained with saline in subjects trained with heroin
(Fig. 1H; Table 3).
Effects of Pretreatments on Self-Administration. The

standard DA indirect-agonists (WIN35,428, d-amphetamine)
produced dose-related leftward shifts in the dose-effect curve
for d-methamphetamine self-administration (Fig. 2, A and D).
For both standard indirect agonists, the pretreatment dose, d-
methamphetamine dose, and their interactions were statisti-
cally significant (Table 5). In addition, the highest doses of
WIN35,428 and d-amphetamine increased rates of respond-
ing maintained during the EXT component (Fig. 2, A and D,,
above EXT). Presession treatments with these drugs also
dose-dependently left-shifted the self-administration dose-
effect curves for heroin (Fig. 2, B and E) and ketamine (Fig. 2,
C and F). The statistical analyses indicated significance of
each dose factor and their interactions (Table 5). In contrast to
the effects obtained with d-methamphetamine self-administration,
the highest doses of WIN35,428 and d-amphetamine did not
increase the rates of responding maintained in the EXT
components when either heroin and ketamine were the
training drugs (Fig. 2, B and C, E and F).
Pretreatment with JHW007 produced a dose-related de-

crease in the maximal rate of d-methamphetamine self-
administration (Fig. 3A) with statistical significance of each
dose factor and their interactions (Table 5). In contrast, none
of the doses of JHW007 that were active in altering d-
methamphetamine self-administration significantly altered
the self-administration of heroin (Fig. 3B; Table 5). JHW007
significantly decreased ketamine self-administration at the
dose of ketamine that maintained maximal rates of respond-
ing (Fig. 3C; Table 5). However, the decreases were small, of
the same slight magnitude (averaging 0.088 responses per sec
with an SEM of about 10%), and were independent of JHW007
dose (Fig. 3C; Table 5).
Pre-treatments with AHN2-005 also produced dose-related

decreases in the maximal rate of d-methamphetamine self-
administration (Fig. 3D; Table 5). At the highest dose of
AHN2-005, no dose of d-methamphetamine maintained
responding at levels above those maintained in the EXT

component (Fig. 3D). Across the range of AHN2-005 doses
that decreased d-methamphetamine self-administration, there
were no significant effects on heroin self-administration (Fig.
3E; Table 5), though there were small but significant effects
on ketamine self-administration at the 0.32 mg/kg/injection
dose, averaging 0.051 responses per second at doses of 1.0 and
10.0 mg/kg of AHN2-005 (Fig. 3F; Table 5).
The effects of AHN1-055 pretreatment differed somewhat

from those of the other BZT analogs. The intermediate dose of
AHN1-055 shifted the d-methamphetamine self-administration
dose-effect curve leftward, and increased rates of responding
obtained in the EXT component (Fig. 3G, n; Table 5). How-
ever, the highest dose of AHN1-055 produced an insurmount-
able antagonism over the entire range of d-methamphetamine
doses (Fig. 3G,,; Table 5). Aswith the otherBZTanalogs, no dose
of AHN1-055 significantly altered heroin self-administration
dose-effect curves (Fig. 3H; Table 5), though there were small
but significant effects of 3.2 mg/kg of AHN1-055 on self-
administration of 0.1 and 0.32 mg/kg/injection of ketamine
that, as previously, were small, averaging 0.090 responses per
second (Fig. 3I; Table 5).
To put the distinct effects of pretreatments with the BZT

analogs and standard DA indirect agonists in pharmacologic
context, the effects of pretreatments both within and across
class were assessed with m-opioid agonists and ketamine self-
administration. Pretreatments with m-opioid agonists (dl-
methadone, morphine) dose-dependently decreased the max-
imal self-administration of heroin and remifentanil (Fig. 4,
A–D; Table 5). At the highest doses of the m-agonist pretreat-
ments, no dose of heroin or remifentanil maintained respond-
ing at levels above those obtained in the EXT component (Fig.
4, A–D). In contrast, neither dl-methadone nor morphine had
effects on d-methamphetamine self-administration dose-
effect curves (Fig. 4, E and F; Table 5) across the same range
of doses that decreased m-agonist self-administration. With
ketamine self-administration, dl-methadone produced small
but significant increases, whereas morphine produced small
but significant increases in response rates at doses of 1.0 and
10.0 mg/kg at the 0.32 mg/kg ketamine dose/injection (Fig. 3,
G and H; Table 5).
Pretreatments with the noncompetitive NMDA receptor

antagonists (1)-MK-801 and memantine dose-dependently
shifted the dose-effect curves for ketamine self-administration
leftward (Fig. 5, A and B; Table 5). Further, the highest doses
of (1)-MK-801 and memantine increased the rates of respond-
ing maintained during the EXT component (Fig. 5, A and B). Sim-
ilarly, presession treatments with (1)-MK-801 or memantine dose-
dependently shifted the d-methamphetamine self-administration

TABLE 4
Statistical analyses of shifts in dose-effect curves of training drugs between the first and the last three assessments

Treatment First vs. Last Assessments Dose Interaction Post Hoc Test

d-Methamphetamine F1,20 = 12.5; P = 0.017 F4,20 = 34.5; P , 0.001 F4,20 = 21.1; P , 0.001 0.032 mg/kg/inj, t = 6.63, P , 0.001
(decrease of 0.013 responses/s)

0.10 mg/kg/inj, t = 5.59, P , 0.001
(decrease of 0.011 responses/s)

Heroin F1,20 = 13.6; P = 0.014 F4,20 = 26.8; P , 0.001 F4,20 = 4.49; P = 0.009 10 mg/kg/inj, t = 3.28, P = 0.004
(increase of 0.006 responses/s)

32 mg/kg/inj, t = 5.01, P , 0.001
(increase of 0.009 responses/s)

Ketamine F1,20 = 8.99; P = 0.030 F4,20 = 11.8; P , 0.001 F4,20 = 5.66; P = 0.003 0.32 mg/kg/inj, t = 5.37, P , 0.001
(increase of 0.075 responses/s)
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dose-effect curve to the left, but without effects on rates of
responding during the EXT component (Fig. 5, C and D;
Table 5). Both (1)-MK-801 and memantine at doses that were
active against d-methamphetamine and ketamine self-
administration were inactive against self-administration of
either m-opioid agonist (Fig. 5, E–H; Table 5).
The present radioligand binding studies indicated that the

N-substituted BZT analogs tested have affinities for sRs as
well as the DAT; a previous study had indicated that com-
binations of these effects can selectively decrease cocaine self-
administration (Hiranita et al., 2011). Therefore, we assessed
the effects on d-methamphetamine self-administration of com-
binations of the DA uptake inhibitor WIN35,428 and the sR
antagonist BD1008. Pretreatment with 10.0 mg/kg of BD1008
alone did not affect d-methamphetamine self-administration
(Fig. 6A, compare d with ◊). Additionally, 0.1 mg/kg of
WIN35,428 alone did not alter d-methamphetamine self-
administration (Fig. 6A, compare d with u; Fig. 2A). In
contrast, when the drugs were administered in combination,
the self-administration of d-methamphetamine was de-
creased in a BD1008 dose-dependent manner (Fig. 6A).
Statistical analysis (Table 5) indicated significant effects of
the d-methamphetamine dose, pretreatment (BD1008 dose in

combination with 0.1 mg/kg WIN35,428), and their interac-
tion. The dose-combination that was most effective against d-
methamphetamine self-administration was ineffective in the
subjects that self-administered either heroin (Fig. 6B) or
ketamine (Fig. 6C).
Effects of Prefeeding on Responding Maintained by

Food Reinforcement. In subjects studied with food re-
inforcement, the rates of responding were low during the first
component in which food was not delivered (EXT). In the
subsequent components, the response rates increased to
a maximum with three pellets delivered and decreased with
four pellets delivered on completion of each FR 5 (Fig. 7, d).
Feeding subjects before sessions produced a decrease in
response rates, primarily in the components in which one to
three pellets were delivered. Longer times with food before
sessions (20–150 minutes) produced further but comparable
decreases across the four components in which food was
available. With food continuously available (22 hours), re-
sponse rates were virtually eliminated throughout the session
(Fig. 7, compare u with d). An ANOVA indicated that
prefeeding time (F3,60 5 33.3, P , 0.001), number of pellets
delivered (F4,60 5 37.7, P , 0.001), and their interaction
(F12,60 5 9.01, P , 0.001) were statistically significant.

Fig. 2. Effects of presession treatments with standard
DA indirect-agonists WIN35,428 or d-amphetamine on
self-administration of d-methamphetamine, heroin, or
ketamine. Ordinates: responses per second; abscissae:
drug dose (mg/kg/injection or mg/kg/injection), log scale.
Each point represents the mean 6 S.E.M. of response
rates on the active lever in six subjects. A specified dose
of 0 mg/kg of each test compound indicates saline vehicle
pretreatments. (A–C) Effects of the DA-uptake inhibitor
WIN35,428 on self-administration of d-methamphet-
amine, heroin, or ketamine, respectively. (D–F) Effects
of the DA releaser d-amphetamine on self-administration
of d-methamphetamine, heroin, or ketamine, respectively.
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Discussion
Substitution for the Self-Administration Training

Drugs. In the present study, standard DA indirect agonists
(d-methamphetamine, cocaine, WIN35,428, and d-amphet-
amine) were self-administered at rates greater than those
obtained with vehicle injections (compare Yokel and Pickens,
1973). In contrast and as reported previously (Hiranita et al.,
2009), the BZT analogs AHN2005 and JHW007 failed to
maintain self-administration in subjects trained to self-
administer d-methamphetamine, whereas AHN1-055 was
self-administered above saline levels, though at rates less
than those maintained by the standard DA indirect agonists.
The differences between BZT analogs and standard DA in-
direct agonists were obtained in all subjects with each train-
ing drug. Combined with the absence of place conditioning
with these (Li et al., 2005; Velázquez-Sánchez et al., 2009,
2010) or other BZT analogs (Li et al., 2011; Tanda et al., 2013),
the results are consistent with reduced or minimal abuse
liability of BZT analogs.
Subjects trained to self-administer abused drugs generally

self-administer other drugs from the same class. For example,
the heroin-trained subjects in our study self-administered
other m-opioid agonists, with potencies related to affinities for
m-opioid receptors (e.g., Woods et al., 1981; France et al., 1995)
and maximal effects related to duration of action (Panlilio and
Schindler, 2000; Ko et al., 2002). Similarly, ketamine-trained
subjects self-administered other NMDA antagonists with po-
tencies related to their NMDA receptor affinities (e.g., Bresink
et al., 1995) and maximal rates related to their durations of
action (Winger et al., 2002). These findings in other systems,
along with the affinities for the DAT comparing favorably
among the standard DA-uptake inhibitors and the BZT
analogs, suggest that differences in their substitution profiles
are a reflection of fundamental differences in their mecha-
nisms of action.
The lack of cross-substitution among m-opioid agonists and

NMDA antagonists is not without precedent. Young and
Woods (1981) showed that several NMDA antagonists substi-
tute in rhesusmonkeys trained with ketamine but not codeine
self-administration. Thus, experience with self-administration
can influence which other drugs substitute. However, it ap-
pears that some DA indirect agonists have broader substi-
tution profiles. Importantly, the substitution profile obtained
with the standard DA indirect agonists was more circum-
scribed, particularly with the BZT analogs JHW007 and
AHN2-005.
Pretreatment Effects on Self-Administration. The

BZT analogs decreased maximal rates of responding main-
tained by d-methamphetamine, whereas standard DA indirect
agonists shifted the d-methamphetamine self-administration
dose-effect curve leftward, an effect reported previously
with cocaine self-administration (e.g., Schenk, 2002; Bar-
rett et al., 2004; Ferragud et al., 2009; Hiranita et al., 2011;
Li et al., 2013). To better understand these effects, our
study compared pretreatments on the self-administration
of other classes of abused drugs as well as to effects of
pretreatments with drugs from within and across pharma-
cologic class.
The standard DA indirect-agonists each produced dose-

dependent leftward shifts in the dose-effect curves for each
self-administered drug. In contrast, decreases in maximalT
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self-administration produced by BZT analogs were specific to
stimulant self-administration, as there were no appreciable
effects on heroin or ketamine self-administration. That effects
of the standard DA indirect agonists were similar across self-
administered drug classes suggests a general effect, such as
the stimulation of operant response rates (e.g., Dews, 1958).
In contrast, the BZT analogs did not increase response rates
maintained by d-methamphetamine at any doses, consistent
with earlier reports that these compounds generally produce
blunted stimulant-like effects compared with the standard
DA indirect agonists (e.g., Katz et al., 1999, 2004; Ferragud
et al., 2009). However, the decreases in self-administration
were selective for d-methamphetamine and cocaine self-

administration and were not obtained with self-administration
of other drugs or food reinforcement (Hiranita et al., 2009; Li
et al., 2013). Taken together, these findings indicate that the
BZT analogs produced specific decreases in stimulant self-
administration.
The effects of other pretreatments varied across classes of

self-administered drugs. Both dl-methadone and morphine
decreased maximal self-administration of m-opioid agonists
without effects on self-administration of d-methamphetamine
and ketamine. Previous studies showed similar results in
rhesus monkeys (Harrigan and Downs, 1981; Winger et al.,
1992). In addition, dl-methadone dose-dependently decreased
heroin self-administration in human opioid-dependent

Fig. 3. Effects of presession treatments
with N-substituted BZT analogs on self-
administration of d-methamphetamine,
heroin, or ketamine. Ordinates: responses
per second; abscissae: drug dose (mg/kg/
injection or mg/kg/injection), log scale.
Each point represents the mean 6 S.E.M.
of response rates on the active lever in six
subjects. A dose of 0 mg/kg of each test
compound indicates saline vehicle injec-
tions. (A–C) Effects of JHW007 on self-
administration of d-methamphetamine,
heroin, or ketamine, respectively. (D–F)
Effects of AHN2-005 on self-administra-
tion of d-methamphetamine, heroin, or
ketamine, respectively. (G–I) Effects of
AHN1-055 on self-administration of d-
methamphetamine, heroin, or ketamine,
respectively.
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volunteers in a similar manner (Donny et al., 2005). In con-
trast, (1)-MK-801 and memantine shifted the self-administration
dose-effect curve for ketamine (and d-methamphetamine)
leftward but had no effect on the dose-effect curves for the
m-opioid agonists. Pretreatments with the NMDA antagonists
were similar to the effects of the standard DA indirect ago-
nists in that dose-effect curves for at least some drugs of abuse
from outside their restricted class were similarly affected.
However, the NMDA antagonists were inactive against m-opioid
agonist self-administration whereas the DA indirect agonists
had a more general effect.
Thus, there were two types of effects of drug pretreatments

on drug self-administration. Dose-related leftward shifts were
obtained with pretreatments both fromwithin and outside the
pharmacologic class of the self-administered drug. Decreases
in maximal self-administration were also obtained, and
this particular effect was only obtained with pretreatments
from within pharmacologic class. Nonspecific decreases in
self-administration can occur with any pretreatment admin-
istered at sufficiently high doses (Mello and Negus, 1996).
However, the present decreases in the maximal self-administration
of drugs from within class produced by both BZT analogs and

m-opioid agonists were obtained at doses that did not affect
behaviors maintained by other drugs.
The effects of BZT analogs on stimulant and m-opioid

agonists on opioid self-administration showed similarities to
the effects of prior feeding on responding maintained by food
reinforcement. The resultant similarity suggests the hypoth-
esis that the effects are due to behaviorally similar processes.
The effect of prefeeding with food on subsequent responding
maintained by food reinforcement has been called satiation.
Whether pretreatments with m-opioid agonists decrease sub-
sequent m-agonist self-administration through an analogous
mechanism is not clear, though the effect has been suggested
as one that underlies preclinical effects (e.g., Cooper et al., 2008)
as well as the clinical effectiveness of methadonemaintenance
(Dole and Nyswander, 1967).
Pretreatment Effects on Extinguished Responding.

An increase in extinguished responding previously main-
tained by drug injections has been used to model relapse to
drug use. The present increases in response rates during EXT
produced by standard DA indirect agonists were specific to
d-methamphetamine self-administration. The increase in
responding during EXT may be due, at least in part, to

Fig. 4. Effects of presession treatments with dl-methadone or morphine on self-administration of d-methamphetamine, heroin, remifentanil
substitution for heroin, or ketamine. Ordinates: responses per second; abscissae: drug dose (mg/kg/injection or mg/kg/injection), log scale. Each point
represents the mean 6 S.E.M. of response rates on the active lever in six subjects. A dose of 0 mg/kg of each test compound indicates saline vehicle
injections. (A, C, E, G) Effects of dl-methadone on self-administration of heroin, remifentanil, d-methamphetamine, or ketamine, respectively. (B, D, F,
H) Effects of morphine on self-administration of heroin, remifentanil, d-methamphetamine, or ketamine, respectively.
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a discriminative-stimulus effect of the indirect agonists
acquired during the many sessions of self-administration
(Katz and Higgins, 2003) as reinforcing stimuli can acquire
discriminative-stimulus effects in addition to their reinforcing

effects (e.g., Reid, 1958). Further supporting that interpreta-
tion is the finding that many standard DA indirect agonists
share discriminative-stimulus effects, whereas the BZT an-
alogs which did not increase response rates in EXT typically

Fig. 5. Effects of presession treat-
ments with (+)-MK-801 or memantine
on self-administration of d-metham-
phetamine, heroin, remifentanil sub-
stitution for heroin, or ketamine.
Ordinates: responses per second; ab-
scissae: drug dose (mg/kg/injection or
mg/kg/injection), log scale. Each point
represents the mean 6 S.E.M. of re-
sponse rates on the active lever in six
subjects. A dose of 0 mg/kg of each test
compound indicates saline vehicle in-
jections. (A, C, E, G) Effects of (+)-MK-
801 on self-administration of ketamine,
d-methamphetamine, heroin, or remi-
fentanil, respectively. (B, D, F,H) Effects
of memantine on self-administration of
ketamine, d-methamphetamine, heroin,
or remifentanil, respectively.

Fig. 6. Effects of presession treatmentswithWIN35,428
(0.1 mg/kg) combined with the sR antagonist BD1008
on self-administration of d-methamphetamine, her-
oin, or ketamine. Ordinates: responses per second;
abscissae: drug dose (mg/kg/injection or mg/kg/in-
jection), log scale. Each point represents the mean 6
S.E.M. of response rates on the active lever in six
subjects. A 0mg/kg dose of each test compound indicates
saline vehicle injections. (A) d-Methamphetamine self-
administration. (B) Heroin self-administration. (C)
Ketamine self-administration.
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do not share discriminative effects with standard DA indirect
agonists (Katz et al., 2004).
TheNMDAantagonists also produced increases in responding

during the EXT component only in subjects self-administering
a drug from within that class, again suggesting the contribu-
tion of discriminative-stimulus effects to the increases in
responding during EXT. However, limits to the contribution of
discriminative-stimulus effects to responding during EXT
were indicated by results with m-opioid agonists which gen-
erally share discriminative-stimulus effects with otherm-opioid
agonists (Woods et al., 1988) but did not increase EXT re-
sponding. Possibly effects similar to those produced by sati-
ation dampen the induction of responding by the discriminative
effects of m-opioid agonists.
Pharmacologic Mechanisms. Several mechanisms have

been suggested for the antagonism by BZT analogs of the
effects of cocaine (Hiranita et al., 2009; Tanda et al., 2009a).
Previous studies examined the potential role of muscarinic or
histaminic antagonist effects, though studies conducted to
date provide little evidence that those actions can account for
the antagonism of cocaine (Tanda et al., 2009b), and pre-
sumably that of d-methamphetamine. Nonetheless, specific
binding of radiolabeled JHW007 has shown that it binds to
sites other than the DAT, and that binding is not fully
displaceable by M1 or H1 ligands, indicating still other sites as
potentially contributing to the antagonist effects of BZT
analogs (Kopajtic et al., 2010). Our study established that the
BZT analogs examined had affinity for sRs that compared
with their DAT affinity (see also Li et al., 2011).
Recent studies have focused on a role for sRs in the an-

tagonism of the effects of stimulant drugs (Katz et al., 2011). A
previous study demonstrated that sR antagonism along with
DA-uptake inhibition can selectively block cocaine self-
administration (Hiranita et al., 2011). In our present study,
the sR antagonist BD1008 combined with a low dose of
WIN35,428 dose-dependently decreased the maximum
self-administration of d-methamphetamine without affecting
self-administration of heroin or ketamine, indicating the
specificity of the effects of dual inhibition of the DAT and
sRs.

In summary, our study characterized the effects of N-
substituted BZT analogs on d-methamphetamine self-
administration and placed those effects in a pharmacologic
context. The insurmountable antagonism produced by the
BZT analogs was similar to effects of m-opioid agonists against
opioid self-administration and the effects of food satiation
on food-reinforced behavior. Further, the inhibition of DA
transport along with sR antagonism can produce a selective
insurmountable antagonism of stimulant self-administration
and may be involved in a behavioral mechanism like that of
satiation with food-reinforced behavior. Finally, these results
suggest potential development of the N-substituted BZT
analogs as medications specific for stimulant abuse.
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