0022-3565/10/3353-703-714

THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS
U.S. Government work not protected by U.S. copyright

JPET 335:703-714, 2010

Vol. 335, No. 3
171629/3644843
Printed in U.S.A.

Dopamine Transporter-Dependent and -Independent Striatal
Binding of the Benztropine Analog JHW 007, a Cocaine
Antagonist with Low Abuse Liability

Theresa A. Kopajtic, Yi Liu, Christopher K. Surratt, David M. Donovan, Amy H. Newman,

and Jonathan L. Katz

Psychobiology (T.A.K., J.L.K.) and Medicinal Chemistry (A.H.N.) Sections, Medications Discovery Research Branch, National
Institute on Drug Abuse Intramural Research Program, Baltimore, Maryland; Pharmaceutical Sciences, Mylan School of
Pharmacy, Duquesne University, Pittsburgh, Pennsylvania (Y.L., C.K.S.); and Animal and Natural Resources Institute,
Agricultural Research Service, U.S. Department of Agriculture, Beltsville, Maryland (D.M.D.)

Received June 17, 2010; accepted September 16, 2010

ABSTRACT

The benztropine analog N-(n-butyl)-3a-[bis(4’-fluorophenyl)me-
thoxy]-tropane (JHW 007) displays high affinity for the dopa-
mine transporter (DAT), but unlike typical DAT ligands, has
relatively low abuse liability and blocks the effects of cocaine,
including its self-administration. To determine sites responsible
for the cocaine antagonist effects of JHW 007, its in vitro
binding was compared with that of methyl (1R,2S,3S,5S)-3-(4-
fluorophenyl)-8-methyl-8-azabicyclo[3.2.1]octane-2-carboxylate
(WIN 35428) in rats, mice, and human DAT (hDAT)-transfected
cells. A one-site model, with K values of 4.21 (rat) and 8.99 nM
(mouse) best fit the [PH]WIN 35428 data. [*H]JJHW 007 binding
best fit a two-site model (rat, 7.40/4400 nM; mouse, 8.18/2750
nM), although a one-site fit was observed with hDAT membranes
(43.7 nM). Drugs selective for the norepinephrine and serotonin

transporters had relatively low affinity in competition with [PHJJHW
007 binding, as did drugs selective for other sites identified pre-
viously as potential JHW 007 binding sites. The association of
[BHIWIN 35428 best fit a one-phase model, whereas the associ-
ation of [°*HJJHW 007 best fit a two-phase model in all tissues.
Because cocaine antagonist effects of JHW 007 have been ob-
served previously soon after injection, its rapid association ob-
served here may contribute to those effects. Multiple [°H]JJHW 007
binding sites were obtained in tissue from mice lacking the DAT,
suggesting these as yet unidentified sites as potential contributors
to the cocaine antagonist effects of JHW 007. Unlike WIN 35428,
the binding of JHW 007 was Na*-independent. This feature of
JHW 007 has been linked to the conformational status of the DAT,
which in turn may contribute to the antagonism of cocaine.

Introduction

Cocaine is a monoamine uptake inhibitor that has a high
liability for abuse. Evidence that the inhibition of dopamine
(DA) uptake is the mechanism mediating the abuse liability
of cocaine comes from correlations of the affinity of various
dopamine uptake inhibitors and several cocaine-like behav-
ioral effects that are related to drug abuse (Ritz et al., 1987,
Bergman et al., 1989). Affinities of these compounds for the

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.
doi:10.1124/jpet.110.171629.

dopamine transporter (DAT) are better correlated with co-
caine-like effects than are affinities at the other monoamine
transport sites.

Several studies, however, have identified atypical dopa-
mine transport inhibitors that have effects different from
those of cocaine. Among the atypical dopamine transport
inhibitors are benztropine (BZT) analogs that have struc-
tural similarities to cocaine (Fig. 1) and the piperazine dopamine
uptake inhibitors, of which 1-[2-[bis(4-fluorophenyl)methoxy]
ethyll-4-[3-phenylpropyllpiperazine dihydrochloride (GBR 12909)
is the prototype (Schmitt et al., 2008). Most BZT analogs bind
to the DAT selectively among the monoamine transporters

ABBREVIATIONS: DA, dopamine; DAT, DA transporter; hDAT, human DAT; 4’-CI-BZT, 4'-chloro-3a-(diphenylmethoxy)tropane; AHN 1-063, 4'-chloro-
3B-(diphenylmethoxy)tropane; AQ-RA 741, 11-[[4-[4-(diethylamino)butyl]-1-piperidinyl]acetyl]-5,11-dihydro-6H-pyrido[2,3-b][1,4]benzodiazepin-6-one;
BZT, benztropine; GBR 12909, 1-[2-[bis(4-fluorophenyl)methoxy]ethyl]-4-[3-phenylpropyl]piperazine dihydrochloride; JHW 007, N-(n-butyl)-3a-[bis(4’-
fluorophenyl)methoxy]-tropane; KO, knockout; L-741626, 3-[4-(4-chlorophenyl)-4-hydroxypiperidin-L-ylJmethyl-1H-indole; MTSET, [2-(trimethylammonium)
ethyl]-methanethiosulfonate; PD 128907, (S)-(+)-(4aR,10bR)-3,4,4a,10b-tetrahydro-4-propyl-2H,5H-[1]benzopyrano-[4,3-b]-1,4-oxazin-9-ol hydro-
chloride; RTI-55, 3-[4-(4-chlorophenyl)-4-hydroxypiperidin-L-ylJmethyl-1H-indole; WIN 35428, methyl (1R,2S,3S,5S)-3-(4-fluorophenyl)-8-methyl-
8-azabicyclo[3.2.1]octane-2-carboxylate; WIN 35065-2, (-)-2B-carbomethoxy-3B-phenyltropane tartrate; WT, wild type; ['2°I]RTI-121, 3p-(4-

['2%Iliodophenyl) tropane-2B-carboxylic acid isopropy! ester.
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Fig. 1. Chemical structures of cocaine, WIN 35428, and the benztropine
derivative, JHW 007. For WIN 35428 and JHW 007 the tritiated forms
are shown.

and inhibit the uptake of dopamine. However, despite their
in vitro profile, many of the BZT analogs have effects that
differ from those of cocaine (Tanda et al., 2009a; see reviews
by Newman and Katz, 2009). For example, the increases in
brain dopamine concentrations produced by BZT analogs are
generally slower in onset and longer in duration and can
exhibit a dose-response curve with a lower slope than that for
cocaine (Tanda et al., 2005, 2009). BZT analogs are usually
less effective than cocaine or other dopamine uptake inhibi-
tors in stimulating locomotor activity in rodents (Katz et al.,
1999, 2004; Ferragud et al., 2009), and although most dopa-
mine uptake inhibitors fully substitute for cocaine in rats
trained to discriminate cocaine from saline injections, many
of the BZT analogs do not. BZT analogs are typically not
self-administered substantially above vehicle levels in labo-
ratory animals (Woolverton et al.,, 2000; Hiranita et al.,
2009). Finally, certain BZT analogs block various behavioral
effects of cocaine, including locomotor stimulation and self-
administration (Desai et al., 2005; Ferragud et al., 2009;
Hiranita et al., 2009).

Loland et al. (2008) have suggested that the differences in
pharmacology between cocaine and several atypical dopa-
mine uptake inhibitors are related to preferential binding of
the drugs to different DAT conformations. In that study,
different dopamine uptake inhibitors affected the accessibil-
ity of the sulfhydryl-reactive reagent [2-(trimethylammo-
nium) ethyll-methanethiosulfonate (MTSET) to a cysteine
residue inserted at position 159 of the DAT (I159C). This
introduced TMS3 cysteine side chain has been suggested to be
accessible when the transporter is in an outward-facing con-
formation and inaccessible when the DAT is in an inward-
facing conformation (Loland et al., 2004). Cocaine and several of
its analogs increased I1159C reactivity to the cell-impermeant
MTSET, whereas several atypical dopamine transport inhib-
itors, including BZT analogs, decreased MTSET reactivity. In
addition, the DAT mutation Y335A, which is characterized
by a change in equilibrium favoring the inward-facing con-

formation (Loland et al., 2002), decreased the potencies of
cocaine analogs for inhibition of DA uptake much more so
than analogs of BZT. These findings are consistent with an
earlier study by Reith et al. (2001) that showed that cocaine
and benztropine differently alter the conformation of the
DAT; the study further suggested that DAT inhibitors can
stabilize distinct transporter conformations, which may in
turn alter the behavioral effects of the drugs. It is noteworthy
that the change in potency of dopamine uptake inhibitors in
cells with the Y335A mutant compared with wild-type cells
was related in the Loland et al. (2008) study to the degree to
which the drugs produced in vivo effects like those of cocaine.
It is currently unclear whether the binding of BZT analogs
in brain differ from those of cocaine analogs, as they do in
transfected cells. The present study characterized the kinetic
and pharmacological characteristics of the binding sites of
[*HIN-(n-butyl)-3a-[bis(4’-fluorophenyl)methoxy]-tropane
(JHW 007) (Fig. 1), a BZT analog that has been studied in
blocking the effects of cocaine. Because the effects of BZT ana-
logs can be different from those of cocaine, the binding of
PHIJHW 007 was compared with that of PHJWIN 35428, a
ligand typically used to characterize the cocaine binding site.

Materials and Methods

Animals and Cultured Cells. Male Sprague-Dawley rats weigh-
ing 200 to 225 g and Swiss-Webster mice weighing 25 to 30 g (Taconic
Farms, Germantown, NY) were used. DAT KO mice were created on
a B6/Sv129 genetic background with a simian virus 40 T-antigen
(TsA58) knockin at the DAT gene. Interruption of the DAT gene,
absence of the DAT protein, breeding to generate homozygous DAT
KO mice, and polymerase chain reaction genotyping schemes were
described in a previous study (Rothman et al., 2002). Genotyping
service was performed by Charles River Laboratories, Inc. (Wilming-
ton, MA). Animals were housed in a humidity- and temperature-
controlled room with a 12-h light cycle (lights on at 7:00 AM). Food
and water were continuously available. N2A neuroblastoma cells
stably transfected with a human DAT c¢DNA (gift from Dr. Margaret
Gnegy, University of Michigan, Ann Arbor, MI) were cultured in
Opti-MEM plus 10% fetal bovine serum, 10% penicillin/streptomy-
cin, and 5% G418 (Geneticin) at 37°C in 5% CO, in 750-cm? flasks.

Materials. [PH]JHW 007 was prepared by reducing the unsatur-
ated precursor N-(n-butenyl)-3a-[bis(4’-fluorophenyl) methoxy]-tro-
pane (synthesized in the Medicinal Chemistry Section, National
Institute on Drug Abuse Intramural Research Program), with tri-
tium gas by American Radiolabeled Chemicals (St. Louis, MO). The
label was determined by thin-layer chromatography in a chloroform/
methanol/ammonium hydroxide (95:5:1) solvent system to be 99%
pure and had a specific activity of 50 Ci/mmol. [PH]WIN 35428 was
obtained from PerkinElmer Life and Analytical Sciences (Waltham,
MA) and had a specific activity of 84 Ci/mmol. The label was deter-
mined on initial synthesis by PerkinElmer Life and Analytical Sci-
ences to be more than 97% pure by high-pressure liquid chromatog-
raphy and thin-layer chromatography, and the purity of subsequent
syntheses was confirmed periodically by PerkinElmer Life and An-
alytical Sciences by high-performance liquid chromatography. All
other drugs and reagents were obtained from Sigma-Aldrich (St.
Louis, MO) or the National Institute on Drug Abuse, Drug Supply
Program, or drugs were synthesized in the Medicinal Chemistry
Section of the National Institute on Drug Abuse Intramural Re-
search Program.

Membrane Preparation. Brains from rats or mice were re-
moved, and striata were dissected and quickly frozen. hDAT/N2A
neuroblastoma cells were washed with ice-cold modified sucrose
phosphate buffer (0.32 M sucrose, 7.74 mM Na,HPO,, 2.26 mM
NaH,PO,, pH adjusted to 7.4) and scraped into centrifuge tubes.



Membranes were prepared by homogenizing tissues or cells in 20
volumes (w/v) of ice-cold modified sucrose phosphate buffer using a
Brinkmann Instruments (Westbury, NY) Polytron (setting 6 for 20 s)
and centrifuged at 20,000g for 10 min at 4°C. The resulting pellet
was resuspended in buffer, recentrifuged, and suspended in buffer
again to a concentration of 10 mg (original wet weight) per ml.

Ligand Binding Experiments. All experiments were conducted
in assay tubes containing 0.5 ml of sucrose phosphate buffer, and
except in kinetic studies, incubated for 120 min on ice. Each tube
contained 0.5 nM [*H]JHW 007 or [PHJWIN 35428 and 1.0 mg of
tissue (original wet weight). Nonspecific binding was determined by
using 100 pM GBR 12909 ([*H]JHW 007 binding) or 100 uM cocaine
HCI ([*'H]WIN 35428 binding). For experiments with tissue from
DAT KO and WT mice, JHW 007 at 100 pM was used to determine
nonspecific binding. Assays were typically conducted in at least three
independent experiments, each performed with triplicate observa-
tions (tubes). However, in some studies with tissue from mutant
mouse lines limited tissue availability necessitated duplicate obser-
vations in each.

Kinetics of JHW 007 and WIN 35428 binding were compared in
association and dissociation experiments conducted as described
above, except that incubations were terminated at various times by
rapid filtration. Dissociation constants were assessed by incubating
tissue and ligand for 2 h, which was determined to be sufficient for
either ligand to reach equilibrium. At 2 h, 100 uM cocaine ([*HJWIN
35428 assay) or GBR 12909 ([*H]JHW 007 assay) was added to the
incubations, which were terminated at various times thereafter by
rapid filtration with radioactivity counted as described above.

Affinities of ligands were determined as described above with
homologous competitive binding of WIN 35428 and JHW 007 in
striatal or cellular membranes. Homologous competitive binding ex-
periments were conducted rather than saturation assays to use
ligand most economically and minimize nonspecific binding. Mem-
branes were incubated with a fixed concentration of radioligand and
increasing concentrations of unlabeled ligand. Nonspecific binding
was determined with 100 wM cocaine ([PHIWIN 35428 assay), GBR
12909 ([*HIJHW 007 assay in rodent tissue), or 10 uM JHW 007 (for
JHW 007 assays in hDAT-transfected N2A neuroblastoma cell
membranes).

For Na*-dependence binding assays, membranes were prepared
as described above with the final suspensions in Na™-appropriate
buffer. The amount of Na* in the buffer was adjusted for final
concentrations of 1, 3, 10, 30, and 100 mM sodium phosphate. Each
tube contained 0.5 ml of buffer including tissue and 0.5 nM [PH]WIN
35428 or [3H]JHW 007. Incubation was terminated after 120 min by
rapid filtration. Nonspecific binding was determined with 100 pM
cocaine ([PHJWIN 35428 assay) or GBR 12909 ([*'H]JHW 007 assay).

Competition studies were conducted by determining the inhibition
of 0.5 nM [PHIWIN 35428 or [PHIJHW 007 binding to 1.0 mg of
membranes by including various concentrations of competing com-
pounds in the incubation medium. Assay tubes were incubated for
120 min on ice. Competition with the tritiated ligands by various
dopamine, serotonin, or norepinephrine uptake inhibitors was deter-
mined in at least three independent experiments, each performed in
triplicate.

Muscarinic M, receptors were labeled with [*H]pirenzepine
(PerkinElmer Life and Analytical Sciences). Whole brains excluding
cerebellum from DAT KO and WT mice were thawed in ice-cold
buffer (10 mM Tris-HC1, 320 mM sucrose, pH 7.4) and homogenized
with a Brinkmann Polytron (setting 6 for 20 s) and centrifuged at
1000g for 10 min at 4°C. The resulting supernatant was then cen-
trifuged at 10,000g for 20 min at 4°C. The resulting pellet was
resuspended in a volume of 200 mg/ml in 10 mM Tris buffer, pH 7.4.
Experiments were conducted in assay tubes containing 0.5 ml of
buffer and incubated for 60 min at 37°C in a water bath. Each tube
contained 3 nM radioligand and 20 mg of tissue (original wet weight).
Nonspecific binding was determined by using 100 pM quinuclidinyl
benzilate (Sigma-Aldrich). Assays were typically conducted for at
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least three independent experiments, each performed with triplicate
or duplicate observations (tubes).

Histamine H, receptors were labeled with [*H]mepyramine
(PerkinElmer Life and Analytical Sciences). Membranes were pre-
pared from whole brain excluding cerebellum of DAT KO and WT
mice. Tissue was homogenized in 30 volumes of ice-cold 50 mM Na-K
buffer (37.8 mM Na,HPO,, 12.2 mM KH,PO,, pH adjusted to 7.5 at
25°C) using a Brinkmann Polytron (setting 6 for 20 s) and centri-
fuged at 25,000g for 10 min at 4°C. The supernatant was discarded,
and the pellet was resuspended in ice-cold Na-K buffer and centri-
fuged. The resulting pellet was then resuspended in Na-K buffer to
give 200 mg/ml wet weight final volume. Experiments were con-
ducted in assay tubes containing 0.5 ml of buffer and incubated for
120 min on ice. Each tube contained 2 nM radioligand and 20 mg of
tissue (original wet weight). Nonspecific binding was determined by
using promethazine HCIl. Assays were typically conducted for at
least three independent experiments, each performed with triplicate
or duplicate observations (tubes).

Unless otherwise specified, all incubations were terminated by
rapid filtration through Whatman (Clifton, NJ) GF/B filters, pre-
soaked in 0.3% polyethyleneimine ([*'H]JHW 007, [*H]pirenzepine,
[’Hlmepyramine) or 0.05% polyethyleneimine ([PH]WIN 35428), by
using a Brandel R48 filtering manifold (Brandel Inc., Gaithersburg,
MD). The filters were washed twice with 5 ml of cold buffer and
transferred to scintillation vials. Beckman Ready Safe scintillation
cocktail (3.0 ml) was added, and the vials were counted the next day
with a Beckman 6000 liquid scintillation counter (Beckman Coulter
Instruments, Fullerton, CA) at 50% efficiency.

Data Analysis. Data from association experiments were fit by
nonlinear regression to a one- or two-phase exponential growth equa-
tion describing pseudo first-order association kinetics. Data from
dissociation experiments were fit to a one- or two-phase exponential
decay equation. In determining ligand affinities, data were fit to
homologous competition curves; sigmoidal dose-effect curves were
used to determine Hill slopes. Data from the replicates were
globally fit by using Prism for Windows (GraphPad Software Inc.,
San Diego, CA).

Results

Binding association data for 0.5 nM [PH]WIN 35428 were
best fit to a single-phase model with %, values reflecting
half-lives of less than 3 min in rat and mouse (Fig. 2a; Table 1).
Equilibrium in [PHJWIN 85428 binding was reached within a
25-min incubation period, and those conditions persisted to
the last time point tested. Nonspecific binding was 5.52 and
6.95% of total binding at 240 min. The association of 0.5 nM
[PH]JHW 007 was better fit to a two-phase than a single-
phase model in membranes from rat (Fig. 2b; F; g = 43.64;
p < 0.0001) and mouse (Fy g5 = 42.07; p < 0.0001). Initial
phases with %, values reflecting half-lives of approximately
0.1 min for both species were modeled, with second phases
reflecting half-lives of 41.7 and 28.0 min in rat and mouse
membranes, respectively. Equilibrium binding conditions
persisted from approximately 60 min to the longest time
value examined, 240 min. Nonspecific binding of [*H]JHW
007 was 10.9 and 18.1% of total binding at 240 min in rat and
mouse, respectively. The association of [PH]JJHW 007 to
hDAT/N2A membranes (Fig. 2¢) also were fit best to a two-
phase model (Fy 45 = 9.79; p < 0.001), with &, values re-
flecting half-lives of 0.326 and 12.3 min (Table 1). The differ-
ence between the one- and two-phase models was less in cells
than in tissue (compare Fig. 2, b and c¢). Equilibrium was
reached within 25 min and maintained thereafter. Nonspe-
cific binding of [*H]JHW 007 was 8.3% of total binding at 240
min in hDAT/N2A membranes.
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Fig. 2. Association of [PHIWIN 35428 (a) or [PH]JHW 007 (b) with rat
striatal membranes and [*'H]JHW 007 with hDAT N2A membranes (c).
The curves represent the results of a single experiment with vertical bars
representing S.E.M. from three tubes. The results were selected from at
least three as representative of the binding parameters resulting from a
global modeling of all of the replications. Insets show the data for the first
50 min of association plotted with a changed aspect ratio to emphasize
the difference between the two- and one-phase models during that time
period.

The dissociation of [PH]WIN 35428 was initiated with the
addition of 100 wM cocaine and was relatively rapid (Fig. 3a).
Data were best fit by a single-phase model in rat tissue
(Fy 136 = 2.103; p = 0.126), whereas a two-phase model (Table
1) best fit the dissociation data in mouse tissue (F, ;39 = 5.163;
p = 0.0069). However, the two models were virtually identi-
cal when plotted (data not shown). The % ¢ value obtained in
rat tissue reflected a half-life of 3.83 min, whereas & ¢ values
obtained in mouse tissue reflected half-lives of 0.277 and 4.28
min (Table 1), and the less preferred one-phase model had a
half-life of 3.53 min. The residual binding with [PH]WIN
35428 at 120 min in tissue from either species (Fig. 3) was
approximately 6 to 8% of total binding in the association
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Fig. 3. Dissociation of [P"HIWIN 35428 (a) or ["HIJHW 007 (b) from rat
striatal membranes and [PH]JHW 007 from hDAT N2A membranes (c).
The curves represent the results of a single experiment with vertical bars
representing S.E.M. from three tubes. The results were selected from at
least three as representative of the binding parameters resulting from a
global modeling of all of the replications.

experiments and was consistent with the values obtained for
nonspecific binding.

Dissociation of [*’H]JHW 007 was initiated with the addi-
tion of 100 uM GBR 12909 at 240 min after the addition of
radioligand, demonstrating the reversibility of the binding
reaction (Fig. 3b). Data were best fit by a single-phase model
in rat (Fy 13, = 0.150; p = 0.861), whereas a two-phase model
best fit the dissociation data in mouse (Fy ;35 = 4.613; p =
0.0115) and hDAT/N2A (Fy ;35 = 7.220; p < 0.001) mem-
branes. The one- and two-phase dissociation models were
virtually identical when plotted (Fig. 3, b and c). The kg
value obtained in rat tissue reflected a half-life of 12.2 min,
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whereas kg values obtained reflected half-lives of 1.60 and
21.7 min in mouse tissue and 0.484 and 9.54 min in hDAT/
N2A cell membranes (Table 1) or 6.22 and 6.37 min, respec-
tively for the less preferred one-phase models. The residual
binding with [PH]JHW 007 at 120 min in membranes from
either species or in hDAT/N2A cells (Fig. 3) was approxi-
mately 20 to 25.0% of total binding.

The K, values for WIN 35428 obtained from homologous
competitive binding experiments were similar in rat and
mouse membranes (Table 1), and the data were better fit to
a single-site model than a two-site model. Homologous com-
petition curves (represented by Fig. 4a) indicated that the
range from zero to complete displacement of [PHJWIN 35428
occurred over an approximate 100-fold domain of concentra-
tions of unlabeled ligand. The unconstrained Hill slopes for
[PHIWIN 35428 from rat tissue (Fy 965 = 1.273; p = 0.2603)
did not significantly differ from the value of 1.0 (Table 1).
Although the value for mouse tissue did significantly differ
from 1.0 (F, ;;, = 73.06; p < 0.0001), the fitted value 0.918
was close to 1.0.

The displacement of [PH]JHW 007 from rodent membranes
occurred over a larger than 10,000-fold domain of concentra-

100+

(% specific)

[*H]WIN 35428 Bound

41 10 9 8 -7 6 5
LOG [WIN 35428], nM

1004 b

[3H]JHW 007 Bound (% Specific)

C T T T T T T ; § - ;
12 411 10 9 -8 -7 6 -5
log [JHW 007], nM

Fig. 4. Homologous competition of radiotracer and nonradioactive WIN
35428 (a) or JHW 007 (b) at rat striatal membranes and JHW 007 at
hDAT N2A membranes (c). The curves represent the results of a single
experiment with vertical bars representing S.E.M. from three tubes. The
results were selected from at least three as representative of the binding
parameters resulting from a global modeling of all of the replications.
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tions of unlabeled JHW 007, with inflections in the competi-
tion curve (represented by Fig. 4b). The modeling of the
competition was better fit to a two-site than a single-site
model (Fy ;;; = 15.71; p < 0.001), with K, values for the two
binding sites of 7.40 and 4400 nM in rat and 8.18 and 2750
nM in mouse tissue (Table 1). The lower-affinity site had a
substantially greater capacity. The unconstrained Hill slopes
for [PHIJHW 007 data from rat (F, ;,, = 25.72; p < 0.0001)
and mouse (F; 1,5, = 73.06; p < 0.0001) were 0.734 and 0.550,
respectively, and were significantly different from the value
of 1.0, further indicating multiple binding sites. Binding of
[PHIJHW 007 to hDAT/N2A membranes differed from the
other membranes tested in that the range from zero to com-
plete displacement of [*’H]JHW 007 occurred over a less than
100-fold domain of concentrations of unlabeled drug. The
resulting competition curve modeled better for a one-site
profile (K; = 63 nM) than a two-site profile (Fig. 4c). The
unconstrained Hill slope for [*’H]JHW 007 binding in hDAT/
N2A membranes was 1.44, which was significantly greater
than the theoretical value of 1.0 (F, ;45 = 12.16; p = 0.0006;
Table 1).

As has been shown previously, the binding of [PHJWIN
35428 in mouse and rat membranes depended on sodium
concentration, with increases in binding up to concentrations
of 30 mM (Fig. 5, left). This relation was obtained in both the
crude membrane and P, preparations. Linear regression of
the binding of WIN 35428 up to the concentration of sodium
that produced maximal binding resulted in normalized slopes
of 53.6%/mM, which were significantly different from zero in
both the crude membrane (F; ;o = 5.19; p = 0.0459) and the
P, preparation (F, ;, = 6.64; p = 0.0275). In contrast, the
binding of [*H]JHW 007 was much less dependent on sodium
concentration in either rodent tissue preparation (Fig. 5,
right). In the crude membrane preparation the slope (32.3%/
mM) was not significantly different from zero (F; , = 5.45;
p = 0.0522), whereas in the P, preparation the slope was
lower still (19.0%/mM), although significantly different from
zero (Fy 1o = 11.5; p = 0.007). As with the rodent tissue, the
slope for hDAT/N2A membranes was low (5.04%/mM) and
not significantly different from zero (F,;, = 2.086;
p = 0.179).

Pharmacological characteristics of the specific binding of
the two ligands were examined by determining the relative
competition potencies of a variety of agents with affinity for

monoamine transporters (Table 2). The competition by inhib-
itors of monoamine uptake for [PHIWIN 35428 binding uni-
formly fit a single-site model better than a two-site model.
The K, values for all compounds studied in competition with
[PHIWIN 35428 were highly correlated in rat and mouse
striatal membranes (> = 0.990; p < 0.001). Standard dopa-
mine uptake inhibitors, including cocaine and its analogs,
GBR 12909, mazindol, and nomifensine, all displaced
PHIWIN 35428 with relatively high affinity. The K; values
ranged from 1.12 nM for 3-[4-(4-chlorophenyl)-4-hydroxypip-
eridin-L-yllmethyl-1H-indole (RTI-55) to 153 nM for norco-
caine in rat tissue, with similar values for mouse tissue. In
contrast and as reported previously, K; values for serotonin
and norepinephrine uptake inhibitors were relatively higher
than those of the known dopamine uptake inhibitors
(Table 2).

Analogs of benztropine, as reported previously (Newman et
al., 1994; Agoston et al., 1997), displaced [PHJWIN 35428
with high affinity. JHW 007 was moderately more potent
than 4'-chloro-3a-(diphenylmethoxy)tropane (4'-C1-BZT),
with 4’-chloro-3p-(diphenylmethoxy)tropane (AHN 1-063)
the least potent among the drugs tested. 4'-C1-BZT and AHN
1-063 are stereoisomers; 4'-Cl1-BZT has the diphenyl-ether
system attached to the tropane ring with axial (a) stereo-
chemistry, whereas AHN 1-063 has its diphenyl-ether sys-
tem in the equatorial () configuration. There was an approx-
imate 20-fold stereoselectivity for 4'-C1-BZT in rat and mouse
tissue over AHN 1-063 (Table 2).

The competition of inhibitors of monoamine uptake with
[*H]JHW 007 generally modeled better for two sites than for
one site. The K, values were significantly correlated in rat
and mouse tissue (r> = 0.6208; p < 0.0001), although the
correlation coefficient was lower than that for [PHJWIN
35428. The cross-species comparison with [PHIJHW 007 is
complicated by the preferred two-site model. When K; values
for only the high-affinity site were compared across species,
the correlation among values was higher and approached
that for PHIWIN 35428 (r> = 0.937; p < 0.0001). The corre-
lation among low-affinity K, values from tissue for the two
species was substantially lower than that for the high-affin-
ity site, although still significant (+> = 0.423; p = 0.0118).

The high-affinity K, values among known inhibitors of
dopamine uptake ranged from 1.08 nM for RTI-55 to 142 nM
for norcocaine in rat tissue, with similar values for mouse

Fig. 5. Sodium concentration dependence of [PHIWIN
35428 (left) and [*H]JHW 007 (right) binding at crude and
purified rat membranes and at membranes from cells

transfected with hDAT.
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Inhibition by various dopamine uptake inhibitors of specific binding of [*'HJWIN385428 and [*H]JHW 007 in rodent striatal membranes

Values in parentheses are 95% confidence limits.

K; Value

[*H]WIN 35428

[*H]JHW 007

Rat

Mouse Rat

Mouse

Dopamine uptake inhibitors

Cocaine K 1 87.5 (82.0-93.3)
K, 2
GBR 12909 K 1 3.24 (2.84-3.70)
K, 2
Mazindol K 1 3.10 (2.90-3.31)
K, 2
Nomifensine K 1 30.1(27.2-33.3)
K, 2
Norcocaine K1 153 (139-168)
K, 2
WIN 35065-2 K 1 29.4 (27.1-31.9)
K 2
WIN 35428 K 1
K, 2
RTI-55 K 1 1.12 (0.993-1.26)
K, 2
Serotonin uptake inhibitors
Paroxetine K 1 560 (515-610)
K 2
Citalopram K 1 11,400 (9820-13,200)
K, 2
Fluoxetine K; 2470 (2140-2860)
Norepinephrine uptake inhibitors
Desmethylimipramine K 1 1960 (1670-2290)
K, 2
Nisoxetine K 1 163 (151-175)
K, 2
Atomoxetine K 1 492 (456-531)
K, 2
Benztropine analogs
4'-C1-BZT K 1 19.0 (17.5-21.6)
K, 2
AHN 1-063 K 1 399 (369-433)
K, 2
JHW 007 K, 12.0 (11.2-12.8)

nM

80.4 (69.8-92.7) 20.2 (15.5-26.5)
33,000 (20,100-54,000)
11.6 (1.14-117)
15.5 (1.49-162)
3.64 (2.48-5.33)
557 (378-822)
43.5 (30.3-62.4)
4610 (2520-8430)
142 (97.5-127)
9330 (5190-16,800)
26.1(19.7-34.5)
40,600 (17,900-92,000)
11.8 (8.95-15.5)
23,900 (13,100-43,600)
1.08 (0.753-1.55)
6370 (4700-8240)

3.47 (3.03—4.04)
10.4 (9.12-11.7)
27.5 (25.7-29.3)
154 (144-165)

26.3 (23.4-29.6)

0.714 (0.637-0.800)

408 (374-446) 316 (225-442)
7740 (4060-14,700)
8970 (7850-10,300)  12,800* (11,100-14,900)

1120 (979-1290) 3480° (2990-4050)

1310 (1120-1530) 162 (22.8-1160)
3860 (2470-6050)
226 (187-273)
16,400 (7930-33,800)
685 (556-845)
33,800 (11,400-99,800)

149 (135-165)

593 (543-647)

17.7(15.8-19.8) 26.0 (23.0-29.3)
5330 (2140-13,300)
270 (198-369)

5060 (670-38,200)

341 (316-368)

11.7 (10.5-13.0)

217.5 (18.7-40.6)
19,200 (11,100-33,300)
0.247 (0.0186-3.26)
7.01(5.21-9.44)
19.5(15.2-25.1)
9350 (5830-15,000)
30.6 (23.9-38.9)
9640 (4730-19,600)
116 (93.3-144)
20,900 (11,200-38,900)
47.3 (28.2-79.1)
30,000 (17,600-50,900)
21.9 (12.7-37.7)
20,700 (13,600-31,400)
0.831 (0.653-1.06)
8150 (6240-10,600)

640 (516-793)
39,100 (16,000-95,100)
4660 (851-25,500)
15,600 (3810—64,300)
3600 (2420-5350)

1010 (469-2180)
13,200 (4680-37,400)
239 (193-297)
16,000 (10,400-25,800)
573 (460-714)
43,300 (19,100-97,900)

24.6 (20.8-29.0)
1190 (514-2770)
253 (206-310)
13,300 (2700-65,300)

“ These data did not converge on a two-site model. Values for a single-site mode

1 are listed.

b The variance accounted for by a two-site model was greater than that accounted for by a one-site model. However, the values provided by the two-site model varied from
each other by less than 5%, and the variability around the fitted constants was extremely large. Therefore, values for the constants provided by the single-site model are listed.

tissue (Table 2). In contrast high-affinity K; values of known
inhibitors of serotonin uptake were in the micromolar range
in tissue from both species. The values for citalopram (in rat
tissue) and fluoxetine reflected especially low affinities when
the competition modeled better for one site. Competition with
known inhibitors of norepinephrine uptake generally mod-
eled better for two sites, with high-affinity values typically
much lower than those for known dopamine uptake inhibi-
tors (Table 2).

At the high-affinity [PH]JHW 007 site, 4'-Cl-BZT displaced
the radiolabel with a 10-fold higher affinity than its enantio-
mer, AHN 1-063, in tissue from either rat or mouse (Table 2).
There was an also an approximate 10-fold stereoselectivity
among these drugs at the low-affinity [PH]JJHW 007 site in
mouse tissue, although not in tissue from rats (Table 2).

The affinities of the various monoamine uptake inhibitors
for the [PH]WIN 35428 site were highly correlated with those
for the high-affinity [*H]JHW 007 site in tissue from both
species (Fig. 6, left). The r? values for the correlations were
0.891 and 0.898 (both p < 0.0001), respectively, in rat and
mouse tissue. Points relating the K, values for competition
against [PHIWIN 35428 to those for the [*H]JHW 007 high-

affinity site fell close to the line of identity (dashed lines in
Fig. 6). Points relating the K, values for competition with
[PH]WIN 35428 to those for the [PH]JHW 007 low-affinity site
(Fig. 6, right) were most often far from the line of identity,
and the correlations among these K, values in rat or mouse
tissue were not significant, with respective 2 values of 0.232
(p = 0.095) and 0.284 (p = 0.061).

Elimination of DAT expression with the simian virus 40
T-antigen knockin at the DAT gene virtually eliminated spe-
cific binding of [PH]WIN 35428 and decreased specific bind-
ing of [PH]JHW 007 in striatal membranes (Fig. 7). Data from
male and female mice were examined separately; however,
there were no differences between sexes, and the results were
combined for further analysis. Specific binding of [*H]WIN
35428 in striata from KO mice was 1.36% of that obtained in
the same tissue from WT mice. In contrast, specific binding of
[*H]JHW 007 was greater than that of [PH]WIN 35428 in
tissue from WT mice and was reduced to 51.4% of controls in
mice lacking DAT expression. Two-way analysis of variance
indicated significance of the effects of ligand (', 4,5 = 257.5;
p < 0.001), genotype (F, 4,5 = 615.5; p < 0.001), and their
interaction (F'; 4,3 = 22.6; p < 0.001).
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Fig. 6. The relationship between the affinities of various monoamine
uptake inhibitors for the [PHIWIN 35428 site and the high-affinity (left)
or low-affinity (right) [PH]JHW 007 sites in tissue from rat (top) or mouse
(bottom) striatum. Individual values are plotted from Table 2.
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Fig. 7. Specific binding of [PHIWIN 35428 or [PHIJHW 007 at WT or DAT
KO striatal mouse membranes. The curves represent the results of a
single experiment with vertical bars representing S.E.M. from three
tubes. The results were selected from at least three as representative of
the binding parameters resulting from a global modeling of all of the
replications. The concentrations of radioligands for these experiments
were 0.5 nM for throughout.

The [*PH]JJHW 007 binding was further characterized by
comparing homologous competition in striatal membranes
from DAT WT and KO mice (Fig. 8). In tissue from both lines
of mice the displacement of [PH]JHW 007 occurred over a
larger than 10,000-fold domain of concentrations of unla-
beled ligand, with inflections in the competition curves. The
unconstrained Hill slopes for [PH]JHW 007 in tissue from
both lines of mice were significantly different from the value
of 1.0 (WT, F; 13 = 12.7, p = 0.0005; KO, F'; 135 = 76.9, p <
0.0001), further indicating multiple binding sites. The non-
linear regression of the data from both WT and KO tissue
were better fit to two-site than one-site binding models
(Fy138 = 16.2; p < 0.0001 and Fy 3, = 54.7; p < 0.0001,
respectively). The K, values for the two binding sites were
25.1 and 2380 nM in WT and 28.4 and 2000 nM in KO mouse
tissue (Table 1). The lower-affinity site had a substantially
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Fig. 8. Homologous competition of radiotracer and nonradioactive JHW
007 at striatal membranes from WT (top) and DAT KO (bottom) striatal
mouse membranes. The curves represent the results of a single experi-
ment with vertical bars representing S.E.M. from three tubes. The results
were selected from at least three as representative of the binding param-
eters resulting from a global modeling of all of the replications.

larger capacity than the high-affinity site, with considerable
error associated with these values and no substantial differ-
ence among genotypes (Table 1).

Because benztropine, the parent compound of JHW 007,
has affinity for muscarinic M; and histamine H; receptors,
we examined the competition of JHW 007 with [*H]pirenz-
epine binding, a ligand for muscarinic M; receptors, and
[*Hlmepyramine, a ligand for histamine H, receptors (Table 3).
The K; values of JHW 007 for inhibition of the M; ligand,
[®*H]pirenzepine, in whole brain excluding cerebellum from
DAT WT and KO mice were 388 and 364 nM, respectively.
The 95% confidence limit values did not overlap with those
for either the high- or low-affinity K, values for JHW 007 as
determined from modeling the homologous competition data
(Table 1). The JHW 007 K, values for competition against the
H, ligand, [*H]mepyramine, in whole brain including cere-
bellum were 24.2 and 27.9 nM, respectively, in tissue from
DAT WT and KO mice (Table 3). These values were similar to
the high-affinity K, for JHW 007 as determined from model-
ing the homologous competition data in the DAT KO mice
(Table 1).

To further assess whether the [PH]JHW 007 binding was
accounted for by its affinity for H; sites, an additional set of
homologous JHW 007 competition studies was conducted in
striatal tissue from Sprague-Dawley rats and Swiss-Webster
mice. In these studies, 5.6 uM unlabeled WIN 35428 (a con-
centration at more than 1000-fold the K, of WIN 35428 at the
DAT; Table 1) was added to the incubation medium to satu-
rate the DAT cocaine binding site. Assays were conducted in
parallel with and without 28 pM unlabeled triprolidine (H;
antagonist) added to saturate H; sites. This concentration is
1000-fold greater than the K, of triprolidine at H, receptors
(Tanda et al., 2008). In tissue from both rats and mice the
homologous competition with the saturating concentration of
WIN 35428 occurred over a more than 10,000-fold domain of
concentrations of unlabeled ligand, with inflections in the



TABLE 3

DAT-Dependent and -Independent Binding of JHW 007 711

Affinities of JHW 007 in displacement of indicated radioligands for M, and H, receptors.

: WT K; Value DAT KO K, Value K; Value at Target
Target Ligand with 95% Confidence Limits with 95% Confidence Limits in Rat Brain with S.E.M.
nM
Muscarinic M, [°*H]Pirenzepine 388 (272-554) 364 (296 to 448) 399 + 28.3¢
Histamine H; [*H]Mepyramine 24.2 (19.2-30.5) 27.9 (21.7 to 36.0) 24.6 = 2.43

“Value from Katz, et al. (2004).
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Fig. 9. Homologous competition of radiotracer and nonradioactive JHW
007 in the presence of a saturating concentration of WIN 35428 in the
presence (A) or absence (M) of triprolidine. The curves represent the
results of a single experiment with vertical bars representing S.E.M. from
three tubes. The results were selected from at least three as representa-
tive of the binding parameters resulting from a global modeling of all of
the replications. The concentrations of WIN 35428 (5.6 pM) and tripro-
lidine (28 pM) added to the tubes were selected to saturate those sites.

curves (Fig. 9, squares). The nonlinear regression of the data
from both rat and mouse tissues were better fit to two-site
than one-site binding models (Table 4; rats: Fy 555 = 93.05,
p < 0.0001; mice: Fy ;59 = 196, p < 0.0001), with K, values
for the two binding sites of 17.8 and 12,100 nM in rat and
19.9 and 9640 nM in mouse tissue. The lower-affinity site
had a substantially larger capacity than the high-affinity
site, with considerable error associated with these values
(Table 4).

The homologous competition of JHW 007 in the presence of
the same saturating concentration of WIN 35428 and 28 pM
triprolidine also occurred over a larger than 10,000-fold do-
main of concentrations of unlabeled JHW 007 (Fig. 9, trian-
gles). There was evidence of a diminished capacity of the
high-affinity site (Fig. 9, compare squares and triangles),
although a high-affinity site remained evident in the curve.
The nonlinear regression of the data from both rat and mouse
tissues was better fit to two-site than one-site binding mod-
els, with K, values for the two binding sites of 28.3 and
11,600 nM in rat and 13.2 and 8750 nM in mouse tissue
(Table 4). These fits were preferred over a single-site
model (rat: F'y ;3 = 19.1, p < 0.0001; mouse: Fy 1,5 = 51.7,
p < 0.0001).

A previous study (Katz et al., 2004) suggested sites in

TABLE 4

Affinities of JHW 007 determined from homologous competition assays
Values are in nM with 95% confidence limits.

addition to the DAT at which JHW 007 might be binding.
Those sites are shown in Table 5, along with ligands used to
target those sites selected for their known affinity. The com-
petition against [PH]JHW 007 binding in striatum from DAT
WT and KO mice was typically obtained at concentrations
higher than 10 pM, the exceptions being that with 3-[4-(4-
chlorophenyl)-4-hydroxypiperidin-L-yllmethyl-1H-indole (L-
741626) and rimcazole. IC;, values for displacement of
[PHIJHW 007 were substantially higher than the K; values for
these compounds at the target sites as reported in the litera-
ture. The decrease in potency of rimcazole in tissue from DAT
KO compared with WT mice probably is related to its affinity for
the DAT (e.g., Ukairo et al., 2005).

Discussion

Binding to the DAT is considered the initial action by
which cocaine produces the effects that confer its abuse lia-
bility (Carroll et al., 1999). However, we previously reported
BZT analogs that have high DAT affinity and selectivity,
without preclinical predictors of abuse liability (Newman and
Katz, 2009; Tanda et al., 2009a). JHW 007 is one such BZT
analog that also antagonizes cocaine-induced increases in
extracellular dopamine (Tanda et al., 2009b) and locomotion
(Desai et al., 2005), as well as cocaine self-administration
(Hiranita et al., 2009). To investigate features of the phar-
macology of JHW 007 that may contribute to its cocaine
antagonist effects, the present study examined the in vitro
binding of [PH]JHW 007 and compared it with that of
[PHIJWIN 35428, a ligand used to label the cocaine binding
site (Carroll et al., 1999). The binding of JHW 007 in native
tissue differed from that of WIN 35428 in modeling better for
more than one binding site, whereas models of WIN 35428
binding, consistent with previous results (e.g., Reith and
Selmeci, 1992), preferred a single site.

JHW 007 exhibited a two-phase association with rodent
striatal and hDAT-transfected N2A neuroblastoma cell mem-
branes. A rapid phase with a half-life of seconds was followed
by a slower component with a half-life of tens of minutes. In
a previous study, in vivo displacement of the DAT ligand
3B-(4-[***Iliodophenyl) tropane-2B-carboxylic acid isopropyl
ester (['**I]RTI-121) (a cocaine analog) by JHW 007 had a
slow time course, with maximal displacement not evident

Rat

Mouse

WIN 35428 Only*

WIN 35428 and Triprolidine®

WIN 35428 Only® WIN 35428 and Triprolidine”

K;1 17.8 (10.0-31.6) 28.3 (6.97-115)
K, 2 12,100 (7480-19,600) 11,600 (7110-19,000)

19.9 (14.7-27.0)
9640 (6370-14,600)

13.2 (5.48-32.0)
8750 (6410-11,900)

“5.6 pM unlabeled WIN 35428 (final concentration) in all tubes.

% 5.6 pM unlabeled WIN 35428 and 28 pM unlabeled triprolidine (final concentrations) in all tubes.
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TABLE 5

Potencies of various ligands in displacement of [*'H]JJHW 007 from striatal tissue of WT and DAT KO mice

All values are expressed as nM concentrations. The listed K; values are those obtained for these compounds as reported in the literature.

1C5, Value
(95% conﬁgence interval)

Target Displacer Literature(i{is\lfélllﬁ/is) at Target
DAT KO WT

Dopamine D, PD 128907 >10,000 >10,000 8.48 = 0.11 (Cussac, 2000)
Dopamine D, L-741626 8240 (6200-11,000) 5130 (3780-6980) 7.52 * 0.01 (Cussac, 2000)
Histamine H, (+)-Chlorpheniramine >10,000 >10,000 10 (Hill and Young, 1980)
Muscarinic M, AQ-RA 741 >10,000 >10,000 8.37 = 0.04 (Dorje, et al., 1990)
5-HT,, Ketanserin >10,000 >10,000 8.86 = 0.08 (Hoyer, et al., 1985)
Sigma Rimcazole 4790 (3490-6570) 1770 (1160-2710) 836 * 44 (DeHaven-Hudkins, et al., 1992)
Na channel Tetracaine >10,000 >10,000 1700 = 0.6 (Postma and Catterall, 1984)

after 4 h. Nonetheless, at the earliest times there was as
much as 20% displacement of specific [*?°I]RTI-121 binding
(Desai et al., 2005). Furthermore, evidence suggests that the
fast association component of JHW 007 binding is responsi-
ble for its cocaine antagonist effects. A recent study examined
cocaine—JHW 007 combinations on extracellular dopamine
concentrations in the nucleus accumbens shell in mice
(Tanda et al., 2009b), an area thought to be intimately in-
volved in the abuse liability of cocaine (Pontieri et al., 1995).
Those combinations were generally infra-additive, whereas
combinations of cocaine and WIN 35428 were supra-additive.
Furthermore, infra-additive effects of JHW 007 and cocaine
were more prominent early compared with later after JHW
007 injection. Finally, antagonism of the locomotor-stimulant
effects of cocaine was obtained as rapidly as 10 min after
injection (R. I. Desai et al., submitted manuscript). These
antagonist effects with the infra-additive effects on nucleus
accumbens dopamine suggest a relation between its atypical
effects and the faster association rate of JHW 007.

DAT translocation of neurotransmitter depends on sodium
ions, and the binding of dopamine uptake inhibitors to the
DAT, including [PHIWIN 35428 in the present study, is reg-
ulated by the concentration of sodium in the buffer (Chen et
al., 2002). In contrast, the binding of [PH]JHW 007 was
largely independent of sodium concentration. Previous stud-
ies showed “atypical” inhibitors such as benztropine, GBR
12909, and buproprion, to be less sensitive to sodium in
intact cells (Schmitt et al., 2008). Because results from native
tissue indicated multiple-site [PH]JHW 007 binding, hDAT/
N2A membranes that showed single-site binding were stud-
ied. The largely sodium-independent nature of JHW 007
binding in hDAT/N2A membranes indicates that the JHW
007 interaction with the DAT differs from that of WIN 35428.
In addition, JHW 007 binding was sodium insensitive in both
membranes and synaptosomes and therefore does not depend
on a membrane potential or sodium gradient (Chen and
Reith, 2003).

A DAT model incorporating JHW 007 suggests a binding
site in the DAT central cavity, preserving an D79-Y156 hy-
drogen bond that contributes to occluding this binding pocket
(Beuming et al., 2008), leaving the DAT in a closed (inward
facing) conformation. Reith et al. (2006) suggest that the
DAT in an outward facing conformational state is poised for
binding Na*, which in turn facilitates binding of cocaine
analogs. Accordingly, the potential of JHW 007 to shift the
DAT to an inward facing conformational equilibrium (Loland
et al., 2008) would hinder that sodium-induced facilitation of
ligand binding.

The high-affinity JHW 007 binding site in tissue from

rodents seems similar to the cocaine binding site labeled with
[PH]WIN 35428. The two ligands are mutually displaceable,
and binding of cocaine analogs and other recognized DAT
ligands had a higher affinity in displacing [*H]JHW 007 than
did recognized serotonin and norepinephrine transport inhib-
itors, as has been reported previously for [PH]WIN 35428
binding (e.g., Madras et al., 1989). Furthermore, there was a
high correlation between binding affinities of displacers at
the JHW 007 high-affinity site and the site labeled by
[PHIWIN 35428. The difference in dependence on sodium
between [PHIWIN 35428 and [PH]JHW 007 binding may re-
flect different points of attachment to the DAT (binding do-
mains) as suggested in the modeling studies by Beuming et
al. (2008).

Some studies have found multiple binding sites using
[PHIWIN 35428 (e.g., Madras et al., 1989; but see Reith and
Selmeci, 1992). However, the multiple-site binding of
[PH]JJHW 007 differs from that occasionally identified for
WIN 35428. The binding of WIN 35428 was virtually elimi-
nated, whereas substantial binding of JHW 007 remained in
tissue from DAT KO mice. Because the elimination of DAT
protein was previously confirmed (Rothman et al., 2002) in
these KO mice, sites other than those associated with the
DAT contribute to the multiple-site binding in DAT KO tis-
sue. Furthermore, the binding of JHW 007 to membranes
from cells transfected with hDAT shows no evidence for mul-
tiple-site binding. Thus, JHW 007 binds with high affinity to
a single DAT site, as do cocaine analogs, although with dif-
fering binding domains, and to multiple sites that are not
located on the DAT protein.

The identities of the non-DAT JHW 007 high- and low-
affinity binding sites were addressed in several experiments.
Displacement of the M, ligand, [*H]pirenzepine, and the H,
ligand, [*Hlmepyramine, in DAT KO tissue gave K; values
that were similar to those previously obtained at these tar-
gets. The values for muscarinic M; receptors did not match
the values for either the JHW 007 high- or low-affinity sites;
however, the K; value for displacement of [*H]mepyramine
approximated the value for the non-DAT high-affinity JHW
007 site. The multiple-site binding of [*H]JHW 007 in stria-
tum was not caused entirely by H;-receptor binding, because
H, binding capacity in rat striatum seems to be much lower
than that for JHW 007 (Chang et al., 1978; Palacios et al.,
1978; Bouthenet et al., 1988), and homologous JHW 007
competition studies in the presence of saturating concentra-
tions of unlabeled triprolidine remained biphasic. Further-
more, other potential displacers representing various binding
sites at which JHW 007 has some identified activity (Katz et
al., 2004) largely failed to displace [FH]JHW 007 binding with



any substantial potency. Thus there is a previously uniden-
tified high-affinity striatal JHW 007 binding site that does
not correspond to known candidate sites for the compound.

The present results also suggest a low-affinity non-DAT
JHW 007 binding site in striatum. The moderate stereose-
lectivity of 4'-CI-BZT and AHN 1063 in striatal tissue from
mice, but not rats, suggests that the low-affinity site may be
different in the two species. Rothman et al. (2002) previously
identified a high-affinity binding site for the cocaine analog
[*2°T]RTI-55 that was distinct from known monoamine trans-
porter sites, but that binds many monoamine uptake inhib-
itors. That site seems to be pharmacologically distinct from
the present low-affinity JHW 007 site; among compounds
that were examined in both studies there is no significant
correlation of K; values. In addition, RTI-55 had micromolar
affinity for the low-affinity JHW 007 site, but was in the
10-nM range for the site examined by Rothman et al. (2002).

Another potential low-affinity site for JHW 007 binding is
the “piperazine-acceptor” site. In characterizing the binding
of the DAT ligand [*H]GBR 12935, a second site was charac-
terized that was not a neurotransmitter receptor, was 6-OH-DA
insensitive, and was distributed uniformly throughout brain
tissue (Andersen et al., 1987). In addition, BZT, the parent
compound of JHW 007, has been reported to label the pipera-
zine-acceptor site (Hirai et al., 1988). Because GBR 12909 was
used to define nonspecific binding, and the piperazine-acceptor
site is sensitive to GBR 12909 (Andersen et al., 1987), further
studies will address whether [*H]JHW 007 is labeling that site.

In summary, JHW 007 has a complex binding profile that
includes the DAT and high- and low-affinity non-DAT sites
that may contribute to its cocaine antagonist effects. The
high-affinity JHW 007 DAT site seems to closely related to
the cocaine recognition site. However, the binding of JHW
007 differs from WIN 35428 binding. First, the association of
JHW 007 occurs in two phases, with the fast association rate
possibly contributing to its cocaine antagonist effects based
on previous functional studies. In addition, JHW 007 binding
contrasts with WIN 35428 binding to the DAT because the
former is relatively Na*-independent. That independence
may reflect a shift of the DAT to an inward-(cytoplasmic-)
facing conformation that in turn decreases the affinity of the
DAT for cocaine and may thereby contribute to the cocaine
antagonist effects of JHW 007.
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