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ABSTRACT

Cocaine exerts its stimulatory effect by inhibiting the dopamine
transporter (DAT). However, novel benztropine- and rimcazole-
based inhibitors show reduced stimulant effects compared with
cocaine, despite higher affinity and selectivity for DAT. To in-
vestigate possible mechanisms, we compared the subjective
effects of different inhibitors with their molecular mode of in-
teraction at the DAT. We determined how different inhibitors
affected accessibility of the sulfhydryl-reactive reagent [2-(tri-
methylammonium)ethyl]-methanethiosulfonate to an inserted
cysteine (1159C), which is accessible when the extracellular
transporter gate is open but inaccessible when it is closed. The
data indicated that cocaine analogs bind an open conforma-

tion, whereas benztropine and rimcazole analogs bind a closed
conformation. Next, we investigated the changes in inhibition
potency of [*H]dopamine uptake of the compounds at a mutant
DAT (Y335A) characterized by a global change in the confor-
mational equilibrium. We observed a close relationship be-
tween the decrease in potencies of inhibitors at this mutant and
cocaine-like responding in rats trained to discriminate cocaine
from saline injections. Our data suggest that chemically differ-
ent DAT inhibitors stabilize distinct transporter conformations
and that this in turn affects the cocaine-like subjective effects of
these compounds in vivo.

Abuse of cocaine represents an increasing worldwide prob-
lem, with up to 3 million cocaine abusers in the Unites States
alone. The personal consequences of cocaine abuse are se-
vere, sometimes leading to persistent psychiatric disease
(Nnadi et al., 2005). Cocaine abuse also represents a major
socioeconomic burden with increased medical expenses, lost
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earnings, and increased crime. It is accordingly a long-sought
wish to develop a medication that can aid in the treatment of
cocaine addiction, but attempts to develop such a drug have
thus far been unsuccessful.

Cocaine exerts its stimulatory effect by competitively in-
hibiting the function of the dopamine transporter (DAT) (Gi-
ros et al., 1996; Chen et al., 2006). This transporter, which
belongs to the solute carrier 6 gene family of Na*/Cl™ -cou-
pled transporters, tightly controls the termination of dopa-
minergic signaling by mediating rapid reuptake of dopamine
from the synaptic cleft (Giros et al., 1996). Inhibition of the
DAT by cocaine increases extracellular dopamine levels that
in turn produce the psychomotor stimulant and reinforcing
effect that underlies cocaine abuse (Volkow et al., 1997).

ABBREVIATIONS: DAT, dopamine transporter; BZT, benztropine; TM, transmembrane domain; WIN 35,428, 23-carbomethoxy-33-(4-fluorophe-
nyljtropane; RTI-55, 2B-carbomethoxy-33-(4-iodophenyl)tropane; AHN 1-055, 3a-[bis-(4-fluorophenyl)methoxy]tropane; AHN 2-005, N-allyl-3a-
[bis-(4-fluorophenyl)methoxyltropane; RT, room temperature; MTSET, [2-(trimethylammonium)ethyl]-methanethiosulfonate; FR, fixed ratio;
ANOVA, analysis of variance; LeuT, leucine transporter; WT, wild type; NET, norepinephrine transporter; SERT, serotonin transporter; Ro 41-0960,
2'-fluoro-3,4-dihydroxy-5-nitrobenzophenone.
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Recently, there has been increasing focus on novel dopa-
mine uptake inhibitors as potential medications for cocaine
addiction (Dutta et al., 2003). Among these compounds are
analogs of benztropine (BZT) or rimcazole that have similar
or higher affinity and selectivity for the DAT than cocaine
(Newman and Kulkarni, 2002). The compounds tested so far
readily cross the blood-brain barrier (Raje et al., 2003), and
they produce increases in extracellular levels of dopamine for
longer durations than cocaine (Tanda et al., 2005). Nonethe-
less, several of these DAT inhibitors are less effective than
cocaine as behavioral stimulants (Newman et al., 1995; Katz
et al., 2003, 2004; Desai et al., 2005). Furthermore, one BZT
analog, JHW 007, was found to potently antagonize the be-
havioral effects of cocaine (Desai et al., 2005). Assuming a
correlation between behavioral effects of cocaine in labora-
tory animals and abuse potential in humans, these findings
suggest JHW 007 as a potential lead for development of
cocaine abuse pharmacotherapeutics (Desai et al., 2005).

If the differential behavioral effects of DAT inhibitors are
not related to distinct pharmacokinetic properties, it is
tempting to suggest that they are linked to different modes of
interaction at the DAT. In support of this hypothesis, pho-
toaffinity labeling and site-directed mutagenesis studies
have indicated that the binding domain for cocaine in the
DAT is at least partially different from that of other struc-
turally divergent dopamine uptake inhibitors (Vaughan et
al., 1999; Chen et al., 2004). Moreover, BZT and cocaine have
been shown to differentially affect the reaction of sulthydryl-
reactive reagents with endogenous cysteines, indicating that
BZT and cocaine stabilize distinct conformational states of
the DAT (Reith et al., 2001).

Here, we analyze in detail the relationship between behav-
ioral effects of a series of BZT and rimcazole analogs and
their molecular mode of interaction with the DAT. The sub-
jective effects of these compounds are assessed in rats by the
cocaine discrimination test. The molecular mode of interac-
tion is assessed 1) by determining conformational changes
promoted by the different inhibitors based on the chemical
reactivity of a cysteine inserted into transmembrane domain
(TM)3 (I159C), and 2) by analyzing how the different com-
pounds are affected by a mutation (Y335A) changing the
conformational equilibrium of the transporter (Loland et al.,
2002). Taken together, the data demonstrate that different
classes of transporter inhibitors promote distinct conforma-
tions of the DAT. Moreover, they suggest a relationship be-
tween the conformations induced and the different behav-
ioral effects produced in vivo by the distinct transport
inhibitors.

Materials and Methods

DAT Inhibitors. The drugs tested are displayed in Fig. 1. Cocaine
HCI (Sigma-Aldrich, St. Louis, MO); WIN 35,428 (Sigma-Aldrich);
RTI-55 and RTI-31 (generous gifts from Dr. F. Ivy Carroll, Research
Triangle Institute, Research Triangle Park, NC); and BZT (Sigma-
Aldrich) were obtained from the designated sources; all other inhib-
itors were synthesized in the Medicinal Chemistry Section (Intra-
mural Research Program, National Institute on Drug Abuse,
Baltimore, MD) according to published procedures: diCl-BZT, AHN
1-055 (Newman et al., 1995); AHN 2-003, AHN 2-005, JHW 007, GA
103 (Agoston et al., 1997); GA 2-99 (Robarge et al., 2000); PG01053
(Grundt et al., 2004); MFZ 2-71 (Zou et al., 2003); MFZ 4-86 (Zou et
al., 2006); JJC 1-059 (Cao et al., 2001); and JJC 2-010, JJC 2-006

(Cao et al., 2003). Cocaine, BZT, JJC 2-006, AHN 2-005, and GA 103
were dissolved in water, for the in vitro assays; the rest were initially
dissolved in dimethyl sulfoxide and subsequently diluted so the
concentration of dimethyl sulfoxide never exceeded 0.1% in the ex-
periments. This concentration had no measurable effect on the cells
for the duration of the assays (~10 min).

Site-Directed Mutagenesis. All mutants were generated in the
synthetic human dopamine transporter by two-step polymerase
chain reaction mutagenesis as described previously (Loland et al.,
2004). E2C DAT in which two external endogenous cysteines were
mutated to alanines (C90A-C306A) was kindly provided by Dr.
Jonathan A. Javitch (Columbia University, New York, NY).

Cell Culture and Transfection. COS-7 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum, 2 mM L-glutamine, and 0.01 mg/ml gentamicin at 37°C in
10% CO,. Wild-type and mutant constructs in pcDNA3 were tran-
siently transfected into COS-7 cells by the calcium phosphate pre-
cipitation method as described previously (Loland et al., 2004).

[*H]Dopamine Uptake Experiments. Uptake assays were es-
sentially performed as described previously (Loland et al., 2004)
using 2,5,6-[°*H]dopamine (8-10 Ci/mmol) (GE Healthcare, Uppsala,
Sweden). Transfected COS-7 cells were plated in either 24-well
dishes (10° cells/well) or 12-well dishes (3 X 10° cells/well) coated
with poly-D-lysine to achieve an uptake level of no more than 10% of
total added [*H]dopamine. The uptake assays were carried out 2
days after transfection. Before the experiment, the cells were washed
once in 500 pl of uptake buffer (25 mM HEPES, 130 mM NacCl, 5.4
mM KCl, 1.2 mM CaCl,, 1.2 mM MgSO,, 1 mM L-ascorbic acid, 5 mM
D-glucose, and 1 uM of the catechol-O-methyltransferase inhibitor
Ro 41-0960 (Sigma-Aldrich), pH 7.4, at room temperature (RT). The
compound to be tested was added to the cells, and uptake was
initiated by addition of 40 nM [*H]dopamine in a final volume of 500
ul. After 5 min of incubation at 37°C, the cells were washed twice
with 500 ul of ice-cold uptake buffer, lysed in 250 ul (24-well) or 300
ul (12-well) of 1% SDS, and left for 30 min at 37°C. All samples were
transferred to 24-well counting plates (PerkinElmer Life and Ana-
lytical Sciences, Waltham, MA), 500 ul of Optiphase HiSafe 3 scin-
tillation fluid (PerkinElmer Life and Analytical Sciences) was added,
and then the plates were counted in a Wallac Tri-Lux beta-scintil-
lation counter (PerkinElmer Life and Analytical Sciences). Nonspe-
cific uptake was determined in the presence of 1 mM nonlabeled
dopamine (Sigma/RBI, Natick, MA). All determinations were per-
formed in triplicate.

MTSET Labeling Experiments. Two days after transfection,
COS-7 cells expressing either DAT E2C or DAT E2C I159C and
seeded in 12- or 24-well plates, were washed once with 500 ul of
uptake buffer (same as described above). Subsequently, 400 ul of
uptake buffer and 50 ul of either buffer or inhibitor were added in the
following concentrations: dopamine, 100 uM; cocaine, 10 uM; WIN
35,428, 0.1 uM; RTI-55, 0.05 uM; RTI-31, 0.05 uM; AHN 1-055, 0.1
uM; GA 103, 0.1 uM; MFZ 2-71, 0.1 uM; MFZ 4-86, 0.5 uM; 4',4"-
diC1l-BZT, 0.5 uM; BZT, 1 uM; JJC 1-059, 0.5 uM, PG 01053, 0.5 uM,
and JHW 007, 5 uM, or as indicated for the dose-dependence anal-
ysis. Note that the concentration of inhibitor was chosen as the
highest possible concentration that could be washed away to allow
subsequent proper [*H]dopamine analysis. [2-(Trimethylammonium)-
ethyl]-methanethiosulfonate (MTSET; Toronto Research Chemicals,
Toronto, ON, Canada) was added to a final concentration of 0.5 mM (or
1 mM for the dose-dependence analysis), and the cells were incubated at
RT for 10 min. The stock MTSET solution was freshly prepared in H,O,
and it was immediately diluted 10-fold by application to the transfected
cells into a final volume of 500 ul uptake buffer. After incubation, the
cells were washed three times in 500 ul of uptake buffer at RT before
initiation of [’H]dopamine uptake, performed as described above, but
here only the maximal uptake (without unlabeled dopamine) and the
nonspecific uptake (in the presence of 1 mM unlabeled dopamine)
were determined, both in triplicate. The reaction was stopped and
uptake was counted as described above. The effects of the added
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compound on MTSET reactivity were determined by calculating the
effect of preincubation with the compound alone and with MTSET
all performed in parallel on the same plate using triplicate
determinations.

[PHIWIN 35,428 Binding Experiments. Binding assays were
carried out on whole cells using [PHIWIN 35,428 (87 Ci/mmol;
PerkinElmer Life and Analytical Sciences) as radioligand. Cells
transfected with synthetic human dopamine transporter E2C 1159C
were treated as described above. Before the binding experiment, cells
were washed once in uptake buffer (as described above at RT), and
they were preincubated with 10 uM cocaine and either buffer or 1
mM MTSET for 10 min at RT to achieve maximal labeling of Cys159.
Competition binding assays were performed in a final volume of 500
ul of uptake buffer containing 2 to 4 nM [PH]WIN 35,428 and indi-
cated concentrations of compound to be tested. Binding was termi-
nated after 2 h at 4°C by washing the cells twice in 500 pl of uptake
buffer (4°C) before lysis in 500 ul 1% SDS for 30 min at 37°C. All
samples were transferred to 24-well counting plates (PerkinElmer
Life and Analytical Sciences), 500 ul of Optiphase HiSafe 3 B-scin-
tillation fluid (PerkinElmer Life and Analytical Sciences) was added,
followed by counting of the plates in a Wallac Tri-Lux beta-scintil-
lation counter (PerkinElmer Life and Analytical Sciences). Nonspe-
cific binding was determined in the presence of 10 mM WIN 35,428
(RBI/Sigma). All determinations were made in triplicate.

CHy CHz
e 0 N @
COCHs )\(COCHS
0 R
cocaine WIN 35,428; R=F
RTI55; R=I
RTI31; R=CHj
: : OH

N

g

815

Cocaine Discrimination Tests. Experimentally naive male
Sprague-Dawley rats (Taconic Farms; Hudson, NY) weighing 300 to
360 g were individually housed (12-h light/dark cycle; 7:00 AM/7:00
PM) and maintained at 85% of their unrestricted feeding weights.
The rats had free access to water, and they were fed 10 to 15 g of food
daily, 1 h after testing. Experiments were conducted between 9:00
AM and noon, with subjects placed in a 29.2 X 24.2 X 21-cm operant-
conditioning chamber (modified ENV-001; MED Associates, St. Al-
bans, VT) containing two response keys (levers requiring an activa-
tion force of 0.4 N) and a centrally located dispenser for delivery of
45-mg food pellets (BioServ, Frenchtown, NJ). A pair of green and a
pair of yellow light-emitting diodes were situated above each lever.
The chamber was enclosed in a ventilated enclosure that provided
light and sound attenuation. White noise was delivered to the cham-
ber at all times to mask extraneous noise. Rats were initially trained
with food reinforcement to press both levers, and they were eventu-
ally trained to press one after cocaine (10 mg/kg i.p.) and the other
after saline (i.p.) injection. Each response produced an audible click.
The ratio of responses to food pellets (fixed ratio or FR) was gradu-
ally increased until, under the final conditions, the completion of 20
consecutive responses on the cocaine- or saline-appropriate lever
produced food. Incorrect responses reset the FR response require-
ment. The right versus left assignments of cocaine- and saline-
appropriate levers were counterbalanced among subjects. Subjects
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diCI-BZT; R'=R"=Cl AHN 1-055; R=CH,
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JHW 007; R=CH,CH,CH,CH,
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Fig. 1. Chemical structures of the investigated compounds. These compounds include cocaine and cocaine analogs (WIN 35,428, RTI-55, and RTI-31),
BZT and BZT analogs (diC1-BZT, AHN 2-003, AHN 1-055, AHN 2-005, JHW 007, GA 2-99, GA 103, MFZ 2-71 MFZ 4-86, and PG 01053), and rimcazole

analogs (JJC 1-059, JJC 2-010, and JJC 2-006).
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were injected, and then they were placed in chambers. Sessions
started with a 5-min time-out period during which lights were off
and responses had no consequences, other than producing a click.
Following the time-out, the house light was turned on until the
completion of the FR20 response requirement and the presentation
of food. Sessions ended after 20 food presentations or 15 min, which-
ever occurred first, and they were conducted 5 days per week, with
cocaine or saline sessions scheduled in a mixed sequence. Training
continued until subjects met the criteria on four consecutive sessions
of at least 85% cocaine- or saline appropriate responding over the
entire session, and the first FR. Once these criteria were met, testing
began. Test sessions were conducted with the administration of
different doses of cocaine, or other test drugs rather than cocaine
before sessions. Test sessions were identical to training sessions with
the exception that responses on either lever were reinforced with the
completion of the FR requirement.

Locomotor Activity. Experimentally naive mice were placed
singly in clear acrylic chambers (40 cm?®) contained within monitors
(Accuscan Instruments, Inc., Columbus, OH) that were equipped
with light-sensitive detectors. The detectors were spaced 2.5 cm
apart along two perpendicular walls with infrared light sources
mounted on the opposing walls and directed at the detectors. Activity
counts were registered for each interruption of a light beam. Mice
were injected (i.p. in volumes of 1 ml/100 g), and then they were
immediately placed in the apparatus for 1 h, with activity counts
totaled each 10 min. Each drug dose was studied in six to eight mice,
and mice were used only once.

Data Calculations. All data from uptake and binding experi-
ments were analyzed by nonlinear regression analysis using Prism
4.0 (GraphPad Software Inc., San Diego, CA). The IC;, values were
calculated from means of pIC;, values and the SE interval from the
pIC;, = S.E. Note that uptake inhibition assays are done under
nonequilibrium conditions; therefore, they cannot allow calculation
of accurate binding constants. The IC;, values were accordingly used

TABLE 1

as an estimate of the binding potency of the tested compounds. A
one-way analysis of variance (ANOVA) with Dunnett’s post hoc test
was used for identifying values significantly different from cocaine in
the MTSET assay

Locomotor activity in mice was assessed with counts collected and
analyzed separately during the first and second 30 min, and data are
reported for the time at which maximal effects were observed. Effects of
individual doses were determined significant by ANOVA. The maximal
locomotor activity induced is expressed as a percentage of the maximum
obtained with cocaine. Values for several compounds were taken from
the references indicated in Table 1. The values for compounds studied
by Cline et al. (1992) were obtained from a 40-min time; therefore, they
were expressed as 75% of the total counts obtained.

For each of the rats studied in the cocaine discrimination proce-
dure, the overall rate of response over time and the percentage of
responses occurring on the cocaine-appropriate lever (lever selection)
were calculated. The mean values were calculated for each measure
at each drug dose tested. If less than half of the rats responded at a
particular dose, a mean value for lever selection was considered
unreliable and it was not calculated. At least 15% cocaine-appropri-
ate responding was adopted as a conservative criterion at which to
assume a significant difference from saline; 85% or higher cocaine-
appropriate responding was taken as similar to the training dose of
cocaine, and intermediate levels of cocaine-appropriate responding
were considered partial substitution.

A Fisher’s exact test was used to assess the association between
whether the drug had a Y335A:WT ICg, ratio greater than 73, and
whether the drug effect met the criterion for full cocaine substitution
(>85% cocaine-appropriate responding) in the discrimination proce-
dure or stimulation of locomotor activity significantly greater than
values obtained with vehicle injections. The value of 73 was chosen
as midway between a gap in the distribution of Y335A:WT ICj,
ratios, between the ratio of 58 obtained with AHN 2-005 and 88
obtained with MFZ 2-71.

Potencies of inhibitors for DAT WT and Y335A compared with the maximal substitution for cocaine in the cocaine discrimination test and the

maximal basal locomotor activity induced by the compounds

ICj, values were calculated by nonlinear regression analysis of [*H]dopamine uptake competition assays in COS-7 cells transiently expressing DAT WT or Y335A. The S.E.
interval for each ICj;, value is indicated, and it was calculated from the pICs;, = S.E. The maximal substitution for cocaine = S.E. was determined by the cocaine
discrimination test shown in Fig. 5 (bold), or it is listed from previously published data as indicated. The maximal locomotor activity induced was determined for the
compounds * S.E. shown in bold as described under Materials and Methods or it was taken from the references indicated.

Compound (SE. Intelval " ST Taterisl Substitation - S1F. ity 2 S
nM nM % counts/30 min

Cocaine 230 [190, 260] 12 24,500 [19,900, 30,200] 99.7 = 0.3¢ 16,880 + 6904
WIN 35,428 30 [27, 34] 6 3100 [2600, 3600] 99.9 = 0.1¢ 16,900 + 1300%¢
RTI-31 4.3 [3.6,5.2] 4 420 [330, 550] 100 = 0° 18,900 = 3200>¢
RTI-55 5.0 [4.1,6.2] 3 450 [350, 580] 99.5 = 0.5¢ 20,800 + 4600
MFZ 2-71 140 [130, 150] 5 12,000 [9100, 16,100] 97.3 £ 1.35 15,500 = 3200
AHN 2-003 15 [13, 17] 4 880 [660, 1200] 54 = 20¢ 6000 + 8600°¢
GA 2-99 25 [21, 30] 4 1300 [1100, 1600] 40 = 17 7460 = 550
PG 01053 24 [20, 29] 4 1100 [770, 1600] 18+9 10,100 + 2300
diCl-BZT 220 [180, 270] 6 9200 [4400, 1900] 18 + 17° 5500 * 470%
BZT 66 [49, 91] 5 2500 [2100, 3100] 49 + 18° 9500 *= 1600
AHN 1-055 40 [36, 46] 4 1400 [1200, 1700] 64 + 33° 12,450 £ 970°
AHN 2-005 120 [89, 170] 4 4100 [3300, 5200] 42 + 17°¢ 6370 * 610°
JJC 1-059 120 [100, 130] 3 3500 [2700, 4400] 19 = 17 8050 = 510
JJC 2-010 66 [44, 99] 3 2000 [1400, 2700] 65 = 32 N.D.
JHW 007 130 [95, 170] 4 3100 [2400, 4000] 8 £ 5¢ 6800 * 320°
MFZ 4-86 730 [630, 850] 6 9800 [7400, 13,000] 35 = 23 11,900 = 2600
GA 103 310 [280, 340] 4 3600 [3100, 4300] 10 = 7° 8480 =+ 480°
JJC 2-006 370 [330, 430] 6 2700 [2100, 3500] N.D N.D.
Dopamine 850 [760, 940] 9 250 [200, 310] N.D N.D.

N.D., not determined.

“ Data taken from Katz et al. (1999).
® Data taken from Izenwasser et al. (1994).
¢ Data taken from Katz et al. (2004).

9 Data taken from Cline et al. (1992) for comparison.
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Results

BZT and Rimcazole Analogs Promote Distinct Con-
formational Changes in the DAT Compared with Co-
caine. To explore possible conformational changes in DAT in
response to binding of BZT and rimcazole analogs versus
cocaine and cocaine analogs (Fig. 1), we used an assay that
allowed us to assess the conformational state of the trans-
porter upon binding of the different ligands. The assay was
based on the reactivity of cysteine inserted into position 159
in TM3 of the DAT. Previous observations in DAT, and in the
transporters for norepinephrine (NET) and serotonin (SERT),
have suggested that the accessibility of a cysteine in this posi-
tion is dependent on whether the extracellular gate is open or
closed: Cys159 is accessible to the extracellular environment
when the extracellular gate is open, but it is inaccessible when
the gate is closed (Chen and Rudnick, 2000; Loland et al., 2004).
In agreement with this notion, the position is inaccessible in the
crystallized conformation of the LeuT (Ilel11), a bacterial ho-
molog of the DAT, which is characterized by a closed extracel-
lular gate (Yamashita et al., 2005). Importantly, reaction of the
cysteine with the sulfhydryl reactive, cell-impermeable, and
positively charged methanethiosulfonate MTSET results in in-
activation of the transporter, allowing the use of dopamine
uptake as a functional readout for I1159C reactivity (Chen and
Rudnick, 2000; Loland et al., 2004). The 1159C mutant was
generated in a DAT background (E2C) in which the two exter-
nal endogenous cysteines were mutated to alanines (C90A-
C306A), resulting in DAT E2C 1159C (Loland et al., 2004).

As shown in Fig. 2A, preincubation with 0.5 mM MTSET
results in a marked inhibition of [*H]dopamine uptake in
COS-7 cells expressing E2C I159C (39 * 4% inhibition;
mean * S.E.; n = 5), whereas no inhibition is observed in
COS-7 cells expressing E2C (Fig. 2A). Preincubation with 10
1M cocaine together with MTSET potentiated the inhibition
(60 *= 5% inhibition; mean = S.E.; n = 5), consistent with
stabilization of the transporter in a conformation open to the
extracellular environment (Fig. 2A). Similarly, preincubation
with 100 uM dopamine protects against MTSET inactivation
(25 * 3% inhibition; mean * S.E.; n = 5) consistent with
substrate-promoted closure of the external gate (Fig. 2A).
Interestingly, preincubation with BZT did not potentiate MT-
SET inactivation, as observed for cocaine, but protected
against MTSET inactivation, as observed for dopamine
(9.5 = 3% inhibition; mean = S.E.; n = 5) (Fig. 2A). The
difference between cocaine and BZT was further substanti-
ated by testing several different inhibitors (Fig. 2B). Similar
to cocaine, the cocaine analogs WIN 35,428, RTI-31, and
RTI-55 all potentiated the effect of MTSET on uptake in E2C
1159C by 14 = 3,10 = 1, and 10 *= 1%, respectively, relative
to the effect of MTSET alone (Fig. 2B). In contrast, we ob-
served protection of E2C 1159C by all tested BZT and rimca-
zole analogs. The highest degree of protection was observed
for JHW 007 and PG 01053 (=39 = 5 and —37 * 4%, respec-
tively; Fig. 2B). Note that the concentration of inhibitor was
chosen as the highest possible concentration that subsequent
to the MTSET incubation could be washed away to allow
proper [*H]dopamine uptake analysis. Thus, the data in Fig.
2B reflect a qualitative rather than quantitative measure-
ment of whether a compound protects or exposes 1159C. To
also obtain a more quantitative measure, we determined the
concentration dependence for protection or potentiation of
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Fig. 2. Effect of dopamine transporter inhibitors on MTSET inhibition of
[*H]dopamine uptake in DAT E2C 1159C. A, left, effect of MTSET with
and without coincubation ligands on DAT E2C (a DAT mutant in which
two endogenous cysteines, Cys90 and Cys306, have been changed to
alanines, rendering it insensitive to MTSET). Right, effect of MTSET
with and without coincubation ligands on DAT E2C I159C in which
Ile159 in TM3 has been substituted with cysteine in the E2C background.
DA, dopamine. Data are means + S.E. of five experiments performed in
triplicate. Asterisk (*) indicates significant change (p < 0.02) compared
with buffer only (unpaired ¢ test). B, effect of cocaine analogs, BZT
analogs, and rimcazole analogs on the MTSET inactivation of E2C 1159C
compared with MTSET alone. COS-7 cells transiently expressing E2C
1159C were preincubated with each compound (see Materials and Meth-
ods for concentrations) and 0.5 mM MTSET for 10 min followed by
thorough washing of the cells and subsequent measurement of [*H]do-
pamine uptake activity. The effects of each compound on MTSET inhibi-
tion are expressed as their effect in percentage with the effect of MTSET
alone subtracted (% MTSET inhibition,,s,, — % MTSET inhibitiony;,,4).
Open bars indicate values significantly different from the value observed
for cocaine (p < 0.01, one-way ANOVA with Dunnett’s post hoc test).
Closed bars indicate values that are not significantly different from
cocaine. Data are means = S.E. of three to four experiments performed in
triplicate. C, effect of MTSET reactivity as a function of inhibitor concen-
tration. MTSET (1 mM) was added together with different concentrations
of either cocaine (M), the BZT JHW 007 (@), or the rimcazole analog JJC
1-059 (A). A dose-dependent increase in [*H]dopamine inhibition was
observed for cocaine, whereas JHW 007 and JJC 1-059 showed a dose-
dependent protection of the MTSET induced inhibition of [*H]dopamine
uptake. Data are means + S.E. of three to four experiments performed in
triplicate.
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representative compounds including cocaine, the benztropine
analog JHW 007, and the rimcazole analog JJC 1-059. As
shown in Fig. 2C, cocaine dose-dependently enhanced the
reactivity of I159C, reaching maximum potentiation at a
concentration of 0.1 to 0.5 uM, whereas both JHW 007 and
JJC 1-059 dose-dependently protected against MTSET inac-
tivation, reaching maximum protection at 0.25 to 0.5 uM
(Fig. 20).

The protection against MTSET afforded by the BZT and
rimcazole analogs could either be due to a direct shielding of
the cysteine residue by these compounds because they bind
at Cys159 or the result of a conformational change that
causes shielding of Cys159. However, if the BZT and rimca-
zole analogs bind at Cys159, we would expect a decrease in
their binding affinities when E2C I159C is premodified with
MTSET. To exclude this possibility, we performed a binding
assay in which we used the cocaine analog [PHIWIN 35,428
as radioligand, and we assessed the binding affinities of se-
lected BZT analogs in competition assays with and without
MTSET prelabeling. Prelabeling was obtained with 1 mM MT-
SET together with 10 uM cocaine. This treatment only margin-
ally impaired [PHJWIN 85,428 binding (data not shown). As
seen in Fig. 3, there were no substantial differences in the
affinities for either cocaine (ECy, um, = 150 [110, 210] nM,;
ECsy mrser = 110 [78,150] nM), BZT (ECs pumer = 160
[120, 210] nM; EC54 prser = 170 [116, 255] nM), or JHW 007
(ECsp putrer = 51 [41, 63] nM; EC5, yrrser = 50 [37, 671 nM).
These results suggest that the protection against MTSET by all
tested analogs is unlikely the result of a direct shielding of
Cys159, but rather it is the result of distinct conformational
changes in the DAT protein resulting in closure of the predicted
external gate.

Differential Effects by Mutation of Tyr335 in DAT on
the Apparent Binding Affinities of Cocaine, BZT, and
Rimcazole Analogs. In previous studies, we provided evi-
dence that Tyr335 in DAT is critical for regulating conforma-
tional isomerization in the transport cycle. Tyr335 is located
in the third intracellular loop, and it is 100% conserved
throughout the entire family of neurotransmitter/sodium
symporter proteins (http://www.tcdb.org/tcdb/index.php?tc =
2.A.21). Our data suggested that mutation of this residue
changes the conformational equilibrium of the DAT, result-
ing in a transporter residing preferentially in an inward
facing conformation (Loland et al., 2002, 2004) [i.e., the con-
formational state in which the substrate binding site is ac-
cessible to intracellular environment according to an alter-
nating access model for transporter function (Loland et al.,
2003)]. In agreement with these predictions, the recent high-
resolution crystal structure of LeuT indicates that Tyr335
(Tyr268 in LeuT) is stabilizing a salt bridge between the
cytoplasmic ends of TM1 and TMS8 that controls access to the
substrate binding site from the intracellular side (Yamashita
et al., 2005).

Mutation of Tyr335 in DAT to alanine (Y335A) not only
produced impaired transport capacity but also the potency of
cocaine to inhibit [*H]dopamine uptake was markedly im-
paired (~100-fold, Table 1; Loland et al., 2002). This was
unlikely to be due to disruption of direct interaction between
cocaine and Tyr335 but rather the result of a changed con-
formational equilibrium of the DAT during the translocation
cycle. Thus, if cocaine binds to an outward facing conforma-
tion (in which the substrate binding site is exposed to the

extracellular environment), a major alteration in the confor-
mational equilibrium toward the inward facing conformation
would decrease the time during which the cocaine binding
site is exposed and thus result in a large decrease in binding
potency. Conversely, if a compound recognizes a conforma-
tion that is more likely to occur when mutating Tyr335A
compared with WT, or the binding site for the compound does
not alter significantly during the protein movement-associ-
ated translocation, the potency of the compound is likely less,
or not affected. Therefore, it should be possible to obtain
insight into the binding modes at the DAT for different chem-
ical classes of transport inhibitors by determining their po-
tencies at Y335A, and by comparing them with those ob-
tained at the wild-type DAT. We tested a series of 14 analogs
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Fig. 3. MTSET modification of Cys159 does not change the binding
affinity of selected BZT analogs for DAT E2C I1159C. Radioligand binding
was performed on whole cells (COS-7 cells transiently expressing DAT
E2C 1159C) using [PHIWIN 35,428 as radioligand with and without
MTSET prelabeling (1 mM MTSET together with 10 uM cocaine). This
treatment did not impair [PHIWIN 385,428 binding (data not shown).
Binding affinities were determined for cocaine (A), BZT (B), and JHW 007
(C). Data are means = S.E. of three experiments performed in triplicate.
No effect was observed of the MTSET treatment, suggesting that the
protection by BZT analogs against MTSET inactivation (see Fig. 2) is the
result of a distinct conformational change induced by the ligands.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet.’

Binding Mode of DAT Inhibitors and Their Behavioral Effects

of BZT and rimcazole and we compared them with cocaine
and three of its analogs (Fig. 1) in [*H]dopamine uptake
inhibition assays performed in COS-7 cells transiently ex-
pressing Y335A or wild-type DAT (Table 1; Fig. 4). Interest-
ingly, the potencies of the compounds tested were affected
very differently by the Y335A mutation. Whereas cocaine
and cocaine analogs, such as WIN 35,428 and RTI-31, dis-
played around a 100-fold loss in their potency for Y335A
compared with wild type, most of the BZT or rimcazole ana-
logs, such as JJC 2-006, JHW 007, MFZ 4-86, and BZT itself,
displayed only 7- to 38-fold loss in potency. However, one
of the compounds from the BZT class, MFZ 2-71, had an
Y335A:WT ICj, ratio of 88, which was comparable with the
cocaine analogs tested and considerably higher than the
highest change observed for the remaining BZT and rimca-
zole analogs (<60-fold) (Fig. 1; Table 1). Notably, this sug-
gests that the I159C reactivity assay and the Y335A assay
are unlikely to provide the same conformational readouts
since MFZ 2-71 behaved like the other BZTs and not like

A D
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cocaine in the I1159C reactivity assay (see below for further
discussion).

MFZ 2-71, but Not MFZ 4-86, Is Recognized as Co-
caine-Like by Rats Trained to Discriminate Cocaine
from Saline. Previously, we tested several of the BZT and
rimcazole analogs in the cocaine discrimination procedure
(Cline et al., 1992; Katz et al., 1999, 2004; Table 1); however,
MFZ 2-71, MFZ 4-86, JJC 1-059, JJC 2-010, PG 01053, and
GA 2-99 had not been tested previously. The results of the
experiments with these compounds are shown in Fig. 5, top,
as the percentages of responding on the cocaine-appropriate
lever. The rimcazole analogs (JJC 1-059 and JJC 2-010) and
the BZT analogs (PG 01053, GA 2-99, and MFZ 4-86) each
produced either saline-like (<15%) or an intermediate level
of cocaine-appropriate responding considered partial substi-
tution. Remarkably, the rats responded to MFZ 2-71 as they
did to cocaine, with 97.3 *= 1.35% cocaine-appropriate re-
sponse for the dose that gave maximal substitution (5.6 mg/
kg) (Fig. 5A). This was unexpected as most of the BZT and

Fig. 4. Inhibition of [*H]dopamine up-
take in COS-7 cells transiently ex-
pressing the DAT WT (M) or Y335A
(O) by cocaine (A), RTI-31 (B), MFZ
2-71 (C), JHW 007 (D), JJC 2-006 (E),
and MFZ 4-86 (F). The calculated dif-
ference in IC;, values between WT
and Y335A for a compound is the ba-
sis for the data shown in Fig. 6A and
Table 1. Data are means * S.E. of 4 to
11 experiments performed in triplicate.
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rimcazole analogs that have been tested previously were not
considered cocaine like (<85% cocaine-appropriate respond-
ing; Cline et al., 1992; Katz et al., 1999, 2003, 2004). How-
ever, the full substitution of MFZ 2-71 corresponds with its
measured Y335A:WT IC;, ratio; hence, MFZ 2-71 was the
only BZT analog studied with a change in potency compara-
ble with that of cocaine (88- and 101-fold change for MFZ
2-71 and cocaine, respectively; Table 1). In contrast, the
structurally similar compound MFZ 4-86 (Fig. 1) did not
produce a full substitution for cocaine, but rather it produced
a maximal response similar to that seen with the other tested
compounds (Table 1; Fig. 5).

Each of the drugs was tested over a range of doses to ensure
that appropriate behaviorally active doses were examined.
Each was tested from doses having little or no effect on the rate
of response over time to those that virtually eliminated re-
sponding (Fig. 5, bottom). In all cases, higher doses could not be
tested due to their pronounced behavioral effects that virtually
eliminated all responding, or acute toxic effects. Only with MFZ
2-71 was a dose reached that produced greater than 85% co-
caine-appropriate responding before producing excessive be-
havioral disruption or toxicity.

Effects of BZT Analogs on Locomotor Activity in
Mice. Because the compounds also decreased response rates
of rats discriminating cocaine injections, and those effects
may have been mediated by another mechanism, it remains
possible that the decreases in response rates interfered with
the expression of full cocaine-like effects. Therefore, we also

A B C

- m MFZ 2-71 1 4 Jc1ose | ® PGO01053
%100 O MFZ 4-86 100 A JJC 2010 1009 o caz99
[ =

9 75 754 754

g

o 507 50 50

£

m

8 251 25+ 25

o

* 0 0+ ﬂ"

~—T=TTTrTn T 1
0103 1 3 10 1 3 10 30 1 3 10 20

@

® 125- 1254 1254

A

o 1 » 1

£ 1007 1004 1004,

(=]

& 75 75+ 75+

e

T 507 50+ 50

£

G 25- 25+ 25+

o

= oo 0- o

0103 1 3 10 1 3 10 30 1 3 10 20

Drug dose (mg/kg) Drug dose (mg/kg) Drug dose (mg/kg)

Fig. 5. Effects of the novel compounds MFZ 2-71(l) and MFZ 4-86 ()
(A), JJC 1-059 (A) and JJC 2-010 (A) (B), and PG 01053 (@) and GA 2-99
(O) (C) in rats trained to discriminate injections of cocaine from saline.
Top, ordinates, percentage of responses on the cocaine-appropriate lever.
The percentage of responses emitted on the cocaine-appropriate lever was
considered unreliable and not plotted, if less than half the subjects
responded at that dose. Bottom, ordinates, rates of response over time (as
a percentage of response rates after saline administration). Abscissae,
drug dose in milligrams per kilogram (log scale). Each point represents
the effect in 4 to 16 rats. Note that only the BZT, MFZ 2-71, fully
substituted, and JJC 2-010 approached the effects of cocaine. The remain-
ing BZT analogs tested failed to substitute for cocaine.

examined the effects of these drugs for stimulation of loco-
motor activity, a benchmark psychomotor stimulant effect.
We previously tested several of the BZT analogs for stimula-
tion of locomotor activity (Cline et al., 1992; Izenwasser et al.,
1994; Katz et al., 1999, 2004; Table 1). Tests with MFZ 2-71,
MFZ 4-86, JJC 1-059, PG 01053, and GA 2-99 had not been
conducted. Among these compounds, MFZ 2-71, MFZ 4-86,
and JJC 1-059 produced a statistically significant stimula-
tion of locomotor activity, although the effects of all of these
compounds were less than those of cocaine, with the order
being MFZ 2-71 > MFZ 4-86 > JJC 1-059. The maximal
effects of these compounds along with those reported previ-
ously are shown in Table 1 (fifth column).

Correlation between Cocaine Discrimination and
Change in Measured IC;, Values at Y335A. To more fully
assess the relationship between cocaine-like subjective effects
as determined from the cocaine discrimination procedure and
the potency change induced by the Y335A mutation, we com-
pared the maximal cocaine-appropriate responding for all com-
pounds tested in the cocaine discrimination test (Table 1) to the
measured Y335A:WT IC;, ratio (Fig. 6A). The change in po-
tency for each compound was also plotted against its maximal
substitution for cocaine. As shown in Fig. 6B, we observed a
significant correlation between the two data sets, with % = 0.74
(p < 0.0001) in support of a relationship between the behavioral
effects of the tested compounds and their mode of interaction
with the DAT. As mentioned above, the decreases in response
rates (Fig. 5, bottom) may have interfered with the expression
of cocaine-like discriminative-stimulus effects. Therefore, we
also examined the correlation between maximal stimulant ef-
fects (Table 1) and the Y335A:WT IC;, ratio (Fig. 6A). As shown
in Fig. 6C, these effects were also significantly correlated (> =
0.590; p = 0.0005), further supporting a relationship between
the behavioral effects of the tested compounds and their mode of
interaction with the DAT.

Because the data as shown in Fig. 6, B and C, had the
appearance of drugs with distinct groupings, we further ex-
amined the relationships among Y335A:WT IC;, ratios and
behavioral effects by separating the compounds into four
groups based on whether they met the criterion for full co-
caine substitution (>85% cocaine-appropriate responding)
and whether they had an IC;, ratio greater than 73. (This
value was chosen as the midpoint between what seemed to be
a natural demarcation between the groups of drugs.) Drugs
that both fully substituted for cocaine and had an IC;, ratio
greater than 73 were cocaine, WIN 35,428, RTI-31, RTI-55,
and MFZ 2-71. Drugs that did not substitute and had an IC,,
ratio less than 73 were AHN 2-003, GA 2-99, PG 01053,
diCI-BZT, BZT, AHN 1-055, AHN 2-005, JJC 1-059, JJC
2-010, JHW 007, MFZ 4-86, GA 103, and JJC 2-006. None of
the compounds met the criteria of substituting for cocaine,
with an IC, ratio lest than 73, or not substituting, with an
IC;, ratio greater than 73. The same grouping of drugs was
achieved by segregating based on their Y335A:WT IC;, ratio
and whether their stimulant effects were greater than 75% of
those produced by cocaine. A Fisher’s exact test on these
groupings of drugs resulted in a significant association of the
IC;, ratio and cocaine-like subjective effects or in stimulation
of locomotor activity to 75% of the response to cocaine (two-
sided; p = 0.0002).
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Discussion

There are currently no medications clinically proven effec-
tive for the treatment of cocaine addiction. Therefore, it is
highly revealing that several of the DAT inhibitors studied
here do not share the same subjective and reinforcing effects
as observed for cocaine in drug discrimination (Katz et al.,
1999, 2004) and self-administration (Woolverton et al., 2000,
2001) animal models. The compounds might accordingly rep-
resent useful leads toward development of medications for
cocaine abuse. The mechanisms underlying the reduced be-
havioral response to BZT and rimcazole analogs have none-
theless remained obscure.

One possible explanation for the reduced behavioral response
could be differences in their pharmacokinetic properties. There
is, for example, increasing evidence that the rate of DAT occu-
pancy might be an important determinant for the reinforcing
and addictive effects of cocaine (Volkow et al., 1997; Desai et al.,
2005). Also, the rate by which cocaine is delivered into the brain
could be important (Samaha and Robinson, 2005). However,
BZT and rimcazole analogs readily cross the blood-brain barrier
(Raje et al., 2003), and they cause increases in the extracellular
levels of dopamine for longer durations than cocaine (Tanda et
al., 2005). Therefore, it is tempting to speculate that the re-
duced reinforcing effect of these DAT inhibitors are not, at least
solely, determined by their pharmacokinetic differences, but
rather by their pharmacodynamic properties.

In the present study, we have accordingly explored the mode
of interaction of 14 BZT and rimcazole analogs with the DAT,
and we directly compared the results of these experiments with
the effects of the same compounds in behavioral models. In a
first approach we used a cysteine reactivity assay and we ob-
tained evidence that BZT, rimcazole, and cocaine analogs pro-
mote distinct conformational changes in the DAT. Cocaine and
cocaine analogs increased the reactivity of I159C in TMS3,
whereas all the tested BZT and rimcazole analogs decreased the
reactivity. In a second approach, we compared BZT and rimca-
zole analogs to cocaine and several of its analogs in DAT Y335A,
a mutant characterized as causing a shift in the conformational
equilibrium (Loland et al., 2002, 2004). By quantifying the
behavioral response to the different compounds according to the
cocaine discrimination test, we obtained a correlation between
the Y335A:WT ICj, ratio for the tested compounds and cocaine-
appropriate responding (Fig. 6). Thus, it seemed that the be-
havioral response to a DAT inhibitor might be predictable from
its interaction with DAT Y335A, and thereby by its mode of
interaction with the transporter.

The Y335A:WT ICj;, ratio correlation was observed in both
the locomotor activity test and the cocaine discrimination
test. This limits the chances that the reduced and differential
effects of the BZT and rimcazol analogs are the result of
unknown “side effects” at other sites than DAT. In that case,
such an action would not only have to be shared within the
group of tested drugs of various structures that were less
efficacious than cocaine but also that action would have to
decrease rates of learned operant behavior in the discrimi-
nation procedure and interfere with the stimulation of loco-
motor activity.

ICs0 vassa:ICso wr ratio for each compound and its ability to induce an
increase in basal locomotor activity. The r? value was 0.59 (p < 0.0005).
Note that the error bars in this figure have been excluded for clarification.
The S.E. values for all data are listed in Table 1.
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From a molecular perspective, it is interesting that in
contrast to the Y335A:WT IC;, ratio assay, the I1159C cys-
teine reactivity assay did not show the same correlation
between behavioral response and transporter conformation.
Specifically, MFZ 2-71, which displayed a cocaine-like behav-
ioral response, protected reactivity of 1159C like the other
BZT and rimcazole analogs (Fig. 2), whereas its Y335A:WT
IC;, ratio resembled that of the cocaine analogs. One impli-
cation of this result is that the cysteine reactivity assay is not
providing the same conformational readout as the Y335A
assay. This is not entirely surprising; the Y335A assay prob-
ably reports more global changes by providing a measure of
how a given compound recognizes the most prevalent confor-
mations of the mutated transporter compared with the wild-
type transporter. Thus, we hypothesize that mutation of
Tyr335 alters the time constants of the different conforma-
tions in the translocation cycle. This means that a prevalent
conformation in the wild type, e.g., the cocaine binding con-
formation, is likely to be less prevalent in Y335A. When
performing [*H]ldopamine uptake inhibition experiments,
both WT and Y335A are “forced” to assume the conforma-
tions necessary for a translocation cycle, but the equilibrium
between the different states will differ between WT and
Y335A at any given time. From this perspective, the IC,
ratio from the uptake inhibition experiments should reflect
the difference in the probability of the inhibitor binding to
the WT or Y335A conformations. In contrast, the cysteine
reactivity assay may involve a more specific site in the trans-
porter molecule and thereby depend on a more “local” confor-
mational change, for example at the extracellular gate. It is
noteworthy that all compounds were affected to some degree
by the Y335A mutation. In the simplest case, it would be
predicted that if the benztropine and rimcazole analogs in-
duce an inward facing conformation they would bind more
avidly to Y335A compared with the wild type. The most
conceivable explanation for this discrepancy is that none of
the compounds stabilize a conformation identical to the most
dominating conformation of Y335A. However, the benztro-
pine and rimcazole analogs are likely to stabilize conforma-
tions more similar to Y335A than those promoted by the
cocaine analogs. We should also emphasize that although all
the BZT and rimcazole analogs seem to protect the reactivity
of 1159C, they are not necessarily promoting identical con-
formations of the transporter.

An intriguing question is how different modes of interac-
tion as reflected in the Y335A assay might translate into an
altered effect in vivo compared with cocaine. In this context,
it is interesting that JHW 007, which substitutes very poorly
for cocaine in the discrimination paradigm, occupies DAT in
vivo much more slowly than cocaine (Desai et al., 2005)
despite its rapid delivery to the brain (Raje et al., 2003). The
slow rate of DAT occupancy by JHW 007 might be correlated
to its distinct mode of interaction with DAT. The combined
low sensitivity to the Y335A mutation and protection of
1159C fit well into this scenario. Thus, the predicted more
“closed” conformation stabilized by JHW 007 and other novel
dopamine uptake inhibitors tested here is conceivably on
average a markedly less probable conformation in the wild-
type transporter than the “open” cocaine binding conforma-
tion. Accordingly, a compound that binds the closed confor-
mation is more likely to display a markedly slower on-rate
compared with a compound that binds the open and likely

more prevalent conformation. Indeed, recent studies with
[*H]JHW 007 on striatal membrane have shown that its
on-rate is 4.5-fold slower than the one observed for [PH|WIN
35,428 (Kopajtic et al., 2006). It follows that such a com-
pound, despite its rapid delivery to the brain, will cause a
much slower rise in the extracellular dopamine concentration
as compared with cocaine (Tanda et al., 2005). It should also
be considered that the distinct conformational states stabi-
lized by the different inhibitors might alter the interaction of
the transporter with associated proteins. A growing number
of cellular proteins have been shown to interact with the DAT
(for review, see Torres, 2006), and alterations in these pro-
tein-protein interactions could easily be envisioned to affect
the in vivo effects of an inhibitor.

BZT itself and some of its analogs have activity not only at
the DAT but also at other sites that may influence the in vivo
effects of these drugs. These include histamine H; and mus-
carinic M; antagonist effects. However, previous studies sug-
gest that at least the H; and M, antagonist actions are
contributing little if at all to the decreased cocaine-like ef-
fects of BZT analogs (Katz et al., 1999, 2004; Campbell et al.,
2005). Major activity at other nontransporter sites is also
quite unlikely as determined by testing selected BZT/rimca-
zole compounds at any of 31 mammalian receptors (results
with some of the compounds have been published; Katz et al.,
2004). Additionally, it is unlikely that activity at the homol-
ogous norepinephrine (NET) and serotonin (SERT) trans-
porters interferes with our observations. Previous studies
showed that DAT knockout mice self-administer cocaine and
that only the dual DAT/SERT knockout mice are insensitive
to cocaine (Sora et al., 2001), suggesting a role for SERT in
the abuse-related effects of cocaine. However, the present
compounds are relatively selective for the DAT (Agoston et
al., 1997). Furthermore, there is a wide array of compounds
with affinity for the monoamine transporters SERT, NET,
and DAT, and many of these have differing ratios of affin-
ities for the DAT compared with SERT or NET. Nonethe-
less, despite these varying selectivities, most if not all of
the standard selective dopamine uptake inhibitors (e.g.,
methylphenidate, bupropion, and mazindol) fully substi-
tute for cocaine in the cocaine-discrimination test, whereas
serotonin and norepinephrine uptake inhibitors do not
(e.g., Baker et al., 1993). Finally, the recent generation of
a knockin mouse expressing a DAT mutant incapable of
binding cocaine has provided strong evidence that the
stimulatory effects of cocaine are indeed primarily medi-
ated via its action at the DAT despite its significant affin-
ity at NET and SERT (Giros et al., 1996; Chen et al., 2006).
Therefore, it is the activity at the DAT that seems to solely
determine the potency of the various monoamine uptake
inhibitors in generalizing to cocaine.

In summary, the present study represents the first com-
prehensive investigation aimed at characterizing the rela-
tionship between molecular mode of interaction with the
DAT and behavioral response for a broad spectrum of differ-
ent DAT inhibitors. The correlation between the cocaine-like
subjective effects of compounds and their response in the
Y335A mutation in principle allows an a priori prediction
from in vitro to in vivo effects. In addition to potential med-
ical treatments for cocaine abuse, this could be relevant for
high-throughput evaluation of potential leads in drug discov-
ery processes in which inhibitor activity at DAT is wanted
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but without subjective effects like those of cocaine, including
potential “triple action” antidepressants with activity at
NET, SERT, and DAT (Demitrack, 2002). Together with pre-
vious findings, the present results suggest a scenario in
which the behavioral response to a DAT inhibitor is the
result of a complex interplay between the rate of delivery to
the brain and the mode of interaction with the transporter
molecule. Whereas the former is better established concep-
tually, the latter represents a novel aspect for consideration
as a factor in how the inhibition of the DAT by a drug is
transduced into in vivo effects.

Acknowledgments

We thank Pia Elsman, Marion Holy, and Bettye Campbell for
excellent technical assistance.

References

Agoston GE, Wu JH, Izenwasser S, George C, Katz J, Kline RH, and Newman AH
(1997) Novel N-substituted 3 «-[bis(4’-fluorophenyl)methoxyltropane analogues:
selective ligands for the dopamine transporter. J Med Chem 40:4329—-4339.

Baker LE, Riddle EE, Saunders RB, and Appel JB (1993) The role of monoamine
uptake in the discriminative stimulus effects of cocaine and related compounds.
Behav Pharmacol 4:69-79.

Campbell VC, Kopajtic TA, Newman AH, and Katz JL (2005) Assessment of the
influence of histaminergic actions on cocaine-like effects of 3a-diphenylme-
thoxytropane analogues. o Pharmacol Exp Ther 315:631-640.

Cao J, Husbands SM, Kopajtic T, Katz JL, and Newman AH (2001) [3-cis-3,5-
Dimethyl-(1-piperazinyl)alkyl]-bis-(4'-fluorophenyl)amine analogues as novel
probes for the dopamine transporter. Bioorg Med Chem Lett 11:3169-3173.

Cao J, Kulkarni SS, Husbands SM, Bowen WD, Williams W, Kopajtic T, Katz JL,
George C, and Newman AH (2003) Dual probes for the dopamine transporter and
sigmal receptors: novel piperazinyl alkyl-bis(4'-fluorophenyl)amine analogues as
potential cocaine-abuse therapeutic agents.  Med Chem 46:2589-2598.

Chen JG and Rudnick G (2000) Permeation and gating residues in serotonin trans-
porter. Proc Natl Acad Sci U S A 97:1044-1049.

Chen N, Zhen J, and Reith MEA (2004) Mutation of trp84 and asp313 of the
dopamine transporter reveals similar mode of binding interaction for GBR12909
and benztropine as opposed to cocaine. J Neurochem 89:853—864.

Chen R, Tilley MR, Wei H, Zhou F, Zhou FM, Ching S, Quan N, Stephens RL, Hill
ER, Nottoli T, et al. (2006) Abolished cocaine reward in mice with a cocaine-
insensitive dopamine transporter. Proc Natl Acad Sci USA 103:9333-9338.

Cline EJ, Terry P, Carroll FI, Kuhar MJ, and Katz JL (1992) Stimulus generalization
from cocaine to analogs with high in vitro affinity for dopamine uptake sites. Behav
Pharmacol 3:113-116.

Demitrack MA (2002) Can monoamine based therapies be improved? JJ Clin Psychi-
atry 63 (Suppl 2):14-18.

Desai RI, Kopajtic TA, Koffarnus M, Newman AH, and Katz JL (2005) Identification
of a dopamine transporter ligand that blocks the stimulant effects of cocaine.
o Neurosci 25:1889-1893.

Dutta AK, Zhang S, Kolhatkar R, and Reith MEA (2003) Dopamine transporter as
target for drug development of cocaine dependence medications. Eur J Pharmacol
479:93-106.

Giros B, Jaber M, Jones SR, Wightman RM, and Caron MG (1996) Hyperlocomotion
and indifference to cocaine and amphetamine in mice lacking the dopamine trans-
porter. Nature 379:606—612.

Grundt P, Kopajtic T, Katz J, and Newman AH (2004) The effect of 6-substituted-
4,4"-difluorobenztropines on monoamine transporters and the muscarinic M1 re-
ceptor. Bioorg Med Chem Lett 14:3295-3298.

Izenwasser S, Terry P, Heller B, Witkin JM, and Katz JL (1994) Differential rela-
tionships among dopamine transporter affinities and stimulant potencies of vari-
ous uptake inhibitors. Eur J Pharmacol 263:277-283.

Katz JL, Izenwasser S, Kline RH, Allen AC, and Newman AH (1999) Novel 3a-
diphenylmethoxytropane analogs: selective dopamine uptake inhibitors with be-
havioral effects distinct from those of cocaine. J Pharmacol Exp Ther 288:302-315.

Katz JL, Libby TA, Kopajtic T, Husbands SM, and Newman AH (2003) Behavioral
effects of rimcazole analogues alone and in combination with cocaine. Eur J Phar-
macol 468:109-119.

Katz JL, Kopajtic TA, Agoston GE, and Newman AH (2004) Effects of N-substituted

823

analogs of benztropine: diminished cocaine-like effects in dopamine transporter
ligands. J Pharmacol Exp Ther 309:650—660.

Kopajtic TA, Newman AH, and Katz JL (2006) Comparisons of the in vitro binding
of PHIWIN 354,428 with [FH]JHW 007, a dopamine transporter ligand that blocks
the effects of cocaine, in The 68th Annual Scientific Meeting of The College on
Problems of Drug Dependence; 2006 June 17-22; Scottsdale, AZ. pp. 105, College
on Problems of Drug Dependence, Philadelphia, PA.

Loland CJ, Granas C, Javitch JA, and Gether U (2004) Identification of intracellular
residues in the dopamine transporter critical for regulation of transporter confor-
mation and cocaine binding. J Biol Chem 279:3228-3238.

Loland CJ, Norregaard L, Litman T, and Gether U (2002) Generation of an activat-
ing Zn?" switch in the dopamine transporter: mutation of an intracellular tyrosine
constitutively alters the conformational equilibrium of the transport cycle. Proc
Natl Acad Sci USA 99:1683-1688.

Loland CJ, Norgaard-Nielsen K, and Gether U (2003) Probing dopamine transporter
structure and function by Zn?"-site engineering. Eur J Pharmacol 479:187-197.

Newman AH and Kulkarni S (2002) Probes for the dopamine transporter: new leads
toward a cocaine-abuse therapeutic-a focus on analogues of benztropine and rim-
cazole. Med Res Rev 22:429—-464.

Newman AH, Kline RH, Allen AC, Izenwasser S, George C, and Katz JL (1995) Novel
4'- and 4',4"-substituted-3a-(diphenylmethoxy)-tropane analogs are potent and
selective dopamine uptake inhibitors. J Med Chem 38:3933-3940.

Nnadi CU, Mimiko OA, McCurtis HL, and Cadet JL (2005) Neuropsychiatric effects
of cocaine use disorders. J Natl Med Assoc 97:1504-1515.

Raje S, Cao J, Newman AH, Gao H, and Eddington ND (2003) Evaluation of the
blood-brain barrier transport, population pharmacokinetics, and brain distribu-
tion of benztropine analogs and cocaine using in vitro and in vivo techniques.
o Pharmacol Exp Ther 307:801-808.

Reith ME, Berfield JL, Wang LC, Ferrer JV, and Javitch JA (2001) The uptake
inhibitors cocaine and benztropine differentially alter the conformation of the
human dopamine transporter. J Biol Chem 276:29012-29018.

Robarge MJ, Agoston GE, Izenwasser S, Kopajtic T, George C, Katz JL, and Newman
AH (2000) Highly selective chiral N-substituted 3a-[bis(4’-fluorophenyl)me-
thoxy]tropane analogues for the dopamine transporter: synthesis and comparative
molecular field analysis. J Med Chem 43:1085-1093.

Samaha AN and Robinson TE (2005) Why does the rapid delivery of drugs to the
brain promote addiction? Trends Pharmacol Sci 26:82—87.

Sora I, Hall FS, Andrews AM, Itokawa M, Li XF, Wei HB, Wichems C, Lesch KP,
Murphy DL, and Uhl GR (2001) Molecular mechanisms of cocaine reward: com-
bined dopamine and serotonin transporter knockouts eliminate cocaine place
preference. Proc Natl Acad Sci U S A 98:5300-5305.

Tanda G, Ebbs A, Newman AH, and Katz JL (2005) Effects of 4’-chloro-3a-
(diphenylmethoxy)-tropane on mesostriatal, mesocortical, and mesolimbic dopa-
mine transmission: comparison with effects of cocaine. J Pharmacol Exp Ther
313:613-620.

Torres GE (2006) The dopamine transporter proteome. J Neurochem 97 (Suppl
1):3-10.

Vaughan RA, Agoston GE, Lever JR, and Newman AH (1999) Differential binding of
tropane-based photoaffinity ligands on the dopamine transporter. J Neurosci 19:
630-636.

Volkow ND, Wang GJ, Fischman MW, Foltin RW, Fowler JS, Abumrad NN, Vitkun
S, Logan J, Gatley SJ, Pappas N, et al. (1997) Relationship between subjective
effects of cocaine and dopamine transporter occupancy. Nature 386:827—830.

Woolverton WL, Hecht GS, Agoston GE, Katz JL, and Newman AH (2001) Further
studies of the reinforcing effects of benztropine analogs in rhesus monkeys. Psy-
chopharmacology 154:375-382.

Woolverton WL, Rowlett JK, Wilcox KM, Paul IA, Kline RH, Newman AH, and Katz
JL (2000) 3'- and 4'-Chloro-substituted analogs of benztropine: intravenous self-
administration and in vitro radioligand binding studies in rhesus monkeys. Psy-
chopharmacology 147:426—-435.

Yamashita A, Singh SK, Kawate T, Jin Y, and Gouaux E (2005) Crystal structure of
a bacterial homologue of Na*/Cl -dependent neurotransmitter transporters. Na-
ture 437:215-223.

Zou MF, Cao J, Kopajtic T, Desai RI, Katz JL, and Newman AH (2006) Structure-
activity relationship studies on a novel series of (S)-2B-substituted 3a-[bis(4-fluoro
or 4-chloro-phenyl)methoxyltropane analogs for in vivo investigation. J Med Chem
49:6391-6399.

Zou MF, Kopajtic T, Katz JL, and Newman AH (2003) Structure-activity relationship
comparison of (S)-2B-substituted 3a-(bis[4-fluorophenyllmethoxy)tropanes and
(R)-2B-substituted 3B-(3,4-dichlorophenyl)tropanes at the dopamine transporter.
J Med Chem 46:2908-2916.

Address correspondence to: Dr. Claus J. Loland, Molecular Neuropharma-
cology Group, Department of Neuroscience and Pharmacology, Faculty of
Health Sciences, University of Copenhagen, Blegdamsvej 3, DK-2200 Copen-
hagen N, Denmark. E-mail: claus@neuropharm.ku.dk

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

