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SUMMARY

Isothiocyanate derivatives of (—)-cocaine were prepared and
tested for inhibitory potency at the cocaine receptor in rat striatal
membranes. Coincubation with m-isothiocyanatobenzoylecgon-
ine methyl ester (m-ISOCOC), p-isothiocyanatobenzoylecgonine
methyl ester (p-ISOCOC), and 3p-(4-isothiocyanato-
phenyl)tropane-2-carboxylic acid methyi ester (ISOWIN) resulted
in inhibition of [PHJWIN 35,428 binding, but the compounds were
about 10-fold weaker than (—)-cocaine. However, p-ISOCOC
was approximately 3-fold more potent than metaphit, an isothio-
cyanate derivative of phencyclidine. p-ISOCOC was equipotent
at the serotonin transporter but was much less potent at the
norepinephrine transporter and was inactive at the D, dopamine
receptor at 1000 um concentration. The ICs, value for m-ISOCOC
and p-ISOCOC varied with tissue concentration, suggesting
irreversible inhibition of binding. Preincubation with m-ISOCOC
and p-ISOCOC resulted in inhibition of [*H]WIN 35,428 binding

that could not be removed by washing of the membranes; in
contrast, preincubation with (—)-cocaine caused inhibition that
was readily removed by washing. Preincubation with 1 um con-
centrations of p-ISOCOC resulted in a large reduction in B, Of
the high affinity binding site for [*H]WIN 35,428. Preincubation
with 100 um p-ISOCOC eliminated the high affinity site and
apparently reduced the affinity at the low affinity site. Coincu-
bation of 10 um p-ISOCOC with 100 um cocaine prevented the
total loss of [PH]WIN 35,428 binding. The uptake of [*H]dopamine
was inhibited by p-ISOCOC with an ICs, comparable to that of
cocaine. Additionally, preincubation of rat striatal synaptosomes
with 10 um p-ISOCOC reduced the Vimex Of [*H]dopamine uptake
after washing. These data suggest that m-ISOCOC and p-
ISOCOC are useful irreversible acylators of (—)-cocaine binding
sites at the dopamine transporter.

Dopamine transport is thought to function as the inactiva-
tion mechanism for synaptic dopamine, and recently the trans-
porter has been implicated as a cocaine receptor related to drug
self-administration (1, 2). The dopamine transporter has been
studied in a variety of binding experiments (3-7), including
experiments utilizing tritiated cocaine (8-13). Evidence indi-
cating that cocaine binds to the dopamine transporter is that
the pharmacological properties of its binding parallel the phar-
macological profile of inhibition of the dopamine transporter.
Also, the binding is absent or reduced in tissue where there is
an absence or reduction of dopaminergic nerve terminals (14—
16).

Metaphit, a phencyclidine analogue containing an isothio-
cyanate group on the aromatic ring, has been shown to bind
irreversibly to the dopamine transporter (17-20). However, it
is approximately equipotent at the cocaine and phencyclidine
receptor sites (17). In an effort to develop more specific irre-
versible binding ligands to study the dopamine transporter, we
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have identified compounds that bind to the dopamine
transporter more specifically and with higher affinity than
does metaphit. Grigoriadis et al. (21) showed that '*I-1-(2-
[diphenylmethoxy]ethyl)-4-(2-[4-azido-3-iodiophenyl]ethyl)-
piperazine, a derivative of GBR 12909, photolabeled the dopa-
mine transporter. Another GBR derivative, '?°I-1-(2-[bis(4-
fluorophenyl)methoxy]ethyl)-4-(2-[4-azido-3-iodophenyl]
ethyl)piperazine, is a similar photolabel for the transporter
(22). In these experiments, it was shown that the dopamine
transporter was a glycoprotein with an approximate molecular
weight of 60,000. In the present experiments, we describe the
properties of several isothiocyanate derivatives of cocaine,
which also may be useful probes for studying the transporter.
Acylating agents have been important tools for the character-
ization of a variety of drug and neurotransmitter receptors (23-
28).

Materials and Methods

Tissue preparation. Adult male Sprague-Dawley rats (200-250 g)
were sacrificed by decapitation. The striata, midbrain, and frontal

ABBREVIATIONS: p-ISOCOC, p-isothiocyanatobenzoylecgonine methyl ester; m-ISOCOC, m-isothiocyanatobenzoylecgonine methyl ester; ISOWIN,
3p-4-isothiocyanatophenyl)jtropane-2-carboxylic acid methyl ester; ICso, 50% inhibitory concentration.
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cortex of the rats were quickly dissected, frozen on a block of dry ice,
and stored at —70° until needed.

[*H)WIN 35,428 (28-carbomethoxy-38-(4-fluorophenyl)tro-
pane) binding. The striata were weighed and homogenized with a
Polytron (setting 5-6) for 15 sec, in 20 volumes of ice-cold 10 mM
phosphate buffer (pH 7.4) containing 0.32 M sucrose. The homogenate
was centrifuged at 50,000 X g (2-4°) for 10 min. The resulting pellet
was resuspended in buffer to a tissue concentration of 20 mg of original
wet weight/ml, using a Polytron (5-10 sec), and recentrifuged; this
procedure was repeated twice. Binding assays were carried out in a
total volume of 0.5 ml, containing the above buffer, membranes from
2.0 mg of tissue (original wet weight), and 0.5 nM radioligand. In tissue-
dependence experiments, 0.5-6.0 mg (original wet weight) of tissue was
added to the tubes. The suspensions were incubated in an ice bath for
2 hr. Incubations were terminated by filtration, with three 5-ml washes
of ice-cold buffer, through Whatman GF/B filters that were previously
soaked in 0.05% polyethylenimine, using a Brandel M48R filtering
manifold (Brandel Instruments, Gaithersburg, MD). Radioactivity was
counted in a Beckman LS 3801 liquid scintillation counter with an
efficiency of approximately 50%.

Nonspecific binding of [PH]WIN 35,428 was defined in the presence
of 50 uM (—)-cocaine. The average value of nonspecific binding with
cocaine was less than 5% of total [PHJWIN 35,428 binding. Filter
binding in the absence of tissue was negligible.

Saturation of [°H)WIN 35,428 binding. Assays were carried out
under the conditions described above, with the exception that 0.15 nM
[*H]WIN 35,428 was added to each assay tube. Binding was assayed in
the presence of increasing concentrations of unlabeled WIN 35,428 (10
PM to 10 uM).

Tissue preincubation with isothiocyanate derivatives. Tissue
was prepared as described above, but only two washes were performed.
Preincubation with the drug, or vehicle as a control, was performed
under assay conditions (10 mM phosphate buffer, pH 7.4, containing
0.32 M sucrose, at 4°) at a tissue concentration of 2.0 mg/ml (original
wet weight). The drug was added to the tissue suspension and main-
tained at 4° for the required preincubation period. The reaction was
terminated by the addition of 20 volumes of ice-cold buffer and cen-
trifugation for 10 min at 50,000 X g. The resulting pellet was resus-
pended in buffer to a concentration of 20 mg/ml and was maintained
at 4° for 5§ min before centrifugation. This procedure was usually
repeated for a total of three washes. The resulting pellet was resus-
pended in buffer to a concentration of 2.0 mg/ml. Statistical compari-
sons of Kp and B,,,, values were by analysis of variance, followed by a
Sheffe comparison of the means.

[*H]Mazindol and [*H]paroxetine binding. Norepinephrine up-
take sites were labeled in the frontal cortex of the rat using [*H]
mazindol. Nonspecific binding was defined by the addition of 4 uM
desipramine. Approximately 5 mg of original weight wet of homoge-
nized tissue were incubated for 1 hr at 4° in buffer (50 mM T'ris, 120
mM NaCl, 5 mMm KCl, pH 7.4) containing 4 nM ligand and 40 nM GBR
12909. [*H]Paroxetine was used to label serotonin uptake sites in the
rat brainstem. Nonspecific binding was defined with 1.5 uM citalopram.
Homogenized brainstem (1.5 mg of original wet weight/assay tube) was
incubated at room temperature in Tris buffer for 90 min, with a final
ligand concentration of 0.2 nM.

[*H]YM-09151-2 binding. Dopamine D, receptors were labeled
according to the method of Niznik et al. (29). Briefly, rat striata were
homogenized in 50 mM Tris, 5 mM KCl, 1.5 mM CaCl,, 4 mm MgCl,, 1
mM EDTA, pH 7.4, at room temperature. [*H]YM-09151-2 binding
assays were conducted in the same buffer as before, except 12 uM
nialamide and 0.1% ascorbic acid were added. Homogenized striata (1.5
mg of original wet weight/assay tube) were incubated for 2 hr at room
temperature with a final ligand concentration of 100 pM, with or
without various concentrations of either p-ISOCOC or metaphit. Non-
specific binding was defined with 1.0 uM (+)-butaclamol.

[*H)Dopamine uptake. [*H]Dopamine uptake was measured using
a modification of the method previously described (30). Briefly, a crude

synaptosomal preparation was made from fresh rat striatal tissue (2.0
mg/ml, original wet weight) in 0.32 M sucrose. Inhibition of [*H]
dopamine uptake by cocaine or p-ISOCOC was determined in Krebs-
phosphate buffer (126 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl,, 16.0 mM
Na,HPO,, 1.4 mM MgSO,, 2 mg/ml dextrose, 0.2 mg/ml ascorbic acid,
pH 7.4) containing 10 uM pargyline, using 10-12 concentrations of
either inhibitor. Assay blanks were defined using 100 M mazindol;
specific dopamine uptake was defined as the difference between [*H]
dopamine taken up by the synaptosomes in the presence and absence
of mazindol. Buffer and ligand (0.9 ml, total volume) were preincubated
for 10 min at 30°, and then 0.1 ml of tissue was added to the tubes to
begin the 3-min incubation. The assay was terminated by the addition
of 3 ml of ice-cold 0.32 M sucrose. The tubes were then filtered through
GF/B filters, using a Brandel manifold vacuum apparatus. Radioactiv-
ity was counted in 5 ml of scintillation cocktail. Protein content was
determined according to the method of Lowery et al. (31).

In order to determine the effect of p-ISOCOC upon the K, and Vi,
of dopamine uptake, the synaptosomal fraction was incubated with
either buffer or p-ISOCOC for 20 min. The fraction was pelleted and
the P, preparation was washed twice. [*H]Dopamine uptake was meas-
ured in the presence of 10-900 uM concentrations, as described above.

Materials. All isothiocyanate derivatives were prepared by treat-
ment of the amino analogs with thiophosgene. p-Isothiocyanatococaine
(p-ISOCOC) (Fig. 1) was prepared by treatment of the known p-
aminococaine (32) with thiophosgene, resulting in a 50% yield. Similar
treatment of m-aminococaine and of the p-amino WIN 35,065-2 analog
gave m-ISOCOC (Fig. 1) and ISOWIN (Fig. 1) in 48% and 75% yields,
respectively. The two cocaine analogs were isolated as the hydrochloride
salts; the WIN 35,065-2 analog was obtained as a fumarate salt. The
heretofore  unreported m-aminococaine and  3B-(4-amino-
phenyl)tropane-2-carboxylic acid methyl ester were prepared by cata-
lytic reduction of the nitro analogs, using Raney nickel catalyst. The
m-nitrococaine compound was synthesized as described for the p-
isomer (32), whereas the WIN analog was prepared by nitration of
WIN 35,065-2. The chemical structures of these compounds were
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Fig. 1. Structures of cocaine, WIN 35,065-2, and isothiocyanate deriva-
tives (m-ISOCOC, p-ISOCOC, and ISOWIN), as discussed in Materials
and Methods.
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confirmed by 'H NMR analysis, and the chemical purity was ascer-
tained by thin layer chromatography and elemental analysis. The salts
were stable when stored as solids at 12°. Experimental details of the
synthesis will be described in a subsequent publication. ["H]WIN 35,428
(specific activity, 81.3 Ci/mmol), [*H]mazindol (specific activity, 15.0
Ci/mmol), [*H]paroxetine (specific activity, 22.3 Ci/mmol), ["H]YM-
09151-2 (specific activity, 71.8 Ci/mmol), and [*H]dopamine (specific
activity, 20.5 Ci/mmol) were purchased from Dupont-New England
Nuclear (Boston, MA). Unlabeled WIN 35,428, WIN 35,065-2, mazin-
dol, and (—)-cocaine were obtained from the National Institute on Drug
Abuse. Metaphit was a generous gift of Warner-Lambert (Ann Arbor,
MI), (+)-Butaclamol was purchased from Research Biochemicals (Na-
tick, MA), and all other drugs and reagents were purchased from Sigma
Chemical Co. (St. Louis, MO).

Results

The analogs of cocaine, m-ISOCOC, p-ISOCOC, and
ISOWIN (Fig. 1), were synthesized as described in Materials
and Methods. These compounds, (—)-cocaine, metaphit, and
WIN 35,065-2 were tested as inhibitors of [PHJWIN 35,428
binding in rat striatal membranes. The most potent inhibitor
was WIN 35,065-2, as previously described (1). Next in potency
was (—)-cocaine, whereas the three isothiocyanate derivatives
were about 10-fold weaker; metaphit was the weakest (Table
1). The Hill coefficient in these experiments was less than 1
for (—)-cocaine and WIN 35,065-2; this has also been reported
by others (33).

Because cocaine and various analogs have been demonstrated
to bind to both norepinephrine and serotonin uptake sites (34),
the inhibitory properties of p-ISOCOC at these sites were also
examined. The ICs for cocaine inhibition of [*H])mazindol
binding in rat frontal cortex was approximately 150-fold less
than that of p-ISOCOC (Table 2). In contrast, cocaine and p-
ISOCOC inhibited [*H]paroxetine binding to rat brainstem
with equal potency. Both Hill coefficients for p-ISOCOC were
close to unity, indicating a single binding site in these regions.
There did not appear to be any effect of p-ISOCOC upon D,
dopamine receptors, as evidenced by no loss of [*H]YM-09151-
2 binding at a p-ISOCOC concentration of 1000 uM. In contrast,
at this concentration of metaphit there was a significant reduc-
tion of [*H]YM-09151-2 binding (data not shown).

Because the ICs of irreversible inhibitors has been shown to
depend on tissue concentration (25, 27), we examined the effect
of various tissue concentrations on the ICs values of these

TABLE 1

Inhibition of [*H]WIN 35,428 binding by cocaine, WIN 35,065-2,
isothiocyanate derivatives, and metaphit

Membranes (2 mg of tissue/mi) were prepared and radioligand assays were
performed as described in Materials and Methods, using at least nine concentra-
tions of inhibitor. The ICs, values and Hill coefficients were computed using EBDA.
Control values for [*H]WIN 35,428 binding were approximately 23 fmoi/mg. Values
represent the mean =+ standard error of four or five independent experiments, each
performed in triplicate.

Drug 1ICs0 Hill coefficient
uM
(—)-Cocaine 0.10 +0.02 0.89 + 0.05
WIN 35,065-2 0.023 + 0.005 0.89 + 0.02
m-1ISOCOC 146 +0.31 1.00 £ 0.09
p-ISOCOC 1.05 +0.20 1.01 £ 0.05
ISOWIN 1.65 +0.02 0.90 £ 0.01
Metaphit 329 +0.03 1.32 £ 0.03

! Boja, J. W. and Kuhar, M. J. Unpublished data.
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compounds. The ICs did not demonstrate a dependence on
tissue concentration for (—)-cocaine. There was only a slight
dependence on tissue concentration for ISOWIN. In contrast,
the ICy, values for m-ISOCOC and p-ISOCOC showed a strong
dependence on tissue concentration, inasmuch as they varied
10-fold over the 10-fold tissue concentration range examined
(Fig. 2).

In order to assess the irreversibility of the inhibition by
cocaine and the isothiocyanate derivatives, they were preincu-
bated with striatal membranes (2 X ICs concentrations) and
subjected to zero, one, two, or three washes, and then the
membranes were tested for [P H]WIN 35,428 binding activity.
When (—)-cocaine or ISOWIN was used as inhibitor, the inhib-
iting properties were removed by two washes. In contrast, m-
ISOCOC and p-ISOCOC displayed an inhibition that was not
reversed by three washes (Fig. 3).

The time course of inhibition was examined. Preincubation
times were varied from 15 sec to 30 min. Maximal irreversible
inhibition was found by 1 min (data not shown). The reactivity
of isothiocyanate derivatives has been shown to be reduced in
an acidic environment (20, 25, 27). In an attempt to examine
the effect of reduced pH on ISOCOC blockade, the binding of
[*H]WIN 35,428 was measured at pH 5.0. In control experi-
ments, specific [PHJWIN 35,428 binding at pH 5.0 without drug
was reduced by 95%, as compared with specific binding at pH
7.4. Because of this, the effect of ISOCOC at pH 5.0 could not
be determined.

The effect of irreversible inhibition by p-ISOCOC on the K)
and B, of [’H]WIN 35,428 binding in rat striatal membranes
was examined. Membranes were preincubated with 1, 10, or
100 uM concentrations of p-ISOCOC, 1 uM (—)-cocaine, or
buffer alone. After three washes of the membranes, [PTH]WIN
35,428 binding was examined. Saturation experiments with
membranes that were preincubated with no drug present re-
vealed both a high and a low affinity component of [PTHJWIN
35,428 binding (Table 3). There was about a 10-fold difference
in Kp and a 3-fold difference in Bp.. between the two compo-
nents. Two binding sites for [PH]WIN 35,428 have been ob-
served by other investigators (33). Preincubation with (-)-
cocaine had no significant effect on the binding constants.
However, preincubation with 1 uM p-ISOCOC resulted in a
large reduction of the B,,, for the high affinity site. Preincu-
bation with higher concentrations of p-ISOCOC resulted in
loss of the high affinity site; the K, of the remaining site
appeared to increase after preincubation with 100 uM p-ISO-
COC. Preincubation of membranes with 10 uM p-ISOCOC
resulted in a loss of high affinity [*H]WIN 35,428 binding, and
the data could be fit to a multiple site model in only two of the
eight experiments. Statistical modeling was based on LIGAND,
using the F test and “goodness of fit” parameters to compare
multiple curves simultaneously. Using the same method, Scat-
chard analysis of [PH]WIN 35,428 binding to membranes that
were preincubated with 100 uM p-ISOCOC could only be fit to
a single-site model and demonstrated a significant difference
between single- and multiple-site models at the p < 0.05 level
of significance in all nine experiments (see Fig. 4).

Cocaine and dopamine were tested for their ability to protect
against acylation by p-ISOCOC in rat striatal membranes. The
striatal membranes were incubated for 10 min with various
concentrations of either cocaine or dopamine, alone or in com-
bination with 10 uM p-ISOCOC, washed three times, and tested
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TABLE 2
Inhibition of [*H]mazindol binding in rat frontal cortex, [*H]paroxetine binding in rat brainstem, and [*H]YM-09151-2 binding in rat striatum
by cocaine and p-ISOCOC
Membranes were prepared and radioligand assays were performed as described in Materials and Methods, using 10-12 concentrations of inhibitor. The ICy, values and
Hill coefficients were computed using EBDA. Values represent the mean + standard error of three or four independent experiments, each performed in triplicate.
Ligand Site Drug ICso Hil coefficient
uM
[*H]Mazindol Norepinephrine (—)-Cocaine 0.11 £ 0.02 0.83 +0.10
transport p-1ISOCOC 173 +47 111 +£0.13
[*H]Paroxetine 5-Hydroxytryptamine (—)-Cocaine 110+ 0.26 1.01 £ 0.10
transport p-ISOCOC 1.17 £ 0.09 1.43 £ 0.56
[PH]YM-09151-2 D Dopamine p-1ISOCOC >1000
9 £
g1 ©Cocaine P (005 comparedto  * g 100 o—oCocaine
OISOWIN ICyovolues at 2.0 mg/mi : 90 -L :::m-—'lsSOCOC
71+ am-ISOCOC § a0l L saw&coc
~ 61 ° p—ISOCOC q
s z 70+
3 5% Z 601
8 ‘1 5
o 37 § 40T
2+ 2 30+
£ 204
1+ €
10+
0- —f= 7 Y §
0 1 2 3 4 5 6 a 0
0 1 2 3

Tissue Concentration (mg/ml)

Fig. 2. Effect of tissue concentration on ICs. The membranes were
initially prepared as described in Materials and Methods; however, the
tissue was resuspended to 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, or 6.0
mg/mli (original wet weight). Each experiment was conducted by coin-
cubating 0.5 nm [*H]WIN 35,428 and 12 concentrations of inhibitor, to
calculate ICso; 6ach point is the result of three experiments in triplicate.
Data are mean + standard error. Nonspecific binding was defined with
50 um (—)-cocaine. ICs, values were determined using EBDA (Elsevier
Software). Significant differences were determined by analysis of vari-
ance and Dunett’s comparison of the means.

for [°’H)WIN 35,428 binding inhibition. Preincubation with 100
or 1000 uM cocaine before incubation with 10 uM p-ISOCOC
resulted in 63% and 100% protection, respectively, against
acylation by p-ISOCOC (Fig. 5). However, the same concentra-
tions of dopamine provided less protection than that afforded
by cocaine. When the concentration of p-ISOCOC was in-
creased to 100 uM, neither concentration of either cocaine or
dopamine protected against acylation by p-ISOCOC (data not
shown).

The ability of p-ISOCOC to inhibit [*H]dopamine uptake
into synaptosomes was compared with that of cocaine. Various
concentrations (10 mM to 100 uM) of either p-ISOCOC or
cocaine were coincubated with [*H])dopamine and a P, synap-
tosomal preparation, for 3 min at 30°. The results demonstrated
that cocaine (2.75 + 0.18 uM) and p-ISOCOC (2.78 £ 0.07 uM)
both inhibit [*H]dopamine uptake with approximately equal
potency (Table 4).

Preincubation of the synaptosomal fraction with 10 uM p-
ISOCOC or cocaine, followed by two washes, resulted in a
reduction in the Vi, of synaptosomal dopamine uptake from
8.39 + 0.60 pmol/mg of protein/min for cocaine-pretreated
synaptosomes to 0.30 + 0.07 pmol/mg of protein/min for p-
ISOCOC-treated synaptosomes. The K,, values were relatively
unchanged following p-ISOCOC pretreatment (122 + 14 nM,

Number of Washes

Fig. 3. Effect of repeated tissue washes on [*H]WIN 35,428 binding in
striatal membranes pretreated with cocaine, m-ISOCOC, p-ISOCOC, or
ISOWIN. Membrane preparations (2.0 mg/ml) were preincubated for 15
min with twice the ICs, concentrations (Table 1) of the various drugs, or
with buffer for control. The membranes were then centrifuged at 20,000
x g for 5 min and resuspended in buffer to 2.0 mg/ml. An aliquot of
membrane suspension was removed (0 washes), and [*H]WIN 35,428
binding was assayed as described in Materials and Methods. The re-
maining membrane preparation was again centrifuged and resuspended,
and an aliquot was removed; this was repeated until the membrane
preparation had been washed three times. Data are mean + standard
error of three experiments.

compared with a cocaine-pretreated value of 120 + 31 nM)
(Table 4).

Discussion

Isothiocyanate derivatives of binding ligands have been use-
ful tools for examining the properties and characteristics of
various drug receptors (23, 25, 27, 28). These compounds are
thought to interact with bionucleophiles, particularly amino
groups on lysine, arginine, and histidine. In studying the co-
caine receptor, the analogs examined here may be particularly
useful, because they are structurally more similar to cocaine
than are any of the other available irreversible ligands for the
dopamine transporter (17-22). In addition, p-ISOCOC seems
to be slightly more potent at the cocaine binding site than
metaphit, another isothiocyanate derivative that binds to this
site (17, 18, 20, 35).

Our data indicate that the analogs of cocaine, particularly m-
ISOCOC and p-ISOCOC, are irreversible binding inhibitors at
the cocaine receptor associated with the dopamine transporter.
The compounds are relatively potent inhibitors of [PH]WIN
35,428 binding, and the inhibition cannot be removed from the
tissues by washing. The ICs, of p-ISOCOC was less than that

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

TABLE 3
Effect of drug pretreatment on [*H]WIN 35,428 binding parameters

Membranes were prepared (2 mg/ml) and preincubated for 15 min with the indicated compound, and saturation binding

Irreversible Dopamine Transporter Ligands 343

were conducted as described in Materials

assays
and Methods. Values represent the means of four or more experiments, as indicated in parentheses, with at least 10 concentrations of unlabeled WIN 35,428. K, and

Bmax values were calculated using LIGAND. Data are mean + standard error.

Ko Brax
Pretreatment
Kongn Koow Bmaxyg, Bmaxy,,
v nmolfg
Buffer (4) 7117 779+ 213 1.04 £ 0.35 2.76 £ 0.51
1 um (—=)-Cocaine (5) 6.1+£13 71.4 +£ 26.6 0.83+0.18 2.52 + 0.41
1 um p-ISOCOC (5) 6.2+20 66.9 + 154 0.12 + 0.06* 1.56 + 0.64
10 um p-ISOCOC (8)° 420+ 44 2.68 + 0.22
100 um pISOCOC (9)° 173.0 £ 20.0 1.93 £ 0.30
* Significantly less than either buffer or cocaine pretreatment (p < 0.01).
® A two-site model was not statistically preferred in six of eight experiments, using LIGAND.

° A two-site model was not statistically preferred in any of the nine experiments, using LIGAND.

0.15

0.15

0.10¢ 0.10
s
0.05 4 0.05
0.00 ; v L — B | o'w N v ]
0.0 0.5 1.0 1.5 20 2.3 3.0 0.0 0.5 1.0 1.5 2.0 2.5
Bound (nmoi/g) Bound (nmol/g)
0.15 0.02
10 uM p-1SOCOC 100 uM p—1SOCOC
0.10¢
'S
s &

0.05¢+

0.00 -+ + + —+ +
0.0 03 1.0 13 2.0 25 3.0

Bound (nmol/g)

0.0 0.5 1.0 15 2.0 2.5

Bound (nmol/g)

Fig. 4. Effect of preincubation with p-ISOCOC on [°*H]WIN 35,428 binding constants. Membrane preparations were preincubated with 1, 10, or 100
uM p-ISOCOC for 15 min at 4° and then washed, and [*H]WIN 35,428 binding was assayed as described in Materials and Methods. The K, and
Bmex Values were calculated using LIGAND. Statistical analyses were performed, using LIGAND and an F test, to determine whether those data
could be best described by a single- or multiple-state model. A multiple-state model was chosen only if there was a significant increase in the
goodness of fit. The Scatchard plots shown are the means of five to nine experiments, as indicated in Table 2. B/F, bound/free.

seen for cocaine itself; however, the addition of the isothio-
cyanate moiety seems to reduce potency, as demonstrated by
the reduction of potency shown by metaphit, as compared with
the parent phencyclidine compound (18, 35). In addition, the
blockade of the [PHJWIN 35,428 binding site indicates that

[*H]dopamine transport is blocked by p-ISOCOC, because,
under the conditions used here, [PH]WIN 35,428 binds to the
cocaine receptor at the dopamine transporter (33). Also, the
inhibition of these compounds in competition experiments
depended strongly on tissue concentration, a finding that is

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

344 Bojaetal

'g b + Significantly different
£ ] from p-ISOCOC alone
: 100 ¢+ l p €0.05

<

5 80+ ) )
2 et i ! *
o, T

k] 1l 1

AR RIRRIR

2 20 q * 1’ *
AR AR R
a o 2

Fig. 5. Protection by cocaine or dopamine against acylation by p-
ISOCOC. The membranes were initially prepared as described in Mate-
rials and Methods and then incubated with either buffer or 100 or 1000
uM drug, with 10 um p-ISOCOC, for 10 min. The membrane preparation
was centrifuged and washed three times; [‘H]WIN35428birdmgwas
then assayed as previously described. Statistical analyses were per-
formed using analysis of variance and a Dunett's comparison of the
means.

TABLE 4

Inhibition of [*H]ldopamine uptake into rat striatal synaptosomes by
coincubation and by preincubation with p-ISOCOC and (—)-cocaine

mmawsooocmmmmmw(ewaswmmmatof
arying

using EBDA. Values represent the mean + standard error of three experiments.

+ standard error of Vimex and K., values are from three experiments.

Drug ICso Hil coefficient Virax K

um %%‘: w
Saline 8431066 103+12
Cocaine 275+0.18 1.1+03 839+0.60 120+ 31
pISOCOC 278+007 12+05 030+0.07 122+14

typical of irreversibly binding ligands (25, 27). Because p-
ISOCOC appeared to be a more effective irreversible inhibitor
of [P'HJWIN 35,428 binding than ISOWIN and because these
compounds are fairly close structural analogs of each other and
exhibit similar affinities for inhibition of [PH]WIN 35,428
binding (Table 1), it is striking that ISOWIN is not involved
in site-directed acylation of the cocaine binding site. Presum-
ably, this indicates that ISOWIN lacks one or more of the
specific structural requirements associated with irreversible
inhibition of cocaine binding. The lack of cocaine binding to
the D, dopamine receptor is reflected by a lack of binding to
this receptor by p-ISOCOC, although metaphit, on the other
hand, did demonstrate inhibition at this site. Although p-
ISOCOC demonstrated similar potency as cocaine at the sero-
tonin transporter site, it was slightly weaker at the norepine-
phine uptake site, again suggesting a specificity of action for p-
ISOCOC.

Scatchard analysis of [PHJWIN 35,428 binding revealed two
binding sites, with K, values in buffer- (7.1 and 77.9 nM) or
(=)-cocaine- (6.1 and 71.4 nM) pretreated membranes that are
in good agreement with previously published K, values for [*H]
WIN 35,428 (33). Binding experiments with [*H]cocaine or
WIN 35,065-2 also revealed two binding sites (11-13, 36). This
is in contrast to findings with other ligands, where only one
site was found (2-5). The Bg.. values obtained here in rat

striatal tissues are approximately 10-fold higher than those
obtained by Madras et al. (33), using [PHJWIN 35,428 in mon-
key caudate, but are in good agreement with the values obtained
by Calligaro and Eldefrawi (11, 12), using [*H]cocaine. The
reasons for this differences are 2-fold. Whereas Calligaro and
Eldefrawi (11, 12) determined the number of cocaine binding
sites in rat, Madras et al. (33) utilized primate tissue. Addition-
ally, Madras et al. (33) conducted binding experiments in Tris
buffer, whereas Calligaro and Eldefrawi (11, 12) utilized phos-
phate buffer, which gives higher binding; we utilized phosphate
buffer as well. Reith et al. (37) determined that Tris buffer can
reduce the apparent number of cocaine binding sites, as com-
pared with phosphate buffer. This phenomenon was also ap-
parent in our hands, in that the use of Tris buffer reduced Boax
values 5-10-fold, while not affecting K values.!

After pretreatment of membranes with the lowest concentra-
tion of p-ISOCOC, there was an apparent preferential loss of
high affinity sites, as expected. Low concentrations of p-ISO-
COC (1 uM) significantly reduced the number of high affinity
binding sites, whereas higher doses (10 and 100 uM) totally
eliminated this site. In contrast, the number of low affinity
binding sites did not significantly change with p-ISOCOC pre-
treatment. There was a slight dose-dependent decrease in affin-
ity for this site that was not statistically significant. This
finding is similar to that reported by others (17, 20) using
metaphit. Low doses of metaphit (10-14 uM) reduced B,
approximately 40%, with a slight or no change in affinity;
however, those studies (17, 20) were conducted with ligands
that recognize only a single binding site. Thus, when a ligand
is used that recognizes two binding sites, low doses of p-
ISOCOC may acylate a nucleophile located at the high affinity
binding site, blocking [*H]WIN 35,428 binding; higher doses of
p-ISOCOC may completely block the high affinity binding site
and acylate a second nucleophile located near the low affinity
site, partially hindering access of [PH]WIN 385,428, resulting in
decreased affinity. These observations suggest that the low and
high affinity cocaine binding sites may be structurally or con-
formationally different. However, additional experiments will
be necessary to establish this. In other experiments with both
the cocaine (17) and the benzodiazepine (25) receptor, low
doses of acylator reduced B,.,. and higher doses affected B.x
and K. The decrease in B, values at low doses of irreversible
inhibitors, followed by an increase in Kp at higher doses, has
been postulated to be due to the presence of a second nucleo-
phile in the vicinity of the receptor (25).

As suggested by blockade of the cocaine binding site, p-
ISOCOC also inhibits [°*H]dopamine uptake, with an IC;, sim-
ilar to that of cocaine itself. This finding is surprising, consid-
ering the dissimilar ICs, values of cocaine and p-ISOCOC for
inhibition of [PH]WIN 35,428 binding. This is probably ac-
counted for by the different temperatures at which the two
assays were performed (0° and 30°). Thus, although all reaction
rates are increased at higher temperatures, this has virtually
no effect on cocaine binding, because both the association and
the dissociation rates at the receptor are increased. Conversely,
because p-ISOCOC is an irreversible ligand and, therefore, has
a vanishingly small dissociation rate, the result of increasing
its association and bonding rates leads to an apparently higher
ICs. Pretreatment of striatal synptosomes decreased the up-
take site V., a finding consistent with the radioligand binding
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data. This finding is also consistent with the reduction in V.,
shown by metaphit (20, 33).

The results of this study suggest that p-ISOCOC is a com-

pound that will be useful in the study of the structure and
function of the dopamine transporter. p-ISOCOC irreversibly
blocked both ligand binding to the cocaine recognition site and
dopamine uptake by the transporter. Because p-ISOCOC
blocked the high affinity cocaine binding site in preference to
the low affinity sites, it may be valuable tool to study the role
of the high affinity site.

Acknowledgments

The authors acknowledge the assistance of Dr. Dimitri Grigoriadis, Theresa

A. Kopajtic, Michael Reihart, and Terrie Pierce.

References

1

Ritz, M. C,, R. J. Lamb, 8. R. Goldberg, and M. J. Kuhar. Cocaine receptors
on dopamine rters are related to self-administration of cocaine. Sci-
ence (Washington D. C.) 387:1219-1223 (1987).

. Bergman, J., B. K. Madras, S. E. Johnson, and R. D. Spealman. Effects of

cocaine and related drugs in nonhuman primates. II1. Self-administration by
irrel monkeys. J. Pharmacol. Exp. Ther. 351:150-155 (1989).

squirre|
. Javitch, J. A, R. O. Blaustein, and S. H. Snyder. [*H]Mazindol binding

associated with neuronal dopamine and norepinephrine uptake sites. Mol
Pharmacol. 26:35-44 (1984).

. Dubocovich, M. L., and N. R. Zahniser. Binding characteristics of the

dopamine uptake inhibitor [*H]nomifensine to striatal membranes. Biochem.
Pharmacol. 34:1137-1144 (1985).

. Janowsky, A., P. Berger, F. Vocci, R. Labarca, P. Skolnick, and S. M. Paul.

Characterization of sodium-dependent [*"H}GBR-12935 binding in brain: a
radioligand for selective labelling of the dopamine transport system. J.
Neurochem. 48:1272-1276 (1986).

. Andersen, P. H. Biochemical and pharmacological characterization of [*H]

GBR 12935 bidning in vitro to rat striatal membranes: labeling of the
dopunmo uptake complex. J. Neurochem, 48:1887-1896 (1987).

Zimanyi, I, A. Lajtha, and M. E. A. Reith. Comparison of characteristics of
dopamine uptake and mazindol binding in mouse striatum. Naunyn-Schmie-
deberg’s Arch. Pharmacol. 340:626-632 (1989).

8. Reith, M. E. A,, H. Shershen, and A. Lajtha. Saturable [*H]cocaine binding

9.

10.

11
12

18.

14.

15.

16.

in central nervous system of mouse. Life Sci. 27:1055-1062 (1980).

Sershen, H.,, M. E. A. Reith, and A. Lajtha. Comparison of the properties of
central and peripheral binding sites for cocaine. Neuropharmacology 21:469-
474 (1982).

Kennedy, L. T., and 1. Hanbauer. Sodium-sensitive cocaine binding to rat
striatal membrane: possible relationship to dopamine uptake sites. J. Neu-
rochem. 41:172-178 (1983).

Calligaro, D. O., and M. E. Eldefrawi. Central and peripheral cocaine recep-
tors. J. Pharmacol. Exp. Ther. 343:61-67 (1987).

Calligaro, D. O., and M. E. Eldefrawi. High affinity stereospecific binding of
[*H]cocaine in striatum and its relationship to the dopamine transporter.
Membr. Biochem. '1:87-106 (1988).

Madras, B. K., M. A. Fahey, J. Bergman, D. R. Canfield, and R. D. Spealman.
Effects of cocaine and related drugs in nonhuman primates. I. [*H]Cocaine
binding sites in caudate-putamen. J. Pharmacol. Exp. Ther. 251:131-141
(1989).

Janowsky, A., M. M. Schweri, P. Berger, R. Long, P. Skolnick, and S. M.
Paul. The effects of surgical and chemical lesions on striatal [*H]threo-(£)-
methylphenidate binding: correlation with [*H]dopamine uptake. Eur. J.
Pharmacol. 108:187-191 (1985).

Sershen, H., M. E. A. Reith, A. Hashim, and A. Lajtha. Reduction of
dopamine uptake and cocaine binding in mouse striatum by N-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine. Eur. J. Pharmacol. 102:175-178 (1984).
Schoemaker, H., C. Pimoule, S. Arbilla, B. Scatton, F. Javoy-Agid, and S. Z.
Langer. Sodium dependent [*H)cocaine binding associated with dopamine
uptake sites in the rat striatum and human putamen decrease after dopami-
nergic denervation and in Parkinson’s disease. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 329:227-235 (1985).

17.

Irreversible Dopamine Transporter Ligands 345

Berger, P., A. E. Jacobsen, K. C. Rice, R. A. Lessor, and M. A. E. Reith.

Metaphit, a receptor acylator, inactivates cocaine binding sites in striatum

and antagonizes cocaine-induced locomotor stimulation in rodents. Neuro-
25:931-933 (1986).

pharmacology
18. Schweri, M. M., A. E. Jacobeen, R. A. Lessor, and K. C. Rice. Metaphit

19.

21.

22.

23.

24.

27.

30.

31.

37.

irreversibly inhibits [*H]threo-(+)-methylphenidate binding to rat striatal

tissue. J. Neurochem. 48:102-105 (1987).

Snell, L. D., K. M. Johnson, S.-J. Yi, R. A. Lessor, K. C. Rice, and A. E.

Jacobson. Phencyclidine (PCP)-like inhibition of N-methyl-D-aspartate-

evoked striatal acethycholine release, SH-TCP binding and synaptosomal
e uptake by metaphit, a proposed PCP receptor acylator. Life Sci.

41:2645-2654 (1987).

. Zimanyi, L., A. E. Jacobeon, K. C. Rice, A. Lajtha, and M. E. A. Reith. Long-

term blockade of the dopamine uptake complex by metaphit, an isothio-
cyanate derivative of phencyclidine. Synapse 3:239-245 (1989).

Grigoriadis, D. E., A. A. Wilson, R. Lew, J. S. Sharkey, and M. J. Kuhar.
Dopamine transport sites selectively labeled by a novel photoaffinity probe,
'SL.DEEP. J. Neurosci. 9:2664-2670 (1989).

Sallee, F. R, E. L. Fogel, E. Schwartz, S.-M. Choi, D. P. Curran, and H. B.
Niznik. Photoaffinity labeling of the mammalian dopamine transporter.
FEBS Lett. 258:219-224 (1989).

Kao, P. N,, A. J. Dwork, R. R. Kaldany, M. L. Silver, J. Wideman, S. Stein,
and A. Karlin. Identification of the alpha subunit half-cystine specifically
labeled by an affinity reagent for the acetyicholine receptor binding site. J.
Biol. Chem. 259:11662-11665 (1984).

Liptak, A., J. W. Kusiak, and J. Pitha. Alkylating beta-blockers: activity of
isomeric bromoacetyl alprenolol methanes. J. Med. Chem. 28:1699-1703
(1985).

. Lueddens, H. W. M., A. H. Newman, K. C. Rice, and P. Skolnick. AHN 086:

an irreversible ligand of “peripheral” benzodiazepine receptors. Mol. Phar-
macol. 29:540-545 (1986).

. Ratnam, M., W. Gullick, J. Spiess, K. Wan, M. Criado, and J. Lindstrom.

Structural heterogeneity of the alpha subunits of the nicotinic acetylcholine
receptor in relation to agonist affinity alkylation and antagonist binding.
Biochemistry 25:4268-4275 (1986).

Lewin, A. H., B. R. de Costa, K. C. Rice, and P. Skolnick. meta- and para-
Isothiocyanato-¢-butylbicycloorthobenzoate: irreversible ligands of the +-
ag‘:(:obutg'ric acid-regulated chloride ionophore. Mol. Pharmacol. 35:189-
194 (1989).

. Ringdahl, B., E. D. Katz, M. Roch, and D. J. Jenden. Muscarinic actions and

receptor binding of the enantiomers of BM 130, an alkylating analog of
oxotremorine. J. Pharmacol. Exp. Ther. 249:210-215 (1989).

. Niznik, H. B, D. E. Grigoriadis, I. Pri-Bar, O. Buchman, and P. Seeman.

Dopamine Dy receptors selectively labeled by a benzamide neuroleptic, [*H)-
YM-09161-2. Naunyn-Schmiedeberg's Arch. Pharmacol. 329:333-343 (1885).
Boja, J. W., and M. J. Kuhar. [*H]Cocaine binding and inhibition of [*H)
dopamine uptake is similar in both the rat striatum and nucleus accumbens.
Eur. J. PharmmL 178:216-217 (1989).

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. Protein
:nm\;nmont with the Folin phenol reagent. J. Biol Chem. 198:265-275
1951).

. Leute, R. K., and G. Bolz. United States Patent 3,888,868 (1975).
. Madras, B. K., R. D. Spealman, M. A. Fahey, J. L. Neumeyer, J. K. Saha,

and R. A. Milius. Cocaine receptors labeled by [*H]28-carbomethoxy-38-(4-
fluorophenyl)tropane. Mol. Pharmacol. 36:518-524 (1989).

. Ritz, M. C,, E. J. Cone, and M. J. Cone. Cocaine inhibition of ligand binding

at dopamine, norepinephrine and serotonin transporters: a structure-activity
study. Life Sci. 46:635-645 (1990).

. Schweri, M. M., A. E. Jacobsen, R. A. Lessor, and K. C. Rice. Metaphit

inhibits dopamine transport and binding of [*H]methylphenidate, a proposed
marker for the dopamine transporter complex. Life Sci. 45:1689-1698 (1889).

. Ritz, M. C,, J. W. Boja, D. E. Grigoriadis, R. Zacek, F. I. Carroll, and M. J.

Kuhar. [PHJWIN 35,085-2: a ligand for cocaine receptors in striatum. J.
Neurochem. 55:1556-1562 (1990).
Reith, M. E. A, B. E. Meisler, H. Sershen, and A. Lajtha. [*H]Cocaine
binding in brain is inhibited by Tris(hydroxymethyl)aminomethane. J. Neu-
rosci. Methods 12:151-153 (1984).

Send reprint requests to: Michael J. Kuhar, Ph.D., NIDA Addiction Research
Center, P.O. Box 5180, Baltimore, MD 21224.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



