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ABSTRACT
The pharmacological properties of the iodinated derivative of
cocaine (E)-N-(3-iodoprop-2-enyl)-2b-carbomethoxy-3b-(49-
methylphenyl)nortropane (PE2I) were evaluated in vitro in the
rat. Binding experiments on rat striatal membranes showed that
PE2I selectively recognized the dopamine transporter (DAT)
according to a single binding site model with high affinity (Kd 5
4 nM, Bmax 5 12 pmol/mg protein). In the cortical membranes,
the binding of PE2I was also selectively associated with the
DAT (IC50 for GBR 12909 5 6 nM versus more than 1000 nM for

paroxetine), with similar affinity to that of the striatum. Autora-
diographic experiments on rat brain sections with [125I]PE2I
were in agreement with the localization of the DAT. In addition,
PE2I was shown to be a potent inhibitor of dopamine uptake,
with IC50 values similar to those for GBR 12909 and 2b-carbo-
methoxy-3b-(49-iodophenyl)-tropane (b-CIT) (2–6 nM). All of
these findings, combined with previously published data, sup-
port the use of PE2I as a selective and potent tool to study the
DAT both in vivo and in vitro.

The membrane dopamine (DA) transporter (DAT) has ma-
jor physiological roles in regulating neurotransmission pro-
cesses through the rapid removal of DA from the synaptic
cleft back into the presynaptic nerve endings. It also medi-
ates the pharmacological effects of drugs such as cocaine and
amphetamine (Giros et al., 1996) and the entry of neurotox-
ins such as 1,2,3,6-tetrahydro-1-methyl-4-phenylpyridine
into DA neurons (Gainetdinov et al., 1997). Moreover, this
transporter is very involved in a variety of disease processes
such as the physiopathological mechanisms of Parkinson’s
disease (Uhl et al., 1994). The DAT appears, therefore, to be
an essential neurochemical factor, and its exploration is
highly valuable for the understanding of the mechanisms of
action of several drugs, as well as for the diagnosis and
follow-up of various cerebral diseases.

One reliable approach to such study involves the use of
radioactive probes in vitro or, as more recently described, in
vivo for scintigraphic investigations. The development of
such radioligands is generally based on compounds known to

bind to the DAT. A large panel of drugs interacts with this
transporter, the molecular structure of which has been elu-
cidated (Giros et al., 1991). However, the strong structural
similarities among the three membrane monoamine trans-
porters [DA, 5-hydroxytryptamine (5-HT; serotonin), and
norepinephrine (NE)] contribute to the lack of selectivity of
many radioligands (Amara and Kuhar, 1993). For example,
the pharmacological effects of cocaine are essentially due to
an inhibitory action of this drug at the DAT (Ritz et al.,
1990a; Giros et al., 1996), but it also binds to the 5-HT and
NE transporters (Ritz et al., 1990a). More potent ligands of
the DAT have been developed, in particular, the cocaine
derivative WIN 35,428 (Boja et al., 1990) and its closely
related iodinated derivative 2b-carbomethoxy-3b-(49-iodo-
phenyl)-tropane (b-CIT) (Boja et al., 1991). The compound
b-CIT is currently used for in vitro study of the DAT when
labeled with 125I (Boja et al., 1992a) and in vivo when labeled
with 11C for positron emission tomography (Farde et al.,
1994) or with 123I for single-photon emission computed to-
mography (SPECT; Laruelle et al., 1994a). b-CIT has, how-
ever, two major disadvantages: it binds to both the DA and
5-HT transporters (Boja et al., 1992a; Rothman et al., 1994),
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and it has in vivo kinetics that require at least 20 h to obtain
maximal specific binding to the DAT (Brücke et al., 1993).
This delay is not suitable for [11C]b-CIT (half-life 5 20 min)
and is not fully appropriate for [123I]b-CIT (half-life 5 13 h).

To obtain a radioiodinated tracer possessing both high
selectivity for the DAT and suitable kinetics for short half-life
isotopes, we recently developed several new tropane deriva-
tives (Emond et al., 1997). One of these compounds, (E)-N-
(3-iodoprop-2-enyl)-2b-carbomethoxy-3b-(49-methylphenyl)
nortropane (PE2I), is 300 times more selective than b-CIT for
the DAT compared with the 5-HT transporter (Emond et al.,
1997). PE2I also specifically binds in vivo to the DAT in the
rat and in the primate, where it reaches maximum specific
binding to the DAT at 1 h after injection (Guilloteau et al.,
1998). In a rat model of Parkinson’s disease, PE2I is able to
detect a 10% decrease in striatal DAT as early as 24 h after
6-hydroxydopamine lesion of the nigrostriatal pathway, ap-
pearing therefore to be a reliable index of DAT density (Cha-
lon et al., 1999). In addition, preliminary in vitro postmortem
autoradiographic studies on human brains (Hall et al., 1999)
and in vivo SPECT studies in healthy subjects (Kuikka et al.,
1998) show that this compound is a good candidate for explo-
ration of the DAT in humans.

All of these findings support the future use of PE2I for
quantification of DAT in clinical applications; however, it is
essential to have a thorough knowledge of this tool for opti-
mal interpretation of such explorations. We therefore present
a pharmacological characterization of PE2I with the rat
model and demonstrate that this compound is a potent and
highly selective inhibitor of the DAT, suitable for both in vivo
and in vitro investigations.

Materials and Methods
Animals and Drugs

All experiments were conducted on male Wistar rats weighing 250
to 300 g (Center d’Elevage R. Janvier, Le Genest St. Isle, France) in
accordance with French law on animal experimentation.

Stable PE2I and b-CIT were synthesized as previously described
(Emond et al., 1997). Natural cocaine was obtained from Coopération
Pharmaceutique Française (Melun, France). GBR 12909, nisoxetine,
haloperidol, sulpiride, and SCH 23390 were obtained from RBI Bio-
block (Illkirch, France). Paroxetine was obtained from SmithKline
Beecham (Nanterre, France). [3H]DA (specific activity, 21.5 Ci/
mmol) was purchased from NEN (Boston, MA).

The radiolabeling of [125I]PE2I was performed from the stannyl
precursor according to a previously described method (Guilloteau et
al., 1998). After purification, [125I]PE2I was obtained in a no-carrier-
added form with a specific activity of 2000 Ci/mmol. It was kept in
ethanol at 220°C; it is stable for 1 month under these storage
conditions.

Binding studies

In Vitro Binding Assays on Striatal Membranes. Tissue prep-
aration. Male rats were sacrificed by decapitation on the day of the
assay, and both striata of each animal were removed on ice and
weighed (two rats were used for each experiment). The tissue was
homogenized in 10 volumes of 0.32 M sucrose with an Ultraturrax
T25. After 1000g centrifugation at 4°C for 10 min, the supernatant
was kept, and the pellet was treated as described above. Both super-
natants were then pooled and centrifuged at 17,500g for 30 min at
4°C; 20 volumes of the incubation buffer was added to the pellet, and
the mixture was homogenized and centrifuged at 50,000g for 10 min
at 4°C. The final pellet was suspended in a minimum volume of the

assay buffer, and the protein concentration was measured according
to Bradford (1976) with BSA as standard.

Saturation studies. Several experimental procedures were used.
In all experiments, [125I]PE2I was used at a tracer dose of 20 pM
together with 0.3 to 20 nM stable PE2I in 200 ml of buffer. Nonspe-
cific binding was always determined in the presence of 30 mM co-
caine. The mixture of [125I]PE2I and PE2I was incubated with 30 mg
of protein in a total volume of 1 ml in a Tris z HCl, pH 7.4, buffer (50
mM Tris z HCl, 120 mM NaCl, 5 mM KCl) for 30, 60, or 90 min at
22°C. Samples were then rapidly filtered through Whatman GF/B
fiber filters soaked with 0.1% polyethylenimine (Sigma, St. Quentin-
Fallavier, France). The filters were washed twice with 4 ml of cold
buffer, and the residual radioactivity was measured in a gamma
counter (Cobra 5010; Packard).

Influence of Na1 was tested with Tris z HCl buffer with different
concentrations of NaCl (30, 120, or 300 mM).

The influence of the buffer was tested with phosphate instead of
Tris z HCl buffer as the incubation medium (10.14 mM NaH2PO4,
137 mM NaCl, 2.7 mM KCl, 1.76 mM KH2PO4). Data were analyzed
with the use of RADLIG-EBDA analysis software (Biosoft).

Competition studies. For these studies, a mixture of [125I]PE2I (20
pM) and PE2I (4 nM) was incubated with 30 mg of protein in a total
volume of 1 ml in the Tris z HCl, pH 7.4, buffer (50 mM Tris z HCl,
120 mM NaCl, 5 mM KCl) for 90 min at 22°C in the presence of
different drugs (GBR 12909, cocaine, b-CIT, paroxetine, nisoxetine,
haloperidol, sulpiride, SCH 23390) at concentrations of 1026 to 10210

M. Samples were then treated as described above. Total binding was
determined in the absence of any drug, and nonspecific binding was
measured in the presence of 30 mM cocaine. The IC50 values were
determined graphically for each compound, and the Ki values were
calculated according to Cheng and Prussoff (1973), as fully compet-
itive inhibition was the assumed mechanism.

In Vitro Binding Assays on Cortical Membranes. Tissue
preparation. Male rats were sacrificed by decapitation on the day of
the assay, and the prefrontal cortex of each animal was removed on
ice and weighed (two rats were used for each experiment). The tissue
was homogenized in 10 volumes of 0.32 M sucrose with an Ultratur-
rax T25. Cortical membranes were then prepared as described above
for the striatum.

Saturation studies. These studies were conducted as described
above for striatal membranes, except for the protein concentration
and the volume of incubation (180 mg protein/assay in a total volume
of 500 ml).

Competition studies. They were conducted as described above for
striatal membranes, except for the protein concentration and the
volume of incubation (180 mg protein/assay in a total volume of 500
ml) in the presence of GBR 12909 or paroxetine at concentrations of
1025 to 10210 M.

In Vitro Autoradiographic Studies

Male Wistar rats weighing 200 to 250 g were sacrificed by decap-
itation, and their brains were removed on ice and then rapidly frozen
at 235°C. Then, 20-mm coronal sections were cut with a cryostat
microtome (Reichert-Jung Cryocut 1800; Leica, Rueil-Malmaison,
France), thaw mounted on gelatin microscope slides, and kept at
280°C until use. Sections were incubated for 90 min with 100 pM
[125I]PE2I in 100 ml of a pH 7.4 phosphate buffer (10.14 mM
NaH2PO4, 137 mM NaCl, 2.7 mM KCl, 1.76 mM KH2PO4). Adjacent
sections were incubated in the presence of 100 mM cocaine, 1 mM
GBR 12909, 20 nM paroxetine, or 20 nM nisoxetine. Slices were then
washed twice for 20 min in the phosphate buffer at 4°C and rinsed for
1 sec in distilled water. After drying, slices were exposed to sensitive
film (Hyperfilm b-max; Amersham International, Buckinghamshire,
UK) in X-ray cassettes for 3 days together with standards (125I-
microscales; Amersham). Regional optical densities were measured
with an image analyzer (Biocom, Les Ulis, France) after identifica-
tion of anatomical regions according to the atlas of Paxinos and
Watson (1986).
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Inhibitory Properties of [3H]DA Uptake

Uptake experiments were performed on a synaptosomal fraction
obtained from rat striata. After dissection on ice and weighing, the
tissue was homogenized in 10 volumes of 0.32 M sucrose with a
Potter homogenizer (Potter S Braun; Roucaire, Les Ulis, France).
After 1000g centrifugation at 4°C for 10 min, the supernatant was
kept and pellet was treated as described above. Both supernatants
were then mixed and centrifuged at 17,500g for 30 min at 4°C. The
final pellet was suspended in a minimum volume of the assay buffer
(Krebs-Ringer medium, pH 7.6, according to Amejdki-Chab et al.,
1992, with minor modifications) consisting of 109 mM NaCl, 3.55
mM KCl, 2.5 mM CaCl2, 1.1 mM KH2PO4, 0.6 mM MgSO4, 25 mM
NaHCO3, and 5.5 mM glucose. The protein concentration was mea-
sured according to Bradford (1976) with BSA as standard.

The assay buffer containing 0.1 mM pargyline was gassed with
95% O2/5% CO2 at 37°C for 30 min. Aliquots (50 ml corresponding to
100 mg of protein) of the synaptosomal fraction were then preincu-
bated for 5 min at 37°C with 50 ml of the assay buffer with or without
various concentrations (1025 to 10210 M) of competitor (cocaine, GBR
12909, b-CIT, or PE2I) and 850 ml of the assay buffer. Incubation was
continued for 3 min with the addition of 15 nM/50 ml of [3H]DA
(specific activity, 21.5 Ci/mmol); the reaction was then stopped with
5 ml of ice-cold medium. The mixture was immediately filtered
through Whatman GF/B fiber filters. The filters were washed twice
with 5 ml of ice-cold medium, and the residual radioactivity was
measured in a beta counter (LKB Rack Beta 1215). Specific uptake of
[3H]DA was defined as the difference between the total uptake and
the uptake at 37°C in the presence of 1026 M GBR 12909. The IC50

values (concentrations inhibiting 50% of control uptake) were deter-
mined graphically for each competitor.

Results
Binding Studies

In Vitro Binding on Striatal Membranes. Saturation
studies. The affinity and density of specific [125I]PE2I bind-
ing sites were measured using a constant concentration of
[125I]PE2I (20 pM) and increasing concentrations of unla-
beled PE2I (0.3–20 nM). Preliminary experiments with dif-
ferent incubation times (30, 60, and 90 min) showed that
binding equilibrium was reached between 60 and 90 min. We
then chose to incubate for 90 min for the following experi-
ments. With Tris z HCl buffer containing 120 mM NaCl, the
Scatchard transformation of the resulting data (Fig. 1) re-
vealed a linear curve suggesting a one-site model (nH 5 1)
with a Kd value of 3.9 6 0.8 nM (mean 6 S.D. of 7 indepen-
dent determinations, each performed in triplicate) and a
Bmax value of 11.8 6 2.6 pmol/mg protein (mean 6 S.D.).

Similar results were obtained when NaCl was present in
the buffer at a concentration of 300 mM, whereas significant
increases in Kd and Bmax values were observed with only 30
mM NaCl (Table 1).

A series of saturation experiments was also performed in
the presence of phosphate instead of Tris z HCl buffer as
incubation medium, and these yielded a Kd value of 4.9 6 0.7
nM and Bmax value of 12.3 6 3.8 pmol/mg protein (mean 6
S.D. of 3 independent determinations, each performed in
triplicate).

Competition studies. The pharmacological profile of specific
[125I]PE2I binding in the striatum was studied using drugs
known to bind to the DA, 5-HT, and NA transporters and to
various DA receptors. This profile was consistent with the
binding of [125I]PE2I to the DAT (Fig. 2), as the rank order of
potency of these drugs was GBR 12909 5 b-CIT . cocaine 5

paroxetine 5 nisoxetine . haloperidol 5 sulpiride 5 SCH
23390 (Table 2).

In Vitro Binding on Cortical Membranes. Saturation
studies. The affinity and density of specific [125I]PE2I bind-
ing sites were measured using a constant concentration of
[125I]PE2I (20 pM) and increasing concentrations of unla-
beled PE2I (0.3–20 nM) in the presence of 180 mg of proteins
from the membrane preparation. With Tris z HCl buffer con-
taining 120 mM NaCl, the Scatchard transformation of the
resulting data (Fig. 3) revealed a linear curve that suggested
a one-site model (nH 5 1) with a Kd value of 5.7 6 1.2 nM

Fig. 1. Saturation experiments of [125I]PE2I binding in the rat striatum.
Striatal membranes (30 mg protein/assay) were incubated with a constant
concentration of [125I]PE2I (20 pM) and increasing concentrations of
unlabeled PE2I (0.3–20 nM) in Tris z HCl buffer, pH 7.4, for 90 min at
22°C. Nonspecific binding was determined in the presence of 30 mM
cocaine. A, Scatchard transformation of the data. B, one representative
saturation curve. V, total; M, nonspecific; ‚, specific.

TABLE 1
Effect of concentration in Na1 on the binding of PE2I to rat striatal
membranes
A mixture of [125I]PE2I (20 pM) and unlabeled PE2I (0.3–20 nM) was incubated with
30 mg of protein for 90 min at 22°C in Tris z HCl buffer, pH 7.4, containing different
concentrations of Na1 as NaCl. The nonspecific binding was determined in the
presence of 30 mM cocaine. Kd and Bmax values were calculated after Scatchard
analysis.

[NaCl] Kd Bmax

mM nM pmol/mg protein

30 13.3 6 5.7 30.6 6 7.9
120 3.9 6 0.8 11.8 6 2.6
300 4.4 6 0.8 11.2 6 3.5

Values are mean 6 S.D. of 3 independent experiments, each performed in tripli-
cate.
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(mean 6 S.D. of 7 independent determinations, each per-
formed in triplicate) and a Bmax value of 1.0 6 0.3 pmol/mg
protein (mean 6 S.D.).

Competition studies. Competition studies on cortical mem-
branes were performed with GBR 12909 and paroxetine to
determine whether the specific [125I]PE2I binding was re-
lated to the DA or 5-HT transporters. These experiments
revealed a pharmacological profile consistent with that of
binding to the DAT, with an IC50 value of 6.4 6 2.5 nM
(mean 6 S.D.) for GBR 12909 and more than 1000 nM for
paroxetine (n 5 5 independent experiments for each value).

In Vitro Autoradiographic Studies

Semiquantitative data were obtained by the determination
of regional optical densities. As shown on Table 3, the highest
binding of [125I]PE2I (total binding) was observed in the
striatum, with a higher level in the lateral part than in the
medial. [125I]PE2I also bound to the nucleus accumbens and
olfactory tubercle, whereas a low level was found in the
frontal cortex. In DAT-rich regions (striatum, nucleus accum-
bens, olfactory tubercle), cocaine and GBR 12909 consider-
ably decreased (275 to 290%) the binding of [125I]PE2I,
whereas paroxetine and nisoxetine had no significant effect.
In the cortex, a small reduction in [125I]PE2I binding was
observed with cocaine, GBR 12909, and paroxetine, whereas
no effect was observed with nisoxetine.

Inhibitory Properties of [3H]DA Uptake

The ability of PE2I to inhibit [3H]DA uptake on rat striatal
synaptosomes was close to that of GBR 12909 and b-CIT,
whereas cocaine showed the weakest potency (Table 4 and
Fig. 4).

Discussion
To obtain a specific and reliable DAT ligand, we recently

developed an iodinated congener of cocaine, PE2I (Emond et
al., 1997). Precise understanding of the pharmacological pro-
file of such a probe is essential for reliable interpretation of

data obtained with the use of it. The first aim of this study
was therefore to characterize the binding properties of PE2I
to the DAT on rat striatal membranes. We chose to perform
all experiments on fresh tissue because the use of frozen
tissue with derivatives of cocaine as in vitro tracer could
introduce artifacts (Kirifides et al., 1992). Under these exper-
imental conditions, PE2I bound to the DAT according to a
one-site model in two different buffer systems (Tris and phos-
phate), with a Kd value of ;4 nM. In addition, such binding
was shown to be Na1 dependent, as already observed for
inhibitors of DA uptake such as GBR (Janowsky et al., 1986;
Bonnet et al., 1988) and b-CIT (Wall et al., 1993). It must be

TABLE 2
Inhibition of specific [125I]PE2I binding in rat striatal membranes
A mixture of 20 pM [125I]PE2I and 4 nM unlabeled PE2I was incubated with 30 mg
of protein in Tris z HCl buffer, pH 7.4, for 90 min at 22°C in the presence of different
drugs at concentrations of 1025 to 10210 M. Total binding was determined in the
absence of drugs, and nonspecific binding was determined in the presence of 30 mM
cocaine. IC50 values were determined graphically, and the Ki values were calculated
according to the method of Cheng and Prussoff (1973): Ki 5 1/[1 1 (1/Kd)].

Drug Ki

nM

PE2I 6.8 6 0.4
GBR 12909 1.3 6 0.3
b-CIT 1.4 6 0.8
Cocaine 480 6 28
Paroxetine 416 6 76
Nisoxetine 450 6 50
Haloperidol .1000
Sulpiride .1000
SCH 23390 .1000

Values are mean 6 S.D. of 3 independent experiments, each performed in tripli-
cate.

Fig. 3. Saturation experiments of [125I]PE2I binding in the rat frontal
cortex. Cortical membranes (180 mg protein/assay) were incubated with a
constant concentration of [125I]PE2I (20 pM) and increasing concentra-
tions of unlabeled PE2I (0.3–20 nM) in Tris z HCl, pH 7.4, buffer for 90
min at 22°C. Nonspecific binding was determined in the presence of 30
mM cocaine. A, Scatchard transformation of the data. B, one representa-
tive saturation curve. V, total; M, nonspecific; ‚, specific.

Fig. 2. Displacement of [125I]PE2I binding in rat striatum by various
drugs. Striatal membranes were incubated with 20 pM [125I]PE2I with 4
nM PE2I and increasing quantities of drugs (10210 to 1026 M). Each curve
is representative of 3 independent experiments, each performed in trip-
licate. The inhibitory constants of the drugs are given in Table 2. r, GBR
12909; ●, b-CIT; Œ, cocaine; e, paroxetine; V, nisoxetine; n, sulpiride,
SCH 23390, haloperidol.
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noted that PE2I and b-CIT differed in their in vitro binding
on rat striatal membranes, as b-CIT followed a two-site
model, with high-affinity sites (Kd ; 0.1–1 nM) and low-
affinity sites (Kd 5 3–40 nM; Boja et al., 1991, 1992a; Laru-
elle et al., 1994b; Rothman et al., 1994). A distinction can
therefore be made between cocaine derivatives developed as
ligands of the DAT possessing either single or two binding
sites in vitro. In particular, two binding sites have been
described for b-CIT, WIN 35,065-2 (Ritz et al., 1990b), and
RTI-121 (Boja et al., 1995). By contrast, a single binding site
has been determined for (E)-N-(3-iodoprop-2-enyl)-2b-carbo-
methoxy-3b-(49-chlorophenyl)nortropane (IPT) (Kung et al.,
1995), N-(3-iodoprop-2E-enyl)-2b-carbomethoxy-3b-(39,49-
dichlorophenyl)nortropane (Garreau et al., 1997), and altro-
pane (Madras et al., 1998). In view of the chemical structure
of all these tropane derivatives, it should be noted that IPT,

N-(3-iodoprop-2E-enyl)-2b-carbomethoxy-3b-(39,49-dichloro-
phenyl)nortropane, and altropane, in contrast with b-CIT,
WIN 35,065-2, and RTI-121, all possess an iodopropenyl
group on the nitrogen of the tropane structure. It can there-
fore be hypothesized that the conformational changes pro-
vided by the presence of this iodopropenyl group might pre-
vent the binding of such compounds to the low-affinity
binding site, resulting in the labeling of only the high-affinity
site. However, because PE2I and its close chemical structure
congeners possess Bmax values in the same order of magni-
tude as b-CIT and WIN 35,065-2, it cannot be excluded that
these compounds did not bind to a single site but to two sites
with equal affinity. In the case of the recognition of a single
binding site in the striatum, this would be an advantage for
quantifying the density of DAT in vitro and in vivo. As it has
been suggested that only the functional state of the DAT
seems to be associated with the high-affinity binding site
(Pristupa et al., 1993), a further value of a compound such as
PE2I could be to provide exclusive evidence of this state.

Competition studies on rat striatal membranes showed
that ligands of the DA D1 and D2 receptors, which are present
in high amounts in the striatum, had no effect on PE2I
binding. By contrast, binding was inhibited by several drugs,
with an efficiency corresponding closely to the pharmacolog-
ical profile of a DAT ligand: b-CIT and GBR 12909 highly
inhibited the binding of PE2I, whereas inhibition by parox-
etine, nisoxetine, and cocaine was poor. Poor inhibitory po-
tency of cocaine has always been observed in vitro on various
ligands of the DAT possessing the tropane structure such as
WIN 35,428 (Boja et al., 1990), b-CIT (Boja et al., 1992a;
Rothman et al., 1994), RTI-121 (Boja et al., 1995), IPT (Kung
et al., 1995), and altropane (Madras et al., 1998), in agree-
ment with the poor affinity of cocaine for the DAT (Madras et
al., 1989). PE2I therefore binds selectively to the DAT in the
striatum, as demonstrated by competition experiments on
membrane preparations as well as by autoradiographic stud-
ies. This is an advantage compared with b-CIT, which also
binds to the 5-HT transporter (SERT) in this cerebral region
(Rothman et al., 1994). With in vitro experiments on striatal
membranes for binding to the DAT and cortical membranes
for binding to the SERT, previous findings already demon-
strated that PE2I was 29 times more potent on the DAT than
on the SERT (Emond et al., 1997). This high selectivity is
close to that of altropane (SERT/DAT selectivity ratio 5 28;
Madras et al., 1998), whereas lower ratios have been found
for IPT and RTI-121 (SERT/DAT 5 4.5 for both compounds;
Boja et al., 1992b; Goodman et al., 1994), compared with the
inverted ratio observed for b-CIT (SERT/DAT 5 0.89; Boja et
al., 1992b).

TABLE 3
Autoradiographic analysis of [125I]PE2I binding to several areas of coronal rat brain sections
Sections were incubated with 100 pM [125I]PE2I either alone or in the presence of 100 mM cocaine, 1 mM GBR 12909, 20 nM paroxetine, or 20 nM nisoxetine. Exposure was
carried out for 3 days, and regional optical densities were measured on identified anatomical regions according to the atlas of Paxinos and Watson (1986).

Cerebral Area Total Binding Cocaine
(100 mM)

GBR 12909
(1 mM)

Paroxetine
(20 nM)

Nisoxetine
(20 nM)

Frontal cortex 2.2 6 0.3 1.5 6 0.3* 1.8 6 0.1* 1.4 6 0.2* 2.6 6 0.5
Medial striatum 31.4 6 2.6 6.4 6 0.8** 8.3 6 0.9** 26.3 6 1.4 25.7 6 2
Lateral striatum 37.8 6 1.6 7.1 6 1.0** 11.1 6 0.9** 33.5 6 1.6 34.2 6 2.2
Accumbens nucleus 29.9 6 2.6 5.2 6 0.1** 8.7 6 1.0** 26.6 6 2.0 27.3 6 2.2
Olfactory tubercle 20.2 6 3.3 2.2 6 0.2** 4.3 6 1.0** 16.2 6 2.2 16.6 6 1.0

Values are the mean 6 S.D. for 6 rats.
* P , .05, ** P , .001, t test for unpaired values.

TABLE 4
Inhibitory potency on [3H]dopamine uptake in rat striatal
synaptosomes
Potencies of drugs in inhibiting the specific uptake of 15 nM of [3H]DA were
determined on rat striatal synaptosomes. The total uptake of [3H]DA was defined in
the absence of drug and the nonspecific uptake in the presence of 1026 M GBR 12909.
IC50 values were determined graphically.

Drug IC50

nM

PE2I 6.0 6 1.4
GBR 12909 3.2 6 0.3
b-CIT 2.1 6 0.9
Cocaine 466 6 57

Values are mean 6 S.D. of 3 independent experiments, each performed in tripli-
cate.

Fig. 4. Inhibition of [3H]DA uptake in rat striatal synaptosomes. The
total uptake of [3H]DA was defined in the absence of drugs and the
nonspecific uptake in the presence of 1026 M GBR 12909. r, PE21; ●,
GBR 12909; Œ, b-CIT; n, cocaine.
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The high selectivity of PE2I for the DAT led us to use it to
study the transporter in the frontal cortex where the concen-
tration is low. Indeed, the mesocortical dopaminergic system
has major regulatory roles, but its study is limited, partly due
to the lack of a highly selective ligand for the DAT. In the
frontal cortex, the DAT has been demonstrated with immu-
nochemical methods (Ciliax et al., 1995), but few attempts
have been performed with radioactive markers. In our exper-
iments on cortical membranes, the identification of the DAT
with PE2I required 12 times greater tissue concentration
than in the striatum, thus reflecting much lower concentra-
tions of these sites in this cerebral region. We obtained data
corresponding to a single binding site model, with a Kd value
close to that obtained in the striatum (;5 nM) and a Bmax

value 10 times lower. Moreover, competition studies showed
that the binding of PE2I was essentially related to the DAT
and not to the SERT. Comparative experiments using 30
times greater tissue concentrations than for the striatum
showed that RTI-121 was able to label the DAT in a two-site
model, with similar Kd values for high and low binding sites
as in the striatum and Bmax values 45 and 9 times lower,
respectively (Boja et al., 1998). However, it was shown that
the cortical binding of RTI-121 was probably not related
exclusively to the DAT but also to the 5-HT and NE trans-
porters. No data are to date available concerning the binding
of altropane, the pharmacological properties of which seem to
be close to those of PE2I, in the frontal cortex. From our
binding experiments on membrane preparation, it could
therefore be assumed that PE2I selectively recognizes the
DAT in the cortex. However, these findings were not con-
firmed in our autoradiographic experiments where a slight
competitive effect of paroxetine was observed in the cortex. A
minor binding of PE2I to the SERT can therefore not be
excluded in this cerebral area.

With the aim of characterizing the properties of a probe
such as PE2I, autoradiographic experiments allow visualiza-
tion of the distribution of the marker at a given cerebral level.
These studies confirmed that the localization of PE2I in the
rat brain is consistent with that of the DAT, as already
observed using an ex vivo biodistribution method (Guilloteau
et al., 1998). The highest binding of PE2I was observed in the
striatum, accumbens nucleus, and olfactory tubercle, a dis-
tribution similar to that observed for the DAT characterized
with an immunochemical method (Ciliax et al., 1995). The
intensity of labeling in the striatum followed a lateromedial
gradient, as already found with b-CIT (Fujita et al., 1994;
Coulter et al., 1995). The selectivity of PE2I labeling in the
striatum, accumbens nucleus, and olfactory tubercle was as-
sessed with competition studies. A moderate (1 mM) dose of
GBR 12909 had a strong displacing effect, whereas a similar
effect was obtained with cocaine at a 100-fold concentration.
By contrast, paroxetine and nisoxetine had no significant
effect in these cerebral regions. These findings, together with
autoradiographic studies on postmortem human brain sec-
tions (Hall et al., 1999), still showed the selective binding of
PE2I to the DAT. All the binding studies therefore demon-
strated that PE2I is a potent and selective ligand for the
DAT.

In addition, competition experiments on the uptake of DA
clearly showed that PE2I is a potent inhibitor of this process,
as it had the same inhibitory effect as b-CIT and GBR 12909

in our experimental conditions. The inhibitory potency of
these three compounds was ;100 times greater than that of
cocaine, the Ki value of which was similar to previously
published data (Boja et al., 1992b; Pristupa et al., 1993).

We therefore demonstrated that PE2I is a DAT inhibitor
that binds this transporter with high affinity and selectivity.
These findings, associated with previously published data,
support the use of PE2I as a potent tool to study DAT both in
vivo and in vitro.
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Brücke T, Kornhuber J, Angelberger P, Asenbaum S, Frassine H and Podreka I
(1993) SPECT imaging of dopamine and serotonin transporters with [123I]b-CIT:
Binding kinetics in the human brain. J Neural Transm 94:137–146.

Chalon S, Emond P, Bodard S, Vilar MP, Thiercelin C, Besnard JC and Guilloteau
D (1999) Time course of changes in striatal dopamine transporters and D2 recep-
tors with specific iodinated markers in a rat model of Parkinson’s disease. Synapse
31:134–139.

Cheng YC and Prussoff WH (1973) Relationship between the inhibition constant (Ki)
and the concentration of inhibitor which causes 50 per cent inhibition (I50) of an
enzymatic reaction. Biochem Pharmacol 22:3099–3108.

Ciliax BJ, Heilman C, Demchyshyn LL, Pristupa ZB, Ince E, Hersch SM, Niznick HB
and Levey AI (1995) The dopamine transporter: Immunochemical characterization
and localization in brain. J Neurosci 15:1714–1723.

Coulter CL, Happe HK, Bergman DA and Murrin LC (1995) Localization and
quantification of the dopamine transporter: Comparison of [3H]WIN 35,428 and
[125I]RTI-55. Brain Res 690:217–224.

Emond P, Garreau L, Chalon S, Boazi M, Caillet M, Bricard J, Frangin Y, Mauclaire
L, Besnard J-C and Guilloteau D (1997) Synthesis and ligand binding of nortro-
pane derivatives: N-Substituted 2b-carbomethoxy-3b-(49-iodophenyl) nortropane
and N-(3-iodoprop-2E-enyl)-2b-carbomethoxy-3b-(39,49-disubstituted phenyl)nor-
tropane: New high-affinity and selective compounds for the dopamine transporter.
J Med Chem 40:1366–1372.

Farde L, Halldin C, Müller L, Suhara T, Karlsson P and Hall H (1994) PET study of
[11C]b-CIT binding to monoamine transporters in the monkey and human brain.
Synapse 16:93–103.

Fujita M, Shimada S, Fukuchi K, Tohyama M and Nishimura T (1994) Distribution
of cocaine recognition sites in rat brain: In vitro and ex vivo autoradiography with
[125I]RTI-55. J Chem Neuroanat 7:13–23.

Gainetdinov RR, Fumagalli F, Jones SR and Caron MG (1997) Dopamine transporter
is required for in vivo MPTP neurotoxicity: Evidence from mice lacking the trans-
porter. J Neurochem 69:1322–1325.

Garreau L, Emond P, Chalon S, Belzung C, Guilloteau D, Frangin Y, Besnard JC and
Guilloteau D (1997) N-(3-iodoprop-2E-enyl)-2b-Carbomethoxy-3b-(39,49-dichloro-
phenyl) nortropane (b-CDIT), a tropane derivative: Pharmacological characteriza-
tion as a specific ligand for the dopamine transporter in the rodent brain. J Phar-
macol Exp Ther 282:467–474.

Giros B, El Mestikawy S, Bertrand L and Caron MG (1991) Cloning and functional
characterization of a cocaine-sensitive dopamine transporter. FEBS Lett 295:149–
154.

1999 PE2I, a Potent Selective Dopamine Transporter Inhibitor 653

 at A
SPE

T
 Journals on February 21, 2016

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


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 (Lond) 379:606–612.

Goodman MM, Kung MP, Kabalka GW, Kung HF and Switzer R (1994) Synthesis
and characterization of radioiodinated N-(3-iodopropen-1-yl)-2b-carbomethoxy-3b-
(4-chlorophenyl)tropanes: Potential dopamine reuptake site imaging agents.
J Med Chem 37:1535–1542.

Guilloteau D, Emond P, Baulieu JL, Garreau L, Frangin Y, Pourcelot L, Mauclaire
L, Besnard J-C and Chalon S (1998) Exploration of the dopamine transporter: In
vitro and in vivo characterization of a high-affinity and high-specificity iodinated
tropane derivative (E)-N-(3-iodoprop-2-enyl)-2b-carbomethoxy-3b-(49-methylphe-
nyl)nortropane (PE2I). Nucl Med Biol 25:331–337.

Hall H, Halldin C, Guilloteau D, Chalon S, Emond P, Besnard JC, Farde L and
Sedvall G (1999) Visualization of the dopamine transporter in the human brain
post-mortem with the new selective ligand [125I]PE2I. Neuroimage 9:108–116.

Janowsky A, Berger P, Vocci F, Labarca R, Skolnick P and Paul SM (1986) Charac-
terization of sodium-dependent [3H]GBR-12935 binding in brain: A radioligand for
selective labelling of the dopamine transport complex. J Neurochem 46:1272–1276.

Kirifides AL, Harvey JA and Aloyo VJ (1992) The low affinity binding sites for the
cocaine analog, WIN 35,428, is an artifact of freezing caudate tissue. Life Sci
50:139–142.

Kuikka JT, Baulieu JL, Hiltunen J, Halldin C, Bergström KA, Farde L, Emond P,
Chalon S, Yu M, Nikula T, Laitinen T, Karhu J, Tupala E, Hallikainen T, Ko-
lehmainen V, Mauclaire L, Mazière B, Tiihonen J and Guilloteau D (1998) Phar-
macokinetics and dosimetry of iodine-123 labelled PE2I in humans, a radioligand
for dopamine transporter imaging. Eur J Nucl Med 25:531–534.

Kung MP, Essman WD, Frederick D, Meegala S, Goodman M, Mu M, Lucki I and
Kung HF (1995) IPT: A novel iodinated ligand for the CNS dopamine transporter.
Synapse 20:316–324.

Laruelle M, Giddings SS, Zea-Ponce Y, Charney DS, Neumeyer JL, Baldwin RM and
Innis RB (1994b) Methyl 3b-(4-[125I]iodophenyl tropane-2b-carboxylate in vitro
binding to dopamine and serotonin transporters under “physiological” conditions.
J Neurochem 62:978–986.

Laruelle M, Wallace E, Seibyl JP, Baldwin RM, Zea-Ponce Y, Zoghbi SS, Neumeyer
JL, Charney DS, Hoffer PB and Innis RB (1994a) Graphical, kinetic, and equilib-
rium analyses of in vivo [123I]b-CIT binding to dopamine transporters in healthy
human subjects. J Cereb Blood Flow Metab 14:982–994.

Madras BK, Fahey MA, Bergman J, Canfield DR and Spealman RD (1989) Effects of
cocaine and related drugs in nonhuman primates. I. [3H]Cocaine binding sites in
caudate-putamen. J Pharmacol Exp Ther 251:131–141.

Madras BK, Meltzer PC, Liang AY, Elmaleh DR, Babich J and Fishman AJ (1998)
Altropane, a SPECT or PET imaging probe for dopamine neurons: I. Dopamine
transporter binding in primate brain. Synapse 29:93–104.

Paxinos G and Watson C (1986) The Rat Brain in Stereotaxic Coordinates. Academic
Press, New York.

Pristupa ZB, Wilson JM, Hoffman BJ, Kish SJ and Niznik HB (1993) Pharmacolog-
ical heterogeneity of the cloned and native human dopamine transporter: Disas-
sociation of [3H]WIN 35,428 and [3H]GBR 12,935 binding. Mol Pharmacol 45:125–
135.

Ritz MC, Boja JW, Grigoriadis D, Zaczek R, Carroll FI, Lewis AH and Kuhar MJ
(1990b) [3H]WIN 35,065-2: A ligand for cocaine receptors in striatum. J Neuro-
chem 55:1556–1562.

Ritz MC, Cone EJ and Kuhar MJ (1990a) Cocaine inhibition of ligand binding at
dopamine, norepinephrine and serotonin transporters: A structure activity study.
Life Sci 46:635–645.

Rothman RB, Cadet JL, Akunne HC, Silverthorn ML, Baumann MH, Carroll FI, Rice
KC, de Costa BR, Partilla JS, Wang JB, Uhl G, Glowa JR and Dersch CM (1994)
Studies of the biogenic amine transporters. IV. Demonstration of a multiplicity of
binding sites in rat caudate membranes for the cocaine analog [125I]RTI-55.
J Pharmacol Exp Ther 270:296–309.

Uhl GR, Walther D, Mash D, Faucheux B and Javoy-Agid F (1994) Dopamine
transporter messenger RNA in Parkinson’s disease and control substantia nigra
neurons. Ann Neurol 35:494–498.

Wall SC, Innis RB and Rudnick G (1993) Binding of the cocaine analog 2b-
carbomethoxy-3b-(4-[125I]iodophenyl)tropane to serotonin and dopamine trans-
porters: Different ionic requirements for substrate and 2b-carbomethoxy-3b-(4-
[125I]iodophenyl)tropane binding. Mol Pharmacol 43:264–270.

Send reprint requests to: Dr. Sylvie Chalon, INSERM U316, Laboratoire de
Biophysique Médicale et Pharmaceutique, Faculté de Pharmacie, 31 avenue
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