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ORIGINAL ARTICIE

High Levels of Serotonin Transporter Occupancy
With Low-Dose Clomipramine in Comparative
Occupancy Study With Fluvoxamine

Using Positron Emission Tomography

Tetsuya Suhara, MD, PhD; Akihiro Takano, MD, PhD; Yasuhiko Sudo, MD, PhD; Tetsuya Ichimiya, MD, PhD;
Mahoto Inoue, MD, PhD; Fumihiko Yasuno, MD, PhD; Yoko Tkoma, MSc; Yoshiro Okubo, MD, PhD

Confext: Serotonin transporters (5-HTT) are regarded
as one of the major therapeutic targets of antidepres-
sants. However, there have only been a few studies
about 5-HTT occupancy, and in particular, data con-
cerning classical antidepressants are still limited.

Objective: To investigate the relationship between
5-HTT occupancy and a wide range of antidepressant
dosing protocols.

Design, Seffing, and Parficipants: Antidepressant
occupancies of 5-HTT were measured using positron
emission tomography (PET) with [''C](+)McN5652.
Twenty-seven healthy volunteers were measured with
and without pretreatment with single low doses of anti-
depressants, and long-term doses were evaluated in 10
patients. Scan data were collected between December
12, 1995, and August 7, 2002, and data were analyzed
during the 2001-2002 period at the National Institute of
Radiological Sciences (Chiba, Japan).

Intervention: Four different doses of clomipramine hy-
drochloride (5-50 mg) and 3 different doses of fluvox-
amine maleate (12.5-50 mg) were used for single admin-
istration. Long-term doses were 20 to 250 mg per day
for clomipramine hydrochloride, and 25 to 200 mg per
day for fluvoxamine maleate.

Main Ouicome Measure: Occupancies in the thala-
mus were calculated using the individual baseline of
[1'C](+)McN5652 for single-dose studies and 2 long-
term~dose studies, and the mean value of healthy vol-
unteers as the baseline for 8 long-term—dose studies.
The average data from inactive enantiomers [''C](-)
McN5652 were used for the estimation of nonspecific
binding.

Reswl#s: Occupancy of 5-HTT increased in a curvilin-
ear manner. Even 10 mg of clomipramine hydrochlo-
ride showed approximately 80% occupancy, which was
comparable with that of 50 mg of fluvoxamine maleate.
Estimated median effective dose (EDsq) of clomipra-
mine hydrochloride was 2.67 mg for oral dose and 1.42
ng/mL for plasma concentration; those of fluvoxamine
maleate were 18.6 mg and 4.19 ng/mL, respectively.

Conclusiens: Clinical doses of clomipramine and
fluvoxamine occupied approximately 80% of 5-HTT,
and dose escalation would have minimal effect on
5-HTT blockade. Ten milligrams of clomipramine
hydrochloride was enough to occupy 80% of 5-HTT
in vivo.

Arch Gen Psychiatry. 2003;60:386-391
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EROTONIN TRANSPORTERS (5-

HTT) are located at presyn-

aptic serotonergic neurons

and have a key role in the

regulation of serotonin con-

centration in the synapse. They are be-

lieved to be the primary target for selec-

tive serotonin reuptake inhibitors (SSRIs)

and several tricyclic antidepressants such

as clomipramine hydrochloride.! In clini-

cal practice, SSRIs are commonly used, and

clomipramine is also one of the most

widely used antidepressants and drugs for
obsessive compulsive disorders.>*

The recent neuroimaging tech-

Okubo). niques of positron emission tomography

(PET)>7 and single photon computed
emission tomography (SPECT)®® have in-
troduced several ligands for the measure-
ment of 5-HTT in vivo. However, there
have been limited data about the effect of
antidepressants on 5-HTT in the living hu-
man brain.?*! Occupancy of 5-HTT as the
percentage reduction of specific binding
during the treatment of SSRIs has been re-
ported in 2 SPECT studies®® and 1 PET
study.’? Using B-CIT labeled with iodine
123, 40% to 50% of 5-HTT occupancies
were reported during the treatment with
60 mg/d of fluoxetine hydrochloride® or
20 to 60 mg/d of citalopram hydrobro-
mide.? However, the detectability of oc-
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cupancy by less selective ligands of 5-HTT, such as 1] B~
CIT, requires some circumspection,” and the baseline of
the calculation of occupancy also needs to be addressed
with some caution because of the possible difference in
nonspecific binding. ! A recent study using [''CIDASB
[3-"'C-amino-4-(2-dimethylaminomethylphenylsul-
phanyl)benzonitrile] reported approximately 80% 5-HTT
occupancy during treatment with 10 to 20 mg/d of par-
oxetine hydrochloride and 20 mg/d of citalopram hy-
drobromfide.’? However, the relationship with low doses
is not yet clear, and no data are as yet available on 5-HTT
occupancy with classic tricyclic antidepressants like clo-
mipramine.

McN5652 (trans-1,2,3,5,6, 10-B-hexahydro-6-[4
(methylthio) phenyl] pyrrolo [2,1-a] isoquinoline) is a
selective serotonin reuptake inhibitor that has nanomo-
lar affinity for serotonin 5-HT transporters. Its pharma-
cologically active enantiomer, (+)McN5652, has at least
2 orders of magnitude with higher affinity than its phar-
macologically inactive enantiomer, (-)McN5652.%1* [''C
1(+)McN5652 is currently being used as a PET tracer for
5-HTT, with good test-retest reproducibility.51°!**> How-
ever, a relatively high fraction of nonspecific binding and
possible differences in nonspecific binding among re-
gions has made it difficult to evaluate specific bindings
and occupancies accurately.! Nevertheless, by the use
of [M'C](-)McN5652, we have been able to calculate
5-HTT occupancy despite the regional differences of non-
specific binding."

As for pharmacological evidence regarding the clini-
cal dose of antidepressants, there have been only lim-
ited in vivo data, especially in relationship to 5-HTT oc-
cupancy. The purpose of this study was to investigate the
precise relationship between 5-HTT occupancy and the

21-55 years) with psychiatric disorders who were receiving long-
term treatment with antidepressants were included in this study
(Table 1 and Table 2). All healthy volunteers were re-
cruited from among university students and hospital employ-
ees. They filled out a questionnaire about their medical his-
tory and medications, and were then interviewed by a medical
staff member. They had no history of present or past psychi-
atric, neurological, or somatic disorders, and no alcohol- or drug-
related problems. They had not taken any kind of medication
for at least 2 weeks prior to the start of the study. Six patients
(age range, 21-50 years) had been taking clomipramine, 4 pa-
tients (age range, 24-55 years) had been taking fluvoxamine,
and 6 of the 10 patients were also taking 1 or 2 benzodiaz-
epines as anxiolytic or hypnotic treatments. The doses, dura-
tion of treatment, and diagnoses are presented in Table 2.

This study was approved by the ethics and radiation safety
committees of the National Institute of Radiological Sciences
(Chiba, Japan). Written informed consent was obtained from
each subject.

PET MEASUREMENT

[MC](+)McN5652 and [1'C](-)McN5652 were synthesized by
S-methylation of the corresponding desmethyl precursor, which
was stabilized by adding a protecting agent for mercapto groups,
dithiothreitol, into the reaction medjum immediately after the
demethylation of McN5652 by an automated procedure.'® The
radiochemical purity was higher than 95%.

For 34 of the 37 subjects, PET scans were performed us-
ing a Siemens ECAT47 system (CTI-Siemens, Knoxville, Tenn),
which provides 47 slices with 3.375-mm (center-to-center) thick-
ness. Radioactivity was measured in 2-dimensional mode, and
the data were reconstructed with a ramp filter with a cut-off
frequency of 0.5 (full-width half-maximum [FWHM], 6.3 mm).
The other 3 subjects were measured using an EXACT
HR+scanner (CTI-Siemens, Knoxville, Tenn), which pro-

dose of the classic tricyclic antidepressant clomipra- et S - Lt
mine, or one of the SSRIs, fluvoxamine maleate, with a Table 1. Summary of Single-Dose Studies .
wide range of dosing protocols using [*'C](+)
M(:N5652g &P ; L R , Mean (SD)
’ Drug : Dose, mg No. of Doses Occupangy, %
L s 2. i 67.2(8.3)
m Clomipramine - 10 2 81.1:(6.9)
.. “hydrochioride. ... | 25 3 84.9 (12.3)
SUBJECTS . L50 B 94.0 (4.7)
L 1125 00 3 28.4{31.2)
Twenty-seven healthy male volunteers (mean+SD age, 22.0+2.3 Fluvoxamine [25 ; 7 568 (18.9)
years; range, 20-29 years) participated in single low-dose stud- : male}atg 50 4 84.9(2.2)
ies, and 10 patients (mean+SD age, 35.7+12.1 years; range, i :
Table 2. Summary of Long-term Dusg'St‘udiesWiih Paiiehis
Drug LT e Dases, mgld, Duraticn of Treatment - Concentration, ng/mL . Diagnosis Occupaney, %
o - 1250 (qid) . © 3mo ' 660 .. 00D . 1000
o 100(gid) - 8mo 84 -~ MDD 7 B39
i 70 (tid) - e 8mio CoB3TT e 00D 100.0
Clomlpfamlne hygroehlgndg s5(qd) . 2mo e wm 86.4
‘ | 2000y o 2wk 17 AD U oera
L 20(d) Twk Moo - AD ge3
; 200(bid) . Bmo - 143 MDD~ - 868
S 100 -(bid) 3wk CNA MDD . 79.7°
Fluvoxaming maleate 75 (tid) . Bmo Sy BPD . 936
L 25(qd) - 3wk NA AD. . 768

disorder; qd, daily; qid, 4 times daily; tid, 3 times daily.

Abbreviations: AD, anxiety disorder; bid, twice daily; BPD, bipolar disorder; MDD, major depressive disorder; NA, not applicable; 0CD, obsessive-compulsive
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vides 63 planes and a 15.5-cm field-of-view, and the data were
reconstruicted with a Hanning filter cut-off frequency 0.4
(FWHM, 7.5 mm). The subjects were placed in the supine po-
sition with eyes closed and ears unplugged. To minimize head
movement during each scan, head fixation devices (Fixster In-
struments, Stockholm, Sweden) and thermoplastic attach-
ments made to fit the individuals were used. A transmission
scan of 10 minutes with a germanium 68-gallium 68 source
was followed by a dynamic scan for 90 minutes with a bolus
injection of 581 to 20.51 mCi (215-759 MBq) of ["'C](+)
McN5652. The specific radioactivities ranged from 0.31 t0 5.25
Ci/pmol (11.6-194.3 GBg/pmol) (mean+SD radioactivity,
2.61+1.19 Ci/pmol [96.4£44.1 GBg/pmol]) at the time of in-
jection. A dynamic scan for 90 minutes with a bolus injection
of 12.30 to 19.86 mCi (455-735 MBq) (mean=SD injection,
18.11+2.68 mCi [670-99 MBq]) of [''C](-)McN5652 was per-
formed on 14 healthy volunteers. The specific radioactivities
were 0.69 to 3.66 Ci/pmol (25.6-135.6 GBg/umol) (mean,
2.11+0.95 [77.9+35.2]) at the time of injection.

To measure the occupancy by a single administration of an-
tidepressants, 13 healthy volunteers took part in the clomipra-
mine study. Initial PET scans were carried out to establish the
baseline data. Second PET scans were performed 5 hours after
orally taking 5 mg to 50 mg of clomipramine hydrochloride (2
volunteers for 5 mg; 2 for 10 mg; 3 for 25 mg; and 6 for 50 mg)
(Table 1). Blood samples (10 mL) were taken to measure the
plasma concentration of clomipramine just before tracer injec-
tion. Fourteen healthy volunteers took part in the fluvoxamine
occupancy study. Initial PET scans were carried out to attain the
baseline data. Second PET scans were performed 5 hours after
oral administration of different doses of fluvoxamine maleate (3
volunteers at 12.5 mg; 7 at 25 mg; 4 at 50 mg) (Table 1). Three
subjects were scanned with the EXACT HR+ scanner for first and
second scans having been given 25 mg of fluvoxamine maleate.
Blood samples (10 mL) were taken to measure the plasma con-
centration of fluvoxamine just before tracer injection.

The plasma concentration of clomipramine was mea-
sured using high-performance liquid chromatography (HPLC)
with ultraviolet detection, and that of fluvoxamine was mea-
sured by HPLC and a mass spectrometer.

To measure 5-HTT occupancy by long-term doses of an-
tidepressants, the 10 patients were measured for 5-HTT bind-
ing during long-term treatment with clomipramine or fluvox-
amine (Table 2). The PET scans were performed 7 hours after
intake of fluvoxamine for 2 patients; 4 hours for 1 patient; 1
hour for 1 patient. Scans were performed 10 hours after intake
of clomipramine for 1 patient; 4 hours for 3 patients; and 1 hour
for 2 patients. Blood samples (10 mL) were taken to measure
their plasma concentrations just before tracer injection. One
of the patients taking clomipramine and 2 of the patients tak-
ing fluvoxamine refused the blood sampling.

DATA ANALYSIS

Positron emission tomographic images summated for 90 min-
utes were coregistered to magnetic resonance imaging (MRI)
data with SPM99 (Wellcome Department of Cognitive Neu-
rology, London, England), and regions of interest were de-
fined over the cerebellum and thalamus based on these coreg-
istered MRI1 and PET images. Because the specific binding of
[M'C](+)McN5652 in the cerebral cortex is too low for quan-
titative analysis,'®!! we focused on the thalamus to quantify its
specific binding. Binding potential (BP) was used for the quan-
tification that is expressed as k;/k, in compartment models.
In the 3-compartment model, K, was used to describe the up-
take of the tracer across the blood-brain barrier; k, repre-
sented back diffusion from tissue to the vascular space; and ks
and k; described the binding and dissociation of the radioli-

gand at the specific binding site. The ratio k;/k, is expressed
by the equation

) ky/ky=DVR-1,

where DVR is the distribution volume ratio based on the
assumption that K/k, in the target tissue is equal to that
in the reference tissue. However, the amount of nonspe-
cific binding in the target tissue (the thalamus) was dif-
ferent from that in the reference tissue (cerebellum) with
["'C](+)McN5652." The DVR of the target tissue to the
reference tissue is given by the following equations for
[MC](+)McN5652 and the pharmacologically inactive
enantiomer [1C](-)McN5652;

I(l“l> k3+
Ko 1+ E
@) DVR(+) = ————" |
Kll'+
k2r+
K~
k,
3) DVR(-) = ——,
1
k™

respectively, where K,*, k;*, ky*, and k,* are the esti-
mated parameters of [''C](+)McN5652 for the target tis-
sue; K, and k,"™ are the estimated parameters of [1!C](+)
McN5652 for the reference tissue without a specific
binding site, and K-, k,”, K,* and k,™ are those of
[1'C](-)McN5652. Then ks*/k,* is expressed as

ks* DVR(+)
) o R
ke Kk,
K]H/‘kzr-}

If it is assumed that (K;*/k,") /(K" /k,™) is equal to
DVR(-), then BP can be derived from the equation

(5)

where the DVR of the thalamus to the cerebellum was
calculated without arterial input function by the graphi-
cal method.!'® This assumption is based on the result
that the value of DVR(+) in the saturation study of
[M'C](+)McN5652 was almost equal to DVR(-).!!

BP=DVR(+)/DVR(-) - 1,

CALCULATION OF 5-HTT OCCUPANCY

Serotonin transporter occupancy (Occu [%]) using [M'CI1(+)
McN5652 is expressed as

(6) Occu (%J) =100 - (BPbaselinc - BPdrug)/Banse]im:= 100 - []-_(DVR
(+)drug = DVR(=D)/(DVR(+)tasetine — DVR(=))],

where DVR(+) and DVR(-) are the distribution volume
ratios of [1'C](+)MeN5652 and [MC](-)McN5652 as es-
timated by graphical method with the reference tissue'’;
the test-retest variability and reliability (intraclass cor-
relation coefficient) of ['*C] (+)McN5652 for this graphi-
cal method were 10.8% and 0.83, respectively, based on
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the 10-subject data (unpublished data). In this study, the
mean=SD value of DVR(~) was estimated as 1.16+0.06
based on the data of 14 healthy volunteers (mean+SD
age, 23.4x4.1 years), and it was used as a fixed value for
the calculation of occupancy since not all subjects un-
derwent the PET scans with ['C](-)McN5652.

In 8 of the 10 patients studied, the mean+SD value
Of DVR(+)aseiine fOr the 27 healthy volunteers (1.89+0.21
[range, 1.59-2.40]) was used for the calculation be-
cause the individual DVR(+)paseiine values were not avail-
able for these 8 patients.

The relationship between 5-HTT occupancy and the
dose or plasma concentration of antidepressants was mod-
eled by the equation
(N 5-HTT 4ecu=100 " D/(EDsgt+ D),
where 5-HTT o is 5-HTT occupancy, EDs, (the in vivo
median effective dose) is a constant, and D is the con-
centration of the drug near the 5-HTT. Dose and plasma
concentration were used as functional surrogates of D.*®

— T

The occupancy of 5-HTT in the thalamus was dose-
dependently increased both by clomipramine and fluvox-
amine (Table 1, Figiure). In the single-dose studies, clo-
mipramine occupied more than 60% of 5-HTT even with
the lowest dose of 5 mg (Table 1 and Figure). The ranges
of occupancy were from 61.3% to 100% between 5 mg and
50 mg of clomipramine hydrochloride and from 7.7% to
87.7% between 12.5 mg and 50 mg of fluvoxamine male-
ate. There were hyperbolic relationships between 5-HTT
occupancy and oral dose (r=0.780) and plasma concen-
tration of clomipramine (r=0.752) (Figure) (2 of the plasma
samples were under the detection limit and are not shown
in the Figure). There were also hyperbolic relationships be-
tween 5-HTT occupancy and oral dose (r=0.686) and
plasma concentration of fluvoxamine (r=0.808) (Figure).
The calculated EDs, was 2.67 mg for oral dose and 1.42
ng/mL for plasma concentration of clomipramine, and that
of fluvoxamine was 18.6 mg for oral dose and 4.19 ng/mL
for plasma concentration.

In this study, we used the patient data with long-
term dose to estimate 5-HTT occupancy. The occupan-
cies from long-term dose ranged from 83.9% to 100% for
clomipramine and 76.6% to 93.6% for fluvoxamine (Table
2). Including the patient data, the saturation curves did
not significantly deviate against the dose or plasma con-
centration (clomipramine: r=0.724; fluvoxamine:
r=0.722) or plasma concentration (clomipramine:
r=0.726; fluvoxamine: r=0.835). The calculated EDs; in-
cluding the patient data was 2.62 mg for oral dose and
1.40 ng/mL for plasma concentration of clomipramine.
The calculated EDs, of fluvoxamine was 17.4 mg for oral
dose and 4.20 ng/mL for plasma concentration includ-
ing the patient data.

. COMMENT

The present results demonstrated that 5-HTT was occu-
pied by clomipramine or fluvoxamine in dose-
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Serotonin transporter occupancy of healthy volunteers by single oral
administration of ciomipramine hydrochloride and fluvoxamine maleate.
Occupancies are plotted against oral dose (A) and plasma concentration (B}
of clomipramine and fluvoxamine.

dependent manners (Table 1), and curvilinear func-
tions against drug concentration were clearly
demonstrated (Figure). The present results showed
marked high 5-HTT occupancy even with a small dose
of clomipramine (Table 1 and Figure). Approximately
80% of 5-HTT was occupied with 10 mg of clomipra-
mine hydrochloride (Table 1 and Figure). On the other
hand, the 5-HTT occupancy of fluvoxamine increased
slowly compared with that of clomipramine. The EDs,
values of fluvoxamine were several times larger than those
of clomipramine. Although several different values us-
ing different methods have been reported, this order of
EDs, was generally consistent with the binding param-
eters in vitro.'*?° However, the daily clinical doses of those
antidepressants were not so different between clomip-
ramine hydrochloride (at 75-300 mg/d [50-100 mg/d in
Japan]) and fluvoxamine maleate (at 100-300 mg/d [50-
100 mg/d in Japan]).*

The present results indicated that the variations in
5-HTT occupancy with low doses (12.5 mg and 25 mg)
of fluvoxamine maleate were relatively large, but 50 mg
of fluvoxamine maleate consistently occupied approxi-
mately 80% of 5-HTT (Table 1 and Figure). This sug-
gested that at least 50 mg of fluvoxamine maleate was
necessary to obtain certainly high 5-HTT occupancy
(Table 2). These results of 5-HTT occupancy were con-
cordant with those reporting that a dose of 50 to 150 mg
of fluvoxamine maleate per day was therapeutically effec-
tive and that the minimally effective dose was 50 mg/d.”!
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A recent study indicated that the clinical doses of par-
oxetine and citalopram occupy 70% to 80% of 5-HTT in
living human brain.’? It seems that close to 80% of 5-HTT
occupancy is necessary to obtain therapeutic effects. That
is a value of occupancy similar to that reported for the
dopamine D2 receptor with a clinical dose of antipsy-
chotics.?? Furthermore, saturated 5-HTT with high-
doses of antidepressants (Table 2) can explain the fact
that there was no relationship between the plasma con-
centration of fluvoxamine and clinical response during
the treatment with a relatively high oral dose (200-300
mg/d? or 150-300 mg/d**).

On the other hand, EDs; of clomipramine was much
smaller compared with the usual clinical dose. The pres-
ent results showed that 10 mg of clomipramine hydro-
chloride would be enough for nearly 80% of 5-HTT
occupancy. It has been reported that there was no rela-
tionship between clinical effects and plasma concentra-
tion of clomipramine at a fixed dose of 150 mg/d***¢ or
different doses between 30 and 75 mg/d.”* These re-
ports support the present results that clomipramine oc-
cupied close to 80% of 5-HTT with an oral dose of 10
mg and that only a minimal increase in 5-HTT occu-
pancy could be expected with a high dose. However, some
reports have suggested a relationship between clinical re-
sponse and dose (25-200 mg*®) or plasma concentration
of clomipramine and its metabolite desmethylclomipra-
mine.**3! Other studies showed a relationship between
clinical response and the plasma concentration of des-
methylclomipramine only.?>** Since desmethylclomip-
ramine is a potent noradrenaline reuptake inhibitor and
clomipramine has relatively high affinities to several re-
ceptors,® mechanisms other than 5-HTT blockade can
be supposed after sufficient saturation of 5-HTT.

Although the clinical merits of therapeutic drug
monitoring of SSRIs are controversial,** 5-HTT occu-
pancy correlates well with the plasma concentration as
compared with the dose especially in the case of fluvox-
amine (Figure). This suggested the possible use of thera-
peutic drug monitoring of SSRIs. If a patient does not re-
spond well to an SSRI despite a high plasma concentration,
this would be a good reason to switch antidepressants
since there are many SSRI nonresponders.* There would
be no merit in a dose escalation in a highly saturated dose
range.* The beneficial alternative would be switching to
a non-SSRI with different pharmacological proper-
ties.>*?" Clomipramine has been reported to show a bet-
ter clinical outcome compared with citalopram or par-
oxetine in severely depressed hospitalized patients.?**
A high dose of clomipramine can work on multiple neu-
rotransmitter systems.

There are several limitations to the present study,
especially with regard to the 5-HTT occupancy of the 8
patients being treated with antidepressants long-term. We
used the mean DVR(+)pasetine Of the 27 healthy volun-
teers as the baseline. The variance of the calculated oc-
cupancy of 83.9% would be 73.3% to 90.7% using the
extreme values of DVR(+) (1.59 and 2.40). This vari-
ance was similar to that of dopamine receptor occu-
pancy using the average value as a baseline.”? However,
since BPs of ['C](+)McN5652 in the thalamus were
higher in patients with mood disorders* and no data are

available for the 5-HTT of obsessive-compulsive disor-
ders in vivo, some of the occupancy values calculated in
this study might be underestimated or overestimated. In
addition, the age effect of BPs was not considered in this
study, since the effect of age* in these different diseases
was not clear. In this study we used the mean value of
DVR(~) (1.16+0.06) from 14 healthy volunteers as an
estimate of nonspecific binding. The estimation of non-
specific binding can affect the absolute value of occu-
pancy.!! For example, the calculated occupancy of 82.6%
can vary between 78.9% and 86.7% based on the devia-
tion of DVR(-) value. Furthermore, if the nonspecific
binding of the patients was different from that of the
healthy volunteers, the estimated value of occupancy
might be inaccurate.

In this study we have demonstrated that clinical doses
of clomipramine and fluvoxamine occupied about 80%
of 5-HTT, and that a small dose (such as 10 mg) of clo-
mipramine can occupy about 80% of 5-HTT in vivo. How-
ever, further studies are needed to investigate the rela-
tion between clinical effects and occupancy especially for
the use of a long-term small dose of clomipramine.
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Abstract. The aim of this study was to explore the po-
tential of a new selective dopamine transporter (DAT)
compound as a radioligand for positron emission tomog-
raphy (PET) examination of DAT in the human brain.
The high affinity DAT compound N-(3-iodoprop-2E-
enyl)-2B-carbomethoxy-3f-(4-methylphenyhnortropane
(PE2I) was radiolabelled by the O-methylation approach
and the binding was characterised by PET in cynomol-
gus monkeys and a healthy man. Metabolite levels in
plasma were measured by gradient high-performance lig-
vid chromatography. O-methylation of the corresponding
free acid precursor with [IClmethyl triflate gave high
radiochemical yield (80%) and specific radioactivity

(55 GBg/pmol). [!'CIPE2I binding in cynomolgus mon-
keys was nine times higher in the striatum than in the
cerebellum at peak equilibrium, which appeared
55-65 min after injection. Displacement and pretreat-
ment measurements using unlabelled B-CIT, GBR
12909, cocaine, citalopram and maprotiline confirmed
that [M!C]PE2I binds selectively to DAT. In a preliminary
study in one human subject the radioactivity ratios of the
striatum and substantia nigra to the cerebellum were 10
and 1.8, respectively, at peak equilibrium, which ap-
peared at 40-50 min and 20 min, respectively, after in-
jection. The fraction of the total radioactivity in monkey
and human plasma representing unchanged [!!C]PE2I
was 15-20% at 40 min after injection. The present char-
acterisation of binding in monkey and man suggests that
[IC]PE2I is a suitable PET radioligand for quantitative
regional examination of DAT in man.
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Introduction

The neuronal dopamine transporter (DAT) is a mem-
brane-bound presynaptically located protein that regu-
lates the synaptic concentration of dopamine at nerve
terminals. Positron emission tomography (PET) and sin-
gle-photon emission tomography (SPET) imaging of
DAT in the human brain has been applied for the exami-
nation of degenerative brain disorders such as Parkin-
son’s disease, for depression, for attention deficit hyper-
active disorder and for studies on effects of psychostimu-
lants in brain [1, 2, 3,4, 5, 6,7, 8].

DAT radioligands applied in clinical PET and SPET
studies include [''C]cocaine, ['!C]methylphenidate and
tropane-type derivatives of cocaine [9]. The cocaine con-
gener B-CIT [2B-carbomethoxy-3B-(4-iodophenyl)tro-
pane] (Fig. 1) labelled with iodine-123 has been widely
used as a SPET radioligand for in vivo studies of DAT
[10, 11]. The structure of B-CIT also allows labelling
with C in the N-methyl group for PET studies by using
[11C]methyl iodide [12] or [!!Clmethyl triflate [13].
However, B-CIT is not selective for DAT, having rela-
tively high affinity for the serotonin transporter (SERT)
and noradrenaline transporter. Another problem with the
quantitation of [11C]B-CIT binding to DAT is that the up-
take of radioactivity in the dopamine transporter-rich
striatum increases with time and does not reach equilib-
rium within the duration of a PET examination [14].

There is a need for selective PET radioligands that are
suitable for quantitation of DAT in the human brain.
Among series of N-fluoroalkyl analogues of B-CIT [15]
the N-fluoropropyl- and N-fluoroethyl analogues, B-CIT-
FP and B-CIT-FE, have been labelled with !'C, 18F and
1231 [16, 17, 18, 19, 20, 21]. B-CIT-FE (Fig. 1) has been
evaluated as a PET radioligand for quantitation of DAT
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Fig. 1. Structural formulae for B-CIT, B-CIT-FE and PE21

in monkey and human [20, 21]. Specific binding reaches
peak equilibrium within 1 h in human subjects after i.v.
injection. However, B-CIT-FE is not sufficiently selec-
tive for detailed mapping of the distribution of DAT in
the human brain [22].

Another fluorinated analogue, B-CFT, is a more selec-
tive DAT ligand and has been labelled with either !'C or
18K [23, 24]. In vivo, [!IC/18F]B-CFT reaches peak stri-
atal uptake at 225 min in humans, which makes the 18F
analogue suitable whereas the !!C-labelled version has
limited potential for imaging of DAT. The N-3-iodoallyl
derivative of B-CFT, altropane, can principally be la-
belled with either 1231 or !!C and has been reported in
preliminary studies to be useful in humans with SPET
[25]. SPET images in healthy volunteers showed that
[3]altropane accumulated rapidly and selectively in the
striatum and yielded excellent quality images within 1 h
after administration.

Recently a new compound, N-(3-iodoprop-2E-enyl)-
2B-carbomethoxy-3B-(4-methylphenylnortropane (PE2I,
Fig. 1) [26, 27, 28] has been proven to be a ligand that
binds with high affinity for DAT in vitro (K;: 17 nM) and
with much (>30-fold) lower affinity to the other mono-
amine transporters. In initial studies, '23I-labelled PE2I
has been used for SPET analysis of DAT in the monkey
[29] and human brain [30]. An excellent specific to non-
specific ratio of this SPET tracer has been obtained, with
a peak uptake at about 60 min in the striatum of human
subjects [30].

The aim of this work was to develop the selective
DAT compound PE2I as a new radioligand for PET. The
specificity and selectivity of binding was examined by
displacement and pretreatment experiments in cynomol-
gus monkeys. Radioligand metabolism was measured in
plasma by gradient high-performance liquid chromatog-
raphy (HPLC). The anatomical distribution of [11CJPE21
binding in the human brain was illustrated by a prelimi-
nary study in a control subject.

- Materials and methods

General chemistry. N-(3-iodoprop-2E-enyl)-2B-carbomethoxy-3p-
(4-methylphenyl)nortropane (PE2I) and its corresponding acid
precursor were prepared as described in detail previously [28]. Sil-
ver trifluoromethane sulphonate (silver triflate) and Graphac GC
(80-100 mesh) were obtained from Sigma-Aldrich Sweden AB
and Alltech, respectively. Other chemicals were obtained from
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commercial sources and were of analytical grade wherever possi-
ble. Silver triflate-impregnated graphitised carbon was prepared
according to a previously described method [31]. Carbon dioxide
was produced at the Karolinska Hospital with a Scanditronix RNP
16 cyclotron using 16-MeV protons during the “N(p, o)!1C reac-
tion. The synthesis and purification of [!'CJPE2I was performed in
a fully automated hepa-filtered air controlled system for methyla-
tion that has been described in detail elsewhere [32]. The system
contains a GEMS Mel PETtrace MicroLab as an integrated part.
['1C]Methyl iodide was prepared from [!!Clcarbon dioxide via
[M'C]methane by catalytic gas-phase iodination. Sweeping the
["*C]methyl iodide vapour through a glass column, containing sil-
ver triflate-impregnated graphitised carbon and being heated at
150-200°C, produced [!!C}methy] triflate. [''C]methy! triflate was
trapped at room temperature in a reaction vessel containing the
precursor, solvent and base.

Purification of [M!C]PE2I was performed in a built-in semi-pre-
parative reversed phase HPLC system using a Kontron 420 pump,
an automatic sample injector (Type VICI with a 1-ml loop), a
Waters |1-Bondapak-C-18 column (300x7.8 mm, 10 um) and a
Kontron 432 UV-detector (wavelength =254 nm) in series with a
GM tube for radiation detection. [!'C]PE2I was purified using ace-
tonitrile, water, triethyl amine (60/40/0.1) as the mobile phase
with a flow rate of 6.0 mi/min. The radiochemical purity of
['CIPE2I was analysed by reversed-phase HPLC using a Kontron
420 -pump, a Rheodyne injector (7125 with a 100-pl loop)
equipped with a Waters p-Bondapak-C18 column (300x4.6 mm,
10 um) and an LDC-Milton Roy 300 UV-spectrophotometer
(254 nm) in series with a Beckman 170 radioactivity detector.
Acetonitrile and 0.01 M phosphoric acid (35/65) were used as the
mobile phase with a flow rate of 2.0 ml/min.

Preparation of [11CJPE2I. [''1C]Methyl triflate, prepared as de-
scribed in detail elsewhere [32], was trapped at room temperature
in a reaction vessel (1.0-ml mini-vial, Alltech) containing PE2I ac-
id precursor (0.5 mg), aqueous tetrabutylammonium hydroxide
(0.4 M, 4 pul) and acetone (400 pl) (Fig. 2). No extra reaction time
after trapping was needed for [MClmethy! triflate. Mobile phase
(500 ply was added before injection onto the semi-preparative
HPLC column. [M'C]PE2I eluted after 7-9 min with a retention
time identical to a standard reference sample (Fig. 3). After evapo-
ration of the mobile phase, the residue was dissolved in 8 ml ster-
ile physiological phosphate-buffered saline (pH=7.4) and filtered
through a Millipore filter (0.22 mm), yielding a solution which
was sterile and free from pyrogens.

Positron emission tomography. The PET system Siemens ECAT
EXACT HR 47 was run in the three-dimensional mode. The in-
plane and axial resolution is about 3.8 mm and 4 mm FWHM, re-
spectively [33]. The reconstructed volume was displayed as 47
transaxial sections with a section thickness of 3.125 mm.
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