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ABSTRACT A series of 1-(2-[bis(4-fluorophenyl)methoxy]ethyl)piperazines (CYD1, 
2, 3, 5) with a 4-substituent incorporating a l-hydroxy-3-iodo-2-propenyl moiety, except 
CYD2 which lacks the hydroxy, was synthesized as potential in vivo imaging ligands 
for the dopamine transporter. For two ofthe piperazine derivatives (CYD3 and 51, possible 
stereoselectivity was considered as well (both E- and Z-form). Their in vitro potency for 
inhibition of [3H]dopamine uptake in rat striatal synaptosomes was 10-fold lower than 
that of GBR 12909 used as a reference. The highest Ki values were 137 and 101 nM for 
CYDlE and CYD3E, respectively. Inhibition potency was higher for the E- than for the 
Z-isomers. In vivo distribution of radioactivity in rats injected with the lz3I-labeled CYDs 
showed preferred striatal uptake for CYDlE and CYD3E as compared to the cerebellum 
and occipital cortex. Although the E-isomer of CYD3 showed the best in vitro and in 
vivo binding characteristics, its striatal uptake ratios (maximal value: 2.7 for striatum- 
to-cerebellum at  4 h P.i.1 are too low to consider application in human Single Photon 
Emission Computed Tomography studies. 

INTRODUCTION 
In Parkinson’s disease (PD) the dopamine(DA)-pro- 

ducing neurons in the substantia nigra pars compacta 
degenerate (Bernheimer et al., 1973). As a result, the 
content of nerve terminals in the caudatelputamen com- 
plex reduce and subsequently that of presynaptic DA 
reuptake sites (Kaufman and Madras, 1991; Seeman 
and Niznik, 1990). An in vivo imaging marker for these 
DA reuptake sites may therefore provide objective infor- 
mation on the status of the DAergic system in idiopathic 
and experimental models of PD. However, it should be 
considered that the in vivo measured density changes of 
the DA reuptake sites may also result from adaptation, 
besides degeneration of the striatal nerve terminals. 
Thus, in vivo imaging of the DA transporter could be 
a potentially valuable technique for the diagnosis, man- 
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agement of treatment, and study of the pathogenesis 
of PD. 

In 1980, Reith and coworkers reported saturable 
binding of F3H1cocaine on mouse brain membranes, 
which was later shown to  be on DA reuptake sites in 
the striatum (Kennedy and Hanbauer, 1983). Since then 
many other tritiated ligands have been used in binding 
studies of the DA transporter in rodents, i.e., mazindol 
(Javitch et al., 19831, nomifensine (Dubocovich and Zah- 
niser, 1985), and methylphenidate (Janowsky et al., 
1985). Already in 1990, using W-labeled nomifensine, 
Leenders and coworkers were able to discriminate be- 
tween controls and PD patients in a brain Positron 
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Fig. 1. Structure of the iodinated piperazine derivatives. 

Emission Tomography (PET) study. Recently, radiola- 
beled cocaine-like ligands for in vivo imaging of the DA 
transporter were introduced. The "C-labeled analogue 
WIN 35,428 has been successfully used to image the 
loss of striatal DA transporters in PD with PET (Frost 
et al., 1993). This was also the case for Single Photon 
Emission Computed Tomography (SPECT) studies with 
[1231]p-CIT, the 1231-labeled tropane analogue of cocaine 
(Brucke et al., 1993; Innis et al., 1993). However, these 
cocaine analogues not only label the DA transporter, 
but also the serotonin uptake sites, as has been demon- 
strated for p-CIT by in vivo studies in monkey brain 
(Laruelle et al., 19931, and also by autoradiographic 
characterization in human brain (Staley et al., 1994). As 
a consequence of the non-selectivity of the radiolabeled 
cocaine analogues, there is still a need for more selective 
radioligands for the DA transporter. 

Already in 1980, Van der Zee and coworkers synthe- 
sized a series of diphenyl-substituted piperazine deriva- 
tives as potential and more specific ligands for the DA 
transporter. Several of these derivatives, including 
GBR 12909 and GBR 12935, are widely used in basic 
animal research. The compounds potently inhibit DA 
reuptake in nerve terminals of DAergic neurons (Ander- 
sen et al., 1987; Berger et al., 1985) and are very selec- 
tive as they are severalfold less potent as inhibitors of 
serotonin and noradrenaline reuptake (Andersen, 1989; 
Van der Zee et al., 1980). Importantly, the diphenyl 
piperazines also retain their selective DA uptake-inhib- 
iting properties in vivo (Bonnet and Constentin, 1986). 
Some ISF- and "C-labeled piperazine derivatives have 
been synthesized and used as PET ligands in monkey 
studies, but showed poor accumulation of radioactivity 
in regions known to have a high density of DA transport- 
ers (Kilbourn et al., 1989; Muller et al., 1994; Van Dort 
et al., 1992). The same was seen for [lSF]GBR 12909 
in human (Koeppe et al., 1990). For SPECT, several 
iodinated analogues of GBR 12935 and GBR 12783 have 
also been synthesized and some of them were considered 
to be potential ligands for the DA reuptake site (Foulon 
et al., 1992; He et al., 1993; Van Dort et al., 1992). 

In the present study, we report on a new series of 

TABLE I .  Survey of prepared rodinated piperazine derivatives on the 
basis of 4-substitution' 

Cnmnnund R (4-substituent) 

CYDlE 
CYD2' 
CYD3E 

C M 5 E  
CMBZ 

- (CH,)z- CPMOH) -CH=CHI 
- CHZ- CH= CHI 
-CHz-CCHa(OH)-CH=CHI 

-CHz-CH(OH)-CH=CHI 
CYDSZ 

'Structure of piperazine i s  given in Figure 1. 
CYDP is a mixture of the E- and Z-isomer. 

iodinated diphenyl-substituted piperazine derivatives 
that was synthesized and tested upon in vitro and in 
vivo binding characteristics for striatal DA transporters 
in rat. Considering possible stereoselectivity, for two of 
the piperazine derivatives both the E- and Z-stereoiso- 
mer were tested (Fig. 1 and Table I). The in vitro potency 
of the cold iodinated piperazine derivatives was investi- 
gated using the inhibition of [3H]DA uptake in rat stria- 
tal synaptosomes as an experimental paradigm, 
whereas the in vivo distribution was performed with 
the lz3I-1abeled derivatives. 

MATERIALS AND METHODS 
Synthesis of iodinated DA transporter ligands 

and their tri-n-butyltin precursors 
A series of piperazine derivatives (Fig. 1) with a 

4-substituent R = -(CH,),-CR'(OH)-CH = CHI or 
-CH2-CH = CHI, coded CYDlE, CYD2, CYDSE, 
CYD3Z, CYD5E, and CYD5Z (Table I), was synthesized 
by stereospecific iododestannylation from their corres- 
ponding stereoisomeric tri-n-butyltin precursors. These 
latter compounds were prepared from 1-12-[bis(4-fluoro- 
phenyl)methoxy]ethyl)piperazine (initial compound; 
Van der Zee et al., 1980). 

Condensation of the initial compound with 3-chloro- 
propiophenone and chloroacetone gave the 4-(3-oxo-3- 
phenyl-propyl) and 4-(2-oxopropyl) derivative, respec- 
tively. Reaction with E-2-tributylstannylvinyllithium 
gave the tri-n-butyltin precursors of CYDlE and 
CYD3E (Corey and Wollenberg, 1974,1975; Hanson et 
al., 1989). The precursor of CYD3Z was prepared by 
reaction of the 4-(2-oxopropyl) derivative with lithium 
acetylide-ethylenediamine complex in THF which gave 
1- {2-[bis(4-fluorophenyl)methoxylethyl}-4-(2-hydroxy- 
2-methyl-3-butynyl)-piperazine (Beumel and Harris, 
1964; Magnus et al., 19921, followed by addition of 
Bu3SnH in HMPA (Ali et al., 1991). The precursor of 
CYD2, a 2:l mixture of the E- and Z-isomer, was pre- 
pared analogous to the method described by Hanson et 
al. (1992). CYD5E and CYD5Z precursors were pre- 
pared from the initial compound by reaction with 
l-chloro-2-hydroxy-3-butyne in acetonitrile in the pres- 
ence of potassium carbonate which gave the 4-(2-hy- 
droxy-3-butynyl) derivative (Suzuki et al., 1973). Addi- 
tion of Bu3SnH to the triple bond in toluene in the 
presence of AIBN (Neumann, 1987) gave a mixture of 
the E-, Z-, and a-isomers, from which the E-isomer was 
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isolated by flash chromatography. By addition of 
Bu3SnH in HMPA solution the Z-isomer was obtained 
(Ali et al., 1991). The structures of all iodocompounds 
and intermediates were corroborated using 400 MHz 
'H-NMR spectrometry. 

Radiolabeling of iodinated DA 
transporter ligands 

Radiolabeling was carried out by oxidative radioio- 
dodestannylation of the above described tri-n-butyltin 
precursors using [lz3I1NaI (specific activity (SA) 2185 
TBq/mmol; radionuclidic purity 299.9%; Witsenboer et 
al., 1986). Precursor amounts of 50-100 pg were dis- 
solved in 100-250 pl methanol, and added to 200 p1 
propylene glycol acidified with 100 p1 of 0.1 M phos- 
phoric acid. Hydrogen peroxide (30%, 15 p1) and 100 pl 
1231-iodide in 0.05 M NaOH were added, and the labeling 
reaction was terminated by 100 pl 300 mg/ml sodium 
bisulfite. The radioactive product was isolated and puri- 
fied using HPLC (RP18; methanol/O.Ol M ammonium 
dihydrogen phosphate 80/20 v/v). The SA of the radioio- 
dinated piperazines amounted to 2 185 TBq/mmol, veri- 
fied by combined radioactivity measurement and UV 
absorbance detection with HPLC. Radiochemical purity 
was >95%. 

[3H]DA uptake inhibition assay 
The DA uptake-inhibiting potency of the piperazine 

derivatives was studied by determining their ICSO Val-  
ues for the inhibition of [3H]DA uptake in rat striatal 
synaptosomes. The potent and selective DA uptake in- 
hibitor GBR 12909 (1-{2-[bis(4-fluorophenyl)methoxy]- 
ethyl)-4-(3-phenylpropyl)piperazine.2HCl; generous gift 
from Dr. W. Hespe, Gist Brocades, The Netherlands) 
was used as  reference. [7,€b3H]DA (SA 1.78 TBq/mmol) 
was purchased from Amersham International, UK. 
Preparation of rat striatal synaptosomes was performed 
as  described previously (Ronken et al., 1993). Stock 
solutions of GBR 12909 and of the test compounds were 
respectively prepared in H,O or ethanol, and further 
diluted in Krebs-Ringer bicarbonate buffer (KRB; final 
ethanol concentration 50.1%). 

The assay procedure was as follows. Aliquots of the 
crude synaptosomal preparation (30 pl) were added in 
triplicate to a mixture of r3H]DA (final concentration 
approximately 45 nM) and a concentration range of one 
of the DA uptake inhibitors in KRB (final concentration 

M). Total volume of incubation was 200 pl. 
After incubation for 10 min at 37"C, reactions were 
terminated by addition of 5 ml of ice-cold 0.9% NaC1, 
immediately followed by vacuum filtration through 
Whatman glass fiber GF/C filters on a cell harvester 
(Brandel). The filters were washed twice with 5 ml of 
ice-cold 0.9% NaCl and air dried. The amount of radioac- 
tivity remaining in the filters was counted with liquid 
scintillation spectrometry. The r3H]DA uptake was ex- 
pressed as percentage of the total uptake in absence of 
the inhibitor. Concentration-inhibition curves of each 

to 

DA uptake inhibitor were computer-fit to determine 
their ICSO values, which were converted to inhibition 
constants (Ki; Cheng and Prusoff, 1973) using a dissoci- 
ation constant of L3H1DA for the DA reuptake site of 0.8 
pM. Values represent the mean from 6 to 15 determina- 
tions, obtained in 2 to 5 separate assays. 

In vivo distribution studies in rats 
All 1231-labeled piperazine derivatives (SA 2 185 TBq/ 

mmol) were dissolved in 0.3 mM sodium acetate buffer 
(pH 4.75) with 5% ethanol and 0.5% Tween 80, passed 
through a 0.2 pm membrane filter and subsequently 
diluted to the appropriate concentration. 

Female Wistar rats (9 weeks of age, 5200 g of body 
weight, obtained from Harlan, Zeist, The Netherlands) 
received an intravenous injection of approximately 1.85 
MBql0.4 ml buffer solution of the lZ3I-labeled compound 
(i.e., 25 nM) into the tail vein under ether anesthesia. 
Tissue distribution of radioactivity was determined at 
1,2, and 4 h after injection and for one of the compounds 
(see Results) also at 15 rnin, 30 min, and 24 h after 
injection. At each time point three rats were killed by 
bleeding via heart puncture under ether anesthesia. 
Blood, pieces of various peripheral tissues (lung, heart, 
liver, kidney, spleen, fat, and muscle), and several brain 
regions (pituitary, olfactory tubercle, frontal cortex, sep- 
tum, striatum, hypothalamus, amygdala, hippocampus, 
occipital cortex, substantia nigra, pons medulla, and 
cerebellum) were rapidly excised (brain regions ac- 
cording to Feenstra et al., 1990) and weighted. lZ3I radio- 
activity was assayed in a gammacounter. The data were 
corrected for radioactive decay back to the time of prepa- 
ration of the injection syringes. The amount of radioac- 
tivity was expressed as percentage of the injected dose, 
multiplied by the body weight in kilograms per gram 
tissue or blood (= % ID X kg/g). The selectivity of up- 
take in the striatum was estimated by calculating the 
ratios of uptake of radioactivity in the striatum relative 
to that in the cerebellum or occipital cortex. 

Statistical analysis of the distribution data 
A possible time trend in the striatum-to-cerebellum 

and -occipital cortex uptake ratios of the various 
Iz3I-labeled piperazine derivatives was determined by 
analysis of variance (ANOVA). Possible differences in 
the striatal uptake ratios between the various pipera- 
zine derivatives were also studied by ANOVA, compar- 
ing series of time points. Differences between groups 
were analyzed with the nonparametric Mann-Whitney 
U test. In  all statistical analysis, probability values 
<0.05 were considered significant. 

RESULTS 
In vitro inhibition of r9H]DA uptake in rat 

striatal synaptosomes 
Incubation of rat striatal synaptosomes with I3H1DA 

resulted in a fast accumulation of radioactivity and total 
[3H]DA uptake at 37°C amounted to 150.000 dpm/sam- 
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Ki values (M) 

CYD 1E I-~ 1 
CYD 3E 

CYD 32 
CYD5E - 
CYD 52 1-1 I 

~ -.._il ! GBR 12909 !! 
10-8 10-7 10-6 

Fig. 2. Inhibition constants (KJ of the piperazine derivatives for 
the inhibition of L3H1DA uptake in rat  striatal synaptosomes. Values 
represent the mean from six to 15 determinations obtained in two to 
five separate assays. 

ple (mean 4 assays). Nonspecific [3HlDA uptake was 
determined in the absence of DA uptake inhibitor at 
0°C and amounted to 3.5% of total uptake. GBR 12909 
potently inhibited the accumulation of [3HlDA with a 
Ki of 10.4 nM (Fig. 2). All cold iodinated piperazine 
derivatives inhibited the accumulation of L3H]DA in a 
dose-dependent manner, resulting in almost parallel 
inhibition curves and a level of maximal inhibition be- 
ing similar to that of GBR 12909 (not shown). However, 
they all have a 10-fold or more lower inhibition potency 
than GBR 12909. The most potent inhibitors appeared 
to be CYDlE and CYD3E, which had Kis of 137 and 
101 nM, respectively. Interestingly, the E-isomers of 
both CYD3 and CYD5 were more potent inhibitors than 
their corresponding Z-isomers (Fig. 2). 

In vivo distribution of 1231-labeled 
piperazine derivatives 

Accumulation in peripheral tissue 
For all 1231-labeled piperazine derivatives, the level of 

radioactivity in the blood was nearly constant between 1 
and 4 h after injection (Table 11). The blood levels after 
injection of CYD2, CYDSE, and CYD5E were the high- 
est, for both E-isomers two to three times higher than 
for the corresponding Z-isomers. The lz3I radioactivity 
in adipose tissue slowly accumulated, being the highest 
after injection of CYDlE. The fat uptake was higher 
upon application of the E-isomer of both CYD3 and 
CYD5, as compared to their 2-isomers. As compared to 
adipose tissue, all compounds showed higher uptake of 
activity in liver and lungs, which generally decreased 
over time. The liver lZ3I uptake upon injection of both 
Z-isomers was four to five times higher than that seen 
for their E-isomers. Interestingly, the E-isomer of both 
CYD3 and CYD5 showed preferred uptake in the lungs, 
as compared to that in the liver, whereas for the 
Z-isomers, the opposite was seen. The former was also 

TABLE II.  Biodistribution of "'1 radioactivity (%IDxkglgJ in several 
peripheral tissues at different tunes after intravenous injection of the 

piperazine derivatives in mature female rats' 

l h  2 h  4 h  

Blood 

Fat 

Liver 

Lung 

CYDlE 
CYD2 
CYD3E 
cYD3z 
CYD5E 
CYD5Z 

CYDlE 
CYD2 
CYD3E 
CYD3Z 
CYDBE 
cYD5z 

CYDlE 
CYD2 
CYD3E 
cYD3z 
CYD5E 
cYD5z 

CYDlE 
CYD2 
CYD3E 
cYD3z 
CYD5E 
CYD5Z 

0.028 t 0.001 
0.044 -t 0.003 
0.059 f 0.004 
0.020 2 0.001 
0.033 -C 0.023 
0.025 i 0.002 

0.105 i 0.009 
0.086 2 0.010 
0.059 i 0.010 
0.049 i 0.006 
0.082 t 0.054 
0.063 -C 0.014 

0.273 2 0.034 
0.710 i 0.048 
0.199 2 0.030 
0.831 f 0.080 
0.262 f 0.133 
0,811 i 0.109 

0.495 % 0.013 
0.184 i 0.025 
0.445 f 0.161 
0.312 -t 0.020 
0.358 i 0.180 
0.230 t 0.026 

0.019 i 0.002 
0.048 f 0.002 
0.066 f 0.006 
0.021 i 0.004 
0.062 t 0.007 
0.029 i 0.003 

0.110 ? 0.014 
0.103 i 0.017 
0.084 2 0.005 
0.060 ? 0.009 
0.114 i 0.015 
0.061 2 0.019 

0.174 i 0.007 
0.477 2 0.032 
0.160 2 0.013 
0.734 i 0.036 
0.258 i 0.025 
0.919 2 0.062 

0.426 2 0.033 
0.129 t 0.010 
0.386 i 0.080 
0.238 t 0.013 
0.299 i 0.023 
0.157 i 0.023 

0.016 i 0.004 
0.051 2 0.010 
0.041 i 0.004 
0.022 i 0.004 
0.060 I+_ 0.016 
0.039 i 0.002 

0.184 i 0.037 
0.128 f 0.016 
0.105 i 0.024 
0.071 i 0.015 
0.112 t 0.003 
0.082 5 0.007 

0.134 -t 0.029 
0.338 2 0.060 
0.129 i 0.016 
0.694 i 0.113 
0.164 2 0.026 
0.917 2 0.174 

0.342 C 0.070 
0.119 i 0.009 
0.234 ? 0.005 
0.166 i 0.014 
0.178 i 0.022 
0.156 t 0.014 

'Data shown are the mean -t SD for three ratx 

the case for CYDlE, which showed even the highest 
lung uptake, the latter upon application of CYD2 
(Table 11). 

Accumulation in brain tissue 
The absolute brain lZ3I uptake, i.e., in all different 

brain areas as a whole (data not shown), upon injection 
of all piperazine derivatives was low and at 4 h p.i. not 
above that of, e.g., blood. Moreover, the brain uptake 
was higher after injection of the 2-isomers of both CYD3 
and CYD5 till 2 h p.i. (comparable with that in liver, 
see above), being the highest for CYD5Z. However, only 
injection of both E-isomers, not the Z-isomers, resulted 
in preferred uptake of 1231 radioactivity in the striatum, 
as compared to the other brain areas (see Table IV for 
CYD3E; for all other compounds, data not shown), a 
finding also seen for CYDlE (although its absolute 
brain uptake was the lowest of all compounds studied). 
The preferred striatal lZ3I uptake after injection of the 
E-isomers of CYD3 and 0 5 ,  and of CYDlE, is also 
clear from their striatum-to-cerebellum uptake ratios 
(Table III), being >1 from 1 to 4 h after injection. The 
striatum-to-occipital cortex uptake ratio was >1 for all 
five piperazine derivatives. However, uptake ratios (Ta- 
ble 111) showed no significant change over time for 
CYD32, CYD5E, and CYDSZ; decreased statistically 
significantly over time for CYD2; and only for CYDlE 
and CYD3E, significantly increased over time. Stria- 
tum-to-cerebellum ratios were significantly higher than 
the striatum-to-occipital cortex ratios for the latter com- 
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TABLE Ill .  Biodistribution of "?1 radioactivity (%lDxkglg) in the striatum and the striatum-to-cerebellum 
and -occipital cortex uptake ratios at different times after intravenous injection of the piperazine derivatives in 

mature female rats' 

205 

Striatum 

Striatum-to-cerebellum 

CYDlE 0.014 2 0.000 0.011 f 0.001 0.008 2 0.002 
CYD2 0.053 t 0.006 0.028 i 0.002 0.018 i 0.003 
CM3E 0.055 t 0.011 0.049 2 0.004 0.034 i 0.004 
CYD3Z 0.066 C 0.002 0.048 C 0.006 0.025 i 0.002 
CYD5E 0.084 t 0.051 0.084 i 0.040 0.032 t 0.003 
CMSZ 0.106 2 0.018 0.075 2 0.016 0.043 i 0.003 

CYDlE 1.227 t 0.037 1.475 % 0.051 1.614 -C 0.119' 
C M 2  0.986 t 0.040 0.955 ? 0.023 0.903 t 0.0252 
CM3E 2.145 ? 0.120 2.496 2 0.145 2.716 2 0.166' 
CM3Z 0.945 i 0.023 0.896 C 0.104 0.789 t 0.029 
CYD5E 1.835 i 0.235 2.579 2 1.183 1.501 tr 0.244 
CYD5Z 0.966 t 0.107 0.970 2 0.276 0.758 t 0.072 

Striatum-to-occipital cortex CYDlE 1.108 t- 0.024 1.250 t 0.038 1.387 t 0.1012,3 
C M 2  1.137 t 0.035 1.093 2 0.029 1.034 2 0.0372,3 
CYD3E 1.832 i 0.140 2.007 f- 0.183 2.250 t 0.0872,3 
CYDBZ 1.085 f 0.093 1.131 C 0.117 1.062 t 0.0353 
CYD5E 1.911 t- 0.930 1.776 t 1.183 0.967 2 0.207 
CYD5Z 1.221 t 0.106 1.556 -+ 0.749 1.209 i 0.24@ 

'Data shown are the mean 2 SD for three rats. 
'ANOVA revealed a significant time trend for the striaturn-to-cerebellum ratio F(2,6) = 18.3, F(2,6) = 6.3, and F(5,12) = 6.3, and 
for the striatum-to-occipital cortex ratio F(2,6) = 14.2, F(2.6) = 6.8, and F(5,12) = 60.8 for CYDlE, CYDP, and CYD3E (including 
data of 15 min, 30 rnin, and 24 h), respectively 
'ANOVA revealed a significant difference with the striatum-to-cerebellum ratios. 

TABLE N: Biodistribution of l Z 3 l  radioactivity I%IDxkglg) and the striaturn-to-cerebellum and -occipital cortex uptake ratio at different times after 
intravenous injection of  CYD3E in mature female rats' 

15 min 30 min l h  2 h  4 h  24 h 

Blood 
Fat 
Muscle 
Kidney 
Liver 
Spleen 
Lung 
Heart 

Pituitary 
Olfactory tubercle 
Frontal cortex 
Septum 
Striatum 
Hypothalamus 
Amygdala 
Hippocampus 
Occipital cortex 
Substantia nigra 
Pons medulla 
Cerebellum 

0.076 t 0.013 
0.042 C 0.013 
0.034 i 0.010 
0.250 t 0.062 
0.374 i 0.144 
0.248 i 0.129 
0.806 F 0.147 
0.116 f 0.030 

0.161 t- 0.060 
0.060 i 0.018 
0.050 t 0.005 
0.047 C 0.014 
0.061 i 0.017 
0.044 2 0.020 
0.057 2 0.017 
0.040 f 0.003 
0.065 2 0.017 
0.045 i_ 0.015 
0.048 2 0.015 
0.049 t 0.014 

0.079 2 0.005 
0.050 t 0.004 
0.038 2 0.008 
0.249 2 0.025 
0.281 t 0.059 
0.210 t 0.034 
0.700 5 0.079 
0.091 t- 0.012 

0.137 5 0,019 
0.063 f 0,009 
0.054 t 0.008 
0.045 i 0.008 
0.063 i 0.003 
0.043 2 0.006 
0.048 i 0.007 
0.047 i 0.007 
0.052 2 0.008 
0.042 t 0.008 
0.043 i 0.007 
0.042 i 0.005 

0.059 t 0.004 
0.059 t- 0.010 
0.030 t 0.004 
0.189 f 0.016 
0.199 2 0.030 
0.173 i 0.033 
0.445 t 0.161 
0.062 ? 0.004 

0.075 2 0.020 
0.037 2 0.007 
0.030 i 0.005 
0.029 I 0.004 
0.055 2 0.011 
0.026 i 0.004 
0.030 i 0.004 
0.029 t 0.004 
0.030 t 0.004 
0.024 t 0.002 
0.026 t 0.004 
0.026 -C 0.004 

0.066 i 0.006 
0.084 i 0.005 
0.036 F 0.000 
0.292 2 0.138 
0.160 -C 0.013 
0.129 t 0.004 
0.386 i 0.080 
0.057 t 0.006 

0.066 t 0.005 
0.029 2 0.002 
0.022 t 0.002 
0.023 f 0.002 
0.049 f 0.004 
0.022 2 0.004 
0.023 5 0.001 
0.024 2 0.000 
0.024 2 0.001 
0.019 2 0.000 
0.021 f 0.001 
0.020 f 0.001 

0.041 5 0.004 
0.105 Ic- 0.024 
0.020 2 0.002 
0.165 % 0.005 
0.129 i 0.016 
0.091 i 0.022 
0.234 2 0.005 
0.044 j: 0.003 

0.039 j: 0.048 
0.016 j: 0.002 
0.013 i 0.002 
0.012 i 0.005 
0.034 2 0.004 
0.011 i 0.002 
0.014 i 0.001 
0.013 10.002 
0.015 2 0.002 
0.010 ? 0.002 
0.013 2 0.002 
0.013 t 0.002 

0.008 2 0.003 
0.067 5 0.016 
0.002 f 0.001 
0.030 t 0.005 
0.026 5 0.006 
0.012 f 0.003 
0.028 2 0.002 
0.007 i 0.003 

0.000 t 0.000 
0.000 _t 0.000 
0.000 C 0.000 
0.000 t- 0.000 
0.001 IO.000 
0.000 C 0.000 
0.000 i 0.000 
0.000 i 0.000 
0.002 i 0.001 
0.000 ? 0.000 
0.001 t 0.001 
0.001 t 0.001 

0.378 2 0.332' Striatum-to-cerebellum 1.259 i 0.196 1.500 2 0.119 2.145 t 0.120 2.496 t 0.145 2.716 2 0.166 
Striatum-to-occipital cortex 0.964 2 0.233 1.231 t 0.116 1.832 i 0.140 2.007 t 0.183 2.250 I 0.087 0.228 ? 0.198' 

'Data shown are the mean * SD of three rats. 
'ANOVA revealed a significant time trend with F(5,12) values of 6.3 and 60.8 for the striaturn-to-cerebellum and -occipital cortex ratio, respectively 

pounds (F(1,12) = 30.8 and F(1,24) = 29.9, respec- 
tively; Tables I11 and IV). The highest uptake ratios 
were found for CYDSE, being 2.7 and 2.4 at 4 h p.i. for 
the striatum-to-cerebellum and -occipital cortex ratio, 
respectively. Finally, for CYDSE, both striatal uptake 
ratios were statistically significantly higher than those 
of its Z-isomer (F(1,12) values of 276 and 888 for stria- 

tum-to-occipital cortex and -cerebellum ratio, respec- 
tively). For CYD5E, this was only so for the striatum- 
to-cerebellum ratio (F( 1,12) value of 19.3). 

Because of its highest r3H]DA uptake-inhibiting po- 
tency as determined in vitro, and its highest striatum- 
to-cerebellum and -occipital cortex ratio observed in 
vivo, the 1231 biodistribution after injection of the 
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E-isomer of CYD3 was also studied before 1 h p.i. (at 
15 and 30 min), and also at 24 h after injection (Table 
IV). Importantly, the striatum uptake ratios signifi- 
cantly increased from 15 min to 1 h after injection. 
However, at 24 h p.i., the uptake ratios were both < I ,  
indicating no or insufficient retention of uptake of 1231 
radioactivity till 24 h after injection of CYD3E in the 
striatum, as compared to other brain areas. 

DISCUSSION 
The most potent inhibitor of [3H]DA accumulation in 

rat striatal synaptosomes was found to be the E-isomer 
of CYD3 (Ki = 101 nM). Its potency is therefore rela- 
tively low as  the Ki values found for several other piper- 
azine derivatives are in the low nanomolar range 
(Andersen, 1989; Van der Zee et al., 1980). Despite their 
low inhibition potency, all new iodinated piperazine de- 
rivatives were competitive inhibitors of [3H]DA accumu- 
lation in rat striatal synaptosomes, the E-isomers of 
both CYD3 and CYD5 being moreover more potent than 
their corresponding Z-isomers. 

The in vivo studies revealed an  opposite distribution 
pattern for the E-isomers of both CYD3 and CYD5, 
together with CYDlE, as  compared to the correspond- 
ing Z-isomers of CYD3 and CYD5 and to 0 2 .  In 
the latter group, the level of radioactivity in the lungs, 
adipose tissue, and blood was lower, whereas that in 
the liver and brain was higher, as compared to the 
former one. One exception is the low blood level upon 
application of CYDlE. However, despite their higher 
brain uptake, no specific striatal uptake of lZ3I radioac- 
tivity was found after injection of CYD3Z, CYDSZ, and 
CYD2. This could be a consequence of the rapid forma- 
tion of metabolites, since uptake in liver, a metabolic 
active organ, was higher as  well. The most potent inhibi- 
tors of in vitro L3H1DA uptake, being CYD3E and 
CYDlE, also showed the best, though poor, in vivo bind- 
ing characteristics in brain. This is illustrated by their 
preferred uptake and retention of radioactivity in the 
striatum, as compared to other brain areas, e.g., the 
cerebellum and occipital cortex. The highest striatal 
uptake ratios were obtained by CYD3E. Coinjection of 
the radioiodinated piperazine derivatives with an  ex- 
cess of their cold iodinated analogues (0.5 mM) caused 
a statistically significant moderate decrease of the stria- 
tum-to-cerebellum and -occipital cortex uptake ratio at 
2 h p.i. for CYD3E only, being 18 and 13%, respectively 
(data not shown), being also indicative for its specific DA 
transporter-mediated striatal uptake. The differences, 
both in in vitro and in vivo binding potency, between 
the E- and Z-isomers of these iodinated piperazine de- 
rivatives have also been described for radioiodinated 
tropane analogues of cocaine (Goodman et al., 1994). 
In that study, both in vitro binding and in vivo distribu- 
tion in rat also showed that the E-isomer was the most 
promising analogue. It therefore seems important to 

consider stereoisomerism in the development of DA 
transporter ligands. 

Although CYD3E, CYD5E7 and CYDlE showed pre- 
ferred striatal uptake, absolute brain uptake was very 
low. The hydroxy group was introduced into these piper- 
azine derivatives in an  attempt to lower the lipophilic- 
ity. However, these compounds were still found to be 
very lipophilic (log P > 2.7; partition coefficient in the 
n-octanolhuffer system at pH 7.4). Interestingly, the 
most lipophilic one, CYDlE, showed the lowest brain 
uptake. Kessler et al. (1991) found an  inverted parabolic 
relationship between striatal uptake of 1251-labeled sub- 
stituted benzamides as potential DAD, receptor ligands 
and lipophilicity. They suggested that highly lipophilic 
molecules strongly bind to plasma proteins and cell 
membranes, through which only a small fraction of the 
ligand in plasma is free and able to cross the blood 
brain barrier. Possibly a similar correlation between 
lipophilicity and striatal uptake ratios exists for the 
piperazine derivatives investigated by us. They also 
found that relatively high lipophilicity results in rela- 
tively high levels of nonspecific binding, though by tis- 
sue contrast is relatively moderate. In our study, tissue 
contrast, expressed as  uptake in striatum (a DA trans- 
porter-rich brain area) to occipital cortex and cerebel- 
lum (both areas with negligible DA transporter con- 
tent), was significantly the highest for CYD3E, but too 
low for possible SPECT application in studying nigro- 
striatal degeneration in humans. 

In conclusion, although the present iodinated pipera- 
zine derivatives showed limited value as SPECT DA 
transporter ligands, we believe that other piperazine 
analogues might have potential as selective DA trans- 
porter-imaging agents. This study shows that chemical 
separation of the stereoisomers of the compound can 
increase binding selectivity. Moreover, we think that 
decreasing lipophilicity of the compounds (log P < 2.31, 
together with enhancing receptor affinity, could still 
result in the discovery of potential radioligands for the 
in vivo monitoring of the striatal DA transporter. This 
idea is strengthened by the observation of Kessler et 
al. (1991) that not only high affinity but also relatively 
low apparent lipophilicity are needed to achieve high 
in vivo striatal uptake ratios of a radioligand. 
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