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Abstract

Purpose Radionuclide therapy with 3 labelled meta-
iodobenzylguanidine ([Z'TIMIBG) is effective in cases
where it is difficult to carry out surgical resection or
debulking of neurocendocrine tumours (NETs). However, it
has recently been reported that P-glycoprotein (P-gp) is
expressed in these NETs. Therefore, it is important to
clarify whether MIBG is a substrate of P-gp or not. In this
study, using a human cell line which overexpresses P-gp,
LLC-GA5-COLI150, we investigated this question.
Methods The transcellular transport and accumulation of
['*IIMIBG were measured using monolayer cultures
grown in Transwell chambers. ['251]MIBG was added to
either the basolateral or the apical side, aliquots of the
incubation medium on the other side were taken at specified
times, and the radioactivity was measured. For accumula-
tion experiments, the cells on the filters were solubilised
and the radioactivity in aliquots was measured.

Results There were no significant differences in the

Y. Kiyono

Radioisotopes Research Laboratory, Faculty of Medicine,
Kyoto University Hospital, Kyoto University,

Kyoto, Japan

T. Yamashita - H. Doi - Y. Kuge - H. Saji (()

Department of Patho-functional Bioanalysis,

Graduate School of Pharmaceutical Sciences, Kyoto University,
Sakyo-ku,

Kyoto 606-8501, Japan

e-mail: hsaji@pharm.kyoto-u.ac.jp

T. Katsura * K.-L. Inui

Department of Pharmacy, Faculty of Medicine,
Kyoto University Hospital, Kyoto University,
Sakyo-ku,

Kyoto, Japan

@ Springer

transport of MIBG between LLC-PK; and LLC-GA3S-
COL150 monolayers in either direction until 60 min. With
respect to the accumulation of MIBG, there were no
significant differences between LLC-PK, and LLC-GAS5-
COL150 cells in either direction.

Conclusion MIBG is not a substrate of P-gp. Therefore,
radionuclide therapy with MIBG would be useful in the
treatment of NETs expressing P-gp.

Keywords ["*'[)MIBG - P-glycoprotein - Transporter -
Neuroendocrine tumour - Radionuclide therapy

Introduction

Neuroendocrine tumours (NETs) represent a large group of
neoplasms derived from pluripotent stem cells or from
differentiated neuroendocrine cells that are characterised by
the expression of various peptides and biogenic amines [1].
NETs are capable of causing severe disease due to the
excessive secretion of a variety of hormones. Surgical
resection and debulking offer the best palliation for those
affected, but treatment is rarely curative owing to the extent
of the disease [2-4].

Meta-iodobenzylguanidine (MIBG) is an alkyl-guani-
dine derivative that is similar to noradrenaline and is
accumulated by tissue arising from adrenal medullary
tumours and many other NETs [5, 6]. Therefore, it has
been expected that radionuclide therapy with '3!L-labelled
meta-iodobenzylguanidine ([*'TIMIBG) will be effective
for the treatment of NETs [7-10].

On the other hand, P-glycoprotein (P-gp) has been
reported to be expressed in some types of NET [11-14].
P-gp can transport a wide range of structurally unrelated,
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lipophilic, neutral and cationic organic compounds [15, 16]
and produces multidrug resistance in cells [135, 16]. Since
MIBG is a lipophilic and cationic compound, it has the
potential to be a substrate of P-gp. Thus, if MIBG were a
substrate of P-gp, the therapeutic effect of ['*'IJMIBG
for NETs would vary according to P-gp expression and
the dose of ["*'IJMIBG would be affected by tumour
characteristics.

Therefore, in this study, using a porcine kidney cell
line which overexpresses human P-gp, LLC-GAS5-
COLI150 [17], we investigated whether MIBG is a substrate
of P-gp.

Materials and methods
General

[*H]daunomycin (592 GBg/mmol) and p-["*C]mannitol
(1987 MBg/mmol) were purchased from PerkinElmer Life
Sciences (Boston, MA). ['*TIMIBG (1.80 TBg/mmol) was
kindly supplied by Daiichi Radioisotope Laboratories
(Tokyo, Japan). All chemicals used in this study were of
the highest purity available.

Cell lines and cell culture

LLC-GAS-COL150 cells were established to be trans-
fected with human MDR1 c¢DNA into porcine kidney
cells, LLC-PK, [17]. LLC-GAS5-COL150 cells overex-
press human P-gp on the apical membrane. LLC-PK, cells
were used as host cells without P-gp. Complete medium
consisted of Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum without antibiotics,
and 150 ng/ml colchicine was added to the medium for

LLC-GAS5-COLI150 cells. Monolayers were grown under
an atmosphere of 5% CO,/95% air at 37°C, and were
subcultured every 6-7 days using 0.02% EDTA and
0.05% trypsin. For the transport studies, LLC-GAS5-
COL150 and LLC-PK, cells were seeded on polycarbon-
ate membrane filters (3-um pores, 4.71 cm? growth area)
inside Transwell cell culture chambers (Coaster, Cam-
bridge, MA) at a density of 5x10° and 4x 10 cells/cm?,
respectively. Transwell chambers were placed in 35-mm
wells of tissue culture plates with 2.6 ml of medium
outside (basolateral side) and 1.5 ml inside (apical side).
Medium was replaced every 2 days, and the cells were
used on the 7th day after seeding.

Immunoblot analysis

Cells were homogenised in PBS containing 1% Nonidet
P40, 0.5% deoxycholic acid sodium salt and 0.1% SDS.
The homogenate was subjected to SDS-PAGE (5-20%
gradient gel). The separated proteins were electrophoret-
ically transferred onto a polyvinylidine difluoride mem-
brane (Millipore, Billerica, MO). Primary and secondary
antibodies were commercially obtained and used: anti-P-
gp antibody (1:500, Calbiochem, Darmstadt, Germany)
and horseradish peroxidase-conjugated anti-mouse 1gG2a
antibody (1:10,000, Santa Cruz biotechnology, Santa
Cruz, CA). The membrane was stained using ECL kit
(Amersham Biosciences) according to the manufacturer’s
instructions.

Transport and cellular accumulation measurements
Transport and cellular accumulation measurements were

performed as described previously with some modifications
[17, 18]. Figure 1 shows a schematic diagram of the

Fig. 1 Schematic diagram of [125(]MIBG or Sampling
the transcellular transport exper- [3H]Daunomycin
iment. ['**I)MIBG and [*H]
; ; ] [

daunomycin were added to ei-
ther the basolateral or the apical
side, aliquots of the incubation
medium on the other side were V///4 V///4
taken at specified times, and the Incubation > # Incubation
radioactivity was measured Medium Medium

Apical side

- _ﬁ Cell
/ — Basolateral side
7
Polycarbonate . 125
Membrane Sampling (>IMIBG or
Filter [*H)Daunomycin
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transcellular transport experiments. The transcellular trans-
port and accumulation of [*H]daunomycin and {'*TIMIBG
were measured using monolayer cultures grown in Trans-
well chambers. The composition of the incubation medium
was as follows: 145 mM NaCl, 3 mM KCI, | mM CaCl,,
0.5 mM MgCl,, 5 mM p-glucose and 5 mAM HEPES
(pH 7.4). Six hours before the transport experiments, the
culture medium was replaced with fresh colchicine-free
culture medium. After removal of the culture medium from
both sides of the monolayers, the cell monolayers were pre-
incubated with 2 ml of incubation medium in each side for
15 min at 37°C. Then, 2 ml of incubation medium
containing radioactive substrate was added to either the
basolateral or the apical side, 2 ml of nonradioactive
incubation medium was added to the opposite side, and
the monolayers were incubated for specified periods at
37°C. p-["*C]mannitol (2 mM, 3.6 kBg/ml), a compound
that is not transported by cells, was used to calculate the
paracellular fluxes and the extracellular trapping of [*H]
daunomycin and ['**I)MIBG. For transport measurements,
aliquots (50 pl) of the incubation medium on the other side
were taken at specified times, and the radioactivity was
measured.

For accumulation experiments, the medium was re-
moved by aspiration at the end of the incubation period,
and the monolayers were rapidly washed twice with 2 ml of
ice-cold incubation medium on each side. The filters with
the monolayers were detached from the chambers, the cells
on the filters were solubilised with 0.5 ml of | N NaOH,
and the radioactivity in aliquots of 50 pul was measured.
The radioactivity of the collected medium and the solubi-
lised cell monolayers was determined in 3 ml of ACS Il
(Amersham, Buckinghamshire, UK) by liquid scintillation
counting. The protein contents of the monolayers solubi-
lised in 1 N NaOH were determined by the BCA method
using a BCA protein assay kit (Pierce, Rockford, IL) with
BSA as a standard.

Statistical analysis

Statistical analyses were performed with an unpaired ¢ test.
Differences were considered significant when p<0.05.
Results

Immunoblot analysis

Immunoblot analysis was performed to examine the
expression of P-gp in LLC-PK; and LLC-GAS5-COLI150
cells (Fig. 2). P-gp was detected clearly at 170 kDa in LLC-

GAS5-COL150 cells, although it was not detected in LLC-
PK; cells.

@ Springer
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Fig. 2 Immunoblot analysis of homogenate from LLC-PK, (lane 1)
and LLC-GAS5-COL150 (lane 2)

Transcellular transport and accumulation of daunomycin

First, to confirm the validity of our experimental system
using LLC-GA5-COL150 monolayers for evaluation of
transportation by P-gp, we measured the transcellular trans-
port and cellular accumulation of daunomycin (100 nM) by
LLC-GA5-COL150 cells, compared with LLC-PK, cells,
which do not express P-gp (Fig. 3). In LLC-PK, cells, there
was no significant difference between the apical-to-baso-
lateral transport and the basolateral-to-apical transport of
daunomycin. In contrast, the basolateral-to-apical transport
rate of daunomycin by LLC-GAS5-COL150 monolayers was
higher than that in the opposite direction. Furthermore, the
basolateral-to-apical transport of daunomycin was signifi-
cantly increased in LLC-GA5-COL150 monolayers com-
pared with that in LLC-PK,; monolayers (p<0.01, Fig. 3a).
The cellular accumulation of daunomycin in both directions
was significantly lower in LLC-GAS5-COL150 than in
LLC-PK; (p<0.01, Fig. 3b).

Transcellular transport and accumulation of MIBG

The transcellular transport of MIBG (100 nM) was
examined using the LLC-GA5-COL150 and LLC-PK,
monolayers. There were no significant differences in the
transport of MIBG between LLC-GAS5-COL150 and LLC-
PK, monolayers in either direction until 60 min (Fig. 4a).
As regards the accumulation of MIBG, again there were no
significant differences between LLC-GAS5-COLI150 and
LLC-PK, cells in either direction (Fig. 4b). Furthermore,
the basolateral-to-apical transport of MIBG was much
greater than the apical-to-basolateral transport in both
LLC-GA5-COL150 and LLC-PK, monolayers (Fig. 4a).
The patterns of transport and accumulation of MIBG were
obviously different from those of daunomycin.

Discussion

Most substrates for P-gp are extensively transported by
LLC-GA5-COL150 compared with LLC-PK; monolayers,
accompanied by a decrease in intracellular accumulation. In
our system, the basolateral-to-apical transport of daunomy-
cin was significantly increased in LLC-GAS5-COL150
compared with LLC-PK, monolayers, but there was no
significant difference between LLC-GAS5-COLI50 and
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Fig. 3 Transcellular transport (a) and cellular accumulation (b) of
daunomycin by LLC-GAS5-COL150 and LLC-PK, monolayers.
LLC-GAS5-COL150 (solid symbols) and LLC-PK, (open symbols)
monolayers were incubated at 37°C with 100 nM [*H]daunomycin
added to either the apical (triangles) or the basolateral (circles) side

LLC-PK, monolayers in the apical-to-basolateral transport
of daunomycin (Fig. 3a). In addition, the accumulation of
daunomycin in LLC-GA5-COL150 monolayers was signif-
icantly decreased compared with that in LLC-PK,; mono-
layers on both sides (Fig. 3b). If there is no specific
transport system for daunomycin, the apical-to-basolateral
and reverse transport rates should be same. However,
because human P-gp localises specifically in the apical
membrane of LLC-GAS5-COL150 cells, substrates for P-gp
coming from apical side are likely to be caught and pumped
back out to the medium, resulting in a reduced apical-to-
basolateral transport rate. By contrast, substrates entering
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Fig. 4 Transcellular transport (a) and cellular accumulation (b) of
MIBG by LLC-GAS-COL150 and LLC-PK; monolayers. LLC-
GAS5-COL150 (solid symbols) and LLC-PK, (open symbols)
monolayers were incubated at 37°C with 100 nM ['**IIMIBG
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of the monolayers. After incubation, the appearance of radioactivity
on the opposite side and accumulation were measured. Each point
represents the mean+SEM of three independent experiments.
*p<0.01, significant difference from LLC-PK, monolayers

cells from basolateral side will be discharged across the
apical membranes, resulting in acceleration of the baso-
lateral-to-apical transport rate. Furthermore, decreased
accumulation of P-gp substrates in LLC-GAS5-COL150
cells is due to expulsion of substrates across the apical
membranes via P-gp. These results demonstrate that our
system using LLC-GA5-COL150 cells is suitable for
evaluation of the transport of a compound by P-gp.

The basolateral-to-apical transport of MIBG was signif-
icantly greater than the apical-to-basolateral transport in
both monolayers (Fig. 4a). Furthermore, there was no
significant difference between LLC-GAS5-COL150 and
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of monolayers. Each point represents the mean+SEM of three
independent experiments. *p<0.05, significant difference from
LLC-PK, monolayers
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LLC-PK; monolayers in either direction (Fig. 4b). These
transport and accumulation patterns are obviously different
from those obtained in respect of daunomycin. Therefore,
these results indicate that MIBG is not a substrate of P-gp.

The patterns of transport and accumulation also suggest
that MIBG is subjected to directional transport across LLC-
PK, monolayers. In LLC-PK, cells, there are organic cation
transporters (OCTs) [19-22]. Since, under physiological
conditions, MIBG has a cationic charge at the guanidino
group, there is a possibility that it is transported by OCTs.
In fact, cimetidine, an inhibitor of OCTs, inhibited both the
apical-to-basolateral and the basolateral-to-apical transport
of MIBG (data not shown). In addition to OCTs, the
multidrug resistance-related protein family and/or the Bcl
protein family may also transport MIBG. More studies are
required on the possible transport of MIBG by many
transporters.

In conclusion, MIBG is not a substrate of P-gp.
Therefore, radionuclide therapy with MIBG would be
useful in the treatment of NETs even if the tumour cells
express P-gp.
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Abstract. Purpose: Abnormality of the brain norepineph-
rine transporter (NET) has been reported in several psychi-
atric and neuronal disorders. Since NET is an important
target for the diagnosis of these diseases, the development of
radiopharmaceuticals for imaging of brain NET has been
eagerly awaited. In this study, we synthesized (§,5)-2-(-(2-

iodophenoxy)benzyl)morpholine [(S,S)-IPBM), a derivative
of reboxetine iodinated at position 2 of the phenoxy ring, and
evaluated its potential as a radiopharmaceutical for imaging
brain NET usin% SPECT.

Methods: (S,S)-"2*'*’I-IPBM was synthesized in a halogen

exchange reaction. The affinity and selectivity of (S,S)-
IPBM for NET was measured by assaying the displacement
of *H-nisoxetine and (S.S)-'®I-IPBM from the binding site
in rat brain membrane, respectively. The biodistribution of
(S,S)-IZSI-IPBM was also determined in rats. Furthermore,
SPECT studies with (S,S)-'>*I-IPBM were carried out in the

common marmoset.

Results: (S,S)-'*I-IPBM was prepared with high radio-

chemical yields (65%) and high radiochemical purity
(>98%). (5,S)-IPBM showed high affinity and selectivity
for NET in the binding assay experiments. In biodistribution
experiments, (S,S)-'>I-IPBM showed rapid uptake in the
brain, and the regional cerebral distribution was consistent
with the density of NET. The administration of nisoxetine, a
selective NET-binding agent, decreased the accumulation of
(S,S)-'"*I-IPBM in the brain, but the administration of
selective serotonin transporter and dopamine transporter

Hideo Saji (&)
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Kyoto University,

Sakyo-ku, Kyoto 606-8501, Japan
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binding agents caused no siz%niﬁcant changes in the accumu-
lation. Moreover, (S,S)-'“I-IPBM allowed brain NET
imaging in the common marmoset with SPECT.
Conclusion: These results suggest that (S,S)-'ZI-IPBM is a
potential SPECT radiopharmaceutical for imaging brain
NET.

Keywords: Norepinephrine transporter — Radioiodination —
Brain — SPECT - (§.5)-2-(a-(2-iodo-phenoxy)benzyl)
morpholine

Eur J Nucl Med Mol Imaging (2006) 33:639-647
DOI 10.1007/s00259-005-0017-y

Introduction

The norepinephrine transporter (NET), which is located in
the presynaptic terminal of noradrenergic neurons, plays a
critical role in the norepinephrine (NE) reuptake system and
regulates the synaptic NE concentration [I, 2]. Since
decreased levels of NET have been reported to be related
to various diseases of the brain, including depression B-5]
and Alzheimer's disease [6, 7], NET could be an important
target for the diagnosis of these diseases. Therefore, a NET-
specific radioligand is expected to be developed for assess-
ment of changes in NET density in various brain disorders in
Vivo.,

A radioiodine-substituted analog of the potent NET-
binding agent nisoxetine, radioiodinated (R)-MIPP, was
developed as a radioPharmaceutical for brain NET imaging
[8, 9]. Although (R)- 3S1-MIPP had high affinity for NET, it
also had moderate affinity for the serotonin transporter
(SERT) [8, 10, 11]. Therefore, (R)-'>°I-MIPP lacked selec-
tivity for NET in vivo.

European Joumal of Nuclear Medicine and Molecular Imaging Vol. 33, No. 6, June 2006
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Recently, reboxetine has been reported to be a highly
selective NET-binding agent, with about 400-fold selectivity
favoring norepinephrine reuptake inhibition over serotonin
reuptake inhibition [12]. Wilson et al. reported the promising
compound ''C-labeled O-methyl reboxetine, S,9)-'"'c-
MeNER, for the imaging of brain NET in vivo with positron
emission tomography (PET) [13]. Although (S,9)-''C-
MeNER showed specific binding to NET, it caused problems
in quantitative studies owing to the short half-life of c
(20 min, in that it did not reach a specific bindimfv peak
equilibrium during the PET measurements [14, 15]. 123 has
a half-life of 13.3 h, which is ideal for the slower kinetics of
reboxetine analogs. Therefore, the superior radiation proper-
ties of '2*I for SPECT prompted us to develop a radioio-
dinated ligand for imaging of brain NET.

We expected the introduction of iodine at position 2 of the
phenoxy ring not to affect the affinity and selectivity for
NET, because a reboxetine analog substituted at this position
has been reported to have high affinity and selectivity for
NET (13, 16]. Thus, we designed (S,5)-2-(x-(2-10do-
phenoxy)benzyl)morpholin [(S,S)-IPBM] iodinated at posi-
tion 2 of the phenoxy ring as a radiopharmaceutical for
imaging brain NET in vivo (Fig. 1). In this study, radio-
iodinated (S,S)-IPBM was synthesized and its potential as an
imaging agent assessed.

Materials and methods

General

Sodium '*I-iodide (643.8 GBg/mg) and 3H-nisoxetine (2.96 TBq/
mmol) were purchased from New England Nuclear (Boston, MA).
Sodium '*l-iodide (1.48 GBqg/ml) was kindly provided by Daiichi
Radioisotope Laboratories (Tokyo, Japan). All chemicals used in this
study were of reagent grade.

Proton nuclear magnetic resonance ('H-NMR) spectra were
recorded on a JNM-AL 400 spectrometer (JEOL Ltd. Tokyo, Japan),
and the chemical shifts were reported in parts per million (ppm)
downfield from an internal tetramethylsilane standard. Electrospray
ionization mass spectra were recorded with a LC-MS QP8000«x
(Shimadzu Ltd. Kyoto, Japan). The optical rotation of compounds
was measured with a SEPA-200 spectrometer (Horiba Ltd. Kyoto,
Japan).

b

52

(o]

C%Q

H

NH NHMe

o/

X=0Et (S.S)}-Reboxetine X=H {R)-MPP
X=l (S.S)IPBM X=I (R)-MIPP
X=8Br (S.S)-BPBM X=0Me (R)-Nisoxetine

X=Me (R)-Tomoxetine

Fig. 1. Chemical structures of reboxetine analogs

Animal studies were conducted in accordance with our institu-
tional guidelines, and the experimental procedures were approved by
the Kyoto University Animal Care Committee.

Synthesis
Synthesis of (R,R)/(S,S)-IPBM

The synthetic pathway is shown in Fig. 2. (5,5)-IPBM was syn-
thesized referring to the synthetic procedure of reboxetine outlined
by Melloni et al. [17].

(2R,38)/(2S,3R)-1,2-dihydroxy-3-(2-iodophenoxy)-3-phenyl-propane
(3a) 'H-NMR (CDCl5) & 3.78 (1H, m, -CH-CHAHg-OH), 3.97 (1H,
m, -CH-CHHg-OH), 4.02 (1H, m, -CH-OH), 5.38 (1H, d, Ph-CH,
J=4.6 Hz), 6.58-7.75 (4H, m, Ph-0), 7.39 (5H, m, Ph-C). ESI-MS
caled for CysH,50;INa [M + Na]™: m/z 393, found 393.

(2R, 38)/(2S, 3R)-2-hydroxy-3-(2-iodophenoxy)-1-(4-nitro-benzoyloxy)-3-
phenylpropane (4a) 'H-NMR (CDCl3) & 2.56 (IH, d, OH), 4.40
(IH, m, -CH-OH), 4.65 (IH, m, CHAHgOCOQ), 4.73 (IH, m,
CHsHgOCO), 537 (1H, d, Ph-CH, J = 5.1 Hz), 6.69-7.77 (4H, m,
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=
o Y7 OH
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O
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1
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3b (2R,35)/(2S,3R)
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4a (2R,3S)/(2S,3R) 5a (2R,3S8)/(2S,3R) 6a (25,3S)/(2R,3R)

4b (2R,3S)/(2S,3R) 5b (2R,3S)/(25.3R) 6b (28,35)/(2R,3R)
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. = " (] o}
{vi) 322 {vii) —
= |
Ph/\i/\ NH, Phs/z\./\ N ,U\,C
OH 6H H

8a (2S,3S)/(2R,3R)
8b (2S,3S)/(2R.3R)

7a (25,3S)/(2R,3R)
7b (2S,3S)/(2R,3R)

CC X
{viii) = (ix) =H
—_— 33 —_— 3z
Pr ok NH ph/?!)/\ NH
\/go \)
10a (2S,3S)/(2R,3R) = (R,R)/(S,S)-IPBM
10b (25,3S)/(2R.3R) = (R,R)/(S.S)-BPBM

Ry

9a (25,3S)/(2R,3R)
9b (2S.3S)/(2R,3R)

Fig. 2. Synthesis of halogenated reboxetine analogs. «, (R,R)/(S,S)-
IPBM (R,=1); b, (R,R)/(S,S)-BPBM (R;=Br). Reagents: (i) mCPBA,
CH,Cl,; (ii) 2-halogenated phenol, aq.NaOH; (ii1) pyridine, PNBCI;
(iv) MsCl, Et;N, CHCls; (v) aq.NaOH, dioxane; (vi) NH4OH,
MeOH; (vii) CICOCH,CIl, TEA, CHCl5; (viii) KO¢Bu, +-BuOH; (ix)
BH;, THF. Only one optical isomer is shown in the scheme, that
which is underlined, for the sake of clarity
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Ph-0), 7.37 (§H, m, Ph-C), 8.12-8.24 (4H, m, Ph-N). ESI-MS calcd
for C2oH oNOgl [M + HJ": m/z 520, found 520. Anal. caled for
CyyH, sNOgl: C, 50.88; H, 3.49; N, 2.70; O, 18.49%,; Found: C,
50.84; H, 3.49; N, 2.51; O, 18.72%.

(2R, 38)/(2S,3R)-3-(2-iodophenoxy)-2-mesyloxy- 1-(4-nitro-benzoyloxy)-3-
phenylpropane (5a) 'H-NMR (CDCl5) 8 2.67 (3H, s, CH5S), 4.93
(2H, m, -CH»-0OCO), 5.34 (1H, m, CHOSO»), 5.53 (1H, d, Ph-CH, J =
5.4 Hz), 6.59-7.78 (4H, m, Ph-O), 7.43 (SH, m, Ph-C), 8.19-8.26
(4H, m, Ph-N). ESI-MS calcd for C>3H5 NOgSI [M + H]": m/z 598,
found 598.

(25.38)/(2R, 3R)-3-(2-iodophenoxy)-3-phenvipropene-1, 2-epoxide (6a)
A solution of crude 5a (2.93 g, 4.90 mmol) in dioxane (29.3 ml) and

I N NaOH (16 ml) was stirred for 4 h at room temperature. After

being diluted with. water, the solution was extracted with ethyl

acetate. The organic phase was washed with a saturated solution of
NaHCOj; and brine and evaporated to dryness. Purification of the

crude product by chromatography on silica gel (hexane:ethyl

acetate=10:1) gave pure 6a as a colorless oil. The yield was

1.22 g (70%). 'H-NMR (CDCl3) 6 2.82 (2H, m, CH,-CH), 3.47

(1H, m, CH,-CH), 4.98 (1H, d, -Ph-CH, J = 5.9 Hz), 6.68-7.76 (4H,

m, Ph-O), 7.40 (5H, m, Ph-C). ESI-MS calcd for C;sH,30,INa [M +

Na]": m/z 375, found 375.

(28,38)/(2R,3R)- I-amino-2-hydroxy-3-(2-iodophenoxy)-3-phenylpropane
(7a) 'H-NMR, free base (CDCl3) & 2.73 (IH, m, CHAHgN), 2.84
(1H, m, CHAHgN), 3.96 (1H, m, CH-OH), 5.16 (1H, d, Ph-CH, J =
6.8 Hz), 6.60-7.73 (4H, m, Ph-O), 7.35 (5H, m, Ph-C). ESI-MS
caled for C sH,7NO,I [M + HJ*: m/z 370, found 370.

(28,38)/(2R, 3R)- I-chloroacetylamino-2-hydroxy-3-(2-iodo-phenoxy)-3-
phenvipropane (8a) "H-NMR (CDCl;) & 3.39 (IH, m, CHAHgN),
3.50 (1H, m, CHaHgN), 4.03 (2H, q, CH.-Cl), 4.13 (1H, m, CH-
OH), 5.03 (1H, d, Ph-CH, J = 6.8 Hz), 6.58-7.74 (4H, m, Ph-O),
6.99 (1H, brs, NH), 7.35 (5H, m, Ph-C). ESI-MS calcd for
C,7H,7NO;ClINa [M + Na]*: m/z 468, found 468.

(28.3S)/(2R,3R)-2-[a-(2-iodophenoxy)benzyvl]morpholine-5-one (9a)
'H-NMR (CDCl;) 6 3.26 (IH, m, CHAHgN), 3.35 (IH, m,
CHaHgN), 4.26 (IH, m, O-CH-CH-Ph), 4.31 (2H, q, CH,CO),
5.36 (1H, d, Ph-CH, J = 5.9 Hz), 5.84 (1H, brs, CONH), 6.65-7.75
(4H, m, Ph-0O), 7.35 (5H, m, Ph-C). ESI-MS calcd for C;H7NOsl
[M + H]": m/z 410, found 410. Anal. calcd for C,;H4NO;l: C,
49.90; H, 3.94; N, 3.42%; Found: C, 49.47; H, 3.94; N, 3.31%.

(25, 38)/(2R, 3R)-2-[c-(2-iodophenoxy)benzvl]morpholine (10a) ‘H-
NMR (CDCl3) & 2.61 (1H, m, O-CHAHgN), 2.80 (3H, m, O-
CHAHgBN-CH>-), 3.66 (1H, m, O-CH-CH-Ph), 3.96 (2H, m,
CH»CO), 5.21 (1H, d, Ph-CH, J = 5.6 Hz), 6.63-7.72 (4H, m, Ph-
0), 7.34 (5H, m, Ph-C). ESI-MS calcd for C,;H,(NO-I [M + HJ":
m/z 396, found 396. Anal. Calcd for C;7HgNO,l: C, 51.66; H,
4.59; N, 3.54%; Found: C, 51.56; H, 4.56; N, 3.45%.

Synthesis of (R,R)/(S,S)-BPBM

(S,S)-BPBM was synthesized in the same manner as (S,S)-IPBM,
using 2-bromophenol as a starting material instead of 2-iodophenol.
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(2R, 35)/(2S,3R)- 1, 2-dihydroxy-3-(2-bromophenoxy)-3-phenylpropane
(3b) '"H-NMR (CDCl;) 6 3.76 (1H, m, -CH-CH,Hg-OH), 3.95 (1H,
m, -CH-CH,Hg-OH), 4.02 (1H, m, -CH-OH), 5.38 (1H, d, Ph-CH,
J = 4.6 Hz), 6.65-7.52 (4H, m, Ph-0), 7.34 (5H, m, Ph-C).

(2R.38)/(28,3R)-2-hydroxy-3-(2-bromophenoxy)-1-(4-nitro-benzoyloxy)-
3-phenylpropane (4b) 'H-NMR (CDCl;) & 4.40 (1H, m, -CH-OH),
4.67 (2H, m, CH,OCO}, 5.35 (1H, d, Ph-CH, J=5.1 Hz), 6.67-7.54
(4H, m, Ph-O), 7.38 (5H, m, Ph-C), 8.12-8.25 (4H, m, Ph-N). ESI-
MS caled for CysH oNOGBr [M + H]": m/z 472, found 472.

(2R,35)/(28,3R)-3-(2-bromophenoxy)-2-mesyloxy-1-(4-nitro-benzoyl-
oxv)-3-phenylpropane (5b) "H-NMR (CDCl5) & 2.68 (3H, s, CH;S),
4.80 (1H, m, -CHAHg-OCO), 4.94 (1H, m, -CHAHp-OCO), 5.36
(1H, m, CHOSO,), 5.50 (1H, d, Ph-CH, /= 5.2 Hz), 6.68-7.54 (4H,
m, Ph-O), 7.44 (SH, m, Ph-C), 8.20-8.26 (4H, m, Ph-N).

(2S,3S)/(2R, 3R)-3-(2-bromophenoxy)-3-phenylpropene-1, 2-epoxide
(6b) '"H-NMR (CDCl3) & 2.80 (1H, m, CHoHg-CH), 2.85 (1H, m,
CHaHpg -CH), 3.47 (1H, m, CH--CH), 4.97 (1H, d, -Ph-CH, /= 5.9
Hz), 6.79-7.54 (4H, m, Ph-O), 7.42 (5H, m, Ph-C). ESI-MS calcd
for C(sH,30.BrNa [M + NaJ*: m/z 327, found 327.

(25,38)/(2R, 3R)- 1-amino-3-(2-bromophenoxy)-2-hydroxy-3-phenyl-
propane (7b) 'H-NMR, free base, (CDCl;) & 2.71 (2H, m,
CHAHgN), 2.80 (2H, m, CHAHgN), 3.96 (IH, m, CH-OH), 5.14
(I1H, d, Ph-CH, J = 6.8 Hz), 6.69-7.51 (4H, m, Ph-0), 7.36 (5H, Ph-
C). ESI-MS caled for C,sH,7;NO,Br [M + H]*: m/z 322, found 322.

(28,38)/(2R, 3R)-3-(2-bromophenoxy)-1-chloroacervlamino-2-hydroxy-
3-phenylpropane (8b) '"H-NMR (CDCl3) § 3.39 (1H, m, CHAHgN),

3.48 (1H, m, CHoHgN), 4.03 (2H, q, CH>-Cl), 4.14 (1H, m, CH-

OH), 5.00 (I1H, d, Ph-CH, J = 6.8 Hz), 6.66-7.52 (4H, m, Ph-O),

7.03 (1H, brs, NH), 7.37 (5H, m, Ph-C). ESI-MS calcd for

C,7H7NO;CIBrNa [M + Na]": m/z 420, found 420.

(28,35)/(2R, 3R)-2-fox-(2-bromophenoxy)benzyl]morpholine-3-one (9b)
'H-NMR (CDCl3) & 3.20 (IH, m, CHs HgN), 3.36 (IH, m,

CHaHgN), 4.27 (1H, m, O-CH-CH-Ph), 4.32 (2H, q, CH,CO), 5.35

(1H, d, Ph-CH, J = 5.9 Hz), 5.94 (1H, brs, CONH), 6.64-7.51 (4H,

m, Ph-O), 7.37 (SH, m, Ph-C). ESI-MS calcd for Cy;H;NO;Br [M

+ H}': m/z 362, found 362.

(28.38)/(2R, 3R)-2-[o-(2-bromophenoxy)benzvi]morpholine (10b)'H-
NMR (CDCl;) & 2.61 (IH, m, O-CH,HgN), 2.78 (3H, m, O-
CHAHgN-CH>-), 3.66 (IH, m, O-CH-CH-Ph), 395 (2H, m,
CH»CO), 5.20 (IH, d, Ph-CH, J = 5.9 Hz), 6.73~7.47 (4H, m, Ph-
0), 7.35 (5H, m, Ph-C). ESI-MS caled for C,;H,4NO,Br [M + H]":
m/z 348, found 348. Anal. calcd for C,7H;3sNO,Br-0.1H,0: C,
58.33; H, 5.24; N, 4.00%; Found: C, 58.63; H, 5.21; N, 4.02%.

Chiral resolution of (R,R)/(S,S)-IPBM and -BPBM by HPLC

Racemic mixtures of [PBM and BPBM containing (S,S) and (R,R)
enantiomers were resolved using a Chiralcel OD-H semipreparative
column (Chiralcel OD-H, 25010 mm i.d., Daicel Chemical
Industries, Ltd, Osaka, Japan). The column was eluted with
hexane:2-propanol:diethylamine=80:20:0.1 at a flow rate of 3.3 ml/
min. Then, 20 mg of (R,R)/(S.S)-IPBM was dissolved in a mixture
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of hexane:2-propanol=1:1 (2 ml). The retention time of the (R,R)
and (S,S) enantiomers of [PBM was 10.8 and 18.5 min, respectively.
The (R,R) and (S,S) enantiomers of IPBM were isolated in 86% and
82% yields, respectively. Similarly, the retention time of the (R,R)
and (S,8) enantiomers of BPBM were 11.0 and 16.7 min,
respectively. The (R,R) and (S.,S) enantiomers of BPBM were
isolated in 83% and 86% yields, respectively. (S,S)-IPBM: colorless
oil; [a]p=—107.5° (c=1.40, methanol). (R,R)-IPBM: colorless oil; {a]
o=+113.0° (c=1.01, methanol). (S,S)-BPBM: colorless oil; {ap=
—79.2° (c=1.39, methanol). (R,R)-BPBM: colorless oil; [ah=+81.2°
(c=1.59, methanol). Spectroscopic data were the same as those
described above for (R,R)/(S,S)-1IPBM and -BPBM.

Radiolabelling

The radioiodinated (S,S}IPBM was obtained by a halogen exchange
reaction with sodium '?'*l-iodine according to the methods of
Kiyono et al. [8]. Briefly, (S,S)-BPBM was added to a mixture of
sodium '**'?3[-iodine, ammonium sulfate, and copper (ll) sulfate
pentahydrate in a vial. The reaction mixture was heated for 45 min at
130°C. After cooling, the reaction mixture was extracted with
methanol and filtered with a 0.22um filter (Ultrafree-MC 0.22um
filter unit, Millipore Corp., Benford, TX, USA). The filtered extract
was applied to a reverse-phase high-performance liquid chromatogra-
phy (HPLC) column (Cosmosil 5C;s-AR-300 Packed Column,
250x10 mm i.d., Nacalai Tesque, Kyoto, Japan), and eluted with
20 mM phosphate buffer (pH 2.5):acetonitrile=72:28 at a flow rate of
2.0 m¥/min (R=42 min for (S,S)-BPBM and 58 min for (S,S)-IPBM).
An adeﬂuate amount of ethanol was added to the separated
(S,8)-'*"#1-IPBM fraction.

The radiochemical purity of the labeled compound was determined
by thin-layer chromatography (TLC) and analytical HPLC. The TLC
was performed on a silica gel plate, developed with chloroform:
methanol=20:1 (R=0.44). Analytical HPLC was performed on a
150%4.6 mm i.d. Cosmosil AR-300 column (Nacalai Tesque, Kyoto,
Japan) eluted with 20 mM phosphate buffer (pH 2.5):acetoni-
trile=72:28 at a flow rate of 1.0 ml/min (R=15.0 min).

In vitro binding assay

The preparation of the synaptosomal membrane from rat cerebral
cortex was carried out according to the methods of Cheetham et al.
(18]. Briefly, the cerebral cortex of male Sprague-Dawley rats (10
weeks old) was dissected and homogenized in 30 volumes of ice-cold
buffer A (containing 50 mM Tris-HCl, 120 mM NaCl, and 5 mM
KCI, pH 7.4) and centrifuged at 28,000 g for 10 min at 4°C. The
pellet was resuspended in 30 volumes of the same buffer and
centrifuged. This procedure was repeated twice with the final pellet
being resuspended in 5 volumes of ice-cold buffer B (containing
50 mM Tris-HCI, 300 mM NaCl, and 5 mM KCI, pH 7.4). The
suspension was stored at —80°C prior to use. The protein concen-
tration was measured by the Lowry method [19].

3H-nisoxetine competition assays were performed by incubating
400 pl of the cortical membrane (corresponding to 300-400 pg of
protein), 50 ul of 3H-nisoxetine (1.0 nM), and 50 ul of various
concentrations of drugs in buffer B. For 3H-nisoxetine, incubation
was performed for 240 min at 4°C. (S,S)-lzsl-lPBM saturation and
competition assays were carried out according to the methods of Choi
et al. [20] with slight modifications. In saturation experiments, 400 pl
of the cortical membrane (corresponding to 300-400 ug of protein)
was mixed with 50 ul of (S,S)-'2*I-IPBM (0.03-6.4 nM). Compe-

tition experiments were performed using 50 pl of (5,5)-'**1-1PBM
(0.06 nM) and 50 ul of various concentrations of drugs in buffer B.
For (S,S)—'ZSI-IPBM, incubation was carried out for 60 min at 25°C.

At the end of the incubation, the mixture was poured into 4 ml of
ice-cold buffer B, rapidly filtered through GF/B fiber filters, and
washed with 3x4 ml of buffer B. For *H-nisoxetine, each filter was
placed into a 20-ml scintillation vial containing 8 m! of ACS II
(Amersham) and the radioactivity bound to the filter was measured
with a liquid scintillation counter (2500-TR, Packard). For (S,S)-'2’I-
IPBM, the radioactivity bound to the filter was measured with a Nal
well scintillation counter (Cobra Il Auto-Gamma, Packard). Nonspe-
cific binding was determined in the presence of 100 uM nisoxetine.
ICs values were determined from displacement curves of the percent
inhibition of *H-nisoxetine or (S,S)—'zsl-lPBM binding versus the
inhibitor concentration using the LIGAND curve-fitting computer
program (Elsevier-Biosoft, Cambridge, UK). K; values were
calculated by the method of Cheng and Prusoff [21]. To calculate
K;, the value of 1.0 nM reported previously [18] was used as the Kp
value of nisoxetine, and the value obtained in this study (1.3 nM) was
used as the Kp value of (S,S)-IPBM.

Biodistribution in rats

Biodistribution experiments were performed by intravenous admin-
istration of (S,8)-'**I-IPBM (74 KBq) to 10-week-old male Sprague-
Dawley rats. At appropriate time points after the administration, rats
were sacrificed by decapitation under light ether anesthesia. Blood
and organs were excised and weighed, and the radioactivity was
measured with an auto well gamma counter (Aloka ARC2000,
Tokyo, Japan).

Ex vivo autoradiographic experiments

Male Sprague-Dawley (10-week-old) rats were intravenously inject-
ed with 2.22 MBq of (S,5)-'>*I-IPBM. At 180 min after the injection,
the rats were decapitated under light ether anesthesia, and their brains
were rapidly removed, frozen, and cut into sections 20 um thick with
a cryostat microtome. The sections were thaw-mounted on
precleaned silane-coated slides. The slides were placed on a Fuji
Imaging Plate (BAS-SR, Fuji Photo Film, Japan) for 24 h along with
calibrated '?*1-labeled external standards ('’ 1-Microscales, Amers-
ham, UK) to obtain (S.S)-'**I-1IPBM autoradiograms. Densitometric
analyses of the autoradiograms were performed using a Bio Imaging
Analyzer (BAS3000, Fuji Photo Film, Tokyo, Japan) and Image
Gauge (Fuji Photo Film, Tokyo, Japan).

For in vivo blocking experiments, rats were intravenously
injected with 2.22 MBq of (S,S)-'**I-IPBM and various monoamine
transporter-binding agents simultaneously. Nisoxetine (10 mg/kg),
fluoxetine (10 mg/kg), and GBR12909 (1 mg/kg) were used as a
selective NET-binding agent, a selective SERT-binding agent, and a

Br 125|
X wa L

QH » 0

ph/‘% CuSO,

NH
(NH,)2S0,
0\) 130 °C 30 min 0\)

Fig. 3. Radiosynthesis of (S,S)-'*’I-IPBM
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Table 1. Inhibition of 3 H-nisoxetine binding to rat brain membranes

Compounds K; (nmol/)
(R,R)/(S,S)-1IPBM 10.4+2.64
(S8,5)-1PBM 4.2240.65
(R,R)-IPBM 80.4+18.8
Nisoxetine 1.27+0.03
Desipramine 3.29+0.47
Reboxetine 11.6£1.48

Mean+£SD of three independent experiments

selective dopamine transporter (DAT)-binding agent, respectively.
The ex vivo autoradiographic procedure was carried out in a similar
manner to the control.

SPECT studies

SPECT studies were performed using a HITACHI MEDICO SPECT-
2000H-40 gamma camera (Hitachi Medical Co., Tokyo, Japan). A
female common marmoset (330 g) was first anesthetized intramuscu-
larly with 20 mg/kg ketamine and 3 mg/kg xylazine. Anesthesia was
maintained throughout the study by intraperitoneal injection of sodium
pentobarbital. The animal was placed in the SPECT bed and the head
was restrained in a stereotaxic apparatus specifically designed for the
SPECT scanner. (S,S)-[*1]IPBM (222 MBq) was injected via the
saphenous vein, and data acquisition of the brain started as dynamic
SPECT scans (360° rotation, 60 s/frame for 32 frames) using low-
energy, fan-beam collimators (30% window, 159 keV energy peak,
128x128 matrix mode, pixel size of 1.33 mm) at 0, 35, 70, 105, 140,
and 195 min post injection.

Images were reconstructed with a standard filtered back projec-
tion algorithm. Regions of interest (ROIs) were placed over different
areas of the common marmoset brain with reference to a stereotaxic
atlas and magnetic resonance imaging data. Radioactivity, expressed
as counts per ml, for each ROI was decay-corrected to the time of
injection and corrected for the injection dose.

Statistical analyses

Data are presented as mean values with the SD. Comparisons between
groups were performed with the Dunnett multiple comparisons test. A
p value <0.05 was considered statistically significant.
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Results

Syntheses

(S.S)-IPBM and (S,S)-BPBM were synthesized according
to the procedure outlined in Fig. 2. Enantioselective (S,S)-
IPBM and (S,S)-BPBM were obtained.

The radiosynthesis of (S,S)-'’I-IPBM was achieved
with an iodine-bromide exchange reaction (Fig. 3). Follow-
ing separation from the precursor (S,S)-BPBM using
reverse-phase HPLC, (S,S)-'zSI-IPBM was obtained with
no carrier being added. The radiochemical yield was 65%,
and the radiochemical purity was greater than 98%.

In vitro binding

Using the reference compounds, nisoxetine, desipramine,
and reboxetine, the affinity of racemic IPBM and the (S§,S)-
and (R,R)-enantiomer of [PBM for brain NET was measured
in assays of competition for *H-nisoxetine-binding sites in
rat cortical membranes. The K; values are summarized in
Table 1. Racemic IPBM exhibited approximately the same
degree of affinity as its mother compound, racemic re-
boxetine. The (S,S)-enantiomer showed about two times
higher affinity than racemic IPBM, and about 20 times
higher than the (R,R)-enantiomer. Moreover, (S,S)-IPBM
had a similar affinity to well-known NET-binding agents
(nisoxetine and desipramine).

The specific binding of (S,S)-'*’I-IPBM was saturable
with a high affinity and Scatchard transformation of the
binding data gave a linear plot indicating one-site binding
(Fig. 4). The mean values from four experiments gave aKp
value of 1.30+0.46 nM. The selective binding of (S,S)-'*’I-
IPBM to brain NET was measured in competition with
various binding agents for norepinephrine, serotonin, and
dopamine transporters, using rat cortical membranes. TheKé
values are summarized in Table 2. The binding of (S,S)-'
I-IPBM was inhibited by nisoxetine and desipramine,
selective NET-binding agents. However, (S,S)- *I-[PBM
binding was only slightly inhibited by fluoxetine, a selective
SERT-binding agent, and hardly inhibited at all by GBR
12909, a selective DAT-binding agent. The selectivity ratio
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Fig. 4. Scatchard analysis of (S,S)-'2’I-IPBM binding to rat cortex membrane preparations
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Table 2. Inhibition of (S,S)-!125 I-IPBM binding to rat brain
membranes

Compounds K; (nmol/)
Nisoxetine 4.17+1.98
Desipramine 4.99+0.65
Fluoxetine 1,073+437
GBR12909 >5,000

MeanzSD of three independent experiments

of SERT (K at SERT/K; at NET) was 257 and of DAT (K; at
DAT/K; at NET) was more than 1,000.

Biodistribution in rats

The biodistribution of the radioactivity after intravenous
injection of (S,S)-'’I-IPBM is shown in Table 3. (S,S)-'%
I-TPBM rapidly entered the brain, and the level of radioac-
tivity in the brain was highest at 30 min after the injection; it
then decreased gradually, although the radioactivity in blood
cleared rapidly. The brain-to-blood ratio was 15.9 at 60 min
after the injection, and then became stable. A high uptake
was observed in the lung, followed by a rapid clearance. The
heart and kidneys showed a moderate initial uptake and then

-o- Cortex =O- Cerebellum
—%x— Hippocampus —— Striatum

=& Thalamus -1 Brain Stem
—o— Hypothalamus -9~ Rest of Brain

%doselg

° A L J
60 120

Time after Injection (min)

Fig. 5. Regional uptake of (S,S)-'**I-IPBM in rat brain. Data are
represented as the mean=SD for four rats '

a gradual decrease with time. The radioactivity that accumu-
lated in the thyroid and stomach showed no prominent
increase until 180 min after the injection.

Table 3. Biodistribution of
(S,5)-125 [-[PBM in rats?

Time after injection (min)

5 15 30 60 180
Heart 1.06£0.15 0.66£0.13 0.74+0.07 0.64+0.07 0.50+0.13
Lung 5.17£1.26 4.22+1.84 4412032 2.22:40.80 1274026
Liver 0.29+0.07 0.20+0.03 0.200.02 0.2040.02 0.15£0.03
Kidney 1.16£0.18 0.9120.19 0.77£0.08 0.57+0.05 0.300.07
Spleen 0.50£0.10 0.96£0.29 1.2740.20 1.15£0.12 0.74+0.17
Stomach 0.38+0.12 0.5140.27 0.75+0.07 0.84+0.30 0.63+0.24
Intestine 0.46+0.13 0.92+0.36 1.75+0.06 2.840.17 4.49%1.16
Pancreas 0.69+0.07 0.580.08 0.58+0.07 0.500.07 0.360.08
Adrenal 1.3740.37 1.48+0.23 1.36£0.17 0.78+0.03 0.92+0.59
. -
Percentage of injected dose/ .y, ;4 0.0120.00 0.0120.00 0.0240.00 0.03£0.00 0.0420.04
gram tissue (mean+SD for four
;ats) N Brain 0.44+0.08 0.5120.08 0.54+0.06 0.43£0.04 0.2520.05
Percentage of injected dose/
organ (mean+SD for four rats)  pj504 0.050.01 0.0420.01 0.040.00 0.030.00 0.020.01
®Brain-to-blood ratio (percen-
tage of injected '25 1 dose/gram  g/B)qe 8.51::0.89 12.440.65 14.5:0.65 15.940.83 15.442.63

of organ ratio)

European Journal of Nuclear Medicine and Molecular Imaging Vol. 33, No. 6, June 2006

- 149 -



Fig. 6. Ex vivo autoradiograms
of rat coronal brain sections at
180 min post injection of
(S.S)-'**I-IPBM with simulta-
neous injection of various
drugs at a plane passing through
the striatum, the anteroventricu-
lar thalamic nucleus. and )
the locus coeruleus. a (S._S)-lz‘
I-IPBM alone; b (S.S)-'**
I-IPBM plus nisoxetine

(10 mg/kg); ¢ (S.S)-'I-IPBM
plus fluoxetine (10 mg/kg);

d (S,S)-'I-IPBM plus
GBR12909 (1 mg/kg)

(5.S)-"**1-IPBM alone

Striatum

Anteroventricular thalamic nucleus

Locus coeruleus

The regional distribution of radioactivity in the rat brain is
shown in Fig. 5. The accumulation of radioactivity was
greater in NET-rich regions, such as the thalamus and cortex,
than in the striatum, a NET-poor region [22]. The washout
rate was faster in the striatum as compared with other areas.
The ratio of radioactivity in other brain regions to that in the
striatum was highest at 180 min after injection.

Ex vivo experiments

To investigate in more detail the regional distribution of
(S,S)-"**I-IPBM in the brain, ex vivo autoradiographic
analyses were performed (Fig. 6a). The highest level of
radioactivity was observed in the locus coeruleus and
anteroventricular thalamic nucleus, which are known to
be rich in NET. Conversely, there was less radioactivity
in the striatum. The regional distribution of (8.8). 7421
IPBM correlated well with the reported NET expression
(r=0.99) (Fig. 7).

Furthermore, effects of various monoamine transporter-
binding agents on the cortical uptake of (S.S)- **I-IPBM was
studied (Fig. 6b-d). The regional accumulation of radioac-
tivity in the brain at 180 min was determined by conducting
ex vivo autographic experiments, and compared with that of

15¢
5 Locus coeruleus g r=0.99
==
Sm
e 5 1.0}
g = 3 Anteroventricular
; 'i g Thalamic nucleus
el
S o 2 os Hypothalamus
£%
g
4 Th

0 triatum & n M )
0 500 1000 1500 2000

*H-Nisoxetine binding sites (fmol/mg protein)

Fig. 7. Correlation between (S.S)-'**1-IPBM accumulation deter-
mined from ex vivo autoradiograms at |80 min post inicction in rats
and density of NET sites determined by in vitro "H-nisoxetine
binding [22

645

C D

+ GBR12909

+ Nisoxetine + Fluoxetine

ey
w

the control. The regional accumulation of (S,S)- *’I-IPBM is
summarized in Fig. 8. The NET-selective agent nisoxetine
reduced the accumulation of (S.S)-'*’I-IPBM to a greater
extent in the region where the accumulation of {8,535
IPBM was higher when administered without drugs. and
resulted in almost the same level of accumulation throughout
the brain. However, fluoxetine, a SERT-selective agent, and
GBR12909, a DAT-selective agent, caused no significant
changes in the accumulation,

SPECT imaging in the common marmoset

Figure 9 shows SPECT imaging of a common marmoset at
140-172 min and time-radioactivity curves in the cortex.,
thalamus, cerebellum, and striatum after intravenous injec-
tion of (S,S)-'*’I-IPBM. After injection of (S.S)- 2’ I-IPBM,
there was rapid and high level of accumulation of radioac-
tivity in the brain. The elimination rate was different in the
various regions, and the accumulation of (S.S)- *I-IPBM in
the thalamus was highest. The moderate accumulation was
observed in the cortex and cerebellum, but the accumulation
of (S.S)-'*’I-IPBM in the striatum was low. Treatment with
nisoxetine (5 mg/kg, i.p.) 68 min after (S.S)-'*’I-IPBM
injection accelerated the elimination rate in the thalamus,
cortex, and cerebellum, but not in the striatum. At 211 min
after radioligand injection, the radioactivity in the thalamus,
cortex, and cerebellum was decreased to that in the striatum.

Discussion

The basic requirements for an effective radiopharmaceutical
for the imaging of brain NET include a quantitatively
significant uptake in the brain following peripheral admin-
istration and a regional cerebral distribution that is correlated
with NET density, as well as a high binding affinity and
selectivity for the NET protein.

In this study, we succeeded in synthesizing the reboxetine
analog (S.S)-IPBM enantioselectively. The affinity of (S.S)-
IPBM for brain NET was similar to that of well-known NET-
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Anteroventricular
thalamic nucleus

Striatum

Fig. 8. Effects of various drugs on the regional accumulation of (S,
S)-'**I-IPBM in rats 180 min post injection measured by ex vivo
autoradiography. (S,S)-'*’I-IPBM was simultancously injected with
each drug. *p<0.05 versus control; "p<0.01 versus control (Dunnett
multiple comparisons test)

binding agents which have high affinity for NET. The
affinity of (R,R)/(S,S)-IPBM was similar to that of the
mother compound racemic reboxetine, suggesting that
the introduction of iodine at position 2 of the phenoxy ring
did not affect the affinity for NET, as expected. Moreover, (S,
S)-IPBM showed high selectivity for NET. These results
suggest that the introduction of iodine at position 2 of the
phenoxy ring was suitable.

(S.S)-'*I-IPBM showed a rapid ard marked accumulation
in the brain. The uptake was greater than that of (S,S)-'C-
MeNER, a potent PET ligand for brain imaging, and that of
(R)-'>’I-MIPP [(S,S)-'>I-IPBM 0.89% ID/organ, (S,S)*'C-
MeNER 0.53% ID/organ, and (R)- >’I-MIPP 0.45% ID/organ
5 min post injection] [8, 13]. Moreover, the radioactivity in
blood was cleared rapidly, and the brain-to-blood ratio, an
essential factor for brain imaging, was higher than that of
(R)-'*I-MIPP [(S,S)'*I-IPBM 15.9 and (R)-'*I-MIPP
6.5 at 60 min post injection; (S,S)'“’I-IPBM 15.4 and
(R)-'’I-MIPP 4.7 at 180 min post injection] R].

Cortex
Thalamus i .30
E

Striatum

In peripheral organs, high uptake was observed in the
lungs, heart, and adrenals, in which NET was abundant
[23-25]. The level of radioactivity in the thyroid was low,
which indicated high stability of (S,S)-'?’I-IPBM to in vivo
deiodination.

Regarding the cerebral distribution of (S,S)-*I-IPBM, a
higher midbrain to striatum ratio, which has been used as an
index of specific binding [9], was found at 180 min post
injection. Furthermore, analyses of (S.S)'ZI-IPBM’s re-
gional distribution in the brain at 180 min post injection
showed a higher accumulation in NET-rich regions, such as
the locus coeruleus and anteroventricular thalamic nucleus.
The regional distribution of (S,S)-' >*I-IPBM at 180 min post
injection correlated well with the reported NET expression
(v=0.99) (Fig. 9) [22].

In in vivo displacement experiments, the accumulation
of (S,S)-IPBM was dramatically decreased to the level in
the striatum by the administration of nisoxetine, a NET-
selective agent. Furthermore, fluoxetine, a SERT-selective
agent, did not affect the accumulation of (S,S)-IPBM.
These results indicate that (S,S)-IPBM exhibited more
selective binding to NET in vivo than (R)-MIPP.

Imaging studies with SPECT were carried out in the
common marmoset. Although the locus coeruleus and
anteroventricular thalamic nucleus are too small to be
reliably identified with SPECT, (S,S)-'?’I-IPBM exhibited
a regional localization consistent with the known densities
of NET in a relatively large area. These images were also
similar to those obtained from studies using (S,S)-”C-
MeNER, reported recently [26, 27]. The midbrain to
striatum ratio reached a plateau 211 min after (S,S)-'*I-
IPBM injection, and (S,S)-'’I-IPBM reached a specific
binding equilibrium during the SPECT measurement,
indicating that the longer half-life of '*’I was suitable
for slower kinetics of reboxetine analogs. Furthermore,
(S.S)-'2I-IPBM accumulation could be displaced by
treatment with nisoxetine. These results indicate that the
binding of (S,S)-'**I-IPBM to brain NET can be visualized
with SPECT imaging and that binding of (S,S)-'**I-IPBM
to NET is reversible.

Nisoxatine

0.10 (8 mg/kg. ip)

Time after injection {(min)

Fig. 9. SPECT images (a) and time-radioactivity curves (b) of (S,S)-"

intraperitoneally administered 68 min after injection

000
100 150 200 250 L 50 100 150 200
Time afler injection (min)

250

—@-Cortex —&-Thalamus -4 Striatum

31-IPBM in the common marmoset brain. Nisoxetine (5 mg/kg) was
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Conclusion

In this studyf radioiodinated (S,S)-IPBM, a reboxetine
derivative '>/'*I-jodinated at position 2 of the phenoxy
ring, was synthesized. In vitro competitive binding experi-
ments showed a high affinity and selectivity of (S,S)-IPBM
for brain NET. In vivo biodistribution experiments demon-
strated that (S,S)-'>’I-IPBM showed good uptake in the
brain, and a regional cerebral distribution in association with
NET. Furthermore, (S,S)-'2*I-[PBM allowed visualization of
brain NET in the common marmoset with SPECT. Thus,
(S,S)-'PI-IPBM is a potential radioligand for imaging
brain NET.
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Abstract

The development of metallic compounds for the diagnosis and therapy of diseases has been expected to open a new
field of medicinal science. These compounds are required to exhibit biological activity and a specific localization to the
target tissue. These demands constitute a great challenge on the rational design of metallic compounds and we have pro-
posed two approaches, a pendant approach and an integrated approach in order to achieve this purpose. The pendant ap-
proach involves designing a biologically active compound by the attachment of a chelating group for binding the metal
ion to a mother compound without the effect on the inherent biospecificity of the mother compound. A typical example of
the pendant approach is bifunctional radiopharmaceuticals used for nuclear medical diagnosis and internal radiotherapy.
The integrated approach involves designing a metallic compound with a biologically activity and physicochemical prop-
erties suitable for target-specific delivery by coordination to a mother compound with metal ion.

This review will describe our recent progress in research on a bifunctional radiopharamceutical labeled with metallic
radionuclides, Rhenium-186 for therapy of painful bone metastases as an example of the pendant approach and a lipo-
philic zinc complex with protective effect against ischemic neuronal injury as an example of the integrated approach.

Keywords : metallic compound, drug design, bifunctional radiopharmaceutical, rhenium-186, bisphosphonates, zinc,

neuroprotection.

1. Introduction but the application of these compounds in the medical
Many metallic compounds have biological activities, field has been limited. The development of metallic com-
pounds for the diagnosis and treatment of diseases has
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[Pendant Approach] [Integrated Approach]
Fig. 1 Concept of the pendant approach and integrated
approach.

radiopharmaceuticals”, are of particular interest [1-3].

The integrated approach involves designing metallic
compounds with physicochemical properties suitable for
targeted delivery. A typical example is the development
of a lipophilic metallic compound for improving the abil-
ity to penetrate the blood-brain barrier [4-6]. Another ex-
ample is raising the water-solubility to prompt renal ex-
cretion.

This review will describe recent progress in our re-
search into bifunctional radiopharmaceuticals labeled
with metallic radionuclides for therapy as an example of
the pendant approach and a lipophilic zinc complex with
a protective effect against ischemic neuronal injury as an
example of the integrated approach.

2. Pendant approach
2.1 Concept of the pendant approach
tional radiopharmaceutical
Nuclear medicine is a diagnostic tool used to visualize

Bifunc-

changes in physiological and biochemical processes
throughout living tissues and organs as well as in re-
gional anatomy (Fig. 2). Furthermore, nuclear medicine

Radiolabeled Compound
(Radiopharmaceutical)

Co
O

has applications to therapy, based on the radiation of ra-
dioactive nuclides. Drugs containing radioactive nuclides
to be used in nuclear medicine are called radiopharma-
ceuticals. Radiopharmaceuticals are required to have cer-
tain biological properties : a high level of radioactivity
localized to the target tissue and a high target/non-target
tissue ratio for clear imaging or effective therapy.

The radioactive nuclides used in diagnostic nuclear
medicine are short-lived, low gamma energy emitters. In
internal radiotherapy, beta- or alpha particle emitters,
which provide high radiation doses, are useful as thera-
peutic radionuclides. The radionuclides used for these
purposes include some radioisotopes of metallic elements.
Thus, the great demand for biospecific metallic radio-
pharamceuticals has evolved into the rational design of
so called "bifunctional radiopharmaceuticals™ ; that is, a
radiopharmaceutical containing a group for the selective
targeting of diseased tissue together with a group with
the ability to bind radiometallic nuclides [1-3] (Fig. 3).
Research on bifunctional radiopharmaceuticals started
with the development of radiolabeled macromolecules,
such as proteins [1,7,8]. In recent years, bifunctional ra-
diopharmaceuticals have also been used for the labeling
of non-protein compounds such as peptides and drugs of
low molecular weight [1,9,10].

The pendant approach involves hanging the metal
complexing moiety from the main body of the molecule
responsible for delivery to the target site. The key to this
design for small molecules is the strategic placement of
the radiometal-chelate-tether moiety at a site on the
ligand toward which the molecule responsible for bio-
logical function is sterically tolerant.

Image

SPECT

Fig.2 Targeted imaging system (diagnostic nuclear medicine)
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Bioactive Site

—A

Chelating Site
A

(Biomolecule)

(Bifunctional Chelating Agent) (Radio-metal ion)

Fig.3 Bifunctional radiopharmaceutical.
A molecule holding two reactive sites for binding the biomolecule and chelating the radiometal 1s called a bifunc-

tional chelating agent.

2.2 Development of Rhenium-186-chelate-conjugated
Bisphosphonates for painful bone metastases

Malignant tumors frequently metastasize to the bone.
A prominent symptom of these metastases is pain. which
affects the patient’s quality of life, and is an important
clinical problem [11]. Localized radiation therapy is an
effective modality for localized lesions, providing pallia-
tion of bone pain, however, a common problem in pa-
tients with bone metastases is the development of multi-
ple sites of metastasis, and so internal radiotherapy using
specifically localized beta emitters is preferable [12]. Re-
cently, “SrCl. has been used as a palliative agent for
painful osseous metastases. However, *Sr is a pure beta
emitter and has a relatively long half-life (50.5 d). These
physical properties could be a disadvantage for clinical
use. The use of Rhemium-186-1-hydroxyethylidene-1,1-
diphosphonate ('**Re-HEDP) has also been proposed for
the palliation of metastatic bone pain [13]. "“Re is a
promising radionuclide with a maximum beta emission
of 1.07 MeV and gamma ray emission of 137 keV (9%),

making it adequate for therapy and imaging, respectively.

Furthermore, the physical half-life of '“Re is 3.8 days,
which is adequate for shipment and processing of the ra-
diopharmaceutical but not too long for the disposal of ra-
dioactive waste. However, it has reported that "“Re-
HEDP shows a delayed blood clearance and high gastric
uptake due to the poor stability of the '*Re complex in
vivo leading to the generation of '*Re-perrhenate
("*ReQy’) [14,15]. Furthermore, though the accumulation
in bone as a definitive factor of therapeutic effect is more
important, the instability of "*Re-HEDP described above
may decrease the bone uptake.

Thus, based on the idea of bifunctional radiopharma-
ceuticals, we developed a novel '*Re-chelate-conjugated

bisphosphonate ("**Re-MAMA-BP, Fig. 4-A), introduc-
ing a highly stable **Re-MAMA complex to improve the
instability of "*Re-HEDP [16].

To evaluate the stability of '“Re complexes in vitro.
*Re-MAMA-BP and '*Re-HEDP were incubated in
phosphate-buffered saline. After 24 hours of incubation,
about 80% of the '"Re-MAMA-BP remained intact,
compared to only about 30% of the ""Re-HEDP. This is
because the '"“Re-HEDP was degraded to '*ReQ. with
time. In biodistribution experiments in mice, '*Re-
MAMA-BP showed a significantly lower uptake by the
stomach than """Re-HEDP. Since ReO." is known to ac-
cumulate in the stomach, accumulation in the stomach is
an index of the decomposition of a Re-complex in bio-
distribution studies. Then, a lower level of '*Re-MAMA-

)

C o) OH
0=P-OH
N N/\,—N OH

0 N 7 H .
T 1864 / (o] O—?—OH
\
7 g OH
o)

Fig.4 Structures of '"Re-MAMA-BP (A), '"Re-
MAMA-HBP (B), and '*Re-MAG3-HBP (C).
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BP in the stomach indicates better stability in vivo.

Meanwhile, '*Re-MAMA-BP showed a faster clear-
ance from the blood than did "**Re-HEDP (Fig. 5-A). It
was reported that the '**Re-HEDP complex gave rise to
'®%ReQ;" in vivo and the clearance from blood of "*ReOs
was slower than that of "Re-HEDP. It is suggested that
the more rapid clearance from the blood of **Re-MAMA
-BP is responsible for its stability, when compared with
'%6Re-HEDP. Furthermore, '"*Re-MAMA-BP showed a
rapid accumulation and long residence in the bone, and
its uptake by the bone was significantly greater than that
of '"*Re-HEDP (Fig. 5-B). The better accumulation of '*
Re-MAMA-BP in bone would be partly caused by its
greater stability.

Bisphosphonates have been widely used as inhibitors
of bone resorption for the treatment of bone diseases and
extensively investigated [17]. All bisphosphonates con-
tain two phosphonate groups attached to a single carbon
atom, forming a P-C-P structure, and this central carbon
has various side chains. It was reported that bisphos-
phonates containing a hydroxy group have higher affinity
for bone mineral [18]. We supposed that the therapeutic
effect of '*Re complex-conjugated bisphosphonate could
be increased by the introduction of a hydroxy group, then
we developed '*Re-MAMA-HBP (Fig. 5-B) [19]. To in-
vestigate the affinity for bone in vitro, a hydroxyapatite-
binding assay was performed. As expected, "Re-
MAMA-HBP showed a greater affinity for hydroxyapa-
tite beads than did '"*Re-MAMA-BP (Fig. 6). This result
was reflected by its behavior in vivo. In biodistribution
experiments, more '*Re-MAMA-HBP  than "Re-
MAMA-BP accumulated in bone. These findings suggest
that a hydroxyl group at the central carbon in the design
of '*Re-chelate-conjugated bisphosphonates plays a criti-
cal role in the enhancement of bone accumulation.

'%Re-MAMA-HBP showed the desired properties,

namely, greater accumulation in the bone and rapid
clearance from the blood. However, hepatic radioactivity
levels were significantly higher after the administration
of "*Re-MAMA-HBP and '"¥Re-MAMA-BP than '“Re-
HEDP (Fig. 5-C), possibly caused by the increase in
lipophilicity with the introduction of the '*Re-MAMA
complex into the bisphosphonate structure.

Thus, we developed a '*Re-labeled MAG3-conjugated
bisphosphonate ('*Re-MAG3-HBP, Fig. 4-C) to modify
the physicochemical characteristics of '*Re-MAMA-
HBP and "Re-MAMA-BP and to reduce their hepatic
uptake [20]. MAG3 was selected as the "*Re-chelating
group because it could form a stable and more hydro-
philic complex with "*Re.

18Re-MAG3-HBP also showed good stability in buff-
ered solution. After 24 hours of incubation, about 95% of
'*Re-MAG3-HBP remained intact. In biodistribution ex-
periments, '*Re-MAG3-HBP also showed a much higher
accumulation in the bone and a faster clearance from the
blood than did **Re-HEDP (Fig. 5-A,B). Furthermore,
hepatic radioactivity levels were significantly lower after
the administration of '®Re-MAG3-HBP than of '*Re-
MAMA-HBP and '*Re-MAMA-BP (Fig. 5-C). The re-
sults of the biodistribution experiments and partition co-
efficients ('*Re-MAMA-BP: -0.9620.01, '"“Re-MAMA
-HBP : -1.02+0.01, and '*Re-MAG3-HBP : -2.68+0.01,
respectively) indicated that the high hepatic uptake of '*
Re-MAMA-conjugated bisphosphonates was attributable
to the physicochemical properties of the '*Rc-MAMA
complex.

In summary, we developed highly stable '*Re-chelate-
conjugated  bisphosphonates, '*Re-MAMA-BP, "Re-
MAMA-HBP, and '*Re-MAG3-HBP. These agents
showed higher bone : blood ratios of radioactivity in
mice than did '¥Re-HEDP, resulting from greater accu-
mulation in the bone and rapid clearance from the blood.
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Fig. 5 Biodistribution (A : Blood, B: Bone, C: Liver) of '*Re-MAMA-BP (open diamonds), '“Re-MAMA-HBP
(open triangles), '*Re-MAG3-HBP (open circles), and '**Re-HEDP (closed circles) in mice.
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Fig. 6 Binding to hydroxyapatite of '*Re-MAMA-BP,
1%Re-MAMA-HBP, and '*Re-MAG3-HBP.

Among these ""Re-chelate-conjugated bisphosphonates,
'%Re-MAG3-HBP showed a superior biodistribution as a
bone-seeking agent because of its high selectivity for
bone as a target tissue. The present findings would pro-
vide useful information on the drug design of bone-
seeking therapeutic radiopharmaceuticals.

3. Integrated approach
3.1 Concept of integrated approach

The integrated approach involves the incorporation of
a group containing physicochemical properties suitable
for targeted delivery into a biologically active metal
complex, resulting in both an improvement in biodis-
tribution and the preservation of the biological activity of
the metallic compound”. However, this design often re-
sults in a more synthetically challenging target molecule,
and the challenge of maintaining biological activity is
often greater as well.

2.2 Development of a highly membrane permeable
zinc complex providing protection against
ischemic neuronal injury.

2.2.1 Studies on the movement and effect of ve-

sicular zinc in brain ischemia
The brain contains an abundant amount of zinc, par-
ticularly in the hippocampus, cerebral cortex, and limbic
system®. About 10% of all zinc in the brain exists in the
presynaptic vesicles of glutamatergic neurons and is re-
leased into synaptic clefts upon the excitation of nerves

[22,23]. On the other hand, the influx of calcium through

N -methyl-D-asparate (NMDA) receptors induced by glu-

tamate, which is excessively released from glutamatergic
nerve terminals into synaptic clefts during brain ischemia,
is thought to relate with neuronal death after ischemia. In
addition, some studies reported that zinc inhibits NMDA
receptors by interacting with the zinc-binding site on the
receptors [24]. These studies suggest that zinc, which is
released from synaptic vesicles during brain ischemia
along with glutamate, may exert a protective effect
against glutamate-induced neuronal injury by blocking
the influx of calcium via NMDA receptors. Conversely,
many reports have indicated that an excessive amount of
synaptic vesicular zinc is released during forebrain ische-
mia, and the released zinc might cause delayed neuronal
death after ischemia [25]. Thus, there are conflicting re-
ports about the effect of synaptic vesicular zinc on
ischemic neuronal injury, and so the exact role of vesicu-
lar zinc is still unclear. One of the key points of this argu-
ment is the concentration of zinc released during ische-
mia, but there have been few reports that describe the ef-
fect of zinc based on its concentration directly deter-
mined in vivo. Therefore, we investigated the movement
and effect of zinc in ischemia based on quantity in vivo.

First, the effect of various concentrations of zinc on
glutamate-induced calcium influx and neuronal death
were examined in cultured hippocampal neurons [26].
The addition of a low concentration (under 100 pM) of
zinc inhibited both glutamate-induced calcium influx and
neuronal death. In contrast, a higher concentration (over
150 uM) of zinc decreased neuronal viability although
calcium influx was still inhibited, which means that a
high concentration of zinc exerts its own neurotoxicity.
These results indicate that zinc exhibits biphasic effects
depending on its concentration. On the other hand, co-
addition of glutamate and Ca-EDTA, which binds extra-
cellular zinc, increased glutamate-induced calcium influx
and aggravated the neurotoxicity of glutamate. These re-
sults suggest that, in cultured neurons, vesicular zinc was
released by glutamate and the concentration released
might be low, exhibiting a neuroprotective effect against
the neurotoxicity of glutamate.

To investigate the movement and effect of vesicular
zinc in a model of ischemia, we investigated the temporal
change to extracellular zinc and glutamate levels in the
cortex using microdialysis in rats with middle cerebral
artery occlusion (MCAO) [27,28]. The microdialysis ex-
periment revealed that the extracellular concentration of
zinc in the cortex increased transiently reaching a peak
30 min after occlusion, then decreased with time, return-
ing to the basal level after reperfusion (Fig. 7). This time
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