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The peripheral benzodiazepine receptor (PBR) is widely expressed in peripheral tissues, blood cells, and in
glia cells in the brain. We have previously developed two positron emission tomography (PET) ligands,
N-(2-[*'C],5-dimethoxybenzyiN-(5-fluoro-2-phenoxyphenyl)acetamide!(]2) and its [F]fluoroethyl
analogue (F]6), for the current investigation of PBR in the human brain. The aim of this study was to
label the potent PBR agonilst(4-chloro-2-phenoxyphenyl)-(isopropoxybenzyl)acetamid8)(and its ethyl

(7) and methyl 8) homologues with'C and to evaluate them as PET ligands for PBR with mice, rats, and
monkeys. Ligands'[C]3, [*'C]7, and [C]8 were synthesized by alkylation of phenol precurSawith
2-[2-'Cliodopropane {{C]10), [1-'!C]iodoethane ([C]11), and [‘Cliodomethane {{C]12), respectively.

The alkylating agent'fC]10 or [*!C]11 was prepared by reacting GMgBr with [*C]CO,, followed by
reduction with LiAIH, and iodination with HI. In vitro quantitative autoradiography determined 3ha

and8 had potent binding affinities; = 0.07-0.19 nM) for PBR in the rat brain. ThesE€]ligands could

pass across the bloetrain barrier and enter the rat brain (0-10.32% of injected dose per gram wet
tissue). Ex vivo autoradiography showed that tH€]ligands preferably distributed in the olfactory bulb
and cerebellum, two regions with richer PBR density in the rat brain. The co-injection of PBR-sefective
reduced the!{CJligand binding in the two regions, suggesting that binding in the rat brain was specific to
PBR. PET study determined that th&J]ligands preferably accumulate in the occipital cortex of the monkey
brain, a region with a high density of PBR in the primate brain. Moreover, in vivo binding of the methyl
homologue JC]8 in the monkey brain could be inhibited by PBR-selectdver 1, indicating that some of

the [1*C]8 binding was due to PBR. Metabolite analysis demonstrated that th€$gands were metabolized

by debenzylation to polar products mainly in the plasma.

Introduction (R)-(1-(2-ChlorophenyIN-[C]methylN-(1-methylpropyl)-
isoquinoline (FC]-(R)-PK11195, fC]1, Scheme 1) is the first
PET ligand for diagnostic imaging in patients suffering from
glioblastoma multiform&2 However, PBR imaging in primate
brain with F1C]1 was sometimes unsuccessful, since its uptake
into the brain was not high enough for quantitative anal§/sis.
In 1998, novel phenoxyphenyl acetamide derivates were reported
with potent and selective binding affinities for PBRAmMong
these compounds, two promising ligandé(2,5-dimethoxy-
benzyl}N-(5-fluoro-2-phenoxyphenyl)acetamide (DAA11@5,
Scheme 1) andl-(4-chloro-2-phenoxyphenyl)\-(isopropoxy-
benzyl)acetamide (DAA11973), were identified for their
pharmacological properties relative to PBR? The two
compounds displayed higher affinities for PBR in the mito-
chondrial fractions of animal brains thah and weak or
negligible affinities for receptors, ion channels, uptake/transport-
ers, and second messeng®r&. However, despite their high
affinity for PBR and similar structures, the two compounds
differed in their respective interactions with PBRIt was
assayed thad is a putative PBR agonist activating the steroid
synthesis, while2 has an antagonistic property for PBR.

The peripheral benzodiazepine receptor (PBR) is a protein
in which the critical component (18-kDa protein) of a multimeric
140-200-kDa complek locates in the outer mitochondrial
membrané and enriches in the outer/inner mitochondrial
membrane contact sites at the cellular IV&1BR is widely
expressed in the peripheral organs, including the kidney, nasal
epithelium, lung, heart, and endocrine organs, such as the
adrenal, testis, and pituitary glafd. In the central nervous
system, PBR is mainly distributed in the olfactory bulb and
cerebellum of mice and rats and in the occipital cortex of
primates®~12 Clinical investigations for PBR revealed that this
protein is relative to various human pathologies, including
ischemia-reperfusion injun® neurodegenerative diseadés,
brain damagé® psychiatric disorder¥ and cancet’ These
findings have prompted the development of a positron emitter
tomography (PET) ligand for PBR that can be used to image
this protein and to measure its level in vivo in both humans
and animald&-22
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Scheme 1.Chemical Structures oftJC]1 ([*'C](R)-PK11195),
[*C]2 ([M'C]DAA1106), and [*C]3 ([''C]DAAL1097) Analogues

(R)-PK11195(1): R=CH,
["CKA)-PK11195([''C]1): R ="'CH,

o/l otk

7
F\CEN\CH g

S

DAA1106 (2): R =CH,
['"C]DAA1106 (1'CJ2): R ="'CH,

DAA1097 3): R = CH(CH,),
['"CJ3: R="1CH(CH,),

['6F]4: R = 18FCH, 7:R=CH,CH,
['8F]5: R = 'SFCD, ['"C]7: R=""CH,CH,
['*FIFEDAA1106 (['¢FI6): R = '®FCH,CH, 8: R=CH,

[''CI8: R=1CH,

([*®F]4—6) (Scheme 15233 The in vitro and in vivo evaluation
demonstrated that{C]2 and [8F]6 had higher binding affinities
for PBR, higher uptakes, and better in vivo specific binding in
the brains than!fC]1. [11C]2 and ['8F]6 are currently being
used for the clinical investigation of PBR in human brains in
our laboratory.

Here, we continued to label agon&tvith 1C to provide an
alternative PET ligand with a different property fro¢]2.
Using 3 as the lead ligand, we further labeled its ethg)l énd
methyl @) homologues witRC to probe the in vivo structure
activity relationship of this series of derivatives. Using an

autoradiography technique, we measured the in vitro binding

affinities (Ki) of 3, 7, and8 to PBR and examined their in vivo

specific binding to PBR in rat brain. Using PET, we determined

the uptakes of thé{C]ligands and further elucidated the specific
binding of the methyl homologuéC]8 to PBR in the monkey

brain. Finally, we assayed the percentages of the unmetabolize
[*C]ligands in mouse plasma and brain and in monkey plasma.

Results and Discussion
Radiosynthesis.The nonradioactive ethyFf and methyl 8)

Zhang et al.

Scheme 2.Chemical Synthesis and Radiosynthgsis

0. /CHe DAA1097 (3): R = CH(CHg),
‘(ID [''C]3: R =""CH(CHjg),
No 7:R = CH,CHg
/@[ CH, ['C7: R ="1CH,CHs
al 0 OR 8 R=CHj
[''C]8: R="1CH,
9: R=H
9
CHiCHpl —— 7
1
9
CHyl —p—~ 8
12
CHgMgBr . DUAR,
[''CICO, —&—= [2-""Cl(CHy),C(OMgBN), [2-T'C](CHg),CHI ['cis
o ['"clio
oM 1) LiAH,
r 9
[''cico, a—gg> [1-11CICH,''COOMgBr [1-"CICH,"'CH, | — — [''CI7
e [eiT]
1) LIAH,
9
[''CICO, ["CICH;l —— [''C]8
2)2' ['cpz

a(a) NaH, DMF, 25°C, 5 h; (b) NaH, DMF, 25°C, 3 h; (c) 25°C, 5
min; (d) THF, 180°C, 1 min; (e) 18C°C , 3 min; (f) NaH, DMF, 13C°C,
10 min; (g)—5 °C, 1.5 min; (h) NaH, DMF, 50C, 5 min; (i) NaH, DMF,
30°C, 5 min.

guarantee a reproducible radiochemical yield and a high specific
activity of [*1C]10 or [*!C]11, we constructed an automated
synthesis system using a loop method in place of the conven-
tional one-pot methoé& This system included the following
sequences: (1) trapping!C]CO, produced by the cyclotron
into a coil, (2) transferringlC]CO; into a loop loaded with
CH3MgBr to perform the Grignard reaction, (3) producif§J]-
alkyl iodide by reduction and iodination in a reactor vessel, (4)
purifying them by gas chromatograpf¥After CHsMgBr/THF
solution was loaded into a polypropylene loop, the target-
produced F'C]CO, was transferred into this loop to perform
the Grignard reaction, followed by reduction with LiAJland
iodination with HI. When the reaction mixture of GMgBr

nd F1C]CO, in the loop was kept at 25C for 5.0 min, FC]-

Ovyielded a ratio of 80% in the product, whil€€]11 yielded
a ratio of 10%. When the reaction mixture in the loop was
cooled at—5 °C for 1.5 min, }C]10 was preferably yielded
with a ratio of 91% in the productC]10 and [C]11 were
purified by gas chromatography with radiochemical purities of

homologues were prepared according to the reaction sequences 95%. On the other hand!]12 was produced by reducing

delineated in Scheme 2. The reaction of phenol preci8%or
with iodoethane 11) and iodomethanel@) in the presence of
NaH afforded7 and8 in high chemical yields.

[1C]3, [Y1C]7, and [1'C]8 were synthesized by reactifgvith
2-[2-11CJiodopropane {{C]10), [1-}'C]iodoethane {{C]11), and
[Cliodomethane {{C]12), respectively (Scheme 2). Until now,
there has been no report about the efficient synthesis'6{-
10with a high specific activity and reproducible radiochemical
yield. [*1C]10 has only been reported as a low-yield byproduct
in the preparation of'{C]11 using the Grignard reactioi:36
As shown in Scheme 2, the Grignard reagentkgBr reacted
with [11C]CO; to yield [1-1C]CH;COOMgBTr, which further
reacted with excess GNIgBr to yield [2-'C](CHs).C-

[1C]CO; with LiAIH 4 and iodination with HI (Scheme 2§.
Alkylations of phenol precursd with [11C]10, [11C]11, and

[11C]12 were achieved in the presence of NaH under different

temperatures, respectively. The reaction efficiency using iso-

propyl [F1C]10 was 15-25%, while that using ethyl*{C]11

and methyl {1C]12 was high (66-80%), suggesting that the

alkylation proceeded via any@ mechanism. After the alkyla-

tions, HPLC purifications of the reaction mixtures ga¥<]3,

[11C]7, and [MC]8in 5+ 3% (n = 3), 124+ 9% (0 = 3), and

39 &+ 10% ( = 3) radiochemical yields based okC]CO;,

corrected for the decay. Their synthesis times were-47¥min

for [11C]3, 38 4+ 3 min [*!C]7, and 204 1 min for [*C]8 from

the end of bombardment. The identities of these products were

(OMgBr),. This intermediate was then reduced and iodinated confirmed by co-injection with the corresponding nonradioactive

to form [}C]10 mixed with [C]11, which was produced
simultaneously with a low ratio.

3, 7, and8 on analytic HPLC, respectively. In the final product
solutions, the radiochemical purities &t€]3, [*1C]7, and [1'C]-

Here, we tried to achieve the selective and efficient synthesis 8 were higher than 98%. Their specific activities were-28

of [*1C]10 or [*1C]11 by promoting or controlling the reaction
of two molecules of CkEMgBr with [*C]CO,. Moreover, to

GBgfumol for [*1C]7 and [11C]8, while that was 116145 GBq/

umol for [*C]3 determined by comparison of the assayed
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Table 1. In Vitro Binding Affinity (K;) for the Peripheral
Benzodiazepine Receptor (PBR) and the Central Benzodiazepine
Receptor (CBR), and Octanol/Phosphate Buffer Distribution Coefficient

(log D)

Ki (nM)2
PBR
ligand R for fIC]1b  for [1C]2® CBR® log D9
3(DAA1097) (CH).CH 0.19+0.02 0.68+0.02 >1000 4.02
7 CH;CHz 0.098+0.01 0.41+0.01 >1000 3.81
8 CHs 0.074+0.08 0.31+0.68 >1000 3.74
2 (DAA1106) 0.095+ 0.02 0.16+0.02 >1000 3.65
1(PK11195) 0.54t 0.24 0.82+0.24 >1000 2.78

aValues represent the mean obtained from nine concentrations of
compound using at least eight slices of rat brair=(3). ® [11C]1 and LC]2

were incubated in the presence of the compounds examined, respectively

¢ [HC]Flumazenil was incubated in the presence of the compounds examined
dThe logD values were determined in the phosphate buffer ¢pH.4)/
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to PBR were tested by co-injecting nonradioactvat a dose

of 1 mg/kg, respectively. As shown in Figure 1 (lower images,
d—f), the PBR-selective? significantly reduced radioactivity

in the brain regions compared with the control group (upper
images). The most evident decreases were found in the olfactory
bulb (43% for FC]3, 33% for [11C]7, 37% for [1C]8) and
cerebellum (4458% for the controls). Other brain regions
(striatum, frontal cortex, etc.) showed a moderate or low
decrease in the percent uptake £@%%) of [11C]3, [11C]7, and
[1C]8. These results revealed high specific bindings of tHe]f
ligands to PBR in the olfactory bulb and cerebellum in the rat
brain. On the other hand, using the frontal cortex as a reference
region with low PBR density® the ratios of olfactory bulb to
frontal cortex were 1.5 for!fC]3, 1.5 for [FC]7, and 2.3 for

[*C]8, whereas those of other brain regions to the cortex were

about 1. This result supported the specific bindings of tH&]f

octanol system using the shaking flask method. All results are presented asligands to PBR mainly in the olfactory bulb. Among theg@ﬂ-

mean valuesrn(= 3) with a maximum range ot5%.

radioactivity to the mass measured from the carrier UV peak
on HPLC. No significant UV peaks correspondingtand other
chemical impurities were observed in the HPLC charts for these
products. The formulated products displayed no radiolysis at
25 °C for at least 180 min after radiosynthesis and were stable
as PET ligands while performing evaluation on animals.

In Vitro Binding Assays. The in vitro binding affinities K;)
of 3, 7, and8 for PBR were determined from competition against
the 1C]1 and [11C]2 binding to PBR by using quantitative
autoradiographd?-33 on rat brain sections. As shown in Table
1, the three homologues displayed potent affinities for PBR (
= 0.19-0.074 nM for [1C]1 and 0.68-0.31 nM for [11C]2).
Their ranking order wa8 (methyl) >7 (ethyl) >3 (isopropyl),

suggesting that the steric bulk of these substitution groups is

not favorable for expressing the binding affinity, despite the
molecular similarity and bioisoteric property of these groups.
The methyl homologu8 displayed 2- or 10-fold higher affinity

than2 or 1. Considering that these derivatives evolved from
the classical benzodiazepine structure, the in vitro binding
affinities of 3, 7, and8 for the central benzodiazepine receptor

ligands, [1C]8 appeared to have the highest specific binding in
the brain regions, in accord with the rank order of their binding
affinities.

Monkey PET. The uptake of 1IC]3, [*1C]7, and [1IC]8 in
the monkey brains was examined using PET. As the previous
in vitro study demonstrated a high density of PBR in the
occipital cortex of the postmortem hum&hwe placed the
region of interest (ROI) on the occipital cortex in PET
experiments. Figure 2 shows typical PET summation images
of the monkey brain acquired from 20 to 90 min after tHE€]-
ligands injection (76-80 MBqQ). In these PET images, the higher
radioactivity levels present in the occipital cortex in the monkey
brain provided visual evidence that€]3, [*!C]7, and ['C]8
are specific ligands for PBR in monkey brains.

Figure 3 shows the timeactivity curves (TAC) of }1C]3
(closed circles), J1C]7 (squares), and*JC]8 (open circles) in
the occipital cortex. At 2 min after injection, high radioactivity
was observed in the occipital cortex, which then remained at
almost steady levels until the end of the PET measurement (90
min). The ethyl FXC]7 and methyl }XC]8 displayed similar
uptake in the occipital cortex. These values were similar to that

(CBR) were measured by competition against the CBR-selective Of [''C]2 and 4 times higher than that of'C]1, the standard

[*C]flumazenil binding. As shown in Table 1, these homologues
did not display significant inhibitory effect( > 1 uM) on

the [F'Clflumazenil binding in the rat brain. The high selectivity
of 3, 7, and8 for PBR may be due to their drastic structural
difference from the classical benzodiazepine.

Ex Vivo Autoradiography. Thirty minutes after intravenous
(iv) injection of [C]3, [*'C]7, and ['C]8, relatively high
radioactivity (0.174 0.03%, 0.27+ 0.05% and 0.32: 0.04%
of injected dose per gram of wet tissmes 3/[*1C]ligand) was

PET ligand for PBR® Compared to the two other ligands, the
isopropy! [XC]3 displayed a slightly lower radioactivity in the
corresponding region. The difference betweBQ]7 or [*1C]8

and ['C]3 may be due to the difference in their binding affinity
(8 > 7 > 3) and lipophilicity @ > 7 > 8), as shown in Table

1. Since the PBR density is lower in the brain than that in the
peripheral organs, the lower affinity of{C]3 could reduce its
uptake into the brain.

Considering the lipophilicity, simplicity of radiosynthesis, in

detected in the rat brains, respectively. The findings suggestedvitro affinity, uptake, and specific binding, we selectét8

that these ligands do pass across the brbiood barrier (BBB),
which is a prerequisite for a promising PET ligand for brain
imaging.

Figure 1 shows ex vivo autoradiograms 8{J]3, [*C]7, and
[*C]8 in rat brain. Among the regions examined, the highest
radioactivity was observed in the olfactory bulb, having the
richest PBR density in the rat brain (upper imagesch
Following the olfactory bulb, relatively higher radioactivity

from the three T:C]ligands for the inhibition experiment. Figure

4 shows the TACs of fC]8 in the occipital cortex after
treatment with the PBR selectizor 1. Pretreatment witt2

(2.0 mg/kg) reduced the uptake for the TAC (open circles) of
[11C]8 as compared to the control experiment (closed circles)
preformed under the same conditions. As shown in Figure 4,
the pretreatment enhanced the initial maximal uptaké@f]f

8, which might be derived from!}C]8 being dispossessed by

levels were also detected in the cerebellum, whereas moderatehe nonradioactiv@ mass from the lung, which is abundant in
or low uptake was seen in other regions such as the frontal PBR. A similar tendency has been reported in the PET studies

cortex, striatum, and hippocampus. Their distribution patterns
were consistent not only with thé'C]2 and PH]1 binding sites
in the rat braif®2°:3%put also with the regional distribution of
PBR in mouse and rat braifg:!2

Then, the in vivo specificities of'{C]3, [*1C]7, and [C]8

using [C]2%0 and [8F]6.%2 In the PH]1 experiment, the
radioactivity in the lung was significantly decreased by the co-
injection of the nonradioactiviéat 1 min after injection, whereas
the radioactivity in the brain was increased byt 1 min but
obviously decreased from 10 mifiUntil the end of the PET
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Figure 1. Ex vivo autoradiograms oft{C]3, [*1C]7, and ['C]8 in the sagittal sections of rat brains at 30 min after injection{8® MBq): (a)
[MCI3, (b) [MC]7, (c) [*'C]8, (d) [''C]3 + 2 (1 mglkg), (e) ['C]7 + 2 (1 mglkg), (f) ['C]8 + 2 (1 mg/kg).

0% dose/mL
Oecipital
cortex

"ci7 ['cis
)] (e)

Figure 2. PET summation images of monkey brains acquired between 20 and 90 mirtsg{igénd injection (76-80 MB(q). These images were
obtained from the same subject: (&)]3, (b) [**C]7, and (c) [*C]8. Relatively high radioactivity was observed in the occipital cortex.
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Figure 3. Time—activity curves of }!C]3 (closed circles), C]7 Time (min)

(squares), andC]8 (open circles) in the occipital cortex of monkey  Figure 4. Time—activity curves of XC]8 in the occipital cortex of
brain after injection between 0 and 90 min. Data were normalized to monkey brain after injection between 0 and 90 min. The radioactivity
the percent of injected dose (% dose) per volume (mL). of the control (closed circles) was inhibited by pretreatment \gith
(open circles) od (triangles). Data were normalized to the percent of
scan, the radioactivity level was reduced to about 60% of the injected dose (% dose) per volume (mL).
control, suggesting some specific binding 8J]8 present in subject may present an insurmountable barrier to the proper
the occipital cortex. Pretreatment with{(5 mg/kg) also reduced  quantification of images and interpretation of the results. We
radioactivity in the occipital cortex to about 70% of the control, therefore performed the metabolite analyses'&], [11C]7,
as shown in the TAC (triangles). The reduction percentage on and [!C]8 in mouse plasma and brain and in monkey plasma.
the uptake of 1!C]8 by 1 was slightly lower than that by, Figure 5 shows the percentages of the unchang€dlipands
probably due to the weaker affinity affor PBR and its lower in the plasma and brain homogenate of mice measured by
penetratio® into the brain than that o2. Considering that ~ HPLC. At 5 min after injection, fractions corresponding to the
treatment withl and2 increased initial uptakes of[C]8, these unmetabolized}fiC]ligands in the plasma rapidly decreased to
TACs could be normalized to the initial maximum uptake of 65% for [L1C]8, 60% for F1C]7, and 48% for }'C]3, respec-
[Y1C]8 as 100%. The normalized TACs showed that the uptakestively. From 15 min, the JC]ligands were continuously
of [*C]8 were inhibited byl and 2 to <50% of the control metabolized in slow rates and remained at a20% level until
level by the end of the PET scan. This finding confirmed that the end of this experiment. In addition to the paré#Eligands,
[1C]8 has some specific binding with PBR in the monkey brain, three fractions representing the correspondi@]metabolites
although the binding level was lower than those'é€]23° and were observed in the HPLC charts, respectively. As estimated
[18F]6.32 from their retention timest{ = 1.9-2.7 min), these C]-
Metabolite Analysis. In the imaging study, the presence of metabolites were much more polar than the paréigands
significant quantities of radioactive metabolites in the target (tr > 8 min). Despite their remarkable metabolism in the plasma,
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Figure 5. Percent conversion of{C]3, [*!C]7, or [*'C]8 to [*'C]-

metabolite in the mouse plasma and brain at several time points after

iv injection of [*'C]ligand (30-40 MBq) into the miceif = 3).

Scheme 3.In Vivo Metabolic Route of 1C]3, [1IC]7, and

1
[HiC]8 OQC/CHs

~C In Vivo I
' Metabolism NH

OR

[''cns 14

[1'CJ3: R = ""CH(CHa),
[MCJ7: R =""CH,CH;
[1CI8: R=""CHg

most (> 95%) of [11C]7 or [*1C]8 and about 85% of'}C]3 were
detected in the brain homogenate without significadC-
metabolites. On the other hand, in the monkey plasii&]{
ligands were metabolized withy, of 13 min for [11C]3, 20 min
for [*1C]7, and 21 min for }1C]8 (Supporting Information).

As reported previously, debenzylation3xvas the main route
of in vivo metabolisn?”2%:32Since the ethyl {{C]7) and methyl
([*'C]8) homologues had molecular similarity to and the
bioisoteric property of C]3, these Clligands may be
metabolized by debenzylation t8'C]13 and14 with a similar
profile (Scheme 3). Since no or a low amount B{J]13 with
a benzyl moiety was detected in the brain homogenates, its
chemical structure was not further identified, althou&ic]13
was extensively determined in the plasma. On the other hand
the debenzylated compounil4, the main nonradioactive
metabolite of the[!C]ligands, had no affinity for PBR (1& >
10 uM).?” Therefore,14 could not interfere with the specific
binding of the }1C]ligands to PBR in the brain, even if it passed
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uted in the olfactory bulb and cerebellum in the rat brain,
consistent with the distribution pattern of PBR. The radioactivity
levels of the FC]ligands in the occipital cortex in the monkey
brain were similar to that of}C]2 and 3.5-4 times higher than
that of [1C]1, the standard PET ligand for PBR. Pretreatment
experiments revealed that th€¢]8 binding was inhibited by
the PBR-selectivel or 2, suggesting that the binding was
specific to PBR in the monkey brain. No significant radioactive
metabolites of the ![C]ligands were detected in the brain,
although they were metabolized by debenzylation in the plasma.
The three alkyl homologued’L]3, [*IC]7, and [F'C]8 may
therefore be promising PET ligands with different properties
from the clinically used}C]1 and [}'C]2 for investigating PBR
in primates. Although their specific binding in the brain was
relatively lower, the findings of the in vivo structur@ctivity
relationship are helpful to develop a more favorable PET tracer
with improved properties over these ligands.

Experimental Section

IH NMR spectra were recorded on a INM-GX-270 spectrometer
(JEOL, Tokyo) with tetramethylsilane as an internal standard. All
chemical shifts §) were reported in parts per million (ppm)
downfield from the standard. FAB-MS was obtained on a JEOL
NMS-SX102 spectrometer (JEOL, Tokyo). Column chromatogra-
phy was performed using Merck Kieselgel gel 684{70—230
mesh). A CYPRIS HM-18 cyclotron (Sumitomo Heavy Industry,
Tokyo) was used for th&C production by thé*N(p, o)*C nuclear
reaction. The purification and analysis of radioactive mixtures was
performed by high-performance liquid chromatography (HPLC)
with an in-line UV (254 nm) detector in series with a Nal crystal
radioactivity detector. Isolated radiochemical yields were determined
with an IGC-3 Curiemeter (Aloka, Tokyo). Samplgs3, and9
were kindly provided by Dr A. Nakazoto (Taisho Pharmaceutical,
Saitama, Japan). All chemical reagents with the highest grade
commercially available were purchased from Aldrich Chem.
(Milwaukee, WI) and Wako Pure Chem. Ind. (Osaka). All animal
experiments were carried out according to the recommendations
of the committee for the care and use of laboratory animals, National
Institute of Radiological Sciences (NIRS).

N-(4-Chloro-2-phenoxyphenyl)N-(2-ethoxylbenzyl)aceta-
mide (7). A suspension 09%> (38 mg, 0.1 mmol)11 (16 uL, 0.2
mmol), and NaH (10 mg, 60% in mineral oil, 0.2 mmol) in DMF
(4 mL) was stirred at 25C for 5 h. The mixture was quenched
with AcOEt and washed with water and a saturated NaCl solution.
After the organic layer was dried over p&O,, the solvent was
removed to give a residue. Column chromatography of the residue
on silica gel with CHCJ/hexane (1/10) gavé (34 mg, 86%) as a
white powder. Mp: 106102 °C (103.5-104.0°C)2> H NMR
(300 MHz, CDC}) 6: 7.10-7.39 (2H, m), 6.287.15 (10H, m),
4.68 (2H, ddJ = 2, 12 Hz), 4.41 (2H, gJ = 6, 8 Hz), 2.12 (3H,

s), 1.22 (3H, tJ = 6 Hz). FABMS (W2): 396.1 (M" + 1). Anal.
(C23H22CINO3) C, H, N.

the BBB and entered the brain. These findings suggested that N-(4-Chloro-2-phenoxyphenyl)N-(2-methoxylbenzyl)aceta-

although the J'Clligands were rapidly metabolized in the
plasma, the specific binding to PBR in the brain was mainly

mide (8). A suspension 0B (38 mg, 0.1 mmol)12 (13 uL, 0.2
mmol), and NaH (10 mg, 60% in mineral oil, 0.2 mmol) in DMF

due to theselfC]ligands themselves and was not influenced (5 mL) was stirred at 25C for 3 h. The reaction mixture was

by their radioactive or nonradioactive metabolites.

Conclusion

In this study, we developed a PBR agoni3€]3 and its ethyl
([*'C]7) and methyl (f*C]8) homologues as PET ligands for
imaging PBR in the brain. These phenoxyphenyl acetamide
derivatives displayed similar affinities for PBR wigrand higher
affinity than 1. The C-labeled ligands were synthesized by
alkylation of phenol precursd with [11C]10—-12in reproduc-
ible radiochemical yields and relatively high specific activity,
respectively. J1C]3, [11C]7, and [C]8 were preferably distrib-

treated in a manner similar to that férto obtain8 (24 mg, 62%)

as a white powder. Mp: 169111°C (113.0-114.5°C).25 'H NMR
(300 MHz, CDC}) &: 7.16-7.54 (2H, m), 6.227.19 (10H, m),

4.63 (2H, ddJ = 2, 12 Hz), 3.80 (3H, s), 2.15 (3H, s). FABMS

(M/2): 382.2 (M" + 1). Anal. (GaH2CINO3) C, H, N.
N-(4-Chloro-2-phenoxyphenyl)N-(2-[2-11C]isopropoxylben-

zyl)acetamide ([*C]3). No-carrier-added'{C]CO, (about 37 GBQ)
was produced by th&#N(p, a)*'C nuclear reaction on dry Nyas
(1.5 Mpa) containing 0.01% Qgas with a beam (1GA) of 18.5

MeV protons (14.2 MeV on 15 cm target) from the cyclotron.
During the production of C]CO,, a polyethylene loop for the

Grignard reaction was flushed with,ldnd cooled to between5—0
°C with a liquid N, spray. Then, CkMgBr solution (1.0 M in THF,
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1.0 mL) was loaded into the polypropylene loop. The loop was
again flushed with B (2 mL/min) for 30 s to remove excess
CHsMgBr and THF to immobilize a small residue of GMgBr

on the inner surface of the loop.

After irradiation, [C]CO, was recovered from the gas target
with N, (500 mL/min) and concentrated in a stainless steel coil
cooled to—150°C with a liquid N, spray until the radioactivity in
the coil reached a plateau. On warming, the concentrdf€]-[
CO, was released and flowed into the loop loaded withsKIEBr
at—5 °C with dry N; (2 mL/min). When the transfer of radioactivity
was complete, the Nflow was stopped and this loop was then
maintained for 5 min at 28C for the Grignard reaction. Then, a
solution of LiAH, in THF (0.2 M, 500uL) was passed through the
loop to transfer the reaction mixture into a heated reactor for 1
min at 180°C. After cooling the reactor to 5660 °C, aqueous Hl
(57%, 800uL) was added into this reactor. The reaction mixture
was heated to 180C, and the formed radioactive fraction was swept
by N, (50 mL/min) and introduced into the inlet of the Porapak
column at ambient temperature. The fibw continued for 3 min
until the radioactivity level plateaued in the column inlet. On heating
this column (rate, 15C/30 s), [*C]10 flowed from the column
outlet at 6.0 min and was collected in a receiving vial containing
anhydrous DMF (1 mL). At the end of synthesis (EOS}C][10
(3.7-4.4 GBqg,n = 3) was obtained with a radiochemical purity
of >95%.

A suspension o8 (1.0 mg), [*C]10 (3.0—3.2 GBq), and NaH
(7 uL, 0.5 g/20 mL DMF) in DMF (1 mL) was heated at 13C
and maintained for 10 min. The reaction mixture containiigJF
3 was quenched by the addition of @EN/H,O (90/10, 0.5 mL)
and then applied to a semipreparative column (10 mmx.@50
mm, CAPCELL PAK Gg, SHISEIDO) set to the JASCO HPLC
system. The column was eluted with gEN/H,O at a flow rate of
5.0 mL/min, and the desired fractiotk (= 8.8 min) was collected
in a flask. After evaporation of the solvents from the flask under
reduced pressure at 9C, the residue was taken up in 10 mL of
sterile saline. A saline solution of{C]3 was passed through a sterile
0.22 um filter into a sterile, pyrogen-free bottle. At EOSIC]3
(180—-310 MBq,n = 3) was obtained with a radiochemical purity
of >98%.

N-(4-Chloro-2-phenoxyphenyl)N-(2-[2-11C]ethoxylbenzyl)ac-
etamide (['!C]7). [*1C]11 was prepared in a manner similar to that
for [1C]10 by performing the reaction of CiNgBr with [1C]-
CQO; at —5 °C for 1.5 min. At 4.8 min, }1C]11 flowed from the
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chemical and radiochemical purity and specific activity employing
analytical HPLC (column, CAPCELL PAK {g, 4.6 mmi.d.x 250

mm; UV at 254 nm; mobile phase, GEIN/H,O = 6/4). Thetr
values for FC]3, [*!C]7, and [C]8 were 9.8, 6.5, and 6.0 min at

a flow rate of 2.0 mL/min, respectively. The specific activity of
these products was determined by comparing the assayed radioac-
tivity to the mass measured from the carrier UV peak at 254 nm.

Octanol—Water Partition Coefficient. [*1C]3, [*1C]7, or [11C]-

8 (3—5 MB@/0.2 mL) was added to a mixture of 1-octanol (5 mL)
and 10 mM phosphate buffer (pH 7.4, 5 mL), shaken vigorously,
and allowed to equilibrate fol h atroom temperature. ThEC
concentrations in the organic and aqueous phases were measured
using an autogamma counter, and each partition coefficient was
calculated as the ratio of the concentration in the organic phase to
that in the aqueous pha&e.

In Vitro Binding Assays. Male Sprague Dawley rats fi = 4)
weighing 226-250 g were killed by decapitation under ether
anesthesia, and their brains were quickly removed and frozen on
powdered dry ice. Brain sagittal sections (2®) were cut on a
cryostat microtome (HM560, Carl Zeiss, Germany) and thaw-
mounted on glass slides (Matsunami Glass Ind., Tokyo), which were
then dried at room temperature and storeet &8 °C until used for
experiments. The brain sections were preincubated &€Z6r 20
min in 50 mM Tris-HCI (pH 7.4) buffer. After preincubation, these
sections were incubated at 3 for 30 min in the assay buffer
containing [*C]2 (1 nM; specific activity, 110 GBg/mol) or [*1C]-
flumazenil (1 nM; specific activity, 210 GBgmol). To determine
the 1G values of1—-3, 7, and8 for the [11C]2 (PBR) or [IC]-
flumazenil (CBR) binding, brain sections were incubated Wit F
2 or [YC]flumazenil in the presence of increasing concentrations
of the corresponding—3, 7, and8 (0.1-1000 nM). Nonradioactive
2 and flumazenil (1«M) were used to determine the nonspecific
bindings for PBR and CBR, respectively. After incubation, the
sections were washed three times for 2 min each time with the
cold assay buffer, dipped in cold distilled water, and dried with
warm air. These sections were then placed in contact with imaging
plates (BAS-SR 127, Fuji Photo Film, Tokyo) for 60 min to
analyze the distribution of their radioactivities with a FUJIX BAS
1800II bioimaging analyzer (Fuji). The region of interest (ROI) of
the sections was placed on the cerebellum and the radioactivity in
the ROI was expressed as photostimulated luminescence (PSL)
values. PSL data corresponding to the radioactivity of the cerebel-
lum in the presence and absence of the displdce8, 7, and 8

gas chromatography column and was collected into a receiving vial were determined. Specific binding for PBR or CBR was defined

containing DMF (1 mL). At EOS,C]11 (3.9-5.3 GBqg,n = 3)
was obtained with a radiochemical purity 885%.

A suspension 08 (1.0 mg), [*C]11 (3.0-3.2 GBq), and NaH
(7 uL, 0.5 g/20 mL DMF) in DMF (1 mL) was heated at 5C
and maintained for 5 min. The reaction mixture was purified using
the same column but with GEN/H,O (80/20), and the desired
radioactive fractiontg = 8.1 min) was obtained. After treatment
in a manner similar to that fotC]3, [*C]7 (300—-350 MBq,n =
3) was obtained with a radiochemical purity ®®8% at EOS.

N-(4-Chloro-2-phenoxyphenyl)N-(2-[*1C]methoxylbenzyl)ac-
etamide ([}'C]8). The preparation of\}C]12 and subsequent’[C]-
methylation of 9 to [*'C]8 were achieved automatically using
specially designed equipmeititBriefly, the cyclotron-produced
[MC]CO; (about 10 GBq) was bubbled into a reactor containing a
solution of LiAlH, in THF (0.2 M, 500uL). Upon evaporation of
the THF at 180°C, 57% aqueous HI (300L) was added to the
reactor. The formed?!fC]12 was distilled, passed through an
Ascarite and BOs column, and collected in a vessel containihg
(2.0 mg), NaH (7uL, 0.5 g/20 mL DMF), and DMF (1 mL) for
1.5 min at—15 to —20 °C. The reaction vessel was then heated to
30°C and maintained for 5 min. The reaction mixture was purified
by the same column but with GBN/H,O (70/30), and the desired
radioactive fractiontg = 9.5 min) was collected. After treatment
in a manner similar to that fot1C]3, [*!C]8 (1.0-1.3 GBg,n =
3)was obtained with a radiochemical purity ®98% at EOS.

Radiochemical Purity and Specific Activity Determinations.
Aliquots of the formulated solutions were used to establish the

as total binding minus binding in the presence2air flumazenil

(1 uM). The PSL data corresponding to the specific binding at each
compound concentration were calculated as the percentages in
relation to the control specific bindings, which were converted to
probit values to determine the 4Cof each compound. The kg
value was further converted ¥ according to the ChengPrusoff
equation.

Ex Vivo Autoradiography. A saline solution of 1C]3, [11C]7,
or [*C]8 (45—50 MB@/200uL) was injected into a male Spragtde
Dawley rat (226-250 g, 9 weeks, SLC, Shizuoka, Japan=
3/[*'C]ligand) through the tail vein. At 30 min after injection, the
rat was sacrificed by decapitation under ether anesthesia, and the
brain was quickly removed and frozen on powdered dry ice. Brain
sagittal sections (2Qum) were cut on a cryostat microtome
(HM560), thaw-mounted on glass slides, and dried with warm air.
These sections were then placed in contact with imaging plates
(BAS—SR 127) for 60 min to analyze the radioactivity distribution
with the bioimaging analyzer.

For the inhibition experiments, a mixture df€]3, [*1C]7, or
[*C]8 (45—50 MBq/200uL) and 2 (1 mg/kg, 10% EtOH in 200
uL saline) was used as described above.

Monkey PET. PET scan was performed using a high-resolution
SHR-7700 PET camera (Hamamatsu Photonics, Hamamatsu, Japan)
designed for laboratory animals that provides 31 transaxial slices
3.6 mm (center-to-center) apart and a 33.1 cm field of view. The
same awake rhesus monkéyacaca mulattamale, SLC, Shizuoka,
Japan) weighing about 7.5 kg was used for all PET scans.
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Afterward, transmission scans for attenuation correction were References

performed fo 1 h using a 74 MB§8Ge—%Ga source. A dynamic
emission scan in the 3D acquisition mode was performed for 90
min (1 min x 4 frames, 2 minx 8 frames, 5 minx 8 frames, 10
min x 3 frames). All emission scan images were reconstructed with
a Colsher filter of 4 mm, and circular regions of interest (ROIs)
with a 5-mm diameter were placed over the occipital cortex using
image analysis softwarf.A solution of [F1C]3, [11C]7, or [*1C]8
(70—80 MBg/2 mL) was injected iv into the monkey, and time-
sequential tomographic scanning was performed on a transverse
section of the brain for 90 min. In pretreatment experiments,
nonradioactive2 (1 mg/kg, 10% EtOH in 1 mL saline) ot (5
mg/kg, 10% EtOH in 2 mL saline) was injected 2 min before the
[C]ligand injection. The timeactivity curves in the occipital
cortex were obtained for each scan of the brain.

Metabolite Analysis for Mouse Plasma and Brain Homoge-
nate. Three mice (ddy, male, SLC; Shizuoka, Japan) were injected
with [Y1C]3, [*C]7, or [*1C]8 (30—40 MBq/200uL) via the tail
vein. After the mice were sacrificed by cervical dislocation at 1, 5,
15, 30, or 60 min, blood (0:-51.0 mL) was collected from the heart,
and the whole brain was surgically removed from the skull and
stored on ice. The blood sample was centrifuged at 15 000 rpm for
1 min at 4°C to separate plasma, of which 260 was collected
in a test tube containing GEN (500uL) and a solution of the
authentic nonradioactivg, 7, or 8 (1.0—-1.5 mg/5.0 mL CHCN,

10 ul). After the tube was vortexed for 15 s and centrifuged at
15000 rpm for 2 min for deproteinization, the supernatant was
collected. The extraction efficiency of radioactivity into the £H
CN supernatant ranged from 84% to 92% of the total radioactivity
in the plasma. On the other hand, the cerebellum and forebrain,
including the olfactory bulb, were dissected from the mouse brain
and homogenized together in an ice-cooledsCN/H,O (1/1, 1.0
mL) solution. The homogenate was centrifuged at 15 000 rpm for
1 min at 4°C and the supernatant was collected. The recovery of
radioactivity into the supernatant was-791% based on the total
radioactivity in the brain homogenate.

An aliquot of the supernatant (1600 L) obtained from the
plasma or brain homogenate was injected into the HPLC system
for radioactivity and analyzed under the same conditions described.
The percent ratio of thé{C]ligand to total radioactivity (corrected
for decay) on the HPLC chromatogram was calculated as @eak
area for [1C]ligand/total peak areay 100.

Metabolite Analysis for Monkey Plasma.After iv injection of
[1C]3, [*C]7, or [MC]8 (70—80 MBq) into the monkey, arterial
blood samples (1 mL) were collected at 1, 2, 5, 10, 20, 30, and 60
min. All samples were centrifuged at 15 000 rpm for 1 min &€4
to separate plasma, of which 25Q was collected in a test tube
containing CHCN (0.5 mL). The tube was vortexed for 15 s and
centrifuged at 15000 rpm for 1 min for deproteinization. The
extraction efficiency of radioactivity into the GBN ranged from
73% to 94% of the total radioactivity in the plasma. The radioactive
fractions in these samples were analyzed using HPLC.
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