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General Introduction

    Positron emission tomography (PET) is a method to detect the injected

positron-emitting tracer in vivo using a y-scintillation camera with coincidence counter.

PET enables the measurement of biochemical parameters such as blood flow, glucose

metabolism, and'neurotransmission in humans and animalsi'2). carbon-n (iic),

nitrogen-13 (i3N), oxygen-ls (i50), and fluorine-ls (i8F) are often used in PET studies2-4).

Since a positron nuclide generally has a short half-life, like for example, 20.4 min for iiC,

g.gg min for i3N, 2.04 min for i50, and 109.8 min for i8F respectively, the radiation

produced by the positron tracer is relatively lower than that produced by other

radiographies2-4). In addition, these elements are widely distributed in several bioactive

substances or chemical compounds. Therefore, the positron nuclides can be introduced into

various compounds without modifying their biochemical properties, such as

pharmacokinetics and affinity for receptor or enzyme. Currently, glucose uptake is most

frequently measured by 2-[i8F]fluoro-2-deoxy-D-glucose. In Apri1 2002, the National

Health Insurance permitted the use of 2-[i8F]fluoro-2-deoxy-D-glucose PET in several

diagnostic procedures such as, determination ofthe foci in refractory epilepsy, diagnosis of

several tumors, and the viability test in myocardial infarction5). PET has gained popularity

as a diagnostic tool not only in specialized institutes but also in many general hospitals.

    Positron is a complementary electron particle; it was discovered as a positively

charged electron in 19326). In 1933, Joliot and Curie7) succeeded in synthesizing the

positron-emitted nuclide, i3N, by irradiating boron with ct-rays. Research on artificial

isotopes gained momentuni after the invention of the cyclotron by Lawrence; the cyclotron

accelerates several elementary particles using a magnetic field8-iO). For their achievements

in radiochemistry, Joliot and Curie were awarded the Nobel Prize in Chemistry in 1935,

and Lawrence was awarded the Nobel Prize in Physics in 1939. In vivo noninvasive

imaging using radiotracers for the diagrtosis of various diseases has been in use since the

19sOsii'i2). The two drawbacks of using P-rays produced by i4c and 3H in this process

are-impermeability of the body and intense radiation due to a long half life. Therefore,

y-rays emitted by isotopes are utilized for investigations. The positron-emitting nuclides
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possess an advantage over single photon-emitting nuclides in terms of spatial resolution,

because the two photons produced by a positron extend in symmetrical directionsi3).

    PET is a method by which positrons are detected in vivo by coincidence imaging using

a y-scintillation camera. In 1975, Ter-Pogossian et al.i4) succeeded in producing the

prototype of the y-scintillation camera for positron coincidence imaging and named the

procedure as "positron emission tranSaxial tomography." The principles of PET scanning

are related to the unique properties of the positrons emitted by isotopes. After a subject is

i.v. administered the positron-labeled tracer, the labeled tracer gets distributed in several

tissues. The positron emitted from an atom, encounters a nearby free electron in the tissues.

The positron annihilates the electron, and as a result, two 511 keV gamma-ray photons are

emitted in opposite directions. The collision of the photons with the scintillator, such as

Bi4Ge30i2 (BGO) crystal, produces faint 1uminescence, which is amplified by a

photomultiplier and then transduced to electronic signalsi3) (see Fig. A). The two photons

are detected using two coincidence scintillation counters placed outside the bodyi'i3). The

midpoint of the scintillation counters that detect the two photons corresponds to the point

of positron decay. Thus, PET has an advantage over single photon emission computed

tomography (SPECT) in terms of spatial resolution.

    PET is recognized as the best method for the in vivo measurement 'of neurotransmitter

receptors and enzymes in the braini6). In the past century, numerous receptor ligands of the

central nervous system (CNS) have been synthesized for use in medicines and

pharmacological research. Concomitantly, several ligands have been labeled with positron

nuclides, and their availability for diagnosis has been investigated using PET4). In 1983,

Wagner first reported the imaging of dopamine D2 receptor in the human brain using

[iiC]N-methylspiperonei7). Subsequently, Farde et al. reported that [iiC]raclopride could be

used to visualize the dopamine D2 receptor in the brain of normal and schizophrenic

humansi8'i9). [iic]Raclopride has excellent selectivity, low non-specific binding, and rapid

brain kinetics. Therefore, it is considered to be an ideal PET tracer for imaging and the

quantification of neuroreceptors in the brain.

    It is difficult to develop PET ligands for receptors and enzymes in the brain because

despite their high affinity and good selectivity in vitro, the receptor ligands do not always
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recognize their receptors in vivo. Apart form the manner in which in vitro binding occurs,

the in vivo binding of a PET tracer is characterized by lipophilicity and metabolism4). In

order to examine the neurotransmitter receptor or enzyme in the CNS, a PET tracer must

penetrate into the blood-brain barrier BBB. In case of passive diffusion, the speed of

permeability of the compounds through the BBB correlates to 10gP 20). The
                                                           Mol. Weight

partition coefficient, log P, which is the logarithnic ratio of distribution between octanol

and water (pH 7.0), represents the lipophilicity ofthe compound. Chemical compounds that

possess either a charge or a large molecular weight are prevented by the BBB from

accessing to the CNS, whereas high-lipophilic (log P År 4) PET tracers are eliminated

slowly and have a greater non-specific binding in the brain2i-23). Thus, PET tracers with log

P = 2.0 display optimal lipophilicity because of the rapid kinetics and the low non-specific

binding2i'23). Furthermore, PET tracers are often catabolized to several labeled or unlabeled

metabolites in vivo. In case a labeled metabolite having no affinity for a receptor is

distributed in the brain, differentiating the specific binding from the total radioactivity is

difficult24'25). Therefore, the generation ofobstructive metabolites from PET tracers must be

avoided.

    'BZs are important drugs used in the treatment of several CNS disorders such as

epilepsy, anxiety disorders, and insomnia26). The BZ receptor (or binding site) was

classically categorized into three types, namely, toi, to2, and co327). At present, it is generally

distinguished into two types-the central type and the peripheral type28). The CBR is

located in the GABAAIBZ receptor chloride channel complex (GABAAIBZ receptor),

whereas the PBR is independent of one. Several institutes have reported the synthesis of a

positron-labeled ligand with both types ofbenzodiazepine receptor.

    The GABAAIBZ receptor is a pentameric assembly derived from a combination of

various subunits such as cti-ct6,Pi-P3,yi-y3,6, s, rc, and e, indicating the diversity of

subunit combinations. This is reflected in the various functional properties and ligand

selectivity of the GABAA receptors 26' 29-3i)' Previous reports indicated that most of the

native GABAA receptor types contained at least one each of the ct, B, and ysubunits.

Among these subunits, the ct and y2 subunits play an essential role in benzodiazepine
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binding29'30). The diversity of the ot subunit is necessary not only for the ability of BZ

binding but also for ligand selectivity26'3i). Labeling ofvarious benzodiazepine ligands with

positron nuclides has been attempted for use in brain PET. Initially, flunitrazepam with iiC

was evaluated; however, its specific binding is indistinguishable from the non-specific

binding due to high lipophilicity and slow kinetics32). On the other hand, a CBR antagonist,

[iiC]Ro15-1788 (fiumazenil), developed by the Frederic Joliot Hospital can recognize CBR

by PET. This compound exhibits rapid kinetics in the brain and is displaced by a high dose

of benzodiazepines33). It is now believed that among several BZ PET ligands,

[iiC]flumazenil is the most usefu1 tracer for CBR imaging by PET. In clinical studies, the

in vivo [iiC]flumazenil binding is variable in only a few disorders such as epilepsy34'35) and

Huntington's disease36). Current studies conducted on GABAA ct-subunit transgenic mice

have revealed that each of the different pharmacological effects, such as anti-anxiety,

anti-convulsion, muscle relaxation, sedation, and hypnosis, produced by BZs are mediated

through the six discrete ct subunits374i). It is regarded that flumazenil binds to a total

BZ-binding site, because it has homogeneous affrmity for all the six ct subunits42). Thus, the

development of a subunit-specific ligand is necessary to understand the detailed role of

GABAAIBZ receptor3i).

    PBR was found tb be a BZ-binding site in peripheral tissue by Braestrup and Squires

43). Tissues with high or moderate densities ofPBR, such as adrenal cortex, cardiac muscle,

and skin, derive a large part of their metabolic energy from active oxidative

phosphorylation44). In contrast, tissues containing low levels ofPBR, such as brain, skeletal

muscle, and smooth muscle, are primarily dependent on glycolysis44). PBR density is lower

in the brain than in other tissues, whereas it is exclusively expressed in glial cells45).

Therefore, it is assumed that glial cells can be recognized by the PBR ligand. The

availability of the BZ derivative [iiC]Ro5-4864 (4'-chlorodiazepam) was evaluated at the

Karolinska Institute, but it was found that [iiC]Ro5-4864 failed to accumulate in a glioma

in the human brain46). These results indicate that [iiC]Ro5-4864 is not suitable for imaging

of PBR. In contrast, the glioma could be visualized by PET47) using an isoquinoline

derivative [iiC]PKI1195. However, the use of [iiC]PKI1195 presents the serious problem

of its very low accumulation in the human brain despite its high lipophilicity. It is difficult
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to quantify the density of [iiC]PKI1195 bin ding in vivo by PET.

The specific aims of the proposed research are described as follows:

1) The extent of [iiC]Rol5-4513-binding in vivo is higher in the frontal cortex and limbic

   areas than in other brain regions. This localization of the Ro15-4513-binding is

   evidently different from that of the typical benzodiazepine PET tracer, [iiC]flumazenil.

   In order to confirm the subunit-selectivity of the in vivo [iiC]Ro15-4513 binding, the

   influence of diazepam (insensitive to ct4 and ct6 subunits) and zolpidem (sensitive to cti,

   ct2, and ct3 subunits) was investigated.

2) Glial cells play an important role in brain dysfunction such as in Alzheimer's disease,

   and it is hoped that an imaging tool for glial cells is developed. In order to visualize the

   function of glial cells, novel PBR PET ligands [iiC]DAAII06, [i8F]Fluoro-methyl-

   DAAII06 and [i8F]fluoro-ethyl-DAAII06 were developed and investigated in this

   study.
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                                Chapter 1

    Imaging of ct5 subunit of GABAA/BZ receptor by I"C]Ro15-4513

                             INTRODUCTION

    The CBR is located in the GABAAIBZ receptor and plays an important role in several

disorders such as epilepsy, anxiety disorder and insomnia26'48). Several ligands have been

developed to visualize BZ receptors in vivo49'55), and [iic]flumazenil and [i23I]iomazenil

have been commonly used at several institutions. The in vivo distributions of flumazenil

and iomazenil have been reported to be similar in the monkey brain56). However, a different

distribution pattern has been reported for the [iiC]Rol5-4513 binding compared to that of

[iic]flumazeni152). [iic]Flumazenil accumulates widely in the cerebral cortex, but

accumulation in the occipital cortex is relatively higher compared to other cortical

regions49-52'57). on the other hand, [iiC]Ro15-4513 accumulates to relatively higher levels

in the anterior cingulate cortex, hippocampus and insular cortex than in other cortical

regions52'53'58). The mechanism involved in these different distribution patterns has not been

fully examined, but the role ofBZ receptor subtypes has been suggested58'59).

    The GABAAIBZ receptor is composed of several subunits, and the diversity of subunit

combinations can result in various functional differences26'29'3i). It has been reported that

the typical GABAA receptor complex contains two or'subunits, two B subunits and one y

subunit26'29'3i). The ot subunits are reported to be essential for BZ binding, and their

diversity (6 subtypes) can present different affinities for several Bz ligands26'3i).

Furthermore, each subunit has different distribution patterns60'6i). The BZ receptor panial

inverse agonist Ro15-4513 is reported to have relatively higher affrmity for the ct5

subunit-containing GABAAIBZ receptor than the other types ofct subunits in vitro42•62•63).

    In this chapter, I investigated the pharmacological properties of [iiC]Ro15-4513

binding in the monkey brain to clarify the mechanisms involved in the regional differences

of distribution using PET.

10



                !ti;2SI}erIII!gpt:!:l!tl1

In vitro {"C)Ro15-4513 binding in the rat brain

              Materials and Methods

Synthesis of radiotracers

        Detail production system of [iiC]methyl iodide was described in previous

reports64•65). [iic]Rols-4s13 was synthesized by N-methylation ofN-desmethyl precursor

Ro44-3492. Briefly, [iiC]CH3I was allow to react with Ro44-3492 (O.5mg) in presence of

NaH (1 mg) in anhydrous dimethylformamide (500 pl) at 40 OC for 1 min. After the

reaction, H201CH3CN (6:4, O.5 mL) added in reactive production, and then [iiC]Rol5-4513

was separated by reverse phase HPLC column (YMC-Pack Pro C-18, 250 mm length

Å~ 10mm inside diameter, YMC, Kyoto) with mobile phase as H20/CH3CN (6 : 4; flow rate

4 mLlmin). The elution was evaporated, and re-dissolved in sterile saline with 10/o

polysolbate and 20/o ethanol. The specific radioactivity of [iiC]Ro15-4513 solution was

greater than 74 Cilpmol, and chemical purity was greater than 95 O/o.

Competition of (iiC]Ro15--4513 binding by BZ compounds

    [iiC]Ro15-4513 binding was evaluated by in vitro autoradiography in the frozen rat

brain section. The rat brains were rapidly removed, and then frozen by powdered dry ice.

The frozen brain was cut into 20 pm thick sagital sections using cryotome (HM560; Carl

Zeiss Co. LTD., Germany) at -15 OC. The sliced brains were mounted silan-coated slide

glass (Matsunami glass Ind., Ltd., Japan) and were stored in deep-freezer (80 OC). The

brain sections were pre-incubated in 50 mM Tris-HCI buffer (pH 7.4, room temperature)

for 15 min, and then incubated in 50 mM Tris-HCI buffer (pH 7.4, 4 OC) with 120 mM

sodium chrolide and ["C]Ro15-4513 (185 MBqlL, about 5 nM) for 60 min. After the

incubation they were rinsed by ice-cold Tris-HCI buffer for 2 min at twice, and finally

dipped into ice-cold water for 10 sec. In competition study, diazepam (1 nM-100 ptM) or

zolpidem (10 nM-100 pM) was added in incubation buffer. Non-specific binding was
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estimated in the presence of 1O pM of flumazenil.

    The brain sections were dried by warm blow and immediately were contacted to

imaging plate (Fuji Film Co. LTD, Japan) for 2 hr. The radioactivity in the brain sections

was measured by BASI800 II system (Fuji Film Co. LTD, Japan). Regions ofinterest were

placed on the hippocampus, frontal cortex and cerebellum and the photo-stimulated

1uminescence (PSL)lmm2 values were measured.

Data analysis

    Data were expressed as percent ofcontrol bin

fitted by graphical soft Prism@, and 50 percent

determined.

ding (O/o control). Competition curve was

 of inhibitory concentration (ICso) was
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RESULTS

    Fig. 1-1 shows autoradiogram of [iiC]Ro15-4513 binding in the rat brain. Ten pM of

flumazenil completely inhibit the [iiC]Ro15-4513 binding all brain regions. On the other

hands, cerebellar [iiC]Ro15-4513 binding remained despite presence of diazepam (100

pM). Similarly, zolpidem could not inhibit the [iiC]Ro15-4513 binding in the hippocampus,

frontal cortex and cerebellum.

    Fig. 1-2 shows competition curves ofdiazepam (lnM - 100 pM) and zolpidem (10nM

-
 100 pM) to the [iiC]Ro15-4513 specific binding. Remain of cerebellar [iiC]Ro15-4513

binding in presence of diazepam (100 pM) was estimated to 25 percent of control binding,

which corresponds to diazepam-insensitive binding. Competition of [iiC]Ro15-4513

binding by zolpidem exhibits to two-site binding model. Twenty percent of [iiC]Ro15-45 13

binding in the frontal cortex hippocampus and cerebellum remained in presence of 1OO pM

of zolpidem, while thalamic binding was completely inhibited by zolpidem. Respective

ICso values were represented in Table 1-1.
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Fig. 1-1

In vitro autoradiogram of [ `ic]Ro1s-4513 bindin g in the sagital brain section.
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Table 1-1 ICso value of diazepam and zolpidem to [ 11 C]Ro15-4513 binding in vitro.

Drug
Hippocampus

         ICso (nM)

Frontal cortex Cerebellum Thalamus

Diazepam

Zolpidem

   93

        *High 40

Low 1620

62

242

44

107

45

215

" Competition of [

 binding site.

i' c]Rols-4513 bin ding by zolpidem in the hippocampus was separated to two
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In vivo I"C)Ro15-4513 binding in the monkey brain

MATERIALS AND METHODS

Synthesis of radiotracers

       Detail method about synthesis of [iiC]Ro15-4513 was described in the

Experiment 1-1. Method about synthesis of [iiC]Ro15-1788 was reported in previous

reports64). specific radioactivity of [iiC]Ro15-4513 in the control and drug displacement

scans ranged from 16 to 202 GBqlpmol (67.8 Å} 10.3 GBqlpmol, mean Å} S.E.M.) at the

time ofinjection.

Animals

     Three young male rhesus monkeys (Macaca mulatta purchased from SLC, Japan)

weighing 5.0-6.0 kg were used. The monkeys were maintained and handled in accordance

with recommendations by the US National Institutes of Health and our guidelines (National

Institute of Radiological Sciences, Japan). A head fixation system for the monkey chair was

developed based on the surgical procedure described by Obayashi et al.66). A magnetic

resonance image (MRI) ofeach monkey's brain was obtained with a Philips Gyroscan S15 /

ACS II (1.5T) with three-dimensional Tl-weighted axial MRJ sequence66'67). The studies

were approved by the Animal Ethics Committee of the National Institute of Radiological

Sciences, Chiba, Japan.

PET scan

       All PET scans were performed using a high-resolution SHR-7700 PET camera

(Hamamatsu Photonics, Shizuoka, Japan) designed for laboratory animals, which provides

31 transaxial slices 3.6 mm (center-to-center) apart, a 33.1-cm field of view, and spatial

resolution of 2.6 mm fu11-width at half-maximum 68). The monkeys were repeatedly

anesthetized with ketamine at 10 mgfkgfhr i.m. (Ketalar@, Sankyo Co. LTD, Tokyo, Japan)
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every hour throughout the session and immobilized with the head fixation device to ensure

accuracy on re-positioning66). The dmg-treatment scans were separated by at least 2-week

intervals.

    After transmission scans for attenuation correction using a 68Ge-68Ga source for 3o

min, dynamic emission scan in 3-dimensional acquisition mode was performed for 90 min

(2 min x 5 scans, 4 min x 10 scans, 10 min x 4 scans). The 'tracer was injected via the

cephalic vein by a single bolus at the start of the emission scan. Injected doses of

[`iC]Ro15-4513 were 33.2-164.0 MBq (130.0 Å} 5.6 MBq, mean Å} SEM). For the

determination of densities and affmities, the tracer containing various amounts of cold mass

(34 pmol - 1.0 pmol) for 10 different PET scans was used.

PET data analysis

       All emission scan images were reconstructed with a 4.0-mm Colsher filter, and

circular regions of interest of 3-mm diameter were placed on the anterior cingulate cortex,

frontal cortex, insular cortex, parietal cortex, temporal cortex, occipital cortex, striatum,

thalamus, hippocampus, cerebellum and pons using an image analysis software with

reference to each monkey MRI (in-house software PET Analyzer for Windows@67'69). The

region of interest values were expressed in kBqlmL, normalized to the injected

radioactivity of 37 MBq (1 .0 mCi), and plotted against time.

    In vivo Scatchard analysis

       The data were obtained at systematically varied ligand concentrations and

analyzed by means of saturation curves or Scatchard plots58'70'7i). The binding parameters

for [iiC]Ro15-4513 were obtained by performing 10 separate scans and various specific

radioactivities on one animal. For the low specific-radioactivity conditions, 30-1000 nmol

of cold Ro15-4513 was added to the tracer. The hyperbolic saturation curve of tracer

binding was defined as:

                  F
                                                 (1)       B=BmaxÅ~
                Kd+F

    In case of two-site binding, the hyperbolic equation (1) is modified to the following
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equatlon:

                  FF                                               (2)                     + Bmax2 Å~       B = Bmaxl Å~
                Kdi+F Kdl+F
   where B is the concentration ofbound ligand (pmollmL), F the concentration of free

ligand (pmollmL), Bmax the total receptor density (pmollmL), and Kd the dissociation

constant (nM). B was defined as the difference in radioactivity between region of interest

values of specific binding regions and the pons (F), since the density of GABAAIBZ

receptors is negligible5i'53'58'72) and transient equilibrium is established when the specific

binding (B) radioactivity is maxima170'7i). The B... and Kd values were calculated by

non-linear hyperbolic analysis with the equation one-site model (1) or two-site model (2)

using the fitting software Prism@ (GraphPad Software Inc., USA). Also, the regressed

hyperbolic curve (x is F and y is B) was transformed to create the Scatchard plot graph (x is

B and y is B!F). Fitting was evaluated by F-test on the variance ofplotted points. Binding

potential is defined as:

    Binding potential == Bmax 1 Kd

    wnen specific radioactivity of [iiC]Ro15-4513 is very high, the BIF value at the

equilibrium condition approximates binding potentia167).

Effect of BZ drugs on (iiC]Ro15-4513 binding

    Flumazenil (Anexate@, Yamanouchi Pharmaceutical Co. Ltd., Tokyo, Japan), diazepam

(Horizon@, Yamanouchi Pharmaceutical Co. Ltd.) and zolpidem (Tocris Cookson Ltd.,

Bristol, UK) were purchased. Zolpidem was dissolved in propylene glycol with 200/o

ethanol.

    Diazepam has affinity for GABAAIBZ receptors with od, ct2, ct3 and ct5 subunits but

not ct4 and ct6 subunits, while the imidazobenzodiazepine compounds flumazenil and

Ro15-4513 have affmity for both diazepam-insensitive subunits37'48'73-75). zolpidem has

higher affinity for the ct1 subunit than for the ct2 and ct3 subunits and is insensitive to the

ct5 subunit 42,62,76).

    Each drug was i. v. injected slowly for 2 min, 15-20 min prior to injection of the tracers.

Drug-induced inhibition was calculated by the following equation77):

19



O/o Inhibition = 1OOÅ~

   SiO CD(t) dt

1-
   gO cF(t)dt

    where CD and CF are radioligand concentrations in the presence and absence of dmg

treatment, respectively. The integrals of radioligand concentrations (AUC) were calculated

for the period from 2 to 60 min after tracer injection. Data of the dmg effect from one

monkey was plotted against dmg-injection doses (mglkg, i.v.) with logarithnic conversion.

The plotted data were regressed to a one-site competition curve using Prism@ (GraphPad

Software Inc., USA), and then 500/o inhibition dose (IDso) values were calculated.

Data analysis

    The time-activity curve of [iiC]Ro15-4513 was normalized to the injected dose of 37

MBq. The effects ofBZs were evaluated based on the time-activity curves ofeach region by

two-way ANOVA with repeated measures.
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RESULTS

    After i.v. injection of [iiC]Ro15-4513 with high specific radioactivity, the radioactivity

rapidly increased in all regions, reaching a maximum at around 15 min post injection. The

uptake of [iiC]Ro15-4513 was highest in the anterior cingulate cortex, followed by the

hippocampus, occipital cortex and thalamus; it was lowest in the pons (Fig. 1-3). The

distribution of [iiC]Ro15-4513 was obviously different from ["C]flumazenil (Fig. 1-4).

High accumulation was also observed in the insular and temporal cortices. Fig. 1-5 shows

that fiumazenil at O.1 mglkg, i.v. inhibited the accumulation of [iiC]Ro15-4513 in the

anterior cingulate cortex and occipital cortex but not in the pons [Fis,72 = 1.45 (p=O.14)]

according to repeated two-factor ANOVA.

    Fig. 1-6A shows the saturation curves of specific binding in the anterior cingulate

cortex. The data were evaluated by hyperbolic analysis with a one- or two-site saturation

model. Specific binding was fitted by the one-site binding model (r2 = O.982) and two-site

binding model (r2 = O.977) (Fig. 1-6A). Statistical analysis by F-test between the one- and

two-site models revealed no significant difference [Fg,g = 1.25 (p==O.75)]. The Scatchard

plot of ['iC]Ro15-4513 (Fig. 1-6B) showed that the data fitted by the one-site binding

model (r2 = O.919) deviated from the data points at low concenttations of the ligand

compared to the two-site binding model (r2 = O.984). The F-test between the two site

models indicated that the two-site binding model fitted better to the data than the one-site

binding model [Fg,g= 5.13 (p=O.023)]. In the two-site binding model, binding potential of

[iiC]Rol5-4513 in the anterior cingulate cortex was calculated as 1.80 for the high-affrmity

site and 1.06 for the low-affmity site. The high-affmity site shared 630/o in total binding

potential of [iiC]Ro15-4513 in the anterior cingulate cortex. Similar results were also

observed in the insular cortex and striatum, while a different affrinity site could not be

detected in the occipital cortex and cerebellum (Fig. 1-7 and Table 1-2). The in vivo Bmax

and Kd values of [iiC]Rol5-4513 binding are summarized in Table 1-2.

    Fig. 1-8 shows the MRI and summation images of [iiC]Ro15-4513. Flumazenil and

diazepam inhibited the accumulation of [iiC]Ro15-4513 in all cortical regions (Fig. 1-8F

and 1-8G). The images of [iiC]Ro15-4513 with medium-specific radioactivity show that
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the binding in the occipital cortex was relatively retained (Fig. 1-8C). On the contrary,

zolpidem preferentially inhibited binding in the occipital cortex and cerebellum compared

to other regions (Fig. 1-8E).

    Fig. 1-9 shows that both diazepam and zolpidem inhibited the specific binding of

[iiC]Ro15-4513 in the anterior cingulate cortex and occipital cortex. The magnitude of the

effect was not significantly different in the occipital cortex [Fis,72= 1.17, (p =O.31)], but in

the anterior cingulate cortex the binding was only partly inhibited by zolpidem compared to

the inhibition by diazepam [Fis,72 = 14.75, (pÅqO.OOI)]. The drug-induced effects are

summarized in Table 1-3. The effects ofdiazepam at 5.0 mglkg and fiumazenil at O.1 mglkg

did not differ significantly among the 10 brain regions studied [diazepam: Fg,2o = O.81,

(p==O.61); flumazenil: Fg,2o = 1.04, (p = O.45)], while there were significant regional

differences in the effect ofzolpidem at 10 mglkg [zolpidem (Fg,2o = 3.52, p = O.O09)].

    Fig. 1-10 shows the dose-displacement curves of specific binding by diazepam (Fig.

1-10A) and zolpidem (Fig. 1-10B). The inhibition by diazepam was dose-dependent (Fig.

1-10A). On the other hand, about 700/o of the specific binding remained after pretreatment

with 10-20 mg!kg of zolpidem, and dose-dependent inhibition was observed only in the

occipital cortex and cerebellum (Fig. 1-10B),
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Fig. 1-3

A: Summation image of [iiC]Ro15-4513 in the monkey brain from 2 min to 60 min. B:

Time-activity curves of [iiC]Ro15-4513 in 6 brain regions for 90 min in rhesus monkeys

(n=3). Injected radioactivity was normalized to 37 MBq. [`iC]Ro15-4513 was highly

accumulated in the anterior cingulate cortex and hippocampus but lowest in the pons.

Data are presented as mean Å} S.E,M.
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A: Summation image of [iiC]flumazenil in the monkey brain

Time-activity curves of [iiC]flumazenil in 3 brain regions
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Fig. 1-5

Effect of pretreatment with flumazenil on [iiC]Ro15-4513 binding in three brain regions

(n=3). The injected radioactivity was normalized to 37 MBq. Flumazenil diminished the

radioactivity in the anterior cingulate cortex and occipital cortex markedly but did not

significantly affect the binding in the pons. Data are presented as mean Å} S.E.M.
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A: Hyperbolic saturation curve of [iiC]Ro15-4513 specific binding in the anterior

cingulate cortex. The plotted data was fitted by one- (broken line) and two-site models

(continuous line). B: Scatchard plot of [iiC]Ro15-4513 specific binding. The plot was

obtained by transforming the hyperbolic saturation curve (A). The broken and continuous

lines show one- and two-site models, respectively. The dotted lines represent the

regression curve by two-site model separated into two lines with different affinities. The

data were obtained from one monkey.
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Scatchard plot of the insular cortex, striatum, occipital cortex and cerebellum. The

continuous and broken lines (insular cortex and striatum) showed regression to two- and

one-site models, respectively.
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Table 1-2 B

reglons

.,. (pmol/mL) and Kd (nM) values of ['iC]Rol5- 4513 binding in 10

One site binding
    model

Two site bindin g model

Region
Bmax Kd

 High affinity

Bmax Kd
 Low affinity

Bmax Kd
Amygdala
Cerebellum
Cingulate cortex

Frontal cortex

Hippocampus
Insular cortex

Occipital cortex

Striatum

Temporal cortex
Thalamus

29.38

51.35
47.98

38.80

34.58

54.38

98.67
28.32

41.42
51.60

14.91

78.10
22.59
22.42
22.85

27.50
53.21
21 .46

21.69
48.41

1.11

6.82

1.96

O.62

5.42

6.09

7.88

5.40

O.67

3.79

2.10

O.88

3.50

4.3 1

5.30

6.86

n.d.a

   bn.d.

30.79

49.99
39.86
35.37

57.65

31.35

40.60
57.90

20.46

46.80
30.49

26.60
49.37

67.62

46.14
95.14

an.d. : not detected

bn.d.: No difference in affinity between high and low.
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Fig. 1-8

Summation images of [iiC]Ro15-4513 accumulation in the monkey brain from 2 min to

60 min after tracer injection. The images were adjusted to 65`X) injection dose per liter. A,

MRI; B, control ([iiC]Rol5-4513); C, plus 100 nmol of Ro15-4513!body; D, 1.0 Ftmol of

Rol5-4513f body; E, zolpidem 10 mg/kg; F, diazepam 5.0 mg/kg; G, flumazenil O.1

mglkg. AC, anterior cingulate cortex; AMY, amygdala; CB, cerebellum; HIP,

hippocampus; INS, insular cortex; OCC. occipital cortex; STR, striatum; TEMP, temporal

cortex; THA, thalamus
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Fig. 1-9

Time-activity curves of [iiC]Ro15-4513 specific binding in the anterior cingulate cortex

(A) and occipital cortex (B) from three monkeys. The concentration of radioactivity

(kBqlmL) was normalized to 37 MBq dose injection. The circles, open triangles and open

squares represent control, diazepam treatment and zolpidem treatment, respectively. Data

arepresentedas mean Å} S.E.M.
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Table 1-3 Inhibition of[ i' c]Ro1s-4513 bin ding by BZ ligands

O/o Inhibition Å} S.E.M.

Region Diazepam 5.0
(mg/kg, i.v.)

Zolpidem 10
(mgfkg, i.v.)

Flumazenil O. 1

 (mg!kg, i.v.)

Amygdala
Cerebellum
Anterior cingulate cortex

Frontal cortex

Hippocampus
lnsular cortex

Occipital cortex

Striatum

Temporal cortex
Thalamus

89.2

82.6
88.8

94.3

90.0
89.6

88.4

90.7

87.9
91.2

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

2.1

5.4

2.3

3.9

3.3

2.5

3.1

3.2

1.6

3.8

26.5

83.0

23.4
44.9
33.2
29.1

75.6

27.2

20.8
29.2

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

10.2

11.8

9.9

12.6

12.3

10.9

6.1

14.3

9.5

13.1

92.6
90.4
93.6

96.6
91.3

92.9
89.6

94.7
92.8
93.8

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

Å}

1.1

2.5

1.0

2.6

2.2

1.4

2.1

1.4

1.5

3.0
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DISCUSSION

    [iiC]Ro15-4513 was highly accumulated in the anterior cingulate cortex, insular

cortex and lower temporal cortex, and was lowest in the pons. This was consistent with

previous monkey58'78) and human data52'53). The present results indicated that there were

two different types of [iiC]Ro15-4513 binding in the brain regions, one being a mixture

of high- and low-affinity binding sites, the other a low-affmity binding site (Fig. 1-7 and

Table 1-2). Analyses were carried out using the pons as reference region, where the density

of BZ receptors is negligible according to previous monkey PET studies5i'58). Further, the

present study also showed that the radioactivity of [iiC]Ro15-4513 in the pons was not

significantly affected by a O.1 mgfkg (i.v.) dose of flumazenil (Fig. 1-5).

    The high-affinity binding site is distributed over the frontal cortex, temporal cortex

and limbic areas, while the low-affinity site is located in the occipital cortex and

cerebellum. Previous reports of in vivo and in vitro binding studies have indicated that

Ro15-4513 binding possesses two different affinities in the fronto-temporal cortex and

limbic regions58'79), while cerebellar Ro15-4513 binding exhibits a homogeneous affrmity

site79). However, only homogenous affmity has been reported for [iiC]flumazenil binding

in the frontal and occipital cortices57). The existence of a high-affinity site can result in a

higher binding potential in the fronto-temporal limbic regions (Fig. 1-6 and 1-7). The

high-affmity site of [iiC]Ro15-4513 (Kd; 3.79 nM) showed about 14-fold higher aflrmity

than that ofthe low affrmity site (Kd; 50.0 nM). This difference is consistent with the report

that Ro15-4513 has 10-20-fold higher affmity for ct5 subunit-containing GABAAIBZ

receptor (Ki = O.7 nlV[) compared to od, ct2 and ct3 subunits (Ki = 7-10 nlV[) in vitro62).

However, agonist binding sites are known to show a heterogeneous affinity state80). Mehta

and Shank79) have reported that both [3H]Ro15-4513 and [3H]flunitrazepam have

two-affinity binding sites in vitro, but the high-affmity binding site of [3H]flunitrazepam

did not overlap with that of [3H]Ro15-4513. Moreover, the non-selective BZ agonists

[iiC]triazolam and [iiC]NNC13-8199 showed higher accumulations in the occipital cortex

in primate PET studies54'8i). This distribution ofboth BZ agonists in the brain is similar to

that of the antagonist binding with [iiC]flumazenil. Thus, the high-affmity binding site of
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[iiC]Ro15-4513 can not be explained by the agonist selective high-affinity binding site

observed in vitro. On the other hand, zolpidem (10 mg/kg, i.v.) fu11y blocked

[iiC]Ro15-4513 binding in the occipital cortex and cerebellum, which contain a

low-affmity binding site (Fig. 1-10 and Table 1-3), while 60 to 800/o of the binding was not

blocked in other brain regions. Zolpidem has been reported to have a 1O-fold higher affinity

for the od subunit-containing GABAAIBZ receptor than for the ct2 and ct3 subunits, and

almost no affinity for the cts subunit42'62'76'77). Diazepam and flumazenil showed no obvious

regional differences in the inhibition of [i'C]Ro15-4513 binding (Table 1-3). Both

compounds have no selectivity among the od-3, s subunits42'63'76). Moreover, a loss of

zolpidem-insensitive binding in [3H]flumazenil has been reported in chromosome-disrupted

mouse at the ct5y3 subunits82). Thus, the zolpidem-insensitive binding could reflect mainly

the binding to the ct5 subunit-containing GABAAIBZ receptor complex. These data indicate

that the high-affinity binding site of [iiC]Ro15-4513 represents the ct5 subunit-containing

GABAAIBZ receptor.

    It has been reported that Ro15-4513 also has an affmity for the diazepam-insensitive

site that consists of ct4 or ct6 subunit37'48'73-75), which are located in the thalamus and

cerebellum, respectively60'6i). In the present PET study, diazepam (5.0 mglkg, i.v.) blocked

[iiC]Rol5-4513 binding in the cerebellum as well as in other brain regions (Fig. 1-9, Table

1-3). This suggests that Ro15-4513 binding for the ct6 subunit in the cerebellum is

negligible in vivo. We consider that the negligible binding to ct4 and ct6 subunits of

[iiC]Rol5-4513 in vivo may be explained by influence of GABAA receptor 6 subunit. The

6 subunit is exclusively expressed in the cerebellum and thalamus, and prefers to combine

with the ct6 subunit6i'83). The 6 subunit replaces the y2 subunit, resulting in less sensitivity

to Ro15-451383'84). In fact, the disruption of 6 subunits markedly increased the cerebellar

binding ofRo15-4513 in vitro85).

    The present results indicate that the binding potential of [iiC]Ro15-4513 with high

specific radioactivity can reflect a relatively high signal of the ct5 subunit. For

quantification of the high-affinity site of [iiC]Rol5-4513 binding, its specific radioactivity

needs to be controlled at a high level, because the high-affmity site of [iiC]Rol5-4513 was

easily blocked by its radio-inactive Rol5-4513 due to low density. Although the role of the
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ct5 subunit is still not clear compared with other ct subunits, [iiC]Ro15-4513 binding is

abundant in the anterior cingulate and insular cortices, and these distributions suggest a

possible role in emotion and memory86'87). From my study, I can conclude that the

application of the ligand [iiC]Ro15-4513 should prove to be usefu1 for studying the

fimction ofthe ct5 subunit in the GABAAIBZ receptor complex.
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                                Chapter 2

    Imaging of peripheral benzodiazepine receptor by ("C}DAAII06

                             INTRODUCTION

    Binding sites for BZ were initially identified by the binding of [3H]diazepam not only

in the brain but also in peripheral organs like kidney, liver and lung 43'88). Bz derivative

Ro5-4864 binds only to PBR with nanomolar affmity43) and binding sites different from BZ

binding sites on GABAAIBZ receptor were named PBR. PBR is primarily found on

mitochondnal membranes in various peripheral tissues44'89'9i). Although the term

" peripheral" was widely used in the literature, specific ligands for PBR such as

[3H]Ro5-4864 and [3H]PKII195 revealed that PBR was also expressed in the brain92'95).

The PKII195 binding in cultured microglia and astrocytes was at 8-fold higher density

than in cultured neurons96), suggesting that PBRs localize in glial cells in the brain. The

expression of PBR in vivo is reported to be increased in microglia activated by brain

injury97-iOO). PBR binding in the brain is highest in the olfactory bulb93'95'iOi'i02) an area of

dense microglia populationi03).

    PBR is composed of at least three subunits, isoquinoline binding proteini04'i06), a

voltage-dependent anion channel and an adenine nucleotide carrieri07). The trimeric

complex is a critical component of the mitochondrial permeability transitional pore, which

plays an important role in passage of various biogenic compounds between the cytoplasm

and mitochondrial intermembrane or matrixi08). A cholesterol-binding site was observed in

the carboxyl terminus of isoquinoline binding protein, and the activation of PBR is

suggested to be involved in the regulation of cholesterol transport into mitochondria and in

steroidgenesisi09).

    [iiC]PKI1195 is currently being used to visualize PBR in the brain, and especially for

the evaluation of lesions, by positron emission tomography (pET)iiO'ii2). [iic]pKnlgs

binding was reported to be increased in the stroke regionii3), plaque of multiple
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sclerosisiiO'ii2), the cortex of Alzheimer diseaseiii) and epileptic fociii4). The mechanism of

the increase in [iiC]PKI1195 binding has been suggested as representing a reflection of

activated microglia45'iiO'iii'ii5). These reports suggested the diagnostic values of PBR in

many disorders.

    DAAII06 (see page 3) was originally developed as an anxiolytic with a different

structure from other PBR compounds such as PKI1195 and Ro5-4864ii6'ii8). The inhibition

constant (Ki) of DAAI106 to [3H]DAAI106 (O.043 nM) is one order smaller than that of

PKII195 (O.77 nM), and it also has good selectivity for PBRsii6). DAAII06 does not

promote steroidgenesis in mitochondnal fraction, suggesting that DAAII06 has an

antagonistic property for PBRsii9). The aim of this chapter is to characterize and evaluate

[iiC]DAAI 106 as a PET ligand for PBRs in the brains ofrodent and monkey.

37



                   !tl22"!gpt!!!gu2:!t21

Synthesis, distribution and metabolite of ("C]DAAIIo6

MATERIALS AND METHODS

Radiochemistry and synthesis of (iiC)DAAII06

   Carbon-11 was produced by i4N(p, ct)iiC nuclear reaction using a CYPRIS HM-18

cyclotron (Sumitomo Heavy Industry Co. Ltd., Tokyo, Japan). A dose calibrator (IGC-3R

Curiemeter; Aloka, Tokyo, Japan) was used for all radioactivity measurements if not

otherwise stated. Reverse phase high performance liquid chromatography (HPLC) was

performed using a JASCO HPLC system: effluent radioactivity was determined using a Nal

(Tl) scintillation detector system.

    [iiC]CH3I for radiosynthesis was synthesized from cyclotron-produced [iiC]C02 as

described previously64). Briefly, the [iiC]C02 was bubbled into 50 mM LiAIH4 in

anhydrous tetrahydrofuran (500 pL). After evaporation of the tetrahydrofuran, the

remaining complexes were treated with 570/o hydrogen iodide (HI; 300 ptL). [iiC]CH3I was

transferred under a helium gas flow with heating into a reaction vessel containing

anhydrous dimethylformamide (300 pL), DAAI123 (O.3-O.5 mg) and NaH (3-5 pL, O.5

g120 mL dimethylformamide) cooled to -15 - -200C. After radioactivity reached a plateau,

the reaction vessel was warmed to 300C and kept for 3 min. After adding CH3CNIH20 (614,

500 ptL), the radioactive mixture was applied to a semi-preparative HPLC column. HPLC

semi-preparative purification was completed on a YMC J'sphere ODS-H80 column (1O mm

inside diameter Å~ 250 mm length) using a mobile phase of CH3CNIH20 (60140) at a flow

rate of 6.0 mLlmin. The retention time for [iiC]DAAI106 was 9.5 min, whereas that for

DAAI123 was 6.7 min. The radioactive fraction corresponding [iiC]DAAII06 was

collected in a sterile flask containing polysorbate (80) (75 pL) and ethanol (150 pL),

evaporated to dryness under vacuum, re-dissolved in 7 mL of sterile normal saline and

passed through a O.22 pm Millipore filter for analysis and the animal experiments.
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Radiochemical purity and specific activity determinations

    Radiochemical purity was assayed by analytical HPLC (column: CAPCELL PAK Cis,

4.6 mm inside diameter Å~ 250 mm length, UV at 254 nm; mobile phase: CH3CNIH20 =

614). The retention time for [iiC]DAAII06 was 5.8 min at a flow rate of 2.0 mLlmin.

confirmation of [iiC]DAAI106's identity was achieved by co-injection with the authentic

non-radioactive DAAII06. Specific activity of [iiC]DAAII06 was determined by

comparison of the assayed radioactivity to the mass associated with the carrier UV peak at

254 nm.

Biodistribution study in the mouse

    A saline solution of [iiC]DAAII06 (average of 8 MBq1200pL, specific activity: 120

GBqlptmol) was injected into ddY mice (3040 g, 9 weeks, male) through the tail vein. Five

mice for each time point were sacrificed by cervical dislocation at 1, 5, 15, 30 or 60 min

postinjection. The whole brain, liver, lung, heart, kidney, adrenal and blood samples were

quickly removed. As for the brain, the cerebellum, olfactory bulb, striatum, hippocampus,

thalamus, hypothalamus and cerebral cortex were further dissected and weighed. The

radioactivity present in the various tissues were measured in a Packard autogamma

scintillation counter, and expressed as a percentage of the injected dose per gram of wet

tissue (O/o injection doselg). All radioactivity measurements were corrected for decay.

    To determine in vivo specificity and selectivity of [iiC]DAAII06 binding to PBR,

DAAII06, PKII195 or Ro15-1788 at a dose of 1 mglkg each, was mixed with

[iiC]DAAII06 (8 MBq1200 ptL; specific activity: 95 GBqlptmol) and injected into ddY

mice (n=5), respectively. At designated time points (1, 5, 15, 30 or 60 min), these mice

were sacrificed and the whole brains were removed quickly. The brain tissue samples

(cerebellum, olfactory bulb, striatum, hippocampus, thalamus, hypothalamus and cerebral

cortex) were dissected and treated as described above.

Metabolite assay in plasma and brain tissue

    After i.v. administration of ["C]DAAI 106 (70-90 MBq1200 pL) into ddY mice (n=3),

these mice were sacrificed by cervical dislocation at 1, 5, 15, 30 or 60 min after
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[iiC]DAAII06 injection. Blood (O.7-1.0 mL) and whole brain samples were removed

quickly. The blood sample was centrifuged at 15,OOO rpm for 1 min at 40C to separate

plasma, which (250 pL) was collected in a test tube containing CH3CN (500 pL) and a

solution ofthe authentic unlabeled DAAI106 (1.1 mg15.0 mL ofCH3CN, 1O ptL). After the

tube was stirred for 15 sec and centrifuged at 15,OOO rpm for 1 min for deproteinization, the

supernatant was collected. The extraction efficiency of radioactivity into the CH3CN

supernatant ranged from 780/o to 91O/o 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-cooled CH3CNIH20 (1/1, 1.0 mL)

solution containing DAAI106. The homogenate was centrifuged at 15,OOO rpm for 1 min at

40C and supernatant was collected. The recovery of radioactivity into the supernatant was

68-870/o based on the total radioactivity in the brain homogenate.

    An aliquot of the supernatant (100-500 ptL) obtained from the plasma or brain

homogenate was injected into the HPLC with a highly sensitive positron detectori20) for

radioactivity, and analyzed under the same HPLC conditions described above except the

mobile phase of CH3CNIH20 with a ratio of 111. The percent ratio of [iiC]DAAII06

(retention time=10.6 min) to the total radioactivity (corrected for decay) on the HPLC

chromatogram was calculated as O/o = (peak area for [iiC]DAAI 106 ltotal peak area) Å~1OO.

Drugs

    DAAI 106 and its desmethyl precursor DAAI 123 (N-5-fluoro-2-phenoxyphenyl)-N-(2-

hydroxy -5-methoxybenzyl)acetamide) were provided by Taisho Pharmaceutical Co. Ltd.

(Tokyo,• Japan). PKI l 195 and Rol5-1788 were purchased from Sigma Co. Ltd. (Milwaukee,

WI). DAAI106, PKI1195 and Ro15-1788 were dissolved in distilled water and ethanol (1

mgll.8 mLIO.2 mL) and used for in vivo studies. Ifnot otherwise stated, chemicals were

purchased from Wako Pure Industries Co. Ltd. (Japan) and Aldrich Co. Ltd. (Milwaukee,

WI) with the highest grade commercially available.

40



RESULTS

    [iic]DAAII06 was synthesized by O-[iiC]methylation of the corresponding phenol

precursor DAAI123 with [iiC]CH3I in the presence of NaH at 300C for 3 min (Fig. 2-1).

The radiochemical yield of [iiC]DAAII06 was largely dependent on the amount of NaH

used for this reaction. When more than two equivalents ofNaH relative to DAAI123 were

used, the desired product [iiC]DAAII06 was observed in the purification HPLC

chromatogram (retention time= 7 min, Fig2-2). Limiting the amount of NaH could restrain

the formation ofthe unlmown radioactive product. wnen one equivalent ofNaH was used,

only [iiC]DAAII06 was formed as a reaction product. Using the optimized reaction

condition, [iiC]DAAI106 was successfu11y obtained with radioactivity incorporation yields

of 72Å}160/o (based on the HPLC chromatogram, n=8). The radiosynthesis, semi-preparative

HPLC, and formulation were completed in an average synthesis time of 22 min (n=8). At

the end of synthesis, 970-1580 GBq of [iiC]DAAI106 was obtained as an injection solution

of sterile normal saline after 10-15 min proton (14.2 MeV on target) bombardment at a

beam current of 15 pA. The final formulated solution was chemically and radiochemically

pure (År980/o) as determined by analytic HPLC. The specific activity of [iiC]DAAI106 was

90-156 GBqlpmol at end of synthesis.

    The radioactivity time course was determined for six specific regions of the mouse

after injection of [iiC]DAAII06. Table 2-1 shows the decay corrected percent dose per

gram data for all regions. As shown in Table 2-1, a high initial concentration ofradioactivity

(År50/o injection doselg) was found in the heart, kidney, adrenal and lung. The distribution

pattern of uptake was in agreement with the previous in vitro findings on the distribution of

PBR in the peripheral systems43'44). The highest radioactivity of [iiC]DAAI106 was found

in the lung and this level was higher than that of [iiC]PKI1195i2i). The high uptakes in the

1ung and heart may be related to the mitochondrial contents containing PBR. On the other

hand, a high concentration of radioactivity (2.1-3.50/o injection doselg) was also found in

the brain, the target tissue in this study. The values were about 1.5-2 fold higher than those

of [3H]PKI 1 195 in the mouse brain at the corresponding timesi2i).

    The radioactivity distribution of [iiC]DAAI106 in the mouse brain is shown in Table
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2-2. As can be seen, [iiC]DAAI106 showed a rapid penetration across BBB into all brain

regions at 1 min after i.v. administration. The uptakes of [iiC]DAAII06 in the olfactory

bulb and cerebellum were higher than 2.80/o injection doselg at 5 min post-injection. The

radioactivity accumulated with time in all regions examined, and the concentrations in these

regions reached a peak during 15-30 min, and then declined until 60 min postinjection.

Among the brain regions examined, the highest uptake of radioactivity (4.20/o injection

doselg at 30 min) was observed in the olfactory bulb, the highest PBR density area in the

mouse brain. Following by the olfactory bulb, a high radioactivity level of [iiC]DAAI106

(3.50/o injection doselg at 30 min) was also detected in the cerebellum, whereas a moderate

or low uptake was observed in the cerebral cortex, hypothalamus, striatum and

hippocampus. The radioactivity of [iiC]DAAI106 in the thalamus was the lowest among the

brain regions examined.

    The in vivo selectivity and specificity of [iiC]DAAI106 was tested by co-injecting the

unlabeled DAAI106, PBR-selective PKI1195 and CBR-selective Ro15-1788 at a dose of 1

mglkg, with [iiC]DAAII06, respectively. The results of these blocking studies at 30 min

postinjection are presented in Fig. 2-3. Co-injection with the unlabeled DAAI106 exhibited

a statistically significant reduction of radioactivity in the brain regions compared with the

control group. The most significant reduced uptake was found in the olfactory bulb (140/o of

control) and cerebellum (160/o of control). Other brain regions (striatum, hippocampus,

thalamus, hypothalamus and cerebral cortex) showed a moderate decrease (20-540/o) in the

percent uptake of [iiC]DAAII06. These results revealed a high specific binding of

[iiC]DAAII06 in all brain regions examined, especially in the olfactory bulb and

cerebellum. PBR-selective PKII195 (1 mglkg) also produced a significant reduction of

radioactivity in all brain regions, to an extent similar to that obtained using of the same

amount of the non-radioactive DAAI106. The largest decrease in binding occurred in the

olfactory bulb (100/o) and in the cerebellum (130/o) compared with the saline group. In

contrast, CBR-selective Ro15-1788 co-injection did not show a clear inhibitory effect on the

uptake of [iiC]DAAII06 (Fig. 2-3). In the cerebellum, hypothalamus and thalamus,

Ro15-1788 showed a modest (less than 200/o) increase in bindings.

    Metabolites of a radiotracer in the plasma which enter the brain can confound PET
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imaging studies of neuroreceptors, whether or not the labeled metabolites bind to the target

receptor. The plasma and extract of homogenized brain tissues of mice were examined by

HPLC for radioactivity after i.v administration of [i'C]DAAII06 (70-90 MBq). The

percentages of the unchanged [iiC]DAAII06 (retention time=10.2 min) in the total

radioactivity of the plasma and brain tissues are shown in Fig. 2-4. As can be seen, in the

plasma, the amount of [iiC]DAAI106 continued to decrease during the entire experiment

and a labeled metabolite was observed as early as 2 min after injection. The fraction

corresponding to the unchanged [iiC]DAAI106 in the plasma was 650/o at 5 min, 170/o at 30

min, and 60/o of the total radioactivity at 60 min postinjection (Fig. 2-4). The radiolabeled

metabolite was more polar than [iiC]DAAII06 as estimated by the retention order

(retention time=1.8 min) on a reversed phase HPLC column. In contrast, in the brain

homogenate, only [iiC]DAAI106 was detected with no evidence (Åq50/o) of any radioactive

metabolites even at 60 min postinjection (Fig. 2-4).

    The metabolism of DAAI106 in the rat liver fraction was previously examined and

debenzylation of DAAI106 was found to be a major metabolite routeii7). The debenzylated

compound (N-(5-fluoro-2-phenoxyphenyl)acetamide) was inactive up to 10,OOO nM

concentration in displacing both [3H]PKI1195 from PBR and [3H]flunitrazepam from CBR.

Therefore, the presence of this non-radioactive debenzylated metabolite could not affect the

specific binding of [iiC]DAAI106 in the brain, even if it passed the BBB and entered the

brain. On the other hand, no radiolabeled metabolite except the unchanged [iiC]DAAI106

was detected in the brain homogenates. Thus, while extensively metabolized in the plasma,

the radiolabeled metabolite of [iiC]DAAII06 did not appear to cross the BBB in this

species. These findings can reveal that all of the specific binding determined in the mouse

brain was due to [iiC]DAA1106 itselfand not influenced by the radiolabeled metabolite.
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Chromatogram of [iiC]DAA1 106 and its precursor.
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Table 2-1 Distributionof[iiC]DAAI106 in mice at 1, 5, 15, 30, 60 min postinjection

Tissue 1 min 5 min 15 min 30 min 60 min

Blood

Heart

Liver

Kidney

Adrenal

Lung

Brain

2.53Å} O.28

10.45Å} 1.94

1.35Å} O.41 '

12.4Å} 2.35

8.15Å} 1.31

90.15Å} 8.15

2.53Å} O.94

1.65Å} O.34

11.59Å} 2.36

1.75Å} O.41

12.55Å} 2.43

7.41Å} 1.28

80.32Å} 9.14

2.81Å} 1.05

2.41Å} O.42

16.52Å} 3.41

 2.1Å} O.58

10.01Å} 1.85

6.58Å} 1.45

70.84Å} 8.52

3.54Å} O.98

2.13Å} O.53

11.54Å} 1.85

 1.81Å} O.67

9.55Å} 2.81

5.31Å} O.82

48.15Å} 5.1

2.79Å} O.68

1.43Å} O.3

7.49Å} 2.01

1.81Å} O.54

7.48Å} 1.58

 5.1Å} O.98

28.35Å} 2.1

2.12Å} O.88
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Table 2-2 Brain regional distribution of [ 11C]DAAI106 in mice at 1 ,5, 15, 30, 60 min postinjection

Region 1 min 5 min 15 min 30 min 60 min

Cerebellum

Olfactory bulb

Hippocampus

Striatum

Cerebral cortex

Hypothalamus

Thalamus

2.61Å} O.89

2.79Å} O.61

O.53Å} O.21

O.81Å} O.15

1.42Å} O.26

1.28Å} O.18

1.03Å} O.2

2.78Å} O.38

2.88Å} O.34

O.82Å} O.3

1.28Å} O.39

1.34Å} O.1

1.35Å} O.18

151Å} O.35

3.42Å} O.28

3.56Å} O.55

1.52Å} Oi31

1.82Å} O.35

2.35Å} O.39

1.45Å} O.16

1.42Å} 021

3.52Å} O.21

4.21Å} O.45

 1.7Å} O.23

1.81Å} O.36

 2.3Å} O.68

1.41Å} O.31

1.23Å} O.34

1.86Å} O.19

1.97Å} O.71

O.80Å} 025

1.12Å} O.25

1.56Å} O.69

1.16Å} O.38

1.19Å} O.29
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Fig. 2-3

Effect of unlabeled DAAII06 (1 mglkg), PBR-selective PKII195 (1 mglkg) and

CBR-selective Ro 15-1788 (1 mglkg) on ["C]DAAII06 concentrations (mean Å} SEM.,

n=5) in selected regions of mouse brains at 30 min postinjection of [iiC]DAAII06 (8

MBq). Abbreviations: CB = cerebellum; OB = olfactory bulb; HIP == hippocampus; ST =

striatum; CX = cerebral cortex; HYPO = hypothalamus; THA = thalamus.
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In vivo binding property of {"C]DAAII06 in the rat and monkey

MATERIALS AND METHODS

Synthesis of radiotracers

     Synthesis of [iiC]DAAII06 was canied out as experiment 2-1. The logD value of

[iiC]PKI1195 between octanollphosphate buffer (pH7.4) was determined by shaken flask

method as described in detail previouslyi22). Specific radioactivity of [iiC]DAAI106 was

175 Å} 78 GBqlpmol (mean Å} SD; År60 GBqlpmol), and that of [i'C]PKII195 was År74

GBq/pmol at the end of synthesis. The tracer was injected to animals within 20 min

following synthesis.

    [iiC]PKII195 was synthesized by [iiC]-N-methylation of desmethyl precursor as

previously described in detaili2i).

Animals

    Male rats weighing 300-400 g and a male rhesus monkey (Macaca mulatta) weighing

7.0 kg were used. The animals were maintained and handled in accordance with

recommendations by the US National Institutes of Health and our guidelines (National

Institute of Radiological Sciences, Chiba, Japan). The studies were approved by the Animal

Ethics Committee ofthe National Institute of Radiological Sciences.

Neural lesion of hippocampus

    Rats were anesthetized with pentobarbital (60 mglkg) and a cannula (Plastic One Inc.

USA) was implanted into the dorsal hippocampus (AIP -4.0 mm; L 2.5 mm, DIV 3.5 mm

from bregma). Kainic acid (10 nmol in 5 pL of phosphate buffered saline at pH 7.4) was

infused into the right dorsal hippocampus for 5 min using a syringe-pump (BAS

Instruments, USA). Vehicle was injected into the left hippocampus as control. The rats

were allowed to recover for 7 days before ex vivo or in vitro autoradiography. The uptake of
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[iiC]DAAI106 was evaluated by the ratio of the normal or lesioned hippocampus to the

cerebral cortex. One-way ANOVA following post-hoc analysis with Scheffe's test was used

for the evaluation.

Ex vivo autoradiography of {iiCIDAAII06

    [iiC]DAAII06 (26-55 MBq) was injected into rats via tail vein under diethyl ether

anesthesia. Thirty min after the injection, rats were sacrificed by decapitation. Brains were

immediately removed and frozen in powdered dry ice. The frozen brain was cut into 40 pm

thick sagittal or transaxial sections using a cryotome (HM560; Carl Zeiss Co. LTD.,

Germany). The sections were then dried under warm blowing air and contacted to an

imaging plate (Fuji Film Co. LTD, Japan) for 2 hr. The imaging plate data was analyzed by

BAS1800 II system (Fuji Film Co. LTD, Japan). Regions of interest were placed on the

olfactory bulb, ponslmedulla, cerebellum, hippocampus, striatum, thalamus and frontal

cortex, and photo-stimulated luminescence (PSL)lmm2 values were used for quantification.

In vitro autoradiography of (iiC]DAAII06

    The frozen rat brain was cut into 20-pm thick sagittal sections with a cryotome

(HM560; Carl Zeiss Co. LTD., Germany) at -150C. The sections were mounted on slide

glass (Matsunami Glass Ind., Ltd., Japan) and stored in a deep-freezer (-800C). The brain

sections were pre-incubated in 50 mM Tris-HCI buffer (pH 7.4, room temperature) for 15

min, and then incubated in 50 mM Tris-HCI buffer (pH 7.4, 250C) with ['iC]DAAI106 (74

MBqlL, about O.5 nM) for 60 min. After the incubation they were rinsed with ice-cold

Tris-HCI buffer for 2 min twice, and finally dipped into ice-cold water for 10 sec. The

autoradiograms were obtained by similar procedures as for the above-mentioned ex vivo

autoradiography. Non-specific binding of [iiC]DAAI106 was determined by incubation in

the presence of 1O pM ofDAAno6ii6).

    The ratio of total binding (specific binding plus non-specific binding) relative to the

frontal cortex was used as a relative index of the ex vivo and in vitro bindings, because it

was difficult to keep at the same injection dose (mol) of [iiC]DAAII06 in every

experiment. The regional differences of the 6 brain regions and lesioned hippocampus were
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evaluated by one-way ANOVA. Correlation between ex vivo and in vitro [iiC]DAAII06

binding in the same region was evaluated by the coefficient of determination (r2) by linear

correlation.

Monkey PET study

    Flumazenil (Anexate@, Yamanouchi Pharmaceutical Co. Ltd., Japan) and PKII195

(Tocris Cookson Ltd., UK) were purchased. Both DAAI106 and PKI1195 were dissolved

in propylene glycol with 200/o ethanol. Each drug was slowly injected just before tracer

injection via the tibial vein for 2 min. [iiC]DAAII06 was injected 5 min after drug

treatment. Drug treatments were separated by at least 2-week intervals.

    All PET scans were performed using SHR-7700 PET described as Chapter 1. The

monkey was repeatedly anesthetized with ketamine at 10 mgfkgfhr i.m. (Ketalar@, Sankyo

Co. LTD., Japan) every hour throughout the session and immobilized with a head fixation

device to ensure accuracy of re-positioning. After transmission scans for attenuation

correction using a 68Ge-68Ga source for 3o min, dynamic emission scan in 3-dimensional

acquisition mode was performed for 90 min (1 min Å~ 4 scans, 2 min Å~ 8 scans, 5 min Å~ 8

scans, 10 min Å~ 3 scans). The injected doses of [iiC]DAAI106 were 90.6 Å} 9.3 MBq (mean

Å} S.D.).

    After i.v. administration of [iiC]DAAI106, arterial blood was collected at 10, 20, 45

sec, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 15, 20, 25, 30, 45, 60, 75, 90 min after tracer injection. The

radioactivities ofwhole blood samples (1.0 mL) and plasma samples were measured with a

well-type y-scintillation counter. The plasma samples were centrifuged at 15,OOO rpm for 1

min at 40C. Radioactivity was corrected for decay.

    Plasma samples (250 pL) at 2, 10, 30, 60, 90 min after tracer injection were collected

in a test tube containing CH3CN (500 pL), stirred for 15 sec, and centrifuged at 15,OOO rpm

for 1 min for deproteinization. An aliquot of the supernatant (100-500 pL) was injected

into the HPLC system with column CAPCELL PAK C18 di 4.6mm Å~ 250 mm (Shiseido Co.

LTD, Tokyo) and a highly sensitive positron detector under the mobile phase of

CH3CNIH20 (1:1) at a flow rate of 2.0 mLlmin. Unchanged [iiC]DAAII06 (retention

time=10.6 min) to the total radioactivity (corrected for decay) from the HPLC
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chromatogram was calculated as O/o = [(radioactive peak area for unchanged [iiC]DAAI106

ltotal radioactive peak area) Å~ 1OO].

    All emission scan images were reconstructed with a 4.0mm Colsher filter, and circular

regions of interest of4-mm diameter were placed on the occipital cortex, frontal cortex and

cerebellum using image analysis software with reference to the MR image ofmonkey brain

(in-house software PET Analyzer for Windows@). The uptake was expressed as the percent

of injected dose per volume (O/o doselmL) or the percent of maximum uptake, and plotted

against time. PET data from one monkey was analyzed by 3-compartment kinetics model

using PMOD@ (PMOD Technologies LTD, Switzerland), and ki, k2, k3fk4 and distribution

volume (DV) were determined. The radioactivity in arterial plasma with metabolite and

decay-corrected was used for reference.
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RESULTS

       First, I evaluated the [iiC]DAAI106 binding ex vivo or in vitro by autoradiography

in rats. Fig. 2-5A shows the ex vivo and in vitro autoradiograms of rat brain with

[iiC]DAAII06. Background count from seven films was O.91 Å} O.19 PSLImm2 (mean Å}

S.D.). The PSLImm2 levels in the brain were at least 20-fold higher than the background

level (data not shown). Significant regional difference was observed both ex vivo

(F(6,46)=8.9, pÅqO.O1) and in vitro (F(6,4i)=15.7, pÅqO.O1). The highest binding was observed in

the olfactory bulb, followed by the ponslmedulla and cerebellum, the frontal cortex and

hippocampus both ex vivo and in vitro. The relative binding in the olfactory bulb was

significantly higher than in the other 5 brain regions (PÅqO.O1). The relative [iiC]DAAI106

binding in the cortex ex vivo correlated well with that in vitro (slope function =O.996,

r2==O.96, pÅqO.OOI; Fig. 2-5B). High uptake was also observed in the choroid plexus area,

particularly ex vivo (Fig. 2-5A, left panel). In the presence of 10 pM of unlabeled

DAAI106 or PKI1195, cortical [iiC]DAAI106 binding was reduced by 700/o compared to

control binding (data not shown). This result suggested that specific binding of

[iiC]DAAI 106 occupies 300/o of the total binding in the cortex.

    Fig. 2-6 shows the increase of hippocampal [iiC]DAAII06 binding ex vivo and in

vitro produced by kainic acid. The rats were treated with kainic acid (10 nmol) into the

right hippocampus (Fig. 2-6A), and the binding was evaluated at 7 days after the infusion.

The ratio to the cortex value of [iiC]DAAI106 binding in the lesioned hippocampus was

increased 2-fold compared to that in the normal hippocampus of in vitro binding [F(i,n)=

52.89, pÅqO.OOI] (Fig. 2-6B, right columns). This increment of [i`C]DAAI106 binding was

similar to that of [iiC]PKII195 binding in the ischemic cortex of rati23). The ratio of

specific binding of [iiC]DAAI106 in the lesioned hippocampus to that in the cortex was

5.4 Å} O.7 in vitro (data not shown). A significant increase of [iiC]DAAII06 binding by

kainic acid was also observed in the ex vivo condition [F(i,ii)= 8.75, pÅqO.05] (Fig. 2-6B, left

columns). The magnification is well correlated between ex vivo and in vitro (Fig. 2-5B)•

    To investigate the detailed brain kinetics of [iiC]DAAII06, I canied out PET scan

using one rhesus monkey. The time-activity curves of [iiC]DAAI106 in the monkey brain,
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whole blood and plasma are shown in Fig 2-7. [iiC]DAAI106 rapidly went into the brain

and remained at almost the same uptake level during the scan time of 90 min in all

measured brain regions. Radioactivity in the occipital cortex was slightly higher than that

in the frontal cortex and cerebellum. The radioactivity in the occipital cortex was evaluated

by 3-compartment model analysis. The calculated parameters were 5.9 for ki, O.9 for k2,

69.4 for DV and 10.9 for k3fk4. The plasma half-life of unchanged [i'C]DAAII06 was

estimated as 13.6 min (data not shown). The main metabolite was considered to be only

DAAI123, a precursor of [iiC]DAAI I06.

    Fig. 2-8A shows the summation images of [iiC]DAAII06 and ["C]PKII195 in

monkey brain. The accumulation of [iiC]DAAII06 in the occipital cortex was slightly

higher than in other brain structures, while obvious accumulation of [iiC]PKI1195 was not

observed. The time-activity curves of [iiC]DAAII06 and [iiC]PKII195 in the occipital

cortex are shown in Fig. 2-8B. Radioactivity was adjusted to the injected dose (O/o doselmL).

The initial uptake of [iiC]PKII195 decreased rapidly, whereas the initial uptake of

[iiC]DAAII06 remained at almost the same level for 90 min. The radioactivity of

[iiC]DAAII06 in the occipital cortex at 30 min after tracer injection was 4-time higher

compared to that of [iiC]PKII195. To compare the lipophilicity of ['iC]PKII195 with

[iiC]DAAI106, I determined the logD between phosphate buffer (pH7.4) and octanol. The

logD for ["C]PKI1195 was 2.7, and was 1O-fold lower than 3.7 for ["C]DAAI106.

    I determined whether the [iiC]DAAI106 binding in monkey brain corresponded to

specific binding for PBR. Fig. 2-9A shows the effect ofpretreatment with DAAI106 (O.5

and 1 mgfkg) or PKII195 (5 and 10 mglkg) on ["C]DAAII06 binding in the occipital

cortex. Each drug was administered 5 min before tracer injection. The uptake of

[iiC]DAAII06 in the occipital cortex was dose-dependently decreased by DAAII06.

PKII195 also inhibited the uptake of [iiC]DAAII06, but there was no clear dose

dependency between 5 mglkg and 10 mglkg. There was a marked increase in the initial

uptake of[iiC]DAA1106 by both DAAI106 and PKI1195 pretreatment. On the other hand,

flumazenil (O.1 mglkg, i.v.) did not affect the uptake of ["C]DAAI106. Similar inhibition

was obtained in the frontal cortex (Fig. 2-9B). Since treatment with PBR ligand increased

the initial uptake of radioactivity of [iiC]DAAII06, the time-activity curves were
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normalized to the initial peak (Fig. 2-9C and 2-9D). The uptake of ['iC]DAAII06 was

inhibited by 1 mglkg of DAAI106 or 10 mgfkg of PKII195 to 20 or 300/o of the control

uptake, respectively.

    The [iiC]DAAI 106 binding seemed to be irreversible due to the slow elimination from

brain. I demonstrated by in vivo displacement test whether [iiC]DAAII06 binding could

behave in a reversible manner. The [iiC]DAAI106 binding was displaced by i.v. treatment

with DAAI106 (1 mgfkg) or PKI1195 (5 mglkg) 30 min after tracer injection (Fig. 2-1O).
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Fig. 2-5

A: Ex vivo (left panel) and in vitro (right panel) autoradiograms of [iiC]DAAI106 ofthe

rat brain. B: Linear regression between ex vivo and in vitro ratio of PSL/mm2 value

relative to the frontal cortex in 6 brain regions - olfactory bulb, pons!medulla,

cerebellum, thalamus, normal or lesioned hippocampus and striatum. Significant

correlation was obtained between ex vivo and in vitro [iiC]DAAI106 binding. Data are

presented as mean value ofthe PSL/mm2 ratio to the frontal cortex Å} S.E.M.
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Time activity curve of [iiC]DAAII06 of the monkey in the occipital cortex, frontal

cortex, cerebellum, whole blood and plasma. Radioactivity in plasma was corrected with

unchanged [i'C]DAAII06. The half-life of ["C]DAAII06 in plasma was estimated as

13.6 min.
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Fig. 2-8

A: Summation images (O-90 min) of [iiC]DAA1106 (left panel) and [iiC]PKI1195 (right

panel) from the brain of the same rhesus monkey. B: Time activity curves of

[iiC]DAAII06 and [iiC]PKII195 in the occipital cortex. Data were normalized to the

percent of injected dose (e/odose) per volume (mL). The radioactivity of [iiC]DAAI106

was 4-times higher than that of[iiC]PK11195 from 30 min after the injection.
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Fig. 2-9

A, B: The effect ofdrugs with affinity to PBR or to CBR on [iiC]DAAI106 binding in the

occipital cortex (A) and frontal cortex (B)ofthe monkey. The uptake was expressed as the

percent of injection dose per volume (O/o dose/mL). C, D: Data in the occipital cortex (C)

and frontal cortex (D) are normalized to the initial maximum uptake of tracer as 1000/o.

The uptake of [i'C]DAAII06 was inhibited by 1 mglkg of DAAII06 and 10 mg!kg of

PKI1195 to approximate 20 and 350/o ofthe control uptake, respectively.
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Displacement of ['iC]DAAI106 binding by DAAI106 (1 mglkg) and PKI1195 (5 mglkg)

in the occipital cortex of the monkey. Treatment with each dmg was canied out 30 min

after tracer injection (solid arrow). The uptake was expressed as the percent of injection

dose per volume (O/o doselmL).
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DISCUSSION

     The present results showed that [iiC]DAAI106 had high specific binding for PBRs in

the brain ex vivo as well as in vitro. The ex vivo binding of [iiC]DAAI106 correlated well

with in vitro binding (Fig. 2-5B). The distribution of ['iC]DAAI106 in the rat brain was

consistent with previous in vitro autoradiogtaphy studies using [3H]Ros-4s64iOi•i02) and

[3H]pKnlgs93). [iic]DAAI106 binding in the rat brain was highest in the olfactory bulb

while that in the monkey brain was highest in the occipital cortex. The relatively higher

accumulation of [iiC]DAAI106 in the occipital cortex was similar to the in vitro binding of

[3H]Ro5-4864 and [3H]PKI 1 195 in the primate brain'02'i2`) .

    The uptake of [iiC]DAAI106 was markedly decreased by pretreatment with 1.0 mglkg

of DAAI106 or 10 mg/kg of PKI1195 despite initial increases in uptake. I expected that

the decrement of [iiC]DAAI 106 uptake by 1.0 mg/kg ofDAA1106 was about 800/o oftotal

radioactivity, corresponding to the specific binding in vivo. The increase of initial uptake

by pretreatments with DAAII06 and PKII195 can be explained by precluded

[iiC]DAAI106 from the peripheral organs, since the accumulation of [iiC]DAAI106 and

[3H]PKII195 is highest in the mouse lung, and the accumulation of [3H]PKII195 was

completely blocked by unlabeled PBR ligandi2i). Similar cases have been reported with

[iic]pKl1195i25) and serotonin transporter ligand [iiC]cyanoimipraminei26).

    The time-activity curve of[iiC]DAAI106 was analyzed by 3-compartment model. The

value of k31k4 reflects the slow dissociation from the binding site in the monkey brain.

However, [iiC]DAAI106 binding was clearly displaced by PBR ligand at 30 min after the

tracer injection (Fig. 2-10), and my preliminary human experiment showed a clear decline

in the time-activity curve of [iiC]DAA1106 in the brain during the PET experiment.

    The uptake of [iiC]DAAI 106 in the monkey brain at 30 min was about 4-times higher

than that of [iiC]PKI1195. The dissociation constant (Kd) ofDAAI106 in the rat brain was

1O-fold smaller than that ofPK 11195ii9). LogD values were 3.7 for DAAI106 and 2.7 for

PKI1195, indicating a lipophilicity of DAAI106 is 10-fold higher than that of PKI1195.

This difference in lipophilicity and affinity may partially explain the higher permeability

and slower kinetics of DAAII06 in the brain compared to PKII195. In addition, the
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mechanism of the kinetic difference can be explained by the excretion from the brain

through P-glycoprotein, an efflux transporter for multiple dmgs, since its substrates are

expected to show fast kinetics independent of its pharmacological propertiesi27). PKI1195

was reported to be a potent substrate of P-glycoprotein in tumor cells with multi-drug

resistancei28). Although it is unlmown whether DAAI106 is a substrate for P-glycoprotein,

DAAII06 may not be excreted by P-glycoprotein due to the slow elimination from the

brain.

    PKII195 has weaker potency in inhibition to the [iiC]DAAII06 binding than

DAAII06 itself. The difference in the brain kinetics between DAAII06 and PKII195

suggested an insufficient amount of PKII195 in the brain. Another cause might be the

heterogeneity of the ligand-binding domain on PBR. The binding domain for isoquinoline

derivatives such as PKI 1 195 was demonstrated to be on isoquinoline binding protein i29'i30),

while the BZ-binding domain is thought to be on both isoquinoline binding protein and

voltage-dependent anion channel i3i). B.,. and Kd of DAAI106 binding for recombinant

PBR in bacteria were similar to those of PKII195 binding despite the lack of

voltage-dependent anion channel ii9), and PKII195 fu11y displaced the [3H]DAAII06

bindingii6'ii9). Thus, the binding sites for both PKII195 and DAAII06 were located on

isoquinoline binding protein. However, a high concentration of PKI1195 was required to

displace the [3H]DAAI106 binding. This suggested that the binding domain for DAAI106

would contain an extra component that does not interact effriciently with pKn1gsii6•ii9).

    In the present study using kainic acid, the specific binding of [iiC]DAAII06 in the

dorsal hippocampus was 5-fold higher than in the frontal cortex in vitro. Previous reports in

vitro [3H]PKI1195 and [3H]Ro5-4864 binding demonstrated 3-5-fold increases in specific

binding by the infusion of kainic acidi32'i33). The microinjection of kainic acid into the

brain was reported to increase the number of glial cellsi34). Microglia and astrocytes were

reported to be susceptible to neural destmction by kainic acidi34-i36). Kuhlmann and

GuilarteiOO) reported that increased [3H]PKII195 binding induced by trimethyltin

corresponded to both activated microglia and proliferated astrocyte. Although activated

microglia were observed after 2 days, astrocytosis was observed after 14 days. Since our

experiment was evaluated at 7 days after kainic acid injection, the increased PBR binding
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might mainly correspond to the activated microglia.

    The mechanism of neural injury-increased PBR binding can be explained by some

inflammatory reactions. The activated microglia produce neuroinfiammation around the

damaged regions due to ablation of neural debris. Inflammatory enzymes and mediators

such as phospholipase A2, tumor necrosis factor od and interleukin-1 were reported to

increase PBR binding in brain and cell culturei37-i40). Interestingly, reactive oxygen species

generated from mitochondna polymerize few molecules of isoquinoline binding protein

through a residue of tyrosinei4i). The polymer of isoquinoline binding protein exhibits

5-fold higher B...of PKI1195 binding than the monomer of isoquinoline binding protein

i4i). These results suggest that measuring in vivo PBR binding is usefu1 for evaluating the

extent and degree ofneuroinflammation following the brain injuries.

    In conclusion, [iiC]DAAI106 showed sufficient signal to allow quantitative analysis.

It seems clear that [iiC]DAAI106 binding can be used as an index of activated microglia

with a higher signal than [iiC]PKI1195. Furthermore, recent studies have suggested that

activated microglia are involved not only in neurodegeneration but also in neurotrophic

action and neural plasticity 4.5'i42). Thus, the application of [iiC]DAAII06 can provide

usefu1 information in the diagnosis ofneurodegenerative disorders and the mechanisms of

glia-neuron interactions.
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Chapter 3

Imaging of peripheral benzodiazepine receptor by i8F
- labeled DAAII06

                             INTRODUCTION

    In chapter 2, I has demonstrated that the [iiC]DAAI106 is usefu1 for imaging ofPBR

in the brain. However, the short half-life ofa iiC labeled ligand (P'; 99.80/o, Ti/2==20.4 min)

often limits its usefulness ifa dynamic PET experiment has a turnover time longer than 1OO

min. Since i8F has advantages over iiC, with a longer half-life (110 min vs. 20 min) and

lower positron energy (650 KeV vs. 960 KeV)3), an i8F-labeled ligand gives higher quality

images with a higher spatial resolution in PET measurements. Moreover, i8F is convenient

for long-time storage and long-distance transportation to other facilities. To develop

i8F-labeled PET ligand, two [i8F]fluoroalkyl analogs of DAAII06:

[i8F]fluoro-methyl-DAAII06 and [i8F]fluoro-ethyl-DAAII06 as putative radioligands for

PBR were prepared. In this chapter, in vivo or in vitro properties of
[i8F]fluoro-methyl-DAAI106 and [i8F]fluoro-ethyl-DAAI106 binding were investigated in

the rodent and monkey.
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  Synthesis, distribution and metabolite of Ii8Flfluoro-methyl-DAAII06

                     and {'8F]fluoro-ethyl-DAAII06

                    ' MATERIALSANDMETHODS

Radiochemistry

    [i8F]Fluoride was produced by the i8o (p,n) i8F reaction on 10-20 atom O/o H2i80 using

18 MeV protons (14.2 MeV on target) from the cyclotron and separated from [i80]H20

using Dowex 1-X8 anion exchange resin in an irradiating room. The [i8F]F' was eluted from

the resin with aqueous K2C03 (3.3mglO.3mL) into a vial containing CH3CN (1.5

mL)14,7,13,16,21,24-hexaoxa-1,10- diazabicyclo[8,8,8]hexacosane (Kryptofix 222, 25 mg)

and transferred into a reaction vessel in a hot cell. [i8F]-labeled alkylating intermediate as

[i8F]FCH2I and [i8F]BrCH2CH2F were prepared by using a newly developed automated

System143).

Synthesis of (i8F] fluoro-methyl-DAAII06

    [i8F]F' from the irradiating room was transported to a Pyrex glass vessel (5 mL)

containing 1OO ptL ofo-dichlorobenzene (oDCB), and the [i8F]F- was dried to remove H20

and CH3CN at 1200C for 15 min. After CH2I2 (100 pL) was added to the radioactive

mixture by a helium flow (50 mLlmin) at 1200C, [i8F]FCH2I resulted in this vessel was

distilled at once under helium for 3 min, and bubbled into another Pyrex glass vessel

containing the demethyl precursor DAAI123 (1.5 mg) and NaH (10 pL, 1.5 g120 mL

dimethylformamide) in anhydrous dimethylformamide (300 pL) at -150C. After maximum

radioactivity was bubbled into the solution, the reaction was terminated by adding

CH3CNIH20 (614, 500 pL). The radioactive mixture was applied to a semi-preparative

HPLC column. HPLC semi-preparative purification was completed on YMC J'sphere

ODS-H80 column (10 mm inside diameter Å~250 mm length) using a mobile phase of

CH3CNIH20 (60140) at a flow rate of6.0 mLlmin. The tR for [i8F]fluoro-methyl-DAAI106

67



was 11.2 min, whereas that for DAAI123 was 6.7 min. The radioactive fraction

corresponding to [i8F]fluoro-methyl-DAAII06 was collected in a sterile flask containing

polysorbate (80) (75 pL) and ethanol (150 pL), evaporated to dryness under vacuum,

re-dissolved in 7 mL of sterile normal saline and passed through a O.22 pm Millipore filter

to obtain the final product. At the end of synthesis, 180-300 MBq of
[i8F]fiuoro-methyl-DAAI106 was obtained as an i.u injectable solution at a beam current

of 1O-15 pA and 20-25 min proton bombardment.

Synthesis of I'8F]fiuoro-ethyl-DAAII06

    After the [i8F]F- was dned, BrCH2CH20Tf(8 pL) in o-dichlorobenzene (400 pL) was

added to the radioactive mixture. The [i8F]FCH2CH2Br in this vessel was distilled under a

helium flow (90-100 mLlmin) at 1300C for 5 min and bubbled into another vessel

containing DAAI123 (1.5 mg) and NaH (10 pL, 1.5 g120 mL dimethylformamide) in

anhydrous dimethylformamide (300 pL) at -150C, and the reaction mixture was heated and

kept at 1200C for 10 min. HPLC semi-preparative purification was performed on a YMC

J'sphere ODS-H80 column (1O mm inside diameter Å~ 250 mm length) using a mobile phase

of CH3CNIH20 (55145) at a flow rate of 6.0 mLlmin. The tR for [i8F]fluoro-ethyl-

DAAI106 was 14.2 min. At end of synthesis, 570-780 MBq of ['8F]fluoro-ethyl-DAAI106

was obtained as an i.v injectable solution at a beam current of 10-15 pA and 20-25 min

proton bombardment.

Radiochemical purity and specific activity determinations '

    Radiochemical purity was assayed by analytical HPLC (column: CAPCELL PAK Cis,

4.6 mm inside diameter Å~ 250 mm length, UV at 254 nm; mobile phase: CH3CNIH20 =

614). The retention time for ['8F]fluoro-methyl-DAAI106 and [i8F]fluoro-ethyl-DAAI106

was 6.1 min and 6.3 min at a flow rate of 2.0 mLlmin. The specific activity of

['8F]fluoro-methyl-DAAII06 and [i8F]fluorod-ethyl-DAAII06 was determined by

comparison ofthe assayed radioactivity to the mass associated with the carrier UV peak at

254 nm.
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In vitro binding assay

    Method of in vitro binding has been described in Chapter 2-2. Data were expressed as

percent of control binding (O/o control). Competition curve was fitted by graphical soft

Prism@, and 50 percent of inhibitory concentration (ICso) and inhibited constant (Ki) were

determined.

Ex vivo autoradiography of (iiC]DAAII06

    Method of ex vivo autoradiography is similar to the Chapter 2-2. Regions of interest

were placed on the olfactory bulb, cerebellum and frontal cortex, and photo-stimulated

luminescence (PSL)lmm2 values were used for quantification. To determine whether the

accumulation is specific binding, rats were co-injected with non-radioactive DAAI106 (1

mg/kg) .

Metabolite assay for plasma and brain tissue

    After i.v. injection of ['8F]fluoro-methyl-DAAII06 or [i8F]fiuoro-ethyl-DAAII06

(5-10 MBqllOO ptL) into ddY mice (n=3), these mice were sacrificed by cervical

dislocation at 5, 15, 30 or 60 min. Blood (O.7-1.0 mL) and whole brain samples were

removed quickly. The blood sample was centrifuged at 15,OOO rpm for 1 min at 40C to

separate plasma, which (250 pL) was collected in a test tube containing CH3CN (500 pL)

and a solution of the authentic unlabeled fluoro-methyl-DAAII06 or fluoro-ethyl-

DAAI106 (1.1 mg15.0 mL of CH3CN, 10 pL). After the tube was vortexed for 15 sec and

centrifuged at 15,OOO rpm for 2 min for deproteinization, the supernatant was collected.

The extraction efficiency ofradioactivity into the CH3CN supernatant ranged from 700/o to

920/o 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-cooled CH3CNIH20 (111, 1.0 mL) solution. The

homogenate was centrifuged at 15,OOO rpm for 1 min at 40C and supernatant was collected.

The recovery of radioactivity into the supernatant was 68-870/o based on the total

radioactivity in the brain homogenate.

    An aliquot of the supernatant (100-500 pL) obtained from the plasma or brain
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homogenate was injected into the HPLC system for radioactivity, and analyzed under the

same conditions described above except that the mobile phase was CH3CNIH20 with a

ratio of 111. The percent ratio of [i8F]ligand (retention time=10.6 min for

['8F]fluoro-methyl-DAAII06 and 11.8 min for [i8F]fluoro-ethyl-DAAII06) to total

radioactivity (corrected for decay) on the HPLC chromatogram was calculated as O/o = peak

area for [i8F] ligand ltotal peak area Å~ 1OO.

Monkey PET study

    All PET scans were performed using SHR-7700 PET camera described as Chapter 1. A

dynamic emission scan in the 3D acquisition mode was performed for 180 min (1 min Å~ 5

frames, 2 min Å~ 5 frames, 3 min Å~ 5 frames and 5 min Å~ 30 frames). All emission scan

images were reconstructed with a Colsher filter of 4 mm, and circular regions of interest

with a 4-mm diameter were placed over the occipital cortex using an image analysis

software. A solution of [i8F]fluoro-methyl-DAAII06 and [i8F]fluoro-ethyl-DAAII06

(80-85 MBq) was injected i.v. into the monkey, and time-sequential tomographic scanning

was performed on a transverse section of the brain for 180 min. In pre-treatment

experiments, non-radioactive DAAI106 (1 mgfkg) or PKI1195 (5 mglkg) was injected at 2

min before the [i8F]fluoro-ethyl-DAAII06 injection. The time-activity curves in the

occipital cortex were obtained for each scan ofthe brain.
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RESULT

    PBR ligands [i8F]fiuoro-methyl-DAAII06 and ['8F]fluoro-ethyl-DAAII06 were

prepared by two methods according to Fig. 3-IA and B, respectively. The first method was

a two-step reaction sequence which involved the preparation of the radioactive intermediate

['8F]FCH2I or ['8F]FCH2CH2Br, followed by the alkylation of DAAI123 with [i8F]FCH2I

or [i8F]FCH2CH2Br. The second method was direct nucleophilic replacement of the

iodomethyl analog or tosyloxyethyl analog with [i8F]F-. For the first method, yields of

[i8F]fluoro-methyl-DAAII06 and [i8F]fluoro-ethyl-DAAII06 were resulted in 900/o and

820/o, respectively. In the final product solutions, the radiochemical purity of

[i8F]fluoro-methyl-DAAI106 or [i8F]fluoro-ethyl-DAAI106 was higher than 980/o and the

specific activity was 40-65 GBqlptmol for [i8F]fluoro-methyl-DAAII06 and 110-145

GBqlptmol for [i8F]fluoro-ethyl-DAAII06 as determined from the mass measured by

HPLCIUV analysis.

    Fig. 3-2 shows ex vivo autoradiogram of [i8F]fiuoro-methyl-DAAII06 and

[i8F]fluoro-ethyl-DAAII06 binding in the brain. Accumulation of both ligands in the

olfactory bulb was highest in the brain. Co-injection with non-radioactive DAAII06 (1

mglkg) exhibited a significant reduction of [i8F]fluoro-methyl-DAAII06 or

[i8F]fluoro-ethyl-DAAII06 concentration in the brain regions when compared with the

control groups (Fig. 3-2b, d and Fig. 3-3). Fig. 3-4 shows competition by 4 PBR ligands to

[i'C]DAAII06 binding in the cerebellum. Each drug dose-dependently inhibited the

DAA1106 binding with manner of one-site competition. The in vitro binding affinities (Ki)

of the four analogs for PBR were determined from competition for the [iiC]DAAI106

binding to PBR using quantitative autoradiography of the rat brain sections (Table 1).

Among these compounds, the fluoroethyl analog fluoro-ethyl-DAAII06 was the most

active toward PBR. The Ki value (O.078 nM) of fluoro-ethyl-DAAI106 was 2 fold higher

than that of DAAI106, and 10 fold higher than that of PKI1195. 0n the other hands, the

PBR ligands did not display significant inhibitory effects (KiÅr1 pM) on ["C]flumazenil

binding in the rat brain.

    Fig. 3-5 shows typical PET summation images of the monkey brain acquired from 30
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to 180 min after ['8F]fluoro-methyl-DAAII06 (a) and [i8F]fluoro-ethyl-DAAII06 (b)

injection (80-85 MBq). The two images displayed a high accumulation of radioactivity in

the brain especially in the occipital cortex. However, in comparison with

[i8F]fluoro-ethyl-DAAI106, a marked accumulation of [i8F]fluoro-methyl-DAAII06 was

observed in the skull. Fig. 3-6 (circles) shows the time-activity curve of

[i8F]fluoro-ethyl-DAAI106 in the occipital cortex ofmonkey brain after i.v. injection. At 2

min after injection, a high level ofradioactivity was observed in the occipital cortex, which

then remained almost same level during PET measurement (180 min). The radioactivity of

[i8F]fluoro-ethyl-DAAI106 was 1.5 times higher than that of [i'C]DAAI106, and 6 times

higher than that of [iiC]PKII195 at 30 min after injection (see Chapter 2, Fig. 2-8).

Pretreatment with non-radioactive DAAI106 (1.0 mglkg) or PKI1195 (5.0 mgfkg) gave a

marked reduction of uptake for the image (Fig. 3-5 c and d) and time-activity curve (Fig.

3-4: triangles and squares) of [i8F]fluoro-ethyl-DAAII06 as compared to the control

experiment which was obtained under the same conditions.

    Fig. 3-7 shows the percentages of unchanged [i8F]fluoro-methyl-DAAII06 and

[i8F]fluoro-ethyl-DAAII06 in the plasma and brain homogenate of mice measured by

HPLC. After injection into the mouse, the fraction corresponding to the unmetabolized

[i8F]fluoro-methyl-DAAI106 in the plasma or brain rapidly decreased to 320/o or 350/o at 5

min, and to 150/o or 220/o at 30 min (Fig. 3-5). A major radioactive metabolite with high

polarity was observed in the HPLC. Using ion exchange chromatography, the metabolite

was assigned to [i8F]F'. The fraction corresponding to the unchanged

[i8F]fluoro-ethyl-DAAI106 in the plasma was 640/o at 5 min, 290/o at 30 min, and 250/o of

the total radioactivity at 60 min after injection. No [i8F]F- but another radioactive

metabolite was observed in the HPLC. As estimated by its retention time (retention

time==1.9 min), the metabolite was much more polar than [i8F]fluoro-ethyl-DAAII06

(retention time=11.8 min), while only [i8F]fluoro-ethyl-DAAI106 was detected in the brain

homogenate with no evidence (Åq50/o) of any radioactive metabolites even at 60 min after

injection. After its injection into the monkey, [i8F]fluoro-ethyl-DAAII06 in plasma

decreased to 770/o at 5 min, 560/o at 30 min and 180/o at 90 min. From then, the amount of

unchanged [i8F]fluoro-ethyl-DAAI106 continued to decrease, while that of a radioactive
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metabolite increased to 900/o by the end (180 min) of the PET experiment. The radioactive

metabolite in the monkey plasma was the same metabolite determined in the mouse plasma.
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Fig. 3-1

Radiosynthesis of [i8F]fluorine-labeled DAA compounds. A: Two-step reaction sequence

with the preparation of the radioactive intermediate [i8F]FCH2I or [i8F]FCH2CH2Br,

followed by the alkylation of DAAI123 with ['8F]FCH2I or ['8F]FCH2CH2Br. B: Direct

nucleophilic replacement ofthe iodomethyl analog or tosyloxyethyl analog with [i8F]F-.

74



  vi,tt:s •:r• •2
,1nt"

Fig. 3-2

Er i'iiio autoradio.g.ram of[iSL F] fluoro-methyl--DAA1106 and [igF] fluoro-ethyl-DAAI106

in the sagittal sections of rat brains at 30 min postinjection (20 MBq, O.1 nmol):

(a) [i8F] fluoro-methyl-DAA1 106; (b) [igF] fluoro-ethyl-DAA1 l06;

(c) [i8F] fluoro-methyl-DAAI106 + DAA1 106 (1 mg/kg),

(d) [i8F]FEDAAI106 + DAAII06 (i mg/kg).
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Fig. 3-3

Ex vivo autoradiographic localizations of [i8F]fluoro-methyl-DAAII06 (FMDAAII06)

and [i8F]fluoro-ethyl-DAAII06 (FEDAAI106) in the rat brains at 30 min postinjection

(20 MBq, O.1 nmol). Data were expressed as fmol/mm2.
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Fig. 3-4

Displacement curve of [iiC]DAAI106 binding in the rat cerebellum by 4 PBR ligands,

DAA1106, PKI1195, fluoro-ethyl-DAA1106 and fluoro-methyl-DAA1106. The data were

fitted to one-site competition curve as y = Bottom + (Top-Bottom)l (1+lo (X'LOgiC50)). Ki

values were calculated to Table 3-1.
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Table 3-1 In vitro binding affinity (Ki) ofDAA1106 analogs for PBR and CBR and octanollphosphate

      buffer (pH7.4) distribution coefficient

                                      CH,     oY
F.C(g tw J

OR

Ligand

Fluoro-methyl-

 DAA1l06

Fluoro-ethyl-

 DAA1106

DAA1106

PKI1195

Ki (nM)

R [iic]DAAII06

  (PBR)

[iic]flumazenil

  (CBR)

LogD*

FCH2

FCH2CH2

  ICH2

TsOCH2 CH2

  CH3

O.17 Å} O.02

O.078 Å} O.Ol

4.8 Å} O.68

18.1 Å} 1.30

O.16Å}O.02

O.83 Å} O.24

År1,OOO

År1,OOO

År1,OOO

År1,OOO

År1,OOO

År1,OOO

3.70

3.81

4.02

4.65

3.65

2.78

* The logD values were determined in the phosphate buffer (pH ==7.4)loctanol system using the shaking

flask method. All results were presented as mean values (n=3).
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Fig. 3-5

PET suniniation imatges of the inonkey brain acquired between 30 and l80 inin after

[i8F]ligand injection. The images were obtained from the same subject. A:

[i"F]tluoro-methyl-DAAII06 (FMDAAII06); B: [iXF]tluoro-ethyl-DAAII06

(FEDAAII06): C: [iSF]FEDAAII06 after treatment with DAAII06 (1 mg/kg); D:

[ii F]FEDAA1 1065 after treatment with PKI l 195 (5 mg/k.g. ).
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Time-activity curves of [i8F]fluoro-ethyl-DAAII06 in the occipital

brain. The radioactivity of the control (circles) was inhibited by

DAAI106 1 mg/kg (triangles) and PKI1195 5mg/kg (squares).
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Fig. 3-7

Percent conversion of [i8F]fiuoro-methyl-DAAII06 or [i8F]fluoro-ethyl-DAAII06 to

metabolite in the mouse plasma and brain at several time points after i.v. injection of

tracer (5-10 MBq) into the mouse (n=3). The unchanged tracers and metabolites were

analyzed by HPLC for CH3CN extracts from the plasma and brain homogenate prepared

as described in the experimental section
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                               DISCUSSION

    To develop PET ligands for imaging PBR in the human brain, two analogs for PBR

were synthesized and evaluated. The two fluoroalkyl analogs fluoro--methyl-DAAI106 and

fluoro-ethyl-DAAII06 had higher or same affmities for PBR than the parent compound

DAAII06, and had no potency for CBR. The PET ligands [i8F]fluoro-methyl-DAAII06

and [i8F]fluoro-ethyl-DAAII06 were respectively synthesized by the alkylation of the

desmethyl precursor DAAI123 with [i8F]FCH2I and [i8F]FCH2CH2Br in reproducible

radiochemical yields.

    In vitro binding affmities of DAAII06 analogs suggested that substituting O-CH3

group with O-CH2CH2F group was favorable for augmenting its binding aflrmity for PBR.

The fluoromethyl analog fluoro-methyl-DAAI 106 displayed a similar affinity to DAAI 106,

suggesting that substitution with an O-CH2F group did not obviously affect the affinity.

This may be due to the molecular similarity and bioisoteric property of the O-CH2F and

O-CH3 groups. The iodomethyl and tosyloxyethyl analog had 30 and 110 times lower

affmity than DAAI106, respectively. These results suggested that the relative bulk groups

in this series were not favorable for the binding of PBRii8). However, although it was

moderately potent (Ki =4.8 nM) for PBR, the iodomethyl analog may become a suitable

candidate of a SPECT ligand for imaging PBR. Similarly, the binding affinities of

DAAI 106 analogs for CBR were measured using CBR-selective [iiC]fiumazenil. As shown

in Table 3-1, these DAA analogs did not display inhibitory effects (KiÅr1 pM) on

[iiC]flumazenil binding in the rat brain. The negligible affmities of these analogs for CBR

may be due to a difference from the typical Bz stmctureii6'ii8), which resulted in high

selectivity for PBR.

    The uptake of ['8F]fluoro-methyl-DAAII06 and [i8F]fluoro-ethyl-DAAII06 in the

monkey brain was examined using PET. In the previous in vitro study for postmortem

human brain, the highest density of PBR was observed in the occipital cortexi24), so the

region of interest in this PET experiment was placed on the occipital cortex. The

distribution patterns of [i8F]fluoro-methyl-DAAI106 and [i8F]fluoro-ethyl-DAAI106 in the

monkey brain were consistent with the distribution of PBR. However, compared with
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[i8F]fluoro-ethyl-DAAI 106, [i8F]fluoro-methyl-DAAI 106 exhibited a high accumulation of

radioactivity in the skull (Fig. 3-5a). This image is visual evidence that

[i8F]fluoro-methyl-DAAII06 was decomposed to [i8F]F- in vivo as reflected in the high

accumulation of [i8F]fluoro-methyl-DAAII06 in the bone. The accumulation of

[i8F]fluoro-methyl-DAAI106 in the skull indicated that it was not a usefu1 PET ligand for

brain because of interference to measure of the radioactivity in the brain. Therefore, no

further evaluation of [i8F]fluoro-methyl-DAAII06 was carried out using PET in the

monkey brain. The uptake of [i8F]fluoro-ethyl-DAAII06 in the monkey brain in the

occipital cortex was 1.5 times higher than that of [iiC]DAAII06, and 6 times (maximum

value) higher than that of [i'C]PKII195. Pretreatment with DAAII06 or PKII195

significantly reduced the radioactivity levels of [i8F]fluoro-ethyl-DAAII06 to 20-300/o of

the control in the brain, suggesting a high specific binding of [i8F]fluoro-ethyl-DAAI 106 to

PBR in the monkey brain. No radioactive metabolite of [i8F]fluoro-ethyl-DAAII06 was

detected in the brain although it was metabolized in the plasma by debenzylation.

    As shown in Fig. 3-6, pretreatment with DAA1 106 enhanced the initial maximal uptake

of [i8F]fluoro•-ethyl-DAAII06. The increase may be derived from [i8F]fluoro-ethyl-

DAAII06 dispossessed by mass non-radioactive DAAII06 from 1ung abundant in PBR.

Similar cases have been presented in the PET studies of [iiC]pKlllgsi25) and

[iiC]DAAI106 (Fig. 2-8). From 30 min after injection to the end (180 min) of the PET scan,

pretreatment with DAAI106 reduced the level of radioactivity to about 200/o of the control.

This result suggested high specific binding of [i8F]fluoro-ethyl-DAAII06 present in the

occipital cortex. Pretreatment with the PBR-selective PKI1195 (5 mglkg) also reduced the

radioactivity in the occipital cortex, as shown in the image (Fig. 3-5d) and time-activity

curve (Fig. 3-6: squares). The radioactivity was reduced to about 300/o of the control from

30 min after injection to the end of the PET scan. The reduction percentage on the uptake of

['8F]fluoro-ethyl-DAAII06 by PKII195 was slightly lower that by DAAII06, which was

probably due to the weaker affmity of PKI1195 for PBR and its lower penetrationii2) into

the brain than that ofDAAI106. These findings confirmed that [i8F]fiuoro-ethyl-DAAI106

may have high specific binding for PBR in the monkey brain.

    In the imaging brain study, the presence ofmetabolites in the plasma ofthe subject may
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preclude the evaluation of a PET ligand if the metabolites enter the brain and are

retainedfbound at the target sites. Therefore, metabolite analyses were performed for

[i8F]fluoro-ethyl-DAAI106 in the plasma and brain of mouse, and the plasma of monkey.

For comparison, similar analyses were also performed for [i8F]fluoro-methyl-DAAII06.

The percentages of unchanged [i8F]fluoro-methyl-DAAII06 and [i8F]fluoro-ethyl-

DAAI106 in the plasma and brain homogenate ofmice measured by HPLC. After injection

into the mouse, the fraction corresponding to the unmetabolized
[i8F]fluoro--methyl-DAAI106 in the plasma or brain rapidly decreased to 320/o or 350/o at 5

min, and to 150/o or 220/o at 30 min. A major radioactive metabolite with high polarity was

observed in the HPLC. Using ion exchange chromatography, the metabolite was assigned to

[i8F]F-. Since ['8F]F' is probably impermeable into the brain, [i8F]fluoro-methyl-DAAI106

may be metabolized in the plasma and brain, respectively (Fig. 3-8).

    After [i8F]fluoro-ethyl-DAAII06 injection into the mouse, the percent of unchanged

[i8F]fluoro-ethyl-DAAII06 in the plasma continued to decrease during the entire

experiment. The metabolite analysis was also performed using monkey plasma. As reported

previously, debenzylation of DAAII06 and [iiC]DAAII06 was a main route of

metabolismii6). Since the fluoroethyl analog [i8F]fluoro-ethyl-DAAII06 had molecular

similarity to and the bioisoteric prope' rty of [iiC]DAAI106, it may be metabolized with a

similar profile to [iiC]DAAI106 (Fig. 3-8). A radioactive metabolite with a benzyl moiety

and non-radioactive metabolite (Ar-(5-fluoro-2-phenoxyphenyl)acetamide may be the

putative metabolite of [i8F]fluoro-ethyl-DAAII06. The debenzylated compound had no

affmity for PBR and CBR (ICsoÅr1O pM)ii6). Therefore, the presence of the non-radioactive

metabolite could not interfere with the specific binding of [i8F]fluoro-ethyl-DAAII06 to

PBR in the brain, even if it passed the BBB and entered the brain. Since no radioactive

metabolites including [i8F]fluoro-ethyl-DAAII06 were detected in the mouse brain

homogenates, the chemical structure of [i8F]F-labeled benzyl was not further identified.

These findings could reveal that although [i8F]fluoro-ethyl-DAAII06 was extensively

metabolized in the plasma, all of the specific binding determined in the monkey brain may

be due to this ligand itself, and not influenced by its radioactive or non-radioactive

metabolite.
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    In conclusion, [i8F]fluoro-ethyl-DAAII06 was high permeability and stable in the

brain, while [i8F]fluoro-methyl-DAAII06 was catabolized to [i8F]fluorine which

accumulated in bone. It was suggested that [i8F]fluoro-ethyl-DAAII06 but not

[i8F]fluoro-methyl-DAAI106 is promise PET tracer for PBR in the brain. Imaging of glia

with [i8F]fluoro-ethyl-DAAI106 may be usefu1 for diagnosis of various diseases, such as

Alzheimer's disease, multiple sclerosis and stroke.
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Metabolic pathway of [i8F]fluorine-labeled DAAII06 analogs fluoro-methyl-DAAII06

and fluoro-ethyl-DAAI I06.

86



General Conclusion

Based on the above findings, the following can be concl uded:

Chapter 1:

    [iiC]Ro15-4513 was highly accumulated in the anterior cingulate cortex, insular

cortex, and lower temporal cortex in the monkey brain. The high-affmity binding was

insensitive to zolpidem, which has affmity for cti, ct2, and ct3 subunits of the GABAA

receptor. These results suggest that these in vivo bindings of [iiC]Ro15-4513 can be

interpreted as a relatively high accumulation in the fronto-temporal limbic regions and

represents its binding to the cts subunit of the GABAAIBZ receptor. The cts subunit has

been reported to involve in alcoholism, benzodiazepine-induced amnesia and tolerance to

benzodiazepine. I consider that the [iiC]Ro15-4513 PET gives information about

underlying mechanism of cts subunit ofthe GABAAIBZ receptor on those symptoms.

Chapter 2:

    A high uptake of [iiC]DAAI106 was observed in the olfactory bulb followed by the

ponslmedulla and cerebellum by performing an in vivo autoradiography of the rat brain.

This correlates with the PKI1195 binding in vitro. The DAAI106 binding was increased in

kainic acid-induced neural lesions. The accumulation of [iiC]DAAII06 was four-times

higher compared to the binding of [iiC]PKII195 in the monkey occipital cortex. The

accumulation was inhibited by pretreatment with PBR. These results indicate that

[iiC]DAAI106 may be a good ligand for in vivo imaging ofPBR.

Chapter 3:

    The two fluoroalkyl analogs, fluoro-methyl-DAAII06 and fluoro-ethyl-DAAII06,

had higher or same affinities for PBR as compared to that of their parent compound,

DAAI106, and had no affinity for CBR. The uptake of ['8F]fluoro-ethyl-DAAI106 in the

occipital cortex of the monkey brain was 1.5-times higher than that of [iiC]DAAI106, and

six-times (maximum value) higher than that of [iiC]PKIII95. A significant amount of
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radioactivity was detected in the sku11 when [i8F]fluoro-methyl-DAAII06 was used for

PET images ofthe monkey brain. This indicates that [i8F]fluoro-methyl-DAAI106 was not

usefu1 as a PET ligand because of its remarkable defluorination in vivo. These results

suggest that [i8F]fluoro--ethyl-DAAI106 is a potential PET ligand for imaging of PBR in

brain.

     Previous reports have demonstrated that the density of PBR binding increases in the

human brain with Alzheimer's disease. I expect that the [iiC]DAAII06 or

[i8F]fluoro-ethyl-DAAII06 PET become more objective and early diagnostics on

Alzheimer's disease.
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