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ABSTRACT

Phosphodiesterase 10A (PDE10A) is a newly identified therapeutic target for central

nervous system disorders. 2-(2-(3-(4-(['®F]Fluoroethoxy)phenyl)-4-ox0-3,4-

dihydroquinazolin-2-yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (['"8FIMNI-659,

['8F]5) is a useful positron emission tomography (PET) ligand for imaging of PDE10A

in the human brain. However, the radiolabeled metabolite of ['8F]5 can accumulate in the

brain. In this study, using ['®F]5 as a lead compound, we designed four new '8F-labeled

ligands (['®F]6-9) to find one more suitable than [!8F]5. Of these, 2-(2-(3-(4-

(['8F]fluoromethoxy-d,)phenyl)-4-oxo0-3,4-dihydroquinazolin-2-yl)ethyl)-4-

isopropoxyisoindoline-1,3-dione (['®F]9) exhibited high in vitro binding affinity (K; = 2.9

nM) to PDE10A and suitable lipophilicity (LogD = 2.2). In PET studies, the binding

potential (BPyp) of [18F]9 (5.8) to PDE10A in rat brains was significantly higher than that

of ['®F]5 (4.6). Furthermore, metabolite analysis showed much lower levels of

contamination with radiolabeled metabolites of ['F]9 in the brain than those of [18F]5. In

conclusion, ['®F]9 is a useful PET ligand for PDE10A imaging in brain.
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INTRODUCTION

Cyclic nucleotide signaling regulates a wide variety of cellular functions.

Phosphodiesterases (PDEs) act in every known neuronal population by catalyzing the

breakdown of 3°,5’-cyclic adenosine monophosphate or 3’,5’-cyclic guanosine

monophosphate (¢cGMP) and are characterized into 12 superfamilies according to

enzymatic characteristics, distribution, and pharmacological profile.'* Among these,

PDEI10A is newly identified and contains two amino-terminal domains that are similar to

the cGMP-binding domains of PDE2, PDES, and PDE6 and that are highly expressed in

medium spiny neurons in the striatum.!>% Because of the localization and regulatory

functions of PDE10A, therapeutic studies have been conducted to investigate the effects

of PDE10A inhibitors on multiple central nervous system disorders, such as

schizophrenia, Huntington’s disease, and Parkinson’s disease (PD).”"!! Moreover, the

biological importance of PDE10A expression in PD progression and severity has been

reported.'> Despite the behavioral and biological studies that have been conducted, direct

evidence on the interaction between PDE10A functions and multiple neurodegenerative

and neuropsychiatric diseases is scarce.

Positron emission tomography (PET) imaging with radioligands specific to

targeted molecules is frequently used to visualize in vivo brain activity related to the
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targeted molecules and provide detailed in vivo information about their relationship with

brain functions and diseases. Since 2010, some research groups have developed carbon-

11 (!'C)- or fluorine-18 (!8F)-labeled radioligands for PDE10A in the brain, some of

which have shown some promising results in preclinical PET imaging studies.!3>~2° To the

best of our knowledge, the following five PET ligands have been used for visualization

of PDE10A in the human brain to date: 1-[2-fluoro-4-(tetrahydro-2 H-pyran-4-yl)phenyl]-

5-['"'C]methoxy-3-(1-phenyl-1H-pyrazol-5-yl)pyridazin-4(1H)-one (["'C]T-773,

['1C]1),%0 5,8-dimethyl-2-[2-((1-['!C]methyl)-4-phenyl-1H-imidazol-2-yl)-ethyl]-

[1,2,4]triazolo[1,5-a]pyridine (['C]Lu-AE92686, [!'C]2),3! ((R)-5-(3-fluoropyrrolidin-

1-y1)-2-(3-methylquinoxalin-2-yl)-N-[''C]methyl-N-(tetrahydro-2 H-pyran-4-

yl)pyrazolo[1,5-a]pyrimidin-7-amine) ([!!C]IMA107, [''C]3),!232735 2-[[4-[1-(2-!3F-

fluoroethyl)-4-(4-pyridinyl)-1H-pyrazol-3-yl]phenoxy|methyl]-3,5-dimethylpyridine

(['8F]INJ42259152, ['®F]4),637 and 2-(2-(3-(4-(['®F]fluoroethoxy)phenyl)-4-o0xo0-3,4-

dihydroquinazolin-2-yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (['"8FIMNI-659,

['8F]5) (Figure 1).1938-41
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Figure 1. PET radioligands for clinical PDE10A imaging.

In general, '8F-labeled ligands give higher quality PET images with higher

spatial resolution than ''C-ligands. Moreover, '®F is convenient for multi-scans, storage

and transportation to other facilities. Among the PDE10A radioligands, ['®F]4 and ['®F]5

are more convenient for PET measurement than [!'C]1-3. Compared to ['®F]4, ['®F]5 is

frequently used for PDE10A imaging in human studies because of its promising results

of first-in-human study.!® PET with ['®F]5 showed high in vivo availability (BPyp) in the

human brain.*® However, PET quantitative assessments with ['®F]5 have shown varying

results. For example, the coefficient of variation (CV) in measurements of the binding

potential (BPyp) of [1®F]5 with the Logan graphical method was higher than 30% in non-

human primate brains.*> Further, it was reported that some PET ligands containing a 2-
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['8F]fluoroethoxy group are easily metabolized via the Cytochrome P450

monooxygenase system in the liver, resulting in ['®F]fluoroacetaldehyde.*344

Subsequently, ['®F]fluoroacetaldehyde is rapidly oxidized to ['®F]fluoroacetate, which is

easily accumulated in brain and has even been used as an imaging tool for detection of

cerebral ischemia.*>*¢ Thus, high variation in quantitative PET measurements of [!8F]5

may be caused by contamination with [!8F]fluoroacetate in the brain.

In this study, we aimed to develop a more suitable PET ligand for quantification

of PDE10A concentrations than [!®F]5. Using 5 as a lead compound, we designed four

new fluoroalkyloxy candidates, 6-9, and subsequently radiolabeled them with '3F (Figure

2). In place of the fluoroethoxy group in ['8F]5, a 3-fluoropropoxy, (3-fluoro-2-

hydroxy)propoxy, fluoromethoxy, or fluoromethoxy-d, group was introduced to generate

the new radioligands ['F]6-9. Introduction of [!8F]fluoroalkyloxy groups may reduce

contamination of the brain with radiolabeled metabolites by avoiding the production of

['8F]fluoroacetate.

Herein, we perform the chemical syntheses of 6-9, radiosyntheses of ['*F]6-9,

in vitro binding assays with PDE10A, and in vivo PET imaging studies of the four

radioligands. To validate their usefulness, we further conducted biodistribution studies

and metabolite analyses of [!3F]8 and [!8F]9. Although ['®F]5 has been used in clinical
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studies, detailed preclinical data including in vivo metabolite analysis in brain have not
been reported. We report the results of a preclinical evaluation of [!8F]5 in rodents for the

first time and compare the results with those of ['3F]6-9.

o\/‘w

ol o

Lead optlmzatlon

Q\AM%{

['8F15 6: R = CH,CH,CH,F
['8F16: R = CH,CH,CH,'8F
7: R = CH,CH(OH)CH,F
['8F]7: R = CH,CH(OH)CH,"8F
8: R = CH,F
['8F18: R = CH,"8F
9: R =CD,F
['8F]9: R = CD,"8F

Figure 2. Chemical structures of compounds 6-9 and PET ligands ['8F]6-9 in this study.

RESULTS AND DISCUSSION
Chemistry

The novel fluoroalkyloxy analogs 6—9 were synthesized using the same desmethyl phenol
precursor: 2-(2-(3-(4-hydroxyphenyl)-4-ox0-3,4-dihydroquinazolin-2-yl)ethyl)-4-
isopropoxyisoindoline-1,3-dione (10)*’ (Scheme 1, Supplemental Information Table S1
and Figure S1). The reactions of 10 with fluoropropyl tosylate (11) and fluoromethyl

tosylate (13) in the presence of K,COj; at 70° C produced 6 and 8 with 52% and 60%
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yields, respectively. The cycle-opening reaction of epifluorohydrin 12 with 10 and K,COs3

oNOYTULT D WN =

Scheme 1. Chemical synthesis of compounds 6—9¢

18 . . | ¢ /
FCHLCH,CH,0Ts 1o i )J\ 0—{

P : AN
20 " S
22 6 R = CHyCH,CH,F

o 10
25 >\ 7' R = CH,CHCH,F

10
30 FCH,OTs 8 R =CH.F
31 13 c

34 AgOTs TABI 10
CDl; —————= TsOCD0Ts ———= FCD,0Ts ———= 9 R =CD,F

T 15 6 16 1

38 “Reagents and conditions: (a) K,CO3;, DMF, 70° C, 11 h; (b) K,CO;, DMF, 80° C, 18
40 h; (¢) K,CO3;, DMF, 70° C, 18 h; (d) silver p-toluenesulfonate, CH3CN, reflux, 18 h;
41 (e) TBAF, CH;CN, reflux, 12 h; (f) K,CO;, DMF, 70° C, 13 h.

44 at 80° C for 18 h produced 7, which contains the (3-fluoro-2-hydroxy)propoxy group. To
47 prepare the fluoromethoxy-d, analog 9, fluoromethyl-d, tosylate (16) was synthesized by
50 a unique route*®. Diiodomethane-d, (14) was heated with silver tosylate in acetonitrile
53 (CH3CN) to generate bis(tosyloxy)methane-d, (15), followed by treatment with

56 tetrabutylammonium fluoride (TBAF) to yield 16. Similarly to 8, compound 9 was

59 synthesized by fluoromethylation of 10 with 16 and K,COs; this process had 24% yield.
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In vitro Profiles of PET Ligand Candidates for PDE10A

The in vitro binding affinities of PET ligand candidates for PDE10A 6-9 were

measured using a binding assay with [!8F]5 in rat brain homogenates. These compounds

exhibited binding affinities (K;) for PDE10A on the single-digit nM order, with a range

of 2.6-8.1 nM (Table 1). Changing the fluoroethoxy group to the relatively large

fluoropropoxy group in 6 or 3-fluoro-2-hydroxypropoxy group in 7 slightly weakened

affinities for PDE10A. The K; values of 8 and 9 with fluoromethoxy and fluoromethoxy-

d; groups remained 2.6 and 2.9 nM, respectively, which were slightly stronger than that

of 5§ (MNI-659: 3.0 nM). These results suggest that only relatively small moieties

substituted at the 4-position of the benzene ring in these analogs can fit into the PDE10A

domain’s binding site.

The values of lipophilicity (LogD) were measured by the shake flask method,*

as shown in Table 1. The LogD values of ['®F]5-9 following radiolabeling with '3F were

2.2-2.9. These values are in the range normally considered as suitable for PET ligands in

brain imaging.’® When the size of the fluoroalkyl group shrank, lipophilicity was also

reduced in this series of compounds.
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Tablel. In vitro binding affinity and lipophilicity of compounds 6-9.

oNOYTULT D WN =

Lipophilicit
19 Compounds R Ki (nM)? Pop Y
20 (LogD)?

2 42 2.90
6 CH,CH,CH,F
23 (2.3-7.4) (2.85-2.94)

25 8.1 2.83
% 7 CH,CH(OH)CH,F
(3.3-15.3) (2.81-2.85)

28 2.6 2.29
29 8 CH,F
30 (1.5-4.6) (2.28-2.30)

2.9 2.15
32 9 CD,F
33 (1.5-5.3) (2.14-2.16)

35 3.0 2.48
o 5 (MNI-659) CH,CH,F
(1.9-5.0) (2.43-2.52)

38 aAssays were duplicated.

43 Because of these compounds’ promising in vitro profiles, we radiolabeled 6—9

46 with 18F and performed in vivo evaluation of PET imaging of PDE10A in rat brain.

Radiochemistry
Radiosyntheses of ['®F]6-9 were performed using a homemade automated

synthesis system>! (Scheme 2). Our automated system included two steps: 1) preparation
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of  ['®F]fluoroalkylating  agents’?:  [!8F]fluoropropyl  bromide  ([!¥F]17),%

['8F]epifluorohydrin  (['8F]12),*  ['8F]fluoromethyl bromide (['®F]18),*® and

['8F]fluoromethyl bromide-d, (['®F]19)°; 2) reaction of phenol precursor 10 with the

['8F]fluoroalkylating agents. As the first step, the [!8F]fluoroalkylating agents were

produced by [!8F]fluorination of triflate 20, tosylate 21, or bromides 22 or 23 with ['®F]F .

After the ['8F]fluorination, ['3F]17 (boiling point [bp]: 61° C) or ['3F]12 (bp: 84° C) was

distilled from the reaction mixture and directly trapped into another reaction vessel for

the following ['8F]fluoroalkylation. As for ['8F]18 (bp: 15° C) or ['®F]19 (bp: 15° C), the

crude ['®F]fluorinating products were distilled from the reaction mixture, immediately

passed through three short silica Sep-Pak columns to delete volatile unreacted 22 or 23,

and trapped in another vessel for ['®F]fluoroalkylation.

The reactions of 10 with [18F]17, ['8F]12, ['8F]18, or ['®F]19 were heated at 90—

130° C for 5-20 min. Utilization of these distilled [!3F]fluoroalkylating agents resulted in

clear reaction mixtures. Moreover, as compared with the conventional tosylate precursor

used for direct ['®F]fluorination, only 1-2 mg of phenol 10 was sufficient for efficient

['8F]fluoroalkylation. Under the automated synthesis system, ['®F]6-9 were easily

separated from the reaction mixtures using semi-preparative reversed phase HPLC

(Supplemental Information Figure S2). After HPLC separation and formulation, ['8F]6
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(0.24-0.35 GBq) or ['®F]7 (0.10-0.13 GBq) was produced as an injectable solution with

4% + 1% (n = 3) and 2% (average, n = 2) radiochemical yields at the end of synthesis

(EOS), starting from the cyclotron-produced ['®F]F radioactivity of 7.4 GBq. In addition,

['8F]8 (0.59-0.88 GBq) and ['®F]9 (0.66-0.94 GBq) were produced with 7% + 2% (n =

7) and 7% = 3% (n = 9) radiochemical yields at EOS, respectively, starting from ['®F]F~

radioactivity of 12.3—15.6 GBq. Because of the difference in electrophilicity between the

['8F]fluoromethyl and ['8F]fluoropropyl groups, ['®F]18 and ['®F]19 showed higher

reactivity with phenol 10 than ['8F]17 and ['8F]12 did. In the finally formulated product

solutions, the molar activities and radiochemical purities of ['8F]6-9 were 200400

GBg/umol and greater than 99% at EOS (Supplemental Information Figure S3).

Moreover, these products did not show radiolysis at room temperature for 120 min after

formulation, indicating their radiochemical stability within the duration of at least one

PET scan. All of the analytical results of ['®F]6—9 were in compliance with our in-house

quality control/assurance specifications for radiopharmaceuticals produced in our facility

for preclinical and clinical uses.
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Scheme 2. Radiosynthesis of ['3F]6-9¢

20 ['8F117
(0]

BICH,CH,CH,OT! — = BrGH,CH,CH,BF — O~ @N o
2 2 2 r
a 2vizvr2 b N/)\/\Nf 04<

['8F]6: R = CH,CH,CH,"8F

0 18- e} 10 18 18
oTs ¢ B d |
OH
21 ['8F112
18F- 10 18 18
BrCH,Br BrCH,'8F —— ['°F]8: R=CH,'°F
e f
22 ['8F]18
18F 10 18 18
BrCD,Br ———— BrCD,"F —— [°F]9: R=CD;,°F
23 9 ‘%119 D

“Reagents and conditions: (a) o-dichlorobenzene, 130° C, 2 min; (b) NaOH, DMF,
120° C, 10 min; (c) o-dichlorobenzene, 130° C, 2 min; (d) NaOH, DMF, 130° C, 20
min; (¢) CH3CN, 100° C, 5 min; (f) NaOH, DMF, 90° C, 5 min; (g) CH;CN, 100° C,
5 min; (h) NaOH, DMF, 90° C, 5 min.

Small-Animal PET Assessments

Figure 3 shows averaged PET/MRI images (A) and tissue time—activity curves

(tTACs) (B) of ['8F]5-9 in rat brains. It has been reported that PDE1I0A mRNA can be

heterogeneously detected in the brain.’®->7 The highest expression of PDE10A has been

shown in the striatum. On the other hand, negligible PDE10A levels have been found in
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the mid-brain and pons.>’

As shown in the PET images, [!®F]6, ['®F]8, and [!®F]9 showed a similar

distribution of radioactivity to the PDE10A-specific ['8F]5. Significant radioactivity was

observed in the striatum. No uptake was observed in other brain regions. The images

reflecting significant striatal uptake were similar to the PET rat brain image using [''C]1

(Figure 1), a PDE10A-specific radioligand, as reported previously.’® These results

suggested that current PET ligands may have specific binding for striatal PDE10A but

not for other brain region’s PDE10A at low density.

Radioactive uptake in the striatum had the following rank order: ['3F]8 = ['3F]9

> [8F]5 > ['8F]6 > ['8F]7 (Figure 3A). The sequence of these radiologands’ striatal uptake

was constituent with that of their in vitro binding affinities to PDE10A. To our surprise,

the striatal uptake of ['®F]7 was negligible (< 0.3 SUV). Although the in vitro binding

affinity of 7 with PDE10A was the weakest among the present radioligands, its affinity

(K; = 8.1 nM) is still considered relatively strong. These results suggest that brain uptake

of ['8F]7 may be limited by blood-brain barrier, resulting in a very low initial uptake of

radioactivity.
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Figure 3. Averaged PET/MRI images (A) and tTACs (B) of ['®F]5-9. Horizontal PET
images were reconstructed by summation between 0 and 60 min. The tTACs were
obtained from ROIs located on the striatum (filled circles) and midbrain (open circles).
Radioactivity is expressed as standardized uptake value (SUV). St, striatum; Mb, mid-
brain.

In contrast, there were very low levels of radioactivity in the mid-brain during
the PET scans for each radioligand. Thus, noninvasive PET kinetic analyses for
estimation of ligand availability to PDE10A, represented as BPyp in the current PET
studies, were performed using the tTAC of the midbrain as a reference region.

Table 2 shows the striatal kinetic parameters (R1 and BPyp) based on the

simplified reference tissue model (SRTM)* using the tTAC of the mid-brain as a

reference region. Parameter R1 (= K/K,’, the ratio of tracer delivery) was 1.0 for all
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radioligands except ['®F]7, which indicated equal input functions (K;) in both the interest

oNOYTULT D WN =

(striatum) and reference (midbrain) regions. The BPynp values of the two
['8F]fluoromethoxy radioligands were 5.6 for ['®F]8 and 5.8 for ['®F]9. The values were
significantly higher (P < 0.01 for ['®F]8 and ['®F]9) than that of the lead compound ['®F]5
(4.6), although the difference between the three compounds’ in vitro affinities was small.

Because of the very low BPyp values of ['®F]6 and [!8F]7 for visualizing

PDE10A, we ceased evaluation of those two radioligands in the following studies.

28 Table 2. In vivo availability (BPyp) of [18F]5-9 to PDE10A (Mean +s.d.)

30 Parameters ['8F16 (n= 1) ['8F]7 (n=1) ['*F]8 (n=3) ['8F19 (n=5) ['8F]5 (n=4)

33 R1 1.0 03 10 + 02 1.0 + 0.1 10 + 0.1

BPnp 3.8 0.6 56 £ 0.5%* 58 £ 0.2%¥* 46 = 0.6

38 #%P < 0.01, ***P < 0.001 (vs ['*F]5)

42 A 0-20 min 30-60 min
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Figure 4. Averaged PET/MRI images and tTACs in chase-blocking study for ['8F]9
(A and B) and ['®F]5 (C and D). Blocking agent (MNI-659 of 5 mg/kg) was
administrated 20 min after the injection of the radioligand (black arrows). Horizontal
PET images were reconstructed in summation of pre-administration (0-20 min) and
post-administration (30—60 min), respectively. The tTACs were obtained from ROIs
located on the striatum (filled circles) and mid-brain (open circles). Radioactivity is

expressed as SUV. St, striatum; Mb, mid-brain.

To confirm specific binding to PDE10A, chase-blocking PET studies for ['*F]9

and ['®F]5 were performed. Figure 4 shows PET images and tTACs in the brains of rats

administrated with unlabeled 5 (MNI-659, 5 mg/kg) 20 min after the injection of ['F]9

(A and B) and ['®F]5 (C and B). In both PET images of the post-blocking, high radioactive

signals in the striatum were significantly washed out compared to the pre-blocking (Figs.

4A and C). Radioactivity in the striatum was decreased to 0.1 SUV in both radioligands

by administration with the blocking agent. These results suggest that radioactive

accumulation in the striatum indicated specific binding of radioligand for PDE10A.

Biodistribution and Dosimetric Studies

To evaluate the potent availability of ['®F]8 and ['®F]9 to PDEIOA, their

biodistribution throughout the whole body of mice and effective doses of radioactivity

were compared with those of [!8F]5. Tables 3—5 show the radioactive concentrations
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(%ID/g) of ['®F]8, ['8F]9, and ['®F]5 at various time points (5, 15, 30, 60, and 120 min)

in each tissue. These radioligands showed similar distribution patterns of radioactivity

throughout the whole body of mice. At 5 min after radioligand injection, radioactive

uptake was mainly distributed in the small intestine and liver, which reached roughly

60%]ID/g. Subsequently, these organs’ radioactivities decreased with time after the initial

accumulation. Their relatively low renal uptake suggests that these radioligands are

eliminated by enterohepatic circulation. At 60 min, the radioactivity levels in all tissues

except the small intestine and stomach had decreased to <1%ID/g.

In general, low bone uptake is a requirement for useful '8F-labelled ligands.%°

Low uptake values (0.58—0.77%ID/g) in bone were determined at 5 min after radioligand

injection. The radioactive bone accumulation of ['®F]5 decreased to a very low value

(0.1%ID/g) until 120 min. Although the radioactive accumulations of ['®F]8 and ['®F]9 in

bone gradually increased with time, their bone uptakes maintained a low level of 1%ID/g

at 120 min. These results suggest that in vivo defluorination of the two fluoromethoxy

ligands was not significant.
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Table 3. Biodistribution (%ID/g tissue) of ['®F]8 in mice (Mean + s.d., n = 3).

Time after injection

Tissue
5 min 15 min 30 min 60 min 120 min
Blood 088 =+ 0.32 036 =+ 0.04 0.19 = 0.03 0.06 = 0.01 0.03 =+ 0.01
Heart 1.01 £ 035 037 =+ 0.02 0.20 = 0.03 007 £ 0.02 003 £ 0.00
Lung 1.24 = 043 044 =+ 0.04 022 =+ 0.04 008 £ 002 005 =+ 0.02
Liver 11.01 + 1.01 483 + 028 145 = 027 070 £+ 0.04 054 =+ 036
Pancreas 1.12 £ 031 042 =+ 0.03 0.18 = 0.01 008 £ 002 003 £ 0.00
Spleen 077 + 0.14 028 =+ 0.04 0.17 =+ 0.05 0.05 =+ 0.01 0.02 =+ 0.00
Kidney 219 + 047 087 =+ 0.17 048 =+ 0.10 016 + 0.02 008 =+ 0.01
Stomach 071 + 0.38 545 + 585 409 =+ 211 853 + 6.16 208 + 045
S. Intestine 4950 + 11.14 3825 + 9.87 16.71 + 548 2121 £ 413 747 = 3.12
L. Intestine 1.03 = 028 0.60 = 0.07 0.29 = 0.04 037 £ 029 005 =+ 0.02
Testis 040 =+ 0.10 024 =+ 0.01 0.15 = 0.04 0.14 =+ 0.11 0.04 =+ 0.01
Muscle 059 + 0.27 037 = 022 021 = 0.01 0.10 £+ 0.07 004 =+ 0.01
Brain 056 + 0.06 032 =+ 0.04 021 =+ 0.05 0.15 = 0.03 0.09 =+ 0.01
Bone 062 =+ 0.12 058 =+ 0.01 091 = 025 087 =+ 021 1.06 + 0.13
Table 4. Biodistribution (%ID/g tissue) of ['8F]9 in mice (Mean + s.d., n = 3).
Time after injection
Tissue
5 min 15 min 30 min 60 min 120 min
Blood 1.12 = 0.14 038 =+ 0.05 024 =+ 0.07 0.11 =+ 0.01 0.04 = 0.01
Heart 1.24 = 0.17 052 + 0.12 028 =+ 0.07 012 + 0.02 0.04 =+ 0.00
Lung 1.60 + 0.31 0.60 =+ 0.09 033 =+ 0.09 013 + 0.02 0.05 = 0.01
Liver 13.02 £+ 1.75 453 + 0.90 1.92 = 022 1.03 = 0.16 0.89 =+ 0.29
Pancreas 1.50 + 0.28 049 =+ 0.08 0.28 =+ 0.06 0.14 + 0.00 0.06 = 0.03
Spleen 1.00 + 0.19 035 + 0.09 020 =+ 0.02 0.09 = 0.01 0.03 = 0.01
Kidney 3.03 = 0.82 123 £ 025 078 =+ 022 031 + 0.04 0.10 = 0.01
Stomach 206 = 2.00 3.08 = 3.60 .16 = 0.71 237 + 138 198 = 1.52
S. Intestine 4620 =+ 9.69 37.00 + 6.83 19.63 =+ 1.36 921 =+ 028 10.18 + 4.63
L. Intestine 146 + 0.54 046 =+ 0.08 022 =+ 0.02 031 + 0.14 099 =+ 1.07
Testis 0.60 =+ 0.15 031 =+ 0.05 020 = 0.01 0.10 + 0.03 0.04 =+ 0.02
Muscle 1.01 = 0.15 030 + 0.04 031 =+ 0.07 0.10 = 0.02 0.05 = 0.01
Brain 073 =+ 0.15 037 + 0.06 027 =+ 0.02 0.18 =+ 0.01 0.11 = 0.01
Bone 077 + 0.0 076 + 0.20 0.88 =+ 0.06 092 =+ 0.07 1.06 = 0.03
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1

2

4 Table 5. Biodistribution (%ID/g tissue) of ['®F]5 in mice (Mean + s.d., n = 3).

5

6 Time after injection

7 Tissue

8 5 min 15 min 30 min 60 min 120 min

9 Blood 110+ 018 033 + 003 021 + 002 007 = 001 014 £ 015
:? Heart 149 = 021 048 + 005 031 + 004 008 = 001 0.06 + 0.0
12 Lung 155 + 030 051 = 004 033 + 003 008 + 001 0.06 + 0.0
:i Liver 1333+ 0.14 545 + 149 220 £ 022 057 * 006 086 + 0.08
15 Pancreas 174 = 022 055 + 004 035 + 002 008 = 001 0.05 + 002
:? Spleen 097 + 0.04 035 = 00 020 + 0.03 006 + 001 0.04 + 0.0
18 Kidney 273 £ 042 108 + 008 062 + 012 013 = 002 0.09 + 0.0
;g Stomach 260 £ 271 269 + 228 518 & 377 111+ 050 303 £ 119
21 S. Intestine 4383 + 3186 4606 = 1257 1845 + 1043 565 + 222 1060 + 446
;g L. Intestine 108 = 025 0.66 + 039 028 + 0.1 0.18 + 0.06 073 + 03I
24 Testis 046 + 005 030 + 0.6 021 + 008 010 + 0.04 0.06 + 0.03
;2 Muscle 095 + 0.16 041 + 015 032 + 012 008 = 002 0.04 + 0.0
27 Brain 054 + 005 029 + 0.02 026 + 0.08 013 £ 002 0.08 + 0.0
;g Bone 058 + 0.09 019 + 003 015 + 002 007 = 001 0.11 % 0.00
30 . .

31 To estimate the effective dose for standard human, we subsequently performed

32

33 . . . . . . . .

34 whole body dosimetry analyses using the biodistribution data from mice. The effective

35

36 _

37 doses (mSv/MBq) in standard human were 0.013 for ['®F]8, 0.013 for [!®F]9, and 0.014

38

39 . .

40 for ['8F]5 (Supporting Information Table S2). The values were comparable to that

41

42 . . . .

43 reported for ['8F]FMeNER-d, (0.017 mSv/MBq),®! a clinically used PET ligand for brain

44

45 . . . . .

46 imaging. Although some defluorination of ['®F]8 and [!®F]9 was observed, their bone

47

48 . . .

49 uptake was low (= 1%ID/g at 120 min after the injection). In fact, there was no difference

50

51 . .

52 in the effective dose among ['®F]8, ['®F]9, and ['¥F]5.

53

54

55

56

57

58

59

60
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Metabolite Analysis in the Plasma and Brain

Figure 5 shows the percentages of the unchanged forms of ['®F]8, ['®F]9, and

['8F]5 in rat plasma (A) and brain (B). The respective fractions corresponding to the

unchanged forms in plasma decreased from 25%-37% at 20 min to 21%—24% at 60 min

after injection. Two polar radiolabeled metabolites [retention time (zg) = 1.5-2.5 min]

were observed for each radioligand on the plasma samples” HPLC charts (Supporting

Information Figure S4). At 60 min after injection, the unchanged forms of ['®F]8 and

['8F19 had retained 96% of total radioactivity in the brain, while the unchanged form of

['8F]5 had retained 83% of total radioactivity in the brain. A certain level of the

radiolabeled metabolite of [!18F]5 in the brain was assumed to be ['8F]fluoroacetate, which

might affect the quantitative analysis of PDE10A in brain. In contrast, ['®F]8 and [!8F]9

showed low levels of contamination by their radioactive metabolites in the brain,

suggesting that their polar metabolites in plasma did not enter the brain easily and could

not be converted to brain-permeable metabolites, such as ['8F]fluoroacetate. The

extraction efficiency (Supporting Information Table S2) of metabolite analyses with

['8F]8, ['8F]9, or ['®F]5 was obtained with over 84% in the brain at each time point, which

strongly supported accuracy for this assessment.
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The results of metabolite analyses indicate that ['8F]8 and ['®F]9 showed

oNOYTULT D WN =

improved metabolism over ['3F]5 in the brain. Considering that PET with ['®F]9 produced
the highest BPyxp values among the newly developed radioligands and [!8F]5, we decide

to proceed with ['8F]9 for the further evaluations.
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26
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% of unchanged form

% of unchanged form
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o
L

34 Figure 5. Percentages of unchanged forms of ['®F]8, ['®F]9, and ['®F]5 in the
36 plasma (A) and brain (B). **P < 0.01 (vs ['¥F]5)

CONCLUSION

In the present study, using ['®F]5 as a lead compound, we developed four new PET
radioligands ['®F]6-9 for imaging of PDE10A and evaluated their in vitro and in vivo
profiles using rodents. Of these PET ligands, two fluoromethoxy analogs (['®F]8 and
['8F1]9) showed potent affinity for PDE10A and adequate lipophilicity. Furthermore, we

found the highest in vivo availability (BPxp) to PDE10A in the PET study with the
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['8F]fluoromethoxy-d, ligand ['3F]9, which showed low levels of contamination with its

radiolabeled metabolites in the brain. Thus, [!®F]9 may be a reasonable PET ligand for

clinical studies of PDE10A imaging in human brains. We are planning to translate this

radioligand for its first human study and then compare in vivo performance between

['8F]5 and ['®F]9 using head-to-head PET studies.

EXPERIMENTAL SECTION

All chemical reagents and organic solvents were purchased from Sigma-Aldrich (St.

Louis, MO, USA), FUJIFILM Wako Pure Chem. (Osaka, Japan), or Nacalai Tesque

(Kyoto, Japan) and used without further purification. '8F was produced using a cyclotron

(CYPRIS HM-18; Sumitomo Heavy Industries, Tokyo, Japan). Melting points (mp) were

measured using a micro melting point apparatus (MP-500P, Yanaco; Tokyo, Japan) and

were uncorrected. 'H NMR (300 MHz) spectra were recorded on a JEOL-AL-300

spectrometer (JEOL, Tokyo, Japan) using tetramethylsilane (TMS) as an internal standard.

All chemical shifts (8) are reported as ppm downfield relative to the TMS signal. Signals

are quoted as s (singlet), d (doublet), t (triplet), br (broad), or m (multiplet). High-

resolution fast atom bombardment mass spectra (HRMS) were acquired using a JEOL

NMS-SX102 102A spectrometer. Silica gel column chromatography was performed
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using Wakosil C-200 (FUJIFILM Wako Pure Chem.). HPLC separation and analysis

were performed using a JASCO HPLC system (JASCO, Tokyo, Japan). All semi-

preparative HPLC separations were performed using Capcell Pak C;g columns (10 mm %

250 mm, Shiseido, Tokyo, Japan). All HPLC analyses were performed by using Capcell

Pak Cg columns (4.6 mm i.d. x 250 mm, Shiseido) to determine the chemical purities

(>98%) of 6-9. The analytic conditions were as follows: 6: 1.0 mL/min, CH;CN/H,0O

(75725, v/v); 7: 1.0 mL/min, CH3;CN/H,O/Et;N (55/45/0.1, v/v/v); 8: 1.0 mL/min,

CH;CN/H,0 (65/35, v/v); 9: 1.0 mL/min, CH;CN/H,O (65/35, v/v). The radiochemical

purities of ['3F]6-9 were analyzed by the same HPLC and detector to monitor

radioactivity under the following conditions: ['®F]6: 1.0 mL/min, CH;CN/H,O (75/25,

v/v); ['F]7: 1.0 mL/min, CH;CN/H,O/Et;N (55/45/0.1,v/v/v); ['®F]8: 1.0 mL/min,

CH;CN/H,0 (65/35, v/v); ['8F]9: 1.0 mL/min, CH;CN/H,O (65/35, v/v). The authentic

sample of 5 (MNI-659) was synthesized by reaction of 10 with 2-fluoroethyl-4-

methylbenzenesulfonate. For the in vitro binding assay and preclinical evaluation, [!8F]5

was synthesized by a reaction of 10 with [!8F]fluoroethyl bromide in house, as reported

previously.*’

Chemical Synthesis
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2-(2-(3-(4-(3-Fluoropropoxy)phenyl)-7-methyl-4-0x0-3,4-dihydroquinazolin-2-

yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (6). A mixture of 104 (150 mg, 0.31

mmol), 11 (79 mg, 0.34 mmol), and K,CO;3 (64 mg, 0.46 mmol) in DMF (3 mL) was

heated at 70° C for 11 h. After cooling, the reaction mixture was extracted with CH,Cl,,

and the organic layer was washed with aqueous saturated K,CO; solution, dried with

Na,SO,, and evaporated under reduced pressure. Column chromatographic separation of

the residue using hexane/ethyl acetate (AcOEt) (4/1, v/v) produced 6 (132 mg, 78%) as a

white solid. mp: 161-163° C. "H-NMR (CDCLy): § 1.38 (6H, d, J = 6.3 Hz), 2.13-2.17

(1H, m), 2.21-2.26 (1H, m), 2.46 (3H, s), 2.73 (2H, t, J = 6.9, 7.8 Hz), 4.07 QH, t, J =

7.2,7.2 Hz), 4.14 2H, t, J = 6.0, 6.0 Hz), 4.58 (1H, t, J = 5.7, 5.7 Hz), 4.66-4.76 (2H,

m), 7.01 (2H, d, J = 9.3 Hz), 7.14-7.22 (4H, m), 7.33 (1H, s), 7.36 (1H, d, J = 7.5 Hz),

7.58 (1H, t, J= 7.2, 8.4 Hz), 8.12 (1H, d, J = 8.1 Hz). HRMS m/z: 544.4276 (calculated

for C31H3005N3F3 5442248)

2-(2-(3-(4-(3-Fluoro-2-hydroxypropoxy)phenyl)-7-methyl-4-oxo-3,4-dihydro-

quinazolin-2-yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (7). A mixture of 10 (150

mg, 0.31 mmol), 12 (26 mg, 0.34 mmol), and K,CO; (64 mg, 0.46 mmol) in DMF (3 mL)

was heated at 80° C for 18 h. After cooling, the reaction mixture was extracted with
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AcOEt and the organic layer was washed with brine, dried with Na,SO,, and evaporated

under reduced pressure. Column chromatographic separation of the residue using

hexane/AcOEt (1/1, v/v) produced 7 (52 mg, 30%) as a white solid. mp: 104-106° C.

'H-NMR (DMSO-dy): 5 1.26 (6H, d, J = 6.0 Hz), 2.41 3H, s), 2.66 (2H, t, 2H, J= 7.2,

7.2 Hz), 3.85 (2H, t, 2H, J = 7.5, 6.9 Hz), 4.03-4.11 (3H, m), 4.39-4.47 (1H, m), 4.54—

4.63 (1H, m), 4.73-4.81 (1H, m), 5.49 (1H, d, J = 4.8 Hz), 7.10 (2H, d, J = 8.4 Hz), 7.24

(1H, 5), 7.30-7.44 (4H, m), 7.70 (1H, t, J= 7.8, 7.8 HZ), 7.96 (2H, d, J= 7.5 Hz). HRMS

m/z: 560.2162 (calculated for C3;H3;0O¢N3F: 560.2197).

2-(2-(3-(4-(Fluoromethoxy)phenyl)-7-methyl-4-0x0-3,4-dihydroquinazolin-2-

ylethyl)-4-isopropoxyisoindoline-1,3-dione (8). A mixture of 10 (80 mg, 0.17 mmol),

13 (37 mg, 0.18 mmol), and K,CO; (34 mg, 0.25 mmol) in DMF (1.5 mL) was heated at

70° C for 18 h. After cooling, the reaction mixture was extracted with CH,Cl,, and the

organic layer was washed with aqueous saturated K,CO; solution, dried with Na,SOy,

and evaporated under reduced pressure. Column chromatographic separation of the

residue using hexane/AcOEt (3/2, v/v) produced 8 (23 mg, 27%) as a white solid. mp:

190-192° C. '"H-NMR (CDCL): § 1.38 (6H, d, J= 6.3 Hz), 2.47 3H, s), 2.73 2H, t, J =

7.8, 6.9 Hz), 4.06 (2H, t, J = 7.2, 7.5 Hz), 4.66-4.75 (1H, m), 5.68 (1H, s), 5.86 (1H, s),
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7.17-7.37 (8H, m), 7.60 (1H, t, J=8.1, 7.8 Hz), 8.11 (1H, d, J = 8.1 Hz). HRMS m/z:

516.1937 (calculated for Cy9H,60sN3F: 516.1935).

2-(2-(3-(4-(Fluoromethoxy-d,)phenyl)-7-methyl-4-0x0-3,4-dihydroquinazolin-2-

yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (9). A mixture of 10 (50 mg, 0.10 mmol),

16 (40 mg, 0.19 mmol), and K,CO; (21 mg, 0.16 mmol) in DMF (2 mL) was heated at

70° C for 13 h. After cooling, the reaction mixture was extracted with CH,Cl,, and the

organic layer was washed with aqueous saturated K,CO; solution, dried with Na,SOy,

and evaporated under reduced pressure. Column chromatographic separation of the

residue using hexane/AcOEt (3/1, v/v) gave crude 9, which was further purified using the

semi-preparative HPLC column (CH;CN/H,0O = 65/35, 10 mL/min) to produce 9 (13.1

mg, 24%) as a white solid. mp: 193-195° C. 'TH-NMR (CDCl): ¢ 1.38 (6H, d, J = 6.0

Hz), 2.47 (3H, s), 2.65 (2H, t, J= 7.8, 6.9 Hz), 4.05 2H, t, J= 7.2, 7.5 Hz), 4.68-4.72

(1H, m), 7.13-7.38 (8H, m), 7.57-7.62 (1H, m), 8.10 (1H, d, J = 7.5 Hz). HRMS m/z:

518.2016 (calculated for Cy9H,4D,0sN3F: 516.1935).

Methylene-d,-bis(4-methylbenzenesulfonate) (15). A mixture of 14 (270 mg, 1 mmol)

and silver p-toluenesulfonate (607 mg, 2.2 mmol) in CH3CN (2 mL) was heated at reflux
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for 18 h. After cooling, the solvent was removed at reduced pressure. The residue was

dissolved in warmed CH,Cl, and filtered to remove the unreacted silver p-

toluenesulfonate. The organic solvent was removed under reduced pressure, affording a

crude product, which was recrystallized from ethanol to yield 15 (235 mg, 65%) as a

white solid. mp: 109-111° C. 'H-NMR (CDCls): 6 2.45 (6H, s), 7.24 (4H, d, J = 8.7 Hz),

7.59 (4H, d, J= 8.1 Hz).

Fluoromethyl-d,-4-methylbenzenesulfonate (16). A solution of 15 (228 mg, 0.64

mmol) in CH3;CN (3 mL) was added to a solution of TBAF in THF (1 M, 1 mL, 1 mmol).

Subsequently, the reaction mixture was heated at reflux for 26 h. The organic solvents

were removed under reduced pressure, and the residue was extracted with AcOEt and

water. The organic layer was washed with brine, dried over MgSQO,, and removed under

reduced pressure. Column chromatographic separation of the residue wusing

hexane/AcOEt (6/1, v/v) produced 12 (42 mg, 31%) as a colorless oil. 'TH-NMR (300

MHz, CDCl3): 2.46 (3H, s), 7.36 (2H, d, J = 8.4 Hz), 7.83 (2H, d, J = 8.4 Hz).

Radiochemistry

2-(2-(3-(4-(3-['®F] Fluoropropoxy)phenyl)-7-methyl-4-ox0-3,4-dihydroquinazolin-2-
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yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (['8F]6). ['3F]Hydrofluoride (['8F]HF) was

produced by the '30(p, n)'8F reaction with 98 atom % H,'®0O (Huayi Tech., Changsuo,

China), and was separated from H,'80 using a Sep-Pak Accell Plus QMA Plus Light

cartridge (Waters; Milford, MA). The produced [!8F]F~ was eluted from the cartridge with

a mixture of aqueous K,COj3 (4 mg/0.2 mL) and a solution of 4,7,13,16,21,24-hexaoxa-

1,10-diazabicyclo[8,8,8hexacosane (Kryptofix 222; 7.5 mg) in CH3CN (0.2 mL) and

transferred into a reaction vessel in a hot cell. After the ['®F]KF solution was dried at 120°

C for 30 min, a solution of 20 (20 uL) in o-dichlorobenzene (150 uL) was added to the

reaction vial at 180° C. The resulting ['3F]17 was distilled at 180° C under nitrogen and

trapped in another reaction vial containing 10 (1.5 mg) and 0.5 M aqueous NaOH (6.2

puL) in anhydrous DMF (250 pL) at —15° C. After the radioactivity reached a plateau,

which took 2.5 min, the reaction mixture was heated at 120° C for 10 min. The radioactive

contents were diluted with 500 pL of HPLC mobile phase and transferred into the semi-

preparative HPLC column. Elution with CH3;CN/H,O (70/30, v/v) at a flow rate of 5.0

mL/min gave a radioactive fraction corresponding to pure ['8F]6 (zz: 9.6 min). The HPLC

fractions of ['®F]6 were collected into a flask to which Tween 80 (75 pL) in ethanol (300

pL) and 25% ascorbic acid (0.1 mL) had been added before radiosynthesis. The fractions

were subsequently evaporated to dryness under reduced pressure, and the residue was
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dissolved in physiological saline (3 mL) to obtain ['®F]6 as an injectable solution. The

identity of ['®F]6 (fr: 6.5 min) was confirmed by analytical HPLC with 6. The result of a

typical batch was as follows: synthesis time from end of bombardment (EOB), 64 min;

radiochemical yield (decay-corrected based on ['8F]F"), 7%; radiochemical purity, >99%;

molar activity at EOS, 168 GBg/umol.

2-(2-(3-(4-(3-['®F]Fluoro-2-hydroxypropoxy)phenyl)-7-methyl-4-0x0-3,4-

dihydroquinazolin-2-yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (['8F]7). After the

[8F]F~ solution was dried at 120° C for 30 min, a solution of 21 (20 uL) in o-

dichlorobenzene (150 uL) was added to the reaction vial containing dry ['8F]F~ at 180°

C. The produced ['®F]12 was distilled and trapped into a solution of 10 (2.0 mg) and 1.0

M aqueous NaOH (4.1 pL) in anhydrous DMF (250 pL) at —15° C. After the radioactivity

reached a plateau, which took 2 min, the reaction mixture was heated at 130° C for 20

min. HPLC separation was completed using a mobile phase of CH;CN/H,O/Et;N

(55/45/0.1, v/v/v) at a flow rate of 5.0 mL/min. The HPLC fractions of ['®F]7 (tr = 12.6

min) were collected and then treated to obtain ['®F]7 as an injectable solution. The identity

of ['®F]7 (tz: 10.7 min) was confirmed by analytical HPLC with 7. The result of a typical

batch was as follows: synthesis time from EOB, 74 min; radiochemical yield (decay-
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corrected based on ['®F]F"), 2%; radiochemical purity, >99%; molar activity at EOS, 262

GBg/umol.

2-(2-(3-(4-(['®F]Fluoromethoxy)phenyl)-7-methyl-4-0x0-3,4-dihydroquinazolin-2-

yl)ethyl)-4-isopropoxyisoindoline-1,3-dione ([!8F]8). After the ['®F]F  solution was

dried at 120° C for 30 min, a solution of 22 (10 puL) in CH3CN (150 pL) was added to the

reaction vial. The mixture was heated for 5 min at 100° C. The resulting ['3F]18 was

distilled at 30° C, passed through 3 silica Sep-Pak columns (Waters) linked in series for

6.5 min using nitrogen gas, and trapped into a solution of 10 (1.0 mg) and 0.5 M aqueous

NaOH (4.2 pL) in anhydrous DMF (300 pL) at —15° C. After the radioactivity reached a

plateau, which took 6 min, the reaction mixture was heated at 90° C for 5 min. HPLC

separation was completed using a mobile phase of CH;CN/H,O (65/35, v/v) at a flow rate

of 5.0 mL/min. The HPLC fractions of ['®F]8 (zx = 10 min) were collected and treated to

obtain ['®F]8 as an injectable solution. The identity of ['®F]8 (zz: 9.4 min) was confirmed

by analytical HPLC with 8. The result of a typical batch was as follows: synthesis time

from EOB, 56 min; radiochemical yield (decay-corrected based on [!F]F"), 9%;

radiochemical purity, >99%; molar activity at EOS, 336 GBg/pmol.
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2-(2-(3-(4-(['®F]Fluoromethoxy-d,)phenyl)-7-methyl-4-o0x0-3,4-dihydroquinazolin-

2-yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (['3F]9). After the [!8F]F- solution was

dried at 120° C for 30 min, a solution of 23 (10 puL) in CH;CN (150 puL) was added to the

reaction vial. The mixture was heated for 5 min at 100° C. The resulting ['®F]19 was

distilled at 30° C, passed through 3 silica Sep-Pak columns linked in series, and trapped

into a solution of 10 (1.0 mg) and 0.5 M NaOH aq (4.2 pL) in anhydrous DMF (300 uL)

at —15° C. After the radioactivity reached a plateau, which took 6.5 min, the reaction

mixture was heated at 90° C for 5 min. HPLC separation was completed using a mobile

phase of CH;CN/H,0 (65/35, v/v) at a flow rate of 5.0 mL/min. The HPLC fractions of

['8F]9 (g = 10.2 min) were collected and treated to obtain [!3F]9 as an injectable solution.

The identity of [18F]9 (#g: 9.7 min) was confirmed by analytical HPLC with 9. The result

of a typical batch was as follows: synthesis time from EOB, 59 min; radiochemical yield

(decay-corrected based on ['8F]F"), 10%; radiochemical purity, >99%; molar activity at

EOS, 293 GBg/pumol.

Measurement of Lipophilicity. The LogD value was measured by mixing ['F]5-9 with

n-octanol (3.0 g) and phosphate buffered saline (PBS; 3.0 g, 0.1 M, pH 7.4) in a test tube,

which was vortexed for 3 min at room temperature followed by centrifugation at 3500 g
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for 5 min. An aliquot of 0.65 mL PBS and 0.65 mL n-octanol was removed and weighed,

and its radioactivity was counted with an autogamma counter (2480 Wizard?, Perkin-

Elmer, Waltham, MA). Each sample from the remaining organic layer was removed and

repartitioned until a consistent LogD value was obtained. The LogD value was calculated

by comparing the ratio of counts per minute (cpm)/g of n-octanol to that of PBS and is

expressed as LogD = Log[cpm/g (n-octanol)/cpm/g (PBS)]. All measurements were

performed in triplicate.

Animals. Male Sprague-Dawley (SD) rats and ddY mice were purchased from Japan SLC

(Shizuoka, Japan), kept in a temperature-controlled environment with a 12-h light/dark

cycle, and fed a standard diet (MB-1/Funabashi Farm, Chiba, Japan). Animal experiments

were performed according to the recommendations of the Committee for the Care and

Use of Laboratory Animals in QST and the ARRIVE guidelines

(http://www.nc3rs.org/ARRIVE).

In vitro Binding Assay. Two SD rats were killed by decapitation under anesthesia (3%

isoflurane in air). The brains, except the cerebellum, were rapidly removed and

homogenized with a Silent Crusher S homogenizer (Heidolph Instruments, Schwabach,
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Germany) in 10 volumes of 50 mM Tris-HCI (pH 7.4) containing 120 mM NaCl. After

the homogenate was centrifuged at 300 g for 15 min at 4° C, the supernatant was stored

at —80° C before use.

The supernatant of the brain homogenate was diluted to 50 mg tissue/mL in 50

mM Tris-HCI buffer containing 120 mM NaCl, 2 mM KCI, 1 mM MgCl,, and 1 mM

CaCl,. Each preparation of 0.1 mL brain tissue solution was incubated with ['8F]5 (0.2—

0.4 nM in buffer) and 0.1 mL of test compounds 5-9 (10"'-10?> nM in 0.1-1% DMSO) in

a final volume of 1 mL buffer. These mixtures were incubated for 30 min at room

temperature. The bound and free radioligands were separated by vacuum filtration

through 0.3% polyethylenimine-pretreated Whatman GF/C glass fiber filters using a cell

harvester (M-24, Brandel, Gaithersburg, MD) followed by three washes with prechilled

tris-buffer. The radioactivity of washed filters containing the specifically bound [!8F]5

was measured by an autogamma scintillation counter (2480 Wizard?). In the present study,

the dissociation constant (Kp) of ['8F]5 from PDE10A in the brain tissue was determined

using GraphPad Prism 5 (GraphPad Software, La Jolla, CA) (Supporting Information

Figure S5). The results of the inhibitory experiments were subjected to nonlinear

regression analysis, in which the inhibition constant (K;) was calculated.
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Small-Animal PET Studies. Each rat was anesthetized with 1.5% (v/v) isoflurane, and

a 24-gauge intravenous catheter (Terumo Medical Products, Tokyo) was inserted into the

tail vein. Rats were subsequently maintained under anesthesia and secured in a custom-

designed chamber placed in the center of a small-animal PET scanner (Inveon; Siemens

Medical Solutions, Knoxville, TN).

After target position adjustment for brain scanning, ['3F]6 (n = 1, 10 MBq, 59

fimol), ['*F]7 (n= 1, 11 MBgq, 41 fmol), ['F]8 (n = 3, 11-13 MBgq, 67-82 fmol), ['$F]9

(n =5, 11-15 MBq, 40-65 fmol), and ['®F]5 (n = 4, 13-16 MBq, 65-67 fmol) were

respectively injected via the tail vein catheter, and then dynamic emission scans were

conducted for 60 min (10 s x 12 frames, 20 s x 3 frames, 30 s X 3 frames, 1 min X 3

frames, 2.5 min % 3 frames, and 5 min x 9 frames) (in three-dimensional list mode). Rat

body temperatures were maintained at 37° C using a heated water circulation system

(T/Pump TP401; Gaymar Industries, Orchard Park, NY') during the PET scans.

For blocking study, two rats were administrated with unlabeled 5 (MNI-659

dissolved in DMSO) of 5 mg/kg 20 min after the injection of ['3F]9 (n = 2, 14-15 MBq,

94-95 fmol) or ['¥F]5 (n =2, 13—15 MBq, 61-71 fmol).

Data Analysis. The PET dynamic image data with 0.6-mm slice thickness were
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reconstructed by filtered back-projection using a Hanning filter with a Nyquist cutoff of

0.5 cycles per pixel. Averaged summation PET images were produced and fused with a

magnetic resonance imaging (MRI) template using the PMOD software package (version

3.4; PMOD technology, Zurich, Switzerland). To obtain BPyp for PDE10A as a

quantitative index of specific radioligand binding, tTAC for each radioligand was

acquired from the volumes of interest, which were anatomically drawn onto the striatum

(PDE10A-rich region) and midbrain (poor region) based on a rat brain MRI template. The

radioactivity was decay-corrected to the injection time and expressed as the standardized

uptake value (SUV), which was normalized to the injected radioactivity and body weight.

SUV was calculated according to the following formula: SUV = (radioactivity per mL

tissue/injected radioactivity) x grams body weight. The kinetic analysis for estimation of

the BPyp value of each radioligand was performed with SRTM376° using tTACs obtained

from the midbrain as the reference region.

Biodistribution Study in Mice. Each mouse (3641 g) was injected with a bolus of the

radioligand (['®F]8: 2.5 MBq/0.1 mL, 17.2 fmol; ['8F]9: 1.3 MBg/0.1 mL, 9.9 fmol;

['8F]5: 1.9 MBq/0.1 mL, 3.9 fmol) via the tail vein. Three mice were sacrificed at each

experimental time point (5, 15, 30, 60, and 120 min) after the injection by cervical
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dislocation. The whole brain, heart, liver, lung, spleen, testis, kidney, pancreas, stomach

(including contents), small intestines (including contents), large intestines (including

contents), muscle, thigh bone, and blood samples were removed quickly. The

radioactivity in these tissues was measured with an autogamma scintillation counter

(2480 Wizard?) and expressed as %ID/g. All radioactivity measurements were corrected

for decay.

To estimate the organ-absorbed and effective doses, we extrapolated the data

from mice to standard human using OLINDA EXM (version 1.1, Vanderbilt University,

Nashville, TN).6?

Metabolite Analysis of the Plasma and Brain. Following the intravenous injection of

each radioligand (['3F]8: 30 MBq, 0.2 mL, 0.2-pmol; ['¥F]9: 30 MBq, 0.2 mL, 0.2 pmol;

['8F]5: 30 MBq, 0.15 mL, 0.2 pmol), the rats (n = 3 for each time point) were sacrificed

by cervical dislocation at 20, and 60 min. Blood and brain samples were quickly removed.

The blood samples were centrifuged at 15,000 g for 2 min at 4° C to separate the plasma.

The plasma (0.3 mL) was collected in a test tube containing CH;CN (0.3 mL), and the

resulting mixture was vortexed for 15 s and then centrifuged at 15,000 g for 2 min for

deproteinization. The resulting supernatant was collected and then the pellet was
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resuspended using CH;CN (0.2 mL). Subsequently, the mixture was centrifuged at 15,000

g for 2 min. The supernatant was collected. The brain samples excepting cerebellum were

homogenized using a homogenizer (Silent Crusher S; Heidolph, Schwabach, Germany)

in ice-cooled saline (2.0 mL). The resulting homogenate (0.5 mL) was added into a test

tube containing CH3CN (0.5 mL), vortexed, and centrifuged at 15,000 g for 2 min at 4°

C. After the supernatant was collected, the pellet was resuspended with CH3;OH (0.3 mL)

and then centrifuged at 15,000 g for 2 min. The resulting supernatant was collected.

Subsequently, an aliquot of the supernatant (0.2—0.3 mL) obtained from the plasma or

brain homogenate was injected into the HPLC system with a radioactivity detector and

analyzed using a Capcell Pak C;g column with a mobile phase (CH;CN/H,O = 70/30, v/v)

at a flow rate of 1.5 mL/min. The percent ratio of the unchanged form to total radioactivity

(corrected for decay) on the HPLC chromatograms was calculated as % = (peak area of

['8F]ligand / total peak area) x 100. The extraction efficiency of ['®F]8, ['®F]9, and ['3F]5

was confirmed by counting radioactivity in each pellet and supernatant after the

deproteinization of plasma and brain at each time point using an autogamma scintillation

counter (2480 Wizard?).

Statistics. All data are expressed as mean + standard deviation (s.d.). The differences

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 40 of 52

between each radioligand were calculated using one- or two-way repeated measures

analyses of variance. Post hoc analyses employed the Bonferroni method. Statistical

significance (denoted with asterisks in the figures and table) was determined at a 95%

confidence level (P < 0.05). All statistical data were analyzed using GraphPad Prism 5.
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