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Abstract As a member of cyclic nucleotide phosphodiesterase (PDE) enzyme family, PDE10A is in

charge of the degradation of cyclic adenosine (cAMP) and guanosine monophosphates (cGMP). While

PDE10A is primarily expressed in the medium spiny neurons of the striatum, it has been implicated in
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a variety of neurological disorders. Indeed, inhibition of PDE10A has proven to be of potential use for the

treatment of central nervous system (CNS) pathologies caused by dysfunction of the basal gangliaeof which

the striatum constitutes the largest component. A PDE10A-targeted positron emission tomography (PET)

radioligand would enable a better assessment of the pathophysiologic role of PDE10A, as well as confirm

the relationship between target occupancy and administrated dose of a given drug candidate, thus accelerating

the development of effective PDE10A inhibitors. In this study, we designed and synthesized a novel 18F-aryl

PDE10A PET radioligand, codenamed [18F]P10A-1910 ([18F]9), in high radiochemical yield and molar ac-

tivity via spirocyclic iodonium ylide-mediated radiofluorination. [18F]9 possessed good in vitro binding af-

finity (IC50 Z 2.1 nmol/L) and selectivity towards PDE10A. Further, [18F]9 exhibited reasonable

lipophilicity (logD Z 3.50) and brain permeability (Papp > 10 � 10�6 cm/s in MDCK-MDR1 cells). PET

imaging studies of [18F]9 revealed high striatal uptake and excellent in vivo specificity with reversible tracer

kinetics. Preclinical studies in rodents revealed an improved plasma and brain stability of [18F]9 when

compared to the current reference standard for PDE10A-targeted PET, [18F]MNI659. Further, dose

eresponse experiments with a series of escalating doses of PDE10A inhibitor 1 in rhesus monkey brains

confirmed the utility of [18F]9 for evaluating target occupancy in vivo in higher species. In conclusion, our

results indicated that [18F]9 is a promising PDE10A PET radioligand for clinical translation.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cyclic adenosine monophosphate (cAMP) and guanosine mono-
phosphate (cGMP) serve as critical intracellular second messen-
gers that are involved in a myriad of downstream signaling
pathways via activation of protein kinase A (PKA) and protein
kinase G (PKG), respectively1,2. As such, cAMP and cGMP
regulate a wide range of physiological processes including
apoptosis, learning and memory, cell differentiation, ion channel
function, insulin secretion, platelet aggregation, smooth muscle
relaxation, and T-cell activation3e6. Cyclic nucleotide phospho-
diesterase (PDE) enzymes, encoded by 21 human genes and
categorized into 11 distinct families, provide the sole route for the
downregulation of cAMP and/or cGMP, thereby regulating their
intracellular levels. The latter is required for physiological func-
tions of the central nervous system (CNS)7e10. In contrast to other
members of PDE families, PDE10A was found to be expressed
modestly in peripheral organs, with the exception of the testes,
while abundant in the CNS, especially in the medium spiny
neurons of the striatum11e14. Along this line, PDE10A plays
pivotal roles in the regulation of signaling transduction from
dopaminergic and glutamatergic input to the striatal medium spiny
neurons15. The inhibition of PDE10A holds therapeutic potentials
in neurologic and psychiatric disorders caused by dysfunction of
the basal ganglia, of which the striatum constitutes a major
component. As such, the development of PDE10A inhibitors has
drawn continuous attention, with a number of preclinical and
clinical studies recently reported16e20. Of note, the plant-derived
PDE10A inhibitor, papaverine, was the first compounds that
entered the clinical arena21,22. Nonetheless, the use of papaverine
was hampered by the relatively low potency and selectivity, as
well as the relatively fast in vivo clearance. Another PDE10A
inhibitor with improved pharmacology, MP-10 (PF-2545920)23,24,
was tested for the treatment of PD and schizophrenia25. Despite
promising preclinical findings, MP-10 treatment did not result in
the anticipated antipsychotic effect in multiple clinical trial24,25.
Underlying causes for the discrepancy between preclinical and
clinical studies are likely of multifactorial origin and further
studies are warranted. TAK-063 is another PDE10A inhibitor that
exhibited efficacy in animal models26,27. Although TAK-063 has
proven to be safe in two phase I clinical trials, the primary
endpoint of improving schizophrenia symptoms was not met in a
clinical phase II study26,27. These results indicate that an improved
understanding of species-differences is crucial to allow the suc-
cessful translation of PDE10A inhibitors from rodent models to
humans. PDE10A inhibitors that have been repurposed or are still
under clinical development include, but are not limited to, TAK-
063 and PBF-99924.

Positron emission tomography (PET) imaging with highly
specific radioligands28 would enable noninvasive quantification of
PDE10A, providing the opportunity to assess the function of
PDE10A in vivo under physiological and pathophysiologic con-
ditions29,30. Furthermore, doseeresponse experiments derived
from PET would provide critical information on target occupancy
of a candidate inhibitor at an administrated dose31,32, which would
contribute to appropriate dosing with PDE10A inhibitors in early
drug development, thereby ensuring sufficient exposure for effi-
cacy and concurrently optimizing the risk-benefit profile of novel
PDE10A inhibitors33,34. So far, several 11C-labeled PDE10A
radioligands were developed for imaging PDE10A in the living
brain, such as [11C]MP-10 ([11C]1)35, [11C]IMA-107 ([11C]
2)36e39, [11C]Lu AE92686 ([11C]3)40,41 and [11C]T-77333 ([11C]4)
(Fig. 1A). However, the low in vivo specific binding and metabolic
stability36,42, as well as the relatively short half-life of 11C
hampered their broad application. On the other hand, 18F exhibits
several advantages of 11C including better suitability for multistep
radiolabeling procedures, multiple PET scans with a single pro-
duction, radioligand storage and transportation due to more
appropriate half-life (109.8 vs. 20.4 min), as well as smaller
maximum positron energy (18F vs. 11C, 649 vs. 960 keV), which
ultimately results in a higher spatial image resolution. As shown in
Fig. 1B, the first reported 18F labeled PDE10A radioligand was
[18F]JNJ-41510417 ([18F]5, IC50 Z 0.5 nmol/L)43. The high ratio
of plasma protein binding as well as slow kinetics in vivo
prompted the research team at Johnson & Johnson to develop
novel PDE10A candidates based on the same scaffold with
reasonable lipophilicities and binding affinities44,45. Recently, the
deuterated 18F-analogs of 4 were developed to extend the

http://creativecommons.org/licenses/by-nc-nd/4.0/
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applications in clinical settings while maintaining the in vivo
metabolic stability. Along this line, [18F]FM-T-773-d2 ([18F]6,
IC50 Z 1.8 nmol/L) portrayed closely mimicking properties to
[11C]4, however, with improved stability, thus serving as an
optimal tool for in vivo applications46. To date, [18F]MNI659
([18F]7, IC50 Z 0.097 nmol/L) constitutes the most sensitive,
reliable and frequently used radioligand for clinical PDE10A
imaging due to the favorable pharmacokinetics, specific binding
and test-retest reliability47e49. However, the [18F]fluoroethoxy
motif in the structure of [18F]7 is prone to cytochrome-P450
monooxygenase metabolism, thereby complicating the neuroPET
image analysis. Indeed, substitution of the [18F]fluoroethoxy motif
with a [18F]fluoromethoxy-d2 group proved to be beneficial for
PET, as evidenced by the superior radiometabolic stability and
higher BPND values of [18F]8 (Ki Z 2.9 nmol/L) compared to the
non-deuterated version, [18F]7 (Fig. 1)50. Nevertheless, since the
purification of [18F]fluoromethoxy-d2 synthon (bp 15 �C) con-
sisted of discreet distillation, series of Sep-Pak cartridges sepa-
ration, followed by effective trapping in the hot cell46,50, the
automated synthesis of [18F]8 proved to be challenging in several
radiochemistry facilities, thus impeding a broad clinical
application.

We hypothesized that the direct attachment of 18F to the
inactive phenyl ring would maintain a reasonable binding affinity
and lipophilicity of the ligand, as well as exhibit an improved
in vivo metabolic profile due to the inherently inert features of
aryl-18F bonds. Therefore, the aims of this work were (i) to syn-
thesize the novel PDE10A inhibitor 9 (P10A-1910), to determine
its in vitro binding affinity, selectivity and physicochemical
properties, (ii) to establish radiofluorination of 9 via the spi-
rocyclic iodonium ylide (SCIDY) precursor and assess the brain
penetration, metabolic stability and in vitro/in vivo specificity of
[18F]9 towards PDE10A. Further, we envisioned, (iii) the assess-
ment of its utility for in vivo target engagement studies in
nonhuman primates.

2. Results and discussion

2.1. Chemical synthesis

To prepare PDE10A inhibitor 9 (P10A-1910) and the key radio-
labeling precursor 15 containing the isoindoline-quinazolinone
Figure 1 Representative radioligan
scaffold, we envisioned an efficient synthetic strategy that was
based on previously reported synthetic procedures51, however,
with modifications. As shown in Scheme 1, starting with the
commercially available 3-hydroxyphthalic anhydride 10, nucleo-
philic substitution and intramolecular cyclization occurred under
basic conditions, affording isoindoline-1,3-dione 11 in 33% yield.

Subsequent alkylation reaction installed the isopropyl group on
the phenol moiety, followed by TFA-triggered esterolysis to afford
the primary acid 13 in 68% yield over two steps. Reacting com-
pound 13 with 2-amino-4-methylbenzoic acid and triphenyl
phosphite in pyridine at 100 �C for 4 h, and subsequent treatment
with 4-fluoroaniline yielded reference compound 9. Similar
condensation reactions were readily achieved in the presence of 4-
iodoaniline, whereas carboxylic acid 13 was converted to aryl
halide 14 in 47% yield over two steps. Oxone was used to oxidize
14 in a mixture of CHCl3/TFA into the corresponding iodo(III)
intermediate, which was then coupled with SPIAd under basic
conditions to afford the SCIDY precursor 15 in high yield (72%,
two steps from 14).

2.2. Pharmacological and physiochemical properties

With target compound 9 in hand, the pharmacological and physi-
cochemical properties were investigated. Fluorescence polarization
(FP) was carried out to measure in vitro binding potency of 9 for
PDE10A and its selectivity over other PDE subtypes. As shown in
Table 1, the IC50 for PDE10A was 2.07 nmol/L, which was com-
parable to the lead structure 8 and is anticipated to provide suffi-
cient binding potential for successful PDE10A-targeted PET
imaging50. The binding affinities of 9 for other PDE subtypes
including PDE1A/B/C, PDE2A, PDE3A/B, PDE4A/B/C/D,
PDE5A, PDE7A, PDE8A, and PDE9A were tested (Supporting
Information Fig. S1), and no significant inhibition was observed for
concentrations up to 5 mmol/L, which demonstrated that 9 is highly
selective for PDE10A. LogD7.4 value of 9 was found to be 3.5 by
the shake flask method, and the calculated topological polar surface
area (tPSA) was 0.79 nm2 (79 Å2). Furthermore, MDCK-MDR1
experiment revealed an apparent permeability coefficient [Papp(A‒

B)] of 30 � 10�6 cm/s (values > 10 � 10�6 cm/s suggest high BBB
permeability), indicating that the inhibitor 9 was able to penetrate
the brain. Further, 9 was not a substrate of P-glycoprotein (P-gp), as
evidenced by an MDR1 efflux ratio (ER) of 1.11. Overall, these
ds for PET imaging of PDE10A.



Scheme 1 Syntheses of PDE10A inhibitor 9 and respective SCIDY precursor 15. Reagents and conditions: (i) tert-butyl 3-aminopropanoate

hydrochloride, NEt3, 1,4-dioxane, 50
�C, overnight, 33% for 11; (ii) i-PrI, Cs2CO3, CH3CN, 80

�C, 4 h, 73% for 12; (iii) TFA, DCM, room

temperature, 4 h, 93% for 13; (iv) triphenyl phosphite, 2-amino-4-methylbenzoic acid, pyridine 100 �C, 4 h; (v) 4-fluoroaniline, pyridine 100 �C,
4 h, 48% for 9 over two steps from 13; or 4-iodoaniline, pyridine 100 �C, 4 h, 47% for 14 over two steps from 13; (vi) oxone, TFA/CHCl3, room

temperature, 1 h; (vii) SPIAd, 10% Na2CO3 (aq), EtOH, room temperature, 1 h, 72% for 15 over two steps from 14.
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results strongly supported the radiolabeling of 9 and biological
evaluation of [18F]9 as a PDE10A-targeted PET radioligand.

2.3. Radiochemistry

Encouraged by the promising pharmacology findings and based on
our previous research on SCIDY-mediated radiofluorination52e56,
we envisioned to optimize the radiolabeling parameters, including
bases, solvents, reaction temperature and labeling period to obtain
the desired PET ligand [18F]9 with good labeling yield and molar
activity. We initially conducted the radiolabeling in N,N-dimethy-
lacetamide (DMAc) at 140 �C with several commonly used bases
including KOAc/K222 (1 mg/5 mg), K2C2O4/K222 (1 mg/5 mg),
tetraethylammonium hydrogensulfate (TEAHS, 1 mg), tetrabuty-
lammonium methanesulfonate (TBAOMs, 1 mg) and tetraethy-
lammonium bicarbonate (TEAHCO3, 1 mg). Our findings indicated
that TEAHCO3 provided the most favorable labeling efficiency
with a radiochemical conversion (RCC) of approximately 20%
(Fig. 2A). Further optimization showed a positive correlation be-
tween the RCC and reaction temperature in DMF, while the highest
radiochemical conversion in DMAc (ca. 20%) was obtained at a
reaction temperature of 140 �C (Fig. 2B). We next assessed the
impact of reaction time and amount of TEAHCO3 on RCC
(Fig. 2C). The results showed that the amount of TEAHCO3 was
pivotal for the radiolabeling. Indeed, while 2 mg of TEAHCO3

virtually suppressed the formation of [18F]9, the use of low
TEAHCO3 amounts (0.5 mg) led to a significant improvement of
Table 1 In vitro characterization of target compound 9.

PDE10A IC50 (nmol/L) PDE selectivity LogD (pH 7.4)

2.07 >2500 3.5

aConcentration-response curve of 9 for the inhibition of PDE10A activity de

TC-E 5005, a known PDE10A inhibitor, as a reference.
RCC (33% at 10 min). Notably, shortening of reaction time further
improved the RCC (47% at 5 min). Interestingly, the only tested
condition that led to a consistent increase of RCC over time was at
0.25 mg TEAHCO3. Consequently, the low amount of base seemed
to circumvent instability issues, however, at the cost of longer re-
action times. At the end of the synthesis, [18F]9 was obtained in
25 � 5% decay-corrected final yield (70 min total synthesis time)
with >99% radiochemical purity and >111 GBq/mmol (3 Ci/mmol)
molar activity. No radiolysis was detected by radio-HPLC up to
180 min after formulation with 5% DMSO, 5% Tween 80 and 90%
sterile water. Further, [18F]9 was stable in mouse serum in vitro at
37 �C for 180 min.

2.4. In vitro autoradiography

To assess the binding specificity as well as the selectivity of [18F]9
towards PDE10A, we performed in vitro autoradiography (ARG)
studies using wild-type SpragueeDawley (SD) rat brain slices.
Under baseline conditions (Fig. 3A), highest radioactivity was
found to be accumulated in the striatum, while the cerebellum
showed lowest radioactivity uptake, which was in accordance with
the biological expression of PDE10A in the rodent brain57,58.
Blocking experiments were conducted by incubating the brain
slices with a mixture of [18F]9 (120 mCi/mL) and PDE10A high-
affinity ligand 1 (10 mmol/L) and resulted in a dramatical reduc-
tion of striatal radioligand binding (Fig. 3B). Indeed, autoradio-
graphic data quantification revealed a specificity of more than
tPSA (Å2) Permeability ( � 10�6 cm/s) P-gp (B‒A/A‒B)

79 30 1.1

termined by human red blood cell (RBC) phosphodiesterase assay with



Figure 2 Optimization of [18F]9 radiosynthesis. [18F]fluoride (111e185 MBq; 3e5 mCi) was added in each reaction. (A) Ylide (2 mg), DMAc

(300 mL), base, 140 �C, 10 min. (B) Ylide (2 mg), DMF or DMAc (300 mL), TEAHCO3 (1 mg), heated for 10 min. (C) Ylide (2 mg), DMAc

(300 mL), TEAHCO3 (indicated loadings), 140 �C. Radiochemical conversions were determined by radio-TLC, and the identity of 18F-labeled

radioligand was evaluated by radio-HPLC.
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80%, as depicted in Fig. 3C. These results confirmed that [18F]9
possessed a high in vitro specificity towards PDE10A.
2.5. Whole-body biodistribution studies

The pharmacokinetic properties of [18F]9 were assessed using ICR
mice, and the radioactivities in different tissues/organs were
measured at a series of time points post injection. As shown in
Fig. 4, the radioactivity in blood was rapidly cleared. High initial
radioactivity uptake (%ID/g > 3) was found in the brain, lung,
heart, kidney, liver, pancreas, and small intestine at 1 min pi.
Subsequently, the radioactivity was washed out gradually in most
organs, while gradually increased to the peak in liver and small
intestine at 5 min post injection. The high uptake (%ID/g > 10) in
the kidney, liver and small intestine indicated that [18F]9 may be
excreted through both, the hepatobiliary and urinary system.
Notably, radioactivity uptake in the bone remained low during all
assessed time points, which indicated that [18F]9 did not undergo
in vivo radiodefluorination.
Figure 3 In vitro autoradiography of [18F]9 on rat brain sagittal

sections. (A) Brain slices were incubated with [18F]9 (120 mCi/mL)

for 30 min; (B) Brain slices were co-incubated with [18F]9 (120 mCi/

mL) and 1 (10 mmol/L) for 30 min; (C) Quantitative analysis of [18F]9

specificity by comparison of baseline and blocking conditions.

Str Z striatum; Cer Z cerebellum. Data are presented as

mean � SEM (n Z 4) and analyzed by unpaired t test. Asterisks

indicated statistical significance, ****P � 0.0001.
2.6. PET imaging studies in rat brains

To further corroborate the binding specificity of [18F]9 in vivo,
dynamic microPET imaging (0e60 min) under different condi-
tions were conducted in SD rats. Co-registration of averaged PET
images (0e25 and 25e60 min) with MRI T1WI template, as well
as the timeeactivity curves (TACs) of specific tissues are depicted
in Fig. 5. The baseline study (Fig. 5A and D) demonstrated that
[18F]9 rapidly entered the brain, whereby highest uptake levels
were observed in the striatum (SUVmax Z 1.4) within 1 min,
followed by gradual washout. No obvious radioactivity accumu-
lation was observed in other brain regions such as cerebral cortex,
hippocampus and cerebellum. The neuro-distribution pattern of
[18F]9 was found to be in agreement with previous reports of other
PDE10A PET ligand45,50.

To assess specific binding of [18F]9 to PDE10A, both pre-
blocking and chase-blocking dynamic PET imaging studies were
conducted with the injected dose as 5 mg/kg of PDE10A inhibitor
1. As shown in Fig. 5B and E, pre-injection abolished the heter-
ogenous distribution, leading to a significantly accelerated
washout of radioactivity from the striatum (SUV1 min/60 min > 20).
Administration of 1 at 25 min post injection of [18F]9 resulted in a
substantially decreased PET signal in the striatum (75% in vivo
specificity, Fig. 5C and F). The PET signal in the striatum was
decreased to ca. 0.1 SUV at 60 min under both blocking condi-
tions. These results demonstrated that [18F]9 exhibited a high
in vivo specificity with a reversible binding mechanism.

2.7. Radiometabolite analysis

To investigate the metabolic stability of [18F]9 in vivo, we analyzed
the radiometabolites in SD rats at two time points after tracer in-
jection. Brain and plasma samples were harvested at 20 and 60 min
pi, whereas the samples were analyzed by radio-HPLC and gamma
counter59. As shown in Fig. 6, [18F]9 was relatively stable in the
plasma with intact parent tracer fractions of 58% at 20 min and 43%
at 60 min, respectively. Of note, we observed the formation of
uncharacterized more polar radiometabolites in the plasma, how-
ever, these radiometabolites were not detected in the brain. Indeed,
[18F]9 possessed excellent in vivo stability in the brain, with no
detectable 18F-labeled metabolites (unchanged fraction >96% at



Figure 4 Ex vivo Biodistribution of [18F]9 in ICR mice. Data are expressed as injected dose per gram of wet tissue (%ID/g) with

means � standard deviations, n Z 3.
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both two time points). These results indicated that the radio-
metabolites were not able to cross the BBB, rendering [18F]9
suitable for CNS-targeted imaging.

Although [18F]MNI659 ([18F]7) is currently considered the
reference standard in PDE10A-targeted PET imaging, concerns
have been raised with regard to its metabolic stability. Indeed,
Zhang and co-workers50 have recently shown the presence of
brain radiometabolites following administration of [18F]MNI659
to rodents50. Further, their research indicated that the replacement
of the [18F]fluoroethoxy moiety in the structure of [18F]MNI659
by a deuterated [18F]fluoromethoxy analog ultimately precluded
the formation of brain radiometabolites, which points towards
metabolic instability of the fluorine-18 bearing side chain of [18F]
MNI659. These results were further supported by the PET images
Figure 5 PET studies of [18F]9 in the rat brain. (A)‒(D) Representative

baseline conditions; (B)‒(E) representative PET-MRI images and TACs i

jection of MP-10, iv); (C)‒(F) representative PET-MRI images and TACs

injection of MP-10, iv).
of Huntington’s disease patients that were presented by Russel
et al.48, where skull uptakeean indicator of in vivo
defluorinationeseems evident, particularly in HD patients. While
skull uptake can indeed complicate brain image analysis via
partial volume effects as well as differences in enzymatic activity
across individuals (for instance, between patient and healthy
subject), in vivo defluorination is more likely to occur in aliphatic
than in aromatic radiofluorines60. Notwithstanding the lack of
clinical data with [18F]9, preclinical findings indicate an improved
metabolic profile of [18F]9, as compared to [18F]MNI659, which is
evidenced by the lack of brain radiometabolites and the higher
fraction of intact parent tracer in the plasma at 20 and 60 min post
injection in rats50. Of note, we did not observe any defluorination
by in vitro assays with human liver microsomes (Supporting
PET-MRI images and TACs in various brain regions of interest under

n various brain regions of interest under blocking conditions (pre-in-

in various brain regions of interest under blocking conditions (post-



Figure 6 Ex vivo radiometabolite analysis of [18F]9 in the brain and

plasma of rats at 20 and 60 min post-injection. (A) Representative

reconstructive radiochromatograms of the rat brain samples; (B)

Representative reconstructive radiochromatograms of the rat plasma

samples showing two detectable polar radiometabolite fractions; (C)

Quantitative analysis of intact [18F]9 fraction. Data are presented as

mean � SD (n Z 3).

Figure 7 PET studies of [18F]9 in the rhesus monkey brain. (A) Repres

dependent blocking conditions (pre-injection of MP-10, iv); (B) TACs rep

dependent blocking conditions.

Figure 8 Kinetic modeling analysis and target occupancy assessment. (

potential (BPND) under baseline and blocking conditions; (B) BPND in stria

target occupancy of PDE10A inhibitor MP-10 using [18F]9 in the rhesus m

target occupancy was achieved) value of 0.3 mmol/kg was estimated.

Highly specific 18F-labeled radioligand for PET imaging of PDE10A 1969
Information Fig. S3). Future clinical studies will unveil whether
this improved stability will translate into enhanced performance
characteristics in patients.

2.8. Dose-response studies in the rhesus monkey brain

Given that neuroPET imaging on higher species, such as non-
human primate (NHP), typically provides crucial insights for
clinical translation, and encouraged by the promising results ob-
tained from experiments in rodent, our efforts then focused on
PET imaging studies in rhesus monkey to explore brain penetra-
tion, regional distribution and clearance of [18F]9. Representative
averaged PET images (20e60 min) in rhesus brain and corre-
sponding TACs under baseline and blocking conditions (pre-
treatment with indicated dose of 1) are shown in Fig. 7. [18F]9 was
brain penetrant, whereas the radioactivity was specifically accu-
mulated in striatum with highest standardized uptake values
(SUVs) > 3.0. Importantly, a dose-dependent PET signal
entative summed PET images (20e60 min) under baseline and dose-

resenting striatal radioligand accumulation under baseline and dose-

A) Representative PET images presented as non-displaceable binding

tum, putamen and caudate under baseline and blocking conditions; (C)

onkey striatum, calculated from BPND. An ID50 (iv dose at which 50%
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reduction was achieved with escalating doses of 1, a PDE10A
inhibitor with documented clinical efficacy34,61, thus underscoring
the utility of [18F]9 for target engagement studies in higher
species.

Given the reported lack of PDE10A expression in the cere-
bellum12, we performed kinetic modeling applying the simplified
reference tissue model (SRTM)62 with the cerebellum as pseudo-
reference region63,64. To assess the validity of the SRTM model
for [18F]9, we analyzed the timeeactivity curves in the cerebellum
under baseline conditions ([18F]9 only), as well as following low
dose and high dose MP-10 treatment. Notably, we did not observe
any differences in the timeeactivity curves under baseline and
blocking conditions, indicating that there was no specific binding
of [18F]9 in the cerebellum (Supporting Information Fig. S5).
Parametric brain images derived from non-displaceable binding
potentials (BPND) are depicted in Fig. 8A. With escalating doses
of 1, the BPND gradually decreased from 24% to 95%, as
compared to baseline condition. Indeed, the decrease of BPND was
particularly observed in putamen and caudate (Fig. 8B). In vivo
estimation of target occupancy by PET is critical to determine the
dose at which a drug candidate occupies sufficient biological
target to elicit therapeutic efficacy in patients. Therefore, a series
of BPND derived from the doseeresponse study were applied to
determine in vivo target occupancy of 1. As shown in Fig. 8C, the
relationship between inhibitor dosing and target occupancy dis-
played a good fit by four parameters logistic nonlinear regres-
sion65. The dose of inhibitor 1 required to achieve 50% target
occupancy (ID50) was calculated to be 0.3 mmol/kg. In all, this
study not only presented that the parametric brain mapping with
BPND was suitable to visualize the doseeresponse effects with
high sensitivity, but also demonstrated the utility of [18F]9 in
facilitating optimal dose finding for PDE10A-targeted drug
candidates.

3. Conclusions

We have designed and synthesized a novel PDE10A inhibitor 9
with good binding affinity and selectivity. The corresponding 18F-
isotopologue, [18F]9 (designated [18F]P10A-1910), was success-
fully radiolabeled in high radiochemical yields and purities via the
SCIDY methodology. In vitro autoradiography on brain slides,
ex vivo whole-body biodistribution, neuroPET imaging and in vivo
metabolic studies in rats showed that [18F]9 exhibited sufficient
brain penetration, reversible and specific binding, and good sta-
bility, which was superior to the clinically used reference standard
for PDE10A-targeted PET imaging, [18F]MNI659. Subsequent
doseeresponse studies in NHPs demonstrated the utility of [18F]9
for assessing target engagement of PDE10A inhibitors. Our find-
ings indicate that [18F]9 harbors enormous potential for successful
clinical translation, thereby facilitating PDE10A-targeted drug
discovery and contributing to a better understanding of PDE10A-
related CNS pathologies.

4. Experimental

4.1. General information

All commercial reagents were purchased from SigmaeAldrich,
and used as received. Unless otherwise noted, solvents were
freshly dried and degassed according to the purification handbook
Purification of Laboratory Chemicals before using. Analytical
thin-layer chromatography (TLC) was performed on pre-coated
glass-backed plates (EMD TLC silica gel 60 F254) and visualized
using a UV lamp (254 nm) or potassium permanganate. Silica gel
for flash chromatography was 300e400 mesh. 1H, 13C, and 19F
NMR spectra were recorded on Bruker 300, 400, 500 MHz on
Bruker spectrometers, and resonances chemical shifts (d) were
given in parts per million (ppm) relative residual solvent (19F
chemical shifts are unreferenced unless otherwise noted). Peak
multiplicities are abbreviated by the following symbols: s, singlet,
brs, broad singlet; d, doublet; t, triplet; q, quartet; hept, heptahe-
dron; m, multiplet; ddZ doublet of doublets. HRMS spectra were
measured on a Thermo Scientific LTQ Qrbitrap XL using ESIþ.

The rodent animal protocols were accredited by the Animal
Ethics Committee at Jinan University, and the rhesus imaging
studies were conducted following the ethical rules of Animal Care
and Use Committee of Guangdong Landau Biotechnology Co.
Ltd., which were approved by Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC).

4.2. Chemical synthesis

tert-Butyl 3-(4-hydroxy-1,3-dioxoisoindolin-2-yl)propanoate (11).
To a solution of 3-hydroxyphthalic anhydride (4.9 g, 30 mmol)
and NEt3 (90 mmol) in 1,4-dioxane (60 mL) was added tert-butyl
3-aminopropanoate hydrochloride (33 mmol). After stirring at
50 �C overnight, the reaction was quenched with water, then
extracted with ethyl acetate. The organic layers were washed with
brine, dried over Na2SO4 and concentrated under reduced pres-
sure. Compound 11 was prepared as a white solid (33%) and used
directly for next step without further purification.

tert-Butyl 3-(4-isopropoxy-1,3-dioxoisoindolin-2-yl)propanoate
(12, reported compound51). To a mixture of 11 (2.9 g, 10 mmol), 2-
iodopropane (20 mmol) and Cs2CO3 (35 mmol) was added CH3CN
(50 mL), and then stirred at 80 �C for 4 h. After cooling to ambient
temperature, the mixture was filtered and concentrated under
reduced pressure. The crude compounds were purified by chroma-
tography on silica gel (Hexane:EtOAc Z 5:1), and compound 12
was prepared as a white solid (73%). 1H NMR (400MHz, CDCl3) d:
7.60 (dd, J Z 8.4, 7.3 Hz, 1H), 7.40 (d, J Z 6.9 Hz, 1H), 7.17 (d,
J Z 8.4 Hz, 1H), 4.76 (hept, J Z 6.1 Hz, 1H), 3.92e3.87 (m, 2H),
2.62 (t, J Z 7.4 Hz, 2H), 1.44 (s, 3H), 1.43 (s, 3H), 1.40 (s, 9H).

3-(4-Isopropoxy-1,3-dioxoisoindolin-2-yl)propanoic acid (13,
reported compound51). To a solution of intermediate 12 (1.7 g,
5 mmol) in dichloromethane (5 mL) was added dropwise tri-
fluoroacetic acid (5 mL) at ambient temperature. After stirring for
4 h, the solvent was removed under reduced pressure. Compound
13 was prepared as a white solid (93%) and used directly for next
step without further purification. 1H NMR (400 MHz, CDCl3) d:
8.50 (brs, 1H), 7.61 (dd, J Z 8.4, 7.3 Hz, 1H), 7.40 (d,
J Z 7.2 Hz, 1H), 7.18 (d, J Z 8.5 Hz, 1H), 4.76 (hept,
J Z 6.1 Hz, 1H), 3.95 (t, J Z 7.4 Hz, 2H), 2.77 (t, J Z 7.4 Hz,
2H), 1.44 (s, 3H), 1.43 (s, 3H).

2-(2-(3-(4-Fluorophenyl)-7-methyl-4-oxo-3,4-dihydroquinazolin-
2-yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (P10A-1910, 9). To a
solution of intermediate 13 (500 mg, 0.8 mmol), 2-amino-4-
methylbenzoic acid (0.8 mmol) and triphenyl phosphite (1.2 mmol)
in pyridine (10 mL) was stirred under argon atmosphere at 100 �C for
4 h. After 4-fluoroaniline (0.88mmol) added under argon atmosphere,
the mixture was stirred for another 4 h. After cooling to ambient
temperature, the solvent was removed under reduced pressure. The
crude compounds were purified by chromatography on silica gel
(hexane:EtOAc Z 2:1), and PDE10A inhibitor 9 was prepared as a
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white solid in 48% yield. 1H NMR (500 MHz, CDCl3) d: 8.10 (d,
JZ 8.1 Hz, 1H), 7.57 (dd, JZ 8.5, 7.2 Hz, 1H), 7.34 (d, JZ 7.2 Hz,
1H), 7.32 (s, 1H), 7.30e7.24 (m, 3H), 7.20 (t, JZ8.5Hz, 2H), 7.14 (d,
JZ 8.4 Hz, 1H), 4.68 (p, JZ 6.1 Hz, 1H), 4.06 (t, JZ 7.4 Hz, 2H),
2.69 (t, JZ 7.4 Hz, 2H), 2.45 (s, 3H), 1.38 (s, 3H), 1.37 (s, 3H). 13C
NMR (125 MHz, CDCl3) d: 168.0, 166.8, 162.9 (d, J Z 249.8 Hz),
162.4, 155.6, 153.3, 147.3, 145.6, 135.8, 134.6, 132.9 (d, JZ 0.1 Hz),
130.4 (d, JZ 8.5 Hz), 128.5, 127.1, 126.9, 120.6, 118.5, 118.3, 117.2
(d, JZ 23.0 Hz), 115.5, 72.6, 34.9, 33.7, 22.0. 19F NMR (470 MHz,
CDCl3) d: �111.39e111.51 (m). HRMS (m/z, ESI) calcd for
C28H24FN3O4Na

þ 508.1649, found 508.1644.
2-(2-(3-(4-Iodophenyl)-7-methyl-4-oxo-3,4-dihydroquinazolin-

2-yl)ethyl)-4-isopropoxyisoindoline-1,3-dione (14). The key iodo
compound 14 was prepared in a similar manner as described for 9.
The crude compoundswere purified by chromatography on silica gel
(hexane:EtOAc Z 2:1), and compound 14 was prepared in 47%
yield as a light yellow solid. 1H NMR (400MHz, CDCl3) d: 8.14 (d,
JZ 8.1 Hz, 1H), 7.89e7.85 (m, 2H), 7.61 (dd, JZ 8.5, 7.2 Hz, 1H),
7.41e7.35 (m, 2H), 7.30 (d, JZ 1.6 Hz, 1H), 7.18 (d, JZ 8.4 Hz,
1H), 7.11e7.05 (m, 2H), 4.72 (hept, JZ 6.0Hz, 1H), 4.12e4.06 (m,
2H), 2.75e2.68 (m, 2H), 2.49 (s, 3H), 1.42 (s, 3H), 1.41 (s, 3H). 13C
NMR (100MHz, CDCl3) d: 167.9, 166.7, 165.6, 162.0, 155.5, 152.8,
149.8, 147.2, 145.6, 139.3, 136.7, 135.7, 134.5, 130.4, 128.5, 127.0,
126.8, 120.6, 118.3, 115.4, 95.2, 72.5, 34.7, 33.6, 21.93, 21.91.
HRMS (m/z, ESI) calcd for C28H24IN3O4Na

þ 616.0709, found
616.0704.

2-(2-(3-(4-(((20S,3a0S,50R)-4,6-Dioxooctahydrospiro[[1,3]dioxane-
2,70-[2,5]methanoinden]-5-ylidene)-l3-iodaneyl)phenyl)-7-methyl-
4-oxo-3,4-dihydroquinazolin-2-yl)ethyl)-4-isopropoxyisoindoline-
1,3-dione (15). To a solution of intermediate 14 (120 mg, 0.2 mmol)
in CHCl3 (0.3mL)was added dropwise trifluoroacetic acid (1.0mL)
at room temperature. Then oxone (184 mg, 0.3 mmol) was added,
and the mixture was stirred for 1 h. After concentrating the residue
under reduced pressure, the residue was mixed with EtOH (5 mL)
and added dropwise SPIAd (95 mg, 0.4 mmol) dissolved in 10%
Na2CO3 aqueous solution (0.5 mL). After stirring at room temper-
ature for 1 h, the reaction was quenched with water and extracted
with dichloromethane for three times. Then, the organic layers were
washed with brine and dried with MgSO4. After concentrated under
reduced pressure, the crude compounds were purified by chroma-
tography on silica gel (hexane:EtOAc Z 1:1) to obtain the SCIDY
precursor 15 as awhite solid (72%). 1HNMR (400MHz,DMSO-d6)
d: 7.95 (dd, JZ 11.7, 8.5 Hz, 3H), 7.70 (t, JZ 7.8 Hz, 1H), 7.61 (d,
J Z 8.3 Hz, 2H), 7.43 (d, J Z 8.4 Hz, 1H), 7.33 (dd, J Z 11.1,
7.5 Hz, 3H), 4.79 (p, JZ 6.1 Hz, 1H), 3.88 (t, JZ 7.1 Hz, 2H), 2.63
(t, JZ 6.8 Hz, 2H), 2.43 (s, 3H), 2.35 (s, 2H), 1.94 (d, JZ 11.9 Hz,
4H), 1.77 (s, 2H), 1.72e1.57 (m, 6H), 1.28 (s, 3H), 1.27 (s, 3H). 13C
NMR (100 MHz, DMSO-d6) d: 167.9, 166.5, 163.1, 161.5, 155.2,
153.9, 147.3, 145.7, 139.6, 139.0, 136.7, 134.4, 133.6, 131.9, 128.7,
126.9, 126.6, 121.3, 118.4, 117.8, 116.7, 115.3, 105.7, 71.9, 57.8,
38.9, 37.0, 35.3, 34.79, 34.78, 33.6, 33.5, 33.4, 26.4, 22.1, 21.8.
HRMS (m/z, ESI) calcd for C41H38IN3O8Na

þ 850.1601, found
850.1599.

4.3. Pharmacological and physicochemical properties

4.3.1. Potency and selectivity assays for P10A-1910 (9)
Compound 9 was dissolved in DMSO and stored at �20 �C. To
assess the binding affinity towards PDE10A, 9 was tested in a 10-
dose IC50 study with 3-fold serial dilution starting at 1 mmol/L,
while the control compound, TC-E 500566, was tested in a 10-dose
IC50 with 3-fold serial dilution starting at 10 mmol/L (n Z 3). To
assess binding selectivity, 9 was tested in a single dose duplicate at
a concentration of 5 mmol/L, and control compounds (IBMX for
PDE1A/B/C, PDE2A, PDE3A/B, PDE4A/B/C/D; methox-
yquinazoline for PDE5A; BRL-50481 for PDE7A; TC-E 5005 for
PDE8A; zaprinast for PDE9A) were tested in a 10-dose IC50 with
3-fold serial dilution starting at different concentrations. PDE1A/
B/C, PDE2A, PDE3A/B, PDE4A/B/C/D, PDE5A, PDE7A,
PDE8A, PDE9A, were diluted in reaction buffer 10 mmol/L Tris,
pH 7.5, 5 mmol/mL MgCl2, 0.01% Brij 35, 1 mmol/L DTT and
1% DMSO, respectively, while PDE1A, PDE1B and PDE1C were
dissolved in the reaction buffer plus 0.2 mmol/L CaCl2 and
0.36 mmol/mL CaM. Test compounds were added using Acoustic
Technology (Echo550; nanoliter range). Different substrate con-
centrations were added for different assays (1 mmol/L cAMP for
PDE3A, PDE3B, PDE4A, PDE4B, PDE4C, PDE4D, and PDE8A;
0.2 mmol/L cAMP for PDE7A; 1 mmol/mL cGMP for PDE1A,
PDE1B, PDE1C, PDE2A and PDE5A; 0.2 mmol/L cGMP for
PDE9A) and incubated for 1 h at room temperature. Fluorescence
polarization (FP)67 was measured after incubation at room tem-
perature. For PDE3A, PDE3B, PDE4A, PDE4B, PDE4C, PDE4D,
PDE7A, and PDE8A, standard curves were generated using
nonlinear regression with a variable slope by GraphPad Prism
using AMP as the reaction product, while for PDE1A, PDE1B,
PDE1C, PDE2A, PDE5A and PDE9A, GMP was determined as
the product.

4.3.2. Measurement of lipophilicity
To measure the lipophilicity, [18F]P10A-1910 was first added
into a mixture of n-octanol and PBS aqueous solution (0.1 mol/L)
that both were pre-saturated with each other before use. Af-
ter vortexing for 5 min, n-octanol and PBS were separated
into sample tubes (n Z 3) and centrifuged for 5 min
(3500e4000 rpm) to ensure proper phase separation. Subse-
quently, the weight and radioactivity (using PerkinElmer 2480
Wizard automatic gamma counter) were measured and the logD
was calculated based on the radioactivity distribution between
organic and aqueous layer.

4.3.3. Measurement of permeability
MadineDarby Canine Kindy-Multidrug Resistance Protein 1
(MDCK-MDR1) model was used to investigate the permeability
of 9 according to the literature68, with the concentration of
1 mmol/L. The transport studies were used on inserts consisting of
two interseptal structures (apical and basolateral), separated by
MDCK-MDR1 cell monolayers. Trans-epithelial electrical resis-
tance (TEER) value was measured to monitor the integrity of the
MDCK-MDR1 cell monolayers. The assays were carried out in
hank’s balanced salt solution (HBSS) buffer along with 5 mmol/L
Lucifer Yellow (LY) and 0.4% DMSO (pH 7.4). Eqs. (1)‒(5) were
used as follows:

TEER Z (Resistance sampleeResistance blank)
� Effective membrane area (1)

where TEER value of MDCK-MDR1 monolayers from random
wells was 445 � 22 U$cm2 (mean � SD, cell monolayer will be
used if TEER value > 100 U$cm2).

Papp Z [VA/(Area � Time)] � (Candidateaccepter, 90-min

/[(Candidatedonor, 0-min) � Dilution factor] (2)
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Papp(LY) Z [VA/(Area � Time)] � (RFUaccepter, 90-mineRFUblank)/
(RFUdonor, 0-mineRFUblank) (3)

Mass recovery (%) Z 100 � (VD � Candidatedonor, 90-min

� Dilution factor þ VA
� Candidateacceptor, 90-min) /
(VD � Candidatedonor, 0-min

� Dilution factor) (4)

Efflux ratio Z Papp(B‒A)/Papp(A‒B) (5)

were then calculated to assess the activity of transporters on drug
kinetics across the model.

4.4. Radiolabeling of [18F]P10A-1910

[18F]F� was generated via the 18O(p,n)18F reaction that occurred
in a 10 MeV cyclotron (GE, Qilin) with the protons bombarded on
>98% enriched H2

18O (TAIYO NIPPON SANSO Corporation,
Tokyo, Japan). After pretreatment with 10 mL of 7.5% aqueous
NaHCO3 and washing with 20 mL of H2O, the Sep-Pak QMA
cartridge was used to trap the radioactivity [18F]fluoride
(1.48e1.85 GBq; 40e50 mCi) from the female side, and the
solvent on the cartridge was removed with 20 mL of air. The
elution of [18F]fluoride was achieved with a solution of TEAHCO3

(0.5 mg) in MeOH (1.0 mL) from the male side of the QMA into a
4 mL vial, and the mixture was then dried at 110 �C under a flow
of nitrogen gas for 10 min. A solution of precursor 15 (2.0 mg) in
anhydrous DMAc (300 mL) was then transferred into the vial, and
the vial was heated at 140 �C for 5 min under nitrogen atmo-
sphere. After cooling down by ice water, 600 mL of CH3CN/H2O
(v/v, 1/2) was added to quench and dilute the mixture, then loaded
into a semipreparative radio-HPLC system. A semipreparative
column (Phenomenex Luna C18, 250 mm � 10 mm, 5 mm) was
used with CH3CN/H2O (v/v, 1/1) as the elution at a flow rate of
5 mL/min. Retention time (tR) for [

18F]P10A-1910 ([18F]9) was
21 min. The radiolabeled product [18F]9 was collected and diluted
with 100 mL of sterile H2O, and then trapped on a Waters C18
Light cartridge that was pre-activated with 5 mL of ethanol and
washed with 10 mL of sterile H2O. [

18F]9 was recovered with
1.5 mL of CH3CN and then concentrated at 80 �C under a flow of
N2 for 10 min. The concentrated product then was reformulated in
a mixture of 5% DMSO, 5% Tween 80, and 90% sterile water. An
analytical HPLC system equipped with a XSelect™ HSS TS
column (4.6 mm � 150 mm, 5 mm) was used to analyze the
radiochemical and chemical purity, as well as the molar activity of
the product, with the mobile phase of CH3CN/H2O (v/v, 1/1) at
flow rate of 1 mL/min (tR: 15 min). UV detector was set at
254 nm. The identity of [18F]9 was confirmed by co-injection of
reference target compound 9 (P10A-1910).

4.5. In vitro autoradiography studies in rat brain slices

Sagittal brain slices (20 mm sections, stored at �80 �C) were
preincubated with 218 mL of Tris-HCl buffer (50 mmol/L, pH 7.4)
consisting of MgCl2 (2 mmol/L) and CaCl2 (1.2 mmol/L) in a
glass reservoir for 20 min containing at room temperature. For
baseline conditions, slices were incubated in the above buffer
containing [18F]9 (120 mCi in 2 mL of buffer) for 30 min. In terms
of blocking studies, the well-described PDE10A inhibitor PF-
2545920 (1, also codenamed MP-10, 2 mL) was used with the
concentration of 10 mmol/L. After incubation, all brain sections (4
slices for each condition) were immersed with cold fresh buffer
for three times (3 min for each one), followed by cold sterile water
once (3 min), and then dried by cold air. The brain slices were
exposed for 45 min to the imaging plates (Amersham Typhoon,
Cytiva, USA). Autoradiograms were generated and photo-
stimulated luminescence (PSL)/tissue area (mm2) values in stria-
tum and cerebellum were performed using a Bio-Imaging
Analyzer System (Multi Gauge Version 2.3, FUJIFILM).

4.6. Biodistribution studies in mice

ICR mice (male, 8 weeks, 25e30 g) were maintained on a 12 h
light/12 h dark cycle and provided water ad libitum. 50 mCi (1.85
MBq) of [18F]9 (100 mL) was intravenously injected to each
mouse via the tail vein. At the indicated time point, mice (n Z 3)
were sacrificed by dislocation of cervix, and organs such as
whole brain, thymus, heart, liver, lungs, spleen, pancreas, stom-
ach, small intestine, kidneys, bladder, testis, muscle, bone and
blood samples were immediately collected and weighted. A 2480
Wizard automatic gamma counter (PerkinElmer, USA) was used
for determining each organ’s radioactivities, which were decay-
corrected back to the [18F]9 injection time point according to
the half-life of 18F.

4.7. In vivo small-animal PET imaging studies with rat brains

Dynamic PET imaging was carried out using a PET/CT scanner
(Bruker, MA, USA). During the scan, the mixed gas (2% (v/v)
isoflurane in oxygen) were used for anesthesia. 0.6e0.8 mCi
(22.2e29.6 MBq) of [18F]9 (250 mL) was intravenously admin-
istrated into the rat via a preinstalled 24-gauge catheter, and rat
brain dynamic PET scans were acquired for 60 min in a 3D list
mode. For blocking conditions, MP-10 1 (5 mg/kg) was admin-
istrated before injection of [18F]9, or at 25 min post tracer injec-
tion. PMOD software (version 4.006) was used to generate the
representative PET images (co-registered with the rat brain MRI
template) and analyze the TACs from VOI in the cerebral cortex,
striatum, hippocampus and cerebellum. The radioactivity was
characterized by SUV.

4.8. Radiometabolite analysis

Under isoflurane anesthesia, SD rats (n Z 3, each time point)
were decapitated at 20 and 60 min post injection of [18F]9. The
blood and whole brain were then harvested immediately. The rat
brain was cooled on ice, homogenized in 50% CH3CN in H2O on
ice, and then centrifuged for 2.5 min at 4 �C (14,500�g). The
supernatant was recovered. Similarly, the supernatant (0.5 mL) of
blood samples was collected and mixed with ice-cooled CH3CN
(0.5 mL). The residue was vortexed for 20 s and again centri-
fuged for 2.5 min at 4 �C (14,500�g) for deproteinization. Both,
brain and plasma homogenates were mixed with an aliquot of
standard compound 9 (P10A-1910, 20 mL), and co-injected into
the radio-HPLC system with a UV detector set on 264 nm. The
samples were separated into ten sections (1 min for each section)
using an analytical column (Phenomenex Luna C18,
250 mm � 10 mm, 5 mm), and with 70% CH3CN in water as
mobile phase for elution (5.0 mL/min). The radioactivity for
each section was measured by a 2480 Wizard automatic gamma
counter (PerkinElmer, USA), and the counts were all decay-
corrected. The radiochromatograms were reconstructed, and the
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percentage of [18F]9 (standard UV peak as an indicator on
HPLC) to total radioactivity was measured as [(counts for sec-
tions 6e9)/(total counts)] � 100.

4.9. PET-MRI imaging studies on rhesus monkey

T1-weighted MR anatomical images were acquired on a 3.0 T
scanner. A rhesus monkey was anesthetized by intramuscular in-
jection of ketamine (10 mg/kg), and then put on the scanning bed
in the supine position. The whole-brain images were acquired with
a 3D Bravo T1 sequence.

The rhesus monkey used for PET/CT scan was allowed only
water for 14e16 h before the radioligand injection, but allowed to
drink water at any time. A male rhesus (weight range
6.01e6.85 kg) underwent PET scan. The subject was initially
anesthetized with ketamine (10 mg/kg; im), put on the scanning
bed, and maintained in light narcosis with 2% isoflurane and 98%
oxygen. The rhesus was supine, and a stereotactic frame was used
to fix the position of head. A solution of [18F]9 (3.57e4.12 mCi)
was injected into the monkey through an intravenous indwelling
needle, followed by a dynamic PET scan of the head for 60 min.
For the blocking studies, MP-10 1 (in the order of 0.042, 0.09, 0.3,
0.55, 1.0, 2.0 mg/kg) was injected intravenously, followed by the
injection of [18F]9. Each PET/CT scan was conducted with an
interval of no less than two weeks.

The PET and MR images were co-registered according to the
method of literature69. The co-registered PET images were con-
verted to brain template MR and single MR image using the same
parameters70. TACs, derived from the VOIs, were presented as
SUV which were decay-corrected back to the radioligand injection
time point.
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