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Phosphodiesterase 10A (PDE10A) inhibition has recently been identified as a potential mechanism to
treat multiple symptoms that manifest in schizophrenia. In order to facilitate preclinical development
and support key proof-of-concept clinical trials of novel PDE10A inhibitors, it is critical to discover posi-
tron emission tomography (PET) tracers that enable plasma concentration/PDE10A occupancy relation-
ships to be established across species with structurally diverse PDE10A inhibitors. In this Letter, we
describe how a high-throughput screening hit was optimized to provide [11C]MK-8193 (8j), a PET tracer
that supports the determination of plasma concentration/PDE10A occupancy relationships for struc-
turally diverse series of PDE10A inhibitors in both rat and rhesus monkey.

� 2015 Elsevier Ltd. All rights reserved.
Following discovery of the phosphodiesterase 10A (PDE10A)
enzyme in 1999, rapid progress has been made in understanding
its physiological localization and function using genetic, biologic
and pharmacologic techniques.1 Pioneering work by a group at
Pfizer suggested that PDE10A inhibition may be an effective new
mechanism to ameliorate the positive symptoms of schizophrenia,
characterized most prominently by hallucinations and delusions.2

Subsequent efforts from groups across the pharmaceutical industry
have provided preclinical data suggesting that PDE10A inhibitors
may also be effective in addressing the cognitive impairment and
negative symptoms of schizophrenia, with a differentiated side-ef-
fect profile relative to currently marketed agents.3 PDE10A inhibi-
tors have also been proposed as potential therapeutic agents to
treat Huntington’s disease.4 Consistent with the significant thera-
peutic potential for PDE10A inhibition, no less than 20 companies
have filed patent applications on novel chemical matter for
PDE10A,3b and at least seven of those companies have initiated
clinical trials.5
Not surprisingly, based on a general agreement that positron
emission tomography (PET) tracers can be critical components of
CNS drug discovery efforts,6 many companies and academic labs
have pursued the development of PET tracers as target engagement
biomarkers to establish plasma concentration/PDE10A occupancy
relationships in preclinical efficacy studies and assist in dose-selec-
tion for clinical studies.7 Multiple PDE10A tracers have provided
promising results in preclinical species, and preliminary human
data for several of these indicate that they should indeed allow
assessment of target engagement in the human brain and enable
occupancy/efficacy relationships to be established in key Phase 2
proof-of-concept studies.7d,g–i Preliminary evidence has been
presented that suggests PDE10A PET tracers may also be valuable
as diagnostic biomarkers in the early stages of Huntington’s
disease.8 In this report, we describe the discovery of [11C]MK-
8193 (8j), a PDE10A PET tracer derived from a Merck high-
throughput screening (HTS) hit, and show its utility for measuring
target engagement of PDE10A inhibitors in the rat and rhesus mon-
key brain.

Our initial interest in PDE10A was spurred by the pioneering
work at Pfizer where highly potent and selective inhibitors such
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Table 1
Initial SAR exploration of HTS hit 5
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Compound R1 R2 PDE10A Ki (nM)

6a 2-Me H 1124
6b 3-Me H 109
6c 4-Me H 87
6d 4-F H 280
6e 4-Cl H 123
6f 4-CN H 265
6g 4-Ph H 49
6h 4-OMe H 61
6i 3,4-DiOMe H 64
6j 4-OMe 1-Cl 171
6k 4-OMe 2-Cl 163a

6l 4-OMe 3-Cl 45
6m 4-OMe 4-Cl >1000a

6n 4-OMe 3-OMe 39
6o 4-OMe 3-Me 15
7 — — 13

a Represents data from a single determination.

2 C. D. Cox et al. / Bioorg. Med. Chem. Lett. xxx (2015) xxx–xxx
as MP-10 were discovered and employed to probe the biology of
PDE10A inhibition in vivo.9 Our first attempts at PET tracer devel-
opment were based on incorporation of radioisotopes onto the MP-
10 scaffold to provide ligands such as 1a and 1b that were studied
in vitro and in vivo. As others have reported,7a–c we found that the
slow kinetics, high non-displaceable binding, and the potential to
form brain-penetrant metabolites with 1a and 1b made these
analogs less than ideal for PET tracer development;10 however, this
work was instrumental in illustrating that a useful PDE10A PET tra-
cer was highly feasible given the density and localization of
PDE10A.
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MP-10 1a R = 11CH3
1b R = CH2CH218F

Rather than try to optimize the MP-10 series into a suitable tra-
cer as other groups have reported,7b,c,f we instead elected to
progress a novel scaffold identified from our ongoing lead-finding
efforts. To that end, we had earlier embarked on a broad effort to
identify novel PDE10A inhibitors that included HTS, ALIS
(Automated Ligand Identification System),11 and fragment screen-
ing, and our laboratory has recently disclosed novel series of
PDE10A inhibitors derived from hits identified by each of these
methods: 2, 3, and 4, respectively (Fig. 1).12 An additional hit iden-
tified from HTS was quinazolinone 5, a compound that stood out as
having good potency with moderate ligand binding efficiency (LBE)
and reasonable calculated properties (cLogP = 3.9, PSA = 75).

Initial SAR efforts in the quinazolinone series made use of the
one-pot procedure illustrated in Scheme 1 for exploration of the
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Figure 1. Hits identified by internal screening at Merck.
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Scheme 1. Reagents and conditions: (a) P(OPh)3, pyridine, 100 �C in a
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northeastern (blue) and western (red) aryl groups. Though many
additional compounds were made and tested, the progression of
SAR in Table 1 highlights the salient features.13 Compounds 6a–c
illustrate that whereas methyl substitution at the 2-position of
the northeastern aryl is not tolerated, methyl substituents at the
3- or 4-positions are slightly potency enhancing, with a small
advantage provided by the latter. Compounds 6d–i indicate that
whereas 4-F, 4-Cl, and 4-CN are detrimental to potency relative
to 4-Me, 4-OMe and 4-Ph are potency enhancing, and disubstitu-
tion at the 3- and 4-positions is not advantageous over the mono-
substituted analog (cf. 6h ? 6i). Holding the R1 group constant as
OMe and walking a chlorine atom around the western aryl ring
at the R2 position (6j–m) indicates that 3-substitution is optimal,
with 6l demonstrating a potency of 45 nM. Changing R2 to a more
polar 3-OMe group maintained potency, but 3-Me provided the most
potent analog, 6o, with PDE10A Ki = 15 nM (LBE = 0.33). We also
explored aryl rings other than phenyl in the northeastern region,
but most compounds led to a significant reduction in potency; one
notable exception was indole 7 that, without the potency-enhancing
R2 substituent at the 3-position on the western aryl, provided a
14 nM inhibitor (LBE = 0.32). Though increases in activity were mod-
est to this point, 6o and 7 provided a nearly a 10-fold increase in
potency over the HTS hit 5 while maintaining acceptable LBE and
physical properties, thus providing us with inspiration to continue
SAR exploration in other regions of the molecule.

With the optimal western and northeastern substitutions in
hand, we then focused our attention on the phthalimide and linker
region. Decreasing the linker length to one carbon (8a) or increas-
ing it to three carbons (8b) were both detrimental to potency
(Table 2), as were aliphatic substitutions on the alkyl chain (data
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sealed tube; then add aniline and heat to 100 �C (yields: 25–75%).
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Table 2
Additional SAR exploration of leading quinazolinone 6h
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Compound n R3 PDE10A Ki (nM)

8a 0 H >1000a

8b 2 H 219
8c 1 1-Cl 7.7
8d 1 2-Cl 30
8e 1 1,4-DiCl 6.3
8f 1 1-Me 6.1
8g 1 1-OH 20
8h 1 1-OMe 2.0
8i 1 1-OEt 1.0
8j 1 1-OiPr 0.15
8k 1 1-Br 8.4a

8l 1 1-(2-Thiazole) 1.8
8m 1 1-(4-Pyridyl) 0.072

a Represents data from a single determination.
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not shown). Most attempts to remove or alter the phthalimide
group were also unsuccessful, though some efforts toward that
end were fruitful and will be the subject of a future publication.
However, investigating substitution around the aryl (green) ring
of the phthalimide provided the key breakthrough in potency we
were seeking. Compounds 8c–d indicate that substitution at the
1-position was more favorable than the 2-position, with the 1-Cl
analog demonstrating single-digit nanomolar potency for the first
time (8c). 1,4-Dichloro substitution provided no significant
improvement over monosubstitution (8e vs 8c) but significantly
increased lipophilicity. Altering 1-Cl to 1-Me was potency neutral
(8f), but the corresponding phenol 8g resulted in a 3-fold loss in
activity. However, using the phenol as a synthetic handle to exam-
ine various alkoxy groups at the 1-position illustrated that increased
potency can be had by increasing the size of the substituent (8h–j),
with the isopropyl analog 8j providing the first sub-nanomolar
Table 3
In vitro characterization of leading tracer candidates
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8j R = CH3; X = CH
[11C]-8j R = 11CH3; X = CH
9 R = CH3; X = N
[11C]-9 R = 11CH3; X = N

8m R = C
[11C]-8m R =

8j

PDE10A Ki (nM) 0.15
LBE 0.37
HPLC LogD (pH 7) 3.6
PDE selectivitya >60,000
Protein binding (human) (%) 97
Pgp (B-A/A-B) 61
Permeability (�10�6 cm/s) 28

a PDE selectivity is calculated by the following formula: PDEX Ki/PDE10A Ki wherein
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PDE10A inhibitor in this series with Ki = 150 pM (LBE = 0.37).
Installation of a 1-bromo substituent to provide 8k was potency
neutral with respect to the 1-Cl analog 8c, but provided a conve-
nient handle for installation of aryl substituents via cross-coupling
chemistry. Among the multiple 1-aryl groups installed, the 2-thia-
zole (8l) and the 4-pyridyl (8m) stood out as two of the most inter-
esting in terms of potency and drug-like properties.

At this point in our exploration of the quinazolinones, we noted
that although the pharmacokinetics of leading compounds was
uniformly poor, with clearance in rat being near hepatic blood
flow, the rest of the profile looked favorable as illustrated in
Table 3 for the most potent analogs described thus far, 8j and
8m. These compounds have: (1) improved LBE’s relative to HTS
hit 5, (2) HPLC LogDs in a drug-like range,14 (3) high selectivity
for PDE10A over the other PDEs; (4) moderate plasma protein
binding; (5) no Pgp efflux liability in human or rat, and (6) very
good cellular permeability. These characteristics, along with being
highly amenable to radiolabel incorporation at the phenolic methyl
ether, made them ideal candidates to investigate as potential PET
tracers. At this point, two additional compounds were rationally
designed as potential PET tracers for in vivo analysis: (1) com-
pound 9, incorporating a nitrogen at the 8-position of the quina-
zolinone core, was made in an effort to further reduce the
lipophilicity of 8j, and (2) compound 10, the most potent analog
identified within this series, which was made based on indole 7,
but incorporating an additional nitrogen to form an indazole sys-
tem which lowered lipophilicity relative to the corresponding
indole analog.

The four compounds illustrated in Table 3 were radiolabeled
with 11C and studied in vivo in rhesus monkey to assess brain
uptake and specific binding to PDE10A. Somewhat surprisingly,
compound 8j which, based on in vitro data looked less promising
than the others based on its intermediate potency and higher
HPLC LogD,15 was the standout in terms of in vivo profile with high
brain uptake, rapid washout, and a very large apparent signal.16 A
baseline PET image of [11C]8j in rhesus monkey brain is shown in
Figure 2A. As expected based on the distribution of PDE10A in
the brain, highest tracer uptake was observed in the striatum with
very low tracer retention in all other brain regions. Striatal uptake
in rat brain was lower than in rhesus monkey, but rapid washout in
regions devoid of PDE10A result in a useful specific signal (Fig. 3A).
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PDEX is the PDE other than PDE10A with the most potent Ki.
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Figure 2. Summed PET images (30–90 min) of [11C]8j in rhesus monkey brain
overlaid on MRI under baseline conditions (A) and after administration of THPP-1
(B). The baseline PET study shows high tracer retention (red color) in the striatum.
Tracer binding in the striatum is blocked after administration of THPP-1. Scale is in
SUV (standardized uptake value).
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Figure 3. Summed PET images (0–90 min) of [11C]8j in rat brain under baseline
conditions (A) and after administration of THPP-1 (B). The baseline PET study shows
high tracer retention (red color) in the striatum. Tracer binding in the striatum is
blocked after administration of THPP-1. Scale is in SUV (standardized uptake value).
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In contrast to the excellent in vivo rhesus monkey data for
[11C]8j, [11C]8m displayed high non-specific binding and a possible
brain-penetrant metabolite in rhesus, while [11C]9 had a smaller
specific signal relative to [11C]8j, despite having similar potency
with more drug-like physicochemical properties (lower HPLC
LogD and greater free fraction in plasma). The most potent com-
pound, [11C]10, provided a very large signal in vivo, but was slow
to reach steady-state, making occupancy determinations less cer-
tain. We also studied several 11C-labeled analogs from the THPP
series (derived from HTS hit 2) in vivo in rhesus monkeys that
had in vitro profiles nearly identical to that of 8j; however, these
tracers uniformly displayed poor brain uptake for reasons that
are not completely understood. The uncertainty of translation from
in vitro predictions to in vivo behavior underscores the advantages
of having an embedded imaging chemist on a project team with
resources to study multiple promising compounds in vivo.17
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The synthetic route utilized to provide [11C]8j is highlighted in
Scheme 2.18 The 1-isopropoxyphthalimide intermediate 13 was
made via a three-step procedure starting with 11, and then cou-
pled via the one-pot procedure described in Scheme 1 to provide
benzyl-protected phenol 14. Removal of the benzyl group with
TMSBr in TFA with thioanisole provided the labeling precursor
15. Synthesis of [11C]8j was carried out in good yield with high
specific activity (>1 Ci/lmol) and purity using [11C]CH3I and
Cs2CO3 in DMF.

With a robust route available to access quantities of [11C]8j on
demand, we proceeded to study its utility for evaluating target
engagement of a leading series of PDE10A inhibitors in rat and rhe-
sus monkey brain. Figure 2 shows a summed PET image of [11C]8j
in rhesus monkey both at baseline and after a 15 mpk iv dose of the
PDE10A inhibitor THPP-1.12a The markedly reduced tracer
retention in the striatum after THPP-1 administration indicates
the ability of [11C]8j to determine PDE10A occupancy for this
structurally diverse PDE10A inhibitor. Similar results were
observed in the rat brain at baseline and after a 6 mpk i.v. dose
of THPP-1, as illustrated in Figure 3. A forthcoming publication
will demonstrate the usefulness of [11C]8j for determining
quantitative plasma exposure/PDE10A occupancy relationships in
both rat and rhesus monkey striatum, as well as provide data
that support the expectation that [11C]8j will also provide a
useful specific signal in humans.19,20

Importantly for our preclinical development program, a tritiated
version of 8j, [3H]8j, was found to be a useful tracer for establishing
a high-throughput, ex vivo occupancy assay in the rat, and future
publications from our group will demonstrate how this assay
allowed us to drive lead optimization efforts based on maximizing
PDE10A occupancy in the brain while minimizing plasma exposure.
It is important to note that, as illustrated in Figures 2 and 3, [11C]8j
is able to determine PDE10A occupancy of compounds from series
that are structurally diverse from the tracer itself. In fact, during
the course of our program, we have investigated the ability of
[11C]8j and [3H]8j to determine plasma/occupancy correlations
across many structurally diverse series of PDE10A inhibitors,
including the THPPs, leads derived from ALIS hit 3 and fragment
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Figure 4. X-ray of 8j in the PDE10A enzyme active site. Key residues and hydrogen-
bonding interactions are highlighted.
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hit 4, as well as MP-10 itself; in every case, the tracer allowed us to
determine plasma/PDE10A occupancy relationships and enable
cross-compound, cross-series and cross-species comparisons.

The ability of [11C]8j to determine occupancy across multiple
series of PDE10A inhibitors can be readily explained by examining
the X-ray crystal structure of 8j bound to the PDE10A catalytic core
domain as shown in Figure 4.21 As expected, the tracer binds in the
active site and forms direct interactions with key active site resi-
dues: One phthalimide oxygen is engaged in a hydrogen bonding
interaction (dN–O = 3.2 Å) with the conserved Gln 716, the phthal-
imide aryl group engages in a p-stacking interaction with Phe
719, and the quinazolinone ring fills the PDE10A ‘selectivity
pocket’ with the nitrogen at the 1-position of the ring engaged in
a hydrogen-bonding interaction (dN–O = 2.7 Å) with Tyr-683.
Notably, all reported PDE10A inhibitors have been found to bind
in this same region of the enzyme and make at least two of these
three key interactions, nicely explaining the utility of 8j to enable
occupancy measurement across many diverse series of PDE10A
inhibitors.

Based on the results of in vitro and in vivo studies, some of
which were shown herein, as well as additional favorable charac-
teristics such as safety, selectivity, pharmacokinetics, metabolism
profile, and pharmaceutical properties, [11C]8j was selected for
development as a target engagement biomarker to support devel-
opment of PDE10A inhibitors and identified as [11C]MK-8193.
Forthcoming reports will provide a more detailed characterization
of the in vitro and in vivo behavior of this tracer, and demonstrate
how it was used to drive our lead optimization program.
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