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Abstract There is an accumulating body of evidence implicating the muscarinic acetylcholine receptor

4 (M4) in schizophrenia and dementia with Lewy bodies, however, a clinically validated M4 positron

emission tomography (PET) radioligand is currently lacking. As such, the aim of this study was to

develop a suitable M4 PET ligand that allows the non-invasive visualization of M4 in the brain.

Structureeactivity relationship studies of pyrazol-4-yl-pyridine derivates led to the discovery of target

compound 12 — a subtype-selective positive allosteric modulator (PAM). The radiofluorinated analogue,

[18F]12, was synthesized in 28 � 10% radiochemical yield, >37 GBq/mmol and an excellent radiochem-

ical purity >99%. Initial in vitro autoradiograms on rodent brain sections were performed in the absence

of carbachol and showed moderate specificity as well as a low selectivity of [18F]12 for the M4-rich stria-

tum. However, in the presence of carbachol, a significant increase in tracer binding was observed in the

rat striatum, which was reduced by >60% under blocking conditions, thus indicating that orthosteric

ligand interaction is required for efficient binding of [18F]12 to the allosteric site. Remarkably, however,

the presence of carbachol was not required for high specific binding in the non-human primate (NHP) and

human striatum, and did not further improve the specificity and selectivity of [18F]12 in higher species.

These results pointed towards significant species-differences and paved the way for a preliminary PET

study in NHP, where peak brain uptake of [18F]12 was found in the putamen and temporal cortex. In

conclusion, we report on the identification and preclinical development of the first radiofluorinated M4

PET radioligand with promising attributes. The availability of a clinically validated M4 PET radioligand

harbors potential to facilitate drug development and provide a useful diagnostic tool for non-invasive im-

aging.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. 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/).
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1. Introduction

Muscarinic acetylcholine receptors (mAChRs) belong to the su-
perfamily of G-protein-coupled receptors (GPCRs) and mediate
signal transduction of the endogenous neurotransmitter acetyl-
choline (ACh) in both the central and peripheral mammalian
nervous system1e3. To date, five distinct mAChR subtypes,
denoted M1 to M5, have been described4. While M1, M3 and M5

predominantly couple to GPCR’s via the Gq protein alpha subunit
(Gq/11), M2 and M4 preferentially facilitate signal transduction
though the Gi and Go protein alpha subunits (Gi/o)

5. Accordingly,
the activation of M2 and M4 by ACh globally leads to an inhibition
of adenylyl cyclase, followed by reduction of cyclic AMP (cAMP)
formation6,7. Owing to the broad implications of M4 receptors in
central nervous system (CNS)-related pathologies, including
Alzheimer’s disease (AD)8,9, schizophrenia10,11 and dementia with
Lewy bodies (DLB)12, M4 activation via synthetic agonists has
proven to be of high therapeutic value. Further, potential links
between M4 receptors and behavioral disorders such as alcohol
use disorder13 and cocaine self-administration have been recently
observed in rodents14.

Previous studies revealed that muscarinic M4 receptors are
markedly expressed in the mammalian brain, with high abundan-
cies in the striatum, thalamus and cortex15e18. Notably, consider-
able species differences have been described for the localization
and structure of M4

7,19e21, explaining the variability of binding
affinities for some synthetic M4 ligands across different spe-
cies22,24. Strenuous drug development efforts prompted the dis-
covery of several M4 agonists, however, due to the high degree of
structural homology among the orthosteric site of the different
mAChR subtypes, the identification of an orthosteric M4-selective
ligand has proven challenging23e26. An important breakthrough in
M4-targeted drug development was achieved with the discovery of
the first generation of selective PAMs that included LY2033298 and
VU010010 . These PAMs elicit pharmacological activity by
enhancing the binding affinity or functional activity of ACh to-
wards M4

27,28. Notwithstanding the high affinity and selectivity of
VU010010 for M4 receptors, its further development was plagued
by solubility issues and P-glycoprotein (P-gp) efflux in vivo29.
Other derivatives of the same series include, but are not limited to,
VU0152099 and VU0152100 (ML108)30e33, VU046715434,35,
VU0409524 (ML293)36, VU600091837, VU044808838,
VU602841839 as well as VU0467485 (AZ13713945)40 (Fig. 1), but
clinical trials with these compounds have not been reported to date.
Indeed, M4-selective targeted therapy is far from routine clinical
use and the majority of reported ligands were plagued by inap-
propriate bioavailability and CNS exposure, high P-gp efflux lia-
bility, species variability, and poor metabolic stability or selectivity
for M4. This has, at least in part, been attributed to the lack of
appropriate tools for target engagement studies in vivo.

Positron emission tomography (PET) is a powerful non-invasive
imaging modality that allows real-time quantification of
biochemical processes. As such, the availability of an appropriate
M4 PET ligand can facilitate the development of M4-targeted
compounds via receptor occupancy assessment in living subjects.
While numerous therapeutic ligands have been reported, the
development of M4 PET radioligands is lagging behind. We
recently reported on the synthesis and biological evaluation of
[11C]VU0467485, as well as two other carbon-11 labeled de-
rivatives bearing an additional fluorine atom at different positions
of the phenyl moiety41. Despite obtaining some degree of specific
binding by in vitro autoradiography, this class of compounds was
deemed unsuitable for in vivo applications due to low brain up-
take41. Similarly, radiofluorination of the 1,3-dihydro-pyrrolopyr-
idine, M4R-1911, yielded a PET radioligand with poor
bloodebrain barrier (BBB) penetration42. Recently, Tong et al.43

disclosed the preclinical evaluation of the first promising M4-tar-
geted probe, codenamed [11C]MK-6884, that was based on a

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Selected muscarinic acetylcholine receptor subtype 4 (M4) ligands.
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pyrazol-4-yl-pyridine core structure and exhibited good brain up-
take and M4-specific signal in rhesus monkey PET. Nonetheless,
the relatively short physical half-life of [11C]MK-6884 confines its
Scheme 1 Reagents and conditions: (i) 2 equiv. MsCl, 4.4 equiv. Et3N,

equiv. NaH (60%), DMF, room temperature to 60 �C, 3 h, 75%; (iii) 1.2 eq

dioxane/H2O (3/1), room temperature, 10 min, 100 �C, 3 h, 53% for 6a, 65%

Cl2, 3 equiv. K2CO3, 1,4-dioxane/H2O (3/1), room temperature, 10 min, 10

NaH, THF, room temperature to 60 �C, 4 h, 2 equiv. ICH2CH2F for 12, 39

mol) Pd(dtbpf)Cl2, 3 equiv. K2CO3, THF/H2O (3/2), room temperature, 1

bis(diphenylphosphino)ferrocene; dtbpf, 1,10-bis(di-tert-butylphosphino)fe
use to nuclear medicine facilities with an on-site cyclotron and the
availability of a suitable radiofluorinated analogue with improved
image quality as well as longer physical half-life is warranted.
EtOAc, 0 �C to room temperature, 30 min, 95%; (ii) 1.5 equiv. 3, 1.8

uiv. 5a, 5b or 5c, 20% (mol/mol) Pd(dppf)Cl2, 2.5 equiv. K2CO3, 1,4-

for 6b, 41% for 6c; (iv) 1.2 equiv. 7a or 7b, 20% (mol/mol) Pd(dtbpf)

0 �C, 3 h, 64% for 8, 66% for 9, 53% for 10, 26% for 11; (v) 1.7 equiv.

%, 2 equiv. ICH2CH2CH2F for 13, 37%; (vi) 1.2 equiv. 7a, 20% (mol/

0 min, 60 �C, 5 h, 28%. DMF, N,N-dimethylformamide; dppf, 1,10-
rrocene; THF, tetrahydrofuran.



Figure 2 Allosteric binding properties of pyrazol-4-yl-pyridine compounds 8e13 at the hM4 mAChR. (A) Radioligand binding experiments

using CHO cells stably expressing the hM4 in the presence of a KD concentration of the radiolabeled antagonist [3H]NMS (w0.1 nmol/L,

increasing concentrations of ACh with or without increasing concentrations of 8e13. (B) Affinity parameters and (C) cooperativity parameters of

pyrazol-4-yl-pyridine compounds obtained using the ATCM [Eq. (1)]. Values represent the mean � SEM obtained from three experiments

conducted in duplicate (total n Z 6).
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Here, we present the synthesis and pharmacological evaluation
of a new series of pyrazol-4-yl-pyridine-based M4-selective li-
gands, of which a radiofluorinated probe was developed that al-
lows satellite distribution and broadens the scope of PET-guided
ligand development in the field44.

2. Results and discussion

2.1. Chemistry

Based on a set of previously reported pyrazol-4-yl-pyridines, that
exhibited potential as positive allosteric modulators of M4

muscarinic acetylcholine receptors45, we designed a focused li-
brary of small molecules that were amenable for carbon-11 or
fluorine-18 labeling. Initial attempts to introduce a cyano moiety
at the final step to allow structural modification at the pyridine
ring via route B failed to afford the desired target compound 8
(Scheme 1). Along this line, we envisioned to synthesize target
compound 8 via route A. Given that route A readily afforded
target compound 8, this route was deemed more suitable for the
synthesis of target compounds 9e13. As depicted in Scheme 1
(route A), a mesylate leaving group was installed to alcohol 1
by reacting it with MsCl in the presence of Et3N, affording
cyclopentylmethyl methanesulfonate 2 in 95% chemical yield.
Subsequent N-alkylation of pyrazole boronic ester with compound
2 gave boronic ester 4 in 75% yield. Stepwise Suzuki coupling
reactions afforded pyrazol-4-yl-pyridines 8e11. In particular, the
palladium catalyzed cross coupling between bromide 5a or 5b and
boronic acid ester 4 led to the formation of compounds 6a and 6b
in 53% or 65% yield, respectively. Similarly, palladium catalyzed
cross coupling reaction of 6a and 6b with boronic acid ester 7a or
7b, respectively, afforded target compounds 8e11 in chemical
yields ranging from 26% to 66%.

It is worth mentioning that the electron-withdrawing cyano
moiety of pyridine 5a, as compared to the methyl substituent in
pyridine 5b, led to an improved oxidative addition with palla-
dium catalyst during coupling reactions, thus providing superior
overall yields for the synthesis of target compounds 8 and 9, as
compared to 10 and 11. Notably, pyrazol-4-yl-pyridine de-
rivatives 9 and 11 were prepared in reasonable yields without
protection of the NeH moiety. As for the fluorinated analogs, N-
alkylation of amide 9 gave fluoroethyl derivative 12 and fluo-
ropropyl analog 13, respectively. In summary, target compounds
8e13 were obtained via route A (Scheme 1) from commercially
available cyclopentylmethanol in 4e5 steps with overall yields of
7%e18%.

2.2. Pharmacology

Novel pyrazol-4-yl-pyridine compounds were first investigated in
radioligand binding against [3H]NMS at the human M4, in order to
quantify the affinity of these compounds for the allosteric site,
pKB, and their binding cooperativity with the endogenous ligand
ACh, logaACh, as an indication of strength and direction of
modulation with the natural hormone for the receptor (Fig. 2A).
As expected, increasing concentrations of analogues 8e13
induced a strong leftward shift of the affinity binding inhibition
curve of ACh at the M4, validating all pyrazol-4-yl-pyridine
compounds as PAMs. Using an allosteric ternary complex model
to analyze the data [Eq. (1)], we estimated pKB values ranging
between 6.3 and 6.5, and that PAM binding is able to induce
w25e50-fold increase in the affinity of ACh for the orthosteric



Figure 3 Allosteric functional properties of pyrazol-4-yl-pyridine 8e13 at the hM4. (A) ACh-mediated [35S]-GTPgS accumulation binding

curves in absence or presence of increasing concentrations of pyrazol-4-yl-pyridine compounds. (B) Efficacy cooperativity parameters and (C)

efficacy parameters of pyrazol-4-yl-pyridine compounds obtained using the operational model of allosterism [Eq. (2)]. Values represent the

mean � SEM obtained from three experiments conducted in duplicate (total n Z 6).
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site, logaACh Z 1.38e1.74 (Fig. 2B and C). Compared against
each other, the binding affinity and binding cooperativity with
ACh, of pyrazol-4-yl-pyridine compounds 8e13 were not statis-
tically significant from each other, suggesting that the subtle
chemical modifications around the core of the M4 PAMs were
neither affecting the ability of each compound to recognize and
interact with the allosteric site of the M4, nor influencing their
allosteric transmission properties. Interestingly, all pyrazol-4-yl-
pyridine compounds displayed strong negative binding allosteric
properties with the radiolabeled antagonist [3H]NMS, as seen by a
dramatic depression in the [3H]NMS specific binding with
increasing concentrations of M4-PAMs. This is undoubtedly
Table 1 Pharmacological parameters of pyrazol-4-yl-pyridine 8e13

experiments conducted in duplicate.

Parameters 8 9 10

pKB
a 6.4 � 0.1 6.5 � 0.1 6.5 � 0

LogaACh
b 1.7 � 0.3 1.7 � 0.2 1.6 � 0

LogabACh
c 1.9 � 0.2 2.0 � 0.1 2.0 � 0

LogbACh
d 0.1 � 0.3 0.4 � 0.3 0.4 � 0

Logte 0.3 � 0.0 0.4 � 0.0 0.7 � 0

aNegative logarithm of the equilibrium dissociation constant of M4-PAM
bLogarithm of the binding (a) cooperativity factor between M4-PAMs an
cLogarithm of the operational functional (ab) cooperativity factors betw
dLogarithm of the activation (b) cooperativity factors between ACh and
eLogarithm of the operational efficacy parameter of M4-PAMs as alloste
fSignificantly different (P < 0.05) from logaACh values as determined b
consistent with the fact that 8e13 stabilize a conformation of M4

that is favorable for agonists to bind and therefore, less preferable
for an antagonist such as N-methylscopolamine, inherently
reducing its binding capability. In order to assess the mode of
action of pyrazol-4-yl-pyridines 8e13 at a signaling level, we
decided to investigate their allosteric properties in a functional
assay, proximal to Gi/o coupled receptor interaction, using the
[35S]-GTPgS accumulation binding assay.

As anticipated, all six analogues were able, in a concentration
dependent manner, to promote a strong leftward shift of the ACh-
mediated concentration-response curve (Fig. 3A), consistent with
the PAM effect observed in radioligand binding (Fig. 2A). In
at the hM4. Values represent the mean � SEM obtained from three

11 12 13

.2 6.3 � 0.1 6.4 � 0.1 6.4 � 0.1

.2 1.4 � 0.2 1.4 � 0.1 1.6 � 0.2

.2 1.9 � 0.2 2.5 � 0.1f 2.4 � 0.2f

.2 0.5 � 0.3 1.1 � 0.2 0.8 � 0.2

.0 0.5 � 0.0 0.5 � 0.0 0.6 � 0.0

s.

d ACh.

een ACh and M4-PAMs.

M4-PAMs, determined by subtracting (a) from the (ab) parameters.

ric agonists.

y a multiple unpaired t-test.



Figure 4 Acetylcholine receptor M4 Tango assay for target compounds 8e13.

Scheme 2 Synthesis of tosylate precursor 14 for radiofluorination.

(i) 1.2 equiv. NaH, 2 equiv. TsOCH2CH2OTs, DMF, room temperature

to 60 �C, 2 h, 40%.
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addition to the leftward shift, we also noted a significant increase
in the baseline activity, validating 8e13 as ago-PAMs, meaning
these pyrazol-4-yl-pyridine compounds can directly activate the
M4 from the allosteric site. Using an operational model of allos-
terism to fit the data [Eq. (2)], we were able to quantify the
functional cooperativity of 8e13 with ACh, logACh, and the de-
gree of agonism, logt (Table 1). Whilst the novel M4-PAMs dis-
played similar efficacy in mediating [35S]GTPgS accumulation
Table 2 Optimization of reaction conditions for the synthesis of [18

Entry Solventa T (�C) Subst.

1 CH3CN 120 2

2 DMF 120 2

3 DMF 120 2

4 DMF 120 2

5 DMF 120 2

6 tBuOH/MeCN 100 2

7 tBuOH/MeCN 100 3

8 tBuOH/MeCN 80 3

9 tBuOH/MeCN 120 3

a0.4 mL, tBuOH/MeCN Z 0.35/0.05 for entries 6e9.
bIncorporation yield and product identity were determined by radio-TLC

indicated in bold.
binding (Fig. 3C), differences in their ability to modulate the ef-
ficacy of ACh were observed. In particular, compound 12, in
addition to increasing the binding property of ACh (Fig. 2A), also
noticeably increased the endogenous ligand’s efficacy, as
determined when calculating logbACh in that pathway (Fig. 3B,
Table 1).

We next evaluated target compounds 8e13 in a functional
Tango assay and compared their ability to induce signal trans-
duction via protease-tagged b-arrestin recruitment to that of the
commercially available M4 agonist, carbachol (Fig. 4). In concert
with the radioligand binding assays, we observed that all target
compounds exhibited considerable M4 activity, with EC50 values
ranging from 33 to 202 nmol/L. While target compounds 8e13
were more potent than carbachol, we observed that compounds
carrying a cyano moiety at the pyridine core generally exhibited
an improved potency, as compared to their methylated analogues.
Similarly, substitution of the hydrogen atom of the lactam func-
tionality by a methyl group or a fluoroalkyl chain slightly
improved potency. Notably, compound 12 showed the highest
potency towards M4 in the Tango assay and was selective over
F]12.

(mg) Base (mg) RCC (%)b

K2CO3/K222 (2/10) 1 � 0 (n Z 2)

K2CO3/K222 (2/10) 12 � 2 (n Z 2)

TEAB (2) 7 � 3 (n Z 2)

KHCO3/K222 (2/10) 3 � 3 (n Z 2)

TBAOMs (2) 11 � 1 (n Z 2)

TBAOMs (3) 80 � 16 (n Z 2)

TBAOMs (3) 91 ± 1 (n Z 2)

TBAOMs (3) 59 � 8 (n Z 2)

TBAOMs (3) 77 � 1 (n Z 2)

and radio-HPLC, respectively. The optimal conditions (entry 7) are



Figure 5 In vitro autoradiography of [18F]12 on rodent, non-human primate (NHP) and human brain tissue sections. (A) Representative autora-

diograms of the rat brain in the presence and absence of orthosteric agonist, carbachol. Blocking was performed using an excess of non-radioactive

compound 11 (10 mmol/L). Striatal regions were delineated and highlighted with an arrow. Quantification of the radioactive signal is presented for

the striatum and in the presence of carbachol. (B) Representative autoradiograms of themouse brain in the presence and absence of orthosteric agonist,

carbachol. Blockingwas performedusing an excess of non-radioactive compound11 (10mmol/L). Striatal regionswere delineated andhighlightedwith

an arrow. Quantification of the radioactive signal is presented for the striatum and in the presence of carbachol. (C) Comparison of specificity values for

rodents in the presence and absence of carbachol. (D) Regional binding pattern in the rat brain. (E)Representative autoradiograms of theNHPbrain and

quantification of the radioactive signal. Blocking was performed using an excess of non-radioactive compound 11 (10 mmol/L). (F) Representative

autoradiograms of the human putamen and quantification of the radioactive signal. Blocking was performed using an excess of non-radioactive

compound 11 (10 mmol/L). (G) Comparison of specificity values for primates in the presence and absence of carbachol.
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other muscarinic acetylcholine receptor subtypes, including M1,
M2, M3 and M5 (Supporting Information). Based on the overall
pharmacology data, tri-substituted pyridine 12 was deemed most
suitable for biological evaluation as a PET radioligand. While the
structure of the previously reported carbon-11 labeled analog,
[11C]MK-6884, proved suitable for in vivo imaging, introduction
of a fluorine-bearing side chain led to an increase of lipophilicity.
As such, we used a less lipophilic pyrazole substituent to reverse
the anticipated increase in lipophilicity induced by the fluoroalkyl
side chain, with the aim improve in vivo brain uptake.
2.3. Radiochemistry

Based on the favorable binding affinity and selectivity, target
compound 12 was selected for radiofluorination and biological
evaluation as an M4-selective PET radioligand. Accordingly,
tosylate precursor 14 for radiofluorination was prepared via N-
alkylation of lactam 9 with ethylene ditosylate (Scheme 2).
Initially, attempts to synthesize [18F]12 were conducted in MeCN
in the presence of K2CO3 at 120

�C (Table 1, entry 1). However,
these conditions yielded a poor radiochemical conversion (RCC)
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of 1%, as confirmed by radio-TLC. When DMF was used instead
of MeCN, in combination with other bases such as TEAB,
KHCO3 and TBAOMs, marginal improvements in RCC were
obtained (Table 2, entries 2e5).

Notably, the addition of tBuOH as a co-solvent with MeCN
ultimately resulted in a substantial increase in RCC, as evidenced
for entries 6e9 in Table 2.

Further optimization revealed that an amount of 3 mg pre-
cursor, alongside a reaction temperature of 100 �C constituted the
optimal condition for the radiofluorination of precursor 14,
yielding an RCC of 91% (Table 1, entry 7). Overall, precursor 14
(3 mg) was reacted with [18F]fluoride in the presence of TBAOMs
(3 mg) at 100 �C for 10 min to yield [18F]12 in an average of
28 � 10% decay-corrected RCY based on starting [18F]fluoride at
the end-of-synthesis (60 min synthesis time) with >99% radio-
chemical purity (n Z 3). The molar activity was greater than 1 Ci/
mmol (37 GBq/mmol).

2.4. In vitro autoradiography

Initial in vitro autoradiography studies were conducted with rodent
brain tissue sections. Of note, previous reports have shown that
agonist binding to the orthosteric binding site of mAChRs can
affect the binding properties of the respective PAMs—an obser-
vation that was termed probe dependence26. Accordingly, we
conducted autoradiographic experiments in the presence and in the
absence of the commercially available orthosteric M4 agonist,
carbachol. [18F]12 exhibited M4-specific binding on rodent brain
sections, which was significantly enhanced in the presence of
carbachol in rodents (Fig. 5AeD). Indeed, the degree of specific
binding increased from 32.6% to 65.4% in rats and from 17.4% to
65.7% in mice (P < 0.001 for both species, Fig. 5C), respectively,
in the presence of carbachol. In concert with reported M4

expression patterns, binding of [18F]12 to distinct rat brain regions
by in vitro autoradiography revealed highest binding in the stria-
tum, followed by the thalamus and cortex, while uptake in the
cerebellum was lowest (Fig. 5D). The latter findings indicate a
high selectivity of the probe to the brain regions that exhibit high
M4 abundancy. To assess the utility of [18F]12 in higher species,
Figure 6 Representative PET/MRI images of the non-human prima

assignment was performed based on the acquired MRI image and an overla

presented in transverse, sagittal and coronal view (left to right). White arro

Hip, hippocampus; PFC, prefrontal cortex; Pon, pons; Str, striatum; TPC,
we conducted in vitro autoradiography studies on NHP whole
brain tissue and human post-mortem sections of the putamen, in
the presence and absence of carbachol. Notably, we found that
specificity values > 40% were obtained without carbachol, and
that carbachol addition did not further improve tracer binding to
NHP and human M4 receptors (Fig. 5EeG). Interestingly, on NHP
autoradiograms, carbachol addition seemed to reduce the degree
of tracer specificity, underlining the importance to account for
species-differences in M4-targeted drug and tracer development.

2.5. PET experiments

We next performed PET imaging in non-human primates.
Following injection of [18F]12, PET and MRI images were ac-
quired (Fig. 6). M4-rich brain regions such as the putamen and
temporal cortex were delineated in the PET image, as shown by
the arrows in Fig. 6B. Tracer uptake was highest in the putamen
and cortical regions, including the temporal and prefrontal cortex.
Nonetheless, the overall brain uptake of [18F]12 was lower than
expected and potential underlying causes may constitute tracer
efflux by P-gp proteins that are located at the bloodebrain barrier,
which can be circumvented by co-administration of a P-gp in-
hibitor. Although the striatum was delineated from the image, it
should be noted that the limited general brain uptake and pre-
liminary nature of the non-human primate studies constitute a
limitation of the present study. Of note, however, previous reports
unveiled that [11C]MK-6884 peak striatal uptake was higher in
humans (peak striatal SUV ca. 2.5)46 than in rhesus monkeys
(peak striatal SUV ca. 1.2)43, which points towards improved
tracer inflow for this class of compounds in the human brain and
warrants similar studies with [18F]12. Further, initial tracer inflow
and peak SUV in rhesus monkeys were comparable between [11C]
MK-6884 and [18F]12, thus indicating similar bloodebrain barrier
permeability. Indeed, peak striatal SUVs in rhesus monkeys were
on average 1.1 for [18F]12, which was comparable to that of [11C]
MK-6884 and is in concert with the structural and physicochem-
ical similarities of the two compounds. However, [18F]12 exhibi-
ted a substantially faster washout from the brain, as compared to
[11C]MK-6884, indicating a lower dissociation rate constant for
te (NHP) brain following administration of [18F]12. (A) Regional

y was used to define the regions of interest. (B) Averaged PET images

ws show the striatum, prefrontal and temporal cortex. Cer, cerebellum;

temporal cortex.
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[11C]MK-6884 towards the allosteric M4 binding site. It is envi-
sioned that future studies will reveal the extent to which [18F]12
can be used for M4-targeted receptor mapping in higher species.
Notwithstanding the encouraging findings from cross-species
autoradiographic studies, several challenges remain to be
addressed in assessing the potential of [18F]12 for clinical use.
First, future studies will aim at establishing the utility of [18F]12
for in vivo target engagement studies, which can be conducted by
doseeresponse studies with validated M4 ligands. Second, given
(1) that previous reports on [11C]MK-6884 showed higher peak
striatal uptake in humans than in rhesus monkeys, the question
arises whether the structurally similar radiofluorinated probe, [18F]
12, may as well exhibit a higher brain exposure in humans, as
compared to non-human primates. Third, it remains unclear
whether [18F]12 is sensitive to changes in M4 abundancy under
neurodegenerative conditions. While M4 is heavily implicated in
Alzheimer’s disease (AD), the development of subtype-selective
modulators has proven challenging. The availability of suitable
PET probes for non-invasive target engagement studies holds
promise to substantially facilitate the development of effective AD
therapies.

3. Conclusions

In the past few years, we have witnessed a substantial progress in
our understanding of the structure and biology of M4. Indeed, M4

has emerged as a valuable target in schizophrenia and dementia
with Lewy bodies. While therapeutic ligands have advanced to
clinical trials, the development of a suitable probe for non-invasive
imaging in humans is lagging behind. In this work, we report on the
identification and preclinical development of a radiofluorinated
M4-targeted probe that proved to be specific and selective over the
other muscarinic receptor subtypes across different species by
in vitro autoradiography experiments. Our findings highlighted that
species-differences are critical, particularly with regard to the ef-
fects of orthostatic M4 ligand binding on the allosteric binding site.
While our probe, [18F]12, did not require orthosteric agonist
binding in higher species, the interaction of carbachol with M4

substantially improved the specificity and selectivity of [18F]12 to
the allosteric site in rodents. M4-rich brain regions such as the
putamen and temporal cortex were successfully delineated using
PET/MRI in non-human primates, suggesting that the probe is
sensitive to the high M4 expression in those regions. Further studies
in healthy NHP and disease models are warranted to assess the
utility of [18F]12 for human application in M4-related pathologies.
A clinically validated M4 PET radioligand would not only facilitate
drug development programs by means of target engagement ex-
periments, but also provide an opportunity for subtype-selective M4

receptor studies in patients. In the era of precision medicine,
innovative diagnostic tools harbor enormous potential to deliver the
best possible care for the individual patient.

4. Experimental

All the chemicals employed in the syntheses were purchased from
commercial vendors and used without further purification. Thin-
layer chromatography (TLC) was conducted with 0.25 mm silica
gel plates (60F254) and visualized by exposure to UV light
(254 nm) or stained with potassium permanganate. Flash column
chromatography was performed using silica gel (particle size
0.040e0.063 mm). Nuclear magnetic resonance (NMR) spectra
were obtained on a Bruker spectrometer 300 MHz. Chemical
shifts (d) are reported in ppm and coupling constants are reported
in Hertz. The multiplicities are abbreviated as follows: s, singlet;
d, doublet; t, triplet; q, quartet; quint, quintet; sext, sextet; sept,
setpet; m, multiplet; br, broad signal; dd, doublet of doublets.
Animal experiments were approved by the Institutional Animal
Care and Use Committee of Massachusetts General Hospital. CD1
mice (8 weeks, 20e25 g) were kept on a 12 h light/12 h dark cycle
and were allowed food and water ad libitum.

4.1. Chemistry

4.1.1. Preparation of cyclopentylmethyl methanesulfonate (2)
MsCl (20 mmol) was added dropwise to a solution of NEt3
(44 mmol) and 1 (10 mmol) in ethyl acetate (20 mL) at 0 �C. The
mixture was stirred at ambient temperature for 30 min. Then
H2O (20 mL) was added and the mixture was extracted with
ethyl acetate (2 � 20 mL). The combined organic layers were
washed with H2O (20 mL) brine (20 mL), dried over Na2SO4,
and concentrated under reduced pressure. The residue could be
used in the next steps without extra purification. Compound 2
was prepared in 95% yield as a light-yellow oil. 1H NMR
(300 MHz, CDCl3) d 4.08 (d, J Z 7.1 Hz, 2H), 2.98 (s, 3H),
2.41e2.17 (m, 2H), 1.85e1.70 (m, 2H), 1.64e1.51 (m, 2H),
1.35e1.18 (m, 2H).

4.1.2. Preparation of 1-(cyclopentylmethyl)-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (4)
A solution of 3 (9 mmol) in DMF (5 mL) was added dropwise to a
solution of NaH (10.8 mmol, 60% suspension) in DMF (5 mL) at
0 �C. The mixture was stirred at ambient temperature for 30 min.
A solution of 2 in DMF (5 mL) was added dropwise to the mixture
and stirred at 60 �C for 3 h. The reaction was cooled to ambient
temperature and quenched with H2O (15 mL) on an ice bath. The
mixture was extracted with ethyl acetate (20 mL � 2). The
combined organic layers were washed with H2O (2 � 20 mL),
brine (20 mL), dried over Na2SO4, and concentrated under
reduced pressure. The residue could be used in the next steps
without extra purification. Compound 4 was prepared in 75%
yield as a colourless oil. 1H NMR (300 MHz, CDCl3) d 7.79 (s,
1H), 7.68 (s, 1H), 4.07 (d, J Z 7.5 Hz, 2H), 2.55e2.35 (m, 1H),
1.78e1.50 (m, 6H), 1.31 (s, 12H), 0.87e0.80 (m, 2H). 13C NMR
(75 MHz, CDCl3) d 144.63 (s), 136.14 (s), 83.32 (s), 56.77 (s),
40.56 (s), 30.21 (s), 24.90 (s), 24.75 (s).

4.1.3. Preparation of 3-chloro-4-(1-(cyclopentylmethyl)-1H-
pyrazol-4-yl)benzonitrile (6a)
Compound 4 (2.2 mmol) was added to a solution of 5-bromo-6-
chloropicolinonitrile (2.64 mmol), Pd(dppf)Cl2 (0.44 mmol) and
K2CO3 (5.5 mmol) in 1,4-dioxane (6 mL) and H2O (2 mL). The
mixture was stirred at ambient temperature for 10 min, and sub-
sequently at 100 �C for 3 h. The reaction was cooled to ambient
temperature and quenched with H2O (15 mL). The mixture was
extracted with ethyl acetate (3 � 20 mL). The combined organic
layers were washed with H2O (2 � 20 mL) brine (20 mL), dried
over Na2SO4, and concentrated under reduced pressure. The res-
idue was purified by chromatography on silica gel, elution being
carried out with a mixture of ethyl acetate and hexane (1:3).
Compound 6a was prepared in 53% yield as a light-yellow solid.
Melting point: 95e97 �C. 1H NMR (300 MHz, CDCl3) d 8.01 (s,
1H), 7.93 (d, J Z 7.9 Hz, 1H), 7.87 (s, 1H), 7.63 (d, J Z 7.9 Hz,
1H), 4.11 (d, J Z 7.5 Hz, 2H), 2.56e2.39 (m, 1H), 1.83e1.51 (m,
6H), 1.36e1.22 (m, 2H). 13C NMR (75 MHz, CDCl3) d 148.94
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(s), 138.83 (s), 137.30 (s), 132.81 (s), 129.84 (s), 129.57 (s),
127.26 (s), 116.14 (s), 115.83 (s), 57.58 (s), 40.63 (s), 30.25 (s),
24.96 (s).

4.1.4. Preparation of 2-chloro-3-(1-(cyclopentylmethyl)-1H-
pyrazol-4-yl)-6-methylpyridine (6b)
Compound 6b was prepared in a manner similar to that described
for 6a in 65% yield as a colorless oil. 1H NMR (300 MHz, CDCl3)
d 7.86 (s, 1H), 7.77 (s, 1H), 7.68 (d, J Z 7.8 Hz, 1H), 7.10 (d,
J Z 7.8 Hz, 1H), 4.09 (d, J Z 7.5 Hz, 2H), 2.58e2.39 (m, 4H),
1.82e1.53 (m, 6H), 1.37e1.21 (m, 2H). 13C NMR (75 MHz,
CDCl3) d 156.58 (s), 147.29 (s), 138.31 (s), 137.95 (s), 128.94 (s),
125.20 (s), 122.23 (s), 117.22 (s), 40.72 (s), 30.27 (s), 24.96 (s),
23.65 (s).

4.1.5. Preparation of 5-(1-(cyclopentylmethyl)-1H-pyrazol-4-
yl)-6-(2-methyl-3-oxoisoindolin-5-yl)picolinonitrile (8)
A mixture of 6a (0.4 mmol), 2-methyl-6-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)isoindolin-1-one (0.48 mmol), Pd(dtbpf)
Cl2 (0.08 mmol) and K2CO3 (1.2 mmol) in 1,4-dioxane (1.5 mL)
and H2O (0.5 mL) was stirred at ambient temperature for 10 min,
then 100 �C for 3 h. The reaction was cooled to ambient tem-
perature and quenched with H2O (10 mL). The mixture was
extracted with ethyl acetate (3 � 15 mL). The combined organic
layers were washed with H2O (2 � 15 mL) and brine (15 mL),
dried over Na2SO4, and concentrated under reduced pressure. The
residue was purified by silica gel chromatography, elution being
carried out with ethyl acetate. Compound 8 was prepared in 64%
yield as a light-yellow solid. Melting point: 227e228 �C. 1H NMR
(300 MHz, CDCl3) d 7.88 (d, J Z 7.7 Hz, 2H), 7.67 (d,
J Z 8.0 Hz, 1H), 7.59 (d, J Z 7.7 Hz, 1H), 7.46 (d, J Z 7.8 Hz,
1H), 7.29 (s, 1H), 6.96 (s, 1H), 4.41 (s, 2H), 3.88 (d, J Z 7.5 Hz,
2H), 3.20 (s, 3H), 2.36e2.18 (m, 1H), 1.64e1.50 (m, 6H),
1.13e1.02 (m, 2H). 13C NMR (75 MHz, CDCl3) d 167.76 (s),
157.72 (s), 141.46 (s), 139.32 (s), 138.29 (s), 137.21 (s), 133.30
(s), 132.16 (s), 131.38 (s), 130.82 (s), 128.81 (s), 127.24 (s),
124.45 (s), 122.89 (s), 117.95 (s), 117.26 (s), 57.22 (s), 51.88 (s),
40.50 (s), 30.09 (s), 29.50 (s), 24.85 (s).

4.1.6. Preparation of 4-(1-(cyclopentylmethyl)-1H-pyrazol-4-
yl)-3-(3-oxoisoindolin-5-yl)benzonitrile (9)
Compound 9 was prepared in a manner similar to that described
for 8 in 66% yield as a yellow solid. Melting point: 184e185 �C.
1H NMR (300 MHz, CDCl3) d 7.86e7.95 (m, 2H), 7.72e7.63 (m,
2H), 7.54e7.46 (m, 2H), 7.33 (s, 1H), 6.97 (s, 1H), 4.51 (s, 2H),
3.90 (d, J Z 7.5 Hz, 2H), 2.35e2.22 (m, 1H), 1.68e1.49 (m, 6H),
1.14e1.04 (m, 2H). 13C NMR (75 MHz, CDCl3) d 171.00 (s),
157.58 (s), 144.09 (s), 139.32 (s), 138.27 (s), 137.34 (s), 132.84
(s), 132.47 (s), 131.34 (s), 130.92 (s), 128.82 (s), 127.27 (s),
124.71 (s), 123.48 (s), 117.94 (s), 117.24 (s), 57.21 (s), 45.62 (s),
40.53 (s), 30.08 (s), 24.86 (s).

4.1.7. Preparation of 6-(3-(1-(cyclopentylmethyl)-1H-pyrazol-
4-yl)-6-methylpyridin-2-yl)-2-methylisoindolin-1-one (10)
Compound 10 was prepared in a manner similar to that described
for 8 in 53% yield as a white solid. Melting point: 64e65 �C. 1H
NMR (300 MHz, CDCl3) d 7.90 (s, 1H), 7.63 (d, JZ 7.9 Hz, 1H),
7.52 (dd, J Z 7.8, 1.6 Hz, 1H), 7.36 (d, J Z 7.8 Hz, 1H), 7.22 (s,
1H), 7.14 (d, J Z 7.9 Hz, 1H), 6.85 (s, 1H), 4.36 (s, 2H), 3.84 (d,
J Z 7.5 Hz, 2H), 3.17 (s, 3H), 2.58 (s, 3H), 2.32e2.16 (m, 1H),
1.64e1.40 (m, 2H), 1.14e0.98 (m, 2H). 13C NMR (75 MHz,
CDCl3) d 168.22 (s), 156.27 (s), 155.47 (s), 141.39 (s), 140.37 (s),
138.14 (s), 137.31 (s), 133.01 (s), 132.45 (s), 128.14 (s), 124.68
(s), 124.30 (s), 122.30 (s), 122.22 (s), 119.39 (s), 56.95 (s), 51.83
(s), 40.60 (s), 30.06 (s), 29.43 (s), 24.85 (s), 24.23 (s).

4.1.8. Preparation of 6-(3-(1-(cyclopentylmethyl)-1H-pyrazol-
4-yl)-6-methylpyridin-2-yl)isoindolin-1-one (11)
Compound 11 was prepared in a manner similar to that described
for 8 in 26% yield as a white solid. Melting point: 55e56 �C. 1H
NMR (300 MHz, CDCl3) d 7.97 (s, 1H), 7.65 (d, JZ 7.9 Hz, 1H),
7.60 (dd, J Z 7.8, 1.5 Hz, 1H), 7.42 (d, J Z 7.7 Hz, 2H), 7.27 (s,
1H), 7.17 (d, J Z 7.9 Hz, 1H), 6.87 (s, 1H), 4.46 (s, 3H), 3.87 (d,
J Z 7.5 Hz, 3H), 2.60 (s, 3H), 2.38e2.18 (m, 1H), 1.70e1.45 (m,
6H), 1.20e0.99 (m, 2H). 13C NMR (75 MHz, CDCl3) d 171.49
(s), 156.38 (s), 155.36 (s), 143.03 (s), 141.41 (s), 138.17 (s),
137.42 (s), 133.12 (s), 132.21 (s), 128.18 (s), 124.92 (s), 124.31
(s), 122.90 (s), 122.27 (s), 119.39 (s), 56.98 (s), 45.48 (s), 40.63
(s), 30.07 (s), 24.87 (s), 24.24 (s).

4.1.9. Preparation of 5-(1-(cyclopentylmethyl)-1H-pyrazol-4-
yl)-6-(2-(2-fluoroethyl)-3-oxoisoindolin-5-yl)picolinonitrile (12)
A solution of 9 (0.13 mmol) in THF (1 mL) was added dropwise
to a solution of NaH (0.37 mmol, 60% suspension) in THF (1 mL)
at 0 �C. The mixture was stirred at ambient temperature for 1 h
ICH2CH2F (0.26 mmol) was added and the resulting mixture was
stirred at 60 �C for 4 h. The reaction was cooled to ambient
temperature and quenched with H2O (10 mL) at 0 �C. The mixture
was extracted with ethyl acetate (3 � 15 mL). The combined
organic layers were washed with H2O (2 � 15 mL) brine (15 mL),
dried over Na2SO4, and concentrated under reduced pressure. The
residue was purified by chromatography on silica gel, elution
being carried out with ethyl acetate. Compound 12 was prepared
in 39% yield as a white solid. Melting point: 155e156 �C. 1H
NMR (300 MHz, CDCl3) d 7.93e7.85 (m, 2H), 7.68 (d,
J Z 8.0 Hz, 1H), 7.63 (dd, J Z 7.8, 1.4 Hz, 1H), 7.48 (d,
J Z 7.8 Hz, 1H), 7.32 (s, 1H), 6.98 (s, 1H), 4.79e4.57 (m, 4H),
4.01e3.84 (m, 4H), 2.36e2.20 (m, 1H), 1.67e1.45 (m, 6H),
1.14e1.04 (m, 2H). 19F NMR (282 MHz, CDCl3) d �216.87 (tt,
J Z 47.4, 28.8 Hz). 13C NMR (75 MHz, CDCl3) d 167.83 (s),
157.60 (s), 142.08 (s), 139.38 (s), 138.28 (s), 137.28 (s), 132.67
(s), 132.56 (s), 131.33 (s), 130.90 (s), 128.78 (s), 127.25 (s),
124.65 (s), 122.99 (s), 117.94 (s), 117.24 (s), 83.30 (d,
J Z 168.8 Hz), 57.21 (s), 51.48 (s), 43.16 (d, J Z 19.8 Hz), 40.50
(s), 30.07 (s), 24.86 (s).

4.1.10. Preparation of 5-(1-(cyclopentylmethyl)-1H-pyrazol-4-
yl)-6-(2-(3-fluoropropyl)-3-oxoisoindolin-5-yl)picolinonitrile (13)
Compound 13 was prepared in a manner similar to that described
for 12 in 37% yield as a white solid. Melting point: 188e189 �C.
1H NMR (300 MHz, CDCl3) d 7.97e7.82 (m, 2H), 7.67 (d,
J Z 7.4 Hz, 1H), 7.60 (d, J Z 7.2 Hz, 1H), 7.47 (d, J Z 7.4 Hz,
1H), 7.28 (s, 1H), 7.01 (s, 1H), 4.65e4.43 (m, 4H), 3.93e3.72 (m,
4H), 2.41e2.24 (m, 1H), 2.21e2.01 (m, 2H), 1.65e1.50 (m, 6H),
1.15e1.03 (m, 2H). 19F NMR (282 MHz, CDCl3) d �216.71 (tt,
J Z 47.1, 26.2 Hz). 13C NMR (75 MHz, CDCl3) d 167.85 (s),
157.65 (s), 141.65 (s), 139.40 (s), 138.29 (s), 137.30 (s), 133.17
(s), 132.35 (s), 131.31 (s), 130.86 (s), 128.87 (s), 127.25 (s),
124.54 (s), 123.00 (s), 117.96 (s), 117.25 (s), 81.67 (d,
J Z 165.4 Hz), 57.23 (s), 50.38 (s), 40.49 (s), 39.28 (d,
J Z 5.3 Hz), 30.08 (s), 29.32 (d, J Z 19.7 Hz), 24.88 (s).
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4.2. Pharmacology

Materials: Chinese hamster ovary-FlpIn cells were obtained from
Invitrogen, hygromycin B was purchased from Roche Applied
Science (Indianapolis, IN). Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased from
Invitrogen (Carlsbad, CA) and ThermoTrace (Melbourne,
Australia), respectively. [3H]-N-methylscopolamine ([3H]-NMS;
72 Ci/mmol) and [35S]GTPgS (>1000 Ci/mmol) were purchased
from PerkinElmer Life Sciences (Boston, MA). Acetylcholine was
purchased from SigmaeAldrich (St. Louis, MO). Cell Cultur-
edFlpInCHO cells stably expressing the wild-type human
muscarinic acetylcholine M4 receptor (hM4 mAChR) were grown
in Dulbecco’s modified Eagle’s medium, supplemented with 5%
fetal bovine serum (FBS), and were used directly for intact cell
[3H]-NMS binding assays, or expended to generate membranes
preparations for [35S]GTPgS binding assays. Membrane prepa-
rationsdcells were grown until approximately 90% confluence
and harvested using 2 nmol/L EDTA in phosphate-buffered saline
(137 nmol/L NaCl, 2.7 nmol/L KCl, 4.3 nmol/L Na2HPO4, and
1.5 nmol/L KH2PO4; PBS). Cells were pelleted by centrifugation
at 1200�g for 10 min, and the pellets were resuspended in 30 mL
of buffer containing 20 nmol/L HEPES and 10 nmol/L EDTA at
pH 7.4. All subsequent steps were performed at 4 �C. The cell
suspension was homogenized using a Polytron homogenizer (PT
1200 CL; Kinematica, Basel, Switzerland), with two 10 s bursts
separated by cooling on ice for a minimum of 30 s. The cell ho-
mogenate was centrifuged at 1700�g for 5 min, and the super-
natant was transferred to new tubes and further centrifuged
(38,000�g, 90 min) in a Sorval centrifuge. The pellet
was resuspended in 10 mL of buffer (20 nmol/L HEPES and
0.1 nmol/L EDTA, pH 7.4) and briefly homogenized to ensure
uniform consistency. The protein concentration was determined by
the method of Bradford using bovine serum albumin as a standard.

Whole cell radioligand binding assays: FlpIn CHO cells stably
expressing the hM4 were plated at the density of 20,000 per well
of 96-well white clear bottom Isoplates (PerkinElmer Life Sci-
ences, Boston, MA), and grown overnight at 37 �C. The following
day, cells were washed twice with PBS, and incubated with
increasing concentrations of ACh in the presence or absence of
increasing concentrations of M4-PAMs, and [3H]-NMS
(w0.1 nmol/L) in a final volume of 200 mL. Atropine at the final
concentration of 10 mmol/L was used to determine non-specific
binding. The assays were terminated by rapid removal of the
radioligand, and two washes with 100 mL/well of ice-cold 0.9%
NaCl buffer. Radioactivity was determined by addition of 100 mL/
well MicroScint scintillation liquid (PerkinElmer Life Sciences,
Boston, MA), and counting in a MicroBeta plate reader (Perki-
nElmer Life Sciences, Boston, MA).

[35S]-GTPgS Binding Assay: Membrane homogenates (15 mg)
were equilibrated in a 500 mL total volume of assay buffer con-
taining 10 mmol/L guanosine 50-diphosphate and a range of con-
centrations of ACh (10 nmol/Le10 mmol/L in the absence or
presence of M4-PAMs (0.1e10 mmol/L) at 30 �C for 60 min. After
this time, 50 mL of [35S]-GTPgS (1 nmol/L) was added, and in-
cubation continued for 30 min at 30 �C. Incubation was termi-
nated by rapid filtration through Whatman GF/B filters using a
Brandell cell harvester (Gaithersburg, MD). Filters were washed
three times with 3 mL aliquots of ice-cold 0.9% NaCl buffer and
dried before the addition of 4 mL of Ultima Gold (PerkinElmer
Life Sciences, Boston, MA). Vials were then left to stand until the
filters became uniformly translucent before radioactivity was
determined in cpm using scintillation counting.

All computerized nonlinear regression was performed using
the program Prism 9.01 (GraphPad Software, San Diego, CA,
USA). Binding interaction studies between ACh and M4-PAMs
were fitted to the following allosteric ternary complex model Eq.
(1):
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where Bmax is the total number of receptors, [D], [B] and [I]
denote the concentrations of radioligand, allosteric ligand, and
orthosteric ligand, respectively, and KD, KB and KI represent their
respective equilibrium dissociation constants. a0 and a are the
cooperativity factors between the M4-PAMs and radioligand or
ACh, respectively. Values of a or a0 greater than 1 denote positive
cooperativity, values between 0 and 1 denote negative coopera-
tivity, and a value of 1 indicates neutral cooperativity.

Functional interaction studies between ACh and M4-PAMs in
[35S]-GTPgS binding assays were analyzed using the following
operational model of allosterism and agonism Eq. (2):

EZBasal

þ ðEmax �BasalÞð½A�ðKB þ abþ tB½B�½EC50� Þn
½EC50�nðKB þ ½B� Þn þ ð½A�ðKB þ ab½B� Þ þ tB½B�½EC50� Þn ð2Þ

where Emax is the maximal possible system response, and Basal is
the response in the absence of agonist. KB is the equilibrium
dissociation constant of allosteric ligand, and EC50 is the con-
centration of orthosteric agonist required to achieve half maximal
response. [A] and [B] denote concentrations of orthosteric and
allosteric ligands, respectively. a and b denote allosteric effects on
orthosteric ligand binding affinity and efficacy, respectively, and
tB denotes the efficacy of allosteric ligand.

Tango assays were performed as previously reported47.
Briefly, HEK293 cells stably, expressing a tTA-dependent
luciferase reporter and a b-arrestin2-TEV fusion gene, were
maintained in DMEM supplemented with 10% FBS, 2 mg/mL
puromycin, 100 mg/mL hygromycin B 100 U/mL penicillin and
100 mg/mL streptomycin in a humidified atmosphere at 37 �C in
5% carbon dioxide. Cells were then plated at 9 � 106 to
10 � 106 cells per 150-mm cell-culture dish for transfection.
The following day, cells were transfected and on Day 3, the
transfected cells were transferred in 50 mL of medium at 15,000
to 20,000 cells per well into poly-L-lysine-coated cell-culture
plates. On Day 4, test ligand solutions were prepared in filter-
sterilized assay buffer, consisting of 20 nmol/L HEPES and
1 � HBSS, pH 7.4, and 20 mL was added to each well. On Day
5, medium and drug solutions were removed from the wells,
whereas 20 mL per well of Bright-Glo solution (Promega)
diluted 20-fold in assay buffer was added to each well.
Following an incubation period of 15e20 min at room temper-
ature, luminescence was measured in a Trilux luminescence
counter. Results are presented as luminescence units (RLU).

4.3. Radiochemistry

[18F]Fluoride ions were generated in a cyclotron (18 MeV protons
and >98% enriched H2

18O) via the nuclear reaction of 18O(p,
n)18F. [18F]fluoride ions were purified using an anion-exchange
cartridge (Sep-Pak QMA Plus Light cartridge; Waters Cat. No.
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186004540), whereas the elution from the cartridge was conducted
with a solution of TBAOMs (3 mg) in MeOH (1 mL). After
evaporation of the MeOH at 110 �C with a helium flow (10 min), a
solution of tosylate precursor 14 (3 mg) in dry-MeCN/tBuOH (50/
350 mL) was added, and the reaction mixture was left at 100 �C for
10 min. After cooling to ambient temperature, water (10 mL) was
added and the resulting mixture passed through a Sep-Pak light
C18 (Waters Cat. No. WAT023501). The product was eluted with
acetonitrile (1 mL) and, following the addition of 2 mL water,
purified by HPLC (Waters XSelect HSS T3 OBD™ Prep Column,
5 mm, 10 mm � 250 mm) with a flow rate of 5 mL/min using a
mixture of acetonitrile/H2O (v/v Z 45/55, containing 0.1% NEt3).
The UV signal was monitored at a wavelength of 254 nm and the
radioactive [18F]12 fraction was collected. After dilution with
water (10 mL), the product was loaded onto an activated Sep-Pak
light C18 (Waters cat. No. WAT023501), washed with 10 mL of
water, and eluted with ethanol (0.5 mL). The final product was
formulated in saline (5% ethanol). Chemical and radiochemical
purity were assessed by analytical HPLC (XBridge, C18 column,
5 mm, 4.6 mm � 100 mm) with an eluent of CH3CN/H2O (45/55,
v/v) at a flow rate of 1.0 mL/min.

4.4. In vitro autoradiography

In vitro autoradiography was performed as previously reported
by our group48, however, with minor modifications. Briefly,
mouse, rat, NHP and human brain tissues were cryosectioned
into 20 mm sections and stored at �80 �C until the day of
experiment. Cryosections were preincubated in the assay buffer
(50 nmol/L Tris, pH 7.4) for 10 min at ambient temperature.
Following the addition of [18F]12, sections were incubated at
ambient temperature for 40 min. For blocking studies, non-
radioactive 11 was added to the assay buffer. After incubation,
brain sections were dipped in distilled water (3 � 5 s). All ex-
periments were conducted in the presence and in the absence of
carbachol. Brain sections were dried on air and subsequently
exposed imaging plates (BASMS2025, GE Healthcare, NJ,
USA) for 120 min. For quantification, ROIs were manually
drawn on the autoradiograms. The radioactivity was measured
on a Bio-Imaging analyzer system (BAS5000, Fujifilm) and
normalized to a reference region.

4.5. PET/MRI imaging

Two male rhesus monkeys (weight range 4.1e4.5 kg) underwent
PET scanning for 60 min with the head centered in the field of
view. The tracer solution containing [18F]12 (5.928e5.994 mCi,
0.36e0.77 mg) in saline were injected to the monkey via a flexible
percutaneous venous catheter. MRI was used for anatomical
orientation. PET images were reconstructed and analyzed with
PMOD (Zurich, Switzerland). Volumes of interest were defined
based on the brain region assignment by MRI. Decay-corrected
radioactivity is expressed as standardized uptake values (SUVs,
radioactivity per mL tissue)/(injected radioactivity) � body
weight.
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