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ABSTRACT: The P2Y12 receptor (P2Y12R) is uniquely expressed on microglia in the brain, and its
expression level directly depends on the microglial activation state. Therefore, P2Y12R provides a
promising imaging marker for distinguishing the pro- and anti-inflammatory microglial phenotypes,
both of which play crucial roles in neuroinflammatory diseases. In this study, three P2Y12R
antagonists were selected from the literature, radiolabeled with carbon-11 or fluorine-18, and
evaluated in healthy Wistar rats. Brain imaging was performed with and without blocking of efflux
transporters P-glycoprotein and breast cancer resistance protein using tariquidar. Low brain uptake in
healthy rats was observed for all tracers at baseline conditions, whereas blocking of efflux transporters
resulted in a strong (6−7 fold) increase in brain uptake for both of them. Binding of the most
promising tracer, [18F]3, was further evaluated by in vitro autoradiography on rat brain sections, ex vivo metabolite studies, and in
vivo P2Y12R blocking studies. In vitro binding of [18F]3 on rat brain sections indicated high P2Y12R targeting with approximately
70% selective and specific binding. At 60 min post-injection, over 95% of radioactivity in the brain accounted for an intact tracer. In
blood plasma, still 40% intact tracer was found, and formed metabolites did not enter the brain. A moderate P2Y12R blocking effect
was observed in vivo by positron emission tomography (PET) imaging with [18F]3 (p = 0.04). To conclude, three potential P2Y12R
PET tracers were obtained and analyzed for P2Y12R targeting in the brain. Unfortunately, the brain uptake appeared low. Future
work will focus on the design of P2Y12R inhibitors with improved physicochemical characteristics to reduce efflux transport and
increase brain penetration.
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■ INTRODUCTION

Microglia are the resident immune cells of the central nervous
system (CNS), and in the adult brain, they carry out
surveillance functions to maintain homeostasis.1−3 Microglia
are the first line of defense in the brain, and upon tissue injury
and infiltration of disease pathogens, microglia undergo cellular
activation. This activation is characterized by morphological
and functional changes including alteration in cell surface
receptors and cytokine and chemokine secretion.3 The
activation process is marked by the secretion of pro-
inflammatory cytokines and chemokines such as IL1β, IL-6,
and TNFα, together with nitric oxide reactive oxygen species.
In an acute event, the mounted neuroinflammation tends to
resolve when the damage is repaired, resulting in shifting of
microglia to an anti-inflammatory and reparative phenotype.
However, in neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, and multiple
sclerosis, but also after trauma, neuroinflammation tends to
become a chronic process that leads to a variety of microglia
phenotypes that contribute to excessive neuronal damage and
become a major driver of the disease.4−6 Since anti-
inflammatory microglia promote regeneration and repair
mechanism, numerous novel experimental therapies are
focusing on modulating microglia activation from a pro-

inflammatory phenotype to a resting or even anti-inflammatory
phenotype in order to harness their regenerative potential.7,8

Positron emission tomography (PET) is already used
clinically for imaging of neuroinflammation by targeting the
18 kDa translocator protein (TSPO), and development of
improved TSPO PET tracers is continuously ongoing.9

Although TSPO imaging has proven to image inflammation,
it has several limitations. TSPO is not specifically expressed on
microglia but also expressed on other cells in the brain such as
astrocytes and endothelial cells.10 Furthermore, TSPO over-
expression does not discriminate between pro- and anti-
inflammatory phenotypes. Finally, genetic polymorphisms and
the presence of low and high binders complicate PET data
interpretation. Therefore, PET tracers for more specific
biomarkers are essential.10,11 The next-generation PET tracers
for specifically imaging activated microglia in the pro-
inflammatory state bind to the P2X7 receptor. These tracers
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have recently been used for the imaging of activated microglia
in vivo in animal models and human multiple sclerosis
patients.12−19 Another purinergic receptor, P2Y12R, was
recently identified as a specific marker for the anti-
inflammatory phenotype.20 P2Y12R is a G-protein coupled
receptor that is uniquely expressed on microglia in the brain.21

P2Y12R has an ADP binding site at the extracellular domain, a
binding site to which many P2Y12R antagonists bind as
well.22,23 The selective downregulation of P2Y12R expression
on pro-inflammatory microglia and its upregulation on anti-
inflammatory microglia position P2Y12R as an attractive target
for PET tracer development.24 In fact, the first P2Y12R PET
tracer (Figure 1, compound 1) was already reported and
validated in vitro on both rat and human brain sections.20

However, the compound failed to enter the brain, thereby
limiting its use for in vivo brain imaging. The focus of the
current work is to develop brain penetrating P2Y12R PET
tracers. This effort would lead to having access to PET tracers
for imaging both the pro- and anti-inflammatory activation
states, which will contribute in better understanding of the role
of activated microglia during disease progression and in the
development of novel treatment strategies aiming at modulat-
ing the immune response in the brain.10,11 We selected two
leads from the patent literature, compounds 2 and 3, both of
which are high-affinity thienopyrimidine-based P2Y12R inhib-
itors, that allow for radiolabeling with either carbon-11 or
fluorine-18 (Figure 1).25,26 Compounds 2 and 3 have a

reported Ki value of 9 and 0.3 nM, respectively, as determined
in a competitive binding assay employing human P2Y12R-
transfected HEK cells and labeled 2-methylthio-adenosine-5′-
diphosphate as a substrate. The proposed labeling positions for
compounds 2 and 3 are depicted in red.

■ RESULTS AND DISCUSSION
Motivation of the Work. Currently, no validated PET

tracer for imaging of P2Y12R exists. The first and only attempt
published so far concerns a PET tracer that, based on the ex
vivo biodistribution results, appears to not enter the brain in
healthy rats.20 In the current study, this finding is re-evaluated
by means of dynamic PET scanning with this tracer.
Additionally, two other potent P2Y12R antagonists are
radiolabeled and evaluated for brain uptake and P2Y12R
binding in rats. Lack of brain uptake is further studied by
blocking efflux transporters at the blood−brain barrier (BBB).
Together, this study should contribute to an increased
understanding of the behavior of P2Y12R PET tracers toward
the development a clinical candidate for future studies.

Synthesis of Reference Compounds and Labeling
Precursor Molecules. The synthesis of the P2Y12R
antagonist 2 and the corresponding labeling precursor
molecule 8 was performed according to a previously described
method (Scheme 1).25 Aminothiophene carboxylate was
reacted with potassium cyanate to obtain 2,4-diol pyrimidyl
heterocycle 4. The alcohol groups were converted to chlorides

Figure 1. P2Y12R antagonists studied in this work.20,25,26 The positions of the PET radiolabels carbon-11 and fluorine-18 are indicated in red.

Scheme 1. Synthesis of the P2Y12R Antagonist 2 and the Labeling Precursor Molecule 8a

aReagents and conditions: (i) Potassium cyanate, acetic acid, rt, 16 h, then KOH, water, reflux, 2.5 h, and 59%; (ii) phenylphosphonic dichloride
(neat), 150 °C, 2.5 h, and 30%; (iii) Boc-piperazine, DIPEA, dichloromethane/tetrahydrofuran (DCM/THF), rt, 5 h, and 81%; (iv) piperazin-2-
one, DIPEA, NMP, 105 °C, 16 h, and 61%; (v) HCl (4 M in dioxane, rt, 1 h; 88%; and (vi) 4-phenylbenzoyl chloride, DIPEA, DMF, rt, 4 h, and
66%.
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by reacting with phenylphosphonic dichloride to obtain
chloropyrimidine 5. Amination using Boc-piperazine afforded
6, and a subsequent amination under harsher conditions
resulted in pyrimidine 7. Acid-mediated Boc-deprotection
followed by an alkaline workup resulted in the piperazine
derivative 8, which was used as the precursor for radiolabeling.
Coupling of 8 with 4-phenylbenzoyl chloride afforded the
reference compound 2 in an overall yield of 6.5% over six
reaction steps.
The P2Y12R antagonist 3 was obtained by amination of the

dichloropyrimidine with pyrazolotriazine to obtain compound
9, which was used as a precursor for fluorine-18 labeling. The
reference compound 3 was subsequently obtained by
palladium-catalyzed C−O bond formation with 2-fluoroetha-
nol (Scheme 2).

Radiosynthesis of [11C]1, [11C]2, and [18F]3. The PET
tracer [11C]1 was synthesized as described previously20 and
was obtained in a radiochemical yield of 17 ± 4% (based on
[11C]CO2, decay-corrected to start the synthesis, 966 ± 208
MBq) in a total synthesis time of 45 min. The radiochemical
purity was >99%, and the molar activity was 82 ± 28 GBq/
μmol (n = 3). The PET tracer [11C]2 was obtained by a Pd-
mediated aminocarbonylation with [11C]CO as the synthon
(Scheme 3). The THF-soluble carrier gas xenon was used for
quantitative transfer of [11C]CO into the sealed reaction vial
with minimal pressure build-up.27 Using a Pd2dba3 and PPh3
ligand system in THF and a reaction time of 5 min at 130 °C
resulted in the formation of [11C]2. Starting the procedure
with approximately 25 GBq of [11C]CO2, compound [11C]2
could be obtained in a radiochemical yield of 10 ± 3% (based
on [11C]CO2, decay-corrected to start the synthesis) in a total

Scheme 2. Synthesis of the P2Y12R Antagonist 3 and the Labeling Precursor Molecule 9a

aReagents and conditions: (i) 3-(trifluoromethyl)-5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine·HCl, DIPEA, DMF, 100 °C, 16 h, and 82% and
(ii) 2-fluoroethanol, Pd(OAc)2, BINAP, Cs2CO3, toluene, reflux, 4 h, and 17%

Scheme 3. One-Step Radiosynthesis of [11C]2a

aReagents and conditions: [11C]CO, biphenyl iodide, Pd2dba3, PPh3, THF, 5 min, 130 °C, and 10 ± 3% (d.c.). The position of the carbon-11 label
is depicted with *.

Scheme 4. Two-step Radiosynthesis of [18F]3a

aReagents and conditions: (i) 18F−, K222, K2CO3, diethylene glycol/1,2-dichlorobenzene (1:4), 25 min, 165 °C, and 89 ± 2 % and (ii) precursor 9,
NaH, THF, 20 min, 60 °C, and 35 ± 8 %.
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synthesis time of 40 min. After formulation, 578 ± 93 MBq of
product was obtained with a radiochemical purity of >99% and
a molar activity of 93 ± 49 GBq/μmol (n = 3).
Efforts to obtain the PET tracer [18F]3 in a one-step

procedure by nucleophilic substitution with fluorine-18 were
unsuccessful due to precursor instability. Therefore, a two-step
approach using 2-[18F]fluoroethanol was selected.28 As such,
[18F]3 was synthesized in a two-step, two-pot building block
strategy as depicted in Scheme 4. First, 2-[18F]fluoroethanol
was synthesized from ethylenecarbonate following a previously
reported procedure with small adaptation.28 2-[18F]-
fluoroethanol, which was obtained in an 89 ± 2% yield, was
distilled at 165 °C under a gentle helium flow (10 mL/min) to
a second reaction vial. Palladium-mediated C−O bond
formation in this second reaction vial using conditions similar
to unlabeled 3 (Scheme 2) resulted in [18F]3 in low and poorly
reproducible conversions of 4 ± 4% [n = 3, conversion based
on analytical high-performance liquid chromatography
(HPLC)]. Williamson ether synthesis using NaH in THF
toward [18F]3 resulted in improved radiochemical yields up to
10%, while precursor 9 was cleanly converted to a more polar
non-radioactive compound based on analytical HPLC. It was
suspected that despite its high boiling point of 244 °C, small
amounts of diethyleneglycol were distilled together with 2-
[18F]fluoroethanol to the second etherification vial. Diethylene
glycol then competes with 2-[18F]fluoroethanol in the
subsequent nucleophilic aromatic substitution reaction, there-
by consuming precursor 9 and causing poor radiochemical
yields. Indeed, changing solvent to a mixture of 1,2-
dichlorobenzene and diethyleneglycol (4:1, v/v) in the 2-
[18F]fluoroethanol generation step resulted in conversions to
[18F]3 of up to 50% without compromising the 2-[18F]-
fluoroethanol yield (Supporting Information Figure S1).
Starting with approximately 20 GBq of fluorine-18, [18F]3
was obtained in a 9 ± 2% radiochemical yield (decay-corrected
to start the synthesis) in a total synthesis time of 90 min. The
isolated radioactivity amount was 958 ± 44 MBq, and the
molar activity was 70 ± 14 GBq/μmol at the end of the
synthesis. The radiochemical purity was >99%, and no
chemical contaminants were observed (n = 3) (Supporting
Information Figure S2).
Lipophilicity. The distribution coefficients of [11C]2 and

[18F]3 at physiological pH (log D7.4) were determined by the
shake flask method as 2.66 ± 0.10 and 2.06 ± 0.01,
respectively (n = 3). The log D7.4 of [11C]1 was previously
determined as 1.93 ± 0.02 using the same method. All values
are well within the preferred range for BBB penetration.
In Vivo Evaluation of PET Tracers. The brain uptake of

all the three P2Y12R PET tracers was evaluated in vivo in wild-
type Wistar rats using PET imaging. In addition, the dominant
efflux transporters P-glycoprotein and breast cancer resistance
protein were blocked with tariquidar to determine the efflux
substrate behavior.29,30 In an earlier study, the first reported
P2Y12R PET tracer ([11C]1 in Figure 1) demonstrated good
binding properties on brain sections in vitro, but in an ex vivo
biodistribution experiment, the tracer failed to enter the rat
brain after intravenous (iv) administration.20 However, this
apparent lack of brain uptake was determined statically at 5
and 15 min post-injection. By performing dynamic PET
scanning instead of ex vivo biodistribution, time−activity
curves with higher temporal resolution could be generated.
Indeed, low brain uptake for [11C]1 was observed at each time
point [Figure 2, SUVmax 0.1 (after the initial perfusion peak), n

= 2], corresponding with the previously reported biodistribu-
tion data (%ID/g in rat brain <0.1).20 Blocking of efflux
transporters did not dramatically increase the brain uptake
[SUVmax 1.2 (after the initial perfusion peak), n = 2, the area
under the curves are 3.8 ± 0.7 and 5.2 ± 0.2 for baseline and
efflux transporter blocking conditions, respectively]. Therefore,
it was concluded that [11C]1 does not pass the BBB due to its
unfavorable physicochemical properties. Specifically, the
sulfonylurea presents a functional group with a large polar
surface area. Due to the structural overlap with other P2Y12R
antagonists from the same compound class,31,32 translating any
of these analogue structures into PET tracers for imaging of
P2Y12R expression in the brain is discouraged.
Similar to [11C]1, the tracer [11C]2 also did not pass the

BBB under baseline conditions [Figure 3, SUVmax 0.04 (after
the initial perfusion peak); area under the curve 2.4 ± 0.1].
Upon pretreatment of rats with tariquidar, a strong increase in
brain uptake was observed (SUVmax 0.25; area under the curve
14.2 ± 1.2). However, this increase was accompanied by a
general 2−3-fold increase in radioactivity concentrations
throughout the rat (Figure 3). This indicates a delayed
washout in addition to an increase in brain uptake, hinting at a
tariquidar-mediated increased availability of [11C]2 or a
reduction of [11C]2 washout from the blood. Moreover, no
washout from the brain was observed. Because of these
generally non-favorable kinetics of [11C]2, no further experi-
ments were conducted with this compound.
Compound [18F]3 also did not show brain uptake at

baseline conditions (Figure 4, SUVmax: 0.2; area under the
curve 4.4 ± 0.1). However, in contrast to [11C]1 and 2, a
strong increase in brain uptake was observed upon blocking of
efflux transporters, followed by clearance from the brain
(SUVmax: 1.0; area under the curve 27.6 ± 1.1). Unlike [11C]2,
no general increase of radioactivity concentrations in other
organs was observed (Figure 4, left image).
The observed brain uptake of each tested PET tracer

corresponds well with the calculated CNS-MPO scores (a
qualitative measure for the prediction of brain uptake) for each
of the compounds, with compound 3 being the only
compound scoring above 433 [Supporting Information Figures
S4−S6: scoring of 3.5 for compound 1; 2.6 for compound 2;
and 4.5 for compound 3 (the maximum score is 6, and the
threshold is commonly defined as ≥ 4)]. Using CNS-PET-
MPO scoring, each of the compounds scored poorly
[Supporting Information Figure S4−S6: scoring of 2.6 for
compound 1; 2.0 for compound 2; and 2.5 for compound 3
(the maximum score is 6, and the threshold is commonly

Figure 2. PET imaging results of [11C]1 in healthy Wistar rats at
baseline and efflux transporter blocking conditions. Left: representa-
tive PET images (cross sections summed over 60 min). Right: time−
activity curves following the administration of [11C]1 to healthy
Wistar rats at baseline or efflux transporter blocking conditions. Error
bars represent the standard deviation (n = 2 per group).
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defined as ≥3)].34 Unfortunately, compound 3 appeared to be
a strong substrate for efflux transporters. In silico predictions
on whether small molecules are efflux transporter substrates
suffer from inaccuracy, largely because of the various efflux
transporters expressed in the brain capillary endothelial cells in
combination with many pharmacokinetic parameters that
should be considered. In practice, minor modifications to a
molecule can have drastic effects on the efflux rate of a
compound. Moreover, efflux transporters are commonly less
active in higher species.35 As a result, PET tracers that suffer
from efflux transport in rodents might eventually provide
adequate brain uptake in humans. To avoid premature
discarding of PET tracers for human application as a result
of efflux transport in rodents, design of imaging experiments
with blocking of efflux transporters is strongly encouraged.36

Therefore, despite being an efflux transporter substrate,
additional studies with [18F]3 were performed to further
understand the behavior of the compound in vitro and in vivo.
Due to the undesired in vivo behavior of compound [11C]2, no
further experiments were performed with this PET tracer.
In Vitro Autoradiography, Metabolite Analysis, and

In Vivo PET Imaging with [18F]3 in Combination with
Efflux Transporter Blocking and P2Y12R Blocking. In
vitro autoradiography on rat brain sections was performed to
validate the binding specificity of [18F]3 to brain tissue (Figure
5). Highly specific and selective binding was found, with
blocking efficiencies of about 70% when co-incubating with an
excess of unlabeled 3 or with the structurally non-related
P2Y12R antagonist 1 (both inhibitors used at 1 μM). Blocking
with antagonist 1 demonstrated very little non-selective
binding (<10%). Binding was homogeneous throughout the
brain, as expected based on the widespread distribution of
resting state microglia in healthy rats.

To determine specific binding to P2Y12R in the rat brain in
vivo, another PET imaging experiment was performed. In this
case, the first group of rats (n = 4) received tariquidar for
blocking of efflux transporters, followed by administration of
[18F]3. The second group received both tariquidar and

Figure 3. PET imaging results of [11C]2 in healthy Wistar rats at baseline and efflux transporter blocking conditions. Left: representative PET
images (cross sections summed over 60 min). Right: time−activity curves following the administration of [11C]2 to healthy Wistar rats at baseline
or efflux transporter blocking conditions. Error bars represent the standard deviation (n = 2 per group).

Figure 4. PET imaging results of [18F]3 in healthy Wistar rats at baseline and efflux transporter blocking conditions. Left: representative PET
images (cross sections summed over 60 min). Right: time−activity curves following the administration of [18F]3 to healthy Wistar rats at baseline
or efflux transporter blocking conditions. Error bars represent the standard deviation (n = 2 per group).

Figure 5. In vitro autoradiography on rat brain sections using [18F]3.
Top: representative autoradiography images at baseline and blocking
conditions (self-blocking and blocking using compound 1). Inhibitors
were co-incubated at 1 μM concentration. Bottom: quantification of
[18F]3 binding. The results are expressed as average ± standard
deviation (n = 3).

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.1c00641
ACS Chem. Neurosci. 2021, 12, 4465−4474

4469

https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00641?fig=fig5&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


unlabeled compound 3 for blocking of P2Y12R prior to
scanning with [18F]3 (Figure 6). Obviously, selective and non-

specific binding cannot be tested by self-blocking, as that
would require the use of a structurally different P2Y12R
antagonist. However, no such P2Y12R antagonist that enters
the brain is currently available as commonly these compounds
have been developed as antithrombotic drugs working outside
of the CNS.37 Blocking of P2Y12R with unlabeled 3 resulted in
a significant decrease in brain SUVs throughout the entire scan
time (area under the curve 24.1 ± 0.5 and 20.6 ± 0.7 for
baseline and blocking, respectively, p = 0.04). The blocking
effect in brain uptake was confirmed by the post-scanning ex
vivo biodistribution (Supporting Information Figure S7). It
should be taken into account that P2Y12R is only expressed in
baseline amounts in the healthy brain, and as such, it is
conceivable that in animal models of P2Y12R overexpression,
the specific binding and blocking effect in brain would be
significantly higher.38 Determination of the metabolites in the
brain after the PET scan demonstrated that >90% of the tracer
was still intact, indicating that hardly any radioactive
metabolites are present in the brain, which is beneficial for
future applications. Blood radiometabolite analyses revealed
the presence of two major radiometabolites in blood at 60 min
post-injection, accounting for approximately 60% of total
activity, as well as approximately 40% of intact tracer.
Formation of radiometabolites from [18F]3 was not affected
by the co-administration of unlabeled 3 (Supporting
Information Figure S3).

■ CONCLUSIONS
Two novel potential P2Y12R PET tracers were obtained and
evaluated in vivo in healthy rats. Compound [18F]3 showed
highly selective and specific binding on rat brain sections. Due
to efflux transport, the brain uptake of each of the tracers in
rats was low at baseline conditions, which limits their use in
P2Y12R imaging studies in rodents. However, further studies in
higher species with lower efflux transporter activity are
warranted. Additionally, future work will focus on the design
of P2Y12R antagonists with improved physicochemical proper-
ties to reduce efflux transport and increase brain penetration.

■ MATERIALS AND METHODS
General Procedure. All chemicals and reagents were obtained

from Sigma-Aldrich (St. Louis, USA) with the exception of 2,4-
dichloro-6-propylthieno[2,3-d]pyrimidine (Oxchem, Wood Dale IL,
USA). Solvents were obtained from Biosolve (Valkenswaard, the
Netherlands) and used as received unless stated otherwise. Reaction

monitoring by thin-layer chromatography (TLC) was performed on
pre-coated silica 60 F254 aluminum plates (Merck, Darmstadt,
Germany). Spots were visualized by UV light, KMnO4, or ninhydrin
staining. Evaporation of solvents was performed under reduced
pressure at 40 °C using a rotary evaporator (Buchi, Flawil,
Switzerland). Flash column chromatography was performed manually
using Silica gel 60 Å (Merck, Darmstadt, Germany). Nuclear magnetic
resonance (NMR) spectroscopy was performed using a Bruker
(Billerica, MA, USA) AVANCE 500 (500.27 MHz for 1H and 125.81
MHz for 13C) with chemical shifts (δ) reported in parts per million
(ppm) relative to the solvent (chloroform (CDCl3),

1H 7.26 ppm, 13C
77.16 ppm, and DMSO-d6,

1H 2.50 ppm, 13C 39.52 ppm).
Electrospray ionization high-resolution mass spectrometry (ESI-
HRMS) was carried out using a Bruker microTOF-Q in the positive
ion mode (capillary potential of 4500 V). For radio-TLC and
autoradiography experiments, The TLC plates or brain sections were
exposed to a phosphor imaging screen (GE Healthcare, Bucking-
hamshire, UK) and developed on a Typhoon FLA 7000 phosphor
imager (GE Healthcare). Visualization of binding was performed
using ImageQuantTL v8.1.0.0 (GE Healthcare). The radiochemistry
nomenclature guidelines were followed.39

6-Ethylthieno[2,3-d]pyrimidine-2,4-diol (4). A solution of
potassium cyanate (3.76 g, 46.3 mmol) in water (20 mL) was
added dropwise to a stirred solution of methyl 2-amino-5-ethyl-
thiophene-3-carboxylate (3.08 g, 16.7 mmol) in acetic acid (54 mL),
and the reaction was left to stir at rt for 16 h. The reaction mixture
was poured in ice water (100 mL), and the resulting brown precipitate
was collected by filtration, washed with ice water (40 mL), and
subsequently heated to reflux (100 °C) in aqueous NaOH (0.67 g, 17
mmol in 50 mL water) for 2.5 h. After cooling to rt, the reaction
mixture was cooled on ice, and the pH was adjusted to 6 using
concentrated HCl. The precipitate was collected by filtration, washed
with ice water (2 × 25 mL), and subsequently dried for 16 h in vacuo
to yield compound 4 as a white solid (1.92 g, 9.78 mmol, 59%). 1H
NMR (500.27 MHz, DMSO-d6): δ 10.85 (bs, 1H), 8.34 (s, 1H), 6.80
(s, 1H), 2.70 (q, 2H, J = 7.5 Hz), 1.20 (t, 3H, J = 7.5 Hz); 13C NMR
(125.81 Hz, DMSO-d6): δ 159.46, 153.54, 151.71, 136.41, 117.18,
114.11, 22.59, 15.37; ESI-HRMS: calcd for C8H9N2O2S [M + H]+,
197.0379; found, 197.0346.

2,4-Dichloro-6-ethylthieno[2,3-d]pyrimidine (5). A mixture of
compound 4 (1.92 g, 9.78 mmol) and phenylphosphonic dichloride
(19.0 mL, 135 mmol) was heated at 150 °C for 2.5 h. The mixture
was cooled on ice, and sat. NaHCO3 (800 mL) was added in portions.
After neutralization, the aqueous layer was extracted with DCM (3 ×
100 mL). The combined organic fractions were dried over Na2SO4
and concentrated in vacuo. Flash column chromatography (Hex/
EtOAc 7:3) yielded compound 5 as a white solid (0.68 g, 2.9 mmol,
30%). 1H NMR (500.27 MHz, CDCl3): δ 7.11 (s, 1H), 3.03 (q, 2H, J
= 7.5 Hz), 1.44 (t, 3H, J = 7.5 Hz); 13C NMR (125.81 MHz, CDCl3):
δ 154.01, 153.43, 151.51, 129.23, 115.03, 24.75, 14.98; ESI-HRMS:
calcd for C8H7Cl2N2S [M + H]+, 232.9702; found, 232.9694 [M +
H]+.

tert-Butyl 4-(2-chloro-6-ethylthieno[2,3-d]pyrimidin-4-yl)-
piperazine-1-carboxylate (6). A solution of compound 5 (0.65 g,
2.8 mmol), Boc-piperazine (0.53 g, 2.8 mmol), and DIPEA (1.0 mL,
5.7 mmol) in THF (10 mL) and DCM (5 mL) was stirred at rt for 5
h. The mixture was concentrated in vacuo, and the residue was
partitioned between DCM (25 mL) and brine (25 mL). The organic
layer was dried over Na2SO4 and concentrated in vacuo. Flash column
chromatography (Hex/EtOAc 8:2) was performed to yield compound
6 as a yellow solid (0.86 g, 2.3 mmol, 81%). 1H NMR (500.27 MHz,
CDCl3): δ 6.97 (s, 1H), 3.93 (m, 4H), 3.63 (m, 4H), 2.94 (q, 2H, J =
7.5 Hz), 1.52 (s, 9H), 1.38 (t, 3H, J = 7.5 Hz); 13C NMR (125.81
MHz, CDCl3): δ 169.96, 158.39, 154.78, 154.30, 144.41, 115.61,
115.47, 80.53, 28.54, 24.51, 15.54; ESI-HRMS: calcd for
C17H24ClN4O2S [M + H]+, 383.1303; found, 383.1309.

tert-Butyl 4-(6-ethyl-2-(3-oxopiperazin-1-yl)thieno[2,3-d]-
pyrimidin-4-yl)piperazine-1-carboxylate (7). A solution of
compound 6 (0.84 g, 2.2 mmol), piperazin-2-one (0.37 g, 3.7
mmol), and DIPEA (0.9 mL, 5.2 mmol) in NMP (10 mL) was heated

Figure 6. Whole brain time−activity curves following the admin-
istration of [18F]3. Rats received either tariquidar + tracer (blue line)
or tariquidar + unlabeled 3 and tracer (red line). Error bars indicate
the standard deviation (n = 4 per group).
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at 105 °C for 16 h. After cooling and diluting the mixture with EtOAc
(100 mL), the organic fraction was washed with brine (100 mL). The
organic layer was dried over Na2SO4 and concentrated in vacuo. Flash
column chromatography (EtOAc) afforded the product 7 as a yellow
solid (0.59 g, 1.3 mmol, 61%). 1H NMR (500.27 MHz, CDCl3): δ
6.79 (s, 1H), 6.60 (s, 1H), 4.42 (s, 2H), 4.06 (m, 2H), 3.80 (m, 4H),
3.58 (m, 4H), 3.48 (m, 2H), 2.83 (q, 2H, J = 7.5 Hz), 1.49 (s, 9H),
1.32 (t, 3H, J = 7.5 Hz); 13C NMR (125.81 MHz): δ 169.37, 158.50,
154.90, 115.57, 110.37, 80.35, 49.57, 48.69, 41.38, 30.81, 28.54, 24.34,
15.59; ESI-HRMS: calcd for C21H31N6O3S [M + H]+, 447.2173;
found, 447.2155.
4-(6-Ethyl-4-(piperazin-1-yl)thieno[2,3-d]pyrimidin-2-yl)-

piperazin-2-one (8). A solution of compound 7 (0.52 g, 1.2 mmol)
in DCM (8 mL) and 4 M HCl in 1,4 dioxane (4.0 mL, 16 mmol) was
stirred at rt for 1 h. Hereafter, the mixture was concentrated in vacuo,
followed by dilution with DCM (50 mL) and sat. NaHCO3 (50 mL).
The organic fraction was collected and dried over Na2SO4. After
concentration in vacuo, compound 8 was obtained as a white solid
(0.37 g, 1.1 mmol, 88%). 1H NMR (500.27 MHz, CDCl3): δ 6.80 (s,
1H), 6.18 (s, 1H), 4.45 (s, 2H), 4.04 (t, 2H, J = 5.5 Hz), 3.78 (t, 4H, J
= 5.2 Hz), 3.48 (m, 2H), 3.00 (t, 4H, J = 4.9 Hz), 2.83 (q, 2H, J = 7.6
Hz), 1.32 (t, 3H, J = 7.5 Hz); 13C NMR (125.81 MHz, CDCl3): δ
171.39, 169.36, 158.53, 157.11, 138.27, 115.51, 110.20, 49.45, 48.60,
47.39, 45.42, 41.33, 40.49, 30.70, 24.27, 15.48; ESI-HRMS: calcd for
C16H22N6OS [M + H]+, 347.1649; found, 347.1663.
4-(4-(4-([1,1′-Biphenyl]-4-carbonyl)piperazin-1-yl)-6-

ethylthieno[2,3-d]pyrimidin-2-yl)piperazin-2-one (2). A solu-
tion of 8 (50 mg, 0.14 mmol), phenylbenzoyl chloride (37 mg, 0.17
mmol), and DIPEA (54 mg, 0.42 mmol) in DMF (2 mL) was stirred
at rt for 4 h. After concentration in vacuo, the residue was purified by
flash column chromatography (2% MeOH in DCM) to afford
compound 2 as a yellow solid (50 mg, 66%). 1H NMR (500.27 MHz,
CDCl3): δ 7.68 (d, 2H, J = 8.5 Hz), 7.62 (d, 2H, J = 7.61 Hz), 7.55
(d, 2H, J = 8.2 Hz), 7.48 (t, 2H, J = 7.48 Hz), 7.40 (7, 1H, J = 7.40
Hz), 6.79 (s, 1H), 6.40 (s, 1H), 4.42 (s, 2H), 4.05 (t, 2H, J = 5.2 Hz),
3.98−3.65 (m, 8H), 3.48 (m, 2H), 2.82 (q, 2H, J = 7.6 Hz), 1.33 (t,
3H, J = 7.7 Hz); 13C NMR (125.81 MHz, CDCl3): δ 170.68, 169.33,
158.56, 143.15, 140.29, 134.14, 129.07, 129.04, 128.00, 127.93,
127.87, 127.46, 127.30, 115.32, 110.48, 48.67, 47.19, 41.36, 40.72,
24.36, 15.57; ESI-HRMS: cald for C29H31N6O2S [M + H]+, 527.2224;
found, 527.2167.
2-Chloro-6-propyl-4-(3-(trifluoromethyl)-5,6-dihydro-

[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)thieno[2,3-d]Pyrimidine
(9). A solution of 2,4-dichloro-6-propylthieno[2,3-d]pyrimidine (1.05
g, 4.25 mmol), 3-(trifluoromethyl)-5,6,7,8-tetrahydro-[1,2,4]triazolo-
[4,3-a]pyrazine·HCl (1.09 g, 4.77 mmol), and DIPEA (2.5 mL, 14
mmol) in DMF (5 mL) was heated at 100 °C for 16 h. The solution
was poured into ice-cold water, and the white precipitate was
collected by filtration. The precipitate was washed with ice-cold water
(2 × 20 mL) and dried in vacuo to yield compound 9 as a white solid
(1.4 g, 3.5 mmol, 82%). 1H NMR (500.27 MHz, CDCl3): δ 7.04 (s,
1H), 5.36 (s, 2H), 4.39 (m, 4H), 2.88 (t, 2H, J = 7.0 Hz), 1.79 (h,
2H, J = 7.5 Hz), 1.01 (t, 3H, J = 7.3 Hz); 13C NMR (125.81 MHz,
CDCl3): δ 170.62, 157.59, 153.87, 149.93, 145.14, 119.34 (q, J = 270
Hz), 115.81, 115.25, 45.11, 43.00, 42.47, 33.17, 24.45, 13.74; ESI-
HRMS: calcd for C15H15ClF3N6S [M + H]+, 403.0714; found,
403.0723.
2-(2-Fluoroethoxy)-6-propyl-4-(3-(trifluoromethyl)-5,6-di-

hydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)thieno[2,3-d]-
pyrimidine (3). A suspension of compound 9 (0.11 g, 0.28 mmol),
Cs2CO3 (0.14 g, 0.42 mmol), BINAP (22 mg, 35 μmol), palladium
acetate (8.0 mg, 35 μmol), and 2-fluoroethanol (25 μL, 0.42 mmol)
was heated to reflux for 4 h. After cooling to rt, the mixture was
filtered over Celite, and the filtrate was concentrated in vacuo. Flash
column chromatography (Hex/EtOAc 1:1) afforded compound 3 as a
white solid (20 mg, 46 μmol, 17%). 1H NMR (500.27 MHz, CDCl3):
δ 6.96 (s, 1H), 5.32 (s, 2H), 4.84 (m, 1H), 4.75 (m, 1H), 4.66 (m,
1H), 4.61 (m, 1H), 4.34 (m, 4H), 2.84 (t, 2H, J = 7.5 Hz), 1.76 (q,
2H, J = 7.5 Hz), 1.03 (t, 3H, J = 7.4 Hz); 13C NMR (125.81 MHz,
CDCl3): δ 171.35, 160.55, 158.61, 150.34, 141.43, 119.40, 115.26,

113.21, 81.74 (d, J = 169.9 Hz), 66.37, 45.14, 43.12, 42.60, 33.12,
24.49, 13.77; ESI-HRMS: calcd for C17H19F4N6OS [M + H]+,
431.1272; found, 431.1263.

Radiochemistry. Ethyl 6-(3-(3-((5-Chlorothiophen-2-yl)-
sulfonyl)[11C]ureido)azetidin-1-yl)-5-cyano-2-methylnicotinate
([11C]1). Compound [11C]1 was prepared as described previously.20

Starting with approximately 25 GBq of [11C]CO2, the formulated
product was obtained in a decay-corrected radiochemical yield of 17
± 4% (966 ± 208 MBq) with a radiochemical purity of > 99%, a
molar activity of 82 ± 28 GBq/μmol (n = 3) at the end of the
synthesis, and an overall synthesis time of 45 min from the start of the
synthesis. The identity of the product was confirmed with analytical
HPLC by co-injection of the product and non-labeled 1.

4-(4-(4-([1,1′-Biphenyl]-4-[11C]carbonyl)piperazin-1-yl)-6-
ethylthieno[2,3-d]pyrimidin-2-yl)piperazin-2-one ([11C]2).
[11C]CO2 was produced by the 14N(p,α)11C nuclear reaction
performed in a 0.5% O2/N2 gas mixture using an IBA Cyclone 18/
9 cyclotron (IBA, Louvain-la-Neuve, Belgium). Radioactivity levels
were measured using a Veenstra (Joure, The Netherlands) VDC-405
dose calibrator. Radiosyntheses were performed in an in-house-built
remotely controlled synthesis unit.27 After target gas irradiation,
[11C]CO2 was concentrated on a silica trap (−196 °C, 50 mg silica
gel, 100/80 mesh). When the activity reached a maximum, the trap
was heated, and [11C]CO2 was passed over a gas purifier column (400
× 4 mm, silica gel, 100/80 mesh) using helium (30 mL·min−1) as a
carrier gas. The purified [11C]CO2 was passed over a molybdenum
(150 μm, 99.99%) reductor column heated at 850 °C after which
unreacted [11C]CO2 was trapped on an Ascarite column, and
[11C]CO was collected on a silica trap (−196 °C, 1 mg of silica
gel, 100/80 mesh). The transfer gas was switched from helium to
xenon (Fluka, ≥99.995). [11C]CO was released by heating the trap
and transferring by a gentle xenon flow (2.0 mL/min) to the
previously charged and sealed reagent vial [precursor 8 (6.6 mg, 10
μmol), Pd2(dba)3 (0.9 mg, 1.0 μmol), PPh3(2.6 mg, 10 μmol), and
biphenyl iodide (10 μL, 0.14 mmol), in THF (0.70 mL)]. The
reaction solution was heated at 130 °C for 5 min. The solution was
subsequently cooled to 20 °C and quenched by the addition of water
(0.70 mL). Purification was performed by preparative HPLC on an
Alltima C18 column (5 μm, 250 mm × 10 mm) using a mixture of
MeCN/H2O/TFA (45/55/0.1, v/v/v) at a flow rate of 4 mL/min
(Rt: 15 min). The product was obtained ready for injection by
reformulation of the preparative HPLC product fraction using a tC18
plus solid-phase extraction cartridge (Waters, Milford, MA, USA).
The cartridge, preconditioned with 5 mL of ethanol and 5 mL of
water, was loaded with the diluted preparative HPLC product fraction
(approximately 6 mL of product fraction diluted with 40 mL of H2O).
The cartridge was then washed with 10 mL of water, followed by
elution of the product from the cartridge with ethanol (1 mL). The
ethanol fraction was diluted to 10% ethanol by the addition of saline
(9 mL). Yields were decay-corrected to start the synthesis and
determined based on the starting amount of [11C]CO2. Compound
[11C]2 was obtained in a radiochemical yield of 10 ± 3% in a total
synthesis time of 40 min. After formulation, 578 ± 93 MBq of product
was obtained with a radiochemical purity of > 99% and a molar
activity of 93 ± 49 GBq/μmol (n = 3). The identity of the
radiolabeled product was confirmed by analytical (HPLC Platinum
C18, MeCN/H2O/TFA 50:50:0.1, Rt: 11 min) analysis by co-
injection of both labeled and unlabeled compounds.

2-(2-[18F]Fluoroethoxy)-6-propyl-4-(3-(trifluoromethyl)-5,6-dihy-
dro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)thieno[2,3-d]pyrimidine
([18F]3). After target irradiation, the [18F]fluoride ion was trapped on a
PS-HCO3

− anion-exchange column (ABX, Radenberg, Germany).
Elution of fluoride from the exchange column into a 3 mL screw−cap
reaction vessel was performed with 1 mL of acetonitrile/water (9/1,
v/v) containing Kryptofix 2.2.2 (13.0 mg, 34.6 μmol, 4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) and potassium carbo-
nate (2.0 mg, 15 μmol). The solution was evaporated to dryness
under a helium flow (50 mL·min−1) and reduced pressure at 100 °C.
Then, acetonitrile (1.0 mL) was added, and the solution was again
evaporated to dryness employing the same conditions as described

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.1c00641
ACS Chem. Neurosci. 2021, 12, 4465−4474

4471

pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


above. After drying, a solution of ethylene carbonate (40 mg, 0.45
mmol) in a mixture of diethylene glycol and 1,2-dichlorobenzene
(0.30 mL, 1:4, v/v) was added, and the solution was heated at 165 °C
for 15 min. Distillation of the formed 2-fluoroethanol was performed
at the same temperature using a helium flow of 10 mL·min−1 and
trapped in a second reaction vial, charged with the precursor 9 (1.0
mg, 2.5 μmol) and sodium hydride (60% dispersion in mineral oil, 5.0
mg, 0.13 mmol) in THF (300 μL). After completion of the distillation
(approximately 15 min), the mixture was heated to 60 °C and stirred
for 20 min prior to cooling to room temperature (rt) and dilution
with water (1 mL). Purification was performed on a Phenomenex
Luna C18 column (10 μm, 250 mm × 10 mm) using MeCN/H2O/
TFA (50:50:0.1, v/v/v) as a mobile phase at a flow rate of 4 mL/min
(Rt: 16.5 min). The product fraction was diluted with water (40 mL)
and passed over a preconditioned tC18 plus solid- phase extraction
cartridge (Waters, Milford, MA, USA). After washing the cartridge
with water (10 mL), the product was eluted with ethanol (1 mL) and
saline (9 mL) to obtain the product ready for injection. As such, [18F]
3 was obtained in a 9 ± 2% yield (decay-corrected to start the
synthesis) in a total synthesis time of 90 min (958 ± 44 MBq). The
molar activity was 70 ± 14 GBq/μmol at the end of the synthesis. The
radiochemical purity was >99%, and no chemical contaminants were
observed (n = 3). The identity of the product was confirmed by co-
injection of the unlabeled reference standard on a Grace Platinum
C18 column (5 μm, 250 mm × 4.6 mm using MeCN/H2O/TFA
(55:45:0.1, v/v/v, Rt: 8.5 min).
Log D7.4 Determination. The partitioning of the PET tracers

between 1-octanol and 0.2 M phosphate buffer (pH = 7.4) was
determined by vigorously mixing the respective formulated PET
tracer (50−100 μL, 5−10 MBq) with a solution of 0.2 M phosphate
buffer (2 mL, pH 7.4) and 1-octanol (2 mL) for 1 min using a vortex
apparatus. After a settling period of 1 h, three samples of 100 μL were
taken from both layers. The samples were counted for radioactivity,
and the log D7.4 values were calculated according to the following
formula: log D7.4 = log(Aoct/Aphosphate buffer), where Aoct and Aphosphate
buffers represent the average radioactivities of three 1-octanol and
three phosphate buffer samples, respectively. The results are expressed
as mean ± standard deviation (n = 3).
PET Scanning. Dynamic PET imaging was performed using

dedicated small animal NanoPET/CT and NanoPET/MR scanners
(Mediso Ltd., Hungary, Budapest) with identical PET components.
Wistar rats (male, 12−15 weeks old, 250−350 g) were anesthetized
with 4 and 2% isoflurane in 1 L·min−1 O2 for induction and
maintenance, respectively. Rats were positioned on the scanner bed,
and the respiratory rate was monitored for the duration of the scan,
adjusting anesthesia when required. A dynamic PET scan was
acquired immediately after intravenous (iv) administration (tail vein)
of the PET tracers (10−25 MBq). For efflux blocking experiments,
rats received tariquidar slowly by iv administration 30 min prior to
tracer injection (15 mg·kg−1, formulated as 3.75 mg/mL tariquidar in
2.5% (g/v) aqueous dextrose solution). For the P2Y12R blocking
experiments, unlabeled 3 (5 mg/kg) was co-administered with
tariquidar (15 mg/kg). Reconstruction was performed using a fully
three-dimensional reconstruction algorithm (Tera-TomoTM, Mediso
Ltd.) with four iterations and six subsets, and an isotropic 0.4 mm
voxel dimension. Data was analyzed using Amide (http://amide.
sourceforge.net) or VivoQuant by manually drawing a region of
interest around the full brain. Results are expressed as standardized
uptake values [percentage injected dose per gram (% ID/g)
normalized to body weight]. Error bars indicate the standard
deviations.
In Vitro Autoradiography. Autoradiography was performed on

flash-frozen rat brain sections (10 μm thickness). The sections were
washed with 50 mM Tris-HCl buffer (pH 7.4) for 15 min. After
drying under a gentle air flow, the sections were incubated with [18F]3
(0.1 MBq·mL−1) in 50 mM Tris−HCl with 3% BSA, pH 7.4, in the
absence or presence of a P2Y12R inhibitor at 1 μM concentration for
30 min. Washing was performed with cold Tris-HCl (5 mM, 4 °C,
twice for 1 min), followed by dipping in ice-cold water. After drying in
an air stream, rat brain sections were exposed to a phosphor imaging

screen (GE Healthcare, Buckinghamshire, UK) for 10 min and
developed on a Typhoon FLA 7000 phosphor imager (GE
Healthcare, Buckinghamshire, UK). Visualization of binding was
performed using ImageQuantTL v8.1.0.0 (GE Healthcare, Buck-
inghamshire, UK). Quantification was performed by a region of
interest of the whole brain area. Results are expressed as % of binding
relative to the baseline condition where no P2Y12R inhibitor was used.
Error bars indicate the standard deviation.

Biodistribution and Metabolite Analysis. Rats were sacrificed
after PET scanning (60 min after tracer injection), and organs and
tissues were collected, weighed, and counted in a gamma counter. In
addition, blood was collected by arterial puncture (approximately 1
mL) and transferred to a heparin-coated Eppendorf tube. Blood
samples were centrifuged for 5 min at 4600 rpm to separate blood
plasma from cells. The plasma (100 μL) was diluted in acetonitrile
(200 μL at 0 °C) and centrifuged for 5 min at 15,000 rpm for removal
of proteins. Brain hemispheres were homogenized in acetonitrile (200
μL at 0 °C) and centrifuged for 5 min at 15,000 rpm. An aliquot of
each supernatant (10 μL) was transferred to a TLC plate, which was
subsequently dried at rt for 5 min and ran in a solution of DCM/
MeOH (9:1, v/v). The radioTLC plate was transferred to a phosphor
imager storage screen and left for 1 h. Readout was performed on a
Typhoon phosphor imager, and subsequent analysis was performed
using ImageQuant. Results are expressed as average ± standard
deviation (n = 4).

Statistical Analysis. Where appropriate, statistical analysis was
performed using Student’s t-test using GraphPad Prism Version 9.1.0.
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