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Abstract

lonotropic glutamate receptors (iGIuRs) mediate excitatory neurotransmission within the
mammalian central nervous system. iGIuRs exist as three main groups: A-methyl-p-aspartate
receptors (NMDARS), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARS) and kainate receptors. The past decades have witnessed a remarkable development of
PET tracers targeting different iGIuRs including NMDARs and AMPARs, and several of the
tracers have advanced to clinical imaging studies. Here, we assess the recent development of
iGIUR PET probes, focusing on tracer design, brain kinetics, and performance in PET imaging
studies. Furthermore, this Perspective will not only present challenges in the tracer development,
but also provide novel approaches in conjunction with most recent drug discovery efforts on these
iGIuRs, including subtype-selective NMDAR and transmembrane AMPAR regulatory protein
modulators, and positive allosteric modulators (PAMs) of AMPARs. These approaches, if
successful as PET tracers, may provide fundamental knowledge to understand the roles of iGIuUR
receptors under physiological and pathological conditions.
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INTRODUCTION

L-Glutamate is the major excitatory neurotransmitter in the mammalian central nervous
system (CNS).1 Following its release from the presynaptic neuron, glutamate mediates two
classes of receptor: ligand-gated ion channel ionotropic glutamate receptors (iGIuRs) and G
protein-coupled metabotropic glutamate receptors (mGIuRs).2 3 Based on their
pharmacological properties, iGIURs can be further divided into three main distinct families:
N-methyl-p-aspartate receptors (NMDARS), a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARs) and kainate receptors (KARSs).# These
receptors are responsible for a majority of fast excitatory transmission in the brain and
contribute to synaptic plasticity, which underpins learning and memory.1: 3 Furthermore,
iGIuRs play critical roles in both neural development and neurodegeneration, and their
aberrant activity is implicated in a broad spectrum of brain dysfunctions including epilepsy,
ischemic stroke and neurodegenerative diseases. ® Therefore, iGIURs are targets of high
therapeutic interest and there have been many ongoing drug development programs for these
receptors.3 8- Since positron emission tomography (PET) offers quantitative analysis by
non-invasive imaging, which allows for tracking biological processes /n vivo, a plethora of
radiotracers have been developed and play indispensable roles in quantifying the /n vivo
concentration of iGIuRs, as well as investigate the distribution and pharmacology of these
receptors in physiological and pathological conditions.19-14 The PET tracers for NMDARSs
are the most studied, followed by the ones for AMPARSs, and only one PET tracer has been
reported to date for KARs. Complementary to several reviews on this topic,19-14 we assess
the most recent development by providing not only an overview of iGIuR PET probes, but
also a brief introduction in recent pharmacological development, such as new subtype
selective and/or allosteric iGIUR modulators, which would offer a new direction for PET
tracer development. In this review, we will first introduce ion channel and glycine binding
site based NMDAR tracers, followed by GIuN2B-subtype selective NMDAR tracers, as well
as radioligands for AMPARSs or KARs. Since there are no clinically approved PET tracers
for iGIuRs, we will also focus on new opportunities for the tracer development in alignment
with recent drug discovery campaigns.

DEVELOPMENT OF RADIOTRACERS TARGETING NMDARs

Having crucial roles in CNS function, NMDARs are widely found in nerve cells of
mammalian species,® and are involved in a range of neurological and neurodegenerative
disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and schizophrenia.
These receptors are heteromeric complexes that contain three subunits: glycine-binding
GIluN1, glutamate-binding GIuN2 (further divided into four subtypes GIUN2A-GIuN2D),
and most rarely, glycine-binding GIuN3 (further divided into two subtypes GIUN3A and
GIuN3B) subunits.3: 6 16-18 |n most cases, NMDARSs are considered as a dimer of dimers:
two GIluN1 and two GIuN2 subunits. In GIuN3-expressing cells, ternary GIuN1/GluN2/
GluN3 tetrameric complexes also exist.10: 15 19 GJuN1 subunits are widely distributed
throughout the brain, while GIuN2 subunits display different regional and developmental
expression patterns, and most of them (except GIuN2D subunit) are found in cerebral cortex,
forebrain or cerebellum. In addition, GIUN3A subunit is present in the cortex and brainstem,
and GIuN3B subunit is distributed in the cerebellum.® 10. 19 NMDAR subunits all share a
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typical membrane topology containing three components: (1) two large extracellular
domains, including amino-terminal domain (ATD), which are responsible for allosteric
regulation, and ligand-binding domain (LBD) that binds glutamate (GIuN2 subunits) and
glycine (GIuN1 and GIluN3 subunits); (2) a transmembrane domain (TMD) comprising three
transmembrane helices plus a re-entrant pore loop, which acts as the ion selectivity filter;
and (3) a cytoplasmic C-terminus with the function of cellular trafficking and intracellular
signaling.® 15 20 Current pharmacology discoveries have identified three classes of ligand
binding sites: channel blockers,21: 22 competitive antagonists at the glutamate or glycine site,
23 and most recently in drug development, the extracellular sites for non-competitive
allosteric modulators.6 10 24

2.1 Channel blocker radiotracers

The flow of ions such as Na*, K* and Ca2* through the NMDAR ion channel can be
inhibited by the binding of Mg2* within the channel. Phencyclidine (PCP),
thienylcyclohexyl piperidine (TCP), ketamine, memantine and MK-801 are channel blockers
that were first used as therapeutic drugs, of which the working mechanism is thought to bind
and block the ion channels in the open state. The radiolabeling of these compounds has led
to the first generation of NMDAR PET tracers, and their preclinical evaluations have been
reviewed by Waterhouse2® and Sobrio er a/..19 So, in this section, we just give a brief review
of several representative channel blocker radiotracers to clarify their development and
drawbacks.

Two PCP derivatives [11C]1 (log = 1.92) and [*1C]2 (Figure 1, log P= 2.13) were labeled
with carbon-11, and both tracers could readily enter the rat brain with the brain uptakes of
1.45% ([*1C]1) and 1.38% ID/g ([11C]2) in cerebral cortex at 1 min post-injection (p.i.), but
unfortunately, the distribution was uniform in different brain regions, indicating nonspecific
binding in the brain.26 The radiolabeling of TCP derivatives generated seven 18F-labeled and
one 1C-labeled PET tracers.1% Among them, [18F]3 had a K; value of 38 nM to NMDARs
(in a [BH]TCP assay), and the Bmax/ Ky Values (binding potential, a combined measure
describing the ultimate binding force of a receptor to its ligand, and values greater than 5-10
are usually observed for successful radiotracers;10.27-29 B denotes the density of
available binding sites in a sample of tissue, and Kj is for equilibrium dissociation constant
of a radioligand) measured with [3H]3 in different rat brain regions were < 15.3%:31 |n
preliminary PET imaging in monkeys, A-methyl-p-aspartate (NMDA) could increase the
uptake of [*8F]3 in mesiotemporal regions, indicating that this tracer would be an index of
the activation state of NMDARs, more than an index of their change in density.3} An
analogue of compound 3 was radiolabeled with fluorine-18 to afford [18F]4 (Figure 1). The
tracer displayed poor brain uptake in rat (0.10% ID/g at 30 min p.i.). PET imaging with
[18F]4 in a rhesus monkey showed a rapid clearance and no different distribution between
brain regions.32 MK-801 is an NMDAR blocker in PCP site with high affinity and high
selectivity,33 and its derivatives have been labeled with carbon-11, fluorine-18 and
iodine-123/125.10 Probe [11C]MKC ([11C]5, Figure 1, Ky = 8.2 nM in rat forebrain) was
labeled in a high molar activity of 200-600 GBg/umol, and showed a moderate Bmax/ Ky
ratio of 20 in rat forebrain membrane. PET imaging of [11C]5 in rhesus monkey exhibited
rapid uptake in cortices, striatum and thalamic regions, but no substantial specific binding
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was detected upon the administration of MK-801 or ketamine.3* To develop single photon
emission computed tomography (SPECT) probes, MK-801 was radiolabeled with
iodine-123 and —125, and ()-3-[123/1251]MK-801 ([123/125]]6, Figure 1) was obtained.
Tracer [12°116 demonstrated a desirable Bmay/ Ky value of 28 in thin brain sections of rat.
Furthermore, [1231]6 has entered the clinical study for SPECT imaging, but no significant
specific uptake was observed in either cerebral ischemia patients or healthy age-matched
controls.3% 36 These disappointing results of radiolabeled MK-801 analogs caused by high
nonspecific binding may be attributed to their high lipophilicity.10 Ketamine is a non-
competitive NMDAR blocker of PCP site with high specificity but poor affinity,3” and ()-
[1C]ketamine ([11C]7, Figure 1, K; = 1.2 1M in pig forebrain38) has been used in clinic. In
PET imaging studies of healthy volunteers, the heterogeneous uptake of [11C]7 in the brain
was observed with 2.5-fold higher radioactivity in thalamus than in white matter, but rapidly
declined into homogenous pattern at 20 min.39 Besides, a study in patients with medial
temporal lobe epilepsy showed that no binding potential changes were observed after
injection of [11C]7,40 which suggested the limited clinical usefulness of [11C]7 in assessing
NMDARs. Memantine could readily penetrate the blood-brain barrier (BBB) and was used
to treat the symptoms of moderate to severe AD. A 18F-labeled tracer [18F]fluoromemantine
([*8F]8, Figure 1) has been used to detect NMDARSs.#! The peak brain uptake of [18F]8 in
mice was observed to be 3.7% ID/g occurred at 30 min p.i..*2 However, [18F]8 failed to
reflect the regional concentrations of NMDARS in the brains of neither rhesus monkey or
human,*! which could be explained by its multi-target bindings to brain receptors such as
dopamine D, and sigma receptors.42: 43

Following the pharmacological studies of N-(2,5-disubstituted phenyl)-A -(3-substituted
phenyl)-V -methylguanidines,** several novel radiotracers binding the NMDAR ion channel
(9-11, Figure 1) were developed.19 Among them, [11C]CNS 5161 ([11C]9, Figure 1, K; =
1.87 nM in a [3H]MK-801 assay, log P= 2.68 4°) has been translated into humans.*> 46 The
results showed that [*1C]9 had regionally heterogeneous uptakes in the brain with the lowest
radioactivity in the cerebellum and the highest in the putamen and thalamus, but the specific
binding was not demonstrated, and rapid plasma metabolism was observed.*”: 48 In 2010, by
introducing a S-fluoroalkyl substituent on the A-aryl group of 9, a 18F-labeled PET probe
[18F]GE-179 ([*8F]10, Figure 1) was reported.*® Probe 10 had high affinity to NMDAR at
PCP site (K = 2.4 nM), and showed high selectivity toward 60 other neuroreceptors,
channels, and transporters. PET imaging with nine healthy participants suggested that
[*8F]10 had high brain uptake and rapid brain extraction, with a relatively homogeneous
distribution in gray matter and low between-subject variability (26.1% - 29.2%).50 A recent
report from Sander and Hooker et a/. revealed that, in PET imaging of both rats and
nonhuman primates, [18F]10 failed to show any significant difference in brain signals during
NMDA-specific modulation with drug challenges from GE-179, MK801, PCP, ketamine and
ifenprodil.®1 In addition, [1231]CNS 1261 ([1231]14, Figure 1, K; = 4.2 nM in a [3BH]MK-801
with rat brain synaptic membranes, log 2= 2.19) was developed for SPECT,52 and turned
out to be the most advanced ion channel radiotracer for imaging NMDARS to date.>3 In
healthy volunteers, [1231]11 presented different regional distribution in the brain with total
distribution volume (V, defined as radiotracer concentration in tissue of interest relative to
that of unchanged tracer in plasma, and could be considered as proportional to binding
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potential and independent of blood flow1%: 54. 55) values following: thalamus > striatum >
cortical regions > white matter.54 56 The selectivity of [123]]11 toward PCP site of
NMDARs was confirmed by ketamine-displacement studies in human.>’ In human studies,
[1231111 could monitor the schizophrenia and psychoactive effects caused by (S)-ketamine.
58,59 However, a recent study pointed out that [1231]11 had limited capability in detecting
small changes of NMDARs.%3

In summary, since the first radiolabeling of MK-801 in 1988, dozens of tracers have been
developed for /n vivo imaging of the NMDAR system. Channel blockers account for a
substantial proportion, and can be termed as the first-generation radiotracers. Six
radiolabeled probes including [1231]6, [11C]7, [*8F]8, [11C]9, [*8F]10 and [*231]11 have been
tested in clinical studies. However, only the SPECT probe [1231]11 showed limited success
in the clinical study of patients suffering from schizophrenia.®? Most of the channel blocker
radioligands displayed excellent /n vitro properties, such as high affinity (Kj < 10 nM),
proper log Pvalue (2 - 3.5) for BBB penetration,51: 2 and good selectivity in in vitro
autoradiography. However, these tracers encountered impediments in /7 vivo PET imaging
by presenting uptake patterns inconsistent with NMDAR distribution. These disappointing
results may be attributed to 1) poor brain penetration, and 2) most importantly, high
nonspecific bindings /7 vivo. In addition, since the channel blocker derived tracers bind to
the NMDARSs in an open state, the estimation of the total available sites remains challenging
and unreliable, which makes it difficult to establish an appropriate kinetic model for PET
quantification. Furthermore, since the PCP sites at NMDARSs are at the intracellular side of
the ion channels, cell internalization may slow receptor binding, and externalization from
cells may slow receptor dissociation kinetics, which possibly complicate data analysis.2>

2.2 Glycine site radiotracers

In the extracellular domain of GIuN1 and GIuN3 subunits, glycine or D-serine binds to LBD
and serve as co-agonists of glutamate to activate the ion channel of NMDARSs. Based on
L-703717 (12, Figure 2, ICso = 4.5 nM in rat membrane with [3H]L-689560 assay), an
antagonist of NMDAR glycine site, a series of 11C-labeled quinolone derivatives were
developed.10 [11C]L-703717 ([11C]12, Figure 2) displayed high binding ability to plasma
albumin (8.37% ID/g in blood of ddY mice at 1 min p.i.), which led to its low BBB
penetration in ddY mice with the uptake of 0.32% ID/g in cerebrum and 0.36% ID/g in
cerebellum at 1 min p.i..63 64 Radiolabeling of pro-drug acetyl L-703717 generated
[11C]AcL703 ([*1C]13, Figure 2) with two-fold increase in BBB penetration when compared
with that of [11C]12.%5 PET imaging in healthy human showed that [11C]13 had insufficient
brain uptake (1.30% ID at 1.5 min p.i.), and the distribution pattern in brain was inconsistent
with the expression of NMDARs.%8 Another radiolabeled quinolone derivative [1C]4HQ
([*1C]14, Figure 2, log P= 1.23) displayed moderate affinity (K; =170 nM) ina
[BH]MDL-105519 binding assay,®’ and was studied in the PET imaging of nonhuman
primates, but failed because of low BBB permeability (0.53% ID/g in rat cerebrum 1 min
p.i.) and high nonspecific binding.%8 Continued research has resulted in several new
radiotracers with high affinity to glycine site, such as [11C]GV150526X ([11C]15, Figure 2,
Ki = 1 nM in [*1C]glycine binding assay, no biological data reported)®® and [11C]3MPICA
([*1C]16, Figure 2, K; = 4.8 nM in [BH]MDL-105519 binding assay with rat cortical
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membranes) 0. The uptake of [11C]16 in rat at 2 min p.i. was high in blood (6.1% ID/g),
much lower in frontal cortex (0.12% ID/g), hippocampus (0.13% ID/g), thalamus (0.18%
ID/g) and cerebellum (0.19% ID/g).”® According to the binding models revealed by
Tikhonova and Leeson et al.,’% 72 a compound binding to glycine site usually have a
negatively charged residue and an aromatic ring. The charged nature of these molecules may
make them unlikely to cross the BBB. Therefore, low BBB penetration and high nonspecific
binding impeded further PET imaging studies of these radiotracers, which represents a major
obstacle for the development of glycine site radiotracers. Furthermore, since glycine is one
of the major endogenous agonists of NMDARSs, its presence in large quantity and regional
variation in vivo makes it difficult to image the glycine binding site with PET.”3

The glutamate site is located at the extracellular domain of GIUN2 subunits, which acts as
orthostatic binding site for both agonists and antagonists. According to the structure-activity
relationship studies, the agonists at glutamate site are featured by the presence of at least
three charged groups, which poses major obstacles for them to penetrate BBB.”* 7> The
antagonists are developed by making minor modifications to the structures of agonists, so it
is not surprising that they also have low BBB permeability.”® Thus, there are no successful
radioligands were reported to interact with glutamate site.13

2.3 GIuN2B subtype-selective radiotracers

GIuN2B subunit displays developmental expression patterns in the brain, which is
maintained at high levels around birth, and then becomes progressively restricted to the
forebrain, but barely detectable in the cerebellum.1® The GIUN2B-ATD is the major site for
subunit-selective allosteric binding, which harbors negative allosteric modulators (NAMs,
e.g. ifenprodil), and might also show overlap with positive allosteric modulators (PAMs,
e.g., MgZ* and polyamines).8: 15 GIuN2B subunit has been found to play essential roles in
neurological and psychiatric disorders such as pain, AD, PD and schizophrenia, and gained
increased attention as a novel therapeutic approach.® Broad-spectrum NMDAR antagonists
such as memantine, ketamine or amantadine are mainly used in clinic, but these drugs often
induce a range of cognitive and motor side effects, which are probably attributed to a very
narrow therapeutic window.3: 8 In comparison, GluN2B-selective antagonists, like ifenprodil
(17, Figure 3) and its derivatives, Ro 256981, RGH-896 and MK-0657 (26, Fig 3), are well
tolerated with few undesired effects, paving a promising way in developing subtype selective
NMDAR drugs.b 76. 77 PET imaging with GluN2B-selective radiotracers can be a useful
tool for studying diagnosis and treatment intervention of related neurological diseases, and
further supporting the drug development.

Ifenprodil is the first member of *prodil’ drugs that are used as GluN2B-selective
antagonists, and the radiolabeling of these drugs produced several PET probes. In 2002,
Haradahira et al. reported the first ‘prodil’ PET tracer [11C](z)-methoxy-CP-101606
([*1C]18, Figure 3) with moderate affinity (IC5o = 14 nM) to GIUN2B subunit.”8 /n vitro
autoradiography revealed highly specific binding of [11C]18 in the forebrain of rat brain
slices with nonspecific binding < 5%. However, /n vivo evaluations, including
biodistribution in mice and PET imaging in nonhuman primates, showed that no specific
localization of the radioactivity was observed in any of the brain regions. In addition,

J Med Chem. Author manuscript; available in PMC 2020 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fuetal.

Page 7

[11C]18 showed good biostability in mice brain with 70% remaining unchanged at 90 min
p.i.. However, it was postulated that polyamines and cations behaved as endogenous
inhibitors for the probe binding of [11C]18, which caused the loss of the specific binding /in
vivo. In 2003, Roger et al. reported compound 19 with both high affinity (IC5g = 5.3 nM)
and selectivity to GIUN2B subunit (IC5qg: GIUN2A = 35 1M, GIuN2C > 1 mM). However, the
radio-labelled counterpart [11C]19 displayed low uptake (0.07% ID/mL at 30 min) and
uniform distribution in rat brain with the highest uptake in the cerebellum (0.1% ID/mL) and
the lowest in the striatum (0.04% ID/mL), which is inconsistent with the GIuN2B
distribution pattern. In competition studies with ifenprodil, an increase in brain uptake of
[11C]19 was observed, which failed to indicate its specific binding in brain.”® In 2004, by
modifying the structure of 19, the same research group reported [1C]EMD-95885 ([11C]20,
Figure 3, clog 2= 4.0) with better affinity to GIuN2B subunit (ICsp = 3.9 nM).89 Similar to
[1C]19, [*1C]20 displayed low and uniform uptake in different regions of rat brain
(0.4%-0.6% ID/mL at 5 min p.i.), in which the highest and lowest uptakes were found in the
cerebellum and striatum, respectively. In pretreatment studies, both compounds 17 and 20
significantly reduced the brain uptake of [11C]20 by a degree of 40-60%. Pretreatment of
rats with DTG (a sigma receptor agonist), MDL105519 (a glycine site antagonist) and
MK801 had no inhibitory effect on the uptake of [11C]20. Use of haloperidol (an antagonist
for D2, D3, and D4 receptors and an inverse agonist of sigma-1 receptor) as a blocking drug
led to homogeneous inhibition of [11C]20 uptake by 66-60%, which indicated significant
off-target binding. In 2009, [11C]21 with high affinity to GIUN2B subunit (ICsg = 5 nM) was
reported by Labas et a/. as an analog of 20.81 However, no sufficient BBB penetration of
[11C]21 was observed in the PET imaging on rats.

In 2003, Merck Research Laboratories reported a novel series of benzamidines as GIUN2B-
subtype selective NMDA antagonists,82 and four PET tracers were reported thereafter. A
18F_labeled compound [18F]22 (Figure 3, log 2= 0.9) showed high affinity to GIuUN2B
subunit with the &; value of 1.5 nM, but no further biological evaluation was reported.83 In
2006, three benzamidine analogs were radiolabeled with carbon-11 ([11C]23-25, Figure 3,
log £=1.02, 2.05 and 1.47, respectively), and their biological properties were reported.84 85
These probes displayed high affinity to GIuN2B subunit with Kj values <6 nM. /n vitro
autoradiography in rat brain sections suggested that [11C]25 had comparable binding
patterns with [3H]ifenprodil by exhibiting high radioactivity in caudate putamen and
thalamus while much lower in the cerebellum. The specific signals can be blocked by both
ifenprodil and 25 itself. Furthermore, the initial brain uptake of [11C]23-25 was measured in
mice, and the results showed that they had limited brain uptake (< 2% ID/g at 5 min p.i.)
with slow brain washout (brainsmin/brainomin < 3). Besides, [11C]23-25 metabolized rapidly
in mice brain, leading to 8%, 14% and 49% intact compounds were remained at 40 min p.i.,
respectively. In conclusion, though high affinity to GIuUN2B subunit, the use of these
benzamidine PET tracers have been impeded by low brain uptake and rapid metabolism in
the brain.

Different from aforementioned “prodil” molecules, MK-0657 (26, Figure 3) is a non-phenol
containing GIuN2B antagonist (ICsg = 3.6 nM), and has been tested in clinical trials for the
treatment of patients with PD and major depression.5: 8687 The related PET tracers,
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[18F] trans-26 and [18F]cis-26 (Figure 3, log P= 2.66 and 2.80, respectively), were developed
by Koudih et a/. in 2012.88 As demonstrated by autoradiography, both radioligands showed
extremely high specific binding in GIUN2B subtype rich regions of rat brain sections with
the highest density detected in the hippocampus and cortex, followed by striatum and
thalamus, and the lowest in the olfactory tubercle and cerebellum. Furthermore, both tracers
showed moderate to high Bax/ Ky ratios (>10) in different brain regions, and [18F]#rans-26
(Bmax! Ky = 17-37) showed higher values than that of [18F]¢is-26 (Bmax/ Ky = 8-19). In the
subsequent PET studies, although [18F] frans-26 and [18F] cis-26 exhibited reasonable brain-
to-blood ratios of 1.97 and 1.88 at 90 min p.i., respectively, no significant difference of
radioactivity uptake was observed within different brain regions. Also, co-injection of non-
radioactive 26 did not significantly affect the regional cerebral uptakes, which demonstrated
possible high nonspecific binding /in vivo. Metabolite analysis showed that both tracers
displayed good biostability in rat brain with 79% ([18F] trans-26) and 71% ([*8F]c/s-26) of
parent tracers at 90 min p.i..8% Despite promising /n vitro properties (high affinity, good
selectivity to GIUN2B subunit in brain sections, and proper log Pvalues), the limited brain
uptake and homogeneous distribution have impeded [18F]#rans-26 and [18F]cis-26 as proper
PET tracers for the imaging of GIuUN2B subunit.

To pursue optimal PET tracers for imaging GIuN2B subtype, several new chemical scaffolds
were proposed. In 2004, Dolle et a/. developed a pyridine tracer [11C]R0-647312 ([11C]27,
Figure 3) with high affinity of 8 nM (K; in [3H]R0-256981 assay).%® However,
biodistribution results in rat indicated that [11C]27 distributed homogenously in all brain
regions, which was not consistent with the known expression of GIuUN2B subunit. In
addition, throughout the PET scan (0-60 min), plasma radioactivity was observed higher
than brain in any period. In 2014, Christiaans et al. reported [11C]28 (Figure 3) as a PET
probe for GIUN2B subunit. Probe [11C]28 had moderate affinity to GIuN2B subunit (K; =
12.4 nM in [3H]ifenprodil assay).%! /n vitro autoradiography suggested that [11C]28 had
homogenous distribution in rat brain sections with low specific binding. Biodistribution
results in mice showed that [11C]28 could readily penetrate BBB, and washed out rapidly
without significant regional differences at 30 min after intraperitoneal injection. In ex vivo
autoradiography, brain uptake of [11C]28 in mice was reduced by pretreatment of
Ro0-256981, but the reduction was inconsistent with the expression patterns of GIuN2B
subunit, which may be caused by the high level of sigma-1 receptor binding. In 2017,
[11C]Me-NB1 ([1C]29, Figure 3) was generated by 11C-labeling of a GIuUN2B antagonist,
WMS-1405,%2 at the methoxy group.?3 This probe displayed high affinity to the GIuUN2B-
ATD binding site with the Kj value of 5.3 nM, and moderate affinity to the sigma-1 receptor
(K; = 182 nM).%2 /n vitro autoradiography revealed that [11C]29 could bind to the whole
brain with nearly homogenous distribution, and the binding could be blocked by non-
radioactive 29 (100 pM), eliprodil (10 ¢M, an NMDAR antagonist) and Ro-256981 (100
LM, a GIuUN2B NAM), but not by glutamate (1 mM) and haloperidol (10 4M). In addition,
ex vivo biodistribution results revealed that [11C]29 distributed in different brain regions
with standardized uptake values (SUVs) of 3.8 for midbrain, 3.7 for cortex, 2.8 for
cerebellum and 2.7 for olfactory bulb. During eliprodil blocking studies, these values were
reduced by > 40% for midbrain, brain stem, cortex and striatum, and to a less extent, for
hippocampus (31.9%) and cerebellum (34.5%). PET imaging results suggested that the
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binding of [11C]29 in rat brain was blocked by cold compound of 29 (1 mg/kg), eliprodil (2
mg/kg) and Ro-256981 (7.5 mg/kg). However, the specific binding in PET imaging was
abolished by (+)-pentazocine (2.5 mg/kg, sigma-1 receptor agonist) and haloperidol (0.13
mg/kg), which may be caused by in vivo indirect effect of sigma-1 receptor on [11C]29
binding. Furthermore, [11C]29 was successfully used in the determination of receptor
occupancy by eliprodil. The results revealed that the half-maximal receptor occupancy
blocked by eliprodil was observed at 1.5 g/kg, and at a dose with reported neuroprotective
effects (1 mg/kg), more than 99.5% of binding sites were occupied. Thus, [11C]29 has great
potential in /n7 vivoimaging of GIUN1/GIuN2B receptors and the determination of receptor
occupancy by GIuN2B-ATD modulators. More recently, [18F]30, a 18F-labeled derivative of
29, was reported by Szermerski et al. as a GIuN2B PET imaging probe.?* Compound 30
displayed 30-fold lower affinity (Kj = 162 nM) to GIuN2B subunit compared with 29. /n
vitro autoradiography results in rat brain sections suggested that [18F]30 accumulated in
brain regions of cortex, hippocampus, striatum, and hypothalamus, which are known to have
high expression of GIuUN2B subunit. This binding was blocked by non-radioactive of 30 (100
4M), eliprodil (100 ¢M) and Ro-256981 (100 M), which further confirmed the specific
binding between [18F]30 and GIuN2B subunit. However, no further in vivo results of [18F]30
were reported.

The aforementioned GIuN2B-selective radiotracers are NAMs and possibly bind to GIuN2B
subunit as non-competitive antagonists. In addition, two alkylamines ([11C]31 and [1C]32,
Figure 3) were radiolabeled as tracers that bind with GIuUN2B subunit as PAMSs.%® In in vitro
autoradiography, both probes exhibited similar distributions in rat brain slices with
homogenous radioactivity in different brain regions. Since [*1C]31 showed off-target
binding to serotonin receptors, [11C]32 was selected for further evaluations. Biodistribution
revealed that [11C]32 had poor uptake in different brain regions (0.74-0.89% ID/g at 10 min
p.i.) in rodents, and further PET scans in rhesus monkey showed similar results with
homogeneous regional distribution, which was likely affected by endogenous PAMs of
GIuN2B, such as polyamines and neurosteroids.

In summary, many GluN2B-selective radiotracers reported to date showed high affinity and
high selectivity to GIUN2B subunit, and most of them displayed /n vitro specific binding on
rat brain slices by autoradiography. However, undesirable /in vivo properties, including low
BBB penetration, uniform distribution in whole brain, rapid brain metabolism, and/or off-
target binding to other brain receptors have led to the limited success of GIUN2B PET tracer
development.

3. DEVELOPMENT OF PET TRACERS FOR AMPARs

As another type of glutamate-gated ion channels, the AMPARSs are primarily expressed on
postsynaptic membranes of excitatory synapses, and mediate the majority of fast synaptic
transmission in the CNS by the activation of glutamate.9: 97 AMPARSs assemble as
functional homotetramers of four subunits GluA1-GluA4,%8 and directly or indirectly
associate with numerous scaffolding proteins,®® including transmembrane AMPAR
regulatory protein (TARP), cornichon (CNIH), and CKAMP44, to modify their trafficking,
localization, gating as well as pharmacology.100-105 |t has been revealed that AMPAR
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subunits have a widespread and varied distribution in rat brain: GIuA1-GIluA3 subunits have
high expression in hippocampus, outer layers of the cortex, olfactory regions, lateral septum,
basal ganglia and amygdala; and GluA4 subunit is found enriched in reticular thalamic
nuclei and cerebellum.* 196 Like all iGIUR subunits, AMPAR subunits share a modular
composition consisting of 1) a ATD that for the assembly and stability of tetrameric
receptors® (this is different from NMDARs, see Chapter 2.3), and may also harbor allosteric
binding sites (some functions are still unknown);106 2) a LBD possessing binding sites for
modulators (such as agonist, antagonist and PAM) of receptor desensitization and
deactivation; 8. 107, 108 3y 3 TMD that forms the ion channel; 199 and 4) a cytoplasmic
carboxy-terminal trafficking and anchoring domain. Studies have indicated that AMPARS
not only play an important part in learning and memory,3 110 but also are involved in the
pathology of several CNS disorders including epilepsy, schizophrenia, multiple sclerosis as
well as PD.111-113 Thys, modulation of AMPARSs are attractive therapeutic approaches, and
much attention has been focused on AMPAR antagonists for neuroprotection,114 and
AMPAR potentiators for cognitive enhancement.11°

3.1 Antagonist-type AMPAR tracers

Non-invasive /in vivo PET imaging studies offers an ideal opportunity for quantification of
AMPARSs in the living brain under normal and disease conditions, which would facilitate and
advance drug development, as well as enable pharmacokinetic profiling of candidate drugs.
While considerable efforts have been devoted to imaging NMDARSs, the development of
AMPAR PET tracers is still in its infancy. To date, the focus has been dedicated to AMPAR
antagonist-type PET ligands. In 2006, based on A-acetyl-1-aryl-6,7-dimethoxyl-1,2,3,4-
tetrahydroisoquinoline scaffold, Gao et al. disclosed the synthesis of several 11C- and 18F-
labeled AMPAR antagonists ([11C]33-38 and [18F]39, Figure 4).116 However, except that
[11C]37 was further described by the Arstad et a/,117 no other biological data were reported.
Tracer [11C]37 had a moderate Kj value of 14.8 nM in rat cortex membranes, and the Bmax
was 148 fmol/mg protein. In addition, [11C]37 showed good initial brain uptake at 1 min p.i.
in rats with the highest in inferior colliculi (3.12% 1D/g), following by superior colliculi,
cingulate cortex, olfactory tubercles, thalamus and prefrontal cortex around 2.4% ID/g, and
the lowest in hippocampus (1.84% ID/g). Furthermore, [11C]37 displayed good biostability
in rat brain with 86% of the tracer was intact at 30 min p.i.. However, the authors claimed
that the binding patterns of [11C]37 in the brain is likely the combination of regional blood
flow and unspecific binding. Another class of AMPAR antagonist-type PET ligands was
based on perampanel (Fycompa™) scaffold, which is the only AMPAR drug that has been
approved by the U.S. Food and Drug Administration (FDA) for the treatment of epilepsy.’-2
In 2015, Lee et al. developed a novel radiosynthetic protocol for the synthesis of [1CJaryl
nitriles, and translated it into the preparation of 11C-labeled perampanel [11C]40, but no /in
vitro or in vivo evaluations were reported to date.118 In the same year, Oi et al. developed a
series of perampanel derivatives as AMPAR antagonists, and twelve 11C-labeled and one
18F_|abeled radioprobes were successfully prepared.11® Among them, five radiotracers
([*1C]41-44 and [18F]45, Figure 4) were highlighted because of their higher affinity (K; = 6,
10, 5. 20 and 22 nM, respectively) and desirable lipophilicity (log D= 1.67, 2.57,1.95. 1.70
and 2.54 nM, respectively). In /n vitro autoradiography with rat brain slices, [11C]41-44
displayed excellent specific binding with the radioactivity signals concentrated at brain
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regions of hippocampus and cortex, versus brain stem, which is consistent with the
expression of AMPARs. These specific signals were well blocked by the corresponding
unlabeled compounds (10 x#M). On the contrary, no specific binding was observed from the
autoradiographic results of [18F]45, which was further confirmed by the PET imaging in
rats. The /n vivo performance of [11C]41-44 were assessed with PET imaging in both rats
and monkeys. In PET imaging of both species, [11C]42 displayed moderate brain uptake,
and showed notable radioactivity retention in AMPARs-rich brain regions like hippocampus
and cortex, which contrasted with the relatively rapid clearance from brain stem.
Furthermore, the uptake was blocked by pretreatment with unlabeled 42 in a dose-dependent
manner. Besides, [11C]41 and [11C]43 showed low brain uptake in both rat and monkey.
Although [11C]44 showed higher brain uptake than [11C]42 in rat, no specific binding was
observed with PET imaging in both species, which may caused by the insufficient affinity.
Further human PET studies using [11C]42 demonstrated that this tracer had low binding
potential less than 0.15 (here, a value > 0.5 is desirable for reliable quantification120), and
only some specific binding in the cerebral cortex was observed, so this tracer may not be
optimal for AMPARSs PET imaging.12! In addition, in 2016, Liang and his coworkers
demonstrated the feasibility to label compound 44 with fluorine-18. The radiosynthesis of
[18F]44 was achieved via a one-pot two-step approach that utilized a spirocyclic iodonium
ylide (SCIDY) mediated radio fluorination with K18F, followed by cross-coupling with an
amide, in a decay-corrected radiochemical yield of 15%.122 PET imaging results in mice
demonstrated that [28F]44 could penetrate BBB and reach a maximum whole brain activity
of 2.3 SUV at ~70 s p.i.. However, no information regarding specific binding of [18F]44 was
reported.

3.2 Potentiator-type AMPAR tracers

Compared with the existence of antagonist-type PET ligands, fewer tracers of potentiator-
type were reported. AMPAR-enhancing Ampakines™ drugs were developed as PAMs, and
three compounds CX-465, CX-546 and CX-516 (46-48, respectively, Figure 4) were labeled
with carbon-11 in the carbonyl position.123 The biodistribution of [11C]46-48 in rats was
determined by rapid PET screening. The PET imaging results in rats showed that [11C]46
could be extracted into the brain rapidly with the uptake of ~15% ID/mL tissue at 1 min, but
rapidly decreased to the level of extracerebral tissue at 10 min. When co-injected with
CX-465 (self-blocking, intraperitoneal injection), the brain uptake of [11C]46 was decreased
and the washout rate was slowed down. Tracer [11C]47 displayed improved cerebral
retention (half-time of 20 min) than [11C]46, and the retention time also became longer in
self-blocking experiments. The brain uptake of [11C]48 reached a peak at 2-3 min p.i., and
followed by a decrease then a gradual increased uptake at later time point, which may be
caused by polar brain penetrant radiometabolites. Another potentiator-type tracer was
developed by 18F-labeling of a LY395153 (49, Figure 4)124 derivative ([18F]50).125
However, unlike LY395153, cold compound 50 failed to potentiate the [BHJAMPA binding
on frozen brain slices. Besides, in /n vitro assay with rat brain slices, [18F]50 showed a
uniform distribution and high non-specific binding, which hence hampered subsequent /in
vivo imaging evaluation.
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Despite these advances, all reported AMPAR PET tracers suffered from at least one of the
following disadvantages, including low BBB penetration, high non-specific binding or low
binding potential, which in turn rendered them unsuitable for preclinical and clinical
imaging studies. Furthermore, it has been found that AMPARSs have a low density in the
brain, which suggests that a ligand with very high affinity, even in a sub-nanomolar range,
might be required to precisely image the AMPARS in vivo.

4. PET TRACER DEVELOPMENT TOWARDS IMAGING KARs

Among the three main types of iGIuRs, KARs possess the lowest density in the CNS, and
the study of their biological and physiological function is still in early stage. KARs are
similar to NMDARs and AMPARSs in homologs, and can be further divided into five
subtypes named GluK1-GluKS5, which co-assemble as a tetramer in various combinations to
exert either pre- or post-synaptic functions.126 Unlike NMDARs and AMPARSs, KARs do
not act predominantly as modulators of excitatory postsynaptic signaling. KARs principally
associate to metabotropic signaling pathways to regulate synaptic transmission and neuronal
excitability. These modulatory functions have positioned KARs as potential therapeutic
targets, and thus KAR antagonists have emerged for the amelioration of several neurological
disorders such as epilepsy, migraine and chronic pain.127-12% Compared with the
development of other iGIuR PET tracers, the progress of imaging KARs has lagged behind,
possibly due to unavailability of suitable high-affinity and high-selectivity ligands. The only
candidate KAR PET tracer [11C]51 (Figure 4) to date was reported by Suzuki in 2011,
which undesirably showed higher affinity to AMPARSs rather than to KARs. Thus, no utility
of [11C]51 as a PET probe has been established.130

5. PERSPECTIVES FOR iGluRs PET TRACER DEVELOPMENT
5.1 Opportunities in developing PET tracers for GIuUN2A, GIuN2C and GIuN2D subunits

While traditional non-subtype selective NMDAR drugs elicited a range of side effects,
including hallucination, catatonia and anesthesia,1% 7> recent efforts have been shifted to
subtype-selective NMDAR modulators via allosteric binding sites targeting GIuN2B or other
NMDAR subunits.24 72 75 These allosteric agents often could minimize off-target activity
and detrimental side-effects. Among them, NAMs could avoid excessive blockade by
inhibiting less than 100% of the agonist response at high concentrations, and this makes
them superior to other pan NMDAR drugs including channel blockers and competitive
antagonists, which at high concentrations can block all pharmacological effects.
Furthermore, potentiating NMDARs could be beneficial for the treatment of cognitive
disorders and schizophrenia that are caused by the receptor hypofunction. However, direct
activation of NMDARs by glutamate agonists may potentially cause excitotoxicity. PAMs
may offer distinct advantages in the treatment of such NMDAR hypofunction-related
diseases because they could selectively increase the activity of weakly-activated NMDAR
signals.”2 131

Several GIuN2B-selective agents, including RGH-896 and CP-101606, have been developed
and entered clinical trials. In synergy with drug development, major efforts in exploring
NMDAR subunit-selective PET probes have been focused on GIuN2B subunit. In addition,
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the recent development of other subtype-selective agents, and NMDAR NAMs and PAMs
offer unique opportunities for a new series of subtype-selective NMDAR PET tracers that
are not limited to GIuN2B subunit.”2 108, 131 |n 2015, Sephton et a/. reported a 18F-labeled
quinoxaline derivative, [18F]JFP-PEAQX ([18F]52, Figure 5), as a potential PET imaging
probe for GIUN2A subunit.132 Compound 52 displayed high binding affinity (2 nM) to
GIuN2A subunit. In in vitro autoradiography studies, the distribution of [8F]52 in rat brain
showed high brain uptake in regions such as cortex and hippocampus, which was consistent
with the known expression of GIuUN2A.1° Furthermore, by blocking experiment, these
radioactivity signals were completely blocked by NVP-AAMO077 (a GIUN2A antagonist),
while no significant change was observed when eliprodil was used. Although high
specificity to GIUN2A subunit in vitro, the log D; 4 value of [18F]52 was —1.11, which
indicated that the probe may have poor BBB penetration.61 So, further tuning of lipophilicity
based on [18F]52 may lead to optimal brain penetrant probes for GIuUN2A subunit. In 2016,
Tamborini et al. reported several radiolabeled amino acids as GIuUN1/2A tracers with poor
affinity and low selectivity toward GIuN1/2B.133 Ex vivo autoradiography suggested that
[1251153 (Figure 5, estimated Aj: 250 and 270 nM to GIuN1/2A and GIuN1/2B, respectively;
clog P=-3.0) failed to penetrate BBB, while the injection of its prodrug [12°1]54 (Figure 5,
clog P=1.1) generated brain region-specific uptake that was consistent with mRNA
expression of GIuN1/2A. Unfortunately, biodistribution and PET imaging of [12°1]54 and
[*1C]55 (Figure 5, clog P = 0.3) revealed that none of them are brain permeable (< 1% ID/g
across all the brain regions). More recently, Lind et a/. reported a fluorinated analog ST3
(56, Figure 5), which displayed an improved binding affinity and selectivity with K; values
of 52 nM and 782 nM for GIuN1/2A and GIuN1/2B receptors, respectively.134 This work
could serve as an excellent starting point for a new series of PET tracers that can be
radiolabeled by fluorine-18.

Ifenprodil is a GIuN2B-selective NAM, and its pharmacology has been well described.
Recently, NMDAR allosteric agents have received increasing attention in drug discovery,
and several subtype-selective NAMs and PAMs have been reported.135 TCN-201 (57, Figure
5, clog £ =3.39) was the first identified subtype-selective NAM that had low affinity to
GIuN2A (ICsq, 340 nM), and > 300-fold selectivity over other GIUN2 subunits.136 MPX-004
and MPX-007 (58 and 59, Figure 5, clog A= 1.02 and 0.69, respectively) are sulfonamide
compounds that act as GIuN2A-selective NAMSs. They showed improved affinity to GIUN2A
subunit with the ICs values of 79 and 27 nM, respectively, and displayed potent selectivity.
137 In addition, GIuUN2A-selective PAMs were also reported, and GNE-0723 (60, Figure 5) is
the most successful compound to date. GNE-0723 displayed a ECsg value of 21 nM to
GIuN2A, and ~300-fold selectivity over both GIUN2C and GIuN2D subunits, > 200-fold
selectivity over AMPARs, and yet acted more selectively toward GIuN2B.138 Another
generation of compound GNE-5729 (61, Figure 5) showed improved pharmacokinetic
profile, such as oral bioavailability and /7 vivo mouse clearance.39 However, the affinity to
GIuN2A subunit (ECsg = 37 nM) and the selectivity to GIUN2C and GIuN2D subunits (127-
and 256-fold, respectively) were both decreased. Furthermore, NAMs and PAMs with
subtype-selectivity for other subunits including GIuN2C/2D and GIuN2C have been
reported. NAB-14 (62, Figure 5) is a GIuN2C/2D-selective NAM with the potency (ICsq) of
3.7 and 2.2 ;M to GIuUN2C and GIuN2D, respectively, and showed high selectivity over
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GIluN2A and GIuN2B (> 800-fold).140 In addition, a series of tetrahydroisoquinoline
derivatives were reported as PAMs of GIUN2C and GIuN2D subunits. Compound 63 is the
most potent one with the ECsq value of 0.3 M for both GIuUN2C and GIuN2D subunits.141
PYD-106 (64, Figure 5) is a notable PAM because it can distinguish GIuN2C from GIuN2D.
142 compound 64 had no effect on GIUN2A, GIuN2B and GIuN2D, as well as AMPARSs and
KARs, and acted on GIUN2C subunit to stabilize an open channel state of the receptor
complex. The new class of subtype-selective compounds that are featured by these NAMs
and PAMs still belong to the starting stage, and only have moderate to poor affinity to
respective subunits. But with future efforts, more subtype-selective compounds with
improved solubility, brain penetration, and pharmacokinetic/toxicity properties would be
developed, 35 which should offer important opportunities to drug discovery. Thus, related
PET tracers could help to explore their pharmacological properties, and further understand
the structure-function characteristics in their allosteric sites.

5.2 Opportunities for the development of subtype-selective AMPAR PET tracers

Considering the widespread distribution of AMPARs throughout the CNS, general
antagonism or potentiation may exert beneficial pharmacological effects yet with severe
adverse effects, including ataxia, sedation, and dizziness.8 Development of subtype-selective
agonists or antagonists for AMPARSs seems to be a very difficult task because the orthosteric
binding sites have high degree of sequence identity among the subunits.143 Gratifyingly, one
of the recent drug discovery efforts towards this target entails subtype-selective TARP
modulation. TARPs have been found to dramatically enhance AMPAR trafficking and gating
in a brain region-specific manner. TARPs belong to claudin protein family and include
several subtypes, including type | TARPs (y2, y3, y4 and y8), type Il TARPs (y5 and y7),
and other candidate AMPAR auxiliary proteins.144 Among them, TARP -8 is highly
expressed in the hippocampus but very low in the cerebellum, and acts as an exciting target
in the treatment of pathologic disorders featured by hyperactivity within forebrain.14° In
2016, several TARP -y-8 dependent antagonists were developed, and among them,
INJ-55511118 (K; = 26 nM in [3H]INJ-56022486 assay with rat hippocampus
membranes)146 and LY 3130481 147 (65 and 66, respectively, Figure 6) displayed promising
pharmacokinetic properties. Compound 65 showed high binding affinity to human GIluALi/
-8 with the pICsq value of 7.91, and act as a reversible TARP y-8 antagonist with potential
therapeutic utility as an anticonvulsant or neuroprotectant. In rat hippocampus membranes,
65 showed binding affinity (Ky) of 27 nM, and the Bpax is 3.8 pmol/mg protein. In vivo
clearance and volume of distribution (Vp, also known as apparent volume of distribution, is
a theoretical volume that calculated as a ratio of the dose present in the body and its plasma
concentration, when the distribution of the drug between the tissues and the plasma is at
equilibrium) in rats were 4.8 mL/min/kg and 1.8 L/kg, respectively.146 Compound 66 also
had high potency to GluA1/y-8 with the 1Csq value of 65.3 nM, and the Vp and total
clearance in rat are 1280 mL/kg and 11.4 mL/min/kg. It has been demonstrated that 66
displayed an effective neuroprotective effect toward pentylenetetrazole-induced convulsions
in rats without motor impairment.14’ These compounds could provide informative molecular
scaffolds in the exploration of subtype-selective PET tracers for AMPARs. Moreover, TARP
-2, the first discovered TARP member, is highly expressed in the cerebellum, where it
plays a crucial role in the biological function of AMPARS in cerebellar granule neurons.144
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However, no y-2-selective antagonist was reported to date. Furthermore, AMPAR PAMs
show selectivity for AMPAR subpopulations of different subunit compositions. These PAMs
could potentiate AMPARS, and showed cognition- and memory-enhancing, and
antidepressant-like effects in the preclinical models, demonstrating therapeutic effects on
cognitive impairment, schizophrenia, depression and PD.113 A variety of PAMSs have been
developed, and several of which have developed into clinical trials, such as CX-516 (48,
Figure 4) and LY404187 (67, Figure 6).113: 148 Fyrthermore, recent drug discovery efforts
led to a few new AMPAR PAMs with excellent safety and tolerability in humans, such as
LY451395,149. 150 pF04958242151 and U0S12258152 153 (68-70, respectively, Figure 6).
Thus, AMPAR-TARP subtype-selective antagonists and AMPAR PAMs may hold great
potential for new CNS drug discovery, and in parallel, the future direction towards PET
imaging ligand development of AMPAR may be shifted to seek subtype-selective
radiotracers, thereby facilitating target engagement studies and monitoring treatment
efficacy of AMPAR related pharmacotherapy.154: 155

Currently, the development of iGIuR PET agents usually proceeds by synthesizing
compounds based on the scaffolds of drugs with therapeutic activity. However, the
pharmacokinetic requirements of a PET agent, like of high initial brain uptake, rapid brain
extrusion and minimum brain nonspecific binding, are not requirements of neuroactive
therapeutic drugs. In addition, the doses of therapeutic agents are far higher than imaging
agents, allowing their interaction with receptors in lower affinity. High-level of specific
binding is very important for PET imaging agents and the corresponding quantification
process. The nonspecific binding of a radioligand may be caused by high lipophilicity and/or
insufficient binding affinity to the target. Therefore, while a therapeutic lead may provide a
good entry point for PET tracer development, the proposed imaging scaffold must focus on
the improvement/fine tuning of binding affinity (in subnanomolar level) to achieve high
specific binding. Furthermore, their molecular properties such as topological polar surface
area (tPSA) and log D, should be scrutinized in silico against a training set of successful
neuroimaging agents. In addition, BBB permeability is increasingly amenable to
investigation as a screen for compounds to be tested in vivo. Thus, these methods would help
to improve success rate in developing useful imaging agents.

6. CONCLUSION

Given the critical role of these iGIuRs in various neurological and neurodegenerative
disorders, imaging these receptors by PET or SPECT would provide invaluable information
on disease diagnosis and therapeutic intervention. During the past decades, significant
advances have been made in the field of developing radioligands for iGIuRs. Several tracers
have been transitioned into clinical research studies, among which [1231]CNS 1261
([*231]11) is the only one that has gained promising yet limited success in studying
NMDAR-related disorders, such as ketamine-induced blockade, psychoactive effects of (5)-
ketamine and schizophrenia. Most of the PET tracers displayed inferior /n vivo results,
including low brain uptake, rapid metabolism, and non-specific binding. In addition, limited
progress has been achieved in the development of radiotracers for AMPARs and KARs, and
no subtype-selective tracer has been reported to date. Furthermore, recent advances in the
protein structures of AMPAR and KAR subtypes in the closed, active and desensitized states
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have promoted molecular level understanding of receptor-drug interactions, which may
present new opportunities for PET tracer development.156. 157
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ABBREVIATIONS USED

AD Alzheimer’s disease

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMPAR AMPA receptor

ATD amino-terminal domain

CNIH cornichon

CNS central nervous system

FDA Food and Drug Administration
iGluRs ionotropic glutamate receptors
KARs kainate receptors

LBD ligand-binding domain

mGIluRs metabotropic glutamate receptors
NAM negative allosteric modulators
NM DA N-methyl-p-aspartate

NMDAR NMDA receptor

PAM positive allosteric modulators
PCP phencyclidine

PD Parkinson’s disease

PET positron emission tomography
p.i. post-injection

SCIDY spirocyclic iodonium ylide
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SPECT single photon emission computed tomography
SUV standardized uptake value
TARP transmembrane AMPAR regulatory protein
TCP thienylcyclohexyl piperidine
TMD transmembrane domain
tPSA topological polar surface area
Vb volume of distribution
VT total distribution volume
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Chemical structures of selected channel blocker radiotracers.
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Chemical structures of selected glycine site radiotracers.
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Figureb5.

Chemical structures of reported radiotracers (52-55) and an antagonist (56) for GIUN1/2A
subunit, and NAMs (57-59 and 62) and PAMs (60, 61, 63 and 64) for GIuN2A-2D subunits.
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Figure 6.
Chemical structures of TARP y-8-dependent antagonists (65 and 66) and AMPAR PAMs
(67-70).
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