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A B S T R A C T   

As a subclass of ionotropic glutamate receptors (iGluRs), α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptors have been implicated in various neurological disorders and neurodegenerative diseases. To 
further our understanding of AMPA receptor-related disorders in the central nervous system (CNS), it is 
important to be able to image and quantify AMPA receptors in vivo. In this study, we identified a novel F- 
containing AMPA positive allosteric modulator (PAM) 6 as a potential lead compound. Molecular docking studies 
and CNS PET multi-parameter optimization (MPO) analysis were used to predict the absorption, distribution, 
metabolism, and excretion (ADME) characteristics of 6 as a PET probe. The resulting PET probe, [18F]6 (code-
name [18F]AMPA-2109), was successfully radiolabeled and demonstrated excellent blood-brain barrier (BBB) 
permeability and high brain uptake in rodents and non-human primates. However, [18F]6 did not show sub-
stantial specific binding in the rodent or non-human primate brain. Further medicinal chemistry efforts are 
necessary to improve specific binding, and our work may serve as a starting point for the design of novel 18F- 
labeled AMPA receptor-targeted PET radioligands aimed for clinical translation.   

1. Introduction 

As a subtype of ionotropic glutamate receptors, α-amino-3-hydroxy- 
5-methyl-4-isoxazolepropionic acid (AMPA) receptors, mediate the 
rapid excitatory transmission of glutamate, which exert a vital role in 
signal transduction and neurodevelopment in the central nervous sys-
tem (CNS) [1]. AMPA receptors are widely distributed in the brain, but 
mainly located in the hippocampus, outer cortex, olfactory area, lateral 
septum, basal ganglia and amygdala [2–4]. Recent studies have indi-
cated that dynamic expression of AMPA receptors in the postsynaptic 
membrane may lead to prolonged inhibition of the neuronal pathway 

which is oftentimes seen in disease processes such as schizophrenia, 
epilepsy, and Alzheimer’s disease [5]. Therefore, targeting AMPA re-
ceptors may suggest high therapeutical consequence, therefore leading 
to numerous ongoing efforts in drug discovery. 

Several antagonists targeting AMPA receptors have been developed 
in early drug discovery. Perampanel is the first highly selective, non- 
competitive AMPA receptor antagonist that is approved by U.S. Food 
and Drug Administration. However, probably attributed to wide distri-
bution of receptors in multiple brain regions, AMPA receptor antagonists 
are often accompanied by adverse effects such as sedation and vertigo 
[6]. Recently, novel positive allosteric modulators (PAMs) of AMPA 
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receptors have been developed, which represents a promising approach 
for not only drug discovery but also the companion imaging ligand 
development [7]. PAMs are bound to an allosteric pocket of the AMPA 
subunits, fine-tuning the function of AMPA receptors, and could 
potentially address the excitotoxic effect of agonists [6]. As such, the 
development of PAMs with high affinity has stimulated considerable 
interest in the field of medicinal discovery and drug discovery. 

Positron emission tomography (PET) is a powerful non-invasive 
imaging technique capable of visualizing in vivo physiopathological 
processes, which provides a diagnostic and/or target engagement tool in 
drug discovery [8]. Imaging and quantification AMPA receptors in the 
CNS is critical to advancing our understanding of AMPA receptor-related 
disorders [9]. Currently, there are several AMPA receptor antagonist 
based PET tracers have been developed based on the Perampanel scaf-
fold (Fig. 1A), including [11C]perampanel [10], [11C]1 [11], and our 
ligand [18F]2 [12]. Although preliminary evaluation showed that all 
these tracers possessed high initial brain uptake, high specific binding in 
vivo remained a challenge. An 11C-labeled PAM type PET tracer, [11C] 
K-2 ([11C]3) [13], was recently developed (Fig. 1B), which exhibited 
high binding affinity and specificity yet with rapid metabolism in vivo. 
Furthermore, the short half-life of C-11 (t1/2 = 20.4 min) restricted 
further clinical translation and application due to the need of an on-site 
cyclotron. Another PAM type tracer, [18F]BPAM121 ([18F]4) was re-
ported to have a moderate uptake in mouse brain but could not be 
blocked in competition studies, which is not suitable for PET ligands 
[14]. So far, the development of 18F-labeled AMPA receptor PET tracers 
based on allosteric modulators is still at the initial stage. Based on 
4-cyclopropyl-7-(3-methoxyphenoxy)-3,4-dihydro-2H-benzo[e][1,2,4] 
thiadiazine 1,1-dioxide (EC50 = 2 nM) [15], we reported a novel 
11C-labeled PAM type tracer [11C]AMPA-1905 ([11C]5) which possessed 
good blood-brain barrier (BBB) permeability [16]. In this work, we took 
advantage of a similar scaffold, and identified a novel fluorinated PAM 6 
as a lead compound from molecular docking studies and CNS perme-
ability prediction by CNS PET multi-parameter optimization analysis. 
The binding affinity (Kd) of compound 6 was measured to be 0.35 μM. 
Additionally, Compound 6 was found in a functional study to increase 
AMPA-evoked response markedly by a factor of 15 with an EC50 of 0.90 
μM [17]. Although the potency of PAM 6 is suboptimal for PET ligand 
development, we sought to profile the structural scaffold of this type and 
study the pharmacokinetics in the brain of difference species in order to 

design new PET ligands. We utilized copper-mediated radiofluorination 
for the preparation of [18F]6 (codename [18F]AMPA-2109) and per-
formed PET imaging in rodents and non-human primates (NHPs), 
demonstrating that radioligand [18F]6 exhibited improved brain 
permeability for further optimization. 

2. Results and discussion 

2.1. Molecular docking studies 

To investigate the molecular interaction of compounds 5 and 6 in the 
GluA2-binding ligand domain (BLD) of AMPA receptors, the published 
AMPA receptor co-crystal x-ray structures (PDB ID: 4n07 and 5oew) 
were used as docking platform. As shown in Fig. 2, compounds 5 and 6 
exhibited good interactions with GluA2-BLD residues. All possible in-
teractions within 5 Å from compounds to surrounding residues were 
measured. The hydrogen bond was formed from the backbone Pro105 to 
nitrogen atom, respectively. Compound 6 formed two more Van der 
Waals interaction than compound 5 due to the presence of the 3′- 
methoxyphenoxy in compound 5. This group restricts the deflection of 
the molecular structure as well as the formation of Van der Waals 
interaction. However, an extra hydrogen bond was formed from the 
sulfonamide O atom of 5 to residue Ser242, and extra amide-Pi stacked 
was formed from 5 to Lys218, which implied a stronger interaction 
between 5 and GluA2-BLD (Fig. 2C & 2D). These results may provide a 
rationale of a decreasing binding affinity of compound 6 towards GluA2- 
BLD of AMPA receptors. 

2.2. CNS PET multi-parameter optimization analysis 

We utilized CNS multi-parameter optimization (CNS MPO) and CNS 
PET multi-parameter optimization (CNS PET MPO) to predict physico-
chemical properties and brain penetration of compounds 5 and 6 [18, 
19]. ACD/Labs software (Toronto, Canada) was used to estimate all six 
fundamental physicochemical properties considered in candidates, 
including cLogP, cLogD, molecular weight (MW), topological polar 
surface area (tPSA), number of hydrogen bond donors (HBD), and 
ionization constant of the most basic center (pKa). PET MPO provides 
improved differentiations compared to individual physicochemical pa-
rameters, among which CNS PET MPO > 3 is preferred for PET ligand 

Fig. 1. Representative radioligands for PET imaging of AMPA receptors.  
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development. As shown in Table 1, these compounds had similar CNS 
MPO scores. Further analysis of the PET ligand properties indicated that 
compound 6 (CNS PET MPO 5.0), which showed much higher value than 
that of compound 5 (2.8), would be a better choice for PET tracer 

development. 

2.3. Chemistry 

We designed and synthesized the precursor for radiolabeling with 
novel 18F-labeling methods [20]. Precursor 7 was efficiently synthesized 
over seven steps from 5-bromo-2-fluoroaniline with 8.9 % overall yield. 
The characterization of precursor 7 and compound 6 was provided in the 
Supporting Information. 

2.4. Radiochemistry and in vitro metabolic stability study 

After successfully obtaining the labeling precursor, we performed the 
radiolabeling with 18F to generate PET tracer [18F]6. As depicted in  
Fig. 3A, we initially conducted the radiolabeling in anhydrous DMA/ 
tert-BuOH at 110 ºC with tetraethylammonium bicarbonate (TEAB, 
0.6 mg) and Cu(OTf)2(pyr)4 (20 mg) for 10 min. Complete deprotection 
of the Boc group was achieved by the use of HCl (6 N) at 80 ºC for 5 min, 
thus providing [18F]6 in reasonable decay-corrected radiochemical yield 

Fig. 2. Comparison structure of GluA2-BLD with AMPA potentiator 5 and 6. (A) The binding mode of molecule 5 (black sticks). BLD residues are show in line 
representation. Nitrogen atoms are blue, oxygen atoms red, and sulfur atoms yellow. Hydrogen bonds and distances within 5 Å are show as green lines. Van der Waals 
interaction, Amide-Pi stacked, Pi-Alkyl are showed as light green, purple, and pink respectively. (B) The binding mode of compound 6. (C) The 2D corresponding 
ligand interaction plot of molecule 5 in BLD, where arrow represents hydrogen bond between sidechain and backbone. (D) The 2D ligand interaction plot of 
compound 6 in BLD. 

Table 1 
Physiochemical properties and MPO calculation of 5 and 6.a  

Compound 5 Compound 6 

Parameter Value Parameter Value 

ClogP 2.42 ClogP 1.22 
ClogD 2.42 ClogDb 1.92 
tPSA 76.25 tPSA 57.79 
MW 346.4 MW 242.47 
HBD 1 HBD 1 
pKa 9.7 pKa 9.4 
CNS MPO 4.8 CNS MPO 5.1 
PET MPO 2.8 PET MPO 5.0  

a Data were calculated by ACD/Labs software 
b Data were obtained by the ‘shake flask’ method. 
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(RCY, 12 ± 4 %). At the end of synthesis, [18F]6 was obtained with 
excellent radiochemical purity (>99 %) and excellent molar activities 
(>74 GBq/μmol). In addition, [18F]6 also showed stability in a formu-
lation composed of saline and 5 % ethanol with no degradation up to 
120 min (Fig. 3B). These results translated to serum stability in mouse, 
rat, NHP serum, and PBS buffer during 60-min study period (Fig. 3C-F). 

2.5. PET imaging in rodents 

With promising in vitro stability, we next evaluated [11C]5 and [18F] 
6 for PET imaging in rodent models. Dynamic PET scans (0–60 min) 
were acquired following intravenous administration of [11C]5 and [18F] 
6 in CD-1 mice (n = 3). Representative PET images (coronal and 
sagittal) are depicted in Fig. 4A. Higher uptake of [18F]6 than that of 
[11C]5 was observed in the whole brain. The corresponding whole-brain 
time-activity curves (TACs) are shown in Fig. 4B. It demonstrated that 
both tracers [11C]5 and [18F]6 entered the brain and achieved the 
highest brain uptake within 2 min, followed by gradual washout for 
[11C]5 and rapid clearance for [18F]6. The PET scan demonstrated 
excellent BBB permeability for [18F]6 with a peak standard uptake value 
(SUVpeak) of 2.5. Following the quantification analysis of TAC within 
60 min, the total uptake of [18F]6 derived from the area under curve 
(AUC) was 1.8-fold higher than of [11C]5 in mouse brain (Fig. 4C). These 
PET imaging results in mice agreed with the prediction of CNS PET MPO 
analysis. Encouraged by the promising BBB permeability in mice, PET 
imaging in rats with [18F]6 and in vivo binding specificity study were 
carried out for further evaluation. As exhibited in Fig. 4D, [18F]6 peaked 
quickly in the rat brain with similar SUV in different brain regions 
examined. To validate the in vivo binding specificity of [18F]6 towards 
AMPA receptors in rats, PET blocking study was also conducted with a 
dose of K-2 (1 mg/kg, IV) injected 5 min prior to radioligand adminis-
tration. Pretreatment with K-2, the AMPA specific positive allosteric 
modulator resulted in 14–16 % reduction of the bound activity in these 

brain regions (support information Fig. S1), indicating medium spe-
cific binding of [18F]6 in rodents. 

2.6. PET-MRI imaging studies in NHPs 

Considering the species variability of AMPA receptors and the dif-
ference of high species brain permeability, we then evaluated [11C]5 and 
[18F]6 in nonhuman primates to explore brain penetration and regional 
distribution as a proof-of-concept study. Dynamic PET (0–60 min) data 
were acquired consecutively on rhesus macaques and representative 
PET-MRI images (60 min) on the rhesus brain and corresponding TACs 
for regions of interest (ROI) are illustrated in Fig. 5. To assess the validity 
of region selectivity, we observed the two radioligands distributed 
evenly in the same rhesus brain, with no significant differences in ROIs 
(Fig. 5B & C). It is possible that the two tracers exhibit similar brain 
region distribution due to the similar backbone structures and low 
specific binding. The corresponding TACs were then derived from brain 
uptake and ROI analysis. For all brain regions imaged with [11C]5, the 
SUVmax of ROIs ranged from 1.1 to 1.3 at 5 min (Fig. 5D). On the other 
hand, [18F]6 peaked quickly with SUVs ranging from 3.6 to 5.3 at about 
3 min (Fig. 5E). Notably, the whole brain AUC of [18F]6 was much 
higher than that of [18F]5 (increased by 36 %), which indicated greater 
uptake of [18F]6 (support information Fig. S2). In agreement with PET 
imaging results in rodents, the brain permeability of [18F]6 in the high 
species was consistent with that in mice, which was also in line with our 
predictions using the MPO analysis. 

2.7. Ex vivo biodistribution studies of [18F]6 in rodents 

To correlate with our PET imaging results, we sought to evaluate in 
vivo uptake of [18F]6 by whole body ex vivo biodistribution. Radioac-
tivity counts were measured in mice and four different time points (5, 
15, 30 and 60 min) were selected post injection of [18F]6. As illustrated 

Fig. 3. 18F labeling of [18F]6 and stability (in vitro) studies. (A) Radiosynthesis of [18F]6. (B) Stability of tracer in PBS (containing 5 % ethanol, v/v) (C-E) Stability of 
tracer in serum of various species (mouse, rat, non-human primate) at three different time point (5, 30, and 60 min). (F) Stability of tracer in PBS as a control group. 
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in Fig. 6, radioactivity uptake was high (>3 %ID/g) in multiple pe-
ripheral organs, such as the lung, heart, pancreas, kidney and liver after 
5 min injection. Subsequently, relatively slow washout was observed 
from these organs. Of note, the radioactivity in blood cleared slowly. 
Furthermore, high renal and hepatic uptake rates (>10 %ID/g) were 
observed, possibly indicating that the tracer may be excreted through 
the hepatobiliary and urinary systems. The biodistribution pattern of 
[18F]6 was consistent with previous data observed from [11C]5. 

3. Conclusion 

The development of a PET radioligand for the visualization and 
quantification of AMPA receptors is necessary to better understand the 
expression and distribution of these receptors in both normal and dis-
ease states, as well as to provide a molecular imaging tool for target 
occupancy studies in drug discovery. Aided by molecular docking and 
MPO analysis, we have successfully designed and synthesized radio-
ligand [18F]6 in good RCYs (12 ± 4 %) and high radiochemical purity (>
99 %) by taking advantage of the structural similarity in our previously 
reported tracer [11C]5. PET imaging results confirmed that radioligand 
[18F]6 exhibited high brain uptake in the rodent and NHP brain with 
homogenous distribution and fast kinetics. However, due to the inferior 
potency of 6, radioligand [18F]6 showed moderate specific binding in 
the brain. This suggests the need of medicinal chemistry modification to 
improve binding affinity and washout kinetics. Building upon the find-
ings from the docking study involving compound 6, we posit a hy-
pothesis that enhancing the π-character of the substituent located at 
position 4 (previously a cyclopropyl group) while carefully modulating 
the substituent’s size to reduce the distance between the molecule and 
the protein could lead to a significant improvement in the binding af-
finity of the target molecule. Our work of [18F]6 may serve as a starting 

point and offer new insight for the design of novel fluorinated allosteric 
modulator based AMPA receptor PET tracers for translational PET im-
aging in higher species. 

4. Materials and methods 

All animal studies were carried out following the guidelines of Jinan 
University and Massachusetts General Hospital. All procedures were 
approved by Laboratory Animal Ethics Committee. The PET imaging 
with cynomolgus monkey (male, 5 kg, 6 years) was performed at the 
PET/CT-MRI center of Department of Nuclear Medicine in the First 
Affiliated Hospital of Jinan University, following the ethical approval of 
Animal Care and Use Committee of Guangdong Landau Biotechnology 
Co. Ltd. (Protocol# LDACU 20211210-01). All the procedures with CD-1 
mice (female, 22–24 g, 7 weeks) and SD rats (male, 210–230 g, 7 weeks) 
were performed at Massachusetts General Hospital with approval pro-
tocol (#2017N000102). Animals were accommodated on a 12 h light/ 
12 h dark cycle and provided with food and water ad libitum. 

4.1. Chemistry 

Target compound 6 was purchased from Sigma-Aldrich (Boston, 
USA) and the corresponding precursor 7 were synthesized according to a 
previous publication [16]. (See details in the supporting information). 

4.2. Molecular docking studies 

The published AMPA receptor crystal structures (PDB ID: 4n07 and 
5oew) were download from the protein data bank (https://www.rcsb. 
org/). The structures and molecular interactions were analyzed with 
Discovery Studio Visualizer (v21.1.0.20298). 

Fig. 4. PET imaging study in rodents. (A) Representative PET images of [11C]5 and [18F]6 in CD-1 mouse brain (averaged 0–60 min) (B) Time activity curves of [11C] 
5 and [18F]6 in mouse brain. All data are mean ± SD, n = 3. (C) Statistical analysis of the area under curves, t-test, ***p < 0.001. (D) Representative PET images of 
[18F]6 in SD rat brain (averaged 0–60 min) (E) Time activity curves of tracer [18F]6 in rat brain. All data are mean ± SD, n = 3. 
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4.3. CNS PET MPO analysis 

The CNS PET MPO was generated using the previously published 
method [18]. Two candidates’ scores were obtained using ACD/labor-
atories software. Six physicochemical properties commonly considered 
were calculated in this method, including cLogP, cLogD, MW, tPSA, 

HBD, and pKa. 

4.4. Radiochemistry 

[18F]F- was trapped on a light QMA cartridge (WAT 023525), and 
then eluted into a reaction vial with tetraethylammonium bicarbonate 

Fig. 5. Representative PET/MRI images of the non-human primate (NHP) brain. (A) Regional assignment was performed based on the acquired MRI image and an 
overlay was used to define the regions of interest; (B) Representative averaged PET images (0–60 min) under baseline condition with [11C]5; (C) Representative 
averaged PET images (0–60 min) under baseline condition with [18F]6; (D) Radioactive time activity curves of [11C]5 in rhesus monkey brain; (E) Radioactive time 
activity curves of [18F]6 in rhesus monkey brain. 

Fig. 6. Whole-body ex vivo biodistribution studies in mice at four different time points (5, 15, 30 and 60 min) post injection of [18F]6. All data are mean ± SD, n = 3, 
Asterisks indicate statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001 Data are expressed %ID/g = injected dose per gram of wet tissue. 
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(TEAB, 0.5 mL, 1.2 mg/mL in MeOH). The eluted [18F]F- was dried 
under a stream of nitrogen at 110 ºC for 10 min. A solution of labeling 
precursor 7 (2 mg) and Cu(OTf)2(pyr)4 (20 mg) in anhydrous DMA/tert- 
BuOH (300 μL, 2/1, v/v) was added and heated at 110 ºC for 20 min. 
After cooling to 80 ºC, 200 μL HCl (6 N) was added to remove the Boc 
group. The resulting mixture was diluted with HPLC buffer solution and 
then purified on a semi-preparative HPLC (Phenomenex Luna, 5 μ, C18 
column, 10 mm i.d. × 250 mm) using a mobile phase of CH3CN/0.1 M 
AMF (35/65, v/v, pH = 4.5) under the flow rate of 5.0 mL/min. The 
radioactive fraction corresponding to [18F]6 with a retention time of 
21 min was collected and re-formulated with 5 % EtOH in saline. The 
chemical, radiochemical purity and radiochemical stability were 
measured by a radioactive analytical HPLC (Phenomenex Luna, 3.5 µm, 
C18 column, 4.6 × 150 mm) with an eluent of CH3CN/AMF (40/60, v/ 
v) at a flow rate of 1.0 mL/min (tR = 3 min). TEAB 
= Tetraethylammonium bromide; DMA = N, N-Dimethylacetamide; 
AMF = Ammonium formate. 

4.5. PET imaging in rodents 

PET imaging for CD-1 mice was performed on a G4 PET Scanner 
(Sofie). The mice were anesthetized with 1–2 %(V/V) isoflurane and 
administered 1.85–3.7 MBq/100 μL of [18F]6 intravenously via the tail 
vein. Dynamic scans were performed for 60 min and the raw data were 
reconstructed by using AMIDE software. Regions of interest include the 
entire brain, hippocampus, cerebral cortex, cerebellum, striatum, thal-
amus, and pons. SUV = (radioactivity per milliliter of tissue/radioac-
tivity injected) x bodyweight. 

4.6. Non-human primate PET-MRI imaging 

Compound [11C]5 and [18F]6 were further evaluated in non-human 
primate PET-MRI studies. The study was performed on a time-of-flight 
PET/CT scanner (GE Discovery 690 PET/CT Elite). The monkeys were 
anesthetized with isoflurane and transferred to a PET scanning bed. CT 
scans were performed before tracer injection for attenuation correction. 
After intravenous bolus injection, 60 min of three-dimensional dynamic 
acquisition of brain radioactive signals was performed with 36 frames 
(6 × 20 s, 8 × 30 s, 4 × 1 min, 5 × 2 min, 5 × 4 min, 4 × 5 min). 
Magnetic resonance images were acquired from GE 3 T scanner (GE 
Discovery 750, Milwaukee, USA). Brain images were acquired using T1- 
weighted echo sequences in three-dimensional space. Brain recon-
struction image processing was performed using PMOD (version 4.105) 
to perform anatomical position registration. Regions of interest (ROIs) 
were generated manually under the guidance of MRI structural images 
and summed PET data. SUV of each VOIs and the corresponding time- 
activity curves (TACs) were generated for statistical analysis. 

4.7. Ex vivo biodistribution studies 

Ex vivo biodistribution experiments were conducted as previously 
reported [21]. Briefly, ICR mice (8–10 weeks of age, n = 16) were 
intravenously injected with [18F]6 (3.7 MBq/100 μL) and then sacrificed 
at different time points (5, 15, 30 and 60 min), respectively. After 
dissection of the mice, organs and tissues of interest were harvested and 
weighted. The radioactivity of each organ/tissue was measured with the 
radioactive gamma counter (2480 WIZARD, Perkin Elmer, Waltham, 
MA, USA). All data were presented as percent injected dose per gram of 
wet tissue (%ID/g). 

4.8. Statistical analysis 

All data are expressed as mean ± SD. Statistical analysis was per-
formed using an unpaired two-tailed Student’s t-test and the one-way 
ANOVA analysis of variance. The differences in SUV between [11C]5 
and [18F]6 were evaluated using the paired t-test. P values less than 0.05 

were considered statistically significant. 
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