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ABSTRACT: Three benzimidazole derivatives (13-15) have been synthetized as potential PET 

imaging ligands for mGluR2 in the brain. Of these compounds, 13 exhibits potent binding affinity 

(IC50 = 7.6 ± 0.9 nM), PAM activity (EC50 = 51.2 nM), and excellent selectivity against other 

mGluR subtypes (> 100-fold). [11C]13 was synthesized via O-[11C]methylation of its phenol 

precursor 25 with [11C]methyl iodide. The achieved radiochemical yield was 20 ± 2% (n = 10, 

decay-corrected) based on [11C]CO2 with radiochemical purity > 98% and molar activity 98±30 

GBq/µmol EOS. Ex vivo biodistribution studies revealed reversible accumulation of [11C]13 and 

hepatobiliary and urinary excretions. PET imaging studies in rats demonstrated that [11C]13 

accumulated in the mGluR2-rich brain regions. Pre-administration of mGluR2-selective PAM, 17 

reduced the brain uptake of [11C]13, indicating a selective binding. Therefore, [11C]13 is a potential 

PET imaging ligand for mGluR2 in different CNS related conditions. 

INTRODUCTION

The metabotropic glutamate receptor 2 (mGluR2) is widely expressed in the nervous systems.1,2 

mGluR2 expression is abundant in brain areas such as prefrontal cortex, hippocampus, amygdala, 

striatum, thalamus, cerebellum, and nucleus accumbens.3,4 It predominantly localizes on 

presynaptic nerve terminals and modulates synaptic transmission and neuroplasticity.3 Structurally, 

mGluR2 has a characteristic extracellular Venus flytrap domain (VFTD), a seven transmembrane 

(7-TM) domain and a cysteine rich domain (CRD) that connects the mGluR dimers.5 The 

therapeutic benefits of mGluR2 modulators have been suggested for Alzheimer’s disease6-9, 

schizophrenia10-13, depression14, anxiety15 and pain16-18. 
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Initial research and drug discovery efforts had focused on pharmacological ligands for 

mGluR2/3, which have been published in literature and developed for the treatment of anxiety and 

schizophrenia in preclinical and clinical studies.10-13,15 Until recently, mGluR2 and mGluR3 have 

been thought to have similar functions: they share high sequence homology, generally couple to 

Gi/o signaling, and provide negative feedback to reduce glutamate signaling. However, despite a 

successful phase 2 study conducted entirely in Russia for patients with schizophrenia, the clinical 

development of LY2140023, a mGluR2/3 receptor agonist prodrug, was halted due to lack of 

antipsychotic efficacy compared to placebo in three phase 2 or phase 3 trials.12,19-21 The studies 

also revealed that the antipsychotic effect of mGluR2/3 agonists was absent in mGluR2 knockout 

mice but not mGluR3 knockout mice, suggesting the antipsychotic effects might be mediated via 

the mGlu2 but not mGlu3 receptor and even the effect of mGluR2 and mGluR3 might be 

different/opposite.22,23

Previously, we have reported two orthosteric antagonists as PET tracers, namely, 

[11C]MMMHC (1) in 200324 and  [11C]CMGDE (2) in 201225, for Group II mGluRs (mGluR2 & 

mGluR3) (Figure 1). Since then, several PET radiotracers for mGluR2 have been derived from 

allosteric modulators that target the 7-TM instead of the VFTD region of mGluR2. It is believed 

that the allosteric modulators would bear higher lipophilicity and mGluR2 selectivity than 

orthosteric ligands due to the hydrophobicity and heterogeneity of the 7-TM binding pocket across 

mGlu receptors.26-28 So far, two radioligands in this category have been advanced for human 

clinical trials, including mGluR2 PAM [11C]JNJ42491293 (3) and a radioligand from Merck. 

However, [11C]JNJ42491293 (3) was not found useful for the visualization and quantification of 

mGluR2 in vivo because of its apparent off-target binding.29,30 The Merck radiotracer was only 

reported in an abstract without information on its chemical structure and detailed imaging 
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results.31,32 The fluorine-18 labeled derivative of 3, [18F]FE-JNJ-42491293 (4), was disclosed in 

an abstract but it is not clear if this tracer has the similar off-target binding as 3.33 Recently, a 

mGluR2 PAM tracer [11C]CMDC (5) and its three derivatives 6-8 were reported; however, 5 

exhibited an insufficient affinity and low BBB-penetration. PET imaging with 5 did not enable in 

vivo visualization of the living rat brain.34,35 On the other hand, three different types of mGluR2 

NAM-based tracers were also disclosed. The mGluR2 NAM tracers [11C]QCA (9)36 and its 

analogue [11C]1037 showed off-target binding and limited brain uptake with intensive interaction 

with brain efflux pumps on the murine BBB. Two other types of NAM-based radiotracers have 

been disclosed in the patent literature. The compound 11 and its derivatives were patented as PET 

tracers for mGluR2/3.38 The compound 12 and its derivatives were developed as mGluR2 PET 

ligands, but no in vivo PET imaging result has been described.39
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Figure 1. Typical PET radiotracers for mGluR2.
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The lack of efficient and efficacious mGluR2 PET tracers prompted us to further extend our 

previous effort toward exploration of mGluR2 PAMs as suitable PET imaging candidates. The 

benzimidazole derivatives have been the most widely examined series of mGluR2 PAMs in 

literature27,40,41 with examples of highly potent mGluR2 ligands of compounds 13 (EC50 = 13 

nM)42 and 14 (EC50 = 5 nM, Figure 2)41. The presence of 2-methoxy-4-trifluoromethyl-phenyl 

group in compounds 13 and 14 allows rapid radiolabeling of their phenol precursors via O-

[11C]methylation with [11C]CH3I. We further designed compound 15 as a PET imaging candidate 

based on a potent mGluR2 PAM [2-(((1R,5S,6r)-6-((4-chloro-2-fluorophenoxy)methyl)-3-

azabicyclo[3.1.0]hexan-3-yl)methyl)-1-methyl-1H-benzo[d]imidazole] (16, EC50 = 8 nM)43 by 

replacing the distal 4-chloro-2-fluorophenoxy group with a 2-methoxy-4-

(trifluoromethyl)phenoxy moiety. The structurally distinct compound 17, a potent and selective 

mGluR2 PAM (EC50 = 78 nM),44 was used as a selective blocking reagent during the investigation 

of [11C]JNJ42491293 (3) and therefore we used it as a blocking reagent in the present studies.30 

Here, we report the design, synthesis and characterization of compounds 13-15 using in silico 

modeling, in vitro assays and in vivo PET imaging methods to evaluate their potential as mGluR2-

selective PET imaging ligands.
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Figure 2. Chemical structures of compounds 13-15 and 17.

RESULTS AND DISCUSSION
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6

Chemistry. Structurally, compounds 13-15 feature a merged heterocyclic core, a central cyclic 

amine core and a substituted distal arene. These compounds were synthesized according to reaction 

sequences delineated in Scheme 1. The intermediates 18-20 were prepared according to the 

reported procedures.41,42 The intermediate 24 was synthesized in two steps: Mitsunobu reaction of 

21 and 22; followed by removal of N-Boc-group. Finally, compounds 13-15 were synthesized by 

the corresponding reductive amination reactions. Compound 17 was prepared according to the 

published procedure.44
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Scheme 1. Syntheses of 13-15. Reagents and conditions: (a) Et3N, MgSO4, then Na(OAc)3BH, 

DCE, rt, overnight; (b) PPh3, diethyl azodicarboxylate solution (40 wt.% in toluene), THF, rt, 16 

h; (c) TFA, DCM, rt, 2 h.
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7

Structural insights of compounds 13-15. To provide structural insights on ligand-protein binding, 

compounds 13-15 were docked into a mGluR2 homology model, which was the best of 15 models 

built in YASARA45 (Supporting Information Figure S1 and Table S1). The best model is a hybrid 

model based on three structures, an mGluR1 structure from rat (PDB ID 1EWK)46 and two human 

mGluR5 structures (PDB IDs 3LMK47 and 6N5248). This model was validated by a series of 

structural analysis tools of ModFOLD49, ERRAT and VERIFY 3D50-52 (see Supporting 

Information Figures S2-S7) and used for the docking studies. The key binding residues were 

predicted by Partial Order Optimum Likelihood (POOL)53, DEPTH54 and MetaPocket55 

(Supporting Information Figure S8). The docking experiments were performed at the 7-TM region 

with AutoDock embedded in YASARA (Supporting Information Table S2).56 As shown in Figure 

3, compounds 13-15 would localize similarly at the entrance of the 7-TM region with their 

heterocyclic cores projecting to the bottom hydrophobic pocket and the distal substituted arenes 

interacting with residues at the extracellular loop 2 (EL2). Compounds 13 and 14 have the best 

docking scores of 8.7 kcal/mol and 8.6 kcal/mol, respectively, compared to the value of 7.3 

kcal/mol for compound 15.  Compound 13 shows a hydrogen bonding interaction with Arg788, a 

π-cation interaction with Arg720, and a π- π stacking interaction with His723 (Figure 3). His723 

has been previously reported as a key hydrophobic residue that interacts with several mGluR2 

PAMs.57,58 Compound 14 has similar key binding interactions as that of compound 13, whereas, 

compound 15 exhibited fewer contacts in the binding pocket than compounds 13 and 14, consistent 

with the decreased docking score. Overall, the in silico simulations suggest compounds 13-15 as 

potent mGluR2 binding ligands. 

(a)                                                   (b)                                              (c)
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8

 

Figure 3. Snapshots of the docking results for compounds 13 (a), 14 (b) and 15 (c). Pictures were 

rendered in PyMol 2.3.3. The interacting residues are shown in teal. The ligand atoms are rendered 

as carbon in green, nitrogen in blue, oxygen in red, and fluorine in cyan. Blue lines represent H-

bonds, green dotted lines show π-π stacking, and orange dotted lines indicate π-cation interaction. 

Structure is based on a hybrid model built from PDB structures of 1EWK46, 3LMK47, and 6N5248.

In vitro properties. To evaluate compounds 13-15, the pharmacological and physicochemical 

properties including affinity to mGluR2, mGluR2 PAM activity, selectivity toward other mGluRs, 

lipophilicity, plasma protein binding (PPB), metabolic and solution stabilities as well as blood 

brain barrier (BBB) penetration capability were determined. In these studies, compound 13 was 

compared to the other two mGluR2 ligands 14 and 15.

The binding affinity of compounds 13-15 was measured by the competitive binding assay in 

mGluR2 transfected CHO cells at the presence of 10 nM tritium-labeled radioligand [3H]JNJ-

46281222 (see Supporting Information).59-61 The concentration of compounds 13-15 was increased 

from 0.01 nM to 10 M to generate a competitive binding curve, with which the IC50 values were 

determined. As displayed in Table 1, compound 13 has potent binding toward mGluR2 (IC50 = 7.6 
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± 0.9 nM), which is slightly stronger than those of compounds 14 (IC50 = 10.5 ± 0.5 nM) and 15 

(IC50 = 10.5 ± 7.9 nM). Even the results were consistent, they do not yet prove the same allosteric 

binding site at mGluR2 for all these ligands.

Table 1. Binding inhibition assay of compounds 13-15 to mGluR2.

Previously reported EC50 values for compounds 13 and 14 (EC50 = 13 nM and 5 nM, 

respectively)41,42 were determined by forced-coupling of mGluR2 to Gα15 or Gα16 followed by 

fluorescence detection of calcium flux upon activation. However, this assay is sub-optimal as it 

does not signal through the biorelevant cAMP pathway. Here, the mGluR2 PAM activity of 

compounds 13-15 was determined using Promega’s split luciferase based GloSensor cAMP 

biosensor assay,62,63 where, with this live cell assay, the mGluR2 PAM activity was evaluated in 

the presence of EC20 amount of L-glutamate by measuring changes in intracellular cAMP 

concentration, the relevant second messenger mechanism. An mGluR2 PAM, [3'-(((2-cyclopentyl-

6,7-dimethyl-1-oxo-2,3-dihydro-1H-inden-5-yl)oxy)methyl)-[1,1'-biphenyl]-4-carboxylic acid] 

(BINA),64 was used as the reference compound for the assay. As Figure 4 shows, the EC50 values 

of 13, 14 and 15 are 51.2 nM, 101 nM and 7.8 M, respectively, suggesting that 13 is a very potent 

mGluR2 PAM. The selectivity of 13-15 was also analyzed among the various mGluR subtypes, in 

which the Gq coupled receptors (mGluR1 and mGluR5) were tested using Ca2+ mobilization assay 

and the Gi/o coupled receptors (mGluR2, mGluR3, mGluR4, mGluR6 and mGluR8) using cAMP 

Compound 13  14 15

IC50 ± SEM (nM) 7.6 ± 0.9 10.5 ± 0.5 10.5 ± 7.9

log (IC50 ± SEM) -8.12 ± 0.79 -7.98 ± 0.21 -7.98 ± 1.39

Page 9 of 48

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

assay. Results demonstrate that 13 has good selectivity against other mGlu receptors (> 100-fold, 

Supporting Information Table S3).

Compound 13 14 15 BINA
EC50 5.12E-08 1.01E-07 7.81E-06 2.97E-08

Figure 4. mGluR2 PAM activity of compounds 13-15 was determined using Promega’s split 

luciferase based GloSensor cAMP. The EC50 values of 13, 14 and 15 are 51.2 nM, 101 nM and 

7.8 M, respectively, suggesting that 13 is a very potent mGluR2 PAM

The in silico physicochemical properties of compounds 13-15 were calculated via 

ChemBiodraw (version 16.0) based on the molecular weight (MW), topological polar surface area 

(tPSA), and cLogP (Table 2). The experimental lipophilicity was measured by using reversed-

phase HPLC method.65 The LogP values obtained for compounds 13-15 were 3.65, 3.86 and 3.30 
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11

respectively, indicating their satisfactory CNS penetrating potentials (Supporting Information 

Table S5).66 The plasma protein binding comprises compounds’ binding to albumin, 1-acid 

glycoprotein and lipoproteins once delivered to the bloodstream. This property was evaluated for 

compounds 13 and 14 by equilibrium dialysis,67 where two chambers were separated by a dialysis 

membrane (MWCO 8 kD). The plasma protein bindings of 13 and 14 are 87.2% and 88.7%, 

respectively (Supporting Information Tables 1 and S6). Therefore, the high plasma free fraction 

of compounds 13 and 14 (> 10%) would allow enough free drug concentration in blood stream to 

reach the brain targets. 

Table 2. Physicochemical properties of compounds 13-15

Compound MW (g/mol) tPSA (Å2) HBD cLogP Log P PPB ± SEM (%)
13 404.44 40.43 1 3.57 3.65   87.2 ± 0.1
14 430.48 40.43 1 4.08 3.86   88.7 ± 0.1
15 432.45 49.66 1 2.89 3.3 ---

The in vitro plasma and liver microsomal stability of 13 and 14 were studied by incubating the 

test compounds in rat serum and rat liver microsomes as well as NADPH cofactor, respectively, 

using previously published methods.68,69 Diltiazem and ML128 (a mGluR4 PAM)70,71 were used 

as co-assay QC controls for plasma and microsomal stability assays, respectively, to ensure that 

the assays were operating properly, and that the activity of the plasma and microsomes were 

consistent with established criteria. Compounds 13 and 14 are much more stable than diltiazem in 

rat plasma (Supporting Information Tables 3 and S7). The results also show that 13 and 14 exhibit 

reasonable microsomal stability and are much more stable than ML128, in which the suitable 

hepatic clearance of 13 and 14 is predicted (Supporting Information Tables 2 and S8-S9). The 

solution stability of 13 was evaluated with buffer solutions at pH 5.0, 7.4 and 9.4, respectively 
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12

(Supporting Information Tables 3 and S10).72 The results indicate that 13 is relatively stable in pH 

ranging from 5.0 to 9.4.

Table 3. The in vitro stability of compounds 13-15

The plasma 
stability

The microsome 
stability The solution stability

The intact ± SEM at 120 min (%)
Compound The intact ± 

SEM
at 120 min (%)

t1/2 (min)
CLint 

(µL/min/mg 
protein) pH = 5.0 pH = 7.4 pH = 9.4

13 96.6 ± 2.1 74.5 17.9 95.3 ± 0.3 94.5 ± 0.4 96.1 ± 0.7

14 89.2 ± 0.6 73.7 18.1 --- --- ---
Diltiazem 43.2 ± 0.8 --- --- --- --- ---
ML128 --- 4.2 317.1 --- --- ---

BBB penetration was a major barrier for some recently reported mGluR2 PET tracers that 

otherwise could have efficacy for imaging the brain target as shown by radiotracers [11C]9 and 

[11C]10.36,37 We have studied BBB penetration potential of compounds 13-15 with two in vitro 

assays, namely, parallel artificial membrane permeability assay (PAMPA) and Pgp-GloTM assay. 

The PAMPA assay was carried out to predict passive BBB permeability.73 Quality control 

standards were run with each sample set to monitor the consistency of the analysis. Verapamil was 

used as a high permeability standard (Pe = 16 x 10-6 cm/s) and theophylline was used as a low 

permeability standard (Pe = 0.12 x 10-6 cm/s). As Figure 5a shows, compound 13 has the best 

membrane permeability with an average effective permeability (Pe) value of 9.3 x 10-6 cm/s. 
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Figure 5. Assessment of BBB permeability for compounds 13-15 via a) PAMPA assay and b) 

Pgp-Glo assay. Pictures were rendered from Prism 5.0.

The Pgp-GloTM assay was carried out on recombinant human P-gp in a cell membrane fraction 

to investigate whether the brain penetration will be affected by P-glycoprotein (P-gp) efflux 

transporter.74 The effect of compounds 13-15 on P-gp ATPase activity was examined by 

comparing the untreated samples and the samples treated with 13-15 to sodium orthovanadate 

(Na3VO4)-treated control. The difference in luminescent signal between Na3VO4-treated samples 

and samples treated with the test compounds implied P-gp ATPase activity in the presence of the 

test compound. Verapamil, a P-gp substrate, was used as a positive control in the assay. By 

comparing basal and verapamil activities to that of 13-15, it is clearly indicated that 13 is not a P-

gp substrate and 15 is a potential P-gp substrate, while 14 displays a moderate P-gp ATPase 

activity (Figure 5b). 
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The in vitro pharmacological and physicochemical studies reveal that compound 13 has many 

CNS drug-like properties, including the potent mGluR2 PAM activity and good selectivity against 

other mGluRs, suitable lipophilicity and PPB, adequate metabolic stability, favorable passive 

permeability as measured by PAMPA, and no P-gp liability. Based on these results, compound 13 

was selected for the radiolabeling and for in vivo evaluation as potential mGluR2 PET radioligand.

Radiochemistry. The radiosynthesis of [11C]13 was achieved via the one-step O-methylation of 

its phenol precursor 23. Compound 23 was synthesized by demethylation of 13 using boron 

tribromide (Scheme 2). The radiosynthesis of [11C]13 was performed by the reaction of 23 (0.5 ± 

0.1 mg) with [11C]CH3I in the presence of aqueous NaOH (5N, 3 μL) in dry DMF (250 μL). The 

reaction was carried out at 80 °C for 2 min, followed by purification using a semi-preparative 

HPLC (Figure S9). The identity of [11C]13 was confirmed by co-injection with the unlabeled 13 

on an analytical HPLC (Figure S10). The radiochemical yield was 20 ± 2% decay-corrected (n = 

10), calculated from starting [11C]CO2. The [11C]13 was then formulated into 10% ethanolic saline 

solution (pH = 5-6) before injection. The radiochemical and chemical purity were greater than 

98%, and the molar activity was 98 ± 30 GBq/µmol at the end of synthesis (EOS). The overall 

synthesis time was ca. 50 min, and no radiolysis was observed up to 90 min. 

N

N

N

MeO

N

CF3

N

N

N

HO

N

CF3

b
N

N

N
N

CF3O

[11C]13

H3
11C

13 25

a

Scheme 2. Synthesis of [11C]13. Reagents and conditions: (a) BBr3, DCM, 0 ℃ then rt, 2 h. (b) 

[11C]CH3I, 5N NaOH, DMF, rt, then 80 ℃, 2 min.
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Ex vivo biodistribution studies. The ex vivo whole body biodistribution of [11C]13 was performed 

in 16 normal male Sprague Dawley rats after intravenous injection of [11C]13 at several time points 

(5, 20, 30 and 40 min). The uptake value is expressed in the unit of % ID/g. These studies support 

reversible accumulation of [11C]13. The highest accumulation of [11C]13 occurred 5 min after 

administration of radioactivity in the investigated tissue areas but the lungs, where the maximum 

accumulation was at 20 min, and the muscle where the radioactivity steadily increased up to 40 

min (Figure 6). The highest accumulation was measured in the liver (2.73 ± 0.02% ID/g) followed 

by kidney (1.05 ± 0.07% ID/g), spleen (0.67 ± 0.05% ID/g), lung (0.59 ± 0.04% ID/g), and heart 

(0.58 ± 0.05% ID/g). The high radioactivity uptake in liver and kidney suggest that hepatobiliary 

elimination and renal excretion contribute to the whole body distribution of [11C]13. The average 

accumulation of [11C]13 in the rat brain at 5 min was 0.49 ± 0.07% ID/g. This result indicates a 

rapid BBB penetration of [11C]13, which was consistent with the following in vivo brain imaging 

studies.  
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Figure 6. The ex vivo biodistribution in rat at four different time points post-[11C]13 injection. 

Picture was rendered from Prism 5.0.

PET imaging. In vivo characterization of [11C]13 was conducted with PET imaging using rat (male 

Sprague-Dawley) models. Dynamic PET scans were performed for 60 min after tail vein injection 

of [11C]13. Representative PET images of cumulative volumetric distribution of [11C]13 at time 

interval of 10-15 min are shown on five coronal, axial and sagittal levels (Figure 7). The 

accumulation of [11C]13 clearly delineates the mGluR2-rich regions in the rat brain. Time-activity 

curves (TACs) showed fast radioactivity uptake (SUVmax = 1.8 ± 0.2, n = 9) and time-dependent 

accumulation of radioactivity in different brain regions. The highest accumulation of [11C]13 was 

in the thalamus, followed by striatum, cerebellum, and cortex. (Figure 8a). Blocking studies were 

conducted to investigate mGluR2-selective binding of [11C]13. Pretreatment with the structurally 
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distinct in vivo active mGluR2 PAM ligand 17 (4 mg/kg i.v.) 10 min before [11C]13 injection 

resulted in a 28-37% decrease of [11C]13 uptake in different brain areas at the 10-30 min time 

window (Figure 8b). Statistical analysis showed highly significant (p<0.0007) blocking effect 

concerning combined brain areas while only the thalamus reached local significance. These results 

confirm that [11C]13 has in vivo mGluR2-selective binding in the rat brain. 

Figure 7.  PET images of [11C]13 uptake in the rat brain at the time interval 10-15 min. Coronal 

level 1 shows uptake in the cingulate and motor cortex; level 2 in the striatum, level 3 in the 

thalamus and striatum, level 4 in the thalamus and hippocampus and level 5 in the cerebellum. 

Axial and sagittal views show activity distribution in the midbain level. Slice thickness is 1.25 

mm.
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                                                              (a)

                                                                   (b)
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Figure 8.  In vivo binding profile of [11C]13 in the rat brain. a) Time–activity distribution of 

[11C]13 in different brain areas show fast accumulation and reversible binding. The data is 

averaged of six normal Sprague Dawley rats. b) The blocking effect was calculated in the time 

interval 10-30 min after administration of [11C]13. Pictures were rendered from Prism 5.0. 

CONCLUSIONS

We have synthesized and characterized three benzimidazole derivatives (13-15) as mGluR2 

PAMs. Compound 13 demonstrated nanomolar functional activity toward mGluR2 and excellent 

selectivity over other mGluRs. Further in vitro pharmacological and brain permeability evaluations 

confirmed the potential of compound 13 as PET imaging ligand. A robust and reliable one-step 

radiosynthetic procedure was established for radiolabeling compound 13 with carbon-11. The 

desired product [11C]13 was obtained with a radiochemical yield of 20 ± 2 % (n = 10, decay-

corrected) based on [11C]CO2 and a molar activity of 98 ± 30 GBq/µmol at the end of synthesis 

(50 min). The ex vivo pharmacokinetic results of [11C]13 suggested its reversible accumulation in 

most tissue areas and hepatobiliary & urinary excretions. PET imaging studies indicated that 

[11C]13 crossed the BBB rapidly and was mainly accumulated in the mGluR2-rich regions of the 

rat brain such as the thalamus, cerebellum, striatum and cortex. The blocking studies using 

mGluR2-selective PAM (17) significantly reduced the [11C]13 uptake in these brain regions, 

indicating the highly selective uptake of [11C]13 in rat brain. Altogether, these results suggest that 

compound 13 will be a potential PET imaging ligand for mGluR2 in the brain. Further 

characterization of the compound 13 is ongoing with an aim for translational PET imaging studies.” 
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EXPERIMENTAL SECTION

Animal Procedures. The animal studies were approved and done under the guidelines of the 

Subcommittee on Research Animals of the Massachusetts General Hospital and Harvard Medical 

School in accordance with the Guide of NIH for the Care and Use of Laboratory Animals. 

Materials and Methods. All reagents and starting materials were obtained from the commercial 

sources including Sigma-Aldrich (St. Louis, MO), Thermo Fisher Scientific, Oakwood Products, 

Inc., Matrix Scientific, Acros Organics and used as received. The reactions were monitored by 

TLC using a UV lamp monitored at 254 nm. The reactions were also checked by LC−MS using 

the Agilent 1200 series HPLC system coupled with a multi-wavelength UV detector and a model 

6310 ion trap mass spectrometer (Santa Clara, CA) equipped with an Agilent Eclipse C8 analytical 

column (150 mm × 4.6 mm, 5 μm). Elution was with a 0.1% formic acid solution of water (A) and 

acetonitrile (B). The silica gel used in flash column chromatography was from Aldrich (Cat. 60737, 

pore size 60 Å, 230-400 mesh). Flash chromatography was also performed with a CombiFlash Rf 

Purification System (Teledyne Isco) using a Silica ReadySep Rf column. The products were 

identified by LC−MS as well as 1H NMR, 13C NMR and 19F NMR using a Varian 500 MHz 

spectrometer. All NMR samples were dissolved in chloroform-d (CDCl3), methanol-d4 (CD3OD) 

or DMSO-d6 [(CD3)2SO] containing tetramethylsilane as a reference standard. Chemical shifts 

were expressed as ppm and calculated downfield or upfield from the NMR signal of reference 

standard. J was expressed as Hz, and its splitting patterns were reported as s, d, t, q, or m. HRMS 

was obtained from the High-Resolution Mass Spectrometry Facility at the University California, 
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Riverside, using electrospray ionization (ESI)/atmospheric pressure chemical ionization (APCI) 

technique (Agilent Time of Flight (TOF) LC−MS). The purities of all new compounds were > 95% 

determined by the Agilent 1200 series HPLC system under a wavelength of 254 nm.  

Chemistry. tert-Butyl(1R,5S,6R)-6-((2-methoxy-4-(trifluoromethyl)phenoxy)methyl)-3-

azabicyclo [3.1.0] hexane-3-carboxylate (23). 2-methoxy-4-(trifluoromethyl)phenol (22, 0.45 g, 

2.3 mmol) and triphenyl phosphine (0.9 g, 3.5 mmol) were added to a solution of (1R,5S,6R)-tert-

butyl 6-(hydroxymethyl)-3-azabicyclo[3.1.0]hexane-3-carboxylate (21, 0.5 g, 2.3 mmol) in THF 

under nitrogen. Diethyl azodicarboxylate solution (40 wt. % in toluene, 1.5 g, 3.5 mmol) was added 

and the reaction was stirred for 16 h. The reaction mixture was stripped in vacuum to give orange 

oil. The crude product was purified via flash chromatography to give 23 as a white solid (0.44 g, 

1.14 mmol, 48% yield). 1H NMR (500 MHz, CDCl3) δ ppm 7.18 (dd, J = 1.0, 8.5 Hz, 1H), 7.08 

(d, J = 1.8 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H), 4.04-4.08 (m, 1H), 3.92 (s, 3H), 3.82-3.92 (m, 1H), 

3.58-3.72 (m, 2H), 3.33-3.42 (m, 2H), 1.59 (d, J = 2.7 Hz, 2H), 1.45 (s, 9H), 1.18-1.25 (m, 1H). 

13C NMR (125 MHz, CDCl3) δ ppm 154.8, 150.8, 149.5, 124.3 (q, J = 271.3 Hz), 123.3 (q, J = 

32.7 Hz), 118.2 (q, J = 4.2 Hz), 112.7, 108.5 (q, J = 3.6 Hz), 79.4, 70.7, 56.1, 28.5, 21.4. LC-MS 

calculated for C19H24F3NO4: 387.17; observed: m/z 410.0 [M+Na]+.

(1R,5S,6R)-6-((2-methoxy-4-(trifluoromethyl)phenoxy)methyl)-3-azabicyclo[3.1.0]

hexane (24). Trifluoroacetic acid (1 mL) was added to a solution of 23 (0.44 g, 1.14 mmol) in 

dichloromethane (5 mL). The mixture was stirred at room temperature for 2 h. The solvent was 

removed under reduced pressure to give 24 as a yellow oil (0.3 g, 1.05 mmol, 92% yield). 1H NMR 

(300 MHz, methanol-d4) δ ppm 7.16-7.24 (m, 2H), 7.05 (d, J = 8.3 Hz, 1H), 4.0 (d, J = 6.7 Hz, 

2H), 3.88 (s, 3H), 3.42-3.53 (m, 4H), 1.94-1.98 (m, 2H), 1.39-1.47 (m, 1H). 13C NMR (75 MHz, 
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methanol-d4) δ ppm 152.4, 151.1, 125.8 (q, J = 270.5 Hz), 124.4 (q, J = 32.6 Hz), 119.4 (q, J = 4.2 

Hz), 114.4, 109.7 (q, J = 3.6 Hz), 70.7, 56.7, 22.2, 21.0. LC-MS calculated for C14H16F3NO2: 

287.11; observed: m/z 288.1 [M+H]+.

2-((4-(2-Methoxy-4-(trifluoromethyl)phenyl)piperidin-1-yl)methyl)-1-methyl-1H-

imidazo[4,5-b]pyridine (13). Trimethylamine (0.22 g, 2.16 mmol), magnesium sulfate (0.65 g, 

5.41 mmol) and 1-methyl-1H-imidazo[4,5-b]pyridine-2-carbaldehyde (19, 0.81 mmol, 0.16 g) 

were added to a solution of 4-(2-methoxy-4-(trifluoromethyl)phenyl)piperidine (18, 0.54 mmol, 

0.13 g) in 1,2-dichloroethane (5 mL) under nitrogen. The mixture was stirred at room temperature 

for 30 min before sodium triacetoxyborohydride (0.17 g, 0.81 mmol) was added. The reaction 

mixture was then stirred overnight at room temperature and then quenched with dichloromethane. 

The organic phase was washed with water and brine. The aqueous phase was extracted with 

dichloromethane.  Combined organic layer was dried over sodium sulfate. The solvent was 

removed at reduced pressure, and the residue was purified by flash column chromatography to 

give the product as a white solid (0.35 mmol, 0.14 g, 65% yield). 1H NMR (500 MHz, CD3OD): δ 

8.41 (d, J = 5.0 Hz, 1H), 8.02 (d, J = 8.5 Hz, 1H), 7.34-7.37 (m, 2H), 7.20 (d, J = 7.5 Hz, 1H), 7.14 

(s, 1H), 4.01 (s, 3H), 3.94 (s, 2H), 3.89 (s, 3H), 3.31-3.32 (m, 3H), 2.33-2.37(m, 2H), 1.72-1.83 

(m, 4H). LC-MS calculated for C21H23F3N4O: 404.18; observed: m/z 405.15 [M+H]+.

2-((4-(2-Methoxy-4-(trifluoromethyl)phenyl)piperidin-1-yl)methyl)-5,6-dihydro-4H-

imidazo [4,5,1-ij][1,7]naphthyridine (14). In a similar procedure as described for synthesizing 

13, compound 14 was prepared by using 18 (100 mg, 0.34 mmol) and 5,6-Dihydro-4H-

imidazo[4,5,1-ij][1,7]naphthyridine-2-carbaldehyde (20, 110 mg, 0.51 mmol) to give the product 

as a white solid (76 mg, 0.18 mmol, 52% yield). 1H NMR (500 MHz, (CD3)2SO): δ 8.50 (d, J = 

5.0 Hz, 1H), 7.40 (d, J = 8.5 Hz, 1H), 7.25 (d, J = 8.5 Hz, 1H), 7.20 (s, 1H), 7.01 (d, J = 4.5 Hz, 
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1H,), 4.33 (t, J = 6.0 Hz, 2H), 4.02 (s, 1H), 3.29 (s, 1H), 3.86 (s, 3H), 2.93-2.97 (m, 5H), 2.15-2.48 

(m, 5H), 1.60-1.71 (m, 4H). LC-MS calculated for C23H25F3N4O: 430.20; observed: m/z 431.20 

[M+H]+.

2-(((1R,5S,6R)-6-((2-methoxy-4-(trifluoromethyl)phenoxy)methyl)-3-azabicyclo[3.1.0]

hexan-3-yl)methyl)-1-methyl-1H-imidazo[4,5-b]pyridine (15). In a similar procedure as 

described for synthesizing 13, compound 15 was prepared by using 19 (HCl salt, 50 mg, 0.25 

mmol) and 24 (HCl salt, 98 mg, 0.304 mmol) to give product as a white solid (31 mg, 0.072 mmol, 

28% yield). 1H NMR (500 MHz, CDCl3): δ 8.47 (d, J = 4.5 Hz, 1H), 7.59 (d, J = 7.5 Hz, 1H), 7.29 

(m, 2H), 7.02 (s, 1H), 6.83 (d, J = 8.5 Hz, 1H), 3.93 (s, 2H), 3.85 (s, 3H), 3.83 (d, J = 7.5 Hz, 2H), 

3.78 (s, 3H), 2.96 (d, J = 9.0 Hz, 2H), 2.57 (d, J = 8.0 Hz, 2H), 1.67(m, 1H), 1.50 (s, 2H). 13C 

NMR (125 MHz, CDCl3): δ 155.0, 154.4, 151.0, 149.3, 144.5, 128.4, 123.1, 122.8, 118.2, 117.6, 

116.9, 112.4, 108.4, 71.3, 56.0, 54.5, 51.5, 30.1, 21.5, 18.6. 19F NMR (470 MHz, CDCl3): δ −57.6. 

LC-MS calculated for C22H23F3N4O2: 432.18; observed: m/z 433.15 [M+H]+. HRMS m/z 

calculated for C22H24F3N4O2 [M+H]+, 433.1851, found m/z 433.1863.

3-(Cyclopropylmethyl)-7-((4-(2,4-difluorophenyl)piperazin-1-yl)methyl)-8-

(trifluoromethyl)[1,2,4]triazolo[4,3-a]pyridine (17, JNJ-46356479). In a similar procedure as 

described for synthesizing 13, compound 17 was prepared by using 3-(cyclopropylmethyl)-8-

(trifluoromethyl)-[1,2,4]triazolo[4,3-a]pyridine-7-carbaldehyde (50 mg, 0.19 mmol) and 1-(2,4-

difluorophenyl)piperazine (41.6 mg, 0.21 mmol), TEA (0.11 mL, 0.76 mmol), MgSO4 (0.229 g, 

1.9 mmol) and NaBH(OAc)3 (60.4 mg, 0.285 mmol) in DCM (3 mL) to give product as a pale-

yellow solid (44.2 mg, 0.098 mmol, 51.6% yield). 1H NMR (500 MHz, CDCl3) δ 8.23 (d, J = 7.5 

Hz, 1H), 7.45 (d, J = 6.5 Hz, 1H), 6.90−6.91 (m, 1H), 6.78-6.81 (m, 2H), 3.81 (s, 2H), 3.10 (d, J 
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= 6.5 Hz, 2H), 3.01-3.09 (m, 4H), 2.63-2.75 (m, 4H), 1.21-1.26 (m, 1H), 0.60-0.62 (m, 2H), 0.33-

0.34 (m, 2H). LC-MS calculated for C22H22F5N5: 451.18; observed: m/z 452.05 [M+H]+.

2-(1-((1-Methyl-1H-imidazo[4,5-b]pyridin-2-yl)methyl)piperidin-4-yl)-5-

(trifluoromethyl)phenol (25). The boron tribromide solution (1 mL, 1 M in DCM, 1 mmol) was 

added dropwise to a solution of compound 13 (70 mg, 0.173 mmol) in 3 mL dichloromethane at 0 

℃. The mixture was slowly warmed to room temperature and stirred for another 2 h. After the 

reaction was completed, 5 mL of saturated sodium bicarbonate was added, and the mixture was 

extracted with dichloromethane. The crude product was purified by flash column chromatography 

to give product as a white solid (60 mg, 0.153 mmol, 88% yield). 1H NMR (500 MHz, CD3OD): 

δ 8.42 (d, J = 5.0 Hz, 1H), 8.03 (d, J = 8.5 Hz, 1H), 7.34-7.37 (m, 1H), 7.28 (d, J = 7.5 Hz, 1H), 

7.05 (d, 1H, J = 7.5 Hz), 7.00 (s, 1H), 4.01 (m, 3H), 3.94, (m, 2H), 2.99-3.06 (m, 3H), 2.34-2.38 

(m, 2H), 1.73-1.86 (m, 4H). 13C NMR (125 MHz, CD3OD): δ 155.4, 155.0, 153.7, 143.6, 136.6, 

128.7, 126.8, 125.4, 123.3, 118.7, 118.0, 115.3, 115.3, 111.0, 54.6, 54.2, 35.1, 31.3, 29.5. LC-MS 

calculated for C20H21F3N4O: 390.17; observed: m/z 391.10 [M+H]+. HRMS m/z calculated for 

C20H22F3N4O [M+H]+, 391.1746, found m/z 391.1765.

Radiochemistry.  11CO2 
was obtained via the 14N(p,α)11C reaction on nitrogen with 2.5% oxygen, 

16 MeV protons (GE Healthcare, PETtrace), and trapped on molecular sieves in a TRACERlab 

FX-MeI synthesizer (GE Healthcare). 11CH4 
was obtained by the reduction of 11CO2 

in the presence 

of hydrogen at 350 °C and passed through an oven containing I2 
to produce 11CH3I via a radical 

reaction. 11CH3I was trapped in a 5 mL V-vial containing a solution of excess 25 (0.5 ± 0.2 mg) 

and an aqueous 5N NaOH (3 uL) in dry dimethylformamide (250 μL) at room temperature and 

then heated at 80 °C for 2 min. The reaction mixture was diluted with 1.0 mL of water and purified 

using a HPLC system equipped with a semi-preparative column (Waters XBridge, C18, 250 × 10 
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mm, 5 μ), a UV detector monitored at 254 nm, and a radioactivity detector. The product was eluted 

with acetonitrile/water/TFA (30/70/0.7) at a flow rate of 5 mL/min. The fractions corresponding 

to [11C]13 (tR = 11 min) were collected into a large dilution vessel, which was pre-loaded with 2 

mL of 8.4% sodium bicarbonate for injection, USP (Hospira) and 23 mL of sterile water for 

injection, USP. The product was loaded onto a C18 light cartridge, (Waters; pre-activated with 4 

mL of EtOH followed by 10 mL of SWFI). The C18 light cartridge was washed with 10 mL of 

SWFI to remove traces of salts, residual acetonitrile and TFA. The C18 light cartridge was then 

eluted with 1 mL of dehydrated ethyl alcohol (USP) and followed by 10 mL of 0.9% sodium 

chloride solution (USP) into a product collection vessel. The formulated solution was filtered 

through a vented Millipore-GV 0.22μ sterilizing filter (EMD Millipore) into a 10 mL vented sterile 

vial.

Radiochemical purity and chemical quality were measured by an analytical HPLC equipped 

with an analytical column (Waters, XBridge, C18, 3.5 μ, 4.6 × 150 mm), a UV detector monitored 

at 254 nm, and a radioactivity detector, which was eluted with a solution (acetonitrile/0.1%TFA 

water = 30/70) at a flow rate of 1 mL/min. [11C]13 was eluted ~6 min (chemical and radiochemical 

purities > 98%, n = 10). The radiosynthesis time was 50 min from the end of bombardment (EOB). 

The molar activity was 98 ± 30 GBq/µmol at the end of synthesis (EOS).

Molecular modeling. The mGluR2 receptor model structure was built in YASARA45 using a 

series of structures from the Protein Data Bank (PDB). These structures were obtained after a 

BLAST75 search of the mGluR2 sequence against the PDB. The model was built by manually 

selecting from these template structures with sequence homology to mGluR2. These templates are 

mGluR1 complexed with glutamate (PDB ID:1EWK)46, mGluR5 complexed with glutamate (PDB 

ID: 3LMK)47 and Metabotropic Glutamate Receptor 5 Apo Form (PDB ID 6N52)48. Using these 
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three structures as templates, a hybrid model for mGluR2 was built in YASARA. Results of model 

evaluations are given in the Supporting Information.

To prepare the ligands for docking, the ligands were drawn on ChemDraw Professional 16.0 

by PerkinElmer and were converted into PDB format in Avogadro 1.276. These ligands were 

further optimized in Avogadro before docking. Docking was performed into the model structure 

with AutoDock56 embedded in YASARA45.

GloSensor cAMP functional assay. HEK-293 cells were maintained with complete Dulbecco's 

modified Eagle's medium (DMEM), which was composed of 10% fetal bovine serum (FBS), 2 

mM L-glutamine, 100 units/mL penicillin G, 100 μg/mL streptomycin at 37 °C in the presence of 

5% CO2. HEK-293 stable cell lines with tetracycline inducible expression of mGluR1, mGluR2, 

mGluR4, mGluR6 or mGluR8 were maintained with complete DMEM with Hygromycin B (100 

μg/mL), Blasticidin (15 μg/mL) at 37°C in the presence of 5% CO2. 

The Gq coupled receptors (mGluR1 and mGluR5) were tested using Ca2+ mobilization assay. 

mGluR1 stable cell lines were plated into poly-L-lysine (PLL) coated 384-well black clear bottom 

cell culture plates with complete Basal Medium Eagle (BME) buffer, which was composed of 10% 

dialyzed FBS, penicillin G (100 units/mL), streptomycin (100 μg/mL) with Tetracycline (1 μg/mL) 

at density of 20,000 cells in 40 µl per well for overnight. On the other hand, HEK-293 Cells 

transiently transfected using the calcium phosphate method with cDNA encoding mGluR5 for 40 

h were plated into the plate with complete BME at density of 20,000 cells in 40 µL per well for 8 

h. mGluR1 stable cells or cells transiently expressing mGluR5 were incubated with 20 μL of the 

calcium dye (FLIPR Calcium 4 Assay Kit; Molecular Devices) diluted in the assay buffer (1× 

HBSS, 2.5 mM probenecid, and 20 mM HEPES, pH 7.4) for 45 min at 37 °C and 15 min at room 

temperature. To measure agonist activity of receptors, the drug plates were prepared with different 
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concentrations of test or reference compound at 3 times the desired final concentration. When 

measuring antagonist activity, another drug plate which contained EC80 concentration of the 

reference drug was prepared. Once loaded in FLIPR (Molecular Devices), basal fluorescence was 

measured for 10 s, then 10 μL of test or reference compounds were added, followed by continued 

fluorescence measurement for an additional 120 s. Raw data were plotted as a function of molar 

concentration of the compound with Prism 5.0 (GraphPad Software).

The Gi/o coupled receptors (mGluR2, mGluR3, mGluR4, mGluR6 and mGluR8) were tested 

using cAMP assay. Promega’s split luciferase based GloSensor cAMP biosensor technology was 

used in determining Gi-GPCR mediated cAMP production in live cells. On the cells stably 

expressing mGluR2, mGluR3, mGluR4, mGluR6 or mGluR8, GloSensor cAMP DNA construct 

was transfected overnight. Cells were seeded into PLL coated 384-well white clear bottom cell 

culture plates with complete BME Buffer with Tetracycline (1 μg/mL) at a density of 20,000 cells 

for another 24 h. The cell medium was removed and then 20 μl of buffer was loaded. To measure 

the agonist activity, 10 μL of 3x test compound solution was added 15 min before addition of 10 

μl of luciferin/isoproterenol mixture at a final concentration of 4 mM and 200 nM, respectively, 

followed by counting of the plate. To measure the PAM or antagonist activity, cells were pre-

incubated with test compound for 15 min before addition of EC20 or EC80 concentration of a 

reference agonist for another 15 min. Then 10 μl of luciferin/isoproterenol mixture at a final 

concentration of 4 mM and 200 nM, respectively, was added for 15 min followed by counting of 

the plate. In these experiments, isoproterenol was used to activate endogenous 2 adrenergic 

receptors expressed in HEK293 T cells to activate the endogenous Gs protein. Luminescence was 

counted in a TriLux luminescence counter. Data were analyzed with Prism 5.0 (GraphPad 

software).
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Compounds were tested for their potency in dose-response experiments. Eight-point dose 

response curves were performed in duplicate twice on two separate lots of cells (sometimes a third 

curve might be needed if in the first experiment the range of concentrations used was outside of 

the active range). For antagonists, these curves were performed in the presence of the EC80 

concentration of the agonist. For each compound, the results from four replicates were averaged 

and then either EC50 or IC50 values were calculated by non-linear regression using the 4-parameter 

logistic equation. Results were reported as EC50 or IC50 values for each tested compound (and 

receptor) and include the EC50 or IC50 values of a known agonist or antagonist for comparison 

purposes.

In vitro characterization.  The Log P was determined using a reversed-phase HPLC method. 

First, seven reference compounds were examined to obtain the linear regression of the log P against 

the log of capacity factors by the expression: logPow = a + b * logk. The Log P of these reference 

compounds was already been determined. The capacity factor k was calculated by the expression: 

k = (tR – t0)/t0. The retention time tR of test compound was determined on the HPLC (Agilent 1260 

infinity II LC System, XTerraTM MS C18 5μ 2.1  250 mm, methanol/water=75/25, 0.25 mL/min). 

The dead-time t0 was measured by using thiourea. All measurements were done with triplicate 

three parallels and results are given in Table S4. The linear regression equation of the Log P against 

the log of capacity factors was generated in Excel: logPow = 3.049 + 2.429 * logk , where R2 was 

0.9964 (Figure S9). The retention time of compound 13-15 was also determined on the HPLC 

under the same condition and each test was repeated three times (Table S5). 

In the plasma protein binding assay, disposable RED device inserts (product 90006) were from 

Thermos Scientific (Waltham, MA). Each insert was made of two side-by-side chambers separated 
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by a vertical cylinder of dialysis membrane (MWCO ~8,000) validated for minimal non-specific 

binding. A stock solution of the test compound in DMSO was spiked into the rat plasma to reach 

a concentration of 10 M. 400 L of sample solution was placed into the sample chamber of the 

RED device, and 600 L of phosphate-buffered saline (PBS) was added to the buffer chamber of 

the RED device. Samples were prepared in triplicates. The plate was covered with aluminum 

sealing cover and incubated at 37 °C on an orbital shaker at approximately 200 rpm for 5 h. After 

incubation, 300 L of post-dialysis samples from the buffer and sample chambers were transferred 

to different microcentrifuge tubes. To the buffer sample was added 300 L of plasma, and an equal 

volume of buffer was added to the collected plasma sample. 600 L of cold acetonitrile was added 

to the samples, and the samples were vortexed and incubated for 30 min on ice and then were 

centrifuged at 14000 rpm for 10 min. Supernatant was transferred to vial for HPLC analysis 

(XTerraTM MS C18 5, 2.1  250 mm column; Gradient elution from 5% to 90% B in 30 min; 

0.1 M ammonium formate in water (A) and acetonitrile (B); UV 254 nm; 100 uL of injection 

volume). The percentage of the test bound compound was calculated as % Free = (Concentration 

in buffer chamber/Concentration in plasma chamber) ×100%; % Bound = 100% - % Free (Table 

S6). 

Compound stability in rat serum was examined using a published method.68 Rat serum (100 

μL, Abcam, Inc, No. ab7488) and test compound or control compound (2.5 μL, 1 mM in DMSO) 

was added to the individual tube. The tube was vortexed and incubated at 37 °C. During the 

incubation, aliquots of 50 uL samples were quenched with ice-cold acetonitrile at 0, 15, 30, 60, 

and 120 min time points, respectively. After mixing, the quenched samples were centrifuged, and 

the supernatant was withdrawn for analysis by HPLC (Agilent 1260 infinity II LC System, 

XTerraTM MS C18, 5 μ, 2.1 x 250 mm, 20 mM ammonium formate (A)/acetonitrile (B), 0.25 
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mL/min, gradient of 5% to 100% B). The samples were assayed at least three times.  Compound 

25 was used as internal standard while diltiazem was used as a positive control.  The percentage 

remaining was calculated by (peak area at the specific time point)/(peak area at 0 min) × 100% 

(Table S7).

Compound stability in rat liver microsomal was tested using a published method.68,69 In a vial 

1.5 μL of test compound (1 mM in DMSO stock solution) was mixed with 432 μL of PBS (50 

mM, pH 7.4).  The mixture was kept at 37 °C for 10 min before adding 13 μL of Sprague−Dawley 

rat liver microsomes (Sigma-Aldrich, No. M9066). The vial was vortexed and shaken at 37 °C for 

5 min, followed by addition of 50 μL of NADPH (10 mM in PBS stock solution) to start the 

reaction. The mixture was incubated at 37 °C for 0, 5, 15, 30, 45 min, respectively, and quenched 

by addition of 250 μL of ice-cold acetonitrile and 3 μL of the internal standard (0.5 mM in DMSO). 

The quenched solutions were centrifuged at 10,000g for 15 min. The supernatant was collected 

and quantitated by RP-HPLC (Phenomenex Luna® column 5 µ C18, 100 Å, 250 x 4.6 mm; 0.7 

mL/min, 15 min, Acetonitrile/water/0.1% FA). The procedure was repeated three times for each 

compound. Compound 25 was used as internal standard and compound ML128 served as positive 

control. The percentage of remaining intact test-compound was calculated by (peak area at the 

specific time point)/(peak area at 0 min)100%. Each procedure was repeated three times (Tables 

S8 & S9). 

The solution stability of 13 was examined in the aqueous buffers at different pH values. 50 μL 

of compound in DMSO (0.25 mM) was added to the sodium acetate-KCl-HCl buffer (950 μL, 20 

mM, pH 5.0), phosphate buffer (950 μL, 20 mM, pH 7.4), and boric acid-KCl-NaOH buffer (950 

μL, 20 mM, pH 9.4), respectively. The mixtures were incubated for 2 h at 37 °C and analyzed by 

HPLC (Phenomenex Luna® column, 5 µm C18, 100 Å, 250 x 4.6 mm, eluents: CH3CN/H2O in 0.1% 
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formic acid). The area under curve (AUC) values of 13 was monitored at 0, 15, 30, 60, and 120 

min time points (n = 2, Table S10).

In the PAMPA assay, polar brain lipid (PBL) was purchased from Avanti Polar Lipids 

(Alabaster, AL). Theophylline, caffeine, and dodecane were purchased from Sigma-Aldrich. The 

96-well acceptor filter plate (polyvinylidene difluoride membrane, pore size 0.45 m) and the 

donor microplate were obtained from Merck Millipore Bioscience (Bedford, MA). Test compound 

was dissolved in DMSO at 5 mg/mL, and further diluted in phosphate buffer (pH 7.4) to obtain 

the sample solution at a final concentration of 25 μg/mL. The acceptor wells were coated with 4 

μL of porcine polar brain lipid (PBL) in dodecane (20 mg/mL) before 200 μL of phosphate buffer 

was added. To the corresponding donor well, 300 μL of the sample solution (n = 5) was added. 

The acceptor well was carefully put on the donor plate and kept for 18 h. After incubation, the 

acceptor plate was separated from the donor plate and the concentration of the test compounds in 

both acceptor and donor wells was determined using a UV plate reader (SpectraMax M Series 

Multi-Mode Microplate Readers). Verapamil (Pe = 16 x10-6 cm/s) and theophylline (Pe = 0.12 

x10-6 cm/s) were used as positive and negative control compounds, respectively.

The P-gp ATPase activity was measured with the Pgp-Glo™ assay system with human P-gp 

membrane by following the manufacturer’s instructions (Promega, Co. USA). The assay relies on 

the ATP dependence of the light-generating reaction of firefly luciferase. Briefly, 25 g of P-gp 

membrane was incubated at 37 °C with one of these samples including Na3VO4 (100 M), solvent 

control (0.1% DMSO), quercetin (100 M), the test compound (200 M), verapamil (100 M), 

verapamil (100 M) plus the test compound (100 M). The ATPase reaction was initiated by 

addition of MgATP (5 mM) and followed by incubation for 40 min at 37 °C. The reaction was 

stopped, and the remaining unmetabolized ATP was detected as a luciferase-generated 
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luminescence signal by addition of ATP detection reagent. Following a room-temperature signal-

stabilization period (20 min), luminescence was read on a Veritas microplate luminometer (Tuner 

Designs, San Francisco, CA). P-gp ATPase activity was presented as a drop-in luminescence of 

samples compared to that treated with Na3VO4.

Whole body biodistribution study. The quantitative biodistribution of [11C]13 was done using 

16 healthy Sprague Dawley rats (weight 330-370 g). After anesthetization (2% isoflurane with 

oxygen flow of 1.5 L/min) the rats were administrated with the [11C]13 (30-42 MBq (0.81-1.14 

mCi) using tail vein injection and sacrificed by decapitation at the time points 5, 20, 30 or 40 min 

after administration of the radioactivity. The tissue samples including blood, midbrain, cerebellum, 

cortex, lung, heart, liver, spleen, kidney and muscle were rapidly collected into pre-weighted 

gamma-counting tubes and measured with standards (samples of [11C]13) using PerkinElmer 

Wizard2 2480 gamma-counter. Tubes were weighted, and the net mass of the tissue samples was 

determined and the percent of the injected radioactivity (% ID/g) in the samples was calculated.

In vivo characterization. Altogether nine normal Sprague Dawley rats (male, 275-500 g) were 

used in thirteen studies to investigate in vivo imaging characteristics of [11C]13.  Four rats had 

control studies followed by the “blocking” studies and 5 rats had only control studies to investigate 

binding characteristics of [11C]13. For the imaging studies rats were anesthetized with 

isoflurane/nitrous oxide (1.0-1.5% isoflurane, with oxygen flow of 1-1.5 L/min) and the tail vein 

was catheterized for administration of the imaging ligand ([11C]13).  The rats were adjusted into 

the scanner for imaging position (Triumph II Preclinical Imaging System, Trifoil Imaging, LLC, 

Northridge, CA).  The vital signs such as heart rate and/or breathing were monitored throughout 

the imaging.  Data acquisition of 60 min was started from the injection of radioligand [11C]13 (20-

41 MBq (0.54-1.11mCi) i.v.). 
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The “cold” compound 17 was used to investigate selectivity and sensitivity of [11C]13 for the 

mGluR2. For injection 17 was dissolved into saline with 20% HP-B-CD with pH under 5.5. The 

“cold” compounds were administered (i.v., 4 mg/kg) 10 min before the radioactivity.

CT scan was performed after every PET imaging study to obtain anatomical information and 

correction for attenuation. The PET imaging data were corrected for uniformity, scatter, and 

attenuation and processed by using maximum-likelihood expectation-maximization (MLEM) 

algorithm with 30 iterations to dynamic volumetric images (18×10”, 14×30”, 20×60”, 10×180”).  

CT data were reconstructed by the modified Feldkamp algorithm using matrix volumes of 

512×512×512 and pixel size of 170 μm. The ROIs, i.e., whole brain, thalamus, hippocampus, 

cortex, striatum, and cerebellum, were drawn onto coronal PET slices according to the brain 

outlines as derived from the rat brain atlas and corresponding TACs (time-activity curves) were 

created by PMOD 3.2 (PMOD Technologies Ltd., Zurich, Switzerland). Percent changes between 

the control and blocking studies were calculated in the selected brain areas at the 10-30 min time 

window after injection of [11C]13. Statistical significance between the baseline and blocking 

studies were calculated using the two-sample t-test.
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BBB, blood-brain barrier; VFTD, Venus flytrap domain; 7-TM, seven transmembrane; CRD 

cysteine rich domain; POOL, Partial Order Optimum Likelihood; EL2, extracellular loop 2; PDB, 

Protein Data Bank; PAM, positive allosteric modulator; NAM, negative allosteric modulator; MW, 

molecular weight; tPSA, topological polar surface area; Clint, the intrinsic clearance; Gi, adenylate 

cyclase inhibitory G-protein; MWCO, molecular weight cut off; ND, not determined; PBL, Polar 

brain lipid; PBL,  porcine polar brain lipid; P-gp, P-glycoprotein; PAMPA, parallel artificial 

membrane permeability assay; Pe, effective permeability; EOS, end of synthesis. SWFI, sterile 

water for injection; TAC, time-activity curve; SUV, standardized uptake value; USP, United States 

Pharmacopeia; % ID/g, percentage of injected dose per gram of wet tissue.
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