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1. INTRODUCTION

Metabotropic glutamate receptors (mGluRs) are membrane-type
receptors for glutamate, which is the major excitatory neurotransmitter in

the brain. They belong to the Class C G-protein coupled receptor and con-

sist of a family of eight receptor subtypes, as summarized in Table 6.1. Each

receptor subtype has a unique pharmacological profile and their therapeutic

potential as drug targets is predicted mainly based on their respective local-

ization in the central and peripheral nervous systems.1,2 Beyond the classical

approach targeting the orthosteric binding site of these receptors, the

development of allosteric modulators represents an emerging class of
71
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Table 6.1 mGluR subtypes: function and signaling pathway
Receptor class Subtype Function Signaling

Group I mGluR1

mGluR5

Excitatory Gq/G11; "PLC

Group II mGluR2

mGluR3

Inhibitory Gq/G11; "PLC

Group III mGluR4

mGluR6

mGluR7

mGluR8

Inhibitory Gi/G0; #AC

PLC, phospholipase C; AC, adenylyl cyclase.
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orally available small molecules offering greater selectivity and better

modulatory control at disease mediating receptors.3,4 This approach has

been successively applied to mGluRs and extensively reviewed.5,6 The

mGluR2 activators and mGluR5 blockers are the first drug targets that

have demonstrated clinical proof-of-concept in patients suffering from

major CNS disorders, such as schizophrenia and anxiety, Parkinson’s

disease levodopa-induced dyskinesia (PD-LID), fragile X syndrome

(FXS), and major depressive disorders. This review focuses on the drug

discovery effort and clinical status of mGluR2 activators acting at

orthosteric or allosteric binding sites, and negative allosteric modulators

(NAMs) of mGluR5.

2. DISCOVERY AND DEVELOPMENT OF MGLUR2
ACTIVATORS
2.1. Localization and functions of mGluR2

Both mGluR2 and mGluR3 receptors are coupled to Gi/Go proteins,

and their activation inhibits cAMP formation (Table 6.1).7 Both recep-

tors share �70% sequence homology, highly conserved for the ligand

binding site and most of the mGluR2 agonists identified so far were dual

mGluR2/mGluR3 (mGluR2/3) activators. mGluR2 is exquisitely local-

ized in neurons, specifically in the preterminal region of axons, while

mGluR3 is located both pre- and postsynaptically, and in glial cells.8

Presynaptic mGluR2/3 receptors are either activated by an excess of
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glutamate or by its release from astrocytes through the cystine–glutamate

membrane antiporter.9 mGluR2 is highly expressed in limbic-related re-

gions, making its ligands promising therapeutic agents for neuropsychiatric

disorders.10 Recently, an mGluR2-5-HT2A receptor complex has been

characterized,11 postulated to be the target of antipsychotic drugs acting

as 5-HT2R blocker and/or mGluR2 activators.12 Site-directed mutagen-

esis studies have clarified the molecular interaction of mGluR2 orthosteric

agonists (and antagonists) with the active site13 as well as mGluR2 PAM

(and NAMs) with the seven-transmembrane domain.14,15
2.2. mGluR2 orthosteric agonists
Since the identification of the conformationally constrained bicyclo[3.1.0]

alkane-based glutamate mGluR2/3 agonist LY354740 (1, eglumetad) in

1997, Lilly scientists have dedicated intensive efforts to delineate this unique

chemotype into numerous nanomolar dual mGluR2/3 agonists, represented

by LY379268 (2), LY389795 (3), and LY459477 (4),16 as well as novel

mGluR2 agonist/mGluR3 antagonist compounds, such as LY541850

(5).17,18 All these compounds display 100- to >600-fold selectivity versus

the other mGluR subtypes.
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Peptidyl prodrugs have been developed in order to improve oral

absorption and brain penetration, providing the first development candi-

dates LY544344 (6, talaglumetad)19 and LY2140023 (8, pomaglumetad),

prodrug of LY404039 (7, hmGluR2/mGluR3 EC50¼23/48 nM).20 Lilly

scientists have pursued their pioneering discovery efforts leading to the first

selective mGluR2 agonists 9 (LY2812223; hmGluR2 EC50¼23 nM,

hmGluR3 EC50>30 mM, calcium mobilization assay). LY2812223 has

demonstrated in vivo efficacy in rodent models of schizophrenia, bipolar

disorders, anxiety, and depression.21 Its L-alanine prodrug LY2979165

(10) has been reported to be orally absorbed via the intestinal absorption

transporter PepT1 and is effectively hydrolyzed in the human intestine

and liver.21,22
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2.3. mGluR2 positive allosteric modulators
Two major reviews have reported the large chemical diversity of mGluR2

positive allosteric modulators (PAMs) based on the initial discovery of the

first modulators in the early 2000s.23,24 New structural enrichment has

been recently disclosed and described hereafter.
2.3.1 Benzimidazoles
Researchers from Pfizer have described the optimization of benzimidazole

derivatives, such as compound 11 (rmGluR2 EC50¼4790 nM), identified

from an HTS campaign. Exhibiting D2R-antagonism off-target activities, a

subsequent optimization led to the selective azabenzimidazole 12

(EC50¼35 nM), which demonstrated oral bioavailability in rats (F¼50%;

3 mg/kg, p.o.) and efficacy in psychosis mice models (minimum effective

dose (MED) ranging from 10 to 17.8 mg/kg, s.c.).25 A similar strategy

was independently reported leading to piperazine 13 (GSK1331258;

EC50¼79 nM).26
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2.3.2 Indanone and isosteres
The improved potency and PK properties of the historical mGluR2 PAM

biphenylindanone A (14, BINA) via modification of the indanone core has

been recently disclosed, as shown in compounds 15 and 16 (rmGluR2,

EC50¼50 and 170 nM, respectively; thallium flux assay).27,28 In

particular, 16 exhibited oral bioavailability (F¼86%) and high brain/

plasma ratio of 4.8 (10 mg/kg, p.o.) and demonstrated efficacy in a rat

cocaine self-administration model (MED¼20 mg/kg, p.o.).29
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2.3.3 Benzotriazoles, benzimidazolones, and benzothiazolones
N-cyclopropylmethylene-halobenzotriazole series has been broadly exem-

plified30,31 yielding potent derivatives, like the direct-branched aryl 17

(EC50¼8 nM) or pyridyloxy derivative 18, being the most active

compound within this series (EC50¼3 nM).
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A potent N-alkylated azabenzimidazolone series has been reported, in

which the methyl-tert-butyl group was recognized as a privileged substitu-

ent, represented by compound 19 (EC50¼11 nM).32 An optimization of

this template led to additional cores, such as diazasulfone 20, being the most

potent mGluR2 PAM reported to date in a calcium mobilization assay

(EC50¼0.5 nM).33
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2.3.4 Pyridones and azolopyridines
Since the first disclosure of novel pyridone-based mGluR2 PAM chemical

series in 2006,34 scientists at Addex Therapeutics pursued their efforts

around the 1,4-disubstituted pyridine HTS hit 21 (EC50¼8 mM, [35S]

GTPgS assay). This compound showed an adequate overlap with the

reported mGluR2 PAM 3D-pharmacophore,35 and therefore allowed sub-

sequent identification of more potent compounds, such as the compound 22

(EC50¼42 nM). The more soluble pyridyl representative 23

(EC50¼316 nM) displayed a full selectivity over other mGluR subtypes,

an improved hERG channel interaction (21% inhibition at 3 mM) and brain

exposure. Compound 23 demonstrated inhibition of REM sleep in a rat

sleep-wave EEG model at 10 mg/kg (s.c.).
N
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The recently disclosed imidazopyridine series is the result of a scaffold

hopping exercise on the 1,4-pyridone series (chemotype B).36 Since

compound 24 (EC50¼186 nM) had poor oral bioavailability, it was

further optimized into indole derivative 25 (EC50¼85 nM), exhibiting

an improved oral pharmacokinetic profile and brain penetration.37

Compound 25 showed modulation of REM sleep in a rat sleep–wake

EEG model at 10 mg/kg orally, consistent with mGluR2 receptor

activation.38
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The triazolo[4,3:a]pyridine series (chemotypeC) was exemplified in sev-

eral patent applications with compounds demonstrated efficacy in different

models of psychosis,39,40 illustrated by compounds 26 and 27 (EC50¼1.6

and 16.2 nM, respectively). Phenyl-piperidine 27 exhibited efficacy in

PCP-induced hyperlocomotion in mice (ED50¼5.4 mg/kg) and

conditioned avoidance response in rats (ED50¼16.3 mg/kg, p.o.).41

2.3.5 Oxazolidinones
The oxazolidinone derivative 28 (EC50¼450 nM)was identified in an HTS

calcium mobilization assay on hmGluR2 cell lines. Further optimization led

to the identification of the benzonitrile 29 (EC50¼82 nM) exhibiting

moderate-to-high dog clearance (17.7 ml/min/kg), brain penetration in

rat (CSF/plasma unbound ratio of 1), and a clean selectivity profile over

other mGluR subtypes, D2 and 5-HT2A receptors. Compound 29 demon-

strated efficacy in the ketamine-induced locomotor activity at 100 mg/kg

after i.p. administration.42
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The fusion of the oxazolidinone and the cyano-phenyl rings led to the

discovery of the oxazolobenzimidazole series. The resulting ter-butyl-

pyridyloxymethyl-cyano-oxazolobenzimidazole 30 combined high potency

(hmGluR2 EC50¼29 nM, rmGluR2 EC50¼42 nM) and improved

solubility and selectivity over mGluR, D2, and 5-HT2A receptors. Com-

pound 30 demonstrated brain exposure and robust efficacy in a PCP-induced

hyperlocomotion model in rats (MED¼30 mg/kg, p.o.).43
2.4. Clinical trials
Today, several mGluR2 activators have successfully reached clinical devel-

opment phases for the treatment of severe CNS disorders, including schizo-

phrenia and anxiety (see Table 6.2).10,50,51 LY2140023 (8)20 is the first

mGluR2/3 agonist demonstrating its tolerability and significant

improvement of positive and negative symptoms of schizophrenia in

patients in a Phase IIa trial.44 However, a second Phase II study proved

inconclusive due to lack of separation from placebo of both 8 and

olanzapine.52 LY2140023 has now reached Phase III clinical stage while

being further investigated in additional Phase II studies.53 Preclinical54,55

and clinical56 evidence also supports a significant benefit of mGluR2

activators on working memory processes and cognitive symptoms in

schizophrenia. More recently, two additional specific mGluR2 activators

LY2979165 (10)45 and ADX71149/JNJ40411813 (undisclosed structure)

have reached Phases I and IIa, respectively, for psychiatric disorders.46
Table 6.2 mGluR2 activators in Phase I and Phase II trials
Compound MoA Indications Clinical

status

LY2140023 (8) mGluR2/3 agonist Schizophrenia Phase II/

III44

LY2979165 (10) mGluR2 agonist Bipolar disorders Phase I45

ADX71149/

JNJ40411813

mGluR2 PAM Schizophrenia Phase II46

LY544344 (6) mGluR2/3 agonist Generalized anxiety

disorders

Phase

II47,48

LY2300559 (31) mGluR2 agonist/CysLT1

antagonist

Migraine Phase II49
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LY544344 6 has demonstrated clinical improvement in patients with

generalized anxiety disorder.47,48 LY354740 1 has failed to reach clinical

significance compared to placebo in a double-blind clinical trial in

patients with panic disorder.57 In a separate study, LY354740 has,

however, demonstrated anxiolytic-like effect in the fear-potentiated

startle paradigm.58

LY2300559 (31), a dual mGluR2 PAM (EC50¼50 nM) and cysteinyl-

leukotriene 1 (CysLT1) antagonist (Kb¼22 nM),59,60 has entered a Phase II

placebo-controlled proof-of-concept study in patients with migraine.

Despite its low brain-to-plasma ratio of 0.01, 31 has demonstrated

efficacy in a preclinical rodent model of migraine and was reported to be

well tolerated in rat and dog toxicological studies.49

OOH

O

OH

CO2H

31

3. DRUG DISCOVERY AND DEVELOPMENT OF MGLUR5
NAMS
3.1. Localization and functions of mGluR5

mGluR5 is coupled to Gq/G11 protein (Table 6.1), is localized postsynap-

tically, and is highly expressed in the hippocampus, corpus striatum, cere-

bral cortex, and in basal ganglia,5,61 a key region for motor control.62 In

addition, cross talk between mGluR5, dopamine D2 receptors, and

adenosine A2A receptors, which are all highly expressed in the striatum,

is hypothesized to play a role in the motor dysfunction observed in

Parkinson’s disease.63

3.2. Alkyne-based mGluR5 negative allosteric modulators
Many examples of mGluR5 NAMs have been reported in recent

reviews64,65 since the discovery of the diarylalkynes MPEP 32 and

MTEP 33. Potent mGluR5 modulators have been discovered through

extensive exploration of the SAR in these narrow series.66 Unless

otherwise noted, biological activities reported in this section have been
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demonstrated using a calcium mobilization assay (FLIPR) using a human

mGluR5 clone.

Dihydroquinolinone MRZ-8676 (34, IC50¼20 nM) has been reported

to demonstrate activity in a rat model of L-dopa-induced dyskinesia

(MED¼8.33 mg/kg, p.o.), and no tolerance was observed after repeat dosing

(6 days) at 75 mg/kg.67 The imidazolyl derivative CTEP (35) is another po-

tent and selective mGluR5 NAM (IC50¼11.4 nM) and demonstrated

efficacy in the Vogel conflict drinking rat model (MED¼0.3 mg/kg, p.o.).68
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Further exploration around ethynylbenzamide 36 (IC50¼8.0 nM)69 led

to pyrido-isoindoline 37 (WYE304529/GRN529). Compound 37 dis-

played improved potency (IC50¼3.1 nM), above 1000-fold selectivity ver-

sus mGluR1, and dose-dependent efficacy in a wide range of rodent models

of anxiety, depression, and pain.70,71 Since the initial discovery of the Addex

clinical candidate ADX10059 (38, raseglurant), intensive efforts led to the

identification of the ethynylpyridine development candidate ADX48621

(39, dipraglurant; rmGluR5, IC50¼21 nM).64 ADX48621 has

demonstrated antiparkinsonian activity in two preclinical models: the

haloperidol-induced catalepsy in rats (ED50¼2.8 mg/kg, p.o.) and the

MPTP-treated macaque model (MED¼10 mg/kg, p.o.).72 Another

mGluR5 NAM clinical candidate, mavoglurant 40 (AFQ056, Novartis

Pharmaceuticals), was able to restore the prepulse inhibition of startle
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response in Fmr1 KO mice, confirming the interest of this molecule in

FXS.73
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3.3. Non alkyne-based mGluR5 chemotypes
Bioisosteric replacement of the ethynyl bond, which keeps the molecular

topology and the established SAR within the alkyne series, is exhibited by

compounds such as 1,2,4-oxadiazole 41 (VU0285683) and the carboxamide

44 derivatives. As illustrated, many combinations preserved the 3-cyano-5-

fluorophenyl moiety which can be considered as a privileged fragment.
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A series of tetrahydro-oxazolopyridines have been optimized leading

to the identification of the azepine 42 (IC50¼16 nM). Unfortunately, its

short half-life in rat andmonkey precluded further development.74 Alternative

heteroaryl ring systems were identified, such as the 2-methylbenzothiazole 43

(IC50¼61 nM).75 Carboxamide 44 (rmGluR5, IC50¼24 nM) demonstrated
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efficacy in anxiety models similar to MTEP.76 Compound 45

(IC50¼25 nM)77 or pyrazole 46 (IC50¼6.9 nM)78 showed efficacy in the

marble burying mouse model. A novel constrained tricyclic series has been

reported, illustrated by compound 47, with subnanomolar activity

(pIC50¼9.1).79

Another interesting set of potent mGluR5 NAM has been recently dis-

closed. Benzimidazol-3-yl pyridine 48 (IC50¼24 nM) showed oral efficacy

in the anxiety fear-potentiated startle rat model (MED¼1 mg/kg).80 Pyri-

dinyl derivative 49 (IC50¼17 nM) exhibited moderate exposure after oral

dosing due to extensive hepatic metabolism.81 The piperidino-tetrazole 50

(pIC50¼6.7) resulted from a hit to lead campaign starting from a 3,5-

oxadiazole hit.82 Interestingly, S-enantiomers generally exhibited better

potency.83
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A number of related series where the heterocyclic spacer can be replaced

by linear linkers have been extensively investigated, as illustrated

methyloxy-triazole 51 (IC50¼10 nM)84 or carbamate 52 (GSK2210875,

pIC50¼7.4).85 The tetrahydroquinazolinyl derivative 54 (LuAE88928,

IC50¼13 nM), inspired from the cyclohexyldiamide 53 (IC50¼10 nM),

has shown favorable PK profile and oral efficacy at 30 mg/kg in the

Geller-Seifter conflict test.86
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The mGluR5 NAM field of research is becoming mature, and the min-

ing of a large collection of mGluR5 ligands and the recognition of their

pharmacophoric patterns have been successfully applied to the discovery

of novel chemotypes with several progressing into development.
3.4. Clinical trials

3.4.1 Parkinson's disease
To date, two compounds have been reported to be in clinical development

for Parkinson’s disease levodopa-induced dyskinesia. AFQ056 40 has shown

activity in two randomized controlled clinical trials in PD patients with

moderate-to-severe LID and severe LID on stable dopaminergic therapy.87

Patients received 25–150 mg AFQ056 or placebo twice daily for 16 days.

AFQ056-treated patients showed significant improvements in dyskinesia

on day 16 versus placebo, but no significant changes were seen from baseline

to day 16 in the Unified Parkinson’s Disease Rating Scale (UPDRS Part III),

suggesting that AFQ056 does not affect the antiparkinsonian activity of

levodopa and does not improve or worsen motor signs in these patients.

Dipraglurant (Addex Therapeutics) has entered a double-blind, placebo-

controlled randomized Phase IIa study in patients with moderate or severe

PD-LID, and positive top line data have been reported.88 Dipraglurant dem-

onstrated a statistically significant reduction in LID severity with both 50-

and 100-mg doses, without interfering with levodopa efficacy. During week

4, patients reported a reduction in daily off-time of 50 min, suggesting an

effect on parkinsonian motor symptoms in addition to the observed reduc-

tions in LID. In a subset of patients, dipraglurant appears to have reduced

dystonia severity in addition to chorea, the two major LID components.

The antidyskinetic effect observed with AFQ056 and ADX48621 have

demonstrated that mGluR5 inhibition is one of the most promising poten-

tial treatments for LID and a clinically relevant therapeutic target.
3.4.2 Other CNS disorders
FXS is an X-linked condition associated with intellectual disability and

behavioral problems. AFQ056 has recently demonstrated a beneficial effect

on the behavioral symptoms of fully methylated FXS patients versus partially

methylated patients in a crossover study of 30 male FXS patients.89

RO4917523 (undisclosed structure; Roche) entered a Phase II clinical trial

in early 2012.90 STX107 (undisclosed structure; Seaside Therapeutics) has

completed Phase I trials.91
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RO4917523 is currently being studied in patients with major depressive

disorders, who show inadequate response to ongoing antidepressant thera-

pies. Phase II studies have been completed, but no data have yet been

released.92

ADX10059 (38) has shown the first clinical evidence for analgesic effects

of mGluR5 NAMs. Data from a proof-of-concept study in episodic

migraine patients demonstrated a significant improvement following acute

treatment of ADX10059.93

4. CONCLUSION

Tremendous progress has been made recently toward the develop-
ment of mGluR2 activators and mGluR5 NAM drugs. These are the first

two subtypes from the whole class of mGluR family to reach mid-stage clin-

ical testing and demonstrate positive outcomes in patients suffering from

severe disorders. The first group II mGluR2/3 orthosteric agonists have

demonstrated proof-of concept in humans for psychiatric and anxiety disor-

ders. In addition, for the first time, pure mGluR2 PAMs have entered Phase

II clinical trials in schizophrenia patients. Within group I mGluRs, three

mGluR5 NAMs have achieved Phase II human proof-of-concept in PD-

LID, FXS, or major depressive disorders.94 In light of the wide range of

chemotypes reported during the past 2–3 years, it is likely that novel

potent and selective mGluR2 PAMs and mGluR5 NAMs will advance into

the clinic in the coming years.
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