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Introduction

Pain is gaining increasing focus as a major public health
problem. Chronic pain affects as many as 70 million people1 in
the U.S. and costs an estimated 70-100 billion dollars per year
because of health care costs and lost productivity.2 Neuropathic
pain is a complex, chronic pain state having numerous causal
factors afflicting an estimated 4 million people in the U.S., and
this number escalates to over 18 million people if one considers
neuropathic pain attributed to diabetic complications.3

In many cases neuropathic pain is initiated by damage to
nerves, but other origins of neuropathic pain include compres-
sion of nerve fibers by tumors, scar tissue, and inflamed tissue.
Common characteristics of neuropathic pain are chronic hyper-
algesia and allodynia.

Hyperalgesia is defined as increasing sensitivity to painful
stimuli, while allodynia is described as pain that results from
normally nonpainful stimuli. Some of the more common
treatments for neuropathic pain include nonpharmacological
(surgery, psychotherapy, acupuncture) and pharmacological
treatments (anesthetics, opiates, antiepileptics, tricyclic anti-
depressants, etc.) or more commonly a combination of therapies.
Ultimately, the strategy for the pharmalogical treatment of
neuropathic pain must take into account the drug’s effectiveness,
as well as side effects, and perhaps even the cost of treatment.

The excitatory amino acids, including glutamate, are of great
physiological importance, playing a role in a variety of
neurological, physiological, and psychiatric processes such as
synaptic plasticity, motor control, respiration, cardiovascular
regulation, sensory perception, and emotional responses. The
excitatory amino acidL-glutamate through its many receptors
mediates most of the excitatory neurotransmission within the
mammalian central nervous system (CNSa) and has been
implicated in numerous peripheral nervous system pathways.
Glutamate is considered to be the major excitatory amino acid
in the mammalian brain. To exert its effects, glutamate activates
two major receptor classes: the ionotropic glutamate (iGlu) and
the metabotropic glutamate (mGlu) receptors. The iGlu receptors
are responsible for fast excitatory effects via ligand gated ion
channels, while the mGlu receptors typically play a regulatory
role on these fast glutamatergic effects by modulating the ion
channel activity and/or neurotransmitter release (Figure 1).

The mGluRs belong to the type C class of G-protein-coupled
receptors (GPCRs) and are characteristic in that native ligands
binds within a pocket formed by the large amino-terminal region.

The calcium-sensing receptors,γ-aminobutyric acidB (GABAB)
receptors, and pheromone receptors also fall within this smaller
class of GPCRs.4 It has been demonstrated that the receptors
are localized on presynaptic axonal postsynaptic dendritic and/
or glial processes. Here, the mGlu receptors likely modulate
neurotransmitter release (either glutamate or other neurotrans-
mitters), postsynaptic membrane excitability, and/or glial/
astrocyte function. Currently eight mGlu subtypes have been
cloned and are classified into three groups on the basis of their
sequence homology, pharmacology, and signal transduction
mechanisms.4 Group I mGlu receptors (mGlu1 and mGlu5) are
positively coupled to phospholipase C (PLC) via GRq-proteins,
thereby resulting in the increased hydrolysis of phosphoinosi-
tides and intracellular calcium mobilization. The group II mGlu
receptors (mGlu2 and mGlu3) negatively coupled to adenylyl
cyclase via activation of the GRi-protein. Similarly, the group
III mGlu receptors, including mGlu4, mGlu6, mGlu7, and
mGlu8, are negatively coupled to adenylate cyclase via GRi.

A variety of neurological, psychiatric, and neuroinflammatory
disorders, including pain, have been linked to the glutamatergic
system through changes in glutamate release.5 Some of the most
compelling evidence for the involvement of mGlu1 receptor in
pain is its presence in primary nociceptive afferent nerve
terminals.6 The mGlu1 receptor also maps nicely to many of
the important regions of the central nervous system associated
with nociceptive processing such as the dorsal root ganglia, the
dorsal horn region of the spinal cord, the thalamus, amygdala,
and the cerebral cortex.7 On the basis of their mechanistic
relationship to intracellular calcium mobilization and thus
neuronal excitability, the inhibition of the group I mGlu
receptors, including mGlu1, has been implicated in the treatment
of neuropathic pain, thus designating these receptors as interest-
ing drug targets.
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Figure 1. Schematic representation of the mGlu1 receptor (monomeric
form).
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Structure and Mechanism of the Metabotropic Glutamate
Receptors

The mGlu receptors have a seven-transmembrane domain
(7TM) consisting of three intracellular and three extracellular
loops like other GPCRs. Several splice variants of the mGlu1
receptor are known with the most widely studied including 1a,
1b, and 1d, which show variations in the intracellular carboxy
terminus that can regulate receptor coupling specificity and
trafficking.8 The mGlu receptors are unique GPCRs in that their
endogenous ligand, glutamate, binds to the extracellur amino
terminus portion of the receptor protein translating a signal via
the transmembrane segments to the intracellular matrix through
receptor/G-protein interactions. The site of action for the
endogenous ligand in many of the other GPCRs is their 7TM
region. The structure of the extracellular domain (ECD) of
mGlu1a has been solved with and without glutamate present,
and this has greatly enhanced the mechanistic understanding
of glutamate function within the mGlu receptors.9

This structure has revealed that the mGlu1a ECD consists of
two large globular regions linked by a hinge domain. The agonist
binds within this “Venus flytrap” like region and is postulated
to stabilize the closed or “active” form of the receptor through
positive interactions with both globular regions.8 In contrast, a
competitive antagonist would presumably destabilize this closed
form, keeping the ECD in its open form (inactive state) and
thus preventing activation of the receptor. Interestingly, the
solved structure of the mGlu1a ECD is homodimeric whether
the agonist is bound or unbound. In both instances the ECD is
linked through a disulfide bond via Cys140.10 The difference
in tertiary structure between the two instances (bound and
unbound agonist) resides in the proximal distance between the
C-termini of the respective ECDs, which are normally connected
to the 7TM. With agonist bound, the C-terminus ends of the
two ECDs shift 25 Å closer to each other compared to a
homodimer with unbound agonist. This large conformational
change upon agonist binding is postulated as the switch that
activates the dimeric receptors.11 A similar model has also been
used to explain receptor activation in the GABAB receptor.12

Pharmacological Evidence for mGlu1 Antagonists and
Neuropathic Pain

The participation of mGlu1 receptors in chronic or neuro-
pathic pain appears to be well documented.13,14 Glutamate,
released from primary afferent neurons, may play a key role in
persistant activation of spinal neurons and hypersensitivity to
painful stimuli.14 In addition, both mRNA and proteins for
mGlu1 receptors have been located at spinal, supraspinal, and
peripheral sites known to be involved in nociceptive transmis-
sion indicating that mGlu1 can modulate nociception at different
levels of the nervous system.15 The intrathecal injection of group
I mGlu receptor agonists has been shown to induce spontaneous
pain behavior that can be attenuated upon administration of a
selective mGlu1 antagonist.16 Moreover, reports indicate that
intrathecal administration of selective mGlu1 receptor antibodies
reduces cold hyperalgesia and mechanical allodynia associated
with chronic nerve constriction in rats.17 Finally, heat-related
hyperalgesia and mechanical allodynia following chronic con-
strictive injury of the sciatic nerve have been reduced using
antisense oligonucleotide knockdown of spinal mGlu1 recep-
tors.18

Competitive Antagonists

The first reported small-molecule mGlu1 antagonists were
competitive inhibitors that bind in the extracellular domain.

Many of these early compounds were derivatives of phenyl-
glycine such as1 (S-4CPG),2 (S-MCPG), and3 (S-4C3HPG)
(Chart 1) and as such are some of the most widely studied.19

The 4-carboxylate analogue (1) possesses an IC50 of 10-100
µM. Interestingly, both weak agonist as well as weak antagonist
activity for this compound has been reported. This compound
exhibited no activity on the group III receptor, mGlu4. The
structurally related compound2 introduces a hydroxyl group
ortho to the carboxylate group in compound1. Compound2 is
a competitive antagonist at the mGlu1 receptor (IC50 ) 40 µM)
with mGlu2 agonist activity (EC50 ) 48µM). The phenylglycine
derivative with anR-methyl substituent (3) is endowed with
both mGlu1 and mGlu2 antagonist activity (IC50 ≈ 4.3 µM).
Although more potent than compound1, the identification of
mGlu8 antagonistic effects in compound3 has reduced its
usefulness as a tool for studying mGlu1 antagonist pharmacol-
ogy.20 Transposition of the carboxylate and the hydroxyl on
compound2 provides compound4 (S-3-CHPG), which shows
weak (∼40 µM) mGlu1 antagonist activity.19 Incorporating a
methyl group ortho to the amino acid functionality in1 provided
5 (LY367385), a compound with competitive mGlu1 antagonist
activity that is also subtype-selective (no activity at mGlu5).21

This is one of the first reported examples of a subtype-selective
small-molecule mGlu1 antagonist and consequently helped form
the foundation of small-molecule mGlu1 antagonists playing a
role in pain mechanisms. For example, intracerebral injection
of 5 reduced noxious excitatory responses in the rat thalamus.

Pellicciari reasoned that a constrained analogue of1 providing
(RS)-1-aminoindan-1,5-dicarboxylic acid6 (AIDA) might shed
light on the pharmacological features for potency and selectiv-
ity.22 While 6 turned out to be a less potent mGlu1 receptor
antagonist than1, it has increased selectivity, with no activity
at the group II and group III subtypes. It too is subtype-selective
with no apparent activity at mGlu5. As with5, dosing6 via
intraspinal injection produced responses suggestive of mGlu1
antagonists as an amenable approach for the relief of pain.23

The pharmacophore for competitive mGlu1 receptor antago-
nist activity has a common theme in conformational restriction
of the highlighted bond in glutamate (see Chart 1). The phenyl-
glycine derivatives have utilized a phenyl ring to achieve this
restricted rotation. In an extension of this theme Pellicciarri
synthesized7 (S-CBPG) and8 (S-TBPG) where the rigid [1.1.1]
propellane linker substitutes for the phenyl ring.24 Compound
9 (ACUDA) employs the cubane linker for a similar purpose.25

Chart 1. Competitive mGlu1 Antagonists
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All three of the compounds were weak competitive antagonists
of mGlu1 with IC50 values ranging from 25µM for 7 to 230
µM for 9. These compounds possessed good selectivity against
the other mGlu receptors with very little or no potency at mGlu2,
mGlu4, and mGlu5. An analogous approach is illustrated by
replacement of the phenylgycine moiety with a cyclobutylgly-
cine group. This conformation change increased antagonist
potency at mGluR1 but also reduced selectivity vs mGluR5 and
the groups II and III mGlu receptors. The compound (()-2-
amino-2-(3-cis- andtrans-carboxycyclobutyl-3-(9-thioxanthyl)-
propionic acid) (10) had an mGlu1 antagonist IC50 value of 1
µM with an order of potency of mGlu1> mGlu5> mGlu2g
mGlu8> mGlu7> mGlu4.26 Compound10 showed antinoci-
ceptive effects when dosed intraperitoneally in a model of
visceral pain, again indicating the possibility that competitive
“amino acid” based antagonists could be useful tools to probe
the role of mGluR1 receptors in pain pathways.26

Even though these compounds have functioned as effective
tools in elucidating the pharmacology of mGlu1 antagonism,
to date the combination of a potent and subtype-selective
competitive mGlu1 antagonist has yet to be identified. The
difficulty in achieving adequate selectivity is presumably due
to the high homology associated with all of the mGlu receptors
ECD. The amino acid nature of these molecules also hampers
their development into drugs. These extremely polar molecules
can be difficult to synthesize and isolate in high enantiomeric
purity. These molecules have not developed into drugs in part
because of poor plasma exposure and lack of brain penetration,
thus precluding their practical use in vivo.

Noncompetitive Antagonists

To circumvent the issues afflicting the competitive ligands,
the pharmaceutical industry began searching for novel, non-
amino acid ligands to modulate the mGlu receptors in the mid
1990s. This was accomplished by coupling high-throughput
screening techniques to functional assays, allowing scientists
to identify novel ligands irrespective of their sites of action on
the receptor. To date, this method has been used to identify
most of the noncompetitive (allosteric) antagonists for the
mGlu1 receptor. Whereas the competitive antagonists are rigid
derivatives of the amino acid glutamate, the noncompetitive
antagonists represent a highly diverse set of chemical entities
that have provided additional possibilities for potency, selectiv-
ity, and superior physiochemical properties. Through a combi-
nation of pharmacology, point mutations, or chimera receptor
techniques most of the negative allosteric modulators are
believed to bind to the seven-transmembrane domain (7TM) of
the mGlu1 receptor, and it is noteworthy that many examples
of noncompetitive antagonists display inverse agonist activity,
reducing baseline receptor activity, in recombinant mGlu1 cell
assays. An increasing number of noncompetitive mGlu1 an-
tagonists are starting to be reported, some with activity in rodent
models of pain.

The first noncompetitive (allosteric) antagonist to be reported
was 7-hydroxyiminocyclopropan[b]chromene-1a-carboxylic acid
ethyl ester11 (CPCCOEt, Chart 2).27 This chromene-containing
molecule antagonized the human mGlu1b receptor with an IC50

of 6.6 µM. Compound12 (BAY36-7620), a lactone derivative
disclosed by Bayer, is another more potent allosteric antagonist
(IC50 ) 160 nM).28 Other structural classes that have been
claimed as mGlu1 receptor antagonists include the oxazines,
i.e., compound13, as well as the azepinyl derivatives (compound
14).29,30 Compound15 containing a triazole central ring has
shown very good potency at mGlu1 (IC50 ) 6 nM) and is highly

selective over the other mGlu receptors.31 Not all reported
allosteric antagonists are subtype-selective. For instance, the
adamantylquinoxaline-containing molecules such as16 (NPS
2390) showed antagonist activity at both mGlu1 and mGlu5
receptors.32

Although some of the allosteric antagonists described above
have shown in vivo efficacy in animal models of epilepsy and/
or anxiety, their antinociceptive effects have not been well
characterized. However, the following classes of molecules do
show antinocitive effects in rodent models of pain. One of the
most potent noncompetitive antagonists reported to date is (3,4-
dihydro-2H-pyrano[2,3-b]quinolin-7-yl)(cis-4-methoxycyclohexyl)-
methanone17 (JNJ16259685).33 Compound17 exhibited an
excellent functional IC50 value of 1.21 nM at the human mGlu1
receptor, and its efficacy has been reported in the rat formalin
model of hyperalgesia. Unfortunately the route of administration
or relative efficacy was not described. 4-Methoxyphenyl-6-
methoxyquinazolin-4-yl18 (4MPMQA) is reported to have
modest potency as a selective mGlu1 receptor antagonist with
an IC50 of 96 nM and reverses formalin-induced paw-licking
behavior when 7.5 mg/kg was administered intraperitoneally
(ip).34 In addition, 18 has shown a reversal of mechanical
allodynia in the Chung model of neuropathic pain at doses of
10 and 30 mg/kg ip. This compares quite favorably in potency
to gabapentin in this model of persistent pain. The structurally
interesting 6-amino-N-cyclohexyl-N,3-dimethylthiazolo[3,2-a]-
benzimidazole-2-carboxamide19 (YM-298198) is reported to
possess an IC50 value of 16 nM with no activity at the other
metabotropic glutamate receptors.35 Oral administration (30 mg/
kg po) of compound19prolonged nociceptive response latency
in streptozotocin-induced hyperalgesic mice, while no statisti-
cally significant effect was seen at 10 mg/kg. Motor coordination
was evaluated using the rotorod technique, and no effect was
seen at the 30 mg/kg dose.

Two of the most impressive examples of efficacy in rodent
models of pain are described for the 2,4-dicarboxypyrrole ester
derivative20 (PPP-1) and the 1,5,7-triazafluorenone derivative
(21).36,37

The bis-ester20 is a potent and subtype-selective antagonist
(IC50 ) 16 nM) with efficacy in a number of animal models of
pain. It showed activity (ED50 ) 0.3 mg/kg) in both the early
and late phases of the formalin assay in mice after oral
administration. Intraperitoneal administration (ED50 ) 3 mg/
kg) produced activity in a rat carrageenan model of inflamma-
tory pain. It should be noted, however, that efficacy in a rat
model of inflammatory pain does not necessarily correlate to
efficacy in a rat model of neuropathic pain. In a rat chronic
constriction injury assay (CCI) model of neuropathic pain,20
was active when dosed at 10 mg/kg ip. Unfortunately this
compound’s susceptibility to rat plasma esterases and presum-

Chart 2. Noncompetitive mGlu1 Antagonists
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ably poor oral exposure prevented oral dosing in the rat.36

Compound21 (IC50 ) 3 nM at mGlu1) was efficacious in
several rat models of pain. When dosed ip, it had an ED50 of
15 µmol/kg in the late phase of the rat formalin model. Fully
efficacious effects were seen with compound21 upon ip
administration in the complete Freund’s adjuvant (CFA) induced
thermal hyperalgesia test and the carrageenan model of inflam-
matory pain with ED50 values of 15 and 11µmol/kg. No rotorod
effects were seen at doses as high as 300µmol/kg.37 It is
becoming increasingly clear that allosteric mGluR1 antagonists
can modulate nociceptive effects in rodent models of pain.

Opportunities for the Future

The advancement of a selective mGlu1 receptor antagonist
into the clinic has yet to be reported. This may be due to the
lack of oral activity in rodent models of persistent pain,
potentially due to poor pharmcokinetics/dynamics. The competi-
tive antagonists are likely too polar, resulting in poor oral
absorption and/or penetration through the blood/brain barrier.
But unlike the very polar competitive antagonists, the noncom-
petitive antagonists reported thus far are probably too lipophilic
and likely contain metabolic “hot spots”, making them suscep-
tible to first-pass metabolism resulting in low plasma and brain
exposure when dosed orally. In the future, a mGlu1 receptor
antagonist, whether competitive or noncompetitive at the
glutamate site, will require the co-optimization of potency,
selectivity, and desirable physiochemical properties to elicit oral
efficacy in vivo to become a successful drug candidate.

Conclusion

From the onset of its discovery, the mGlu1 receptor has been
postulated to play an important role in nociception processing
based on the stoichiometry and location of receptor expression
in the mammalian brain, in the spinal cord, and on peripheral
nerve endings. Intrathecal injection of group I mGlu agonists
were shown to increase the response to noxious stimuli in the
dorsal horn. Antibodies and antisense reagents against mGlu1
were then discovered that reduced hyperalgesia and allodynia
in rodent models of chronic pain, underscoring the hypothesis
that antagonists of the mGlu1 receptor could be developed into
useful tools for the treatment of pain. Early research from
academia and the pharmaceutical industry led to rigid amino
acid derivatives of glutamate as competitive antagonists.
Unfortunately these were not developed into successful drug
candidates because of their inadequate physiochemical charac-
teristics along with their poor selectivity, potency, and brain
penetration. The next advance came from the discovery of the
noncompetitive antagonists. While noncompetitive mGlu1 an-
tagonists have not been developed into drug candidates for the
treatment of pain, they have further validated antagonists of the
mGlu1 receptor as attractive drug targets. Fortunately, the large
array of structural diversity found in the noncompetitive mGlu1
antagonists provides optimism that the proper balance of in vitro
and in vivo antinociceptive activity can be identified, which
bodes well for a drug candidate to emerge via this interesting
and potentially beneficial target for persistent pain.
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