CNS Drug Reviews

Vol. 13, No. 4, pp. 444464

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Inc.

The Preclinical Properties of a Novel Group II
Metabotropic Glutamate Receptor Agonist LY379268

Gabor Imre

Department of Behavioral Pharmacology, Gedeon Richter Ltd., Budapest, Hungary

Keywords: Analgesics — Antipsychotics — Anxiolytics — Drug abuse — Glutamate —
LY379268 — mGlu 2/3 receptors — Neuroprotection.

ABSTRACT

Activation of group II metabotropic glutamate (mGlu2/3) receptors reduces exces-
sive glutamate release that is often associated with neurodegenerative and psychiatric
disorders. This finding encouraged the search for potent and selective agonists as po-
tential therapeutic agents. The search led to the discovery of LY379268 {(-)-2-oxa-4-
aminobicyclo[3.1.0]hexane-4,6-dicarboxylic acid}, which is a highly potent and systemi-
cally available mGlu2/3 receptor agonist. LY379268 was effective in several animal models
of stroke, epilepsy, drug abuse, schizophrenia, and pain. Suppression of motor activity is
the major side effect of LY379268. Upon repeated administration tolerance develops to this
side effect, while the therapeutic effects of LY379268 remain. To date, no clinical data with
LY379268 are available. This review article summarizes the preclinical pharmacology of
LY379268.

INTRODUCTION

Besides its essential function in energy metabolism, glutamate is the major excitatory neuro-
transmitter in the mammalian central nervous system (Watkins 2000). Glutamate is involved
in nearly all aspects of brain function, particularly cognition, memory and learning. Abnor-
mal changes in glutamatergic neurotransmission, especially excessive glutamate release,
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can consequently lead to a neuronal dysfunction resulting in a variety of neurological and
psychiatric disorders. These include epilepsy, amnesia, motor neuron disease, stroke, trau-
matic brain injury, pain, anxiety, and psychosis. Therefore, there has been a great deal of
interest in developing therapeutic strategies that can influence the function of glutamate
receptors.

In the last decade, the members of group II metabotropic glutamate (mGlu2/3) recep-
tors have emerged as potential therapeutic targets. First, converging results from in situ
hybridization (Ohishi et al. 1993a, b) and immunochemical studies (Ohishi et al. 1998;
Petralia et al. 1996) showed that mGlu2/3 receptors are localized extensively in brain areas
associated with neuropsychiatric and neurological disorders, such as the neocortex, thala-
mus, striatum, amygdala, and hippocampus. Second, activation of mGlu2/3 receptors can
suppress presynaptic glutamate release and postsynaptic excitation in a use-dependent man-
ner (Conn and Pin 1997; Schoepp 2001). Furthermore these receptors have a predominant
localization at the periphery of the synaptic area, where they monitor the glutamate that has
escaped from the synaptic space. Thus, under normal conditions when glutamate is gener-
ally confined to the active zone of the synaptic space, activation of mGlu2/3 receptors is not
detected. However, in conditions where glutamate spillover from the synapses occurs, for
instance due to high-frequency stimulation or glutamate uptake blockade, mGlu2/3 recep-
tors become activated, leading to suppression of glutamate release (Chen et al. 2001; Huang
et al. 1997; Kew et al. 2001; Scanziani et al. 1997). The mGlu2/3 receptors may, therefore,
provide a negative feedback to keep glutamate transmission within the physiological range,
preventing hyperexcitability from interfering with normal brain function.

Initial studies investigating the function of mGlu2/3 receptors used nonselective ligands,
such as L-CCG-I, (1S,3R)-ACPD, and DCG-IV (Table 1), which are not sufficiently potent
(generally ;«M concentrations are required) or not systemically bioavailable in vivo (Schoepp
et al. 1999; Spooren et al. 2003). The discovery of novel subtype-selective ligands, which
have in vivo activity following systemic administration, was crucial in the determination of
the role of mGlu2/3 receptors in neuronal function. The first potent and selective agonist
described was LY354740, followed by its more potent derivative, LY379268 (Monn et al.
1997, 1999). This review presents an overview of the currently available literature on the
pharmacology of LY379268, with particular emphasis on its effects in preclinical models
with abnormal glutamate transmission.

CHEMISTRY AND PHARMACOLOGY

LY379268 {(-)-2-oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylic acid} is a hetero-
bicyclic amino acid. Its chemical structure is shown in Table 1. Conformational constraint of
the glutamate pharmacophore into a fused bicyclic [3.1.0] ring system resulted in LY 354740
{(4)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid} (Monn et al. 1997). LY379268
is structurally related to this compound with the C4-methylene unit being replaced with an
oxygen atom (Monn et al. 1999).

As measured by specific displacement of the group II-selective antagonist radioligand
PHILY341495  {(2S,1'S,2'S)-2-(9-xanthylmethyl)-2-(2’-carboxycyclopropyl)glycine},
LY379268 binds with high (IC5p ~ 10 nM) affinity to mGlu2/3 receptors expressed in
native rat brain homogenates and to recombinant human mGlu2 and mGlu3 receptor
subtypes. This affinity of LY379268 compares favorably with that of the parent carbocyclic
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TABLE 1. mGlu2/3 receptor agonists

Chemical mGlu2/3
Agonist structures affinity (ECs0) Selectivity
15,3R-ACPD HOOC, 1-10 uM Nonselective mGlu receptor agonist at
Q the same dose range
HoN~ YCOOH
L-CCG-I HOOC 0.1-0.4 uM Nonselective mGlu receptor agonist at
H low micromolar concentrations
H ~=COOH
H NH,
DCG-1V HOOG H ~COOH 0.1-0.4 uM NMDA receptor agonist and antagonist
«| H of group I and IIl mGlu (ICsg = 20—
H ~=COOH 40 M) receptors
H NH,
2RAR-APDC HOOC, 0.3-10 uM Selective mGlu2/3 agonist
H,N" YCOOH
LY354740 HOOC M 10-50 uM Weak agonist effects on mGlu6 (EC5g
§<I/\> — 3 M) and mGlu8 (ECs = 36
H ~COOH uM) receptors
H NH
LY379268 HOOC H o 3-6 uM Weak agonist effects on mGlu4 (ECsg
§<I’\Z =20 uM), mGlu6 (ECso = 400
H L COOH uM), and mGlu8 (EC59 =2 uM)
NH, receptors
LY389795 HOOC H s 4-8 uM Agonist responses in mGlu6 (ECsg = 2
\<I/\Z M) and mGlu8 (ECsp = 7 uM)
H ~COOH receptor expressing cells
H RH
2

1S,3R-ACPD:  1S,3R-1-amino-cyclopentane-1,3-dicarboxylic acid; DCG-IV: (2S,2'R,3'R)-2-
(2/,3'-dicarboxycyclopropyl)glycine; LCCG-I: (2S,1'S,2’S)-2-(carboxycyclopropyl)glycine; 2R, 4R-
APDC,2R: 2R 4R-4-aminopyrrolidine-2,4-dicarboxylic acid; LY354740: (1S,2S,5R,6S)-(4+)-2-
aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid; LY379268: (-)-2-oxa-4-aminocyclo[3.1.0]hexane-
4,6-dicarboxylic acid; and LY389795: (-)-2-thia-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylic acid.

amino acid LY354740, binding more potently to both native group II and recombinant
mGlu3 receptors. Although an enhanced affinity was also observed for LY379268 relative
to LY354740 at recombinant mGlu2 receptors, it was of a more modest (approximately
2-5-fold) nature. Accordingly, LY379268 possesses a significantly different mGlu2/mGlu3
receptor selectivity ratio (K ratio for mGlu2/mGlu3 = 2.4) compared to the parent amino
acid (Kj ratio for mGlu2/mGlu3 = 0.8). As a result, LY354740 possesses approximately
equal affinity for both mGlu2 and mGlu3 receptor, while LY379268 is considerably more
mGlu3 receptor selective.

Group II metabotropic receptors are negatively coupled to adenylate cyclase via G;
protein and thereby inhibit the production of cAMP. LY379268 potently suppressed
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forskolin-stimulated cAMP formation in cells expressing recombinant human mGlu2 (ECs
= ~3 nM) and mGlu3 (EC5¢p = ~6 nM) receptors, indicative of group Il mGluR agonist ac-
tivity (Monn et al. 1999). Like LY354740, LY379268 did not show any measurable affinity
for native iGlu receptors, nor did it produce agonist or antagonist effects at concentra-
tions up to 100 uM in cells expressing recombinant mGlul, mGlu5, or mGlu7 receptors.
LY379268, however, elicited weak agonist responses in cells expressing mGlu4 (EC5g =
~20 uM) and mGlu8 (EC59 = ~2 uM) receptors. Moreover, LY379268 can be clearly
differentiated from LY354740 in its agonist potency in cells expressing mGlu6, an mGlu
receptor subtype localized primarily in the retina (Laurie et al. 1997). Thus, while LY354740
produced agonist responses in this cell line at micromolar concentrations (EC59 = ~3 uM),
LY379268 more potently suppressed the stimulated cAMP response with an ECsq value
of 401 nM, approximately two orders of magnitude higher than that required for mGlu2/3
receptor activation.

In vivo microdialysis in the prefrontal cortex (PFC) of freely moving rats was uti-
lized to assess the ability of LY379268 (10 mg/kg s.c.) to reach receptor active level
in the brain (Schoepp et al. 2001). Within 1 h post-drug administration, LY379268
peaked at levels of 600-800 nM in the extracellular fluid of the brain, then de-
clined over the next 5 h to <30 nM. As the above-mentioned in vitro studies showed,
30 nM is more than necessary to activate mGlu2/3 receptors. Thus, systemic administra-
tion of this drug gives insight into its functional consequences and therapeutic potential
in vivo.

NEUROCHEMICAL EFFECTS

According to the function of mGlu2/3 receptors in the excitatory synaptic transmission
(see Introduction), activation of these receptors by LY379268 could suppress both 5-HT-
induced and electrically evoked EPSPs (ECsg: ~230-276 nM) in rat PFC slices that were
associated with reduced presynaptic glutamate release (Marek et al. 2000; Aghajanian and
Marek 1999). Additionally an in vivo microdialysis study showed that by either systemic
or local administration LY379268 could reverse the NMDA antagonist, ketamine-evoked
glutamate release in the PFC, while LY 379268 did not change basal glutamate level (Lorrain
et al. 2003a). These findings supported the concept that synaptic glutamate spillover is
necessary for mGlu2/3 receptor-mediated reduction in glutamate release.

Cartmell et al. demonstrated by systemic administration that LY379268 produced in-
creases in the release of dopamine, SHT, and their metabolites in the PFC of freely moving
rats (Cartmell et al. 2000d, 2001). It is unlikely that these effects of LY379268 are mediated
by nonselective actions, as the increases in monoamine neurotransmission were attenuated
by the selective mGlu2/3 receptor antagonist LY341495 (Cartmell et al. 2000d). Further-
more, the effects of systemic LY379268 on monoamine release were not locally mediated
in the PFC, as perfusion of LY379268 through the microdialysis probe had no effects on
either dopamine or 5-HT release (Cartmell et al. 2001). Also, LY379268-induced increases
in dopamine and 5-HT could still be elicited in the presence of dopamine and 5-HT re-
uptake blockers, indicating these effects of LY379268 are not mediated via alterations in
monoamine transporter activity. The cellular mechanism(s) underlying these changes and
their functional relevance to the behavioral actions of mGlu2/3 receptor agonists are not yet
clear.
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Extrasynaptic localization of mGlu2/3 receptors on nonglutamatergic neurons has been
described, suggesting a possible presynaptic heteroreceptor role for these receptors. Indeed,
electrophysiological and biochemical studies have shown that nonselective mGlu receptor
agonists suppress the release of GABA from neurons (Anwyl 1999; Cartmell and Schoepp
2000) and reversibly reduce the amplitude of GABA-mediated inhibitory postsynaptic po-
tentials in a number of tissues including cerebral cortex, hippocampus, thalamus, and spinal
cord (Anwyl 1999). A recent report also demonstrated that by either intrahippocampal or
systemic administration of LY379268 induced a significant sustained decrease in hippocam-
pal GABA levels (~65% of basal GABA release) (Smolders et al. 2004).

As measured by cerebral glucose use technique, while LY379268 reduced glucose uti-
lization in certain limbic regions, it also elicited increases in glucose use in the hippocampus,
some auditory relay nuclei, and locus coeruleus (Lam et al. 1999). Empirically a reduction
in GABAergic neurotransmission may account for this enhanced neuronal activity follow-
ing LY379268 administration. On the other hand, coincident heterosynaptic inhibition of
GABA release by LY379268 (or other mGlu2/3 receptor agonist) contributes to countering
any direct decreases in excitatory glutamatergic synaptic transmission on principal cells.
Thus, overall, the actions of these types of drugs may be dependent on the relative impor-
tance of mGlu2/3 receptors in modulation of presynaptic suppressions of glutamate versus
GABA release in that functional circuit.

NEUROPROTECTION

Neuroprotection studies demonstrated that mGlu2/3 receptor agonists including
LY379268 protect neurons against NMDA toxicity in cell cultures (D’Onofrio et al. 2001;
Kingston et al. 1999a,b). Systemic LY379268 was also effective in reducing MK801
(a noncompetitive NMDA antagonist)-induced cell injury in the retrosplenial cortex in
adult rats. This effect was mimicked by local infusion of LY379268 into the retrosplenial
cortex or the anterior thalamus (Carter et al. 2004). Initially, these neuroprotective effects
of LY 379268 were attributed to reduction in the release of endogenous glutamate via presy-
naptic activation of mGlu2/3 receptors.

In contrast to the function of mGlu2/3 receptors expressed in neurons, much less is
understood about the role of glial mGlu2/3 receptors. It is clear, however, that mGlu3 but
not mGlu2 receptor is expressed in glial cells (Liu et al. 1998; Mineff and Valtschanoff
1999; Ohishi et al. 1993a,b; Shigemoto et al. 1997). Given the major contribution of glia
to the uptake and the synthesis of glutamate, and that the affinity of LY379268 is higher
to mGlu3 versus mGlu2, activation of glial mGlu3 receptors by LY379268 is likely to
result in significant functional effects (Winder and Conn 1996). In fact, LY379268 was
more effective against excitotoxic death in mixed cultures than in pure neuronal cultures
(Kingston et al. 1999a).

To date, most of the investigations of mGlu2/3 receptor-mediated inhibition of cAMP
production were performed in pure neuronal cultures or brain slices where neuronal ver-
sus glial events cannot be separated. However, Moldrich et al. (2002) demonstrated that
mGlu2/3 receptor signaling is somewhat different in astrocytes compared to neurons. While
LY379268 and 2R,4R-APDC (a less potent mGlu2/3 receptor agonist) inhibited stimulated
cAMP production in astrocytes under Ca2*-free conditions, these agonists also potenti-
ated stimulated cAMP production in the presence of physiological concentrations of Ca®*,
which was associated with adenosine release.
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Adenosine has been shown to be neuroprotective in glial cells because of its regulatory
role on the Ca2*- and cAMP-dependent intracellular signaling (Schubert et al. 1996). For
example, adenosine receptor-mediated intracellular cAMP rise could lead to increased ex-
pression of glutamate transporters (Eng et al. 1997; Schlag etal. 1998). An increased expres-
sion of glial glutamate transporters EAAT1 and EAAT2 might be important in preventing
excitotoxicity, since they are the predominant transporters responsible for the clearance of
extracellular glutamate (Danbolt 2001).

Synthesis and release of different proteins are also involved in the neuroprotective effects
of glial mGlu3 receptor activation. For instance, the neuroprotectant effects of mGlu2/3
receptor agonists were abolished when protein synthesis in astrocytes was inhibited by
cycloheximide or when the glial medium was heated (Bruno et al. 1997). Among the
factors released in response to mGlu3 receptor activation, tumor growth factor-g (TGFpg)
appears to mediate neuroprotection (Bruno et al. 1998). First, application of anti-TGFpg;
or anti— TGF g, antibodies prevents neuroprotection induced by mGlu2/3 receptor agonists,
including LY379268, in glial medium. Second, mGlu2/3 receptor agonists enhance the
synthesis and release of TGFp; and TGFp, in cultured astrocytes (Bruno et al. 1998;
D’Onofrio et al. 2001). The possible underlying mechanism in response to glial mGlu3
receptors is activation of the mitogen-activated protein (MAP) kinase and the PI-3-kinase
pathways. Inhibitors of these transduction pathways reduced the ability of LY379268 to
enhance the synthesis of TGFg in astrocytes and to protect neurons against NMDA toxicity
(D’Onofrio et al. 2001).

Taken together, LY 379268 provides putative neuroprotection by a combination of actions
such as activation of presynaptic mGlu2/3 receptors to inhibit glutamate release and via
glial mGlu3 receptors to induce neuroprotective factors.

STROKE

In vivo studies provided evidence (Table 2) that systemic LY379268 was effective in
preventing hypoxic brain damage in goldfish (Poli et al. 2003), in a gerbil global cerebral
ischemia (Bond et al. 1999) and in a neonatal rat model of hypoxia-ischemia (Cai et al.
1999). Bond et al. (2000) also demonstrated in the gerbil model of global ischemia that
the neuroprotective effect of LY379268 is long lasting, up to 28 days. Thus, it appears that
LY379268 is blocking, rather than merely delaying, the process of cell death.

Interestingly, neither LY379268 nor LY354740 was protective in focal ischemia (Behrens
et al. 1999; Bond et al. 1999; Lam et al. 1998). This result may indicate that the selective
mGlu2/3 receptor agonists have no effect in conditions where there is a rapid development
of neuronal cell loss such as focal ischemia (or acute excitotoxicity), but they appear to
be most effective in circumstances of slowly developing neuronal cell death (i.e., global
ischemia).

In the gerbil model of global ischemia, the mechanism of action of LY379268 was not
associated with induction of TGF g1 or TGF g3 (or other neurotrophic factors such as bFGFE,
BDNEF, and NGF) in the hippocampus (Bond et al. 2000). On the other hand, LY379268
was neuroprotective even when it was applied 48 h before ischemia induction, and this
effect was prevented by co-administration of mGlu2/3-receptor antagonist LY341495. Thus,
the authors concluded that the neuroprotective effect of LY379268 is likely coupled with
receptor activation which may involve inhibition of glutamate release and/or activation of
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TABLE 2. Invivo effects of LY379268 on animal models of neurodegenerative disorders.

Model Dose/route Effects References
Stroke
Neonatal rat model of 2,5,0or 10 mg/kg  Prevented reduction in the Cai et al.
hypoxia-ischemia ip. ipsilateral brain weight and in ~ (1999)
CA1 hippocampal neuron
density.
Gerbil model of global 10 or 20 mg/kg i.p. Prevented loss of CA1 Bond et al.
ischemia hippocampal neurons given (1999)
30-120 min post-occlusion
10 mg/kg i.p. Long-lasting neuroprotective Bond et al.
effect up to 28 days (2000)
Endothelin-1 model of 10 or 20 mg/kg i.p. Ineffective in reducing the Bond et al.
focal ischemia in rat infarct volume (1999)
Anoxic brain damage in 0.5 or 1 mg/kg i.p.  Highly protective against anoxic Poli et al.
goldfish brain damage (2003)
Chronic
neurodegenerative
disorders
MPTP model of PD inrat 1 mg/kg,i.p. (acute) Reduced the extent of Battaglia et al.

Reserpine model of
PD in rat

6-OHDA-induced lesions
in nigrostriatal tract of
rat

Transgenic mouse model
of HD

Epilepsy
Mouse model of limbic
seizure

Sound-induced seizures
in mice

DHPG-induced seizures
in mice

Sound-induced seizures

in GEP rats

Absence epilepsy in
lethargic mice

or s.c. (7 days)

1-20 nmol/2 mL

ic.v. 0.1-10
mg/kg i.p.

10 mg/kg i.p.
(7-21 days)

1.2 mg/kg p.o.
(chronic)

10-100 mg/kg i.p.

0.001-0.3 nmol

i.c.v. 1-30 mg/kg

ip.
0.0001-1 nmol

i.c.v. 10 mg/kg

ip.

0.1-1 mg/kg i.p.

1 or 10 nmol i.c.v.

nigrostriatal degeneration
induced by high doses of
MPTP

Central administration, but not
systemic, produced some
alleviation of the
reserpine-induced akinesia

Provided neuroprotection in
animals bearing complete or
partial lesion of the
nigrostriatal tract.

Increased survival time and
reduced the early
pathological spontaneous
locomotor deficit

Dose-dependently reduced
limbic seizure activity
induced by (15,3R)-ACPD

Dose-dependently reduced
score of sound-induced
seizure activity

Produced a dose-dependent
inhibition of DHPG-induced
seizures and seizure score

Did not inhibit score-9 seizures
at either time-point at any of
the doses tested.

Reduced the duration of spike
and wave discharge

(2003)

Murray et al.
(2002)

Murray et al.
(2002)

Schiefer et al.
(2004)

Monn et al.
(1999)

Moldrich et al.
(2001)

Moldrich et al.
(2001)

Moldrich et al.
(2001)

Moldrich et al.
(2001)
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TABLE 2. Continued

Model Dose/route Effects References
Electrical stimulation of 10 mg/kg i.p. The electrically induced seizure Moldrich et al.
amygdala-kindled rats score and after-discharge (2001)
duration was partially
inhibited
6-Hz model of partial 1-200 mg/kg i.p. Provided dose-dependent Barton et al.
seizure in mice protection from 6-Hz seizures ~ (2003)
Pilocarpine-induced 10 or 100 uM Exerted partial protection Smolders et al.
seizure in rats intrahippocampal (2004)
Absence epilepsy in 0.33 or I mg/kgi.p. Increased the spike wave Ngombea et al.
WAG/RI]j rats discharges (2005)

MPTP:1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD: Parkinson’s disease; HD: Huntington’s dis-
ease; 6-OHDA: 6-hydroxydopamine; (15,3R)-ACPD: 1S,3R-1-amino-cyclopentane-1,3-dicarboxylic
acid; GEP genetically epilepsyprone-9 rat; and DHPG: (R,S)-3,5-dihydroxyphenylglycine.

biochemical pathways that inhibit programmed cell death, rather than a mechanism that
involves a long-lasting induction of other factors (Bond et al. 2000). In contrast, D’Onofrio
et al. (2001) showed that LY379268 enhances the expression of TGFg; in the striatum,
whereas 4C3HPG (mixed mGlul antagonist/mGlu2/3 receptor agonist) induced TGFpg; in
the cerebral cortex but not in the hippocampus. These results raise the possibility that the
response of astrocytes to these drugs is region-specific (D’Onofrio et al. 2001).

CHRONIC NEURODEGENERATIVE DISORDERS

Using the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of parkinson-
ism in mice, Battaglia et al. (2003) demonstrated that LY379268 was protective against
MPTPtoxicity which was dependent on the extent of the nigrostriatal lesion. Systemic in-
jection of LY379268 partially reduced the extent of nigrostriatal degeneration induced by
high doses of MPTP while LY379268 did not produce a significant neuroprotective effect
at lower doses of MPTP. By intracerebroventricular (i.c.v.) administration LY379268 was
also shown to alleviate akinesia in the reserpine-treated rat model of Parkinson’s disease,
whereas systemic LY379268 was ineffective in the same model (Murray et al. 2002). In
addition, this report revealed that by chronic treatment LY379268 (10 mg/kg i.p. for 7
days) produced some degree of neuroprotection in animals bearing a near complete or par-
tial lesion of the nigrostriatal tract induced by 6-hydroxy-dopamine (6-OHDA). Similarly,
LY379268 exhibited a great potency in depressing excitatory transmission and corticostri-
atal synapses in slices prepared from 6-OHDA-lesioned animals (Picconi et al. 2002). On
the other hand, nigrostriatal degeneration induced by methamphetamine in mice was not
attenuated by systemic injection of LY379268 (Battaglia et al. 2002).

To date, there is only one report showing that by chronic treatment LY379268 could
increase the survival time in a transgenic mouse model of Huntington’s disease (HD).
Additionally, LY379268 reduced the early pathological hyperactivity of these HD transgenic
mice, although it had no effect on progressive decline in motor coordination and on neuronal
intracellular inclusion in the striatum and cortex (Schiefer et al. 2004).
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SEIZURE MODELS

LY379268 was originally reported to block dose-dependently limbic seizures
produced by intracerebral administration of non-selective mGlul/2 receptor ago-
nist (Monn et al. 1999). In a comprehensive study (Moldrich et al. 2001), the
antiepileptic potential of LY379268 was confirmed using several models of epilepsy
(Table 2). In another study comparing the anticonvulsant potential of different mGlu recep-
tor agonists/antagonists, LY 379268 was effective in blocking 6-Hz-induced seizure (Barton
et al. 2003). In this seizure model, the rank order of potency for the systemically
available mGlu receptor modulators was LY379268 > LY389795 > LY456236 {(4-
methoxy-phenyl)-(6-methoxy-quinazolin-4-yl)-amine HCI, mGlul antagonist)} > MPEP
(2-methyl-6-(phenylethynyl) pyridine, mGlu5 antagonist).

LY379268 was, however, ineffective in blocking sound-induced seizures in genetically
epilepsyprone-9 (GEP) rats, but was proconvulsant at a low dose (0.1 mg/kg i.p.) following
sound stimulus. In DBA/2 mice LY379268 induced intermittent and spontaneous wild
running and hindlimb scratching at a dose (3 wmol i.c.v.), which was 1000-fold higher
than anticonvulsant doses and as such was most likely toxic due to ‘‘off-target’’ effects
(Moldrich et al. 2001). As a recent study demonstrated, injection of 1 mg/kg of LY379268
increased the number of spike wave discharges (SWDs) during 3—7 h post-treatment in
WAGT/Rjj rats, which develop spontaneous nonconvulsive seizures after 2—-3 months of age
(Ngomba et al. 2005). It is worth noticing that, mGlu2/3 receptor signaling was reduced
in the somatosensory cortex of 6-month-old WAG/Rjj rats. This reduction was measured
by the ability of the LY379268 to inhibit forskolin-stimulated cAMP formation, while this
brain region showed increase in mGlu2/3 receptor expression (Ngomba et al. 2005). As
the cortex has an essential role in the generation of SWDs in WAG/Rij rats, it is possible
that LY379268 increases seizures by modulating synaptic activity within the somatosensory
cortex. The underlying mechanism of these effects remains to be determined, however.

To date there is only one report that investigated the antiepileptic effects of LY379268
while monitoring the concomitant alterations in the neurotransmitter levels. By intrahip-
pocampal administration LY379268 partially attenuated the pilocarpine-induced seizure
which was associated with reduction in pilocarpine-evoked glutamate and GABA release in
the hippocampus measured by in vivo microdialysis in conscious rat (Smolders et al. 2004).
These findings support the hypothesis that mGlu2/3 receptors actively prevent glutamate
accumulation during high frequency or evoked events (Cartmell and Schoepp 2000) and
that the anticonvulsant effect of LY379268 also involves GABAergic inhibition at least in
the hippocampus.

DRUG ABUSE

Besides dopamine, emerging evidence suggests that glutamate-mediated transmission
might also play an important role in regulating the physiological and behavioral actions of
drugs of abuse. Glutamate receptor antagonists could decrease the expression of conditioned
place preference (Kotlinska and Biala 2000; Popik et al. 2003), behavioral sensitization and
conditioned locomotor activity (Hotsenpiller et al. 2001; Jackson et al. 1998), indicating that
antagonizing the actions of stimulus-induced glutamate release attenuates the expression
of conditioned drug-related behaviors.
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Accordingly, systemic LY379268 reversed drug-seeking behaviors (Table 3) evoked by
either cocaine (Baptista et al. 2004; Peters and Kalivas 2006) or heroin (Bossert et al. 2004,
2005). In comparison to its effects on drug-related behaviors, LY379268 appeared to be
less effective in reducing conditioned behaviors elicited by potent conventional reinforcer,
such as sweetened condensed milk (Baptista et al. 2004), food pellets (Peters and Kalivas
2006), or sucrose (Bossert et al. 2006a). These observations indicate that LY379268 may
selectively inhibit drug seeking at moderate doses (1 mg/kg) but has nonspecific inhibitory
effects on responding for natural rewards at higher doses.

The systemic effect of LY379268 on heroin-seeking behavior was mimicked by local
application of LY379268 into the ventral tegmental area (VTA) or into the nucleus accum-
bens (NAc) shell subregion, whereas intracaudate-putamen or intrasubstantia nigra (SN)
infusion of LY379268 was ineffective (Bossert et al. 2004, 2006b). In the heroin relapse
model, intra-NAc core injection of LY379268 was effective only at a 10-times higher dose
(3.0 pg/site), which might be due to the diffusion into the NAc shell region (Bossert et al.
2006b). Additionally, by local infusion of LY379268 into the NAc core subregion the drug-
inhibited cocaine as well as food-seeking behavior (Peters and Kalivas 2006).

These data indicated that one site of action where LY 379268 exert effects on drug-seeking
behavior is the NAc. The underlying mechanisms in the NAc may involve modulation of both
glutamatergic and dopaminergic neurotransmission. /n vivo microdialysis studies showed
that by systemic administration LY379268 decreased the enhanced overflow of dopamine
as well as glutamate in the NAc following amphetamine sensitization (Kim et al. 2005).
Moreover, by local infusion LY379268 (10 nM to 10 uM) reduced dopamine levels in the
NAc shell, but not in the NAc core (Greenslade and Mitchell 2004).

By systemic administration LY379268 was also effective in attenuating alcohol self-
administration and cue-induced reinstatement at the dose that reduced spontaneous loco-
motor activity (Backstrom and Hyytid 2005). In contrast, the reversal effect of 3 mg/kg
LY379268 in the heroin- and cocaine-induced drug seeking behavior cannot be attributable
to motor impairment, since this dose did not alter consumption of sweetened milk (Baptista
et al. 2004) or have an effect on responding in the extinction context (Bossert et al. 2004).
However, it is possible that by repeated administration LY 379268 could also alter the alcohol
related behavior without motor deficit. Several studies demonstrated that LY379268 had
nonspecific motor depressant effects, to which animals developed rapid tolerance following
repeated administration, while its therapeutic potential was retained (Cartmell et al. 2000b;
Imre et al. 2006). Similarly, Riegel et al. (2003) found that initial injection of LY379268
reduced locomotion, which was diminished by daily treatment for 8—12 days. Following
this procedure, LY379268 was still able to reduce dose-dependently the toluene-induced
hyperlocomotion, indicating that activation of mGlu2/3 receptors may represent a novel
treatment for inhalant addiction (Riegel et al. 2003).

SCHIZOPHRENIA

The NMDA receptor hypofunction model of schizophrenia was developed based on the
observation that noncompetitive NMDA receptor antagonists such as PCP, MK801, and
ketamine can exacerbate preexisting schizophrenic symptoms and induce a psychotic state
in healthy humans (for review see Marino and Conn 2002). In rodents NMDA antagonists
induce hyperlocomotion, cognitive deficit, and impairment of sensorimotor gating, which
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TABLE 3. Invivo effects of LY379268 on animal models of psychiatric disorders.
Model Dose/route Effects References
Drug abuse
Locomotor 1 mg/kg i.p. Blocked the expression of Kim and Vezina
sensitization AMPH-induced locomotor (2002)
by AMPH sensitization
Cocaine-related 0.3-3 mg/kg s.c. Dose-dependently reversed Baptista et al.
behaviors conditioned reinstatement evoked (2004)
by cocaine; altered the primary
reinforcing effects and reduced
self-administration
0.3, 1, or 3 mg/kgi.p Both systemic and intra-NAc core Peters and
0.05,0.5,0r 5 treatment inhibited cocaine-seeking Kalivas
nmol/side behavior. (2006)
Heroin-related 1 or 3 mg/kgip. 0.1 Both systemic and intra-VTA Bossert et al.
behaviors or 0.3 ug/site treatment reduced contextual (2004)

Alcohol-related
behaviors

Inhalant
addiction
Schizophrenia
NMDA
hypofunction
model of
psychosis

1 or 3 mg/kg i.p.

0.3 or 1.0 pg/site

0.1, 3, or 5 mg/kg i.p.

1.5-6 mg/kg i.p.

0.3, 1, or 3 mg/kg s.c.

0.3, 1, or 3 mg/kg s.c.

1, 3, or 10 mg/kg s.c.

3 mg/kg s.c.

10 mg/kg i.p.

cue-induced relapse to heroin

seeking

Reduced contextual discrete
tone-light cue-induced relapse to
heroin seeking; had no effect on

self-administration

Intra-NAc shell treatment reduced
contextual cue-induced relapse to

heroin seeking

Attenuated alcohol self-administration
and reinstatement at doses that also
decreased spontaneous locomotor

activity

Attenuated toluene-induced activity

Effectively reversed PCP-evoked
motor activations without gross
impairment of the rats’ motor

abilities

Dose-dependently reduced the
expression of PCP-induced falling,
turning, and back-pedaling in rats

Suppressed PCP-evoked motor
behaviors in rats sensitized to PCP

Blocked PCP-evoked ambulatory
activity and fine movements in
control and monoamine-depleted

rats

Blocked PCP- and MK801-induced
hyperlocomotion in both
DA-deficient and control mice.

Bossert et al.
(2005)

Bossert et al.
(2006b)

Backstrom and
Hyytia (2005)

Riegel et al.
(2003)

Cartmell et al.
(1999)

Cartmell et al.
(2000a)

Clark et al.
(2002)

Swanson and
Schoepp
(2002)

Chartoff et al.
(2005)
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TABLE 3. Continued.

Model Dose/route Effects References
NMDA 3 mg/kg i.p. Reduced PCP-evoked Galici et al.
hypofunction hyperlocomotion in mice without (2005)
model of affecting PPI deficit
psychosis
lor 10 uM Intra-NAc shell administration Greenslade and
reduced the PCP-evoked DA Mitchell
release (2004)
0.3-10 mg/kg s.c. In rats dose-dependently inhibited Lorrain et al.

ketamine-induced hyperactivity and ~ (2003b)
NE release in the ventral

hippocampus
3 mg/kgs.c. 1 uM Both systemic and intra-mPFC Lorrain et al.
administration in rats blocked (2003a)

ketamine-evoked Glu, but not DA,
release in the mPFC

1-3 mg/kg i.p. Dose-dependently reduced Imre et al.
ketamine-induced hyperactivity in (20006)
rats, but had no effect on PPI deficit

AMPH model 1 mg/kg s.c. Attenuated AMPH-induced Cartmell et al.
of psychosis ambulations and rearing but did not ~ (2000c)
alter fine motor movements in rats
3 mg/kg i.p. Reduced AMPH-evoked Galici et al.
hyperlocomotion in mice without (2005)
affecting PPI deficit
Serotonergic 0.125-2.5 mg/kg i.p. Inhibited DOI-induced head twitches Klodzinska et
drug-related in mice in a dose-dependent manner  al. (2002)
model
15 mg/kg i.p. Reduced DOI-induced cell activity in  Zhai et al.
0.01-1.0 uM. the mPFC measured by c-fos (2003)

expression and
electrophysiologically in rats
0.3-10 mg/kg i.p. Significantly diminished stimulus Winter et al.

control by LSD in rats (2004)
Anxiety and stress
Stress-induced 10 mg/kg s.c. Reduced immobilization Johnson et al.
hyperpro- stress-induced hyperprolactinemia (2002)
lactinemia in rats
Stress-evoked 1, 3, or 10 mg/kg p.o. Attenuated the elevated platform Lorrain et al.
nor- stress-evoked increase in (2005)
epinephrine extracellular NE in the rat mPFC
levels
Despair test 1 mg/kg i.p. Did not affect corticosterone levels in  Scaccianoce et
either control or stressed mice al. (2003)

AMPH = amphetamine; NAc = nucleus accumbens; VTA = ventral tegmental area; NMDA =
N-methyl-D-aspartate; PCP = phencyclidine; MK801 = disocilpine; NE = norepinephrine;
mPFC = medial prefrontal cortex; Glu = glutamate; DA = dopamine; PPI = prepulse inhibition;
DOI = ((+)1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane); and LSD = lysergic acid diethyl-
amide.
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is associated with an excessive glutamate release in limbic regions (Imre et al. 2006; Jentsch
and Roth 1999; Lorrain et al. 2003a; Moghaddam et al. 1997).

Using this model, Cartmell et al. (1999, 2000a,b) demonstrated first that LY379268
reversed PCP-evoked hyperlocomotion and nonambulatory fine movements (e.g., turn-
ing, head weaving, and back-pedaling) with the relative potency order of haloperidol >
LY379268 > clozapine > LY354740. Additionally, LY379268 was effective in revers-
ing enhanced locomotor effect of repeated (10 days) PCP administration (Clark et al.
2002). Moreover, microdialysis studies performed by the same group demonstrated that
LY379268 shared common neurochemical characteristics with atypical antipsyhotics. Sim-
ilar to clozapine and risperidone, LY379268 increased the dupaminergic and serotonergic
neurotransmission in the PFC (Cartmell and Schoepp 2000; Cartmell et al. 2000d,e, 2001).
These findings implied initially that LY379268 possesses potential antipsychotic activity
(Table 3).

Other studies extended these results showing that systemic LY379268 was also able to
prevent ketamine-induced hyperlocomotion that was linked to reduction in ketamine-evoked
glutamate, but not dopamine, release in the PFC (Imre et al. 2006; Lorrain et al. 2003a,b).
Similarly, Moghaddam and Adams (1998) reported that systemic LY 354740 could attenuate
both PCP-induced motor impairments and increase in glutamate release without influenc-
ing increased dopamine release in the PFC. Together, these data suggested that mGlu2/3
receptor agonists may block NMDA antagonist-mediated behaviors via a novel mechanism
(reduction in evoked glutamate release), which, unlike with typical and atypical antipsy-
chotic drugs, might be independent of the dopaminergic neurotransmission in the PFC. Such
a hypothesis is supported by evidence that LY379268 was effective in suppressing NMDA
antagonist-induced hyperlocomotion in dopamine- and 5-HT-deficient rodents (Swanson
and Schoepp 2002; Chartoff et al. 2005).

It should be noted that L'Y379268 also suppressed baseline locomotor activity at the dose
range (1-10 mg/kg), which is effective in reducing NMDA antagonist-evoked hyperactivity.
Nevertheless, at these doses of LY379268, the animals’ motor abilities were not impaired,
as they did not display ataxia and performed normally on the rotorod (Cartmell et al.
1999, 2000a,b). At acute doses higher than 10 mg/kg p.o., LY379268 produced motor
impairment in the rotorod test, but this effect was tolerated following 4 days of subchronic
treatment (Cartmell et al. 2000b). Importantly, this tolerance to motor impairment induced
by the higher doses of LY379268 was not associated with changes in LY379268 potency
in reversing PCP-evoked motor activities. On the other hand, repeated administration of
LY379268 alongside with PCP could not prevent the development of PCP sensitization
(Clark et al. 2002).

In addition to the effectiveness of LY379268 in the NMDA antagonistsevoked hyperloco-
motion, this compound was effective in blocking amphetamine-induced hyperlocomotion
and rearing, but not fine motor movements (Cartmell et al. 1999, 2000c). It has been sug-
gested that inhibition of amphetamine-evoked stereotypy can be predictive of the occurrence
of extrapyramidal side effects in the clinic. Thus, the lack of effect of LY379268 on the
increase in fine motor movements produced by amphetamine suggests that this compound,
similar to clozapine, may have a low risk of extrapyramidal side effects (Cartmell et al.
1999, 2000c¢). In another pharmacological model of schizophrenia, LY379268 could reduce
the 5-HT,4 agonist DOI-induced head twitches (Klodzinska et al. 2002) and the DOI-
induced cell activity in the PFC measured by c-Fos expression (Zhai et al. 2003). Consistent
with these observations, LY379268 was also shown to attenuate stimulus control by LSD
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(Winter et al. 2004). These data indicated that mGlu2/3 receptor agonists may counteract
the psychotomimetic effects of hallucinogenic drugs (Table 3).

In contrast to the overwhelming literature regarding the effects of LY379268 on locomotor
abnormalities in schizophrenic models, there are only two studies that investigated the effects
of LY379268 on psychotomimetic drugsevoked sensorimotor gating deficit. Both reports
showed that by systemic administration LY379268 was not able to prevent amphetamine- or
NMDA antagonist-induced prepulse inhibition impairment (PPI), a measure of sensorimotor
gating function (Galici et al. 2005, Imre et al. 2006). Since atypical antipsychotics are
generally effective in the PPI model, these results cast doubt on the proposed antipsychotic
properties of LY379268.

PAIN

While a number of recent studies have focused on Group I mGlu receptors in pain (for
review see Fundytus 2001), less is known about the specific role of Group II mGlu recep-
tors in pain processing. The first reports on the involvement of mGluR2/3 in nociceptive
processing relied on a relatively nonselective mGluR2/3 agonist (Fisher and Coderre 1996),
whereas only few studies used systemically active, selective ligands such as LY379268.

Electrophysiological spinal administration of mGlu2/3 receptor agonists, including
LY379268, attenuated capsaicin-induced central sensitization of spinothalamic tract neu-
rons in primates while having no effect under normal control conditions (Neugebauer et al.
2000).

In testing the drug in rats as an analgesic, systemic LY379268 did not affect withdrawal
latencies to either mechanical or thermal acute noxious stimuli in normal rats, but delayed
hyperalgesia produced by the intraplantar administration of carrageenan in rats, and also
reduced capsaicin-induced hyperalgesia in a warm water tail withdrawal test (Sharpe et al.
2002). In this study, rotorod test showed that LY379268 did not produce motor impairment
at the antihyperalgesic doses.

Simmons et al. (2002) demonstrated that the mGlu2/3 receptor agonists LY354740,
LY379268, and LY389795 attenuated late-phase pawlicking pain behavior in the formalin
model of persistent pain with a potency order of LY389795 > LY379268 > LY354740. These
effects occurred without overt motor impairment as measured by rotorod test. In the L5/L6
spinal nerve ligation model of neuropathic pain in rats, LY379268 also significantly reversed
mechanical allodynia in a dose-dependent manner (Simmons et al. 2002). In contrast,
LY379268 had no effect in acute nociceptive pain models including the tail flick reflex
test and paw withdrawal latency test (Simmons et al. 2002).

These results indicated that mGlu2/3 receptors might be involved in persistent pain
mechanisms but not in acute pain processing. A recent report partly confirmed this hypoth-
esis showing that LY379268 was effective in persistent pain models such as formalin test,
carrageenaan-induced thermal hyperalgesia, and capsaicin-induced mechanical allodynia
(Jones et al. 2005). In acute pain models, LY379268 could also increase response latencies
in the hot plate test, but had no effect in the tail flick test. It should be noted, however, that
LY379268 was effective only at does (3 and 10 mg/kg s.c.) that also produced motor impair-
ment as measured by the invert screen test. Moreover, this study demonstrated that upon
repeated dosing (4 days), a tolerance developed against the analgesic effects of LY379268.
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ANXIETY AND STRESS

While a growing body of preclinical and clinical evidence suggested that activation of
mGlu2/3 receptors may represent a novel treatment for anxiety- and stress-related disorders
(Swanson et al. 2005), only few reports evaluated the anxiolytic properties of LY379268
(Table 3). Johnson and Chamberlain (2002) demonstrated that LY379268 could prevent
immobilization stress- and cathecholamines depletion-induced hyperprolactinemia in male
rats without effect on basal prolactin plasma level. Additionally, both acute and repeated
administration of LY379268 could prevent the increase in norepinephrine level in the PFC,
which was induced by exposure of rats to an open and elevated platform (Lorrain et al.
2005).

These data might be indicative of anxiolytic properties of LY379268. However, such
a hypothesis has not yet been tested in an adequate animal model of anxiety. In fact, at 3
mg/kg, LY379268 appeared to be anxiogenic, as it increased startle reflex magnitude, which
is considered to be a sign of anxiety (Imre et al. 2006). At a lower dose (1 mg/kg) such
an effect was no longer observed, but animals exhibited reduced exploratory behavior in
the open field. Although this latter effect was attributed to anxiolytic action of LY379268,
it can also be a consequence of the suppressant effects of this compound on locomotion.
Thus, further behavioral studies are needed to clarify how LY379268 can influence anxiety
stage using different animal models of anxiety.

With regard to neuroendocrine functions associated with stress responses, it was ini-
tially suggested that hypothalamic—pituitary—adrenal (HPA) axis is predominantly under
the control of group '/, mGlu receptors, whereas mGlu2/3 receptors play a minor, if any,
role (Johnson et al. 2001). Blockade of mGlu2/3 receptors in mice resulted, however, in an
increased plasma corticosterone level and release of corticotropin releasing hormone (CRH)
in isolated mouse hypothalami (Scaccianoce et al. 2003). This latter effect was prevented
by co-administration of LY379268, while this drug per se did not affect either basal and
stress-induced corticosterone levels or CRH release (Scaccianoce et al. 2003). Consistent
with this, systemic LY379268 did not change either basal or ketamine-evoked plasma cor-
ticosterone levels in rats (Imre et al. 2006). Based on these findings it was concluded that
endogenous activation of mGlu2/3 receptors tonically inhibit the HPA axis by controlling
CRH release at the hypothalamic level.

Matrisciano et al. (2005) demonstrated that chronic imipramine treatment upregulated
the expression of mGlu2/3 receptors in hippocampus, cortex, and nucleus accumbens and
resulted in neuroadaptive changes in function of mGlu2/3 receptors as indicated by the
reduced ability of LY379268 to inhibit forskolin-stimulated cAMP formation. In a recent
study performed by the same authors, LY379268 was shown to shorten the latency for
the development of chronic imipramine-induced downregulation of B-adrenoceptors (a
prototypical marker of neuroadaptation to antidepressant medication) in the hippocampus
(Matrisciano et al. 2005). These data raise the possibility that mGlu2/3-receptor activation
combined with classical antidepressants may shorten the time required for the relief of
depressive symptoms.

CONCLUSION

LY379268 represents a novel generation of the mGlu2/3 receptor agonists with high
affinity and bioavailability. Accordingly, preclinical studies have indicated the effectiveness
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of LY379268 in treating several neurodegenerative and psychiatric disorders, which are
generally associated with excessive glutamate neurotransmission.

Both in vitro and in vivo data have demonstrated the neuroprotective properties of
LY379268, with the exception of focal ischemia. The underlying mechanisms of its neu-
roprotectant effects may combine blockade of presynaptic glutamate release via mGlu2
receptors and induction of neurotrophic factors (such as TGF-8) via mGlu3 receptors lo-
cated on astrocytes. The latter mechanism suggests a broad application for this drug in
neurodegenerative disorders and may allow circumvention of the major limitation associ-
ated with the peripheral administration of neurotrophic factors, that is, their poor penetration
across the blood-brain barrier.

In a variety of seizure models LY379268 has shown different degrees of anticonvulsant
activity with comparable therapeutic index to clinical antiepileptic drugs (Moldrich et al.
2001). LY379268 appeared to be proconvulsive only at doses that were 1000-fold higher
than anticonvulsant doses. Additionally, LY379268 may have usefulness in treating drug
addiction, since it was effective in reducing heroin- and cocaine-induced drug seeking
behavior and cocaine self-administration.

Using pharmacological models of schizophrenia, LY379268 has been suggested to have
antipsychotic properties, as it was able to reverse specific motor deficits evoked by dif-
ferent psychomimetic drugs. Moreover, microdialysis studies demonstrated that L'Y379268
shares common neurochemical characteristics with atypical antipsychotics such as clozap-
ine and risperidone. However, LY379268 failed to reverse sensorimotor gaiting deficits, a
key symptom of schizophrenia, which may question its antypsychotic activity.

As an analgesic, LY379268 appeared to be effective in persistent pain but not in acute
pain models. However, the latest results indicated that the analgesic effects may be at-
tributable to the locomotion suppressant effects of LY379268 that is often observed after
acute administration. Although by repeated administration LY379268 could produce toler-
ance against this motor impairment, it also resulted in loss of analgesic effect. In contrast,
repeated dosing of LY379268 did not diminish its ability to reduce psychostimulant- or
inhalant-induced activity (Cartmell et al. 2000b; Riegel et al. 2003).

At present, only limited information is available on the effects of LY379268 in anxiety-
and stress-related animal models, while its less potent analog LY354740 has proved to
be anxiolytic in both animals and humans (Swanson et al. 2005). Furthermore, there are
no data concerning the ability of LY379268 to influence cognition under either normal
or pathological conditions, which would be crucial for determination of its therapeutic
potential.

In conclusion, LY 379268 possesses a broad spectrum of activity with limited side effects
in disorders associated with excessive glutamate neurotransmission. LY379268 and related
compounds can be considered to be promising targets for pharmacological interventions.
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