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Abstract——Allosteric receptor modulation is an at-
tractive concept in drug targeting because it offers
important potential advantages over conventional or-
thosteric agonism or antagonism. Allosteric ligands
modulate receptor function by binding to a site dis-
tinct from the recognition site for the endogenous ag-
onist. They often have no effect on their own and
therefore act only in conjunction with physiological
receptor activation. This article reviews the current
status of allosteric modulation at family C G-protein
coupled receptors in the light of their specific struc-
tural features on the one hand and current concepts in
receptor theory on the other hand. Family C G-pro-
tein-coupled receptors are characterized by a large
extracellular domain containing the orthosteric ago-
nist binding site known as the “venus flytrap module”
because of its bilobal structure and the dynamics of its

activation mechanism. Mutational analysis and chime-
ric constructs have revealed that allosteric modula-
tors of the calcium-sensing, metabotropic glutamate
and GABAj; receptors bind to the seven transmem-
brane domain, through which they modify signal
transduction after receptor activation. This is in con-
trast to taste-enhancing molecules, which bind to dif-
ferent parts of sweet and umami receptors. The complexity
of interactions between orthosteric and allosteric ligands
is revealed by a number of adequate biochemical and elec-
trophysiological assay systems. Many allosteric family C
GPCR modulators show in vivo efficacy in behavioral
models for a variety of clinical indications. The positive
allosteric calcium sensing receptor modulator cinacalcet
is the first drug of this type to enter the market and there-
fore provides proof of principle in humans.

I. Introduction

A. Allosteric Modulation of Receptor Activation—an
Appealing Therapeutic Principle

The concept of allosteric receptor modulation in drug
targeting has attracted considerable interest in recent
years. On the one hand, this is probably because of the
clinical success of the sedative/anxiolytic benzodiaz-
epines, which were introduced into clinical use decades
ago. They remain the pioneer example of drugs acting as
allosteric modulators, in this case enhancing the func-
tion of the ionotropic GABA, receptor (Mdohler, 2006).
On the other hand, drugs acting in a similar manner at
other receptors, including G-protein-coupled receptors,
are undoubtedly of great potential (Conn et al., 2009a;
De Amici et al., 2010), and modern drug discovery tech-
niques have already allowed the identification of many
such compounds in recent years. “Allosteric” (from
Greek “aAAo” meaning other and “orepeo” meaning ob-
Ject, shape) drugs are compounds that act at a site on a
given receptor that is topographically distinct from the
“orthosteric” (“optmo“ meaning correct) recognition site
for the natural or exogenous agonists or competitive
antagonists. They act primarily by changing the three-
dimensional receptor conformation and thereby the af-
finities and/or efficacies of orthosteric ligands. Because
they bind to sites on a given receptor other than those to
which orthosteric ligands bind, they are in general struc-
turally diverse and not at all related to orthosteric li-
gands, particularly the endogenous natural agonists.

Allosteric receptor modulators promise to have numer-
ous advantages over orthosteric drugs. First, whereas an
orthosteric agonist will stimulate a given receptor indepen-

dently of its physiological state, a positive allosteric mod-
ulator will frequently not stimulate the receptor by itself,
but only enhance the function of receptors activated by
endogenous agonist. Thus, a positive allosteric modulator
acts much more in concert with the temporal and spatial
organization of physiological receptor activation and is
therefore expected to have a much lower side effect poten-
tial than orthosteric agonists. For example, the positive
allosteric GABAg receptor modulators 2,6-di-tert-butyl-4-
(3-hydroxy-2,2-dimethylpropyl)phenol (CGP7930!) and

1Abbreviations: 3-MPPTS, 2,2,2-trifluoro-N-[3-(2-methoxyphenoxy)
phenyl]-N-(pyridin-3-ylmethyl)ethanesulfonamide; 5MPEP, 5-methyl-6-
(phenylethynyl)-pyridine; 6-OHDA, 6-hydroxydopamine; 7TM, 7-trans-
membrane; ABP688, 3-(6-methyl-pyridin-2-ylethynyl)-cyclohex-2-
enone-O-methyl-oxime; ACPT-II, (1R,3R,4S)-1-aminocyclopentane-1,
3,4-tricarboxylic acid; ADX47273, S-(4-fluorophenyl)-{3-[3-(4-fluoro-
phenyl)-[1,2,4]-oxadiazol-5-yl]-piperidin-1-yl}-methanone; AMNO082, N,
N'-dibenzhydrylethane-1,2-diamine dihydrochloride; AMPA, a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; BAY36-7620, (3aS,6aS)-
hexahydro-5-methylene-6a-(2-naphthalenylmethyl)-1H-cyclopenta
[clfuran-1-one; BHF177,N-[(1R,2R,4S)-bicyclo[2.2.1]hept-2-yl]-2-methyl-
5-[4-(trifluoromethyl)phenyl]-4-pyrimidinamine; BHK, baby hamster
kidney; BINA, biphenylindanone A; CA, cornu ammonis; CaSR, calcium-
sensing receptor; CBiPES, N-(4'-cyano-[1,1'-biphenyl]-3-yl-N-(3-pyridinyl-
methyl)-ethanesulfonamide hydrochloride; CDPPB, 3-cyano-N-(1,
3-diphenyl-1H-pyrazol-5-yl)benzamide; CGP13501, 3,5-bis(1,1-dimethyl-
ethyl)-4-hydroxy-a,a-dimethylbenzenepropana; CGP35348, (3-aminopro-
pyD(diethoxymethyl)phosphinic acid; CGP54626, [S-(R*R*)]-[3-[[1-(3,
4-dichlorophenyl)ethyllamino]-2-hydroxypropyll(cyclohexylmethyl)
phosphinic acid; CGP558454, (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]
amino-2-hydroxypropyll(phenylmethyl)phosphinic acid hydrochloride;
CGP62349, 3-[(1R)-1-[[(2S)-2-hydroxy-3-[hydroxy-[(4-methoxyphenyl)
methyl|phosphoryl]propyl]-methylamino]ethyllbenzoic acid; CGP7930, 2,
6-di-tert-butyl-4-(3-hydroxy-2,2-dimethylpropyl)phenol; CHO, Chinese
hamster ovary; CPCCOEt, 7-hydroxyiminocyclopropan|blchromen-1la-
carboxylic acid ethyl ester; CPPHA, N-{4-chloro-2-[(1,3-dioxo-1,3-
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N,N'-dicyclopentyl-2-methylsulfanyl-5-nitro-pyrimidine-
4,6-diamine (GS39783) (Urwyler et al., 2001, 2003) do not
have the sedative, hypothermic, and muscle relaxant ef-
fects of the orthosteric agonist baclofen (Carai et al., 2004;

dihydro-2H-isoindol-2-yl) methyl]phenyl}-2-hydroxybenzamide; CRC, con-
cen ration-response curve; CRD, cysteine-rich receptor domain; CREB,
cAMP-responsive element-binding protein; cyPPTS, 2,2,2-trifluoro-N-[3-
(cyclopentyloxy)phenyl]-N-(3-pyridinylmethyl)-ethanesulfonamide; DCG-
1V, (2S,2'R,3'R)-2-(2',3'-dicarboxycyclopropyl)glycine; DFB, N,N'-bis-(3-
fluoro-benzylidene)-hydrazine; DHPG, (R,S)-3,5-dihydroxyphenylglycine;
ECD, extracellular domain; EM-TBPC, 1-ethyl-2-methyl-6-ox0-4-(1,2,4,5-
tetrahydro-benzo|d]azepin-3-yl)-1,6-dihydro-pyrimidine-5-carbonitrile;
EPSP, excitatory postsynaptic potential; ERK, extracellular signal-
regulated kinase; FLIPR, fluorescence imaging plate reader; FMRP, fragile
X mental retardation protein; FRET, fluorescence resonance energy trans-
fer; FTIDC, 4-[1-(2-fluoropyridin-3-yl)-5-methyl-1H-1,2 3-triazol-4-yl]-N-
isopropyl-N-methyl-3,6-dihydropyridine-1(2H)-carboxamide; GERD, gas-
troesophageal reflux disease; GIRK, G-protein-regulated inwardly
rectifying potassium channel; GPCR, G protein-coupled receptor;
GS39783, N,N'-dicyclopentyl-2-methylsulfanyl-5-nitro-pyrimidine-4,6-
diamine; GTPy*®S, guanosine 5'-O-(3-[*°S]thio)triphosphate; HEK, hu-
man embryonic kidney; HTS, high-throughput screening; IPTE, 2-[(4-
indan-2-ylamino)-5,6,7,8-tetrahydroquinazolin-2-ylsulphanyl]-ethanol;
JNJ16259685, (3,4-dihydro-2H-pyrano[2,3-blquinolin-7-yl)-(cis-
4-methoxycyclohexyl)-methanone; L-AP4, L-(+)-2-amino-4-phos-
phonobutyric acid; LTP, long-term potentiation; LY181837,
N-(4-phenoxyphenyl)-N-(3-pyridinylmethyl)ethanesulfonamide;
LY341495, (2S)-2-amino-2-(18,2S5-2-carboxycyclopronan-1-
yl-3-(xanth-9-yl)propanoic acid; LY354740, (+)-2-aminobicyclo[3.1.0]
hexane-2,6-dicarboxylic acid; LY379268, (—)-2-thia-4-aminobicyclo
[3.1.0]hexane-4,6-dicarboxylate; LY404039, (—)-(1R,4S,5S,6S)-4-amino-2-
sulfonylbicyclo[3.1.0]-hexane-4,6-dicarboxylic acid; 1.Y487379, 2,22-
trifluoro-N-[4-(2-methoxyphenoxy)phenyl]-N-(3-pyridinylmethyl)-ethane-
sulfonamide; M-5MPEP, 2-(3-methoxyphenylethynyl)-5-methylpyridine;
mGlu, metabotropic glutamate; MK-801, dizocilpine maleate; MMPIP,
6-(4-methoxyphenyl)-5-methyl-3-pyridin-4-ylisoxazolo[4,5-c]pyridin-4
(5H)-one; MNI-136, 7-bromo-4-(3-pyridin-3-yl-phenyl)-1,3-dihydro-
benzo[b][1,4]diazepin-2-one; MNI-137, 4-(7-bromo-4-0x0-4,5-dihydro-3
H-benzo|b][1,4]diazepin-2-y])-pyridine-2-carbonitrile; MPEP, 2-methyl-6-
(phenylethynyl)-pyridine; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine; MS, multiple sclerosis; MTEP, 3-((2-methyl-4-thiazolyl)
ethynyl)pyridine; NMDA, N-methyl-D-aspartate; NPS2143, 2-chloro-6-[3-
[1,1-dimethyl-2-(2-naphthyl)ethylamino]-2(R)-hydroxypropoxylbenzoni-
trile; NPS2390, N-(1-adamantyl)quinoxaline-2-carboxamide; NPS467,
N-(3-methoxy-a-phenylethyl)-3-phenyl-1-propylamine; NPS568, (R)-N-(3-
methoxy-a-phenylethyl)-3-(2'-chlorphenyl)-1-(propylamine hydrochloride);
NTD, N-terminal domain; PCP, 1-(1-phenylcyclohexyl)piperidine (phency-
clidine); PET, positron emission tomography; PHCCC, N-phenyl-7-
(hydroxyimino)cyclopropa[b]chromen-la-carboxamide; PLC, phospho-
lipase C; PPIL, prepulse inhibition; PTH, parathyroid hormone; R214127
1-(3,4-dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-2-phenyl-1-ethanone; rac-
BHFF, 5,7-bis(1,1-dimethylethyl)-3-hydroxy-3(trifluoromethyl)-2(3H)-
benzofuranone; Ro 01-6128, diphenylacetyl-carbamic acid ethyl ester; Ro
67-4853, butyl (9H-xanthene-9-carbonyl)carbamate; Ro 67-7476, (S)-2-(4-
fluorophenyl)-1-(toluene-4-sulfonyl)pyrrolidine; S807, N-(heptan-
4-yl)benzo[d][1,3]dioxole-5-carboxamide; S819, 1-(1H-pyrrol-2-yl)
methyl)-3-(4-isopropoxyphenyl)thiourea; SAR, structure-activity relation-
ship; SIB-1757, 6-methyl-2-(phenylazo)-3-pyridinol; SIB-1893, (E)-2-
methyl-6-(2-phenylethenyl)pyridine; SIH, stress-induced hyperthermia;
SKF97541, 3-aminopropyl(methyl)phosphinic acid; SP203, 3-fluoro-5-(2-
(2-(fluoromethyl)thiazol-4-yl)ethynyl)benzonitrile; VETM, venus flytrap
module; VGCC, voltage-gated calcium channel; VU0155041, cis-2-[[(3,5-
dichlorophenyl)amino]carbonyl]cyclohexanecarboxylic acid; VU-29,
4-nitro-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide; YM-230888, 4-(cyclo-
heptylamino)-N-[[(2R)-tetrahydro-2-furanyllmethyl]-thieno[2,3-d] pyrimi-
dine-6-methanamine; YM-298198, 6-amino-N-cyclohexyl-N,3-dimethyl-
thiazolo[3,2-a] benzimidazole-2-carboxamide hydrochloride.

Cryan et al., 2004). It should be noted, however, that the
advantage of state or activity dependence, which is a fun-
damental difference between positive allosteric modulators
and orthosteric agonists, in theory does not apply to antag-
onists. In fact, as long as competitive antagonists, like
negative modulators, are truly “silent” (i.e., they are not
partial or inverse agonists), they also have no effect in the
absence of an endogenous agonist. The important differ-
ence between competitive antagonists and negative mod-
ulators lies in the fact that the inhibition produced by the
former, but not that by the latter, can be overcome by
increasing agonist concentrations. Whether this is an ad-
vantage or not depends on the pathophysiological mecha-
nisms of the disease to be addressed. Second, because of
their use-dependent mechanism of action, positive alloste-
ric modulators are expected to have no or only low propen-
sity for receptor desensitization, whereas persistent agonist
treatment often leads to receptor down-regulation. Gjoni
and Urwyler (2008) have shown that this is actually the
case for the example of the G-protein-coupled GABAj re-
ceptor. The receptors for many hormones or neurotrans-
mitters exist in families comprising a number of subtypes
with differing characteristics and functions. Whereas the
orthosteric binding sites of these receptor subtypes usually
remained well conserved during evolution, because they
have to accommodate their natural ligands, there was no
selective pressure to maintain the apparently nonessential
allosteric binding sites unchanged. Therefore, and third,
many positive or negative allosteric modulators bear a
high selectivity for a given receptor subtype. It should be
noted that subtype selectivity can be achieved on the basis
of affinity (selective binding to a subtype) or cooperativity
(binding to more than one subtype, with positive or nega-
tive cooperativity at only one and neutral cooperativity at
the others). A typical example is given by muscarinic re-
ceptors, for which “absolute subtype selectivity” has been
achieved in different allosteric modulators such as brucine
derivatives or thiochrome (Birdsall et al., 2004). In the
course of this review, we encounter similar examples for
subtypes of metabotropic glutamate (mGlu) receptors.
Moreover, as a fourth point, for some receptors it is inher-
ently difficult to design synthetic orthosteric ligands. For
example, numerous attempts to find low-molecular-weight
agonists for peptide receptors have failed because of the
size and number of attachment sites of the recognition
domain for these relatively large endogenous ligands. Re-
ceptor modulation via an allosteric site, allowing com-
pletely new molecular scaffolds, seems a much more prom-
ising approach in such a case. Likewise, the design of
orthosteric ligands for mGlu receptors has proven to be
difficult. Most agonists and antagonists for the glutamate
binding sites of mGlu receptors are amino acid derivatives,
often with heavy stereochemical constraints, which can
make the synthesis of such molecules most demanding
(Pellicciari et al., 1996; Marinozzi and Pellicciari, 2000).
Because of the hydrophilic nature of these compounds,
their oral bioavailability and brain permeability is rather
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poor in most cases. Because of the structural diversity and
more lipophilic nature of allosteric ligands, such agents
may show an elegant way out of these dilemmas. In fact, as
is discussed in detail, numerous positive and negative
modulators of mGlu receptors are known today, with good
pharmacokinetic properties and subtype selectivities.

Potential disadvantages of allosteric GPCR modula-
tors and pitfalls or caveats in their discovery and devel-
opment should also be mentioned, however (Raddatz et
al., 2007). First, the often-encountered low evolutionary
conservation of allosteric sites, which allows for receptor
subtype selectivity, may also result in significant species
differences. We encounter a few examples in this review
(e.g., Table 7). This aspect will, of course, become prob-
lematic when rodent receptors are used for drug screen-
ing, or when rodent models are used for the investiga-
tion of drug effects in vivo after the characterization of
allosteric effects at recombinant human receptors in
vitro. Second, the advantageous activity-dependence of
positive allosteric modulators might turn into a handi-
cap in neurodegenerative diseases in which the loss of
neurons results in decreased availability of the endoge-
nous agonist. In such a case, a positive allosteric modu-
lator might progressively lose efficacy in parallel with
the progression of the disease. Third, from a medicinal
chemistry point of view, we will see in this review that
allosteric GPCR modulators often have “flat,” nontrac-
table structure-activity relationships (SAR), which
makes it most difficult to improve on lead molecules
with micromolar affinities. In addition, only slight struc-
tural modifications sometimes result in important
changes in pharmacological responses, from positive to
negative allosteric modulation over neutral cooperativ-
ity, making the hurdles for rational ligand design almost
insurmountable. Last, at present it seems impossible to
find the optimal profile of cooperative and/or agonistic
activity of an allosteric drug, matching the complexity of
the underlying biology of a disease for which a thorough
understanding is most often missing. Examples of these
and other challenges in the development of allosteric
GPCR modulators are discussed in this review. Never-
theless, these hurdles and difficulties do certainly not
diminish the great therapeutic potential that these
novel drugs have and the enthusiasm that they have
generated among the research community in recent
years.

B. Family C G Protein-Coupled Receptors, a Promising
Group of New Drug Targets

G-protein-coupled receptors (GPCRs) are most impor-
tant drug targets; 40 to 50% of all marketed therapeutics
are estimated to act through approximately 50 different
GPCRs, and more than 300 of these receptors remain to
be exploited (Lundstrom, 2005; Overington et al., 2006;
Schlyer and Horuk, 2006; Lagerstrom and Schioth,
2008). GPCRs form one of the largest and most diverse
protein superfamilies; at least 1% of the mammalian

genome encodes GPCRs (Takeda et al., 2002). Roughly
half of the total of approximately 950 GPCRs are be-
lieved to have endogenous ligands, whereas the other
half are sensory (taste or odorant) receptors. In fact,
GPCRs are probably the most important type of cellular
signal transducing proteins, mediating the messages of
stimulants as diverse as ions, hormones and neurotrans-
mitters, odorants, pheromones, gustative molecules, lip-
ids, peptides, proteins, and even light (photons). This
multiplicity of stimulants is matched by the broad diver-
sity of existing GPCRs. Signal transduction through GP-
CRs is a proven “evolutionary success” (Bockaert and
Pin, 1999), and genes coding for GPCRs have expanded
from a common ancestor into a large number of species
with little sequence homology between the branches of
their evolutionary trees. Different nomenclatures have
classified mammalian GPCRs into at least five families,
and the phylogenetic relationships of more than 800
human GPCR sequences have been thoroughly estab-
lished (Bockaert and Pin, 1999; Fredriksson et al., 2003).
A common structural feature of all GPCRs is a central
core domain made up of seven transmembrane-spanning
a-helices (7TM or heptahelical domain) containing 25 to
35 amino acid residues each that are connected by three
intracellular and three extracellular loops. The recep-
tors are believed to convey their signals through inter-
action of their 2nd and 3rd intracellular loops with the
a-subunits of heterotrimeric G-proteins, although this
has not actually been proven for most of the members of
the seven transmembrane (7TM) receptor superfamily.
In the case of the rhodopsin-like receptors, the most
ancient and largest GPCR family, the 7TM domain con-
tains the ligand binding site, although in other families
the N-terminal extracellular domains also contribute to
various extents to ligand binding (Bockaert and Pin,
1999). This is most markedly the case for family C GP-
CRs, which are the subject of this review.

Family C GPCRs comprise various pheromone, vome-
ronasal, and taste receptors, the calcium-sensing recep-
tor (CaSR), as well as “metabotropic” GABA; and
glutamate receptors (for review, see Pin et al., 2003;
Brauner-Osborne et al., 2007; Rondard et al., 2011) (Fig. 1).
The receptors belonging to this family have been iden-
tified only relatively recently, and therefore very few
drugs targeting these receptors are in clinical use today.
One of them is the antispastic agent baclofen (Lioresal),
which was marketed long before its target, the GABAp
receptor, was pharmacologically identified (Bowery et
al., 1980). From there to the molecular cloning of this
elusive receptor (Kaupmann et al., 1997) again almost 2
decades went by. Likewise, the first biochemical exper-
iments describing the stimulation of the phospholipase
C (PLC) pathway via “metabotropic” glutamate recep-
tors (mGlu receptors) were described in the 1980s (Sla-
deczek et al., 1985; Nicoletti et al., 1986); the first of
these, the mGlul receptor, was cloned in 1991 (Masu
et al., 1991), followed by seven others (see section III).
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Fic. 1. Phylogenetic tree based on the 7TM sequences showing the
human family C GPCRs. Orphan receptors are shown only summarily;
vomeronasal (pheromone) receptors are not included because these are
pseudogenes in the human genome. For a more detailed representation of
the phylogenetic relationships of family C GPCRs, see Pin et al. (2003).

The structure and activation mechanism of family C
GPCRs have recently been reviewed by Rondard et al.
(2011). The molecular structure of family C GPCRs, like
that of other GPCRs, contains an N-terminal extracel-
lular domain (ECD), 7TM domains that are linked by
three intracellular and three extracellular loops, and an
intracellular C-terminal amino acid sequence (Fig. 2). The
structure of family C GPCRs is characterized by an excep-
tionally large ECD, which is linked (except in the GABAp
receptor) to the 7TM domain by an amino acid stretch rich
in cysteine residues (Fig. 2). The ligand binding site is
located in the ECD (Malitschek et al., 1999) and consists of
a bilobal structure that closes upon agonist binding; this is
in contrast to rhodopsin-like (family A) GPCRs, in which
the ligand binding site is in the 7TM domain. The ECD of
family C GPCRs has been found to be closely related to
bacterial periplasmic amino acid binding proteins (O'Hara
et al., 1993), which transport nutrients from the extracel-
lular to the intracellular space in bacteria. On the other
hand, the 7TM domain of family C GPCRs is phylogeneti-
cally related to rhodopsin-like (family A) GPCRs. When an
evolutionary tree is reconstructed on the basis of the “ve
nus flytrap module” (VFTM) sequences of family C GPCRs,
the same distances are obtained as when the sequences of
the 7TM domain are used (except for orphan receptors
lacking the VFTM) (Pin et al., 2003). It appears, therefore,
that this receptor family might have its evolutionary origin
in a gene fusion between bacterial periplasmic binding
proteins and rhodopsin-like receptors (Pin et al., 2003).

This modular structure of family C GPCRs raises
questions about the role of their different building blocks
in the signal transduction mechanisms. Parmentier et
al. (2002) have proposed a model for the functioning of
family C GPCRs that addresses this question; its essen-
tial assumptions are strongly supported by a large num-
ber of precedent and subsequent experimental findings.
The model posits that both the extracellular and the
7TM domains of these receptors exist in active and in-
active states. Because the 7TM domain interacts with

the G-protein, receptor activation of the ECD by agonist
binding must stabilize the active state of the 7TM do-
main. On the other hand, allosteric interactions being
reciprocal, a stabilization of the 7TM domain (for exam-
ple by the binding of positive allosteric modulators) will
result in facilitation of agonist binding to and activation
of the ECD. This coupling seems to be tight in the case of
GABAg receptors but rather loose in the case of mGlu
receptors, probably because of the presence of the cys-
teine-rich amino acid stretch separating the two do-
mains in the latter. In fact, as in rhodopsin-like recep-
tors, nonhydrolyzable GTP analogs such as GTPyS
decrease agonist binding affinities at GABAg but not at
mGlu receptors (Parmentier et al., 2002). This loose
coupling also led Parmentier et al. (2002) to predict that
receptor stimulation must be possible by direct activa-
tion of the 7TM domain even in the absence of agonist
bound to the ECD. This concept is known as “allosteric
agonism” in the terminology of theoretical receptor mod-
els (see section 1.C).

The ligand binding domain in the ECD consists of a
bilobal structure that closes upon agonist binding in a
way reminiscent of the functioning of a venus flytrap
plant (Bessis et al., 2000; Galvez et al., 1999, 2000a).
The concept of ligand binding to the VFTM has been
convincingly confirmed by X-ray analysis of the mGlul
receptor ECD in its unliganded form or containing
bound glutamate (closed form) (Kunishima et al., 2000)
or an antagonist (open form) (Tsuchiya et al., 2002). The
ligand-binding region was found to exist as a disulfide-
linked homodimer in the crystal; many aspects of the
role of homo- and heterodimeric assemblies in family C
GPCR function will be touched upon in this review. More
recently, the crystal structures of the entire ECD of
mGlu3 receptor and the ligand-binding domain of
mGlu7 receptor ECDs have also been reported (Muto et
al., 2007). Molecular modeling studies suggest that the
mGlu8 receptor antagonists (1R,3R,4S)-1-aminocyclo-

Orthosteric site

Possible
allosteric  €===-~—————__.
sites
extracellular

intracellular

C-terminus

Fic. 2. Schematic representation of a family C GPCR protein. The
GABAj receptor does not have the CRD domain, and orphan (retinoic
acid-induced) receptors lack both the VFTM and the CRD.
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pentane-1,3,4-tricarboxylic acid and M-AP4 prevent the
closure of the VFTM because of ionic and sterical hin-
drance, respectively, at their receptor interaction sites.
Site-directed mutagenesis of the amino acid residues
responsible for these hindrances removed these con-
straints and allowed both compounds to fully activate
the mGlu8 receptor (Bessis et al., 2002). On a similar
line, Kniazeff et al. (2004) succeeded in locking the
GABAg receptor in its active state by introducing two
cysteine residues forming a disulfide bridge maintaining
the binding domain in its closed form.

The ligand binding site for rhodopsin-like receptors is
located inside the 7TM domain, and it is noteworthy that
the binding sites for most allosteric modulators for fam-
ily C GPCRs, which are the subject of this review, have
also been located in this 7TM domain (references are
given in the respective sections). This of course raises
the question of whether this putative allosteric site cor-
responds to the agonist binding site for rhodopsin-like
receptors. The interaction of allosteric ligands for family
C GPCRs with the 7TM domain has been the subject of
several reviews (Costantino, 2006; Noeske et al., 2006;
Surgand et al., 2006).

The elucidation of the molecular structure of mem-
brane bound proteins remains a major challenge; never-
theless, the high resolution X-ray structures of bovine
rhodopsin and, more recently, B-adrenergic and adeno-
sine A2 receptors are available (for review, see Weis and
Kobilka, 2008; Mustafi and Palczewski, 2009). Although
the sequence homology between the 7TM domain of fam-
ily C GPCRs and that of rhodopsin-like (family A) recep-
tors is low, the two share several common topological
features (Costantino, 2006). On this basis, homology
models of several family C GPCRs using bovine rhodop-
sin as a template have been used for the docking of
positive and negative allosteric modulators into their
putative binding pockets. On the basis of such models,
amino acid residues involved in the binding of allosteric
compounds have been identified using site directed mu-
tagenesis. Although in this way allosteric binding sites
have been found at different locations in the 7TM do-
main of family C GPCRs (see references in the respective
sections), the fact that at least some allosteric family C
GPCR modulators bind to a pocket in the 7TM domain,
which is the equivalent of the retinal binding site in
bovine rhodopsin strongly suggests, in line with the
model of Parmentier et al. (2002), that such compounds
should be able to activate these receptors in their own
right. Indeed, Goudet et al. (2004) have elegantly shown
that the 7TM domain of the mGlub receptor functionally
behaves like rhodopsin-like receptors: they were able to
demonstrate that the negative allosteric modulator
2-methyl-6-(phenylethynyl)-pyridine (MPEP) (Table 2)
and the positive allosteric modulator N,N'-bis-(3-fluoro-
benzylidene)-hydrazine (DFB) (Table 5) act as an in-
verse agonist or full agonist, respectively, on mGlu5
receptor constructs lacking the extracellular domain.

Direct receptor activation via the 7TM domain as ob-
served with DFB is the basis for the phenomenon of
ago-allosterism outlined in section I.C (Langmead and
Christopoulos, 2006; Schwartz and Holst, 2006). In the
course of this review, we will encounter several other
examples of compounds acting as allosteric agonists or
inverse agonists at family C GPCRs via the 7TM
domain.

C. Allosteric Receptor Modulation in the Light of
Theoretical Receptor Models

A number of classic and more recent theoretical mod-
els have attempted to formalize the mechanisms of in-
teraction of receptors with their ligands. The “two-state
model” (Leff, 1995) assigns an active (R*) and an inac-
tive (R) conformation to the receptor, which are inter-
convertible and in thermodynamic equilibrium. The
spontaneous formation of R* without agonist binding is
the basis for constitutive activity. The binding of an
agonist stabilizes the active receptor state R* (intrinsic
efficacy « > 1), whereas an inverse agonist (¢« < 1)
reduces constitutive activity by shifting the equilibrium
to the resting state R. Increasing or decreasing values of
a account for various degrees of low or higher partial to
full agonism (or inverse agonism). “Silent” antagonists
block the binding site, but are neutral in terms of recep-
tor activation (o = 1). This model, however, does not
accommodate the effects of allosteric drugs. Changes in
binding affinities of orthosteric ligands induced by allo-
steric modulators have been described by a “ternary
complex model,” which was originally designed for the
modulation of agonist binding by receptor-G-protein cou-
pling (De Lean et al.,, 1980) but can also be applied
instead to the binding cooperativity between two small
molecules interacting with distinct sites on the same
receptor protein. Because the thermodynamic stability
of the ternary complex is independent of the order of
ligand binding, the allosteric interaction between the
orthosteric and allosteric ligands is always reciprocal.
Its strength depends on the chemical nature of both
molecules [i.e., is ligand- (or “probe”) dependent]. The
more recent allosteric two state model introduced by
Hall (2000) (Fig. 3) combines these two previous models,
but at the same time accounts for additional aspects of
receptor-ligand interactions, which were not covered by
the ternary complex model and the two-state model. In
particular, it introduces the allosteric constant 8, by
which the efficacy « of an orthosteric ligand (in addition
to its affinity) can be modified. Moreover, it also ac-
counts for allosteric agonism (8 > 1) or inverse agonism
(B < 1) (i.e., the stabilization of the active or inactive
receptor states, respectively, by ligands binding to a site
distinct from the orthosteric site). This model treats the
allosteric interactions in purely numerical terms; i.e.,
the constants y and & are independent of the qualitative
nature of the orthosteric ligand. Thus, this model pre-
dicts that partial or full agonists or inverse agonists, as
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Fic. 3. The allosteric two-state model. R, inactive state of the recep-
tor; R*, active state of the receptor; A, orthosteric ligand; B, allosteric
ligand; K, binding constant of A; L, receptor isomerization constant; M,
binding constant of B; «, intrinsic efficacy of A; B, intrinsic efficacy of B;
v, binding cooperativity between A and B; §, activation cooperativity
between A and B. Slightly modified after Hall (2000).
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well as competitive antagonists, should be equally ame-
nable to modulation by allosteric drugs (for examples
and further discussion, see Urwyler et al., 2005). The
model of Hall was extended in a further step to a “qua-
ternary complex model” by Christopoulos and Kenakin
(2002), to include allosteric modulation of the orthosteric
site not only by low molecular weight compounds, but at
the same time also by receptor-G-protein interactions.
These theoretical considerations, together with the
structural and functional aspects discussed above, show
that the allosteric binding site is, just as the orthosteric
site, a ligand binding site in its full own right (Fig. 4). In
addition to cooperative effects modulating affinities
and/or efficacies of orthosteric ligands, agonistic or in-
verse agonistic effects of compounds acting at the allo-
steric site (often in the 7TM domain) are possible, just as
for those binding to its orthosteric counterpart (here the
VFTM) (Langmead and Christopoulos, 2006; Schwartz
and Holst, 2006). There are mixed forms of modulating
and agonistic effects, and for both there is a continuum

Orthosteric
ligand

ism

ful M e :
agon
artial
”

competitive
antagonism

partial inverse

agonism

full Response

©

Receptor

from negative to positive efficacies to different degrees
(Fig. 4). This continuum also comprises neutral alloste-
ric ligands (i.e., compounds without any positive or neg-
ative cooperativity or agonistic or inverse agonistic effi-
cacy). In analogy to “silent” orthosteric antagonists, such
compounds will act as antagonists at the allosteric site,
competitively blocking the effects of positive or negative
allosteric modulators, allosteric agonists or inverse ago-
nists, or mixed forms thereof. Examples for such drugs
are the benzodiazepine receptor antagonist flumazenil,
or the neutral allosteric site ligand at the mGlub recep-
tor 5-methyl-6-(phenylethynyl)-pyridine (sMPEP) (Fig.
7), which blocks the actions of both positive and negative
mGlub receptor modulators (Rodriguez et al., 2005). This
diversity of possibilities of compound effects through allo-
steric sites shows that these are active sites on a receptor
(although they seem to be “serendipitous” sites for which
no natural ligands exist), which makes them malleable
and suitable targets for pharmacological intervention.

D. Strategies for Discovering Allosteric Modulators

GPCRs leave open an enormous potential for drug
development by their sheer number. For many of them,
the natural ligands are not yet identified; i.e., they still
have the status of “orphan receptors.” Others, such as
family C GPCRs, which are the subject of this review,
have been identified by molecular cloning and pharma-
cologically characterized only relatively recently, and
only a rather small number of drugs acting through
them exist to date. Most pharmaceuticals developed so
far act at GPCRs as orthosteric ligands (that is, as ago-
nists or antagonists at the binding sites for their natural
agonists) and have typically been identified in ligand
binding assays (Hopkins and Groom, 2002; Maudsley et
al., 2005). Modern assay techniques, in conjunction with

Allosteric
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positive
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and/ or
allosteric
agonism

neutral
cooperativity

partial

negative
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and/ or
allosteric
inverse
agonism

full

©

Fic. 4. Mechanisms of ligand-receptor interactions. Orthosteric and allosteric ligands bind to topographically distinct sites on a receptor. Both can
positively or negatively influence signal transduction, either on their own or by modulating each other’s affinity and/or efficacy. 1, orthosteric full or
partial agonism or inverse agonism; 2, affinity modulation (positive or negative); 3, efficacy modulation (positive or negative); 4, allosteric agonism or
inverse agonism; 5, neutral binding to the orthosteric site/competitive antagonism; 6, neutral binding to the allosteric site.
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the stable expression of a drug target of interest in
recombinant cell lines, now make it possible to screen
large compound libraries containing hundreds of thou-
sands of chemical entities for new pharmacological
actions (McLoughlin et al., 2007). Moreover, computer-
assisted (“in silico”) searching methods such as ligand-
or structure-based homology modeling, are gaining
importance as a valuable add-on to experimental high-
throughput screening (HTS) (Triballeau et al., 2005;
Costantino, 2006; Schlyer and Horuk, 2006). Such mod-
ern drug discovery technologies have made it possible to
find molecules acting at GPCRs through other sites and
other mechanisms than orthosteric ligands (Rees et al.,
2002; Brink et al., 2004).

The plurality and complexity of compound effects at
GPCRs call for powerful assay techniques to adequately
describe the nature of orthosteric and allosteric receptor
ligands. For example, inverse agonism can only be de-
tected in the presence of a measurable degree of consti-
tutive activity, and the measurement of low-efficacy par-
tial agonism depends on the availability of an assay
system sufficiently sensitive to detect small responses
(Binet et al., 2004; Urwyler et al., 2005; Langmead and
Christopoulos, 2006). In this context, it should be noted
that in sensitive, highly expressing recombinant sys-
tems with a high degree of receptor reserve, the appar-
ent efficacy of partial agonists will increase and can even
reach seemingly full agonism. Resulting apparent ligand
effects are thus a combination of intrinsic and condi-
tional factors, making the choice of the appropriate as-
say system crucial. Whereas orthosteric ligands can eas-
ily be detected in radioligand binding assays, such
experiments are most often not suitable for HTS cam-
paigns and will not always detect compounds acting
through novel allosteric sites. Typically, whole cell or, in
some cases, membrane-based functional assays will be
performed in the presence of a submaximal agonist con-
centration to reveal positive or negative allosteric mod-
ulation by test compounds from a screening library. Be-
cause allosteric interactions are ligand-dependent, it is
probably best to use the endogenous agonist for these
experiments. A careful secondary characterization will
then be needed to confirm that the compound of interest
is indeed acting through an allosteric mechanism. This
will include radioligand displacement assays to exclude
interaction with the orthosteric binding site as well as
kinetic assays to show indirect effects on the binding
properties of an orthosteric probe. Moreover, detailed
radioligand binding as well as a panel of functional
assays are needed to determine whether an allosteric
modulator primarily affects the affinity or the apparent
efficacy of an orthosteric agonist, or both. Functional
assays should also be conducted in the absence of an
orthosteric agonist, to detect any putative intrinsic ago-
nistic or inverse agonist activity of the allosteric com-
pound. Last but not least, compound effects should be
confirmed in native assay systems, especially because

receptor interactions with effector systems may be dif-
ferent in recombinant and native environments. The
natural agonist may not be the best to work with in
native preparations, as it usually will be a substrate for
enzymes and transporters. Therefore, in the light of the
ligand dependence mentioned in section I.C. it should be
ascertained beforehand in recombinant assays that a
chosen synthetic agonist undergoes the same allosteric
influences by the test compound as the natural one.
Once compounds interacting with a novel allosteric site
have been identified in this way, it might become possi-
ble to obtain radioligands directly labeling that site,
provided they have high (nanomolar) binding affinity.
As we will see in the course of this review, this is the
case for only relatively few examples so far.

Using such approaches, a considerable number of mol-
ecules modulating family C and other GPCRs have been
discovered and characterized in recent years. This novel
therapeutic concept has opened exciting new avenues in
modern pharmacology.

II. Allosteric Ligands for Taste Receptors: Not
Only the Proof of Concept

A. Taste—More than Just a Pleasure

Only five different basic qualities make up the reper-
toire of taste sensation by humans and other organisms:
sweet, bitter, salty, sour, and “umami” (the savory taste
of meat, derived from Japanese “umai,” delicious). At the
entry door for food, taste perception exerts the role of a
nutritional quality control (Lindemann, 2001): it moni-
tors the content of energy-rich carbohydrates (sweet),
amino acids (umami), it checks whether the salt content
is within the tolerance of the organism’s electrolyte bal-
ance, and it also detects the presence of potentially
harmful or toxic ingredients, which often have a bitter or
sour taste. This small number of only five taste qualities,
which has proven during evolution to be sufficient for
fulfilling this quality control task, corresponds to a low
diversity of taste receptors. This implies, however, that
the relatively few taste receptors are rather promiscu-
ous (Wellendorph et al., 2009) in the sense that, for
example, the sweet receptor recognizes different types
not only of sugars but also of other sweetener molecules,
and the umami receptor binds different L-amino acids,
whereas, by comparison, mGlu receptors are highly spe-
cific for the canonical agonist L-glutamate. Frauli et al.
(2006) have demonstrated that among the 20 natural
L-amino acids, only glutamate is able to activate mGlu
receptors.

Whereas beforehand the characterization of tastant
molecules relied essentially on behavioral measures
(Palmer, 2007), the relatively recent discovery and char-
acterization of taste receptors (see section I1.B) made the
area of taste research amenable to the concepts and
techniques of molecular pharmacology. In fact, in the
search for taste additives, companies that specialize in
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the development of such chemicals proceed in much the
same way that pharmaceutical companies do when pur-
suing a new target [for example by expressing the re-
ceptors of interest in recombinant cell lines (Ozeck et al.,
2004) and using these for HTS of large compound librar-
ies (Palmer, 2007; Zhang et al., 2008a)]. The potencies of
such molecules obtained in these in vitro assays can be
expected to reliably predict their in vivo activity, be-
cause no biological barriers oppose them and no phar-
macokinetic considerations apply.

The mechanisms of sensing by taste receptors have
been the subject of several reviews (Mombaerts, 2004;
Scott, 2004; Chandrashekar et al., 2006; Palmer, 2007;
Temussi, 2009) and can be treated only superficially
here. It has long been the prevailing view that taste cells
are selective for only one of the five taste modalities (i.e.,
they express only one class of taste receptors) and that
from them a neuronal signal is sent to the brain along
“labeled lines” (Zhang et al., 2003; Scott, 2004; Chan-
drashekar et al., 2006). However, more recent adapta-
tions of the model allow for some cross-talk between
different taste signals (Tomchik et al., 2007; Temussi,
2009). In fact, although “type II” taste-specific cells ex-
press only one type of taste receptor, signals from differ-
ent taste cells may converge on type III cells, thus add-
ing some complexity to taste perception. Taste receptors
fall into different categories in terms of their signal
transduction mechanisms. Not surprisingly, receptors
sensing sour and salty tastes are ion channels. On the
other hand, bitter, sweet, and umami receptors are GP-
CRs and couple to gustducin, a G-protein specifically
involved in taste processing (Chandrashekar et al.,
2000), but also to other G-proteins (Kusakabe et al.,
2000; Ozeck et al., 2004). Taste receptors for bitter,
sweet, and umami are localized in type II cells, which
are part of the taste buds on the surface of the tongue.
The signal transduction machinery of type II cells, how-
ever, does not enable them to make synaptic contacts
with sensory neurons. It is believed that indirect inter-
cellular communication via synapse-capable “type III”

SE2

SE3 Aspartame

Neotame
Saccharides

Sweet receptor

cells relays the taste receptor input to sensory neuronal
output. These mechanisms have been nicely reviewed by
Palmer (2007). Approximately 30 genes encode a group
of bitter receptors (T2R GPCRs) to accommodate for a
large variety of potentially harmful food ingredients.
These are class A (rhodopsin-like) receptors and are
therefore beyond the scope of this review.

B. Molecular Mechanisms of Sweet and Umami Taste
Sensing

Whereas the need for sensing a large number of poten-
tially harmful food ingredients is met by at least 30 differ-
ent bitter taste receptors, evolution has adopted a different
strategy for the recognition of sweet- or umami-tasting
molecules. Only three T1R receptor proteins encoded by
separate genes (T1R1, T1R2, and T1R3) have been identi-
fied so far in mice and humans (Kitagawa et al., 2001; Max
et al., 2001; Montmayeur et al., 2001; Nelson et al., 2001;
Sainz et al., 2001). T1R3 is coexpressed in taste cells either
with T1R1 or with T1R2. Studies in knockout animals
lacking an individual subtype of T1R receptors led to the
conclusion that TIR1+T1R3 are required for umami sens-
ing, whereas T1R2+T1R3 are needed for sweet perception
(Zhao et al., 2003). Members of the Felidae family, from the
domestic cat to the tiger, have a deletion mutation in their
T1R2 gene that makes them indifferent to sweets and is
likely to have played a role in the evolution of their carniv-
orous behavior (Li et al., 2005). Nelson et al. (2001) and Li
et al. (2002) expressed T1R2 together with T1R3 in recom-
binant cell lines and were indeed able to demonstrate
intracellular Ca®* signals in response to a variety of sweet
compounds. Cells lacking either subunit did not produce
responses. Likewise, T1R1 and T1R3 produced a calcium
signal in response to L-glutamate or other amino acids
when expressed together, but not individually, in HEK
cells (Li et al., 2002; Nelson et al., 2002). On the basis of
these findings, it is now well established that, much like
the GABAy receptor identified earlier (Fig. 12; section IV),
sweet and umami receptors consist of heterodimers
(Fig. 5), either between T1R2 and T1R3 for the former, or

IMP

Glutamate

Umami receptor

Fic. 5. Structure and ligand binding sites of sweet and umami taste receptors. The two receptors are heterodimeric complexes, each subunit
protein belonging to family C GPCRs. The T1R3 subunit is common to both the sweet and umami receptors; in the former, it coassembles with T1R2
and in the latter, with T1R1. The orthosteric agonists shown bind to the hinge region of the VFTM; SE2/SE3 and IMP act allosterically at sweet and
umami receptors, respectively, by binding to the opening end of the VFTM, thereby stabilizing its closed conformation (see also Fig. 6). Sweet proteins
have been proposed to activate T1R2 via its CRD. The other allosteric ligands shown bind to the 7TM region. See Table 1 for structures of compounds
and more details.
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between T1R1 and T1R3 for the latter. Accordingly, taste
cells express T1R1 or T1R2 but not both, as otherwise they
would send an ambiguous message to the brain. Because
the sweet taste receptor and the umami taste receptor
have the subunit T1R3 in common, the unique subunits
T1R1 (for umami) and T1R2 (for sweet) are expected to
account for ligand binding (Zhang et al., 2008a). However,
deviations from this expectation are in fact observed.

A multiplicity of different ligand binding sites is found
on the sweet receptor T1IR2/T1R3 (Fig. 5) (Cui et al.,
2006). By analogy to other family C GPCRs, it seems
reasonable to consider the binding pocket within the
cleft that separates both lobes of the VFTM to be the
“orthosteric” site, because the natural ligands such as
sucrose or other sugars bind to this site. It is noteworthy
that although family C GPCRs mostly sense amino ac-
ids, the canonical ligands for the sweet receptor are
saccharides. The VFTM on T1R2 of the sweet receptor
also binds the majority of artificial sweeteners, such as
aspartame or neotame (Fig. 5). Xu et al. (2004) have
exploited the fact that human but not rat TIR2/T1R3 are
activated by several synthetic sweeteners to map the
binding sites for aspartame and neotame. In agreement
with behavioral observations, human but not rat recep-
tors responded to aspartame, neotame, and cyclamate
when expressed in HEK cells and assayed for intracel-
lular calcium increases. Functional expression of rat/
human chimeric constructs led to the conclusion that
neotame and aspartame interact with the VFTM in
T1R2. In fact, when the N-terminal domain of the hu-
man T1R2 was replaced with the rat sequence and coex-
pressed with human T1R3, the responsivity to neotame
and aspartame was lost. Conversely, replacement of the
T1R2 N-terminal domain in the rat receptor with its hu-
man counterpart resulted in the gain of ability to be acti-
vated by these two sweeteners.

Nie et al. (2005) monitored the interaction of mouse
T1R2 and T1R3 N-terminal domains (expressed in Esch-
erichia coli and purified) with sugars and synthetic
sweeteners by circular dichroism spectroscopy and by
measuring changes in intrinsic tryptophan fluorescence.
They found that glucose and sucrose, but not cyclamate
(Table 1), bound to both VFTMs, albeit with different
affinities. It is noteworthy that the T1R3 NTD bound
sucrose with higher affinity than the T1R2 NTD,
whereas this was reversed for glucose. Both humans and
mice perceive sucrose as sweeter than glucose, suggest-
ing a key role of the T1R3 NTD in receptor activation.
However, both T1R2 and T1R3 subunits, and their in-
tersubunit coupling, are essential to form a functional
saccharide receptor. This becomes clear from the fact
that the umami receptor, which also contains the T1R3
subunit, is not activated by sugars (although it is mod-
ulated by cyclamate; see below). Obviously, intersubunit
coupling between the heterodimer subunits is crucial;
the sweet receptor, like other family C GPCRs, functions
as an “allosteric machine.” Moreover, the studies of Xu

et al. (2004) indicate that the T1R2 subunit is responsi-
ble for the intracellular G-protein interaction.

Somewhat controversial results have been reported
concerning the binding sites and binding mode of sweet
proteins. Temussi (2002) and Morini et al. (2005) have
performed in silico docking experiments using homology
models based on the ECD of the mGlul receptor. From
this, they suggested that sweet proteins such as brazzein,
monellin, and thaumatin can bind to a secondary site on
the open end of the VFTM without entering the deep cleft
(“wedge model”). Subsequently, Koizumi et al. (2007), us-
ing human/mouse chimeric constructs expressed in HEK
cells and intracellular calcium mobilization assays, have
demonstrated that the protein neoculin, which tastes
sweet to man but not mice, is indeed received by the N-
terminal domain of T1R3. However, the wedge model has
now been found not to be consistent with the results of
mutational analysis, at least in the case of brazzein (As-
sadi-Porter et al., 2010). On the other hand, Jiang et al.
(2004), also by using human/mouse chimeras and by per-
forming site-directed mutagenesis experiments, came to
the conclusion that the cysteine-rich region of human
T1R3 determines the responses to intensely sweet proteins
such as brazzein or monellin and might be part of their
binding site (Fig. 5). In this case, these proteins would act
in a unique way as allosteric agonists through the cysteine-
rich receptor domain (CRD). In this study it was also
observed that an A537P point mutation in the CRD of
hT1R3 resulted in a loss of responsiveness to all sweeten-
ers, also those binding to T1R2, suggesting that the T1R3
CRD plays an important role in receptor coupling and
again highlighting the importance of subunit interactions
in the heterodimer.

Cyclamate (Table 1) also tastes sweet to humans, but
not to rodents. Experiments similar to those outlined
above revealed that the binding site for cyclamate is
located in the 7TM domain of human T1R3 (Xu et al.,
2004; Jiang et al., 2005). From the fact that cyclamate
activates the receptor in the absence of any other ligand,
it follows that this sweetener is an allosteric agonist. On
the other hand, the Senomyx (San Diego, CA) compound
1-((1H-pyrrol-2-yl)methyl)-3-(4-isopropoxyphenyl)thio-
urea (S819; Table 1) is a sweet compound that interacts
in a similar way with the T1R2 transmembrane domain
(Zhang et al., 2008a). Like cyclamate, lactisole (Table 1),
a sweet taste inhibitor in humans but not rodents, also
requires the human T1R3 transmembrane domain to
exert its effects (i.e., to inhibit the receptor’s response to
different agonists such as sugars, sweet proteins, and
synthetic sweeteners) (Jiang et al., 2005). Lactisole thus
behaves as a negative allosteric modulator; it is compet-
itive against cyclamate. In fact, in molecular modeling
studies, docking of cyclamate and lactisole in the T1R3
transmembrane domain revealed a considerable overlap
in the binding pockets for the two ligands (Jiang et al.,
2005). Site-directed mutagenesis studies have identified
amino acid residues interacting with lactisole in the
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TABLE 1

Allosteric ligands for sweet and umami taste receptors
Taste enhancers stabilize either the active form of the VFTM or that of the 7-TM region by binding to allosteric sites. Lactisole is an allosteric antagonist at both taste

receptors. See section II.B for further details.
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Compound Structure Potencies Comments References
N. o
~NoT Allosteri ist (sweet)
S osteric agonist (sweet) or o
Cyclamate |\\O ECy, = 3 mM modulator (umami) binding Xuzgg 53%)" 2004; Jiang et al.,
o to the 7TM domain of T1R3
+
Na
(0]
0] Negative modulator binding to o
Lactisole OH IC,, = 41 uM the 7TM domain of TIR3 Xu et al., 2004; Jiang et al.,
. 2005a
(sweet/umami)
\O
o Allosteric agonist binding to
S807 o EC;, =~ 0.5 uM the 7TM domain of T1R1 Zhang et al., 2008a
N (umami)
< H
O
H H / \ . . o1
N N Allosteric agonist binding to
S819 T N the 7TM domain of T1R2 Zhang et al., 2008a
)\ (sweet)
(0]
(0]
Naturally occurring umami
taste enhancer stabilizing Li et al., 2002; Nelson et al.
HO ~ » ; ,
IMP ECso ~ 3 mM the closed conformation of 2002; Zhang et al., 2008a
the TIR1-VFTM (Fig. 6)
H
OY N S
SE-2 Nao ‘ EC;, = 22 uM
NH, Positive modulators of the
sweet receptor, stabilizing Servant et al., 2010; Zhang et
) H the closed form of the T1R2- al., 2010a
\_N VFTM
2
o7 |
SE-3 N
NH

pocket (Jiang et al., 2005) or have shown that only two
amino acids in transmembrane region 5 are responsible
for the insensitivity of rodent receptors to lactisole (Win-
nig et al., 2005).

The canonical, orthosteric agonists for the TIR1/T1R3
umami receptor are L-amino acids, which bind to the
T1R1 VFTM receptor domain (Fig. 5) (Zhang et al.,
2008a). Most mammalian species respond strongly to
the taste of a broad range of L-amino acids, and cellular
assays with recombinantly expressed mouse T1R1/T1R3
revealed that this combination functions as a broadly
tuned amino acid-sensing receptor, with highest sensi-

tivities for cysteine, alanine, glutamine, and serine (Nel-
son et al., 2002). In humans, on the other hand, the
unique savory, meaty “umami” taste sensation is elicited
mainly by monosodium L-glutamate. Accordingly, in cal-
cium imaging assays in cells expressing the human
T1R1/T1R3, the potency of L-glutamate (EC;, between 1
and 10 mM) is at least 1 order of magnitude higher than
that of other amino acids (Li et al., 2002; Nelson et al.,
2002). Thus, the relatively high selectivity of the human
umami receptor for glutamate is reminiscent of that of
its relatives, the mGlu receptors. It is noteworthy that
the group III mGlu receptor subtype 4 (see section II1.C)

2T0Z ‘2 laquada uo 1sanb Aq Bio sjeuinofiadse raiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org/

79
2
-
>
o
-
<
S
Q0
0
e
o
g
:

aspet

70 URWYLER

agonist L-AP4 also elicits umami taste in humans, and it
activates TIR1/T1R3 with a potency similar to that of
glutamate.

The T1R3 subunit is shared by the sweet and the
umami receptors; thus, it is not surprising that cycla-
mate and lactisole are also active at the human umami
receptor (Fig. 5). Lactisole reduces umami taste percep-
tion and antagonizes recombinant human T1R1/T1R3 in
an allosteric fashion; its IC5;, value (0.2 mM) is not
dependent on the glutamate concentration. On the other
hand, unlike its effect on the sweet receptor, cyclamate
does not activate the umami receptor by itself but en-
hances its response to glutamate, thus acting as a posi-
tive allosteric modulator (Xu et al., 2004). Cyclamate
shifts the concentration-response curve of glutamate to
lower concentrations by approximately 2-fold. As one
might expect, cyclamate has comparable EC5, values (in
the low millimolar range) for its effects on both the sweet
and the umami taste receptors (Xu et al., 2004). This
interesting change from allosteric agonism to allosteric
modulation by cyclamate occurring in function of the
partnering subunit can be easily detected in recombi-
nant cell lines, but the enhancing effect on umami taste
cannot be perceived in taste tests in humans because of
the intense intrinsic sweet taste of cyclamate.

A hallmark of umami taste is its strong potentiation
by purine 5'-ribonucleotides such as IMP (Table 1) or
GMP, which do not elicit the umami taste by themselves.
This potentiation was nicely reproduced in cellular cal-
cium mobilization assays with human T1R1/T1R3 (Li et
al., 2002; Nelson et al., 2002). The responses to gluta-
mate were greatly enhanced by IMP and GMP, and in
the presence of 0.2 mM IMP, the EC;, for glutamate was
lowered by approximately 30-fold. CMP, which does not
enhance umami taste, had no effect, and IMP did not
enhance the responses to sweeteners at T1R2/T1R3.
Most importantly, IMP and GMP did not activate the
T1R1/T1R3 proteins on their own, indicating that they
act as positive allosteric modulators at the human
umami taste receptor. These compounds are rare exam-
ples of naturally occurring allosteric GPCR modulators.

Zhang et al. (2008a) undertook the task to elucidate
the molecular mechanism for umami taste synergism by
purine nucleotides and other allosteric modulators. Us-
ing chimeric T1R receptors, site-directed mutagenesis,
and molecular modeling, they came to propose a cooper-
ative ligand-binding model in which glutamate binds
close to the hinge region of the T1R1 VFTM, whereas
5'-ribonucleotides bind to a site adjacent to the opening
region of the flytrap, thereby further stabilizing the
closed conformation apparently by coordinating posi-
tively charged amino acid residues via their phosphate
groups (Fig. 6). This mechanism easily explains why
these ribonucleotides have no activity on their own:
binding to one lobe at the open end of the VFTM will not
be sufficient to close the flytrap, because the other lobe
remains too distant in the absence of an agonist such as

FiG. 6. Mechanism of stabilization of the closed conformation of the
umami receptor VFTM by IMP (green). Whereas glutamate (golden)
closes the two lobes by binding deep inside the VFTM near its hinge
region (right), IMP further stabilizes the closed conformation by binding
to the two lobes near the flytrap opening to the left. Because the upper
(top) and lower (bottom) lobes are too far apart in the open conformation,
IMP cannot activate the receptor by binding to one lobe in the absence of
glutamate. Key residues for glutamate binding are blue, for IMP binding
red. The two sweet taste enhancers SE2 and SE3 (Table 1) have been
shown to act in a similar way at the sweet taste receptor. [Reproduced
from Zhang F, Klebansky B, Fine RM, Xu H, Pronin A, Liu H, Tachdjian
C, and Li X (2008a) Molecular mechanism for the umami taste synergism.
Proc Natl Acad Sci USA 105:20930-20934. Copyright © 2008 National
Academy of Sciences U.S.A. Used with permission.]

glutamate, which closes the module by binding to the
hinge region. Very recently, the two compounds SE-2
and SE-3 (Table 1) have been shown to act in the same
way at the sweet receptor (Servant et al., 2010; Zhang et
al., 2010a). This is a unique mechanism of allosteric
modulation at family C GPCRs; most other modulating
molecules, such as lactisole or cyclamate, exert their action
via the 7TM region of a receptor subunit. N-(heptan-4-yl)
benzo[d][1,3]dioxole-5-carboxamide (S807; Senomyx; Ta-
ble 1) is indeed a molecule that stimulates recombinant
umami receptors directly by interacting with the 7TM do-
main of T1R1 (Zhang et al., 2008a). As a result of the
efforts in the food industry to identify novel taste enhanc-
ers, many other umami-tasting molecules obtained and
derived from different sources and leads and with different
binding sites and mechanisms have been described previ-
ously (Winkel et al., 2008).

C. Possible Benefits of Allosteric Modulators for
Taste Receptors

There are multiple reasons for the interest in the
discovery of taste enhancers from a health policy point of
view. Pathologic conditions such as hypertension, obe-
sity, diabetes, and many others are related to or have an
impact on nutritional habits. Although artificial sweet-
eners already represent a large market in the food sec-
tor, there still is a need to expand this principle into
other taste qualities. For example, an enhancer of salty
taste would be of help for people on a low sodium diet.
Elderly people often have a decline of taste function and
appetite that may result in nutritional deficits. Taste
enhancers might help them to enjoy their food and pre-
vent such deficits. It is noteworthy that taste receptors
are also located in the gastrointestinal tract and possibly
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involved in the sensing of food intake. They respond to
organic nutrients or their immediate breakdown prod-
ucts (e.g., sugars or amino acids). These receptors might
also represent potential drug targets to treat, for exam-
ple, type II diabetes by mimicking food intake by potent
agonists or positive allosteric modulators (Wellendorph
et al., 2009).

From a theoretical point of view, at first sight it might
not matter whether taste enhancers act as orthosteric or
allosteric agonists or as positive modulators. As outlined
in the introduction, the potential advantage of positive
allosteric modulators as pharmaceuticals lies in the fact
that they act in a physiological context [i.e., only when
and where receptors are activated by their endogenous
ligands (hormones or neurotransmitters)]. Taste en-
hancers, however, are administered with food and there-
fore concomitantly with the natural ligands for taste
receptors anyway. Thus, this consideration does not
seem to apply here. However, none of the artificial
sweeteners available at present can really reproduce the
taste of sugar. Some of them have a metallic or bitter
second taste at high concentrations that is apparently
due to interactions with bitter and/or capsaicin receptors
(Kuhn et al., 2004; Riera et al., 2008). An advantage of
positive allosteric modulators would be to enhance the
natural taste of sugar, thereby allowing reduction of
intake and caloric supply. In addition, the problem with
synthetic agonists often is that they are required in
molar quantities similar to those of the natural ligands,
making them expensive. On the other hand, because of
their high affinities, agonists active at low concentra-
tions would dissociate from their receptors slowly, leav-
ing behind a not necessarily desirable aftertaste. Al-
though this might also be an issue with positive
allosteric modulators increasing the affinity of the nat-
ural agonist, a modulator predominantly acting through
efficacy cooperativity would have the advantage of en-
hancing the taste of food only as long as we enjoy its
presence in the palate.

II1. Allosteric Modulators Allow for Subtype
Selectivity among Multiple Metabotropic
Glutamate Receptors

Metabotropic glutamate receptors serve mainly to
modulate excitatory neurotransmission in the brain,
whereas their ionotropic counterparts (AMPA, NMDA,
and kainate receptors) mediate fast excitatory synaptic
signaling. Eight different mGlu receptor subtypes have
been identified by molecular cloning and are classified
into three groups based on sequence homology (Fig. 1),
pharmacological properties, and distinct coupling to in-
tracellular signaling cascades. Group I (activating phos-
pholipase C) comprises mGlu receptors 1 and 5, group II
(coupled to G;-mediated inhibition of adenylyl cyclase)
includes mGlu2 and mGlu3 receptors, and group III
(also inhibiting cAMP formation) consists of mGlu recep-

tor subtypes 4, 6, 7, and 8. Various isoforms of these
subtypes originating from alternative splicing of their
messenger RNAs have also been found.

The design of agonist and antagonist ligands binding
to the orthosteric site of glutamate receptors is a most
demanding endeavor in medicinal chemistry and is
hampered by hurdles of different kinds. First, the bind-
ing pocket for glutamate almost exclusively requires
amino acid-like structures for binding. Such polar,
charged molecules pose problems regarding bioavailabil-
ity and blood-brain barrier permeability. Second, al-
though agonists or antagonists that are relatively selec-
tive between mGlu receptor subgroups have been
obtained, almost no orthosteric ligands that are truly
selective for a given subtype within a subgroup are
known today, because the glutamate binding site has
been highly conserved during evolution. Allosteric li-
gands potentially offer a way out of these dilemmas.
Indeed, their binding sites being located in the 7TM
domain, they usually are neutral, lipophilic structures
lacking the pharmacokinetic constraints of glutamate
analogs. Moreover, because these binding sites are un-
der less evolutionary selection pressure than the gluta-
mate recognition site and are therefore less conserved,
selectivity for subtypes within a given group can be
achieved. Many allosteric mGlu receptor ligands with
interesting pharmacological properties are known to-
day, and some of them seem to have a considerable
therapeutic potential (for review, see Niswender and
Conn, 2010; O'Neill et al., 2010; Gregory et al., 2011).

A. Allosteric Ligands for Group I Metabotropic
Glutamate Receptors: the First Success Stories

Allosteric ligands for group I mGlu receptors were
among the first to be discovered for family C GPCRs.
CPCCOEt (Table 6) was described by Annoura et al.
(1996) as the first non—amino acid-like mGlul receptor
antagonist. Its mode of action was subsequently charac-
terized by Hermans et al. (1998) and Litschig et al.
(1999). The discovery of a negative allosteric mGlul recep-
tor modulator was soon followed by that of compounds
acting in the same way at its mGlub receptor counterpart
[6-methyl-2-(phenylazo)-3-pyridinol (SIB-1757), (E)-2-
methyl-6-(2-phenylethenyl)pyridine (SIB-1893), 2-methyl-6-
(phenylethynyl)-pyridine (MPEP); Table 2] (Gasparini et al.,
1999; Varney et al., 1999). Since then, a great number of both
positive and negative allosteric modulators have been de-
scribed for both group I mGlu receptors, and their develop-
ment has been brought forward to the stage of clinical trials
for some of them (Gasparini et al., 2008; Jaeschke et al., 2008;
Lindsley and Emmitte, 2009; Niswender and Conn, 2010).

1. Noncompetitive mGlub Receptor Antagonists Turned
out to Be Prototype Allosteric mGlu Receptor Modulators.
MPEP (Table 2) was the fruit of a collaboration between
Novartis (Basel, Switzerland) and SIBIA Neurosciences
Inc. (now part of Merck) that yielded SIB-1757 and SIB-
1893 (Table 2) as hits from an mGlu5 receptor high-
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TABLE 2
Some acetylenic negative allosteric mGlub receptor modulators (III-IX) originally evolving from SIB-1757 (I) and SIB-1893 (II)

Besides MPEP and MTEP, some recently published structures are shown. Earlier compounds have been comprehensively reviewed by Jaeschke et al. (2008) and by Lindsley
and Emmitte (2009). The ICj, values shown are from a representative functional or radioligand binding assay. Because of the different assay conditions, they should be

compared with caution. See Fig. 7 and Table 4 for more structures of acetylenic allosteric mGlub receptor ligands.

Compound Structure Potency Comments References
N Ns /@
I: SIB-1757 | N N 1C,, = 3.7 uM Varney et al., 1999
=
OH First negative mGlu5 receptor modulators resulting
from an HTS program
II: SIB-1893 N\ X I1C;, = 3.5 uM Varney et al., 1999
=
Prototypical negative mGlu5 modulator, resulting
. _ from an optimization program based on ..
IT: MPEP N\ 4 IC50 = 36 nM compounds I and IT; active in animal models for a Gasparini et al., 1999
| number of indications (see section III.A.1)
=
N
|
A Somewhat better brain penetration and in vivo
IV: MTEP N // ICqo = 16 1M efficacy in some models compared to MPEP Cosford et al., 20032
—]
S
N F .
\'% ‘ X 1C;, = 23 nM Vanejevs et al., 2008
P
(6]
VI & 1C;, = 7.5 nM Sharma et al., 2009
N~ XX
L _
N
VII = 1C;, = 21 nM Sharma et al., 2009
N
\
P 0)\ N/
F
VIII IC,, = 4.8 nM Kulkarni et al., 2009
N B *
4</S ] N

throughput screening program. These structurally novel
compounds inhibited mGlu5 receptor activity in a phos-
phoinositol turnover assay in a recombinant cell line ex-
pressing human mGlub receptors with ICy, values of 3.7
and 3.5 uM, respectively (Varney et al., 1999). The much
more potent antagonist MPEP was then obtained as a

result of a structural derivatization program starting from
SIB-1757 and SIB-1893 (Gasparini et al., 1999). In a re-
combinant cell line expressing the human mGluba recep-
tor, MPEP completely inhibited quisqualate-induced
phosphoinositol hydrolysis with an ICg, of 36 nM, corre-
sponding to a 100-fold increase in potency compared with
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the two SIB compounds. MPEP was somewhat later found
to inhibit constitutive activity in a cell line transiently
overexpressing the rat mGlub receptor, suggesting inverse
agonist activity of the compound (Pagano et al., 2000). In
the context of an extensive characterization in vitro, Gas-
parini et al. (1999) tested MPEP in functional assays for all
cloned mGlu receptor subtypes expressed in recombinant
cell lines. It displayed no agonistic, inhibitory, or modula-
tory effects at any mGlu receptors other than mGlu5. The
only noteworthy exception was observed with the mGlu4
receptor: a slight enhancement of the inhibition of forsko-
lin-stimulated cAMP formation produced by 1-AP4 at a
high concentration (100 uM) of MPEP. This inconspicuous
finding went unnoticed at the time, but it was later re-
ported that MPEP is indeed a positive allosteric modulator
of mGlu4 receptors, although at much higher concentra-
tions than those needed for inhibition of mGlu5 receptors
(see section II1.C). Electrophysiological recordings in Xeno-
pus laevis oocytes revealed no effect of MPEP (100 uM) on
ionotropic (AMPA, NMDA, and kainate) glutamate recep-
tors. When applied microiontophoretically to the CA1 area
of the hippocampus, a brain region prominently expressing
mGlu5 but only weakly mGlul receptors, in anesthetized
rats, MPEP inhibited the increase in neuronal firing in-
duced by the group I mGlu receptor agonist (R,S)-3,5-
dihydroxyphenylglycine (DHPG). When MPEP was ad-
ministered intravenously (1-20 mg/kg), it also inhibited
excitatory responses evoked by DHPG in a dose-dependent
manner, proving that the compound crosses the blood-
brain barrier. Responses produced by AMPA were not af-
fected.

Later, Cosford et al. (2003a) described MTEP (Table
2), another high-affinity mGlub5 receptor negative mod-
ulator with improved water solubility, somewhat better
brain penetration, and greater in vivo potency compared
with MPEP. In fact, although both compounds were
approximately equipotent in mGlub receptor assays in
vitro, and although both of them readily enter the brain,
the EDg, in an in vivo receptor occupancy assay was
lower for MTEP (1 mg/kg i.p. versus 2.1 mg/kg for MPEP
after 1 h), and MTEP was 5-fold more potent in the
fear-potentiated startle model of anxiety in rats (ED5, =
1 mg/kg i.p. versus 5 mg/kg). It was also reported that
MTEP had fewer off-target effects than MPEP; however,
this might not be too relevant, because the concentra-
tions of MPEP needed to inhibit NMDA receptors or
monoamine oxidase A or to positively modulate the
mGlu4 receptor (see section II1.C) were approximately a
1000-fold higher than those at which it inhibits mGlub
receptors.

MPEP and MTEP being potent and selective mGlub
receptor antagonists with central activity in vivo upon
peripheral administration, it is not surprising that they
have become most important research tool compounds.
So far, several hundred published studies have used
MPEP or MTEP to elucidate the role of mGlu5 receptors
in biochemical, electrophysiological, or behavioral model

systems in vitro and in vivo. However, these compounds
do not seem suitable for therapeutic development be-
cause of the metabolic and toxicologic liability consti-
tuted by the potentially reactive acetylene linker. For
example, MTEP inhibits cytochrome P450 1A2, and
MPEP has been found to form adducts with glutathione
(Milbank et al., 2007). For these reasons, big chemical
efforts have been undertaken to find metabolically sta-
ble and safe acetylenic mGlu5 receptor antagonists, to
remove the acetylene group by designing analogs main-
tain the relative geometry of the two aryl rings in MPEP
and MTEP (examples shown in Table 3), or to identify
completely new scaffolds by high-throughput screening
campaigns. A special case in this context is the com-
pound fenobam (Table 3), which was tested in clinical
trials as an anxiolytic agent in the late 1970s and much
later turned out to be a potent, negative mGlub receptor
modulator binding to the same allosteric site as MPEP
and MTEP (Porter et al., 2005; Malherbe et al., 2006).
Fenobam has also become an important starting point
for chemistry programs. Table 2 provides some recent
examples of acetylenic, and Table 3 gives some nonac-
etylenic negative allosteric mGlub receptor modulators.
It is not possible to review here the wealth of chemical
structures acting in this way; excellent comprehensive
reviews of negative mGlub receptor modulator chemis-
try have been provided by Jaeschke et al. (2008), Rodri-
guez and Williams (2007), and Lindsley and Emmitte
(2009).

The fact that MPEP and MTEP have high potencies in
the low nanomolar concentration range, which is rather
unique for compounds binding to allosteric sites, makes
this type of molecule suitable for use as radioligands.
Several tritium-labeled derivatives of MPEP and MTEP
have been characterized in binding studies in vitro
(membrane binding, autoradiography) and in vivo (An-
derson et al., 2002; Gasparini et al., 2002; Cosford et al.,
2003b; Hintermann et al., 2007). Radioligand binding
assays have routinely been used to determine whether
novel molecules from synthetic chemistry programs bind
to the same allosteric mGlub receptor site as MPEP and
MTEP and to assess their affinity for that site.

The high affinity and good brain permeability of
MPEP and MTEP derivatives should also make them
suitable ligands for in vivo imaging by positron emission
tomography (PET). However, despite the good in vitro
properties of a great number of PET ligand candidates,
the development of useful PET tracers has proven to be
difficult (for review, see Yu, 2007). In fact, the utility of
PET ligands strongly depends, besides selectivity and
good brain penetration, on their metabolic stability and
favorable pharmacokinetic properties. Moreover, many
candidates show lack of specific binding in vivo or false
“specific” binding in the cerebellum, a brain region with
low mGlub receptor expression. Nevertheless, Hamill et
al. (2005) have succeeded in obtaining three PET ligands
(compounds I-IIT in Table 4) that specifically label
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TABLE 3

Emmitte (2009). The potencies shown are ICj, values from functional or radioligand binding assays.

Some examples of nonacetylenic negative allosteric mGlu5 receptor modulators and one recently discovered neutral allosteric ligand
Besides fenobam, some recently published structures are shown. Earlier compounds have been comprehensively reviewed by Jaeschke et al. (2008) and by Lindsley and

Compound Structure

Potency (IC5()

Comments

References

I: Fenobam

)
X
II N

QL
III N
H

PHARMACOLOGICAL REVIEWS

vir ©<§N 6

58 nM

110 nM

124 nM

150 nM

820 nM

540 nM

420 nM

3.5 uM

Anxiolytic in human clinical trials, later
identified as negative mGlu5 receptor
modulator

Structurally related to the positive modulator
CPPHA (Table 5)

Porter et al., 2005

Zhang et al., 2010b

Felts et al., 2009

Rodriguez et al., 2009

Rodriguez et al., 2009

Rodriguez et al., 2009

Zhou et al., 2009

Zhou et al., 2009
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TABLE 3—Continued.

Compound Structure Potency (IC;,)

Comments References

O\
N)\(j:u N ‘
NTONTS
H

32 nM
N-O F
N\ | N/
X: VU0285683 | 24 nM
=
I\
N
o)
<0
=N N N
X1 @/ 16 nM
CN
F
XII: DMeOB \OQVN\N 3 uM

//\©/O\
F
o}
XIII: VU0365396 /@/u\ N
H
N 0 F

Anxiolytic activity in animal models: FPS,

SIH, Vogel conflict test Spanka et al., 2010

Binds with high affinity to the MPEP site;

anxiolytic-like activity in rodents Rodriguez et al., 2010

Burdi et al., 2010

A close derivative of the positive mGlu5

modulator DFB (T in Table 5) O'Brien et al., 2003

First non-MPEP site neutral allosteric mGlu5

. Hammond et al., 2010
receptor ligand

DMeOB, 3,3’-dimethoxybenzaldazine; FPS, fear-potentiated startle.

mGlub receptors in rhesus monkey brain in vivo with a re-
gional distribution corresponding to that found in autoradio-
graphic studies in vitro. 3-(6-Methyl-pyridin-2-ylethynyl)-
cyclohex-2-enone-O-[*'Clmethyl-oxime ([''C]JABP68S; IV in
Table 4) also fulfills all the criteria for a suitable PET ligand
(Ametamey et al., 2006; Hintermann et al., 2007). Ex vivo
autoradiography and in vivo PET studies in rats and mice
demonstrated preferential uptake of [''C]JABP688 in brain
regions known to be rich in mGlub receptors, whereas in
mGlub receptor knockout mice, low binding levels with a
uniform distribution were found. Blocking studies with an
unlabeled MPEP analog further confirmed specific binding
of ['1C]ABP688 to mGlub receptors in vivo. [(!C]JABP688
has subsequently been evaluated for in vivo PET imaging
of mGlub receptors in humans (Ametamey et al., 2007);
high radioactivity concentrations were observed in brain
regions rich in mGlub5 receptors (anterior cingulate, medial
temporal lobe amygdala, caudate, putamen), whereas la-
beling in the cerebellum was low. The tracer 3-fluoro-5-(2-
(2-[*8F] (fluoromethyl)thiazol-4-yl)ethynyl)benzonitrile
([*®F]SP203; compound V in Table 4) has also successfully
been used for in vivo PET studies, first in monkeys (Si-
méon et al., 2007) and then in humans (Brown et al., 2008).
This choice of good ligands should open up exciting possi-
bilities for using PET studies to determine appropriate
doses of candidate drugs that bind to mGlu5 receptors (by

measuring their in vivo receptor occupancy), as well as for
monitoring changes in mGlub receptor densities in the
brains of patients suffering from neurological or psychiat-
ric disorders.

There is robust evidence for a therapeutic potential of
mGlub receptor antagonists in a number of clinical in-
dications. The anxiolytic potential of negative allosteric
mGlu5 receptor modulators began to emerge when
MPEP was tested in conditioned and unconditioned anx-
iety models soon after its discovery (Spooren et al.,
2000b; for review, see Swanson et al., 2005). The local-
ization of mGlub receptors in the brain is mostly post-
synaptic, often in conjunction with NMDA receptors to
which they are linked by scaffolding proteins and the
efficacy of which they enhance to regulate synaptic
strength and plasticity. A brain region thought to be
critically involved in anxiety is the amygdala, where
mGlub receptors are localized on dendritic shafts and
spines in the lateral nucleus postsynaptic to thalamic
inputs (Rodrigues et al., 2002). MPEP has been reported
to impair long-term potentiation (LTP) at these syn-
apses in vitro, and intra-amygdalar administration of
MPEP impaired the acquisition but not the consolida-
tion or expression of conditioned fear (Rodrigues et al.,
2002). Contextual fear conditioning also depends on the
hippocampus, and it is of interest in this context that an
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TABLE 4
Negative allosteric mGlub receptor modulators which have been used as PET ligands

5 The binding affinities for native or recombinant mGlu5 receptors have been obtained in radioligand binding experiments using the corresponding unlabeled compounds as
displacers.
>
E § Compound Structure Binding Affinity PET Studies References
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increase in mGlub receptor expression has been found in
CAS3 one day after acquisition training, followed by a
shift to CA1 10 days after training, supporting the role of
these hippocampal regions in short- and long-term mem-
ory consolidation (Riedel et al., 2000). The interest in
mGlub receptor antagonists as novel anxiolytic agents
has been fostered further by the report that fenobam
(Table 3), a nonbenzodiazepine anxiolytic with a hith-
erto unknown mechanism of action (Pecknold et al.,
1982), is a potent negative allosteric mGlu5 receptor
modulator interacting with the same site in the 7TM

aspet

domain as MPEP (Porter et al., 2005; Malherbe et al.,
2006). Clinical trials with fenobam were discontinued at
the time because psychostimulant side effects were ob-
served in some cases (Friedmann et al., 1980).

The mGlu5 receptor is also strongly expressed in the
basal ganglia, suggesting a role in movement disorders.
The effects of negative mGlub5 receptor modulators in
animal models of Parkinson’s disease are somewhat
equivocal. Based on the reversal of the effects of halo-
peridol in rats (muscle rigidity, catalepsy), Ossowska et
al. (2005) concluded that mGlu5 receptor antagonists

2T0Z ‘2 laquada uo 1sanb Aq Bio sjeuinofiadse raiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org/

79
2
-
>
o
-
<
S
Q0
0
e
o
é
:

aspet.’

ALLOSTERIC MODULATION OF FAMILY C GPCRS 77

such as MPEP and MTEP may be more effective in
inhibiting parkinsonian muscle rigidity than akinesia.
In the hands of Breysse et al. (2002), MPEP reversed
severe akinetic deficits in rats with bilateral 6-hydroxy-
dopamine (6-OHDA)-induced nigrostriatal lesions after
long-term but not after short-term administration. On
the other hand, they saw no effect on haloperidol-in-
duced catalepsy. However, several findings strongly sug-
gest that mGlub receptor antagonists might be effective
against tardive dyskinesias, an important complication
of long-term treatment with L-DOPA in patients with
Parkinson’s disease. In 6-OHDA-lesioned rats, MTEP
significantly attenuated the induction as well as the
acute expression of abnormal involuntary movements
after long-term treatment with L-DOPA. A biochemical
correlate of abnormal involuntary movements was an
increased GABA outflow in the substantia nigra (mea-
sured by in vivo microdialysis) that was counteracted by
MPEP concomitantly with its behavioral effects (Mela et
al., 2007). In autoradiographic studies with [’H]MPEP,
Samadi et al. (2008) observed a strong increase in
mGlu5 receptor density in the posterior putamen
(+41%) and in the pallidum (+56%) of MPTP-lesioned
monkeys that had been treated with L-DOPA and devel-
oped dyskinesias, but not in tissue from monkeys in
which dyskinesias were prevented by adjunct treat-
ments. OQuattara et al. (2009) came to similar conclusions;
moreover, they found that patients with Parkinson’s dis-
ease who had dyskinesias had higher [*H]ABP688-specific
binding in putamen and globus pallidus compared with
those without motor complications. The antidyskinetic ef-
fects of negative mGlub receptor modulators have been
recently confirmed in a nonhuman primate model of Par-
kinson’s disease at the behavioral level. In MPTP-lesioned
monkeys, MPEP, MTEP, and fenobam significantly re-
duced the expression and, in the case of fenobam, also the
development of dyskinesias associated with long-term 1-
DOPA treatment, with little or no reduction of the anti-
parkinsonian effect of L-DOPA (Johnston et al., 2010;
Morin et al., 2010; Rylander et al., 2010). Promising clini-
cal trials in this indication are ongoing with at least two
compounds: AFQ056 (Novartis) (O'Neill et al., 2010) and
ADX48621 [belonging to a series of butynyl pyridines, Ad-
dex Pharmaceuticals (Geneva, Switzerland); Bessis et al.,
2005; see also Gasparini et al., 2008].

Another promising clinical indication for mGlub re-
ceptor antagonists is gastroesophageal reflux disease
(GERD). mGlub receptors localized on terminal vagal
afferents seem to trigger transient lower esophageal
sphincter relaxations, resulting in gastric reflux, thus
opening the possibility to block their increased fre-
quency in GERD with mGlu5 receptor antagonists
(Young et al., 2007). Transient lower esophageal sphinc-
ter relaxations and reflux episodes are potently and
dose-dependently inhibited in ferrets by MPEP and
MTEP (Frisby et al., 2005) and in dogs by MPEP (Jensen
et al., 2005). Early clinical trials with the negative allo-

steric mGlub receptor modulator ADX10059 (a 3-amino-
pyridine derivative, Addex Pharmaceuticals; Bolea et
al., 2004; see also Gasparini et al., 2008) have shown a
significant reduction in the number and duration of re-
flux episodes in healthy subjects and patients with
GERD (Keywood et al., 2009; Zerbib et al., 2010).

Fragile X syndrome, the most common hereditary
form of mental retardation, encompasses hyperactivity,
attention deficits, cognitive impairment, delayed neuro-
nal development, increased incidence of epilepsy, and
autistic-like behavior. It is caused by a loss-of-function
mutation in the gene encoding the fragile X mental
retardation protein (FMRP), which is an important reg-
ulator (repressor) of the transcription of specific mRNAs
and is believed to be involved in synaptic plasticity by
mechanisms involving the control of protein synthesis.
Long-term depression in the hippocampus triggered by
group I mGlu receptor activation, a process involving
protein synthesis, is enhanced in FMRP knockout mice
(Huber et al., 2002). This and other findings led to the
“mGlu receptor theory of fragile X mental retardation”
(Bear et al., 2004), which posits that FMRP and group I
mGlu receptors normally oppose each other and that in
the absence of the former, unchecked mGlu receptor
functions dependent on protein synthesis are excessive.
This hypothesis is buttressed by several observations in
fragile X syndrome mouse models. Administration of
MPEP corrects two phenotypes (enhanced sensitivity to
audiogenic seizures and open field behavior) in FMRP
knockout animals (Yan et al., 2005). Moreover, certain
phenotypes relevant for the human disease (e.g., cortical
development, hippocampus-dependent memory, seizure
susceptibility) can be rescued by the generation of
FMRP knockout animals with a concomitant 50% reduc-
tion in mGlub receptor expression (Délen et al., 2007).
Clinical trials with fenobam have been initiated, and
first results of an open label safety and pharmacokinet-
ics study in adult patients have been reported (Berry-
Kravis et al., 2009).

Glutamate is a key neurotransmitter involved in pain
perception pathways, and mGlub receptors are strategi-
cally located all along these pathways from the periph-
ery (skin) to the central nervous system. The first inves-
tigations with MPEP found that the drug inhibits
thermal hyperalgesia induced by the group I agonist
DHPG and that peripheral but not central administra-
tion of MPEP reduces thermal hyperalgesia in inflam-
matory pain models in rodents (Bhave et al., 2001,
Walker et al., 2001a,b). On the other hand, MPEP was
found to be inactive in models of acute pain. In addition,
systemic, local, and central application of MPEP was
found to be efficacious in a model of postoperative pain
in rats (Zhu et al., 2005), suggesting a role for both
peripheral and central mGlub receptors in that condi-
tion. The early work on the role of mGlub receptors in
chronic pain has been summarized by Slassi et al. (2005)
and seems to indicate that negative allosteric mGlu5
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receptor modulators are more effective in reversing ther-
mal hyperalgesia compared with mechanical hyperalge-
sia or allodynia in both inflammatory and neuropathic
pain models. Newer studies have extended these early
findings and shed more light on the role of mGlub re-
ceptors in pain signaling. Transient receptor potential
vanilloid 1 channels also play a critical role in the trans-
duction of pain sensation. They have recently been
shown to be functionally coupled to mGlu5 receptors on
presynaptic terminals of sensory neurons in the dorsal
horn of the spinal cord (Kim et al., 2009). Accordingly,
transient receptor potential vanilloid 1 is involved in
pain behaviors induced by spinal mGlu5 receptor acti-
vation by the agonist DHPG and blocked by MPEP. Li et
al. (2010) have reported increased mGlub receptor ex-
pression on primary afferent neurons contributing to
nociceptive transmission in diabetic neuropathic pain.
Excitatory postsynaptic currents evoked from the dorsal
root were increased in diabetic animals and inhibited by
MPEP, but not by blocking mGlul receptors. In a vis-
ceral pain model, MTEP and MPEP have been found to
dose-dependently reduce visceromotor and cardiovascu-
lar responses evoked by colorectal distension through an
action at peripheral afferent endings (Lindstrom et al.,
2008). The early results on the effects of MPEP in in-
flammatory pain have been confirmed by Montana et al.
(2009) with fenobam, which reduced formalin-induced
pain behaviors (licking or lifting the injected paw) and
inflammation-induced thermal hypersensitivity in mice.
These effects were not seen in mGlub receptor knockout
mice. The beneficial effects of fenobam, however might,
be limited by a lack of therapeutic window (Jacob et al.,
2009). Apparently successful phase II clinical trials with
the negative allosteric mGlub5 receptor modulator
ADX10059 (Bolea et al., 2004) in the indication migraine
have been summarized by Jaeschke et al. (2008) and by
Gasparini et al. (2008). The development of ADX10059

has been discontinued, however, apparently as a result
of the incidence of abnormalities in liver function tests
(http://www.addexpharma.com).

Because the mGlub receptor is often closely associated
with the NMDA receptor, with which it works in tan-
dem, a potential concern is that blockade of mGlu5 re-
ceptors might result in the same side effects previously
observed with NMDA receptor antagonists, namely cog-
nitive deficits and psychotomimetic effects, which could
seriously limit their clinical usefulness. Weak negative
allosteric mGlub receptor modulators, which do not com-
pletely inhibit mGlu5 receptor-mediated responses even
at saturating concentrations, might be a promising way
to circumvent this concern. As discussed in the introduc-
tion, the intrinsic properties of allosteric ligands, just as
those of orthosteric ones, are positioned along a contin-
uum ranging from neutral (silent) binding to full or
partial positive or negative effects. Rodriguez et al.
(2005) have described MPEP-analogs that exert only
weak negative functional cooperativity at mGlub recep-
tors. In fact, M-5MPEP and 2-(2-(5-bromopyridin-3-yl)
ethynyl)-5-methylpyridine at maximally active concen-
trations were found to only partially antagonize an
mGlub receptor-mediated calcium signal in rat cortical
astrocytes (Fig. 7). Moreover, as shown in Fig. 8 at the
example of M-5MPEP, they reversed the full blockade
produced by MPEP to the maximal level of inhibition
that they were able to produce on their own (by com-
pletely displacing MPEP from its binding site). Like
MPEP, both compounds inhibited the binding of [®H]3-
methoxy-5-(pyridine-2-ylethynyl)pyridine to membranes
from mGlub5 receptor expressing cells in a competitive
fashion (IC;, values 100-200 nM). A most interesting mol-
ecule described in the same study is 5SMPEP, which also
inhibited [*H]3-methoxy-5-(pyridine-2-ylethynyl)pyridine
binding (IC5, = 388 nM) but exerted no functional cooper-
ativity; i.e., it is a neutral ligand at the mGlu5 receptor

\ /T =
N \ N N
2 1007 SMPEP
g 80 - Vehicle
2w M-5MPEP
= Br-SMPEPy __ Br
£ 40/ MPEP = /=
© —
g 5 \_/ \
ES .
250 300 350 400

Time (s)

Fic. 7. mGlub receptor-mediated increase in intracellular calcium induced by glutamate in rat cortical astrocytes was measured by loading the
cells with a calcium-sensitive dye. Cells were preincubated with test compounds at a maximally active concentration (10 uM). Whereas MPEP (Table
2) completely blocked the calcium signal in response to glutamate, M-5MPEP and 2-(2-(5-bromopyridin-3-yl)ethynyl)-5-methylpyridine (Br-5MPEPy)
were able to only partially antagonize the mGlu5 receptor response, and 5MPEP did not inhibit the glutamate effect at all. [Modified from Rodriguez
AL, Nong Y, Sekaran NK, Alagille D, Tamagnan GD, and Conn PJ (2005) A close structural analog of 2-methyl-6-(phenylethynyl)-pyridine acts as a
neutral allosteric site ligand on metabotropic glutamate receptor subtype 5 and blocks the effects of multiple allosteric modulators. Mol Pharmacol
68:1793-1802. Copyright © 2005 American Society for Pharmacology and Experimental Therapeutics. Used with permission.]
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Fic. 8. Weak negative allosteric mGlu5 receptor modulation by
M-5MPEP. The calcium response induced by glutamate in cells loaded
with a calcium-sensitive dye (Fig. 7) was inhibited by M-5MPEP by
maximally approximately 60% (A). On the other hand, 50 nM MPEP
completely antagonized the calcium response. This blockade by MPEP
was partially reverted by the simultaneous addition of M-5MPEP (H) at
increasing concentrations, maximally to the level of inhibition that
M-5MPEP produces when added alone. [Reproduced from Rodriguez AL,
Nong Y, Sekaran NK, Alagille D, Tamagnan GD, and Conn PJ (2005) A
close structural analog of 2-methyl-6-(phenylethynyl)-pyridine acts as a
neutral allosteric site ligand on metabotropic glutamate receptor subtype
5 and blocks the effects of multiple allosteric modulators. Mol Pharmacol
68:1793-1802. Copyright © 2005 American Society for Pharmacology and
Experimental Therapeutics. Used with permission.]

allosteric site (Fig. 4). Accordingly, it did not inhibit the
glutamate-induced calcium signal in astrocytes on its own
up to at least 10 uM (Fig. 7), but it antagonized the block-
ade of that signal produced by MPEP (Fig. 9). This inhibi-
tion of the negative allosteric effect of MPEP by 5SMPEP
was competitive; the Schild plot of the data shown in Fig.
9 revealed a pA, value of 6.25 (slope = 1), which is in
excellent agreement with the binding affinity of 5SMPEP.
The four compounds shown in Fig. 7 are a beautiful rep-
resentation of the continuum of pharmacological effects
mediated via an allosteric site, as discussed in section I and
illustrated in Fig. 4.

2. Positive Allosteric mGlu5 Receptor Modulators.
Very small modifications in a molecule are sometimes
sufficient to change the intrinsic properties of a given
allosteric modulator template. Such molecular/pharma-
cological “switches” have been described recently in a
series of compounds based on a weak negative modula-
tor lead issued from an HTS campaign, resulting in
negative as well as positive allosteric modulators
(Sharma et al., 2008, 2009). In fact, compound V shown
in Table 5 (Sharma et al., 2009) is one of the most potent
mGlub receptor positive allosteric modulators known to
date (EC5, = 14 nM), and it is based on an MPEP-like
scaffold! Positive mGlub receptor modulators based on
the MPEP-scaffold have also been described by other
groups (Vanejevs et al., 2008; Ritzén et al., 2009) and,
most recently, Rodriguez et al. (2010) (compound VIII in
Table 5). The first positive mGlub receptor modulators,
however, were reported by O’Brien et al. (2003). A family
of benzaldazine analogs was found to exert a whole
spectrum of effects, ranging from positive to negative
allosteric modulation encompassing neutral antagonism
at the allosteric site (O’Brien et al., 2003). DFB (com-

pound I in Table 5) was identified as a selective positive
modulator of human and rat mGlub receptors; in recom-
binant Chinese hamster ovary (CHO) cells expressing
either of these receptors, it enhanced intracellular cal-
cium mobilization elicited by glutamate, quisqualate, or
DHPG with EC;, values in the low micromolar range. At
a maximally active concentration (100 uM), DFB en-
hanced the potencies of these mGlub receptor agonists
by approximately 2-fold, with no change in their maxi-
mal effects. The analog 2,2'-difluorobenzaldazine had a
somewhat lower potency as a positive mGlu5 receptor
modulator (O’Brien et al., 2003). On the other hand,
other analogs were found to be negative modulators
[such as 3,3'-dimethoxybenzaldazine (compound XII in
Table 3)] or neutral allosteric ligands [such as 3,3'-
dichlorobenzaldazine (compound IX in Table 5)]. 3,3'-
Dichlorobenzaldazine had no modulatory effect on
mGlub receptor activity, but it reversed the positive
modulation produced by DFB (IC5;, = 7.6 uM) and the
negative modulation by 3,3’-dimethoxybenzaldazine
(ICs0 = 17 uM). None of these compounds had an effect
on the binding of [*H]quisqualate to the orthosteric ag-
onist recognition site, but they all inhibited the binding
of a tritiated MPEP analog to its allosteric site. Some-
what later, the same group presented, as a result of a
screening and an iterative analog library approach
(Zhao et al., 2007), another selective positive mGlub
receptor modulator, CPPHA (Table 5, compound II),
which had effects in calcium assays in recombinant cell
lines similar to those of DFB, although with a somewhat
higher potency and degree of cooperativity (greater en-
hancement of agonist potencies) (O’Brien et al., 2004).
The CPPHA chemotype is a striking example of “flat”
SAR around allosteric GPCR modulators: only 4.5% of
985 analogs had any activity (Zhao et al., 2007). In

= 1204 = Vehicle
2100- A 3 uM 5MPEP
©
< 80+ v 10 uM 5MPEP
o + 30 uM 5MPEP
— 60+
£
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©
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X
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9 -8 -l7 -6 -5
Log[MPEP]

Fic. 9. SMPEP reduces allosteric inhibition by MPEP in a competitive
manner. An mGlu5 receptor-mediated calcium response was measured as
shown in Fig. 7. The concentration-dependent inhibition of the glutamate
effect by MPEP was measured in the absence (l) and in the presence of
increasing concentrations of 5SMPEP (A, 3 uM; V¥, 10 uM; 4, 30 uM).
[Reproduced from Rodriguez AL, Nong Y, Sekaran NK, Alagille D, Ta-
magnan GD, and Conn PJ (2005) A close structural analog of 2-methyl-
6-(phenylethynyl)-pyridine acts as a neutral allosteric site ligand on
metabotropic glutamate receptor subtype 5 and blocks the effects of
multiple allosteric modulators. Mol Pharmacol 68:1793—-1802. Copyright
© 2005 American Society for Pharmacology and Experimental Therapeu-
tics. Used with permission.]
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TABLE 5

Positive allosteric mGlub receptor modulators and one ligand with neutral cooperativity

Information about compound potencies in vitro in one representative assay is given as an indication only. Different assay systems were used, so potencies should be compared
with caution. Because of the complexity of allosteric interactions and the different possibilities of measuring modulation, information on cooperativity is not summarized here

but can be found in section III.A.2.

Compound Structure Potency Comments References
I DFB F/©\¢N\N//\©/F EC., = 2.6 uM O’Brien et al., 2003
Cl
O
. [e) _ Acts through an allosteric site distinct
II: CPPHA @lﬁéN N oH ECs4, = 250 nM from the MPEP binding site Zhao et al., 2007
H
o
H Active in animal models of antipsychoti
. N_ N - ctive in animal models of antipsychotic Lindsley et al., 2004;
III: CDPPB N\ ) \’\/©\\\N EC;, = 20 nM ?;s(l,‘;?;ii,i%’ PPI- or PCP-induced Kinney et al., 2005
(6]
o}
[Qf
H o
IV: VU-29 NS N EC,, = 11 nM de Paulis et al., 2006
/A
N N=
v N_<\ — EC,, = 14 nM Based on MPEP scaffold Sharma et al., 2009
H N / (pharmacological switch)!
o)
A \Q\N
F
VI: ADX47273 N EC,, = 170 nM A";lc‘i’;ievlif;yammal models of antipsychotic — 1:/ ot 41 2008
O%\@\
F
o F
. _ Interacts with a site distinct from the Hammond et al.,
VIL VU0357121 /@)LN ECso = 33 nM MPEP or CPPHA sites 2010
H
A0 F
F
— 0 ..
VIIL VU0360172 — EC,, = 16nM Reverses amphetamine-induced Rodriguez et al., 2010

hyperlocomotion
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TABLE 5—Continued.

Compound Structure Potency Comments References
IX: DCB /@VN\ = cl Icé’{’o:inﬁii‘iM A derivative of DFB () with neutral O'Brien et al., 2003
: Cl NU DFB) cooperativity at mGluR5 "

DCB, 3,3'-dichlorobenzaldazine;

contrast to DFB, CPPHA did not displace the radioli-
gand from the MPEP site, indicating that the two posi-
tive modulators elicit similar allosteric effects through
distinct binding sites. In electrophysiological experi-
ments on brain slice preparations, CPPHA had no ef-
fects on its own but potentiated the enhancement of
NMDA receptor currents by subthreshold levels of
DHPG as well as DHPG-induced depolarizations of rat
subthalamic nucleus neurons. Further important posi-
tive allosteric mGlub receptor modulators include CDPPB
(Lindsley et al., 2004; Kinney et al., 2005) and S-(4-
fluorophenyl)-{3-[3-(4-fluorophenyl)-[1,2,4]-oxadiazol-5-yl]-
piperidin-1-yl}-methanone (ADX47273; Liu et al., 2008)
(Table 5, compounds III and VI, respectively). These two
compounds have essentially the same effects as DFB and
CPPHA in fluorometric calcium assays in vitro (i.e., a shift
of glutamate concentration-response curves to the left by
approximately 10-fold, without a change of maximal stim-
ulation by glutamate). However, the potencies of these new
modulators are clearly higher than those of their predeces-
sors (ECzy = 20 nM for CDPPB and 170 nM for
ADX47273). Both compounds inhibit the binding of radio-
ligands labeling the MPEP recognition site, but not
[*Hlquisqualate binding. In line with this, the effects of
CDPPB in calcium assays, like those of DFB, were inhib-
ited by the neutral allosteric ligand 5MPEP described
above. de Paulis et al. (2006) have undertaken an extensive
derivatization program based on the CDPPB scaffold,
yielding a few analogs with a slightly better activity [e.g.,
4-nitro-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (VU-
29); compound IV in Table 5]. Likewise, ADX47273 has
served as a starting point for the synthesis of a large
number of analogs (Engers et al., 2009b). As a result,
compounds with improved physicochemical properties
were obtained; furthermore, some of them also produced
larger increases in glutamate potencies (up to 28-fold, the
strongest effect found so far for a positive mGlu5 receptor
modulator), although the EC;, values were at best in the
same range as that for ADX47273. It is noteworthy that
one negative mGlub receptor modulator also showed up in
this series—the first example of a switch in pharmacolog-
ical activity in a non-MPEP chemotype.

Agonist stimulation of mGlub receptors induces oscil-
latory changes in cytosolic Ca®" concentrations; the fre-
quency of these oscillations elicited by glutamate or
quisqualate in CHO cells expressing mGlu5 receptors
was increased by all four positive allosteric modulators
described above (Bradley et al., 2009). The effects of

DFB, CDPPB, and ADX47273, but not CPPHA, were
antagonized by 5SMPEP. CDPPB also increased calcium
oscillations at low glutamate concentrations in a native
preparation, rat cerebrocortical astrocytes. Using the
same preparation, Zhang et al. (2005) found that al-
though both DFB and CPPHA enhanced agonist-stimu-
lated intracellular calcium mobilization, the two modula-
tors had qualitatively different effects on DHPG-induced
ERK1/2 phosphorylation. Whereas DFB induced a shift of
the concentration-response curve (CRC) for DHPG similar
to that seen in the calcium assay, CPPHA enhanced basal
activity and the effects of low agonist concentrations but
decreased ERK phosphorylation at high agonist concentra-
tions. The phenomenon of “ligand-directed trafficking”
might account for this discrepancy, related to the fact that
DFB and CPPHA interact with different sites on the
mGlub receptor. The effect of CPPHA on ERK phosphory-
lation at subthreshold DHPG concentrations was con-
firmed in cortical and hippocampal slices (Liu et al., 2006)
and extended to the phosphorylation of cAMP-responsive
element-binding protein (CREB) as well as that of the NR1
subunit of NMDA receptors. The latter finding seems
likely to be important in the context of the presumed utility
of positive mGlub5 receptor modulators in schizophrenia
discussed in the next paragraph. ERK- and CREB-phos-
phorylation has also been used as a biochemical readout
for glutamate-mediated signal transduction in vivo: at
doses of 1 and 10 mg/kg i.p., ADX47273 increased the
phosphorylation of extracellular ERK and CREB in the
hippocampus and prefrontal cortex (Liu et al., 2008). These
effects were antagonized by coadministration of MPEP.
At present, the main potential indication for positive
allosteric mGlu5 receptor modulators doubtlessly is
schizophrenia (Conn et al., 2009b; Marek et al., 2010).
The glutamate hypothesis of schizophrenia assumes
that hypofunction of NMDA receptors at critical sites in
corticolimbic circuits is a major cause of the disease (for
review, see Marek et al., 2010). Postsynaptic mGlub re-
ceptors are coupled to NMDA receptors through “Homer”
scaffolding proteins, especially in certain GABAergic in-
terneurons in the prefrontal cortex and in the hippocampal
formation, which seem to be primarily involved in the
etiology of schizophrenia (Belforte et al., 2010). The func-
tional relationship between NMDA and mGlub receptors is
one of synergism, hence the strategy of mGlu5 receptor
activation as a treatment for schizophrenia (Conn et al.,
2009b). At subthreshold DHPG concentrations, CPPHA
has been found to enhance the phosphorylation of the NR1
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subunit of NMDA receptors (Liu et al., 2006); in hippocam-
pal slices, CPPHA (10 uM) potentiated NMDA receptor
currents in the presence of the orthosteric mGlub receptor
agonist DHPG at a threshold concentration but had no
effect on these currents on its own (O’Brien et al., 2004). In
primary neuronal cultures, ADX47273 enhanced intracel-
lular Ca®" mobilization induced by DHPG, as well as
NMDA receptor-mediated Ca®" influx in the presence of a
subthreshold concentration of DHPG (Rosenbrock et al.,
2010). In freely moving rats, CDPPB administered at 10
mg/kg i.p. counteracted the excessive firing of neurons in
the medial prefrontal cortex induced by the NMDA recep-
tor antagonist dizocilpine maleate (MK-801), presumably
as a result of disinhibition ensuing from a lack of activity of
GABAergic interneurons (Lecourtier et al., 2007). On the
other hand, it had no effect on dopamine release in the
medial prefrontal cortex and nucleus accumbens, as mea-
sured by in vivo microdialysis. Positive allosteric mGlub
receptor modulators (VU-29 and ADX47273; Table 5) en-
hanced both LTP and long-term depression at the Schaffer
collateral-CA1 synapse in the hippocampus (Ayala et al.,
2009; Rosenbrock et al., 2010). In the study by Ayala et al.
(2009), two systemically active positive mGlub5 receptor
modulators (CDPPB and ADX47273, both at 10 mg/kg i.p.)
enhanced the performance of mice in the Morris water
maze, a measure of hippocampus-dependent spatial learn-
ing. Moreover, CDPPB also had beneficial effects on the
performance of rats in a “set-shifting” task by reducing its
impairment induced by the NMDA receptor antagonist
MK-801 (Darrah et al., 2008). These results support the
notion that positive mGlub receptor modulators improve
cognitive function, which is impaired in schizophrenia.
Several positive allosteric mGlu5 receptor modulators
have shown in vivo activity in various animal models that
are frequently used as antipsychotic screening tests:
CDPPB, ADX47273, and compound V in Table 5 reversed
phencyclidine (PCP)- or amphetamine-induced hyperloco-
motion at doses in the range of 3-100 mg/kg i.p. or s.c.
(Kinney et al., 2005; Liu et al., 2008; Sharma et al., 2009).
ADX47273 also reduced conditioned avoidance responding
in rats at a minimal effective dose of 30 mg/kg i.p. (Liu et
al., 2008). A classic model in preclinical schizophrenia re-
search is the prepulse inhibition (PPI) of the startle re-
sponse in rodents, which is believed to reflect sensory gat-
ing and is disrupted by psychotomimetic drugs such as
amphetamine or PCP. Compounds with clinical antipsy-
chotic efficacy restore disrupted PPI. Knockout animals
lacking mGlub receptors have deficits in PPI (Kinney et al.,
2003; Brody et al., 2004), and MPEP potentiates the dis-
ruption of PPI by PCP (Henry et al., 2002; Kinney et al.,
2003). On the other hand, CDPPB in the dose range of
3-30 mg/kg s.c. showed good activity in reversing amphet-
amine-induced deficits in PPI in rats (Kinney et al., 2005).
Based on these promising results from animal models,
clinical trials in humans are warranted and awaited with
great expectations. However, to date only four chemotypes
of positive allosteric mGlub receptor modulators are avail-

able, and improvement of their physicochemical properties
(such as solubility in acceptable vehicles) seems highly
desirable. In the search for novel types of positive mGlu5
receptor modulators, Mueller et al. (2010) performed an
iterative virtual high-throughput screen using the experi-
mentally determined potencies of primary hits for training
artificial neuronal network quantitative SAR models (“ma-
chine learning”). With this procedure, they have identified
approximately 200 active compounds, approximately 70%
of which were close derivatives of known positive modula-
tors, and approximately 30% were nontrivial analogs.
Moreover, Hammond et al. (2010) have very recently iden-
tified a novel benzamide scaffold for positive mGlub recep-
tor modulators (Table 5, compound VII), which at the same
time also yielded the first neutral allosteric mGlub receptor
ligand not binding to the MPEP site (Table 3, compound
XTII). The situation regarding patents on positive alloste-
ric mGlub receptor modulators has been reviewed else-
where (Kanuma et al., 2010).

3. Allosteric Modulators of the mGlul Receptor

a. Negative Allosteric Modulators of the mGlul Recep-
tor. The structure and function of the other group I
mGlu receptor subtype, the mGlul receptor, has re-
cently been the subject of a comprehensive review (Fer-
raguti et al., 2008). The discovery and development of
allosteric modulators for the mGlul receptor mirrors
that of its mGlub receptor counterpart, although it may
seem to have been somewhat in its shadow. Neverthe-
less, the history of group I mGlu receptor modulators
started with the compound CPCCOEt (Table 6), which
was originally synthesized and described as a selective
mGlul receptor antagonist by Annoura et al. (1996).
Later, Hermans et al. (1998) and Litschig et al. (1999)
observed a seemingly noncompetitive mechanism of ac-
tion of this compound. CPCCOE¢t inhibited glutamate-
induced increases in intracellular calcium levels in a
recombinant cell line expressing human mGlul recep-
tors with an IC;, of 6.5 uM, without having any activity
at other mGlu receptor subtypes tested. CPCCOEt acted
by decreasing the maximal levels of quisqualate or glu-
tamate responses, in this case stimulating phosphoino-
sitol metabolism (inositol monophosphate formation). In
addition, CPCCOEt did not inhibit the binding of
[*H]glutamate to membranes from mGlul receptor-ex-
pressing cells. Although CPCCOEt became a useful tool
for in vitro studies because of its selectivity for the
mGlul receptor, the availability of more potent mole-
cules with better properties for in vivo activity was
needed. A large choice of negative allosteric mGlul re-
ceptor modulators with much structural diversity be-
came available over the subsequent years. A few exam-
ples are shown in Table 6. They were all discovered and
characterized with the help of essentially the same tech-
niques: functional assays (inositol monophosphate for-
mation, intracellular calcium mobilization) in recombi-
nant cell lines, Schild analysis to demonstrate the
apparent noncompetitive mechanism of action, [*H]glu-
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tamate or [*H]quisqualate binding assays to exclude any
direct interaction with the orthosteric agonist binding
site, and functional assays for other mGlu receptor sub-
types to demonstrate selectivity. A first improvement in
potency compared with CPCCOEt was achieved with
(3a8S,6aS)-hexahydro-5-methylene-6a-(2-naphthalenyl-
methyl)-1H-cyclopentalc]furan-1-one (BAY36-7620),
which had an ICg, of 160 nM and acted as an inverse
agonist at mGlul receptors (Carroll et al., 2001) (Table 6,
compound II). EM-TBPC (Malherbe et al., 2003a) (Table 6,
compound VI) had a higher potency in a functional assay
(IC5, = 15 nM) and displayed a high binding affinity,
making it suitable as a radioligand (K, = 6.6 nM). With its
help, mutational analysis identified several critical resi-
dues in the binding pocket in the 7TM domain. It is note-
worthy that the rat mGlul receptor, but not the human
receptor, has a high affinity for EM-TBPC. One of the
critical amino acids in the rat, Val757, is replaced by leu-
cine in the human receptor. A site-directed L757V “back”-
mutation confers high binding affinity for EM-TBPC to the
human mGlul receptor. This is a nice example of species
differences in the effects of allosteric modulators arising
from the fact that the 7TM region of mGlu receptors is less
conserved than the orthosteric ligand binding site. Subse-
quently, several novel negative allosteric mGlul receptor
modulators (Table 6) were described that in functional in
vitro assays had high potencies with IC;, values in the low
nanomolar range: (3,4-dihydro-2H-pyrano[2,3-b]quinolin-7-
yD)-(cis-4-methoxycyclohexyl)-methanone (JNJ16259685)
(Lavreysen et al., 2004), 6-amino-N-cyclohexyl-N,3-dimethyl-
thiazolo[3,2-a]benzimidazole-2-carboxamide hydrochloride
(YM-298198) (Kohara et al., 2005), 9-(dimethylamino)-3-
(hexahydro-1H-azepin-1-yl)pyrido[3’,2":4,5]thieno[3,2-d]py-
rimidin-4(3H)-one (A-841720) (El-Kouhen et al., 2006),
4-(cycloheptylamino)-N-[[(2R)-tetrahydro-2-furanyl]m-
ethyl]-thieno[2,3-d]pyrimidine-6-methanamine (YM-
230888) (Kohara et al., 2007), FTIDC (Suzuki et al.,
2007a), 3-cyclohexyl-5-fluoro-6-methyl-7-(2-morpholin-
4-ylethoxy)-4H-chromen-4-one (Fukuda et al., 2009) and
compounds IX (Micheli et al., 2003) and X (Zheng et al.,
2005) in Table 6. A number of additional negative allo-
steric mGlul receptor modulators (not shown in Table 6)
have been described; their structures are given in the
respective references (Mabire et al., 2005; Micheli et al.,
2006; Di Fabio et al., 2007; Owen et al., 2007; Vanejevs
et al., 2008; Sasikumar et al., 2009; Satoh et al., 2009).
Some of these molecules showed good in vivo-activity,
especially in models for chronic pain (see below).

Some of the compounds above that have high potencies
at the mGlul receptor have been used in tritiated form as
radioligands. [PH]YM-298198 bound with high affinity to
membranes from an mGlul receptor expressing cell line
(Kp = 32 nM) and from rat cerebellum. It was displaced
competitively by CPCCOEt and unlabeled YM-298198, but
not by orthosteric mGlul receptor agonists (Kohara et al.,
2005). Likewise, [*H]1-(3,4-dihydro-2H-pyrano[2,3-
blquinolin-7-yl)-2-phenyl-1-ethanone (R214127; compound

XII in Table 6), a derivative of JNJ16259685, is a high-
affinity radioligand (Kp = 0.9 nM) labeling mGlul recep-
tors in recombinant and native membrane preparations
(Lavreysen et al., 2003). It has also been used in autora-
diographic experiments in rat brain, showing highest
mGlul receptor densities in the cerebellum; moderate la-
beling in the substantia nigra, thalamus, and dentate
gyrus of the hippocampus; and lower binding in the cere-
bral cortex, caudate putamen, and nucleus accumbens. In
membrane preparations, [PHJR214127 binding was com-
pletely blocked by N-(1-adamantyl)quinoxaline-2-carbox-
amide (NPS2390), BAY36-7620, and CPCCOEt; likewise,
the binding of the radioligand [*H]2-[(4-indan-2-ylamino)-
5,6,7,8-tetrahydroquinazolin-2-ylsulphanyl]-ethanol
(BHIIPTE) (Johnson et al., 2004) to membranes from re-
combinant mGlul receptor cells was displaced by CPC-
COEt, R214127 and BAY36-7620. Taken together, these
findings strongly suggest that all these compounds inter-
act with a common binding site shared by multiple nega-
tive allosteric modulators.

The effects of mGlul receptor antagonists in animal
models for psychiatric diseases have recently been re-
viewed in detail by Lesage and Steckler (2010). mGlul
receptors are expressed in key regions involved in anx-
iety (hippocampus, hypothalamus, periaqueductal gray,
amygdala), where they are localized postsynaptically
and believed to facilitate NMDA receptor-mediated re-
sponses and, at the same time, attenuate GABAergic
transmission. This context points to a potential anxio-
lytic activity of mGlul receptor antagonists or negative
allosteric modulators. The effects of such molecules in
animal models of anxiety are conflicting, however. For
example, anxiolytic-like activity was detected in the lick
suppression test with JNJ16259685 (2.5 and 5 mg/kg
1.p.) (Steckler et al., 2005a) and with FTIDC (3-30 mg/kg
i.p.) in the maternal deprivation-induced ultrasonic vo-
calization and the stress-induced hyperthermia (SIH)
models (Satow et al., 2008). On the other hand, FTIDC
and JNJ16259685 were found to be inactive in the ele-
vated plus maze (Steckler et al., 2005a; Satow et al.,
2008). Only little (and conflicting) information is avail-
able about the effects of negative allosteric mGlul re-
ceptor modulators in animal models of depression (Les-
age and Steckler, 2010). Hikichi et al. (2010b) have
shown that negative mGlul receptor modulators im-
prove PPI in mice, a model of impaired sensorimotor
gating in schizophrenia, whereas various allosteric li-
gands for other mGlu receptor subtypes were inactive.

A coherent picture emerges from results obtained with
negative mGlul receptor modulators in vivo in models of
chronic pain (Schkeryantz et al., 2007). Like their
mGlub receptor counterpart, mGlul receptors are local-
ized at critical sites in nociceptive pathways. Clinical
pain (chronic inflammatory pain, neuropathic pain) is
due to long-term hypersensitivity as a consequence of
peripheral or central sensitization processes. Its hall-
marks are allodynia (pain induced by a stimulus that
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TABLE 6
Negative allosteric mGlul receptor modulators
The potencies of the compounds have been obtained in functional assays under different conditions and should therefore be compared with caution.

Compound Structure Potency Comments References
OH
7z
I
Annoura et al., 1996;
. -~ First allosteric mGlu Hermans et al.,
L. CPCCOEt IC50 = 6.5 uM receptor modulator 1998; Litschig et
o) (@] al., 1999
(0]
\/
H
(T »

II: BAY36-7620 IC;, = 160 nM Inverse allosteric agonist Carroll et al., 2001

Analgesic activity and El-Kouhen et al.,

IIT: A841720 N / AN IC;, = 11 nM disruption of cognitive
| f HA A 2006
‘unction in rats in vivo
0 5T NW
(0]
High occupancy of mGlul
IV: JNJ16259685 N IC;, = 3.2 nM receptors in rat brain Lavreysen et al., 2004
after systemic
~ 7 application
(0] N o}
N

. _ Analgesic activity in mice
V: YM-298198 H,N %‘/N IC4, = 16 nM after oral application Kohara et al., 2005
N= < Used as a radioligand in
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VI: EM-TBPC

VII: CFMMC

VIII: FTIDC

IC;, = 15 nM
K, = 6.6 nM
IC;, = 50 nM
IC;, = 6 nM

its tritiated form for
mapping studies; has
high affinity for rat but
not for human receptor

Active in formalin pain
model

Malherbe et al., 2003

Fukuda et al., 2009

Suzuki et al., 2007a
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TABLE 6—Continued.

Compound Structure Potency (IC;) Comments References
0]
(0] Reduces “wind up.”
IX: / \ IC,, = 16 nM Analgesic activity Micheli et al., 2003
N O\/\ in vivo
H
(0]
Analgesic activity in
X: IC;, = 3 nM various pain Zheng et al., 2005
models
Analgesic activity in
XI: YM-230888 IC;, = 13 nM several animal Kohara et al., 2007
models
XIL: R214127 O K, = 0.9 nM Good radioligand for Lavreysen et al.,

O
L,
—
N O

mGlul receptors 2003

normally is not painful, such as touch) or hyperalgesia
(exaggerated response to a noxious stimulus). Several
animal models are frequently used to assess the efficacy
of therapeutic approaches against different manifesta-
tions of chronic pain. Whereas formalin-induced pain in
its early phase represents acute pain, in the late phase it
is considered a model for inflammatory pain. Carrageenan-
or complete Freund’s adjuvant-induced hyperalgesia are
also classic models for chronic inflammatory pain. On
the other hand, models such as sciatic nerve constriction
injury or spinal nerve ligation are used to test drug
efficacy against neuropathic pain. Structurally different
negative allosteric mGlul receptor modulators have
shown antinociceptive efficacy in various pain models.
Compound X in Table 6 counteracted hyperalgesia in
formalin- (late phase), carrageenan-, and Freund’s adju-
vant-induced inflammatory pain models in the dose
range of 10 to 20 umol/kg i.p. (Zheng et al., 2005). FTIDC
(3 and 10 mg/kg i.p.) significantly reduced licking behav-
ior after formalin injection into the hind paw in mice in
both the early and the late phases (Satow et al., 2008).
YM-230888 reduced hyperalgesia in a Freund’s adju-
vant-induced arthritic pain model at 30 mg/kg p.o. in
rats. This compound also recovered mechanical allo-
dynia in a spinal nerve ligation model of neuropathic
pain in the dose range of 3 to 30 mg/kg p.o. in rats
(Kohara et al., 2007). Compound IX in Table 6 was also
antinociceptive in models of acute (formalin early phase)
and inflammatory pain (formalin late phase) in mice

(ED5(, ~0.3 mg/kg p.o.) and in the carrageenan model in
rats (EDg,, ~3 mg/kg i.p.) (Micheli et al., 2003). More-
over, in the chronic constriction injury model of neuro-
pathic pain in rats, the compound completely reverted
hyperalgesia at a dose of 10 mg/kg i.p., with a duration
of action of at least 4 h. The compound was also tested in
an in vitro electrophysiological model of the nociceptive
pathway using a preparation of baby rat spinal cord.
Most interestingly, the “wind-up” phenomenon (a sum-
mation of ventral root potentials) produced by multiple
stimulation of C-fibers, an index of central sensitization,
was reduced by compound IX (Table 6) at 1 uM (Micheli
et al., 2003). The negative mGlul receptor modulator
A-841720 in Table 6 significantly attenuated postopera-
tive pain after paw skin incision in rats with an EDy, of
10 pmol/kg i.p.; some close derivatives of the compound
were also active in that model (Zhu et al., 2008). Motor
side effects were observed at 3- to 10-fold higher doses.
A-841720 was also active against Freund’s adjuvant-
induced inflammatory pain with an EDy, of 23 umol/kg
i.p. and reduced mechanical allodynia in sciatic nerve
constriction and spinal nerve ligation models of neuro-
pathic pain in the same dose range (El-Kouhen et al.,
2006). However, significant motor side effects occurred
at analgesic doses, and the compound also impaired
cognitive function in Y-maze and water maze tests.
These findings suggest that a lack of therapeutic win-
dow might preclude the clinical use of mGlul receptor
antagonists in pain indications. It remains to be seen
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whether these side effects are mechanism-related or it is
possible to find negative mGlul receptor modulators
with a better side-effect profile.

b. Positive Allosteric Modulators of the mGlul Recep-
tor. The first positive allosteric modulators for mGlu
receptors ever were discovered and described by Knoflach
et al. (2001). Three compounds of two different chemotypes
[diphenylacetyl-carbamic acid ethyl ester (Ro 01-6128), bu-
tyl (9H-xanthene-9-carbonyl)carbamate (Ro 67-4853), and
(S)-2-(4-fluorophenyl)-1-(toluene-4-sulfonyl)pyrrolidine
(Ro 67-7476) (I-1II in Table 7)] were identified by using
high-throughput fluorometric imaging techniques. In
HEK293 cells transiently transfected with rat mGlula
receptors, these molecules enhanced the increase in intra-
cellular calcium concentrations evoked by a threshold con-
centration of glutamate without producing such a calcium
response on their own. Only in cells expressing very high
mGlul receptor levels (i.e., in a system having a receptor
reserve) did the three compounds produce an increase in

intracellular calcium levels in the absence of exogenous
glutamate. Ro 67-7476 and Ro 01-6128 both enhanced the
binding affinity of [*Hlquisqualate for recombinant rat
mGlul, but not mGlub, receptors, without affecting the
maximal binding capacity. In kinetic experiments, it was
shown that a decrease in the dissociation rate constant at
least partly contributed to the increase in [*H]quisqualate
affinity for mGlul receptors. In CHO cells stably express-
ing inwardly rectifying potassium channels (GIRKs) and
transiently transfected with rat mGlula receptor cDNA,
agonists such as glutamate or DHPG produced inward
currents that were enhanced by Ro 01-6128 (EC5, = 200
nM), Ro 67-4853 (EC5, = 63 nM), and Ro 67-7476 (EC5, =
158 nM). When concentration-response curves were mea-
sured with DHPG, 3 uM Ro 01-6128 increased the potency
of the agonist from an EC;, of 7.9 uM to one of 1.6 uM. Ro
01-6128 and Ro 67-7476 did not enhance glutamate-
induced GIRK currents in cells expressing rat mGlub re-
ceptors; only with Ro 67-4853 (10 uM) was a small poten-

TABLE 7
Positive allosteric mGlul receptor modulators

Information about compound potencies in vitro in one representative assay is given as an indication only. Because of the complexity of allosteric interactions and the different
possibilities of measuring modulation, information on cooperativity is not summarized here but can be found in section III.A.3.b.

Compound Structure Potency/Affinity (ECjg) Comments References
I: Ro 01-6128 H 200 nM Knoflach et al., 2001
\/OTN
(0] o
First positive mGlu receptor
o modulators ever described.
II: Ro 67-4853 o X 69 nM Only I ifu‘;‘rfgger:ctei’)i’ﬁfs, Knoflach et al., 2001
SN \n/ I and III do not modulate
o) 0 human mGlul
IIL: Ro 67-7476 N 174 nM Knoflach et al., 2001
S
~
o7\ < >
F 0
7\ 9
IV: VU-71 N\N N 2.4 uM Hemstapat et al., 2006
H
NO,
V: Ro 07-11401 Q 56 nM Active in EAE-model for Vieira et al., 2009

H
Ne N
F3C\<\/\jo/ I ‘

multiple sclerosis in mice

EAE, experimental autoimmune encephalomyelitis.
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tiating effect observed at this receptor. All three
compounds were also devoid of any enhancing effect at
mGlu2, mGlu4, mGlu8, GABAg, and a large number of
other receptors in different assay systems. It is noteworthy
that when human instead of rat mGlul receptor cDNA was
transfected into GIRK-expressing CHO cells, an enhance-
ment of glutamate-induced currents was observed only
with Ro 67-4853, not with the two other compounds, indi-
cating the existence of a species difference for those. The
new positive allosteric mGlul receptor modulators were
also tested in native receptor systems. In freshly dissoci-
ated CA3 neurons, depolarization-evoked currents
through voltage-gated calcium channels (VGCCs) were in-
hibited by the mGlul receptor agonist DHPG; this inhibi-
tion was more pronounced in the presence of Ro 01-6128
(EC5p = 1 uM) and Ro 67-4853 (EC5;, = 100 nM). The
enhancing effect of Ro 01-6128 was also seen in the pres-
ence of antagonists for ionotropic glutamate receptors. In
this preparation, Ro 01-6128 had no effect on VGCC cur-
rents when applied alone and no effect on the inhibition of
VGCC activity by the selective group II mGlu receptor
agonist (+)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic
acid (LY354740) in cerebellar Golgi cells. mGlul receptors
are expressed at high levels in cerebellar Purkinje cells.
Using a greased-gap recording technique in cerebellar
slices, Knoflach et al. (2001) observed a significant en-
hancement of DHPG-induced depolarizations by Ro 67-
7476 at 3 uM, whereas control AMPA responses remained
unaffected. When synaptically evoked responses were
measured under conditions likely to involve mGlul recep-
tors, a marked enhancement of postsynaptic current am-
plitude and duration was observed in the presence of 3 uM
Ro 67-7476. A few other chemotypes of positive allosteric
mGlul receptor modulators, some of which are derivatives
of Ro 67-4853, have been reported by the Roche group in
subsequent years (Wichmann et al., 2002; Vieira et al.,
2005, 2009).

Sheffler and Conn (2008) have observed differential
modulation of independent mGlul receptor-mediated
signaling pathways in baby hamster kidney (BHK) cells
by Ro 01-6128, Ro 67-4853, and Ro 67-7476. On the one
hand, they were able to confirm the effects of these
modulators on intracellular calcium mobilization re-
ported previously by Knoflach et al. (2001) using HEK
cells. However, they observed that all three compounds
were able to efficiently activate ERK 1/2 phosphoryla-
tion in the absence of an exogenously added agonist.
These effects were fully antagonized by an orthosteric an-
tagonist [(2S)-2-amino-2-(1S,2S-2-carboxycyclopronan-1-
yl-3-(xanth-9-yl)propanoic acid (LLY341495)] as well as by a
negative allosteric mGlul receptor modulator (R214127;
XII in Table 6). Because the three positive modulators
tested bind to an allosteric site distinct from that for
R214127 (see section III.A.4), this finding suggests a con-
siderable degree of cooperativity between different or-
thosteric and allosteric ligand recognition sites. In some in
vitro systems, mGlul receptors can also couple to G, and

thereby stimulate cAMP formation. In BHK cells, the
three Ro modulators enhanced the stimulation of adenylyl
cyclase activity by glutamate but also had some intrinsic
activity as low-efficacy allosteric partial agonists. This was
again inhibited by both 1.Y341495 and R214127. It is self-
evident that such “ligand-induced differential signaling”
(Urban et al., 2007) by allosteric compounds could have
dramatic physiological and/or therapeutic consequences.

Little information is available on the in vivo effects
of positive allosteric mGlul receptor modulators. A
reduced expression of mGlula receptors in cerebellar
Purkinje cells was found in seven of nine patients with
multiple sclerosis (MS), along with an increase in
mGlub receptors (Fazio et al., 2008). These changes
were reproduced in mice developing experimental au-
toimmune encephalomyelitis, considered an animal
model of human MS. In these mice, the positive allo-
steric mGlul receptor modulator Ro 07-11401 (com-
pound V in Table 7) (Vieira et al., 2009) significantly
improved motor coordination and performance (ro-
tarod, paw print tests) at a dose of 10 mg/kg i.p.,
whereas the mGlub receptor antagonists MPEP and
SIB-1757 had no effect. It thus seems that enhance-
ment of mGlul receptor function is able to compensate
for the reduced number of mGlul receptor in experi-
mental autoimmune encephalomyelitis and might
therefore be a promising therapeutic principle for the
treatment of patients with MS. Based on the cognitive
impairment produced by negative allosteric mGlul
receptor modulators (Steckler et al., 2005b; El-
Kouhen et al., 2006), it can be hypothesized that pos-
itive allosteric mGlul receptor modulators might be
beneficial in disorders of learning and memory. In
addition, because activation of the mGlul receptor,
like that of the mGlu5 receptor, facilitates NMDA
receptor responses, positive mGlul receptor modula-
tors might have a therapeutic potential in schizophre-
nia (Lesage and Steckler, 2010).

4. Localization of Allosteric Binding Sites at Group 1
mGlu Receptors and Molecular Mechanisms of Modula-
tion. A large number of studies using mutational anal-
ysis and/or chimeric or truncated constructs have shed
light on the molecular mechanisms of allosteric modula-
tion of group I mGlu receptors. Radioligand binding
experiments suggest that the allosteric mGlul receptor
antagonists known so far bind to a common site (see
section ITI1.A.3.a). This notion has essentially been con-
firmed in molecular studies. Experiments with chimeric
mGlul/5 receptor-constructs demonstrated the impor-
tance of transmembrane regions 4 to 7 for the selective
inhibition of mGlul receptors by CPCCOEt (Litschig et
al., 1999). Site-directed mutagenesis revealed that this
molecule interacts with Thr815 and Ala818 located rel-
atively close to the extracellular surface of transmem-
brane helix 7 (Litschig et al., 1999), and its benzene ring
has been proposed to be positioned between transmem-
brane segments 3 and 7 (Pagano et al., 2000). Malherbe
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et al. (2003a) have identified, also by mutational analy-
sis, Phe801 and Tyr805 in transmembrane region 6 and
again Thr815 in transmembrane segment 7 to be essen-
tial for the binding of EM-TBPC in addition to Val757 in
transmembrane region 5. The aromatic amino acid clus-
ter formed by Phe801, Tyr805, and Thr815 also seems to
be essential for the activity of JNJ16259685, FTIDC, and
3-cyclohexyl-5-fluoro-6-methyl-7-(2-morpholin-4-ylethoxy)-
4H-chromen-4-one (Suzuki et al., 2007a; Fukuda et al., 2009).
Its interaction with antagonists has been proposed to
prevent the movement of Trp798 in transmembrane
helix 6, which is essential for receptor activation (Mal-
herbe et al., 2003b). Figure 10 qualitatively illustrates
the localization of critical amino acids for allosteric
modulation at group I mGlu receptors.

Regarding the localization of the binding site for the
first three positive allosteric mGlul receptor modulators

N-terminus

EM-TBPC

mGluR1

CPCCOEt

Ro67-7476

N-terminus

\" C-terminus
MPEP/

fenobam

Fic. 10. Localization of amino acid residues in the 7TM-domain that
are critical for allosteric modulation at group I mGlu receptors. Top, the
amino acids that have been found on the basis of mutational analysis to
interact with positive modulators (italic, solid lines) and with negative
modulators (dashed lines) are shown. It is noteworthy that Val757 in
transmembrane region 5 is important for both positive and negative
allosteric modulation. Bottom, most positive modulators (represented by
DFB, solid lines) and negative modulators (MPEP-type and fenobam,
dashed lines) interact with largely overlapping clusters of amino acids in
transmembrane regions 3, 5, 6 and 7 of the mGlub receptor. The positive
modulator CPPHA is a noteworthy exception that binds to another site in
the 7TM domain. Phe585 in transmembrane region 1 has been found to be
critical for the effects of CPPHA. See section III.A 4 for further explanations.

(Ro compounds I-III in Table 7), Knoflach et al. (2001), by
using chimeric receptor constructs and site-directed mu-
tagenesis, came to the conclusion that critical amino acid
residues in transmembrane regions 3 and 7 form an over-
lapping binding pocket in a region homologous to that
which binds MPEP in mGlu5 receptors (Fig. 10). Hem-
stapat et al. (2006) have characterized a series of deriva-
tives of the positive allosteric mGlub receptor modulator
CDPPB (Table 5), some of which also served as positive
modulators of mGlul receptors. Among these, VU-71 (Ta-
ble 7) was selective for the mGlul receptor. Neither of
these novel CDPPB analogs nor the three Ro compounds
mentioned above displaced the radioligand [*PH]R214127 (a
negative modulator) from its allosteric binding site on the
mGlul receptor, indicating that positive allosteric mGlul
receptor modulators and their negatively modulating
counterparts bind to distinct sites in the 7TM domain. As
reported previously by Knoflach et al. (2001), Hemstapat
et al. (2006) also found valine at position 757 in transmem-
brane region 5 of mGlula receptors to be crucial for the
activity of positive modulators.

Using site-directed mutagenesis and rhodopsin-based
homology modeling, Malherbe et al. (2003b, 2006) iden-
tified a cluster of eight amino acid residues that are
important for MPEP binding to rat mGlu5 receptors
(Fig. 10). Their model proposes that MPEP, by interact-
ing with a network of aromatic residues in transmem-
brane regions 3, 6, and 7, prevents the movement of
transmembrane segment 6 relative to segment 3 that is
involved in receptor activation, thus stabilizing the in-
active conformation of the mGlub receptor. Subsequent
work by the same group showed that the structurally
unrelated antagonist fenobam binds in a very similar
way to the same region of the 7TM domain as MPEP
(with the exception of interaction with Leu743) (Mal-
herbe et al., 2006).

Various experimental approaches have yielded impor-
tant information on the mode of action of positive allo-
steric mGlub receptor modulators. Goudet et al. (2004)
showed that DFB, contrary to its effect on wild-type
receptors, was able to activate N-terminally truncated
mGlub receptors, whereas MPEP acted as an inverse
agonist in assays for the PLC-pathway in cells trans-
fected with this construct. The same agonist activity was
later also found with VU-29 (Chen et al., 2007). Thus,
these constructs lacking the extracellular domain obvi-
ously function like rhodopsin-like class A GPCRs, which
are activated by agonist binding to a site in the 7TM
domain. Apparently, the removal of the large extracel-
lular domain typical for family C GPCRs releases a kind
of “allosteric brake” that prevents the direct activation
of the wild-type 7TM domain by most positive allosteric
modulators, such as, for example, DFB or VU-29. The
location of the binding site for positive mGlub receptor
modulators in the 7TM domain has been confirmed by
mutational analysis (Miithlemann et al., 2006). Based on
functional calcium mobilization assays in recombinant
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cell lines expressing a series of mutant mGlub receptor
constructs, six key residues in transmembrane seg-
ments 3, 5, 6, and 7 were found necessary for the mod-
ulation of mGlub receptors by DFB (Fig. 10). Based on a
comparison with the residues essential for MPEP bind-
ing (Malherbe et al., 2003b) (Fig. 10) and the crystal
structure of bovine rhodopsin, Miithlemann et al. (2006)
proposed a homology model suggesting that DFB and
MPEP bind to overlapping but slightly distinct parts of
the same binding pocket. On the other hand, a mutation
(A809V) that is critical for the binding of MPEP also
abolished the allosteric effect of VU-29 but not that of
CPPHA, whereas the mutation F585I in transmem-
brane region 1 eliminated the response to CPPHA but
left positive modulation by VU-29 intact (Chen et al.,
2008). These results show that CPPHA binds to a site
distinct from that for the other mGlub receptor allosteric
modulators known so far and are in line with the fact
that CPPHA, unlike the other modulators, does not in-
hibit the binding of MPEP-like radioligands (see section
II1.A.2). Most interestingly, however, there seems to be
an (allosteric!) interaction between these two allosteric
sites on mGlub receptors: whereas in a functional assay
the neutral MPEP-site antagonist 5MPEP at increasing
concentrations up to 10 uM produced progressive paral-
lel rightward shifts of the CRC for VU-29, it also inhibited
positive modulation by CPPHA by progressively decreas-
ing the maximal potentiation produced by CPPHA (Chen
et al., 2008)!

Comparisons of the corresponding binding pockets in
mGlul and mGlub receptors have also shed light on the
interaction of allosteric modulators with group I mGlu
receptors. In an early site-directed mutagenesis study
using the radioligand [*’H]M-MPEP as a probe, Pagano
et al. (2000) replaced the three nonconserved amino
acids Ala810 in transmembrane segment 7, or Pro655
and Ser658 in transmembrane region 3 of the human
mGluba receptor by the homologous residues of the hu-
man mGlulb receptor, thus abolishing ligand binding.
This finding explains the selectivity of MPEP and its
analogs for mGlu5 over mGlul receptors. On the other
hand, the reciprocal human mGlul receptor mutant
bearing these three residues of the human mGlub recep-
tor displayed a high binding affinity for the radioligand.
Malherbe et al. (2003b) and Miihlemann et al. (2006)
have aligned the critical residues in the binding pockets
of mGlula and mGluba receptors for positive and nega-
tive allosteric modulators. Several homologous amino
acids, especially in transmembrane region 6, are com-
mon to both. In particular, Trp798 in the mGlul recep-
tor, critical for the inhibition by EM-TBPC (see above), is
also essential in the homologous position 784 in the
mGlu5 receptor (Fig. 10), not only for antagonism by
MPEP but also for positive modulation by DFB. Appar-
ently, DFB stabilizes the active conformation of the
mGlu5 receptor by facilitating the movement of this
tryptophan in transmembrane region 6, whereas nega-

tive modulators prevent the movement of transmem-
brane region 6 relative to region 3. The positive mGlu5
receptor modulator CPPHA (Table 5) also has an en-
hancing effect at mGlul receptors, albeit at approxi-
mately 10-fold higher concentrations (Chen et al., 2008).
Whereas the mutation F5851 in transmembrane region
1 abolishes the effect of CPPHA at mGlub receptors, the
corresponding mutation F5991 also does this at the
mGlul receptor, without affecting positive modulation
by Ro 67-7476. On the other hand, the mutation V757L
in the mGlul receptor, which eliminates its modulation
by Ro 67-7476, does not change the effect of CPPHA at
this receptor. Thus, just as CPPHA has been found to
interact with an allosteric site distinct from that for
other modulators at mGlu5 receptors, it also does so at
the mGlul receptor (Chen et al., 2008).

In a most interesting study using different mutants
and chimeric constructs, Goudet et al. (2005) were able
to show that the binding of a single molecule of a positive
modulator (Ro 01-6128 for mGlul and DFB for mGlu5
receptors) to an mGlu receptor dimer is sufficient to
provide full enhancement of receptor activity. This
asymmetric functioning may seem surprising given the
fact that mGlu receptors are symmetrical homodimers.
On the other hand, when using an mGlul receptor mu-
tant able to bind MPEP, Hlavackova et al. (2005) ob-
served no decrease in receptor activity when a single
7TM domain was blocked in its inactive state by MPEP.
This finding indicates that two molecules of a negative
modulator per dimer are required to block receptor
activation.

B. Allosteric Modulators of Group II Metabotropic
Glutamate Receptors

Group II metabotropic glutamate receptors comprise
mGlu2 and mGlu3 subtypes. They are located mainly
presynaptically to inhibit glutamate release (Cartmell
and Schoepp, 2000), but they are also found to a certain
extent postsynaptically and on glia cells. Group II mGlu
receptor ligands seem to have a great therapeutic poten-
tial in various central nervous system indications (for re-
view, see Swanson et al., 2005; Linden and Schoepp, 2006).
In particular, the selective mGlu2/3 receptor agonists
LY354740 and (—)-(1R,4S,5S,6S)-4-amino-2-sulfonylbicy-
clo[3.1.0]-hexane-4,6-dicarboxylic acid (LLY404039) and
their respective prodrugs have been found to have anxio-
lytic and antischizophrenic activity, respectively, not only
in preclinical animal models, but also in human trials
(Grillon et al., 2003; Patil et al., 2007). Because these
orthosteric agonists are not selective for either of the two
group II mGlu receptor subtypes, it seems not clear
whether the mGlu2, the mGlu3 receptor, or both are re-
sponsible for these effects. However, studies using knock-
out animals point to the conclusion that mostly the mGlu2
receptor is required for obtaining antipsychotic-like activ-
ity in animal models (Spooren et al., 2000a; Fell et al.,
2008; Woolley et al., 2008).
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Group II mGlu receptor modulators are striking ex-
amples of the subtype selectivity that can be achieved by
targeting allosteric rather than orthosteric binding
sites. Although the orthosteric ligand binding site of
group II mGlu receptors has been highly conserved dur-
ing evolution, some key differences between residues in
the 7TM region allow for the discrimination of the two by
allosteric agents (Schaffhauser et al., 2003). In fact, sub-
stitution of Ser688 and/or Gly689 in transmembrane
region 4 along with Asn735 in transmembrane region 5
with the homologous amino acids of the mGlu3 receptor
abolished allosteric modulation of mGlu2 receptors by
2,2,2-trifluoro-N-[4-(2-methoxyphenoxy)phenyl]-N-(3-
pyridinylmethyl)-ethanesulfonamide (1.LY487379) and
other positive modulators (Rowe et al., 2008) (see below).
Of a great number of positive allosteric group II modula-
tors known to date, only a very few enhance both mGlu2
and mGlu3 receptor responses with more or less similar
potencies (Bonnefous et al., 2005; Govek et al., 2005),
whereas most of them are selective for the mGlu2 receptor
subtype.

Two main chemical classes of positive allosteric
mGlu2 receptor modulators were originally described
and have become standard tool compounds (Table 8): py-
rimidylsulfonamides from Eli Lilly (represented by
LY487379, compounds I-VI in Table 8) and indanone
compounds (Merck), represented by [biphenylindanone
A (BINA), compounds IX-XI in Table 8]. Their exten-
sively explored medicinal chemistry has been compre-
hensively reviewed by Rudd and McCauley (2005). The
first positive allosteric mGlu2 receptor modulator was
found in an HTS program using a fluorescence imaging
plate reader (FLIPR) assay in a cell line stably express-
ing human mGlu2 receptors together with the promiscu-
ous G-protein Gay; coupling the receptor to intracellular
calcium mobilization (Johnson et al., 2003). The pyridyl-
methyl-sulfonamide N-(4-phenoxyphenyl)-N-(3-pyridinyl-
methyl)ethanesulfonamide (1.LY181837, compound I, Table
8) enhanced the signal produced by 1 uM glutamate with
an ECs, of 1.5 uM but showed no response in the absence
of glutamate. It did not enhance the signals elicited by
glutamate on the seven mGlu receptor subtypes other than
mGlu2. This lead compound was then used as a starting
point for further optimization and SAR studies (Barda et
al., 2004; Hu et al., 2004; Rudd and McCauley, 2005). One
important finding was that replacement of the ethyl sul-
fonamide group by trifluoroethyl sulfonamide increased
potency in many cases, such as for example in the com-
pound LY487379 (compound II, Table 8). Another impor-
tant SAR finding was that replacement of the biphenyl
ether moiety by an alkyl-phenyl ether containing a bulky
alkyl group significantly increased potency, resulting in
the compounds cyPPTS and 2,2,2-trifluoroethyl [3-(1-
methyl-butoxy)-phenyl]-pyridin-3-ylmethyl-sulfonamide
(compounds IV and V, Table 8) with EC;, values of 24 and
14 nM, respectively (Barda et al., 2004).

The pharmacological properties of these compounds in
vitro contain all the typical attributes of positive alloste-
ric modulators (Schaffhauser et al., 2003; Johnson et al.,
2005). In radioligand binding assays for native receptors
in rat brain membranes (Schaffhauser et al., 2003),
LY487379 did not displace the group Il-selective radio-
ligand [*H]DCG-IV from the glutamate recognition site;
rather, it increased the binding of this agonist ligand,
indicating that it binds to a distinct site, thereby in-
creasing the affinity of [PH]DCG-IV. The same was
found with 3-MPPTS (compound III, Table 8) in mem-
branes containing recombinant mGlu2 receptors (John-
son et al., 2005). Moreover, 3-MPPTS increased the
potencies of the orthosteric agonists glutamate, (1S,
3R)-1-aminocyclopentane-1,3-dicarboxylic acid, DCG-
IV, and LY354740 as displacers of [PH]DCG-IV at the
mGlu2 receptor. These results obtained in radioligand
binding assays were further corroborated in functional
tests. 3-MPPTS, cyPPTS, CBiPES, and LLY487379 selec-
tively enhanced glutamate-stimulated transient in-
creases in intracellular calcium levels in a cell line co-
expressing a promiscuous G-protein together with the
human mGlu2 receptor. In addition, LY487379 en-
hanced the stimulation of GTPy?*S binding via mGlu2,
but not mGlu3 receptors, by the agonists glutamate,
DCG-IV, (25,1'S,2'S)-2-(carboxycyclopropyl)glycine,
and (—)-2-thia-4-aminobicyclo[3.1.0]hexane-4,6-dicar-
boxylate (LY379268) by increasing their potencies, and
in some cases their maximal responses as well, without
having any intrinsic activity on its own (Schaffthauser et
al., 2003). A synergistic increase in GTPy*S binding
stimulated by the orthosteric agonist LY379268 pro-
duced by 3-MPPTS could also be observed by autoradio-
graphic techniques in rat or mouse brain slices (Johnson
et al., 2004). The regional distribution of this response
corresponded to the distribution of mGlu2 receptors in
rodent brain (Johnson et al., 2004). At a more physiolog-
ical level, in rat hippocampal slices, LY487379 strength-
ened the inhibition of excitatory synaptic transmission
produced by the mGlu2/3 receptor agonist DCG-IV at
the medial perforant path—dentate gyrus synapse
(Schaffhauser et al., 2003). Most interestingly, in stria-
tal brain slices, cyPPTS, unlike the orthosteric agonist
LY354740, inhibited excitatory postsynaptic potentials
(EPSPs) evoked by the stimulation of corticostriatal af-
ferents only at high (2 and 4Hz) and not at lower fre-
quencies of presynaptic stimulation (Fig. 11) (Johnson et
al., 2005). The frequency-dependent suppression of EP-
SPs in striatal neurons by cyPPTS was reverted by the
competitive antagonist 1.LY341495, indicating its depen-
dence on concomitant activation of the orthosteric site.
This state-dependent activity beautifully illustrates the
differences between the ways in which orthosteric ago-
nists and positive allosteric modulators exert their effects.
Whereas the former directly stimulate presynaptic recep-
tors independently of the amount of glutamate released,
the latter will only produce an inhibition of presynaptic
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Compounds I-XI are first generation, XII-XVI recently discovered selective positive mGlu2 receptor modulators. MNI-136 and MNI-137 (XVII and XVIII) are from a series
of nonselective negative mGlu2/3 receptor modulators. Most compounds shown are single representatives from a chemical series. Allosteric modulator potencies are
dependent on assay conditions and should be compared with caution. Information on the degrees of cooperativity is not summarized here but can be found in section III.B.

Compound Structure Potency in Vitro In Vivo Activity

References

I: LY181837 : : EC;, mGlu2 = 1.5 uM
/ O_i

-
0O Anxiolytic-like
activity (FPS, SIH);
reversal of

II: LY487379 (4-MPPTS) ~ ’}‘ EC;, mGlu2 = 270 nM amphetamine-
0O=S= induced locomotion
and disruption of
F PPI
F
F
| N N : (0) ;
III: 3-MPPTS / O= lv O EC;, mGlu2 = 154 nM
F
F
F

|
IV: cyPPTS | N/ =§ EC;, mGlu2 = 24 nM
T F

E
| X l}]’ i ‘O/(\
V: 2,2,2-TEMPS N/ O=§ EC;, mGlu2 = 14 nM
F
"k

Inhibition of PCP-

_ induced
ECso mGlu2 = 93 nM hyperlocomotion in

mice

VI: CBiPES

Inhibits ketamine-

_ induced NE release
EC50 mGlu2 = 0.35 uM and hyperactivity in

vivo

VII

EC;, mGlu2 = 188 nM

Vi mGlu3 = 936 nM

Johnson et al., 2003

Johnson et al.,
2003, 2005; Galici
et al., 2005

Johnson et al., 2005

Barda et al., 2004,
Johnson et al.,
2005

Barda et al., 2004

Johnson et al., 2005

Pinkerton et al.,
2004

Govek et al., 2005
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TABLE 8—Continued.

é Z Compound Structure Potency (ICs,) Comments References
1) &,
~ Cl
cl Inhibits ketamine-
N7 nhibits ketamine .
X | EC,, mGlu2 = 186nM  induced Pinkerton et al.
S/\©/\O hyperactivity in rats
OH Inhibits PCP-induced
o locomotion and Bonnefous et al
X: BINA EC,, mGlu2 = 111 nM  disTuption of PPL; 2005; Galici et
o anxiolytic-like al.. 2006
O activity in EPM and ”
SIH
O+_OH
Cl
Cl Cl
Bonnefous et al.,
XI O t@(@_g EC,, mGlu2 = 5 nM e
e
XII N/\Q\O EC,, mGlu2 = 5 nM Duplantier et al.,

XIII: GSK1331258
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XIV
XV
XVI
@
0
%— XVII: MNI-136

=

o

w

o)

AN
N

Cl

w
z =zI
N\

7/
z

EC;, mGlu2 = 79 nM

Inhibits ketamine-
induced psychomotor
activity (locomotion)
in rats

EC;, mGlu2 = 82 nM

Inhibits PCP-induced

EC;, mGlu2 = 525 nM 1 o .
f ocomotion in mice

EC;, mGlu2 = 141 nM

IC;, mGlu2 = 20 nM
mGlu3 = 21 nM

2009

D’Alessandro et al.,
2010

Brnardic et al.,
2010

Cid et al., 2010

Tresadern et al.,
2010

Hemstapat et al.,
2007; Woltering
et al., 2007
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TABLE 8—Continued.

Compound Structure

Potency (IC5,) Comments References

)

H
Br N
XVIII: MNI-137 :: :N/ _N
Z
N N

=N

IC5, mGlu2 = 13 nM
mGlu3 = 20 nM

Hemstapat et al.,
2007; Woltering
et al., 2007

NE, norepinephrine; FPS, fear-potentiated startle; EPM, elevated plus-maze.

glutamate release (and thereby a decrease in postsynaptic
EPSPs) in the presence of sufficiently high levels of gluta-
mate (i.e., at higher stimulation frequencies) (Johnson et
al., 2004, 2005).

In vivo, these mGlu2 receptor-selective positive mod-
ulators have effects in animal models of anxiolytic-like
and antipsychotic activity very similar to those of or-
thosteric dual mGlu2/3 receptor agonists such as
LY354740 and LY379268 (Swanson et al., 2005; Linden
and Schoepp, 2006). .LY487379 was shown to be active in
the rat fear-potentiated startle model of anxiety at sur-
prisingly low doses (0.1 mg/kg s.c.). CBiPES was also

A 0.06 Hz Stimulation 2.0 Hz Stimulation

control
/ 0.3 uM cyPPTS

1.0 uM

1.0 Hz Stimulation

4.0 Hz Stimulation

control
0.3 uM cyPPTS

control
/0.3 ;M cyPPTS

1.0 uM

1.0 uM

0.06 Hz Stimulation
control

0.03 uM LY354740

\1.0uM

Fic. 11. The inhibition of corticostriatal EPSPs by the positive allo-
steric mGlu2 receptor modulator cyPPTS (Table 8) is frequency-depen-
dent. A, responses from an individual striatal neuron to 0.06 to 4 Hz
stimulation of glutamatergic inputs in the presence of different concen-
trations of cyPPTS. Inhibition is seen only at higher stimulation frequen-
cies. B, the orthosteric mGlu2 receptor agonist LY354740 inhibits EPSPs
already at the low stimulation frequency of 0.06 Hz. [Reproduced from
Johnson MP, Barda D, Britton TC, Emkey R, Hornback WJ, Jagdmann
GE, McKinzie DL, Nisenbaum ES, Tizzano JP, and Schoepp DD (2005)
Metabotropic glutamate 2 receptor potentiators: receptor modulation,
frequency-dependent synaptic activity, and efficacy in preclinical anxiety
and psychosis model(s). Psychopharmacology 179:271-283. Copyright ©
2005 Springer Science + Business Media. Used with permission.]

found to be active in SIH, a less sensitive anxiety model,
although at considerably higher doses (Johnson et al.,
2005). In terms of antipsychotic-like activity, CBiPES
inhibited PCP-induced hyperlocomotion in mice in the
same way as the orthosteric agonist LY379268; the ef-
fect of the modulator was reverted by pretreatment with
the competitive antagonist L.Y341495 (Johnson et al.,
2005). Likewise, both PCP- and amphetamine-induced
locomotion in mice were dose dependently inhibited by
the modulator LY487379 and the agonist 1.Y379268,
without an effect of these compounds on spontaneous
locomotor activity. The effects of both compounds were
reversed by the orthosteric antagonist 1.LY341495, the
latter case reflecting direct competition and the former,
the dependence of the modulator on receptor activation
by endogenous glutamate (Galici et al., 2005). In the
same study, it was also shown that LY487379, but not
LY379268, restored PPI disrupted by amphetamine ad-
ministration, an observation also thought of as predic-
tive of antipsychotic activity (Galici et al., 2005). A re-
cent study by Nikiforuk et al. (2010) has shown that
LY487379 improves cognitive flexibility and inhibitory
control of impulsive behavior in rats, paralleled by in-
creases in extracellular levels of serotonin and norepi-
nephrine in the prefrontal cortex. These findings might
be relevant for the treatment of cognitive deficits asso-
ciated with schizophrenia.

Another class of positive allosteric mGlu2 receptor
modulators, phenyl-tetrazolyl acetophenones, was dis-
covered at Merck research laboratories also by HTS
using a FLIPR calcium assay in a cell line coexpressing
the human mGlu2 receptor and the promiscuous G-pro-
tein Ga;4 (Pinkerton et al., 2004b). In a secondary con-
firmation assay, the lead compound (compound VII in
Table 8) increased the potency (and slightly the maximal
response) of glutamate in stimulating GTPy**S binding
via mGlu2 receptors, but not mGlu3 or other mGlu re-
ceptors. In the absence of glutamate, it did not stimulate
mGlu2 receptors. When given intracerebroventricularly
(due to poor brain penetration) at a dose of 100 nmol,
compound VII (Table 8) inhibited ketamine-induced
norepinephrine release in vivo. This effect was reversed
by coapplication of the competitive antagonist L.LY341495
and therefore mediated via the mGlu2 receptor. Like-
wise, the compound inhibited ketamine-induced hyper-
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activity in rats at doses of 100 and 300 nmol i.c.v. Ex-
tensive derivatization of this lead compound has
demonstrated the difficulties in optimizing allosteric
modulator compounds. Small structural modifications
can result in substantial changes in activity, without the
emergence of clear structure activity relationships
(Rudd and McCauley, 2005). Nevertheless, one series
using benzazoles as acetophenone replacements was rel-
atively successful (Govek et al., 2005). The best com-
pound in this series, an indole, reached relevant brain
levels after systemic administration and inhibited ket-
amine-induced hyperactivity in rats. It is noteworthy
that one compound, a benzotriazole analog (compound
VIII, Table 8), also enhanced mGlu3 receptor activity
with a potency only a 5-fold weaker than that at the
mGlu2 receptor. Moreover, replacement of the phe-
nyltetrazol by a thiopyridyl or a phenylpropanoic acid
end group resulted in compounds with improved brain
penetration (Pinkerton et al., 2004a; Cube et al., 2005).

Another lead structure emerging from this HTS was a
phenyltetrazolindanone (rather than -acetophenone)
compound (Pinkerton et al., 2005). Optimization of this
lead, taking into account SAR information from the ace-
tophenone series, on the one hand led to a dichloroin-
danone analog with a thiopyridyl end group (compound
IX in Table 8). This compound had good potency and
cooperativity in vitro, and brain levels (after a dose
active in the ketamine model in vivo) corresponding to
the active concentration range in vitro (Pinkerton et al.,
2005). On the other hand, this route has led to a series of
biphenyl-indanones (Bonnefous et al., 2005) resulting in
the best in vitro and in vivo properties yet found in
positive mGlu2 receptor modulators. In fact, compound
XI in Table 8 had an EC5, value of 5 nM in the GTP*°S
assay, and BINA (compound X in Table 8) (ECj, in vitro,
111 nM) was found to have good pharmacokinetic prop-
erties in vivo [i.e., high plasma exposure (16 uM at 2 h
after 20 mg/kg i.p.) and good brain penetration (brain/
plasma ratio = 0.75 at 2 h) (Bonnefous et al., 2005)],
making it a useful tool for in vivo studies.

The pharmacological properties of BINA in vitro and
in vivo (Galici et al., 2006) are very similar to those of
the pyridylmethylsulfonamide series described above.
The amino acid residues in transmembrane regions 4
and 5 that are essential for the effects of LY487379
(Schaffhauser et al., 2003) are also critical for allosteric
modulation by BINA, strongly suggesting that the two
modulators interact with the same binding site (Hem-
stapat et al., 2007). BINA (300 nM) increased the po-
tency of glutamate in a calcium mobilization assay (in
CHO cells coexpressing the human mGlu2 receptor and
the chimeric G-protein G;,5) by approximately 10-fold
without changing the maximal effect of glutamate. In
the presence of a low concentration of glutamate (EC,),
EC5;, values for BINA were found to be 33 and 98 nM for
the human and rat receptors, respectively. Using this
assay system, BINA did not enhance the effects of glu-

tamate at mGlul, mGlu5 and mGlu4 receptors at all.
Likewise, 300 nM BINA produced a leftward shift in the
glutamate-stimulated GTPyS binding by approxi-
mately a 10-fold at mGlu2, but not at mGlu3 receptors.
As described previously for LY487379 (see above), BINA
strengthened the inhibition of excitatory synaptic trans-
mission produced by the mGlu2/3 receptor agonist
DCG-1IV at the medial perforant path-dentate gyrus syn-
apse, which is believed to be involved in mechanisms of
fear and anxiety (Bergink et al., 2004).

BINA produces robust and long-lasting effects in be-
havioral models of antipsychotic- and anxiolytic-like ac-
tivity in mice, much like the findings previously reported
for group II mGlu receptor agonists (Galici et al., 2006).
At a dose of 32 mg/kg i.p., BINA blocked PCP-induced
hyperlocomotion, with a duration of action up to 8 h
after administration. It is noteworthy, however, that
BINA had no effect on amphetamine-induced hyperloco-
motion, unlike the effects of mGlu2/3 receptor agonists
and the allosteric modulator LY487379 (see above). In
another model of antipsychotic-like activity, BINA
blocked PCP-induced disruption of PPI in mice. More-
over, at doses of 10 and 32 mg/kg i.p., BINA had anx-
iolytic-like activity in the elevated plus maze and STH
models in mice. In a subsequent study (Benneyworth et
al., 2007), BINA was found to be active in another drug
model of psychosis, namely to inhibit the in vivo effects
of the hallucinogenic 5HTy,0c agonist (—)-2,5-dime-
thoxy-4-bromoamphetamine. This went in parallel with
an inhibition of spontaneous EPSPs and (—)-2,5-dime-
thoxy-4-bromoamphetamine-induced expression of Fos
in the medial prefrontal cortex, a brain area believed to
be involved in the pathophysiology of schizophrenia. In
all these animal models, the effects of BINA were antag-
onized by the selective group II competitive antagonist
LY341495, demonstrating their pharmacological speci-
ficity and dependence on activation of mGlu2 receptors
by endogenous glutamate. Hackler et al. (2010) have
confirmed the inhibitory effect of BINA (32 mg/kgi.p.) on
PCP-induced locomotion in rats; with the use of blood
oxygenation level-dependent pharmacological magnetic
resonance imaging, they found that BINA attenuated
the amplitude of the blood oxygenation level-dependent
response to PCP in specific brain areas such as the
prefrontal cortex, caudate-putamen, nucleus accumbens
and mediodorsal thalamus.

Taken together, the effects of allosteric mGlu2 recep-
tor modulators strengthen the notion of the importance
of these receptors in clinical indications such as anxiety
and schizophrenia. The finding that the effects of or-
thosteric dual mGlu2/3 receptor agonists have also been
found with mGlu2 receptor-selective positive modula-
tors confirms the findings from studies with knockout
animals that this subtype alone is sufficient for their
mediation. Some remarkable differences between the
actions of orthosteric agonists and modulators have also
been found, however, such as a lack of effect of the
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former in the antipsychotic model of amphetamine-in-
duced disruption of prepulse inhibition. Most recently,
Jin et al. (2010) have reported that BINA inhibited the
reinforcing and rewarding effects of cocaine and de-
creased cue-induced cocaine-seeking behavior in rats,
suggesting that positive mGlu2 receptor modulators
might also have a potential in the treatment of addiction
to cocaine and possibly other drugs of abuse.

Although several novel types of positive allosteric
modulators have been discovered (XII-XVI in Table 8)
(Zhang et al., 2008b; Duplantier et al., 2009; Brnardic et
al., 2010; Cid et al., 2010; D’Alessandro et al., 2010;
Tresadern et al., 2010), only few negative allosteric mod-
ulators of group IT mGlu receptors are known. For two
non—amino acid-based classes of group II antagonists
(Kolczewski et al., 1999; Wichmann et al., 1999), it has
not been clearly established whether they are competi-
tive or allosteric. Dihydro-benzo[b][1,4]diazepin-2-one
derivatives (represented by compounds XVII and XVIII
in Table 8) were found as group II mGlu receptor antag-
onists in an HTS campaign (Woltering et al., 2007) and
characterized in more detail by Hemstapat et al. (2007).
These compounds inhibit glutamate responses at both
mGlu2 and mGlu3 receptors in calcium mobilization and
GTPv>®S assays but have no effect at group I and III
mGlu receptors. The best compounds in this series
(MNI-136 and MNI-137, Table 8) have potencies in the
range of 10 to 100 nM. They lower the maximal effects of
glutamate, but not its binding affinity, indicating that
their mechanism of action is negative allosteric modula-
tion of efficacy. They also potently reverse the mGlu2/3
receptor-mediated inhibition of EPSPs at the perforant
path synapse in the hippocampus. These compounds do
not displace the competitive antagonist radioligand
[PHILY341495 from the orthosteric binding site. It is
noteworthy that point mutations in transmembrane re-
gions 4 and 5, which abolished the effects of positive
allosteric mGlu2 receptor modulators, did not affect the
inhibitory effects of these new compounds, pointing to
the possible existence of separate binding sites for pos-
itive and negative allosteric group II mGlu receptor
modulators (Hemstapat et al., 2007). The somewhat un-
usual lack of subtype-selectivity of these agents strongly
suggests that this separate binding site probably would
be common to mGlu2 and mGlu3 receptors. Schann et al.
(2010) have used a truncated construct of the mGlu2
receptor, in which the N-terminal region was replaced
by green fluorescent protein, for a FRET-based binding
assay. In this way they discovered a close analog of the
positive mGlu4 receptor modulator PHCCC (Table 9),
which bound to the 7TM domain of the mGlu2 receptor,
but was inactive in subsequent functional tests. Surpris-
ingly, when making simple derivatives of this neutral
allosteric ligand, they obtained the first compounds with
opposite activities at mGlu2 (negative allosteric modula-
tion) and mGlu3 receptors (positive allosteric modulation)
(see the article by Schann et al. (2010) for structures).

C. Allosteric Ligands Acting at Group III Metabotropic
Glutamate Receptors

Many more allosteric modulators have been described
so far for group I and II mGlu receptors than for their
counterparts belonging to group III. To date, within
group III, allosteric ligands have mainly been found for
mGlu4 and mGlu7 receptors. Some of them have most
interesting and unique properties. It is remarkable that
some compounds known as allosteric modulators for
group I mGlu receptors have opposite effects on group
III mGlu receptors (for detailed review, see Mathi-
esen and Ramirez, 2006). For example, the positive
allosteric mGlub receptor modulators CPPHA and DFB
(Table 5) have been found to have at the same time some
negative allosteric effects on mGlu4, mGlu8, and (DFB
only) mGlu7 receptors in calcium assays (O’Brien et al.,
2003, 2004). This is even more striking in light of the
fact that CPPHA and DFB exert their allosteric effects
through distinct sites in the 7TM region of the mGlu5
receptor (see section III.A.4). Their binding sites on
group IIT mGlu receptors have not yet been identified.
On the other hand, in a GTPy?*’S assay using mem-
branes from BHK cells expressing mGlu4 receptors, the
negative allosteric mGlu5 receptor modulators MPEP
and SIB-1893 (Table 2) both increased the maximal re-
sponse and potency of L-AP4 (Mathiesen et al., 2003).
MPEP and SIB-1893 had no effect on their own, and the
enhancement of the stimulation produced by the agonist
L-AP4 was abolished by the competitive antagonist
(R,S)-a-cyclopropyl-4-phosphonophenyl glycine, indicat-
ing an allosteric mechanism of action, dependent on
concomitant activation of the orthosteric site by an ag-
onist. Both compounds did not displace the agonist ra-
dioligand [*H]L-AP4 from its orthosteric binding site; on
the contrary, [*H]L-AP4 binding was increased by SIB-
1893 but not MPEP. This finding indicates that SIB-
1893 has positive binding cooperativity with respect to
L-AP4, whereas MPEP has neutral affinity cooperativ-
ity. In a cellular system, both modulators enhanced the
potency and maximal response of L-AP4 to inhibit fors-
kolin-stimulated cAMP production in a BHK cell line
expressing mGlu4 receptors. However, in this assay sys-
tem both MPEP and SIB-1893 had an effect on their
own. It was not clear whether this was due to the pres-
ence of endogenous glutamate or a true intrinsic efficacy
of the modulators, which may become visible in sensitive
systems with high receptor expression levels. In another
cellular system, SIB-1893 and MPEP enhanced the
Ca®* mobilization response evoked by L-AP4 in a HEK
cell line expressing the mGlu4 receptor, which had been
cotransfected with the chimeric G-protein Gay,s, thus cou-
pling mGlu4 receptors to the phospholipase C pathway (Ma-
rino et al., 2003). Of course, these mixed effects of com-
pounds on group I and III mGlu receptors may be
confounding in test systems on native receptors in vitro
and in vivo.
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TABLE 9
Positive allosteric mGlu4 receptor modulators

Compound potencies in vitro in one representative assay are given as an indication only. Because of the complexity of allosteric interactions, information on the positive
modulation is not summarized here but can be found in section III.C.
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Compound Structure Potency Comments References
Close derivative of CPCCOEt (Table 6); has
(. _ inhibitory activity at other mGlu receptor Maj et al., 2003;
L. (=)-PHCCC ECso = 4 uM subtypes; decreases reserpine-induced akinesia Marino et al., 2003
in rats
L
O. ‘\ | ﬂH d 1
. . Niswender et al.,
II: VU0155041 (N cl EC,, = 750 nM Decreases haloperidol-induced catalepsy and 2008a; Williams et
‘ reserpine-induced akinesia in rats
al., 2009a
o
Cl
/N\
III: VU0080241 NW/((N EC;, = 5 uM Williams et al., 2009b
X
\
N\¢N
N
NE N
IV: VU0001171 N EC,, = 1.7 uM Williams et al., 2009b
OH
ey
N
V:VU0092145 N EC,, = 3 uM Williams et al., 2009b
H
VI: EC;, = 200 nM Engers et al., 2009a
VII: VU0359516 EC,, = 380 nM Williams et al., 2010

Very similar effects have been found for the compound
PHCCC (compound I in Table 9), which was described
previously as a noncompetitive mGlul receptor antago-
nist (Annoura et al., 1996) [it is a structural analog of
the negative allosteric mGlul receptor modulator CPC-
COEt (Table 6)]. The compound increased both the po-
tencies and maximal effects (more than 2-fold) of gluta-
mate and L-AP4 in a GTPy%*S assay (ECj, in the low
micromolar range, depending on the agonist concentra-

tion) (Maj et al., 2003). The activity was found solely in
the (—)-enantiomer of PHCCC. In a recombinant cell
line expressing the human mGlu4 receptor, PHCCC en-
hanced agonist-induced inhibition of forskolin-stimu-
lated cAMP formation (EC5y = 2.8 uM at 5 uM L-gluta-
mate) (Maj et al., 2003). In the calcium mobilization
assay described above, PHCCC also enhanced the effect
of L-AP4 in a mGlu4 receptor expressing cell line with an
EC5, of approximately 4 uM (Marino et al., 2003). The
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structurally related compound CPCCOEt (Table 6) did
not show positive mGlu4 receptor modulation. However,
PHCCC has non-negligible antagonist effects at some of
the other mGlu receptor subtypes (Marino et al., 2003),
and it activates mGlu6 receptor as an agonist (Beqollari
and Kammermeier, 2008). Using receptor chimeras, the
binding site for PHCCC was shown to be localized, as
expected, in the mGlu4 receptor 7TM domain (Maj et al.,
2003).

Activation of mGlu4 receptors, and its positive alloste-
ric modulation, have recently attracted great interest as
a possible new strategy for the treatment of Parkinson’s
disease (Lavreysen and Dautzenberg, 2008; Lindsley et
al., 2009) because of the observation that group III mGlu
receptors modulate the striatopallidal synapse; applica-
tion of the agonist L-AP4 inhibits GABAergic inhibitory
postsynaptic currents via a presynaptic mechanism.
This was not observed in mGlu4 receptor knockout mice,
strongly indicating that this effect is mediated by pre-
synaptic mGlu4 heteroreceptors located on GABAergic
terminals (Valenti et al., 2003). The inhibition of the
GABAergic striatopallidal synapse may well restore the
balance in the basal ganglia motor circuit, which is
believed to be impaired in Parkinson’s disease (excessive
inhibition of the globus pallidus). Accordingly, intrace-
rebroventricular injections of L-AP4 produced beneficial
effects in rodent models of Parkinson’s disease (Valenti
et al., 2003). In electrophysiological experiments in
vitro, PHCCC has been shown to enhance the inhibition
of GABAergic transmission produced by L-AP4 but has
no effect on its own (Marino et al., 2003). On the other
hand, PHCCC did not strengthen effects of L-AP4 on
signaling at synapses expressing mGlu7 or mGlu8 re-
ceptors. In vivo, PHCCC also showed activity in a rodent
model of Parkinsonism, namely a marked antiakinetic
effect in reserpinized rats when administered on its own
(Marino et al., 2003). The structurally closely related com-
pound CPCCOEt, which does not enhance mGlu4 receptor
function, had no effect in this model. The more recent
mGlu4 receptor positive allosteric modulator cis-2-[[(3,5-
dichlorophenyl)amino]carbonyl]cyclohexanecarboxylic
acid (VU0155041; see below) has also been reported to
have antiparkinsonian-like effects in rats (antagonism of
haloperidol-induced catalepsy and reserpine-induced aki-
nesia) (Niswender et al., 2008a). Finally, PHCCC has been
found not only to reverse reserpine-induced akinesia but
also to have neuroprotective effects by reducing nigrostri-
atal degeneration in the MPTP model of Parkinson’s dis-
ease (Battaglia et al., 2006). This protective effect was not
obtained in mGlu4 receptor knockout mice.

In models of NMDA- and B-amyloid-induced neurotox-
icity in vitro, (—)-PHCCC enhanced the neuroprotective
effect of 1L-AP4 (Maj et al., 2003). It also had such an
effect when applied alone; this was most likely due to an
increase in extracellular glutamate concentrations in-
duced by the NMDA challenge. In fact, the neuroprotec-
tion provided by PHCCC alone was reversed by compet-

itive (orthosteric) group III mGlu receptor antagonists
(Maj et al., 2003). mGlu4 receptor modulators may well
have a potential in further clinical indications as well
(Lavreysen and Dautzenberg, 2008). PHCCC, when ad-
ministered locally into the basolateral amygdala, dis-
played significant anticonflict effects in the Vogel punished
drinking test, suggesting anxiolytic activity (Stachowicz et
al., 2004). Intrathecal application of (—)-PHCCC reduces
mechanical hyperalgesia in inflammatory and neuropathic
pain models (Goudet et al., 2008). PHCCC also enhances
the number of spike and wave discharges in WAG/Rjj rats,
which develop spontaneous absence seizures (Ngomba et
al., 2008). Absence-like seizures in pentylenetetrazole-
treated mice were also enhanced by PHCCC. These find-
ings suggest that mGlu4 receptor activation plays a role in
the generation of absence seizures and that negative mod-
ulators might have a place in this indication. However,
before valid conclusions regarding the therapeutic poten-
tial of mGlu4 receptor modulators can be drawn, these
results need to be confirmed with positive allosteric mod-
ulators, which are more selective than PHCCC, in addition
to having better potency and bioavailability.

Big efforts to find improved mGlu4 receptor positive
modulators were undertaken at Vanderbilt University.
The compound VU0155041 (Table 9, compound II) (Nis-
wender et al., 2008a; Williams et al., 2009a) is the result
of a first attempt to optimize the PHCCC scaffold. How-
ever, little if any improvement in potency and coopera-
tive effects compared with PHCCC was obtained from a
large series of derivatives because of the “flat” SAR
around this lead, as is often observed with allosteric
modulators. Nevertheless, VU0155041, which also has
some partial agonist activity, represents an improve-
ment over PHCCC in terms of aqueous solubility and
selectivity for the mGlu4 receptor. Subsequent HTS ef-
forts then yielded novel structures of positive mGlu4
receptor modulators (Table 9, III-V) (Niswender et al.,
2008b; Williams et al., 2009b), but little or no tractable
SAR were again encountered. In a series of heterobiaryl-
amides, some compounds with submicromolar potency
and relatively good central penetration were found
(Engers et al., 2009a). In Table 9, one of the two best
compounds of the series is shown (compound VI). Very
recently, Williams et al. (2010) have taken up the PH-
CCC lead structure again. The compound VU0359516
(Table 9, compound VII) has an improved potency (~4-
fold) and cooperativity (2-fold) compared with (—)-PH-
CCC; moreover, unlike PHCCC, it is selective versus
other mGlu receptors. In addition, novel chemotypes of
positive mGlu4 receptor modulators have recently been
disclosed by Merck and by ADDEX Pharmaceuticals.
More structural information is given in the reviews by
Lindsley et al. (2009) and East and Gerlach (2010).

A most interesting drug is the selective allosteric
mGlu7 receptor agonist N,N’-dibenzhydrylethane-1,2-
diamine dihydrochloride (AMNO082) (Table 10) (Mitsu-
kawa et al., 2005). This compound directly activates
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TABLE 10
Allosteric ligands at the mGlu7 receptor

See section III.C for further information and references.

Compound Structure Potencies

Comments References

I: AMNO082 EC,, = 260 nM
H

II: MDIP IC,, = 20 nM

IIT: MMPIP IC,, = 26 nM

(o)

Allosteric agonist, the first selective agonist

for the mGlu7 receptor; active in vivo in Mitsukawa et al., 2005

various animal models.

Negative allosteric mGlu7 receptor modulator

Suzuki et al., 2007

Negative allosteric mGlu7 receptor modulator

with inverse agonist activity Inhibits effects
of AMNO82 in vitro

MDIP, 5-methyl-3,6-diphenylisoxazolo[4,5-c]pyridin-4(5H)-one.

mGlu7 receptor signaling via an allosteric site in the
7TM domain. In the original characterization, AMNO82
stimulated GTPy>®S binding to membranes from mGlu7
receptor-expressing cells with a relatively high potency
(ECg¢ = 260 nM) and a maximal response comparable
with that of L-AP4 but clearly superior to that of gluta-
mate. Likewise, AMNO82 inhibited forskolin-stimulated
cAMP formation with an ICj, of 54 nM. It was inactive
in either stimulating or inhibiting GTPy**S binding or
inositol phosphate hydrolysis in assays for all other
mGlu receptor subtypes. It is noteworthy that adding
fixed concentrations of glutamate only marginally, if at
all, increased the potency of AMNO82 in the GTPv>°S
assay and vice versa. Moreover, addition of 3 uM AMNO082
did not appreciably affect the affinities of the agonists L-ser-
ine-o-phosphate, 1-AP4, and glutamate as displacers of the
radioligand [PH]LY341495 from the orthosteric binding site.
AMNO082 did not directly displace the radioligand either.
Thus, there are obviously no significant cooperative inter-
actions between orthosteric agonists and AMNO082. Exper-
iments using chimeric mGlu6/7 receptor constructs al-
lowed to localize the binding site for AMNO82 to the 7TM
domain. Taken together, these results clearly show that
AMNO082 is an allosteric mGlu7 receptor agonist (i.e., a
compound that is able to stimulate the receptor on its own
via a site distinct from the orthosteric agonist site) (Mitsu-
kawa et al., 2005). It has no cooperative effects on the

activation of that site by agonists. Subsequently, Suzuki et
al. (2007b) have reported that although AMNO087 inhibits
forskolin-stimulated cAMP accumulation in CHO cells ex-
pressing rat or human mGlu7 receptors, it did not induce
intracellular Ca®" mobilization in CHO cells coexpressing
the rat mGlu7 receptor together with the promiscuous
G-protein Gay . In line with this finding, AMNO82 has also
been found, unlike 1.-AP4, not to activate GIRK potas-
sium channels through mGlu7 receptors coexpressed in
HEK293 cells and not to stimulate mGlu7 receptors at the
Schaffer collateral-CA1 synapse in the adult rat hippocam-
pus (Ayala et al., 2008). This is a nice example of “agonist-
directed trafficking” (reviewed by Urban et al., 2007)—in
this case via an allosteric site! This must be kept in mind
when AMNO82 is used as a pharmacological tool to eluci-
date the role of mGlu7 receptors in a given physiological
context.

Using immunofluorescence and other labeling tech-
niques, Pelkey et al. (2007) have demonstrated that
exposure of dissociated hippocampal cultured neurons to
AMNO082 leads to robust mGlu7 receptor internaliza-
tion, much like the receptor endocytosis induced by the
orthosteric mGlu7 receptor agonist 1.-AP4. This shows
that AMNO82 not only activates the mGlu7 receptor
intracellular signal transduction cascade (inhibition of
cAMP formation), but also the receptor endocytosis/de-
sensitization pathway. Although this might make it a
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useful tool for the study of the mGlu7 receptor internal-
ization process, it seems that this allosteric agonist does
not share the advantage of the GABA positive modula-
tor GS39783, which allows receptor activation without
leading to desensitization (Gjoni and Urwyler, 2008) (see
section IV.D).

AMNO82 is also a striking example of how better
bioavailability and brain penetration can be obtained
with an allosteric drug, compared with its orthosteric,
amino acid-like counterparts. In fact, 1 h after oral ad-
ministration of 10 mg/kg to mice or rats, pharmacologi-
cally relevant concentrations of AMNO082 were found in
total brain tissue (Mitsukawa et al., 2005). Because the
mGlu7 receptor plays a role in the regulation of hor-
monal responses to stress situations (Mitsukawa et al.,
2006), the effect of oral administration of AMNO082 on
serum levels of the stress hormones adrenocorticotro-
phin and corticosterone was analyzed. A dose of 6 mg/kg
increased the levels of both hormones by approximately
2-fold in wild type but not in mGlu7 receptor-deficient
knockout mice (Mitsukawa et al., 2005). This finding
strongly suggests that mGlu7 receptors are involved in
conditions involving chronic stress (e.g., anxiety and
depression), an interpretation that is in line with the
anxiolytic-like phenotype of mGlu7 receptor knockout
animals (Callaerts-Vegh et al., 2006) (for review, see
O’Connor et al., 2010). Therefore, the anxiolytic effects
of AMNO082 described below are unexpected and seem
paradoxical.

The fact that AMNO82 is the first selective mGlu7
receptor agonist has raised great hopes in this com-
pound as a pharmacological tool to elucidate the physi-
ological role of this receptor. However, the effects of this
compound have turned out to be complex, and its prop-
erty of pathway-selective agonism outlined above adds a
caveat in the interpretation of experimental data: a lack
of effect does not necessarily mean that the mGlu7 re-
ceptor is not involved in a given function under study.
mGlu7 receptors are widely distributed throughout the
brain and mainly localized as presynaptic receptors at
the active zones mainly of GABAergic and glutamatergic
neurons. Li et al. (2008) have interpreted the results
from their in vivo microdialysis study such that mGlu7
receptor activation by AMNO82 in the nucleus accum-
bens modulates nonvesicular GABA and glutamate re-
lease by a G; protein-coupled mechanism. In the hands
of Ugolini et al. (2008), AMNO082 inhibited afferent glu-
tamatergic transmission in a slice preparation of the
basolateral amygdala, a brain region known to be in-
volved in the generation of anxiety. This inhibition was
observed only at high (2 Hz) and not at lower (0.05 Hz)
stimulation frequencies, suggesting that AMNO082 actu-
ally acts as an allosteric modulator (its effect being de-
pendent on the amount of glutamate released) rather
than an allosteric agonist (in which case its effect would
be frequency-independent; see Fig. 11). This interpreta-
tion is supported by the observation that the orthosteric

agonist L-AP4 inhibited synaptic transmission also at
the lower stimulation frequency, and this effect was
enhanced by AMNO082. In the context of effects on syn-
aptic signaling in the amygdala, AMNO082 inhibits long-
term potentiation (LTP) in this brain region (Fendt et
al., 2008). Accordingly, AMNO082 also blocks the acqui-
sition of conditioned fear [measured in the fear-potenti-
ated startle paradigm (Fendt et al., 2008; Siegl et al.,
2008)], which is believed to be an example of amygdala-
dependent learning. Rather paradoxically, however,
AMNO082 at the same time facilitated the extinction of
aversive memories, which is also considered an active
learning process (Fendt et al., 2008). O’Connor et al.
(2010) have suggested that this observation might be
related to different roles of mGlu7 receptors in different
brain regions, the amygdala being responsible for fear
acquisition and the prefrontal cortex, on the other hand,
for extinction learning. In any case, the combination of
inhibition of fear acquisition and the facilitation of its
extinction predicts anxiolytic effects of AMNO082, which
were actually found by Stachowicz et al. (2008) in wild-
type, but not in mGlu7 receptor knockout mice. Like-
wise, antidepressant activity was seen with AMNO082
administered intraperitoneally in the forced swim and
the tail suspension tests only in wild type but not in mice
lacking mGlu7 receptors (Palucha et al., 2007). How-
ever, significant inhibition of spontaneous locomotion
was observed at higher doses of AMNO082 also in knock-
out animals, suggesting off-target effects of the com-
pound. As mentioned above, the anxiolytic-like activity
of AMNO82 seems to be in contradiction with the anx-
iolytic-like phenotype of mGlu7 receptor knockout ani-
mals. Of course, however, the possibility of developmen-
tal adaptations occurring in knockout animals should
always be considered in such situations. Moreover, one
could also speculate about a possible role of receptor
desensitization (internalization) induced by AMNO082 in
its anxiolytic-like effects.

The prominent expression of mGlu7 receptors in the
basal ganglia has prompted Greco et al. (2010) to inves-
tigate effects of AMNO82 in animal models of Parkin-
son’s disease. They observed a reversal of haloperidol-
induced catalepsy in rats at only one low (5 mg/kg p.o.),
but not at higher doses, and a seemingly paradoxical
inhibition of apomorphine-induced circling behavior in
animals with unilateral 6-OHDA lesions, again with an
inverse dose-response relationship. It is noteworthy that
AMNO082 also improved the reaction time of bilaterally
6-OHDA-lesioned rats in a more complex task involving
responding to a visual cue, which is impaired in akinetic
animals. The utility of mGlu7 receptor activation as a
therapeutical basis in Parkinsonism awaits further in-
vestigation. In the prospect of other potential indica-
tions, AMNO082 (1 or 5 mg/kg i.p.) inhibited thermal
hyperalgesia in inflammatory and surgical pain mod-
els (Dolan et al., 2009). Finally, AMNO82 has been
reported to inhibit the rewarding effects of cocaine
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and cocaine self-administration in a dose-dependent
manner upon peripheral or central administration (Li
et al., 2009).

The isoxazolopyridone compounds II/III shown in Ta-
ble 10 have been characterized extensively by Suzuki et
al. (2007b). 5-Methyl-3,6-diphenylisoxazolo[4,5-c]pyri-
din-4(5H)-one and MMPIP inhibited 1»-AP4-induced
Ca?" mobilization in CHO cells coexpressing the rat
mGlu7 receptor with the promiscuous G-protein Goys,
with ICg, values of 20 to 30 nM. The maximum agonist
response was reduced in the presence of MMPIP; and
this compound did not inhibit the binding of the or-
thosteric antagonist [PH]LY341495, two typical signs of
negative allosteric modulation. Both compounds also re-
verted L-AP4-induced inhibition of forskolin-stimulated
cAMP production in mGlu7 receptor-expressing cells.
MMPIP had no effect in functional assays for the other
mGlu receptor subtypes. Most interestingly, MMPIP
was able to antagonize the inhibition of cAMP formation
produced by the allosteric agonist AMNO082. Given the
available data, it was unclear whether this inhibition
was competitive versus AMNO082 (i.e., whether the two
compounds bind to the same allosteric site). When ap-
plied alone, MMPIP caused a further increase in forsko-
lin-stimulated cAMP levels in mGlu7 receptor-express-
ing cells, strongly suggesting allosteric inverse agonist
activity, which was not seen with the competitive antag-
onist LY341495. Very much like in the situation with
AMNO82, the effects of MMPIP seem to be context-
dependent. In the hands of Niswender et al. (2010),
MMPIP inhibited 1.-AP4-induced intracellular calcium
mobilization in a BHK cell line coexpressing the mGlu7
receptor and the promiscuous G-protein Gay5. On the
other hand, MMPIP was clearly less active in inhibiting
mGlu7 receptor-mediated regulation of GIRK channels,
with a potency in the low micromolar range. Moreover,
contrary to the findings reported by Suzuki et al.
(2007b), who used CHO cells, it did not reverse the
L-AP4-induced inhibition of cAMP formation in mGlu7
receptor-expressing HEK cells. Finally, MMPIP did also
not block the mGlu7 receptor-mediated reduction of syn-
aptic signaling at the Schaffer Collateral-CA1 synapse
(of note, AMNO82 did not have agonistic activity in this
paradigm, see above). This is a nice example of “permis-
sive antagonism,” meaning that a compound can block
one or more particular signaling pathways, but not oth-
ers (Kenakin, 2005; Leach et al., 2007; Kenakin and
Miller, 2010).

Up to now, very few studies have addressed the in vivo
effects of negative allosteric mGlu7 receptor modulators.
First, local coadministration of MMPIP blocks the ef-
fects of AMNOS82 on cocaine reward and self-administra-
tion described above (Li et al., 2009). Very recently,
MMPIP at doses ranging from 3 to 30 mg/kg s.c. has
been reported to impair cognitive performance in mice
(object recognition test, object location test) and to
reduce social exploration in rats but to have no effects
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in a number of other behavioral (locomotor, sensory
processing, muscle relaxant, anxiolytic, antidepres-
sant, analgesic, seizure threshold) models (Hikichi et
al., 2010a).

L-AP4, the prototypical mGlu7 receptor agonist avail-
able so far, activates this receptor only at concentrations
much higher than those required to stimulate its closest
relatives, the other group III mGlu receptors (mGlu4, -6,
and -8). Therefore, it has been impossible to elucidate
the physiological role of mGlu7 receptors with this type
of pharmacological tool without confounding effects in-
duced by activation of these other receptors (Conn and
Niswender, 2006). For this reason, the availability of the
highly potent, selective and (at least proven for AMNO082)
bioavailable allosteric tool compounds AMNO082 (agonist)
and 5-methyl-3,6-diphenylisoxazolo[4,5-c]pyridin-4(5H)-one/
MMPIP (antagonist/inverse agonist) should represent a
breakthrough in the study of the physiological function of this
seemingly most important receptor. A true positive modula-
tor would be a useful add-on to the pharmacological mGlu7
receptor toolbox. The same holds of course true for the other
subtypes of group III mGlu receptors (i.e., mGlu6 and
mGlu8).

IV. GABAg Receptor Function Involves Allosteric
Interactions across a Heterodimer

A. GABAg Receptor Structure and Function

Baclofen [i.e., racemic B-p-chlorophenyl-GABA (Liore-
sal)], a lipophilic, brain-penetrating analog of GABA,
was introduced in the beginning of the 1970s as a mus-
cle-relaxant drug used in the treatment of spasticity in
patients suffering from, e.g., multiple sclerosis or spinal
injury. Only several years later, its use as a pharmaco-
logical tool in neurotransmitter release and radioligand
binding assays led to the discovery of a novel, bicucull-
ine-insensitive GABA receptor (Bowery et al., 1980; Hill
and Bowery, 1981). It was termed the “GABAg” receptor,
as opposed to its bicuculline-sensitive, baclofen-insensi-
tive “GABA,” counterpart. Subsequently, it became
clear from numerous biochemical and physiological
studies that the GABAg receptor has an inhibitory na-
ture but, unlike the ionotropic GABA, receptor, coupled
to G-protein—mediated intracellular pathways. Over
time, a great number of useful pharmacological tools,
potent and selective agonists and antagonists, for the
GABAg receptor also became available (for review, see
Bowery et al., 2002). Nevertheless, the agonist baclofen
remains the only therapeutically used drug acting via
GABAg receptors.

Although the existence and the properties of the
GABAg receptor were well established on pharmacolog-
ical and physiological grounds, its molecular entity re-
mained elusive for a long time. It was not until 1997 that
a complementary DNA, encoding a GABAg receptor pro-
tein, was successfully cloned for the first time (Kaup-
mann et al., 1997). It was found to resemble mGlu re-
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ceptors and to exist in two distinct variants, named
GABAg,, (containing 960 amino acids) and GABAg;,
(844 amino acids), which differ in the presence or the
absence, respectively, of an N-terminal complement pro-
tein sequence (“Sushi repeats” [Hawrot et al., 1998]).
These isoforms arise from the initiation of transcription
at different sites, under the control of distinct promot-
ers. The existence of true splice variants of the GABAg;
protein has also been shown (summarized by Bettler et
al., 2004). Surprisingly, although heterologous expres-
sion of either GABAy receptor protein in a recombinant
cell line allowed measuring the binding of high-affinity
antagonist radioligands, a considerably lower binding
affinity for agonists compared with native receptors was
found, and it did not make possible the measurement of
robust functional responses (Kaupmann et al., 1997).
This finding remained enigmatic until several groups
reported at the same time the cloning of a second
GABAg receptor protein [GABAg,] containing 941
amino acids (110 kDa) (Jones et al., 1998; Kaupmann et
al., 1998; White et al., 1998; Kuner et al., 1999). GABAg,
and GABAg, are derived from different genes and share
35% sequence identity and approximately 50% similar-
ity. The coexpression of GABAg; and GABAg, to form
heterodimeric assemblies (Fig. 12), at that time a unique
feature among GPCRs, is a prerequisite to form func-
tional GABAg receptor entities.

Both GABAj receptor proteins are part of “family C”
GPCRs. Unlike most other GPCRs belonging to this
class; however, the GABAp receptor does not have an
extracellular cysteine-rich sequence between the ligand-
binding and the 7TM domains. Although both GABAg
receptor subunits contain the VFTM (Fig. 12), only
GABAg; can bind GABA and other agonist or competi-

/ GABA
Sushi}g\,p GABAg
Repeats
(OABAL, Ve

GABA @m

£ Iﬁ [
wﬂrot

% cAMP | (o)
. . VSCC | (By)
Cotled-col COOM™ coon  GIRK 1 (y)

Fic. 12. Schematic representation of the structure of the GABAy re-
ceptor. The receptor consists of a heterodimeric assembly of two distinct
subunits, GABA 3, and GABA g,,. The ligand binding domain is formed
by two VFTM lobes in GABA g,, that close upon agonist binding. Com-
petitive antagonists bind to the same site without closing the VFTM. The
homologous part in GABA gy, is unable to bind orthosteric ligands. On the
other hand, the GABA ,, subunit couples to heterotrimeric G-proteins
made up of a-, B-, and y-subunits. Upon receptor activation, the o;-
subunit inhibits cAMP formation, whereas By-signaling inhibits presyn-
aptic voltage-sensitive calcium channels (VSCC) and activates postsyn-
aptic GIRKs. Moreover, the GABA g,, subunit is essential for the
expression of the receptor at the cell surface by masking a retention
signal in the C-terminal part of GABA 3,, via a coiled-coil interaction in
the intracellular domains of the two subunits.
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tive antagonist ligands, because amino acids critical for
ligand binding are not conserved in the flytrap module of
GABAg, (Galvez et al., 2000a). Despite the inability of
the GABApg, subunit to bind orthosteric ligands, it is
essential for GABAj receptor expression and function in
several ways. GABAg; alone cannot be transported to
the cell surface, because a retention signal at its C
terminus prevents its release from the endoplasmic re-
ticulum. The interaction of the C-terminal parts of
GABAp; and GABApg,, forming a coiled-coil domain,
masks this retention signal, thus making possible the
transport of the heterodimeric complex to the plasma
membrane. Moreover, the extracellular N-terminal
domain of GABAp, interacts allosterically with its
GABAg; counterpart and thus facilitates agonist bind-
ing, resulting in the agonist affinities that have been
observed for native GABAg receptors (Galvez et al.,
2001). Finally, whereas receptor activation is initiated
by agonist binding to the VFTM of GABAg,, it is the
GABAg, subunit that transmits the signal to the intra-
cellular effector systems via an interaction of its second
intracellular loop with matching G-proteins (Fig. 12)
(Margeta-Mitrovic et al., 2001; Robbins et al., 2001;
Grinewald et al., 2003; Havlickova et al., 2003). GABAg
receptors couple to different intracellular effector sys-
tems. Their activation produces a robust, pertussis toxin-
sensitive inhibition of forskolin-stimulated adenylyl cy-
clase activity in native and recombinant receptor assay
systems (Wojcik and Neff, 1984; Cunningham and Enna,
1996; Knight and Bowery, 1996; Wise et al., 1999; Hirst
et al., 2003). On the other hand, baclofen has been re-
ported to enhance the activity of adenylyl cyclase stim-
ulated by corticotropin-releasing hormone, pituitary ad-
enylate cyclase-activating peptide, or noradrenaline in
native systems (Knight and Bowery, 1996; Olianas and
Onali, 1999; Onali and Olianas, 2001). These effects are
most likely due to receptor-receptor interactions (“cross-
talk”) and seem, like the stimulation of basal adenylyl
cyclase activity, to involve signaling by B,y—G-protein
subunits (Olianas and Onali, 1999; Onali and Olianas,
2001). Also via this pathway, GABAp receptors are
linked to G-protein coupled inwardly rectifying potas-
sium channels (Kir3-type, “GIRK”) (Liischer et al.,
1997). The activation of these channels is responsible for
the late, long-lasting component of the inhibitory post-
synaptic potentials. The ionotropic GABA, receptor, on
the other hand, mediates the fast, short-lasting compo-
nent of inhibitory postsynaptic potentials. Furthermore,
presumably via the inhibition of voltage-sensitive cal-
cium channels (Takahashi et al., 1998), presynaptic
GABAg auto- and heteroreceptors inhibit the depolar-
ization-induced release of a number of neurotransmit-
ters, such as GABA itself or various neuropeptides, cat-
echolamines, acetylcholine, or glutamate (for review, see
Bettler et al., 2004).
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B. The Discovery and Early Characterization of
Allosteric GABAg Receptor Modulators

The first positive allosteric GABAg receptor modula-
tors were discovered by compound screening using a
GTPv?°S assay and membranes from a CHO cell line
stably expressing the GABAg receptor (Urwyler et al.,
2001, 2003) and have since then been the subject of
numerous in vitro and in vivo studies (for review, see
Urwyler, 2006; Adams and Lawrence, 2007, Pin and
Prézeau, 2007). The two compounds CGP7930 and
GS39783 (Table 11), and a number of analogs thereof,
enhance the stimulation of GTPy**S binding by GABA
or baclofen without activating it by themselves. No en-
hancement of GABA-stimulated GTPy°S binding by
CGP7930 or GS39783 was observed in the presence of the

URWYLER

competitive antagonist [3-[1-(R)-[[3-cyclohexylmethyDhy-
droxyphosphinyl]-2-(S)-hydroxypropyllamino]ethyl]-ben-
zoic acid, monolithium salt (CGP56999A), further confirm-
ing that the effects of these compounds are dependent on
the simultaneous activation of the receptor by an agonist.
The results obtained with both modulators in GTP}?®S
assays using the recombinant GABAy receptor-expressing
cell line were very similar to those found with native re-
ceptors in rat brain membranes (Urwyler et al., 2001,
2003) or in samples from human postmortem brain tissue
(Olianas et al., 2005).

A striking characteristic of the potentiating effects of
CGP7930 and GS39783 on agonist stimulation of native
and recombinant GABAp receptors is the finding that
both the potency and the maximal response of GABA are

TABLE 11
Positive allosteric GABAg receptor modulators

Information about compound potencies in vitro were obtained in different assay systems and should be compared with caution. Information on the cooperative effects of the
compounds is given in section IV. No negative allosteric GABAg receptor modulators have been described to date.

Compound Structure Potencies (ECj) Comments References
OH
The first positive GABAy allosteric Ur};ﬁ:};‘ssg 2111; d2001;
CGP7930 4.6 uM modulator reported, together with its Crvan. 2008:
HO O K aldehyde analog CGP13501; in vivo Brisbér ot ’al
activity in models of anxiety and pain 2009 g "
S/
)\ c Urwyler et al., 2003;
NN Several analogs are also active in vitro; Crvan ot al.. 2004
(GS39783 ‘ 3.5 uM GS39783 is active in biochemical and G'c):ni ot al -’2006',
P oM behavioral models in vivo (anxiolytic- Li]l a5 E 1 >
N N like, drug abuse) uriier et al.,
H . H ’ 2007
0o
F
HO F
F . . . .« . .
rac-BHFF o 234 nM An;?&iflicr_llﬁizcmlty in the SIH Malherbe et al., 2008
o
F
HO F
F
BHFI ° 289 nM Nonhydrolyzable, more stable analog of - yroihorhe ot al., 2008
N rac-
H
BHF177 ;H 1.7 uM Guery et al., 2007

F

N
7 N\
%N ;

F

BHFI, 5,7-di-tert-butyl-3-hydroxy-3-trifluoromethyl-1,3-dihydro-indol-2-one.
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Fic. 13. CGP7930 enhances at the same time the potency and the
maximal efficacy of GABA as an agonist at the GABAy receptor. A
GTPy/[?*S] binding assay was conducted with membranes from a recom-
binant GABA expressing CHO cell line. GABA concentration-response
curves were measured in the absence (l) and in the presence (O, 1 uM; ¢,
3 uM; A, 10 uM; @, 30 uM) of CGP7930. [Reproduced from Urwyler S,
Mosbacher J, Lingenhoehl K, Heid J, Hofstetter K, Froestl W, Bettler B,
and Kaupmann K (2001) Positive allosteric modulation of native and
recombinant, y-aminobutyric acidg receptors by 2,6-di-tert-butyl-4-(3-hy-
droxy-2,2-dimethyl-propyl)-phenol (CGP7930) and its aldehyde analog
CGP13501. Mol Pharmacol 60:963-971. Copyright © 2001 American
Society for Pharmacology and Experimental Therapeutics. Used with
permission.]

enhanced (Fig. 13). Whereas the EC;, values for GABA
were decreased 5- to 10-fold in the presence of maxi-
mally active concentrations of the two modulators, the
maximal stimulation of GTPy?5S binding at saturating
GABA concentrations was 1.5- to 2.0-fold of that ob-
tained in the absence of modulators (Urwyler et al.,
2001, 2003). This dual action was subsequently con-
firmed in other assay systems as well.

The phenomenon that some allosteric modulators en-
hance not only agonist affinity but also efficacy is ex-
plained by recently developed theoretical receptor mod-
els (see Introduction) (Hall, 2000; Christopoulos and
Kenakin, 2002). These models are basically applicable to
all kinds of orthosteric ligands, independently of their
intrinsic properties. This implies that partial agonists,
inverse agonists, and competitive antagonists should a
priori be as much amenable to allosteric modulation as
full agonists. In fact, we have found that in a GTPy?®S
assay, the maximal response of the partial agonist
CGP47656 was enhanced by approximately 4-fold by
CGP7930 and GS39783, compared with only approxi-
mately 1.5- to 2-fold increases found with GABA (Urwy-
ler et al., 2005). Mannoury la Cour et al. (2008) have made
similar observations with regard to the partial agonist
3-aminopropyl(methyl)phosphinic acid (SKF97541). Obvi-
ously, the less efficacious receptor activation with a partial
agonist leaves more room for an increase in the maximal
agonist response. Further in line with this concept, two
compounds [(3-aminopropyl)(diethoxymethyl)
phosphinic acid (CGP35348) and 2-hydroxy-saclofen],
which have previously been considered neutral (or “silent”)
GABAg receptor antagonists (Bowery et al., 2002) did not
stimulate GTPy®>S binding at all on their own but became
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partial agonists in the presence of CGP7930 or GS39783.
Thus, apparently the modulators amplified hidden, mar-
ginal agonistic properties of these two orthosteric ligands
that could normally not be detected in the insufficiently
sensitive GTPy?>S assay. On the other hand, we have also
found in the same study (Urwyler et al., 2005) that the
binding affinities of a number of competitive GABAg re-
ceptor antagonists were decreased in the presence of
CGP7930 or GS39783—a good example of the probe de-
pendence of allosteric interactions.

Onali et al. (2003) have confirmed the allosteric effects
of CGP7930 on native GABAg receptors by cAMP mea-
surements in membranes from different rat brain re-
gions. Their experiments comprised the study of basal
and forskolin-, corticotropin-releasing hormone-, and
Ca®"/calmodulin-stimulated adenylyl cyclase activity
and thus demonstrated that both signaling pathways
via the a- and the B/y- subunits of G,-proteins are
affected by the allosteric modulator.

Mannoury la Cour et al. (2008) have investigated the
influence of positive allosteric modulators on GABAg re-
ceptor coupling to different G-protein subtypes with the
use of an immunocapture scintillation proximity assay sys-
tem (DeLapp, 2004). GABA and (R)-baclofen activated Go,,
and Ga;q5 in rat cortex, hippocampus, and cerebellum,
whereas Ga, and Geay,r were unaffected. CGP7930, 3,5-
bis(1,1-dimethylethyl)-4-hydroxy-a,a-dimethylbenze-
nepropanal (CGP13501) and, more markedly, GS39783
enhanced agonist potencies and maximal responses for the
stimulation of GTPy?®S binding to Ga, in all three brain
regions. On their own, the three modulators were inactive.
On the other hand, they did not modify agonist-induced
GABApg receptor coupling to Gayy/53. In recombinant
HEK293 cells expressing GABAg1,, - 2, or GABAgyy, + 2,
however, the modulators massively (almost up to 3 log
units for GS39783) enhanced the potency but not the max-
imal effect of GABA to stimulate GTP»*S binding to
Gayy/3- The lack of effects on the maximal response, how-
ever, might be due to a low level of Gayq/5 protein available
for coupling, being the limiting factor. This might also
apply to the situation in native brain tissue. These results
illustrate the dependence of ligand effects on the system
used to measure responses (see section I.D). Nevertheless,
they are also indicative of the possibility that positive al-
losteric modulators might differentially affect the coupling
of GABAg receptors to specific G-protein subtypes.

Several chemistry groups have attempted to improve
on CGP7930 and GS39783, mostly by taking these two
lead molecules as starting points for derivatization. Kerr
et al. (2006, 2007) made a series of analogs of CGP7930,
none of which, however, surpassed the lead compound in
terms of potency and degree of cooperativity. Malherbe
et al. (2008) have identified rac-BHFF (Table 11), which
is structurally related to CGP7930, as a positive alloste-
ric modulator at recombinant GABAg receptors. Similar
to results obtained with CGP7930, this compound en-
hanced both the potency and maximal effect of GABA in
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GTPv%®S binding and intracellular Ca?" mobilization
(FLIPR) assays. (+)-BHFF was more potent than the
(—)-enantiomer, the first example of stereoselectivity at
the GABAj allosteric modulator binding site. Rac-BHFF
was quickly hydrolyzed in vivo; for this reason, the au-
thors also synthesized the nonhydrolyzable lactam analog
5,7-di-tert-butyl-3-hydroxy-3-trifluoromethyl-1,3-dihydro-
indol-2-one (BHFT; Table 11). Unlike CGP7930, BHFF and
5,7-di-tert-butyl-3-hydroxy-3-trifluoromethyl-1,3-dihydro-
indol-2-one also significantly stimulated GTPy°S binding
in the absence of GABA,; i.e., they acted as allosteric ago-
nists. In an effort to obtain molecules without the genotoxic
potential of GS39783, Guery et al. (2007) made a number
of analogs lacking the nitro group of the lead compound,
first by replacing it with a nitro-mimetic such as a tri-
fluoromethyl group, but then also by making molecules
more distantly related to GS39783. The most active com-
pound from their series is BHF177 (Table 11), with a
potency and cooperativity in the GTPy?®S binding assay
similar to those of GS39783. Other structural classes have
been claimed as positive allosteric GABAp receptor modu-
lators in a few patent applications; the current patent
situation is reviewed elsewhere (Froestl, 2010). Appar-
ently, no negative allosteric GABAg receptor modulators
are known at present.

C. Interactions between Allosteric and Orthosteric
Ligand Binding Sites: Mapping of the Allosteric
Modulator Site on GABAg Receptors

Radioligand-binding experiments provide a powerful
tool to analyze the mechanisms underlying allosteric
receptor modulation. In saturation experiments with the
agonist radioligand [*H]3-aminopropylphosphinic acid,
CGP7930 produced an increase of its binding affinity to
GABAg receptors in rat cortical membranes (Urwyler et
al., 2001). At the same time, a small increase in the
maximal binding capacity was also observed. An in-
crease of agonist affinity produced by allosteric modula-
tors was also visible in displacement experiments. The
curves describing the inhibition of the binding of the an-
tagonist radioligand [*H]3-[(1R)-1-[[(2S)-2-hydroxy-3-
[hydroxy-[(4-methoxyphenyl)methyl]phosphoryl]propyl]-
methylamino]ethyl]benzoic acid (CGP62349) to native
GABAj; receptors by agonists were biphasic, consisting of a
high-affinity and a low-affinity component, most likely re-
flecting the G-protein-coupled and -uncoupled states of the
GABAg receptor (Urwyler et al., 2003, 2004). The allosteric
modulators CGP7930 and GS39783 enhanced the agonist
affinities of both components. Moreover, the two modula-
tors also increased the relative proportion of high agonist
affinity sites. This finding strongly suggests that the allo-
steric agents not only promote agonist binding to the or-
thosteric site but also strengthen the interaction of GABAg
receptors with their associated G-proteins. The increase in
receptor-G-protein coupling produced by CGP7930 ex-
plains the increase in the number of binding sites for
[*H]3-aminopropylphosphinic acid, which only labels the
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high agonist affinity (G-protein-coupled) receptor state. On
the other hand, the antagonist radioligand [PH]CGP62349
labels both receptor forms, which are visible in agonist-
displacement experiments. Accordingly, the maximal bind-
ing capacity for this radioligand remained unchanged in
the presence of CGP7930 or GS39783 (Urwyler et al.,
2005). Complex results were obtained from radioligand-
binding experiments performed with recombinant GABAp
receptor preparations (Urwyler et al.,, 2001). In mem-
branes from CHO cells expressing the GABAg; subunit
only, the binding of the radioligand [*H]CGP62349 was not
inhibited by CGP7930, confirming that this compound
does not bind to the orthosteric receptor site. GABA dis-
placed the binding of [PHICGP62349 with low affinity
(IC5o ~ 100 uM), which remained unchanged in the pres-
ence of CGP7930. On the other hand, when the same
experiments were performed using membranes from cells
expressing both GABAg receptor subunits, biphasic dis-
placement curves were obtained with GABA. The ICj;,
values of the low-affinity component were close to those
found with the GABAp; monomer and remained un-
changed in the presence of CGP7930, whereas the I1C;, of
the high-affinity component was decreased by CGP7930 by
2.5-fold. The low-affinity component comprised approxi-
mately 70% of the total ligand binding and in this case was
attributed to an overexpression of the GABAg; subunit in
the stable CHO cell line. These results demonstrate that
the presence of the GABAp, subunit is essential for the
modulation of agonist-binding affinity by CGP7930. Binet
et al. (2004) have confirmed and extended this interpreta-
tion by demonstrating that CGP7930 binds to and directly
activates the heptahelical domain of GABAg, (see section
IV.D). The Drosophila melanogaster GABAg receptor is
not amenable to allosteric modulation by GS39783 (Dupuis
et al., 2006). However, coexpression of D. melanogaster
GABAg; with rat GABAg, resulted in an enhancement of
GABAg receptor function by GS39783. Data obtained with
rat/D. melanogaster GABAg, subunit chimeras and point
mutations further indicated a critical role of the GABAg,
transmembrane region for positive modulation. Two key
mutations (G706T and A708P) were necessary and suffi-
cient for direct activation of the rat GABAg, subunit by
GS39783 (Dupuis et al., 2006).

Matsushita et al. (2010) have recently shed light on
the mechanism of GABAg receptor activation from a
different angle. To clarify agonist-induced structural
changes, each receptor subunit was fused with either
Cerulean or enhanced yellow fluorescent protein at in-
tracellular loops, and fluorescence resonance energy trans-
fer (FRET) changes after agonist application were recorded.
FRET decreases were observed between GABAg;, loop 2 and
GABAg, loop 2, and also between GABAg;, loop 2 and
GABAg, loop 1. These FRET decreases were more pro-
nounced when CGP7930 (100 uM) was added together with
3 or 10 uM GABA, whereas CGP7930 alone had no effect.
On the other hand, when intrasubunit FRET constructs
carrying Cerulean at the C terminus and enhanced yellow
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fluorescent protein at the intracellular loop 1 of either the
GABAg; or GABAg, subunit were studied, GABA applica-
tion did not evoke any FRET change, with or without
CGP7930. This apparent lack of activation-induced struc-
tural changes in the individual subunits is unexpected
especially with regard to GABAg,, because the allosteric
modulators are believed to act through this subunit. Mat-
sushita et al. (2010) have proposed a model involving a
widening of the cleft between the two subunits occurring
upon agonist stimulation, keeping the helical configura-
tion of each subunit unchanged. CGP7930 would possibly
bind in the cleft, thereby further enhancing the separation
between the two subunits.

D. GABAg Receptor Modulation in Cellular and
Physiological Assay Systems: Effects of Allosteric
Modulators on Receptor Desensitization

CGP7930 and GS39783 are effective not only in mem-
brane, but also in cellular or intact tissue preparations.
For example, the two positive modulators enhance the
GABAg receptor-mediated inhibition of adenylyl cyclase
activity induced by a water-soluble forskolin analog in
intact CHO cells (Urwyler et al., 2005). This experimen-
tal system turned out to be highly sensitive, the potency
of GABA being considerably higher than that previously
observed in GTPy?°S assays, suggesting the existence of
a significant number of spare receptors. The high sensi-
tivity of the cAMP assay in the CHO cell line stably
expressing the GABAg receptor also enabled us to dem-
onstrate that CGP35348 and 2-hydroxy-saclofen do in
fact have some weak intrinsic agonist efficacy that was
enhanced by CGP7930 and GS39783, thus confirming
previous results obtained in the GTPy3°S assay (see
section IV.B). Further in line with a high assay sensi-
tivity, a modest inhibition of cAMP formation produced
by CGP7930 and GS39783 on their own was observed,
indicating a low degree of partial agonistic activity, via
the allosteric site, of the two modulators. A similar ob-
servation was also made by Binet et al. (2004), who also
used an assay system with a high degree of receptor
reserve, and by Tu et al. (2007), who have shown that
CGP7930 alone, like GABA and baclofen, induces
ERK1/2 phosphorylation in cultured cerebellar granule
neurons. These findings are in line with recent theoret-
ical receptor models allowing for allosteric modulators to
have some intrinsic efficacy of their own via the allos-
teric-binding site (Hall, 2000). Gjoni and Urwyler (2009)
have also observed that GS39783 became an allosteric
agonist at desensitized GABAy receptors in which the
activation mechanisms of the receptor and the interac-
tions between its structural modules have probably un-
dergone some fundamental changes.

In X. laevis oocytes injected with mRNA for the two
GABAg receptor subunits and for inwardly rectifying
(Kir3) potassium channels, CGP7930 and GS39783 en-
hanced the stimulation of potassium currents by GABA
(Urwyler et al., 2001, 2003). No potassium currents were
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elicited in these oocytes in the presence of either of the
modulators alone. In cell lines transiently transfected
with GABApg receptors and an appropriate chimeric G-
protein, GABAj receptor-mediated intracellular calcium
mobilization via the phospholipase C pathway was en-
hanced by CGP7930 and GS39783 (Urwyler et al., 2001,
2003). Again, no intrinsic agonistic activity was ob-
served with both modulators. In both assay systems, es-
sentially the same results were obtained with GABAg;,
and GABAg,,, receptor isoforms. Baclofen reduces the fre-
quency of synchronized intracellular calcium oscillations
in rat cortical neurons in primary culture. CGP7930, at a
concentration at which it had no effect on its own, further
reduced the calcium oscillation frequency in the presence
of L-baclofen (Urwyler et al., 2001). In a hippocampal slice
preparation, GS39783, like baclofen, reversed paired pulse
inhibition (Urwyler et al., 2003). The competitive antago-
nist CGP55845A counteracted the effects of both com-
pounds. Therefore, the effect of GS39783 on paired pulse
inhibition was most likely due to a potentiation of the
activity of endogenous GABA rather than to a direct acti-
vation of GABAg receptors (Urwyler et al., 2001). Chen et
al. (2006) have reported that CGP7930 enhances the in-
hibitory effects of baclofen on synaptic inhibition in the
hippocampal CA1 area but not that on synaptic excitation.
However, in the latter, a clear trend was observed, al-
though it did not reach statistical significance.

Interesting neuroprotective effects of CGP7930 have
recently been reported by Tu et al. (2010). Activation of
GABAg receptors can protect neurons from apoptosis
through a mechanism that involves transactivation of
the insulin-like growth factor 1 receptor, which is a
tyrosine kinase-type receptor. This neuroprotection via
GABAyg/insulin-like growth factor 1 receptor transacti-
vation involves G-protein By subunit-signaling and goes
through the phosphatidylinositol 3 kinase pathway and
Akt phosphorylation, leading to inhibition of caspase-3
activity. Using potassium deprivation to induce apopto-
sis in cerebellar granule neurons, Tu et al. (2010) found
that baclofen (30 uM) significantly decreased the num-
ber of apoptotic neurons. The positive allosteric modu-
lator CGP7930 (0.3—30 uM), on its own, also decreased
the number of apoptotic neurons and caspase-3 activity
induced by potassium deprivation. An inhibitor of phos-
phatidylinositol 3 kinase abolished the neuroprotective
effects and inhibition of caspase-3 activity produced by
baclofen and CGP7930. Both baclofen and CGP7930 in-
duced Akt phosphorylation; the competitive GABAg recep-
tor antagonist [S-(R*,R*)]-[3-[[1-(3,4-dichlorophenyl)ethyl-
Jamino]-2-hydroxypropyll(cyclohexylmethyl) phosphinic
acid (CGP54626) blocked the effect of baclofen, but not
CGP7930, on Akt phosphorylation.

Persistent activation by agonists frequently results in
receptor desensitization, which may be a mechanism
involved in the development of tolerance (Gainetdinov et
al., 2004). Rapid development of tolerance is indeed one
of the major clinical shortcomings of continuous treat-

2T0Z ‘2 laquada uo 1sanb Aq Bio sjeuinofiadse raiwreyd wolj papeojumoq


http://pharmrev.aspetjournals.org/

79
2
-
>
e
-
<
S
0
O
-
0
g
é

aspet..

106

ment with baclofen. Because of their use-dependent
mechanism, positive allosteric modulators are expected
to have a lower propensity for inducing receptor desen-
sitization than orthosteric agonists. Gjoni and Urwyler
(2008) set out to test this hypothesis by using both
recombinant and native cellular assay systems. The
strategy was to persistently activate GABAg receptors
on the one hand with desensitizing agonist concentra-
tions and, on the other hand, with combinations of low
agonist concentrations and GS39783 that activated the
receptor to the same extent. The potency of GABA to
inhibit cAMP formation in a recombinant cell line de-
creased after exposure to a saturating GABA concentra-
tion, but not after pretreatment with the combination of
low agonist and the modulator. Similar observations
were made in primary neurons for baclofen-induced in-
hibition of spontaneous Ca®" oscillations (Gjoni and Ur-
wyler, 2008). These findings indicate that, in the pres-
ence of GS39783, the degree of occupancy of the orthosteric
site with an agonist that is needed to produce a full func-
tional response is not sufficient to induce receptor desen-
sitization. Thus, in this respect, positive allosteric modu-
lators primarily affecting agonist efficacy would have an
ideal profile. On the other hand, a modulator that acts by
enhancing primarily agonist affinity would increase the
occupancy of the orthosteric site, which could potentially
lead to receptor desensitization. In addition, these findings
are somewhat reminiscent of the phenomenon of “agonist-
directed trafficking” (Urban et al., 2007); whereas the con-
tinued presence of an agonist both stimulates the receptor
and promotes desensitization, the change in the receptor
conformation induced by the allosteric modulator GS39783
apparently enhances only the functional GABAg receptor
response but not its desensitization pathway. It is, how-
ever, entirely feasible that opposite could be true with
another allosteric modulator. The important conclusion
here is that it is possible, with the help of positive allosteric
modulators, to uncouple functional receptor response from
the desensitization process.

E. Modulation of GABAg Receptor Function by Other
Mechanisms and Other Agents

The extracellular Ca®"-sensing receptor, which also
belongs to family C GPCRs and shares sequence simi-
larity with the GABAg receptor, is allosterically modu-
lated by amino acids and arylalkylamine-like molecules
(Hammerland et al., 1998; Nemeth et al., 1998; Coni-
grave et al., 2000). This has prompted Kerr et al. (2002)
and Kerr and Ong (2003) to examine several arylalkyl-
amines, amino acids, and dipeptides for their actions on
GABAg receptor-mediated responses. They found that
these agents enhanced baclofen-induced field potentials
in rat neocortical slices. Because the compounds had no
effect when applied alone, the authors suggested that
they would act as allosteric modulators at GABAg re-
ceptors. However, we have failed to see any enhance-
ment of GABA affinity or maximal effect when we tested
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the same arylalkylamines, amino acids, and dipeptides
at native and recombinant GABAg receptors in different
biochemical assay systems (Urwyler et al., 2004). Oli-
anas et al. (2005) also failed to see an enhancing effect of
the arylalkylamine fendiline in a GTPy*°S assay, but in
their hands, it counteracted the allosteric effect of
CGP7930 on the maximal effect of GABA (but not its
potency). The precise nature of the interactions of amino
acids and arylalkylamines with GABAp receptor func-
tion remains unclear (Kerr and Ong, 2006; Urwyler,
2006).

Certain mGlu receptor subtypes have been shown to
be modulated by Ca®" (Kubo et al., 1998; Saunders et
al., 1998). Ca2", at micromolar concentrations, was also
found to enhance the potency, but not the maximal ef-
fect, of GABA at native and recombinant GABAg recep-
tors in functional assays (Wise et al., 1999; Galvez et al.,
2000b). Moreover, we found Ca®" to enhance the binding
affinities of GABA, but not baclofen, for native and re-
combinant GABAy receptors (Galvez et al., 2000b). Un-
like CGP7930, calcium also increased the binding affin-
ity of GABA in membranes from CHO cells expressing
the GABAg; subunit only. Mutagenesis experiments
showed Ser269 in the GABAg; subunit to be critical for
the effect of calcium (Galvez et al., 2000b). The fact that
Ser269 is located near the GABA-binding site (Bessis et
al., 2000; Galvez et al., 1999, 2000a) strongly suggests
that Ca®?* might enhance the binding affinity of GABA
by the formation of a complex, with one or two amino
acid residues (Ser269, possibly also Tyr366) and GABA
being bound as ligands around Ca®"as the central atom.
In this case, the mechanism of the effects of Ca®" would
actually not be allosteric at all (in contrast to the mod-
ulation of mGlu receptors by calcium). This hypothesis
might also explain the lack of calcium sensitivity of
baclofen, which docks into the GABAg receptor cavity
in a manner somewhat different from that of GABA
(Costantino et al., 2001).

F. Effects of Allosteric GABAg Receptor Modulators In
Vivo; Possible Therapeutic Applications

Gjoni et al. (2006) have shown in a microdialysis study
for the first time at the biochemical-mechanistic level
that GS39783 enhances GABAy receptor-mediated re-
sponses in vivo (Fig. 14). Orally applied GS39783 dose
dependently inhibited cAMP formation in rat striatum
only in conjunction with a threshold concentration of
locally administered baclofen but not on its own. The
inhibition of forskolin-stimulated cAMP production by
GS39783 and baclofen was reversed by a competitive
GABAg receptor antagonist, proving the dependence of
GS39783 effects on the concomitant activation of the
orthosteric agonist site.

Investigations on the role of GABAg receptors in be-
havioral processes have hitherto mostly relied on the use
of the prototype agonist baclofen. However, baclofen in-
duces sedation, hypothermia, and muscle relaxation,
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R(-)-baclofen, 1uM  + + + + +
GS39783,mglkg 0 10 30 100 100
CGP56999, 10 yM - - = +

Fic. 14. Orally administered GS39783 enhances the inhibition of
cAMP formation by the GABA; agonist baclofen in vivo. cAMP concen-
trations were measured in rat brain striatum by in vivo microdialysis.
Adenylyl cyclase was stimulated by two consecutive administrations of a
water-soluble forskolin-analog through the dialysis probe. Drugs were
administered before the second stimulation, and drug effects were calcu-
lated as the ratio between the areas under the two cAMP peaks (S2/S1).
Baclofen was administered through the dialysis probe at a threshold
concentration (1 uM), which by itself did not evoke a detectable inhibition
of cAMP formation (S2/S1 = 1). However, in conjunction with the positive
allosteric modulator GS39783, a dose-dependent inhibition of cAMP pro-
duction could be measured. This inhibition was reverted by coapplication
of the competitive antagonist CGP56999A, indicating the dependence of
the effects of GS39783 on the presence of an orthosteric agonist. GS39783
alone had no effect (not shown). [Reproduced from Gjoni T, Desrayaud S,
Imobersteg S, and Urwyler S (2006) The positive allosteric modulator
GS39783 enhances GABAy receptor-mediated inhibition of cyclic AMP
formation in rat striatum in vivo. J Neurochem 96:1416-1422. Copyright
© 2006 Blackwell Publishing. Used with permission.]

which may significantly interfere with behavioral mea-
surements in animals. The effectiveness of CGP7930 in
vivo has in fact been demonstrated by its ability to
enhance the sedative/hypnotic effects (loss of righting
reflex) of threshold doses of the GABAp receptor ago-
nists baclofen and y-hydroxybutyrate (Kaupmann et al.,
2003) in DBA mice (Carai et al., 2004). On the other
hand, in the dose range tested, CGP7930 did not induce
any loss of righting reflex when administered alone.
Koek et al. (2010) have recently extended these findings
by showing that CGP7930 and rac-BHFF enhanced
baclofen- and y-hydroxybutyrate-induced loss of right-
ing reflex but not hypothermia. These results have in-
creased the interest in studying allosteric modulators,
which are potentially devoid of the side effects caused by
such agonists as baclofen, in behavioral paradigms.
The established role of GABAergic neurotransmission
in anxiety prompted Cryan et al. (2004) to study the
effects of GS39783 in various animal models for anxiety
and depression. Short- and long-term treatment with
GS39783 decreased anxiety in the light-dark box and
elevated zero maze anxiolysis tests, but no effect of
GS39783 was found in the forced swim test for antide-
pressant activity. The positive modulator had none of
the side effects associated with baclofen and/or benzodi-
azepines, such as muscle relaxation, sedation, impair-
ment of motor ability or cognitive function, and potenti-
ation of the effects of ethanol. A similar profile was more
recently reported for CGP7930, which showed anxiolytic-
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like activity in the staircase, stress-induced hyperthermia,
and elevated zero maze tests in mice without inducing
motor impairment or hypothermia (Jacobson and Cryan,
2008).

GABAj receptors seem to play a role in drug addiction
(Heidbreder, 2005; Filip and Frankowska, 2008).
Baclofen has been shown to reduce the consumption of
drugs, such as cocaine or nicotine (Brebner et al., 2000;
Shoptaw et al., 2003; Paterson et al., 2004) not only in
laboratory animals but also in preliminary clinical tri-
als. It inhibits nicotine-, cocaine-, and opiate-induced
release of dopamine in the nucleus accumbens (Xi and
Stein, 1999; Fadda et al., 2003), which is believed to
mediate the rewarding effects of drugs of abuse (Robbins
and Everitt, 1999). Xi et al. (2003) found that after
repeated cocaine administration to rats, GABAp recep-
tor function in the nucleus accumbens, assessed by the
stimulation of GTP4?*S binding by baclofen, was re-
duced, without a concomitant reduction in the level of
GABAg; or GABAg, proteins. Likewise, Amantea et al.
(2004) have reported that on repeated administration of
nicotine to rats, GABAy receptor density and affinity
were not altered in different brain regions. However, the
level of G-protein coupling to the receptor was reduced
in the prefrontal cortex and the nucleus accumbens. It is
exactly in such a situation that one would expect posi-
tive allosteric modulators to be of clinical benefit, be-
cause they precisely act by improving the efficiency of
the coupling of the GABAg receptor to its G-proteins. On
the basis of the established role of GABAg receptors
in the reinforcing and sensitizing effects of cocaine (Rob-
erts et al., 1996; Xi et al., 2003; Jayaram and Steketee,
2004), Smith et al. (2004) set out to examine the effects
of CGP7930 and GS39783 on cocaine intake in rats. Both
drugs reduced cocaine self-administration under various
schedules of reinforcement, without producing sedation
or motor impairment. Slattery et al. (2005) have come to
the same conclusion using an intracranial self-stim-
ulation paradigm in rats. Both GS39783 and baclofen
counteracted the threshold-lowering effect of cocaine ad-
ministration in a dose-dependent manner. However,
whereas GS39783 had no intrinsic effect on intracranial
self-stimulation reward thresholds, baclofen -elevated
them. Filip and Frankowska (2007) found that CGP7930
reduced cocaine-seeking behavior without affecting food-
seeking; in this respect it was more selective than the
direct GABAj receptor agonists baclofen and SKF97541.
Chen et al. (2005) found that GABAg receptor modulators
enhance baclofen-induced inhibition of dopaminergic activ-
ity in the rat ventral tegmental area, which may well
provide a mechanistic basis for these different observa-
tions. In a further very informative study, behavioral ef-
fects of short- and long-term cocaine administration were
aligned with several biochemical correlates (Lhuillier et
al., 2007). GS39783 counteracted the increase in both lo-
comotion and in striatal expression of the immediate early
gene c-fos produced by acutely administered cocaine. Most
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interestingly, GS39783 also somewhat attenuated the be-
havioral sensitization seen after long-term cocaine treat-
ment and at the same time the concomitant up-regulation
of the transcription factors AFosB and CREB and the pro-
tein phosphatase 1 inhibitor dopamine- and cAMP-regu-
lated phosphoprotein of 32 kDa. These findings strongly
suggest that the positive GABAp receptor modulator pre-
vents long-term adaptive changes in dopaminergic signal-
ing pathways induced by long-term cocaine intake (Lhuil-
lier et al., 2007). In a similar study, it was shown that
GS39783 blocked the rewarding effects of nicotine in a
conditioned place preference paradigm in rats (Mom-
bereau et al., 2007). At the same time, GS39783 completely
counteracted nicotine-induced accumulation of AFosB in
the nucleus accumbens of these animals. Paterson et al.
(2008) reported that positive GABAg receptor modulators,
similarly to agonists, attenuated the reinforcing and re-
ward-enhancing effects of nicotine. It is noteworthy that in
these studies, the effects of GS39783 were observed in a
dose range that exactly matched active doses producing
the biochemical effects in in vivo microdialysis experi-
ments (Gjoni et al., 2006). The GABAj receptor also seems
to play a role in alcohol-seeking and drinking behavior
(Maccioni and Colombo, 2009). Both CGP7930 and
(GS39783, like baclofen, reduced ethanol-intake in alcohol-
preferring rats in free choice or operant responding para-
digms, without having an effect on water or sucrose con-
sumption (Orru et al., 2005; Liang et al., 2006; Maccioni et
al., 2007). More recently, the capacity of allosteric GABAg
receptor modulators to specifically suppress the reinforc-
ing properties of alcohol was extended to N-[(1R,2R,4S)-
bicyclo[2.2.1]hept-2-yl]-2-methyl-5-[4-(trifluoromethyl)
phenyl]-4-pyrimidinamine (BHF177) (Maccioni et al.,
2009).

Baclofen is effective in animal models of somatic pain,
and its antinociceptive effects have also been demon-
strated in humans. However, its clinical use as an anal-
gesic drug is limited by its side effects. Brusberg et al.
(2009) reported that systemic CGP7930, like baclofen,
has analgesic properties in a mechanically evoked vis-
ceral pain model. Both drugs reduced colorectal disten-
sion-induced visceromotor and cardiovascular responses
in conscious rats. The authors concluded that GABAg
receptors might be a promising target for the treatment
of painful gastrointestinal disorders, such as irritable
bowel syndrome. In fact, peripheral GABAg receptors
are localized on nerve endings innervating different re-
gions of the gastrointestinal tract. Thus, allosteric mod-
ulators devoid of blood-brain barrier permeability would
selectively target these peripheral receptors.

Although CGP7930 and GS39783 are useful prototype
compounds to investigate mechanisms of allosteric
GABAg receptor modulation, their use as in vivo tools is
limited by their relatively low potency and rather unfa-
vorable pharmacokinetic properties. Attempts to opti-
mize these existing molecules have not been very success-
ful (see section IV.B), so the discovery and optimization of
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novel types of molecules acting as GABAg receptor modu-
lators with high potency, selectivity, and brain permeabil-
ity remains an important challenge for pharmacologists
and medicinal chemists. The clinical indications for which
a therapy with allosteric GABAp receptor modulators
might be successful include anxiety, epilepsy, pain, drug
abuse, gastrointestinal disorders, and possibly more. The
GABAj receptor agonist baclofen has been in clinical use
as an antispastic agent for several decades. However, the
strong muscle-relaxant property of this drug also precludes
its therapeutical application in other indications, in which
it would be an unwanted side effect. On the other hand, the
fact that allosteric modulators are, as should be expected
on theoretical grounds, devoid of the side effects associated
with the GABAp agonist baclofen in animal experiments
means that spasticity will not be a potential indication for
such compounds. Thus, it seems that GABAg receptor
agonists and positive modulators might well cover comple-
mentary sets of clinical indications.

V. Allosteric Modulators of the Calcium-Sensing
Receptor: the First Clinical Success

A. The Role of the Calcium-Sensing Receptor in
Calcium Homeostasis in Health and Disease

Calcium is not only an important extra- and intracel-
lular signaling agent but also plays a major role in the
metabolic dynamics and function of various tissues (e.g.,
in bone, kidney, parathyroid gland, and intestine). The
extracellular CaSR is a key regulator of calcium homeo-
stasis that acts by detecting changes in ambient calcium
concentrations and triggering tissue responses that re-
store these to normal (Fig. 15) (for reviews, see Tfelt-
Hansen and Brown, 2005; Brown, 2007; Brennan and
Conigrave, 2009). Its identification by molecular cloning
(Brown et al., 1993) has fostered the elucidation of the
physiology of calcium homeostasis and the pathophysi-
ology of its associated diseases. Calcium homeostasis is
maintained by several organs and tissues, such as the
kidneys, intestines, and bones, in which calcium trans-
location is regulated by hormones such as parathyroid
hormone (PTH) or calcitonin, or in direct response to
extracellular calcium levels (Brown, 2007). The CaSR
mediates monitoring of extracellular calcium levels in
parathyroid cells, calcitonin-secreting thyroid “C cells,”
kidney cells, and possibly bone-derived and intestinal
cells. In the kidney, extracellular Ca®" directly en-
hances urinary calcium excretion by inhibiting distal
tubular calcium reabsorption. In C cells, activation of
the CaSR by high Ca2" levels stimulates the release of
calcitonin, which inhibits bone resorption and stimu-
lates renal calcium excretion. In the parathyroid gland,
the CaSR regulates cellular proliferation as well as the
synthesis and release of PTH, a calcium-elevating hor-
mone. Thus, a decrease in serum calcium levels will
result in increased secretion of PTH, which in turn will
trigger increased calcium reabsorption in the kidney and
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Fic. 15. Physiological mechanisms of calcium homeostasis. Free
plasma calcium levels are kept within a narrow range. An increase in
plasma Ca®* concentrations results in activation of the parathyroid CaSR
and subsequent suppression of PTH release, leading to reduced Ca**
absorption/mobilization from bone, kidney, and intestine. The opposite
mechanisms will come into play under hypocalcemic conditions. Primary
or secondary hyperparathyroidism (HPT; parathyroid gland hypertro-
phy) can be a consequence for example of parathyroid carcinoma or
chronic renal failure. This will result in pathologically increased PTH
levels and can lead to loss of bone mass and blood vessel calcification.
Inactivating CaSR mutations can lead to a similar pathology. Positive
allosteric CaSR modulators (e.g., cinacalcet) can compensate for patho-
logically increased PTH levels by rendering the CaSR more sensitive to
Ca?* and more efficacious.

Bone resorption |
Intestinal Ca?* absorption |,
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calcium release from bone tissue, whereas increased
calcium levels will decrease PTH secretion (Fig. 15).
This role of the CaSR is confirmed in humans who are
homozygous carriers of CaSR-disabling mutations (Pol-
lak et al., 1994) and in CaSR knockout mice (Ho et al.,
1995); in both cases strongly elevated PTH levels are
observed despite high plasma calcium concentrations.
There are a number of diseases in which inherited or
acquired malfunction of the CaSR is at the origin or
otherwise essentially involved (Tfelt-Hansen and Brown,
2005; Brown, 2007). Heterozygous loss of function muta-
tions can lead to familial hypocalciuric hypercalcemia; ho-
mozygous inactivating mutations can result in life-threat-
ening neonatal severe hyperparathyroidism. Activating
mutations in the CaSR, on the other hand, will result in
hypocalcemia and hypercalciuria. Similar consequences
arise from activating or inhibiting autoantibodies against
the CaSR (for detailed review, see Tfelt-Hansen and
Brown, 2005). Primary hyperparathyroidism results from
parathyroid adenoma, hyperplasia, or carcinoma and is
characterized by oversecretion of PTH. Secondary hyper-
parathyroidism is a consequence of advanced stage renal
failure. In both cases, down-regulation of the parathyroid
CaSR and a concomitant change of the calcium set point
toward higher concentrations (resistance to extracellular
calcium) are observed. The elevated levels of PTH can lead
to bone loss, cardiovascular complications, and gastroin-
testinal distress. Until recently, there was no pharmaco-
logical treatment for hyperparathyroidism, the only ther-
apy being surgical removal of the parathyroid gland, thus
leaving a clear medical need for drugs normalizing the
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PTH secretion (Nemeth et al., 1996; Nemeth and Fox,
1999). The “calcimimetic” compound cinacalcet, a positive
allosteric modulator of the CaSR, has now filled this gap
(for review, see Barman Balfour and Scott, 2005).

On the other hand, there is also a clear medical need
for an anabolic treatment stimulating bone formation,
which would be a significant progress in the therapy of
osteoporosis, a major public health problem in an ageing
general population. Current treatments (e.g., estrogen)
instead prevent further bone loss without increasing
bone mass. Because plasma calcium concentrations are
a key regulatory factor in the complex interplay between
bone formation and bone resorption, compounds target-
ing the CaSR might also have a therapeutic potential for
the treatment of osteoporosis. The consequences of PTH
plasma levels on bone metabolism result from a complex
regulation of the temporal pattern of the secretion of the
hormone, which is released intermittently physiologi-
cally. Whereas sustained elevation of PTH in the blood
results in an increase of plasma Ca®" levels from bone
resorption, a transient increase in PTH concentrations
leads to activation of osteoblasts and stimulation of bone
formation (Dempster et al., 1993; Kimmel et al., 1993).
Therefore, an antagonist blocking the CaSR and thereby
transiently increasing plasma PTH levels stimulating
new bone formation might be a promising novel ap-
proach in the treatment of this disease (Nemeth et al.,
2001; Nemeth, 2002; Arey et al., 2005; Deal, 2009).
Novel drugs that indeed produce such a transient PTH
increase upon oral administration have been described
in recent years (see section V.D).

B. The Structure and Function of the Calcium Sensing
Receptor: interaction of the Receptor with Divalent
Cations and Amino Acids

Like that of other family C GPCRs, the structure of
the CaSR consists of a large N-terminal extracellular
domain (containing 612 amino acid residues), a 250-
residue 7TM domain, and an intracellular C-terminal
tail containing 216 amino acids (Brown et al., 1993; Aida
et al., 1995; Garrett et al., 1995). The CaSR forms a
homodimeric complex at the cell surface; the two mono-
mers are linked by disulfide bridges as well as by non-
covalent interactions (Bai et al., 1998; Fan et al., 1998;
Pace et al., 1999; Ray et al., 1999; Zhang et al., 2001; Hu
and Spiegel, 2003). In addition, as in other family C
GPCRs, the binding site for endogenous and other cation
agonists (Ca%", Mg?*, Gd®*, neomycin) has been shown
to be located in the extracellular VFTM domain
(Brauner-Osborne et al., 1999); a CaSR construct lack-
ing the ECD is activated only by Gd®>" and not by the
natural agonist Ca®>" (Hammerland et al., 1999). Using
a homology model based on mGlul receptor X-ray struc-
ture and mutagenesis studies (see section III), Silve et
al. (2005) identified critical amino acids delineating the
Ca®" binding pocket. These Ca2*-contacting amino acid
residues turned out to be well conserved within the
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VETM of family C GPCRs and located adjacent to the
amino acid binding site in mGlu receptors and the GABAg
receptor. In fact, aromatic and other amino acids enhance
the function of the CaSR via a site near the calcium bind-
ing site (Conigrave et al., 2000; Zhang et al., 2002b; Mun et
al., 2005). Thus, the amino acid-sensing function of the
calcium receptor on the one hand and the enhancement of
mGlu and GABAg receptor function by calcium (Kubo et
al., 1998; Galvez et al., 2000b) on the other seem to have a
common structural basis. It seems tempting to speculate
that at some point during evolution, the interplay between
amino acids and calcium shifted from one to the other as
the actual endogenous agonist for a given receptor. How-
ever, in some situations, amino acids, in the presence of
calcium, might also well be activators of the calcium-sens-
ing receptors in their own right (e.g., in the gastrointesti-
nal tract) (Conigrave et al., 2004; Conigrave and Brown,
2006).

The CaSR has a rather low affinity for its natural
ligand; in fact, it senses calcium at millimolar concen-
trations. The activity of the receptor is characterized by
a marked degree of cooperativity with Hill coefficients of
3 to 4 (Briauner-Osborne et al., 1999; Hammerland et al.,
1999), which enables it to react to very small changes in
surrounding calcium concentrations. The CaSR couples
to different types of G-proteins and activates a number
of second messenger systems such as phospholipases A2,
C and D (Kifor et al., 1997) as well as mitogen-activated
protein kinase pathways in native and in recombinant
expression systems (for review, see Brennan and Coni-
grave, 2009; Brown and MacLeod, 2001). In parathyroid
cells, the CaSR also negatively couples to adenylyl cy-
clase activity via the inhibitory G; protein.

C. Allosteric Modulators of the Calcium Sensing
Receptor: “Calcimimetics” and “Calcilytics”

The CaSR is obviously a most difficult drug target, the
natural ligand being an inorganic ion that cannot be
mimicked by synthetic organic molecules (apart from
some organic polycations such as spermine or neomycin,
which are not selective and do not have drug-like prop-
erties). The only way out of this dilemma seems to be
allosteric agonism or modulation. The history and the
mechanisms of allosteric modulation of the CaSR by
“calcimimetics” and “calcilytics” have recently been the
subject of several reviews (Jensen and Braduner-Os-
borne, 2007; Hu, 2008; Saidak et al., 2009).

The medicinal chemistry of calcimimetics has been
reviewed by Harrington and Fotsch (2007). The first
positive allosteric modulators of the CaSR were the phe-
nylalkylamines NPS568 and its deschloro-derivative
NPS467 (Table 12, compound I) which were obtained in
a derivatization program using fendiline as a starting
point (Nemeth et al., 1996, 1998). They were called “cal-
cimimetics”, a somewhat misleading term because the
presence of Ca®" is required for their activity. In bovine
parathyroid cells or in HEK293 cells transfected with the
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human parathyroid CaSR (but not in wild-type HEK293
cells), (R)-N-(3-methoxy-a-phenylethyl)-3-(2'-chlorphenyl)-1-
(propylamine hydrochloride) (NPS568) and N-(3-methoxy-a-
phenylethyl)-3-phenyl-1-propylamine (NPS467) enhanced in-
tracellular calcium levels at a fixed extracellular calcium
concentration in a concentration-dependent fashion, with
ECs, values in the low micromolar range. These effects were
stereospecific, the R-enantiomers being 10- to 100-fold more
potent than the S-enantiomers. In bovine parathyroid cells,
NPS-568 inhibited PTH secretion at concentrations below
1 uM. The intracellular calcium and PTH responses were
not observed in the absence of extracellular calcium.
NPS568 also inhibited PTH secretion from pathological
human parathyroid cells. Both compounds failed to affect
intracellular calcium responses mediated by other GPCRs.
NPS467 and NPS568 also stereoselectively increased the
potency of extracellular Ca?* to stimulate chloride cur-
rents in Xenopus laevis oocytes expressing the bovine or
human calcium sensing receptors, respectively (Hammer-
land et al., 1998). This assay system is suitable for char-
acterizing receptors mobilizing intracellular calcium,
which then in turn stimulates calcium-activated chloride
channels. The stimulation of the PLC pathway by the
CaSR recombinantly expressed in CCL39 hamster fibro-
blast cells was studied by Mailland et al. (1997). A concen-
tration-dependent increase in the potency and, contrary to
the previous study, also of the maximal level of Ca?*-
stimulated inositol phosphate formation was produced by
the R-enantiomer of NPS-568. It is noteworthy that a stim-
ulation of DNA synthesis and cell proliferation by calcium
was also observed in this study. Both responses were
strongly enhanced by NPS568. In a recent report (Lu et al.,
2009), it was shown that NPS568 can correct inactivating
CaSR mutations in two different assay systems in recom-
binant cell lines. This important finding that loss of func-
tion CaSR mutants are still responsive to positive alloste-
ric modulators may give hope for the potential use of
calcimimetics to treat hereditary diseases involving the
CaSR, such as familial hypocalciuric hypercalcemia and
neonatal severe hyperparathyroidism. In fact, at least one
clinical report describes the successful treatment of a pa-
tient with such a disease (see section V.E).

Most interestingly, these “calcimimetic” agents act
quite selectively upon the CaSR in the parathyroid
gland, leaving its counterparts (e.g., in C cells or in
distal tubules in the kidney) rather unaffected (Lavigne
et al., 1998; Nemeth and Fox, 1999). The reason for this
tissue selectivity is not clear at present but may be
linked to different intracellular signal transduction
pathways in different organs (this would then be an-
other nice example of context-dependent pharmacology
or ligand-directed trafficking). Alternatively, a higher
degree of receptor expression and thereby receptor re-
serve in the parathyroid cells might be at the origin of
this phenomenon, implying that a small occupancy of
calcium sensing receptors in the parathyroid gland
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TABLE 12
Positive allosteric modulators of the calcium sensing receptor (“calcimimetics”)
ECj;, values depend on the assay conditions and should be compared with caution. Information about cooperativity is given in section V.C.

Compound Structure

Potencies (ECj,)

Comments References

I: R = H, NPS467

R = Cl, NPS568

N
O/
R CH,

N\ H CI
. N
II Calindol N 4.8 uM
H
-

(6]
(0]

~
III: X = CH2 or SO2 x
©\i{/ Y‘
H CI
T
/
o
v =
N?j\/H
Br N™ ™ cl
N O
H

o\
g )
. . ®
i CF,

V: Cinacalcet

None Given

4.8 uM Nemeth et al., 1998;
The prototypical “calcimimetics” Nemeth and Fox,
1
0.6 uM 999

Kessler et al., 2004

Dauban et al., 2000

Orally active in rats to lower PTH

23 nM 1 Poon et al., 2009
evels
On the market for HPT caused by
28 nM chronic renal failure and Nemeth et al., 2004
parathyroid cancer
17 oM Orally active in rats to lower PTH Harrington et al., 2010

levels

HPT, hyperparathyroidism.

would be sufficient to affect PTH secretion maximally
(Nemeth and Fox, 1999).

Screening and optimization efforts in other chemical
series have produced novel types of CaSR modulators,
which are the subject of a large number of patents and
publications (for review, see Harrington and Fotsch,
2007 and references therein). A few examples are shown
in Table 12. Most calcimimetic molecules are a-methyl-
benzylamines with linked aryl rings (e.g., compounds I,
III, V, or the recently reported dibenzylamine VI in
Table 12) (Dauban et al., 2000; Kessler et al., 2004;
Harrington et al.; 2010). Some of the later derivatives of
this prototype template are conformationally restricted
by the insertion of different ring systems, such as in
compound IV in Table 12 (Poon et al., 2009) or in calin-
dol [compound II (Kessler et al., 2004)] (see these refer-

ences or Harrington and Fotsch, 2007 for further
examples). Only a few non a-methylbenzylamine-type cal-
cimimetics have been reported (see Harrington and Fo-
tsch, 2007 and references therein for further information,
also on new structures disclosed in patents). The most
important progress, however, was the development of ci-
nacalcet (compound V, Table 12), which is also based on
the open-chain a-methylbenzylamine template but has an
improved in vitro- and in vivo- profile compared with its
predecessors NPS467 and NPS568 (Nemeth et al., 2004).
Cinacalcet stimulated the increase of intracellular cytoso-
lic Ca%" concentrations in HEK293 cells expressing the
human parathyroid CaSR, but not in nontransfected cells,
with an EC5, of 28 nM at an extracellular calcium concen-
tration of 0.5 mM. This effect was dependent on extracel-
lular calcium and abolished in the presence of EGTA
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TABLE 13
Negative allosteric modulators of the calcium sensing receptor (“calcilytics”)
5 > The potencies of the compounds have indicative value only and should be compared with caution. Most compounds shown are representative examples of a chemical series.
E E Compound Structure Potency (ICs,) Comments References
A
N
Il oH
I: NPS 2143 cl le) WH . | I 43 nM The first calcilytic compound Nezrg(e)tlh et al,
Petrel et al., 2003;
3 II: Calhex 231 390 nM Kessler et al.,
m 2006
>
Fitzpatrick et al.,
IIT: Ronacaleret 150 uM First results in humans negative 2009; Trivedi et
al., 2009
l ' Mixture of two diastereoisomers;
v 25 nM robust PTH response in rats at Balan et al., 2009
[ 10 mg/kg p.o.
v 76 nM Transient stimulation of PTH Arg};r:et 2{’5005;
secretion in vivo g ”
2009
% VI 120 nM Yang et al., 2005
m Shcherbakova et
VIIL 300 nM al., 2005
VIII 440M Good in vivo activity in rats and Widler et al., 2010
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dogs with a close analog
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TABLE 13—Continued.

Compound Structure Potency (ICs,) Comments References
_N
IX:R=H ~ oH 4
O N i
R = H: 200 nM Marquis et al,
rC Drug (R = H)/prodrug (R = Et)
R =Et pairs. Prodrugs transiently
o increase PTH in vivo, SB-
423557 stimulates bone
X:R=H,
SB-423562

R = Et, SB-423557

CN w formation
/OT(\/Q: R =H: 73 nM
R (0] N
/Y\H
(0] OH

Kumar et al.,
2010

(Nemeth et al., 2004). Likewise, cinacalcet inhibited the
release of PTH from cultured bovine parathyroid cells
(IC5, = 28 nM) and produced an increase in calcitonin
secretion from rat medullary thyroid carcinoma cells ex-
pressing the CaSR (EC;, = 34 nM). All these effects were
brought about by a concentration-dependent increase of
the potency, but not the maximal effect, of calcium. They
were stereoselective, the R-enantiomer of cinacalcet being
at least 75-fold more potent than the S-enantiomer (Nem-
eth et al., 2004).

Despite its structural resemblance to the phenylalkyl-
amine calcimimetics (Table 12), the first negative allo-
steric modulator of the CaSR was not obtained by direct
derivatization based on these, but by optimization of a
hit found in a high-throughput screening campaign (Nem-
eth et al., 2001; Nemeth, 2002). Because no orthosteric CaSR
antagonists were known previously, 2-chloro-6-[3-[1,1-
dimethyl-2-(2-naphthyl)ethylamino]-2(R)-hydroxypropoxy-
Jbenzonitrile (NPS2143; compound I in Table 13) is the first
calcilytic compound ever. As expected, it was found to have
effects in cellular in vitro assays opposite to those of the
calcimimetics described above: NPS2143 inhibited in-
creases in intracellular calcium concentrations elicited by
stimulation of the CaSR recombinantly expressed in
HEK293 cells (IC5, = 43 nM), and it stimulated PTH
secretion from bovine parathyroid cells in the presence of
extracellular calcium. In particular, NPS2143 also coun-
teracted the effects of the calcimimetic NPS467 in these
assay systems (Nemeth et al., 2001). In the intracellular
calcium mobilization assay, NPS2143 shifted the CRC for
extracellular calcium toward higher concentrations with-
out reducing its maximal effect. However, NPS2143 has
unfavorable pharmacokinetic properties in vivo (see sec-
tion V.D). Later on, several HTS and lead optimization
programs have yielded a number of negative allosteric
CaSR modulators from various chemical classes: com-
pounds relatively closely related to NPS2143 (Gavai et al.,
2005), but also different molecules, such as Calhex 231
(compound II in Table 13) and derivatives thereof (Petrel
et al., 2003; Kessler et al., 2006), trisubstituted pyridines/
pyrimidines (compound V in Table 13) (Arey et al., 2005;
Yang et al., 2009), benzyloxy analogs (compound IV in
Table 13) (Balan et al., 2009), 2-benzylpyrrolidine-

substituted aryloxypropanols (compound VI in Table 13)
(Yang et al., 2005), 3H-quinazolin-4-ones (compound VII in
Table 13) (Shcherbakova et al., 2005), and 4-aryl-
quinazolin-2-ones (compound VIII in Table 13) (Widler et
al., 2010) were identified as novel calcilytics, having essen-
tially similar effects on intracellular calcium mobilization
and inositol formation in cellular assay systems, some of
them also being active in vivo. More compounds having in
vivo activity are discussed below.

The binding site for NPS467 has been shown in a
mutagenesis study to be distinct from that of the amino
acid modulator L-phenylalanine (Zhang et al., 2002a),
which is in line with the expectation that non-amino acid
allosteric CaSR modulators, like those of other family C
GPCRs, bind in the 7TM region. This has been con-
firmed in several mutagenesis studies based on homol-
ogy models of the 7TM domain using the crystal struc-
ture of rhodopsin as a template (Miedlich et al., 2004;
Petrel et al., 2003, 2004). Because the 7TM region con-
stitutes the agonist binding site of rhodopsin-like recep-
tors, the question arises whether calcimimetic com-
pounds might have agonist properties in the absence of
calcium, as has been observed with allosteric compounds
acting at mGlu or GABAp receptors (see above) (Binet et
al., 2004; Goudet et al., 2004; Mitsukawa et al., 2005).
Calindol has indeed been found to directly activate a
construct of the CaSR truncated at both the extracellu-
lar and the intracellular domains (Ray et al., 2005),
further strengthening the notion of a close evolutionary
relationship between the agonist binding site in rhodop-
sin-like receptors and allosteric modulatory sites in family
C GPCRs. Whereas the structurally related phenylalkyl-
amine calcimimetics and calcilytics seem to share a com-
mon allosteric binding site, a structurally distinct calcilytic
from Bristol-Myers Squibb (Stamford, CT) has been found
not to displace a tritiated NPS2143 analog from its binding
site (Arey et al., 2005), strongly suggesting that this com-
pound acts via a distinct site. Thus, as in mGlu receptors
(see sections III.LA.4 and III.B), more than one distinct
allosteric binding sites on the CaSR seem to exist. Also of
interest is the finding that a mutation of Glu837 (E837A),
which is a most critical amino acid for the binding of
phenylalkylamine modulators, converts the Bristol-Myers
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Squibb compound into a positive modulator (Hu et al.,
2006).

D. In Vivo Effects of Allosteric Calcium Sensing
Receptor Modulators in Animals

The prototype calcimimetic NPS568 was shown to
rapidly reduce plasma levels of parathyroid hormone,
and subsequently calcium, upon oral administration in
the dose range from 3.3 to 100 mg/kg to rats (Fox et al.,
1999a). The hypocalcemic response was unaffected by
nephrectomy but abolished by parathyroidectomy, indi-
cating that it was due to inhibition of PTH release by
activation of the parathyroid Ca®" receptor, but not by
acting on renal calcium receptors to increase Ca®" se-
cretion. An additional mechanism causing hypocalcemia
involves the activation of calcium sensing receptors on C
cells resulting in increased plasma calcitonin levels.
However, this required approximately 40-fold higher
doses than those needed for reducing PTH levels; thus,
NPS568 quite selectively targets parathyroid gland cal-
cium-sensing receptors in rats (Fox et al., 1999b). The
compound was also effective in decreasing PTH levels in
rats with renal or dietary secondary hyperparathyroid-
ism (Fox et al., 1999). Moreover, it suppressed parathy-
roid cell proliferation in rats with renal insufficiency
(Wada et al., 1997). Essentially the same results were
later reported for the second-generation calcimimetic
cinacalcet, i.e., a dose-dependent reduction of serum
PTH and calcium concentrations and an increase in
calcitonin levels at approximately a 30-fold higher oral
doses (Nemeth et al., 2004).

In secondary hyperparathyroidism, elevated PTH lev-
els play a role in several sequelae of renal failure, such
as bone disease or cardiovascular complications. Ogata
et al. (2003) have observed beneficial effects of NPS568
on the progression of renal failure and on cardiovascular
risk factors. CaSR expression is reduced in the arteries
of uremic patients, and the progression of vascular cal-
cification is accelerated in these compared with the gen-
eral population. In fact, cardiovascular disease is the
leading cause of mortality in patients with chronic kid-
ney failure. In a uremic mouse model, NPS568 delayed
the progression of aortic calcification and atherosclerosis
(Joki et al., 2009). This effect might have been produced
indirectly via modulation of parathyroid gland CaSRs
and the reduction of hyperparathyroidism, as well as
directly via modulation of CaSRs in vascular walls (Joki
et al., 2009) and thereby inhibition of calcium deposi-
tion. Such beneficial effects of calcimimetics have also
been found in clinical studies (see section V.E).

It is basically to be expected that pharmacodynamic
effects of calcilytic agents would be the opposite to those
of calcimimetics. In fact, intravenous infusion of the
calcilytic NPS2143 to normal rats resulted in a rapid 3-
to 4-fold increase in plasma PTH levels, which was sus-
tained during the 120-min infusion and then returned to
baseline. It was accompanied by a transient, somewhat
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delayed 2-fold increase in plasma Ca®" concentrations
(Nemeth et al., 2001). A sustained elevation of PTH
levels leads to increased bone turnover by activating
both osteoblasts and osteoclasts, rather than a net in-
crease in bone mass. To achieve a net anabolic effect on
bone by selective activation of osteoblasts, the increase
in circulating PTH must be transient (Nemeth, 2002).
This is in line with the finding that stimulation of bone
formation can be obtained by a pulse administration of
exogenous PTH (Fox et al., 1997; Gowen et al., 2000).
However, although acute PTH is an effective bone ana-
bolic agent, it cannot be administered orally. If the same
effect could be obtained by an orally active small molecule,
this would represent a major progress in the treatment of
osteoporosis. Daily oral treatment with NPS2143 for 5
weeks in ovariectomized rats, a model of osteoporosis, re-
sulted in a sustained increase in plasma PTH levels and
bone turnover, with a trend to a decrease in bone mineral
density. However, when the animals were given a combi-
nation of NPS2143 and the antiresorptive agent 173-estra-
diol, a net increase in bone mineral density was observed
(Gowen et al., 2000; Nemeth, 2002). Whereas the effects of
NPS2143 on PTH levels are undesirably long-lasting, com-
pound V in Table 13 stimulates PTH secretion in vivo in a
more transient fashion (Arey et al., 2005). The reason for
the sustained action of NPS2143 is most likely its large
volume of distribution (11 I/kg in the rat), resulting in
prolonged drug exposure and elevation of PTH levels (Mar-
quis et al., 2009a). The addition of a carboxylic acid func-
tionality to the amino alcohol NPS2143-template resulted
in the zwitterionic compound IX (Table 13, » = H) with an
approximately 10-fold lower volume of distribution and a
shorter half-life (Marquis et al., 2009b). An improved bio-
availability was obtained with the corresponding ester pro-
drug (IX, r = ethyl), which elicited a rapid and transient
increase in PTH levels after oral administration in the dog
(Marquis et al., 2009b). With the very closely related drug/
prodrug pair X in Table 13 (SB-423562 and its orally bio-
available precursor SB-423557), Kumar et al. (2010) have
then also found a transient increase in circulating PTH
levels in several species, including humans. In an ovariec-
tomized rat model of bone loss, daily oral administration of
the prodrug SB-423557 then indeed increased bone forma-
tion and bone strength (Kumar et al., 2010). Long-term
administration of the drug did not increase parathyroid
cell proliferation, a theoretically possible side effect of calci-
lytic drugs. These results foster the hope for success with
this novel approach in the prevention and treatment of
osteoporosis.

E. The Effects of Calcimimetics and Calcilytics in
Humans: from Proof of Concept to Clinical Application

“Proof of concept” was obtained in a small single-dose
study showing that oral administration of the prototype
calcimimetic NPS568 lowered the plasma levels of PTH
and calcium in postmenopausal women with mild pri-
mary hyperparathyroidism (Silverberg et al., 1997). In
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addition, in a dose-finding study in patients with kidney
failure who had secondary hyperparathyroidism, NPS568
caused a rapid decrease in plasma PTH levels (Antonsen et
al., 1998). This was then confirmed in a repeated-dosing
study over a period of 15 days (Goodman et al., 2000).
However, NPS568 was not further developed because of its
unfavorable pharmacokinetic properties, leaving the stage
to the second generation calcimimetic cinacalcet.

The clinical studies with cinacalcet have been re-
viewed elsewhere (Franceschini et al., 2003; Barman
Balfour and Scott, 2005; Brown, 2007; Trivedi et al.,
2008; Driieke and Ritz, 2009) and are summarized only
briefly here. The ability of cinacalcet to lower PTH levels
in patients receiving hemodialysis who had secondary
hyperparathyroidism was first demonstrated in several
placebo-controlled studies on a rather low number of
patients (Franceschini et al., 2003). The pooled data
from three key phase III clinical trials have been re-
ported by Block et al. (2004), see also the review by
Barman Balfour and Scott (2005). More than 1000 pa-
tients with chronic kidney disease on dialysis with un-
controlled secondary hyperparathyroidism were en-
rolled in these studies. Significantly more patients
receiving cinacalcet at oral doses ranging from 30 to 180
mg daily achieved the defined endpoints (i.e., target
reductions in plasma PTH levels compared with the pla-
cebo group). Cinacalcet significantly decreased plasma
PTH (by more than 30%) and serum calcium, phosphorus,
and calcium X phosphorus levels, whereas these levels
showed no changes in placebo recipients. The beneficial
effects of cinacalcet on serum PTH, calcium, and phospho-
rus levels have been shown in long-term studies to be
sustained (Moe et al., 2005; Sprague et al., 2009). The drug
was generally well tolerated, with only relatively minor
gastrointestinal side effects.

While biochemical parameters such as PTH levels are
valid surrogate markers, the ultimate criteria for a
drug’s value is its efficacy on clinical outcome (i.e., mor-
bidity and mortality). A combined analysis of safety data
from four controlled clinical trials encompassing more
than 1000 patients revealed significant reductions in the
risk of parathyroidectomy, bone fractures, and cardio-
vascular complications, along with self-reported dimin-
ished pain and general well being (Cunningham et al.,
2005). A recent report by Aladrén Regidor (2009) has
confirmed that cinacalcet reduces cardiovascular com-
plications (calcification) in secondary hyperparathyroid-
ism in patients receiving hemodialysis.

Parathyroid carcinoma causes excess secretion of
PTH, resulting in severe hypercalcemia that can lead to
renal, cardiovascular, and skeletal complications and is
a main component of morbidity. The cancer is usually
resistant to chemotherapy and radiotherapy, and para-
thyroidectomy is often not successful because recurrence
and metastases are common. Cinacalcet was tested in an
open-label, single-arm multicenter study in patients
with inoperable parathyroid carcinoma (Silverberg et
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al., 2007). Mean calcium and PTH levels were markedly
elevated at baseline. At the end of the titration period,
serum calcium was effectively reduced in approximately
two thirds of the patients, mostly so in patients with
highest baseline levels. At the same time, a small, non-
significant reduction in PTH levels was also observed.
Thus, cinacalcet offers benefits in the management of
hypercalcemia in patients with parathyroid cancer, al-
though the progression of the disease will eventually
overwhelm the drug’s efficacy (Brown, 2007).

Cinacalcet is the first positive allosteric GPCR modu-
lator to be marketed (Sensipar/Mimpara; Amgen, Thou-
sand Oaks, CA). It is approved for the treatment of
secondary hyperparathyroidism in patients with chronic
renal insufficiency who are receiving dialysis, and in
patients with hyperparathyroidism due to parathyroid
cancer. The approval for other forms of hyperparathy-
roidism seems possible; the drug has also been shown in
double-blind, placebo-controlled studies to be active in
primary hyperparathyroidism (Shoback et al., 2003,;
Peacock et al., 2005). Timmers et al. (2006) have re-
ported the case of a patient with hypercalcemia as a
result of an inactivating mutation of the calcium-sensing
receptor who was successfully treated with cinacalcet.
Current issues and future prospects for the treatment
with cinacalcet have recently been reviewed (Driieke
and Ritz, 2009).

On the other hand, “calcilytic” antagonists of the
CaSR seem likely to be useful in disorders such as os-
teoporosis (Deal, 2009; Trivedi et al., 2009) or different
forms of hypocalcemia that are due to increased sensi-
tivity of the CaSR to extracellular calcium (Brown,
2007). Little information is available on human studies
with the calcilytic ronacaleret (compound III in Table
13). To date, the results of a controlled phase II study in
patients with osteoporosis have only been reported in
abstract form (Fitzpatrick et al., 2009). Although bone
formation markers were increased, the desired net gain
in bone mineral density was not achieved. Moreover,
ronacaleret administration was associated with a state
of mild hyperparathyroidism. It remains to be seen
whether a second-generation calcilytic such as SB-423557
(the orally active precursor for SB-423562, compound X in
Table 13), which is short-acting and elicits transient in-
creases in PTH levels in healthy male volunteers (Kumar
et al., 2010), would result in a better outcome. Thus, the
strategy of promoting bone formation in osteoporosis by
antagonizing the parathyroid CaSR awaits further clinical
validation (Marie, 2010).

VI. Summary, Highlights, and Outlook

The study of the mechanisms of allosteric modulation
has taught us a lot about the functioning of family C
GPCRs. The sites to which allosteric modulators bind
are sites of pharmacological action in their own right, to
which the theoretical concepts of affinity and full, par-
tial, neutral, or inverse efficacy fully apply, enriched by
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TABLE 14
Possible and confirmed clinical indications for allosteric modulators of family C GPCRS

ganglia and
results from
animal
models

This table is not exhaustive. It lists only the clinical indications that are confirmed or those most likely on the basis of physiological mechanisms, receptor localization, or
5 > data in animal models. Much more information on possible clinical indications is discussed in the text.
il Metabotropic Glutamate Receptors
T E Type of clinical Taste Receptors s P GABAg CaSR
& indication ? Group I Group II Group IIT Receptor
Metabolic, Allosteric Negative mGlu5 Possibly Positive
endocrinological,  agonists or modulators in GERD positive modulators:
gastrointestinal positive (animal data, clinical modulators HPT due to
modulators in trials) in IBS, chronic
diabetes, based on renal
VJ obesity receptor failure,
localization carcinoma
and or loss of
activity in function
one animal CaSR
m model for mutations.
- visceral Cinacalcet
pain. marketed.
Negative
modulators:
possibly in
osteoporosis
based on
animal data
Psychiatric Negative mGlub Positive Possibly Possibly
H (anxiety, modulators: Anxiety modulators positive positive
schizophrenia, (animal data, clinical in anxiety mGlu7 modulators
mental results with fenobam). and modulators in anxiety,
retardation, Fragile X syndrome schizophrenia, in anxiety. based on
drug abuse) (data with FMRP KO based on Animal data data from
U animals, fenobam in animal are animal
clinical trials). models and conflicting, models.
= mGlub positive clinical however. Potential for
modulators: results positive
Schizophrenia with modulators
(based on animal data agonists in drug
and glutamate abuse,
hypothesis of based on
schizophrenia) data from
H animal
models for
O cocaine,
nicotine,
and alcohol
U abuse.
Geriatric and Positive Negative mGlub Positive mGlu4
Parkinson’s modulators modulators in clinical receptor
disease (taste trials for modulators
enhancers) L-DOPA-induced for
against tardive dyskinesias Parkinson’s
nutritional in Parkinson’s disease
deficits due disease based on
to loss of their
appetite in localization
elderly people in basal

Pain conditions
including
migraine

Group I mGlu receptors
are localized in pain
pathways. Activity of
negative mGlul and
mGlub5 modulators in
various animal pain
models. Clinical trials
in migraine patients
with ADX10059
promising, stopped
because of side effects.

Possibly
positive
modulators
for
visceral
pain (see
above)

aspet’

IBS, irritable bowel syndrome; HPT, hyperparathyroidism.

the complex aspects of cooperative interactions occur-

ring between the orthosteric and allosteric ligand bind-
ing sites. Allosteric sites have become most attractive

drug targets in recent years for various reasons, such as
a lesser propensity for side effects and tolerance devel-
opment due to their activity-dependent mechanism, bet-
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ter receptor subtype selectivity, and better chemical ac-
cessibility. The development of allosteric modulators for
family C GPCRs is not in its infancy anymore. While
taste-enhancing compounds may be considered a special
case because many of them bind to “atypical” sites on
their receptors (opening region of the VFTM, cysteine-
rich domain), the clinical success of the calcimimetic
drug cinacalcet has definitely opened the stage for com-
pounds acting through the 7TM domain of the different
receptors, which are members of this family. Cinacalcet
is a beautiful example, showing how it is possible to
target a receptor with a poorly accessible orthosteric
ligand binding site, in this case recognizing an inorganic
ion that is difficult to mimic with a synthetic molecule.
Similar obstacles are posed by metabotropic glutamate
receptors because of their narrow binding cleft for the
highly polar, charged natural ligand. A large number of
existing allosteric ligands with positive, negative, and
even neutral cooperativity or with intrinsic agonist effi-
cacy have circumvented this problem and in addition
provided subtype selectivity among the members in the
three groups of the mGlu receptor family with their
highly conserved orthosteric binding site. Numerous al-
losteric modulators have proven efficacy in vitro and in
vivo and confirmed most of their predicted advantages.
For example, positive allosteric GABAy receptor modu-
lators lack the side effects of their orthosteric agonist
counterpart baclofen and have been shown not to induce
receptor desensitization, at least in vitro. Numerous
clinical indications seem to be amenable to treatment
with allosteric family C GPCR modulators on the basis
of promising preclinical findings (Table 14). Whereas the
calcimimetic drug cinacalcet has already entered the
market, a success of a negative allosteric CaSR modula-
tor (a calcilytic drug) in an indication such as osteopo-
rosis seems rather likely. The nonsensory family C GP-
CRs for glutamate and GABA are mostly located in the
nervous system and therefore open up promising per-
spectives for neurological and psychiatric diseases. The
most advanced candidates are probably mGlu5 receptor
modulators, which have a strong preclinical basis for
positive modulators in schizophrenia and already posi-
tive clinical data for antagonists to treat L-DOPA-in-
duced dyskinesias in Parkinsonism. PET ligands for la-
beling allosteric sites on the mGlub receptor have made
it possible to correlate receptor occupancy in vivo with
the therapeutic effects of a novel drug. Orthosteric group
II mGlu receptor agonists have already shown anxiolytic
and antischizophrenic activity in man. Unlike or-
thosteric agonists, positive modulators allow the selec-
tive targeting of mGlu2 receptors. Positive mGlu2 recep-
tor modulators show the same effects in animal models
as orthosteric mGlu2/3 receptor agonists, which is in
line with data from knockout animals, demonstrating
that the mGlu2 receptor is responsible for mediating
activity in these models. This fosters the hope that such
drugs will successfully follow-up their agonist predeces-
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sors in man. Thus, group I and II mGlu receptor modu-
lators seem to be good candidates for following cinacal-
cet as the next representatives of family C GPCR
modulators in clinical application. On the other hand,
allosteric drugs modulating group III mGlu receptors
and GABAg receptors might represent a drug genera-
tion of a somewhat more distant future. Given the vari-
ety of clinical indications that seem to be related to these
targets based on preclinical data, and given the thera-
peutic importance of the GABAy agonist baclofen, but
also its shortcomings, allosteric modulators with better
potency and pharmacokinetic properties than the ones
currently available for group III mGlu and GABAg re-
ceptors are highly desirable.
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