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SUMMARY

Recent studies suggest that subtype specific activators of metabotropic glutamate receptors (mGIuRSs)
have exciting potential for the development of novel treatment strategies for numerous psychiatric
and neurological disorders. A number of positive allosteric modulators (PAMs) have been identified
that are highly selective for mGIuR1, including the compounds Ro 01-6128, Ro 67-4853, and Ro
67-7476. These PAMs have been previously found to interact with a site distinct from that of negative
allosteric modulators (NAMS), typified by R214127. These mGIuR1 PAMs do not have an effect on
baseline calcium levels but induce leftward shifts in the concentration response of mGIuR1 to
agonists. However, their effects on a variety of signaling pathways and their mechanism of action
have not been fully explored and are of critical importance for further development of mGIluR1
allosteric modulators as novel drugs. In baby hamster kidney (BHK) cells, mGIuR1 activates calcium
mobilization, cAMP production, and extracellular signal-regulated kinase 1/2 (ERK1/2)
phosphorylation; signaling cascades which are distinct and differentially regulated. In contrast to
their effects on calcium mobilization, these compounds were found to activate ERK1/2
phosphorylation in the absence of exogenously added agonist, an effect that was fully blocked by
both orthosteric (LY341495) and allosteric (R214127) mGIuR1 antagonists. The mGIuR1 PAMs
were also found to activate cCAMP production in the absence of agonist. Thus, these mGIuR1 PAMs
have qualitatively different effects on a variety of mGluR1-mediated signal transduction cascades.
Together, these data provide further evidence that allosteric compounds can differentially modulate
the coupling of a single receptor to independent signaling pathways or act in a system-dependent
manner.
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INTRODUCTION

Glutamate is the major excitatory neurotransmitter in the central nervous system (CNS) and is
responsible for the generation of fast excitatory synaptic responses at the vast majority of CNS
synapses (Dingledine etal., 1999). Fast excitatory synaptic responses at glutamatergic synapses
are mediated by activation of the ionotropic glutamate receptors (iGIuRs), comprised of the
a-amino-3-hydroxy-5-methyl-4-isoazolepropionic acid (AMPA), N-methyl-D-aspartate
(NMDA), and kainate receptor subtypes. In addition, glutamate activates metabotropic
glutamate receptors (mGIuRs), which are G protein-coupled receptors (GPCRs) (Pin and
Duvoisin, 1995). The mGIluRs provide a mechanism by which glutamate can modulate activity
at the same synapses at which it elicits fast synaptic responses via the iGIuRs (Anwyl, 1999).
Because of the ubiquitous distribution of glutamatergic synapses, mGIuRs participate in a wide
variety of functions of the CNS (Anwyl, 1999; Conn and Pin, 1997; Coutinho and Knopfel,
2002).

Eight receptor subtypes of mGIuRs have been cloned, which are delineated based upon G
protein-coupling specificity, pharmacology, and sequence homology (Nakanishi, 1994). Group
I mGIluRs (mGIuR1 and mGIuR5) are traditionally coupled to G, leading to the stimulation
of phospholipase CpB. Group Il mGIluRs (mGIuR2 and mGIuR3) and Group Il mGIuRs
(mGIluR4, mGIuR6, mGIluR7, and mGIuR8) are coupled to G/, and inhibition of adenylate
cyclase (Nakanishi, 1994). Due to the wide diversity, heterogeneous distribution, and diverse
physiological roles of mGIuR subtypes, the opportunity exists for developing therapeutic
agents that selectively interact with mGIluRs involved in only particular CNS functions. Large
bodies of preclinical and recent clinical studies suggest that ligands for specific mGIuR
subtypes have potential for treatment of a range of CNS disorders, including depression
(Palucha and Pilc, 2002), anxiety disorders (Chojnacka-Woijcik et al., 2001; Pilc, 2003),
schizophrenia (Chavez-Noriega et al., 2002; Marino and Conn, 2002), chronic pain (Varney
and Gereau, 2002), epilepsy (Doherty and Dingledine, 2002), Alzheimer’s disease
(Wisniewski and Car, 2002), and Parkinson’s disease (Marino et al., 2002).

However, it has proven difficult to develop highly selective ligands to the glutamate-binding
site (Conn and Pin, 1997), likely due to the high conservation of the orthosteric (glutamate)
binding site across mGIuR subtypes. Another approach that has been highly successful in a
clinical setting is the use of selective positive allosteric modulators (PAMs) of specific receptor
subtypes. The classic example of this is the use of benzodiazepines as PAMs of GABA-A
receptors, which provide an effective and safe approach to the treatment of anxiety disorders
without inducing the potentially lethal effects of direct-acting GABA receptor agonists (Mohler
et al., 2002). We and others have expanded this concept to the mGIuRs and developed highly
selective PAMs of these receptors, including mGIuR1 (Hemstapat et al., 2006; Johnson et al.,
2003; Knoflach et al., 2001; Lindsley et al., 2004; Marino et al., 2003; Mathiesen et al.,
2003; O'Brien et al., 2003). These small molecules do not activate the mGIuRs directly but act
at allosteric sites on the receptor to potentiate glutamate-induced receptor activation. These
compounds provide an exciting advance in demonstrating the potential of this approach for
developing novel therapeutic agents that increase activity of specific mGIuR subtypes.
However, little is known about the precise domains involved in the action of different classes
of mGIuR potentiators or the physiological impact of these compounds on mGIuR signaling
in native systems.

Orthosteric ligands have been previously demonstrated to differentially activate distinct
signaling pathways of a single GPCR in a phenomenon most recently termed “ligand-induced
differential signaling” (Berg et al., 1998; Brink et al., 2000; Gazi et al., 2003; Urban et al.,
2007). Recently we found that allosteric potentiators of mMGIuR5 have differential effects on a
variety of signaling pathways in cortical astrocytes (Zhang et al., 2005). These studies imply
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that allosteric potentiators can display features of ligand-induced differential signaling and
imply that allosteric compounds could be developed which would potentially activate or inhibit
specific signaling pathways. Differential effects of allosteric potentiators on coupling of
mGIuRs to diverse signaling pathways could have a tremendous impact on the in vivo actions
and potential therapeutic utility of distinct classes of compounds. However, the effects of
mGIuR1 potentiators on coupling to different effector systems are not known. In the present
study we have investigated the effects of three mGIuR1 positive allosteric modulators on a
number of mGluR1-induced signal transduction cascades in baby hamster kidney cells.

R214127 was synthesized as described previously and [BH]R214127 (25 Ci/mmol) was custom
labeled by American Radiolabeled Chemicals (St. Louis, MO) from the corresponding bromo
analog (Mabire et al., 2005). Ro 67-4853, Ro 01-6128, and racemic Ro 67-7476 were
synthesized as described previously (Knoflach et al., 2001). .-glutamate and LY 341495 were
obtained from Tocris Cookson Inc. (Ellisville, MO). Methotrexate was obtained from
Calbiochem (San Diego, CA). Probenecid and dimethy| sulfoxide (DMSO) were obtained from
Sigma-Aldrich (St. Louis, MO). All tissue culture reagents were obtained from Invitrogen
(Carlsbad, CA). Adenosine 3',5’-cyclic monophosphate (CAMP), 3-Isobutyl-1-methylxanthine
(IBMX), and Forskolin were obtained from Sigma-Aldrich (St. Louis, MO). [3H]-cAMP was
obtained from Perkin-Elmer (Waltham, MA). The polyclonal rabbit anti-phospho-p42/p44
MAP Kinase (P-ERK1/2) antibody and the polyclonal rabbit anti-p42/p44 MAP Kinase
(ERK1/2) antibody were obtained from Cell Signaling Technology (Beverly, MA).
Horseradish peroxidase-conjugated goat anti-rabbit 1gG were obtained from Vector
Laboratories (Burlingame, CA). Odyssey Blocking Buffer was obtained from LI-COR
Biosciences (Lincoln, NE). The anti-goat total ERK1 antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). The donkey anti-rabbit IR800 antibody was obtained from
Rockland (Gilbertsville, PA). The donkey anti-goat Alexafluor 680 antibody was obtained
from Invitrogen (Carlsbad, CA).

Baby hamster kidney (BHK) cells stably expressing the rat mGlula receptor were generously
provided by Dr. Betty Haldeman (Zymogenetics, Seattle, WA). Cells were grown in high
glucose Dulbecco's modified Eagle's medium without .-glutamine (DMEM), supplemented
with 5% heat-inactivated fetal bovine serum (FBS), 1 mM sodium pyruvate, 20 mM HEPES,
2 mM GlutaMAX I, antibiotic-antimycotic (100 units of penicillin, 100 pg of streptomycin,
and 0.25 pg of amphotericin B), and 250 nM methotrexate. Cells were maintained at 37°C in
an atmosphere of 95% air, 5% CO5.

Membrane Preparation and Radioligand Binding Studies

BHK-mGIuR1a membranes were prepared as previously described (Hemstapat et al., 2006).
Saturation binding studies with [BH]R214127 were performed as previously described
(Lavreysen et al., 2003).

Calcium Fluorescence Measurement

BHK cells stably expressing rat mGluR1a were plated at 60,000 cells per well in standard

growth media lacking methotrexate in clear bottom black wall plates 96 well plates (Corning)
twenty-four hours prior to assay and were incubated overnight at 37°C in 5% CO,. On the day
of the assay, media was removed from the cells and replaced with DMEM containing 5% heat-
inactivated dialyzed fetal bovine serum (dFBS), 1 mM sodium pyruvate, and 20 mM HEPES.
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Cells were incubated in this media for 1 hour at 37°C in 5% CO,. Media was then removed
and replaced with DMEM containing 20 mM HEPES, 2.5 mM Probenacid (Sigma), and 3 uM
Fluo4-AM dye, pH 7.4 (Invitrogen). Cells were incubated for 45 minutes (37°C, 5% CO,) for
dye loading. Fluo4-AM dye was removed and replaced with 160 pL Calcium Assay Buffer
(Hanks Balanced Salt Solution (HBSS; Invitrogen), 20 mM HEPES, 2.5 mM Probenecid
(Sigma), pH 7.4). For calcium fluorescence measurement of potentiator potency, vehicle or
concentration response curves (CRCs) of potentiators made in Calcium Assay Buffer were
added (40 pL, 5X) at the 20 second time point and either a glutamate CRC (for vehicle treated)
or an ECyq of glutamate (for potentiator CRCs) (20 pL, 10X) was added at the 260 second time
point via a Flexstation 11 (Molecular Devices). Fluorescence imaging continued for a total of
305 seconds acquisition time using an excitation of 488 nM, an emission of 525 nM, and a
cutoff of 515 nM. Agonist, potentiator, and vehicle were added at a speed of 52 pL/s, and
calcium flux was measured using the Flexstation 11 at 37°C. For fold shift assays, vehicle or
fixed concentrations of potentiator were added manually (40 pL, 5X) so that the agonist CRC
was added via a Flexstation Il following a 10 minute incubation with potentiator. All of the
peaks of the calcium response were normalized to the maximum response to a saturated dose
of glutamate (ECpax). Kinetic data were transformed and fit with GraphPad Prism version 4.0
(GraphPad Software Inc., San Diego, CA) to a 4 parameter logistic equation to determine
ECsp values.

ERK1/2 Phosphorylation Assay and Western Blotting

BHK cells stably expressing mGluR1a were plated in 6 well plates (Becton Dickinson and
Company) at 600,000 cells/well in standard growth media lacking methotrexate twenty-four
hours prior to assay and were incubated overnight at 37°C in 5% CO». On the day of the assay,
media was removed from the cells and replaced with 3 mL serum free DMEM containing 20
mM HEPES. Cells were incubated in serum free media for 3 hours at 37°C in 5% CO,. Media
was removed and replaced with an additional 2 mL of serum free DMEM containing 20 mM
HEPES, followed by an additional 30 minute incubation at 37°C in 5% CO,.

For studies involving the mGIuR1 antagonists R214127 or LY 341495, cells were first treated
with either vehicle or antagonist (20 pL, 100X) for 10 minutes at 37°C in 5% CO». For time
course and concentration response studies, this step was omitted. Next, vehicle, agonist, or
potentiators (20 uL, 100X) were added for the times indicated at room temperature. At the end
of stimulation, medium containing the drug was aspirated, the cells were placed on ice, washed
2 times with ice-cold Tris-buffered saline (TBS) (50 mM Tris, pH 7.4, 150 mM NacCl), and
incubated with 500 pL lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 10 mM
NagP207, 1% v/v Triton X-100, 2 mM orthovanadate, 1X Complete™ EDTA-free protease
inhibitor cocktail (Roche; Indianapolis, IN), 1X Phosphatase Inhibitor Cocktail 1 (Sigma-
Aldrich), and 1X Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich), pH 7.4) for 15 minutes at
4°C. Following lysis, cells were harvested by scraping, transferred into microfuge tubes, and
spun at 14,000 x g for 20 minutes at 4°C to clarify the lysates. Lysate protein concentrations
were determined using an assay kit from Bio-Rad (Hercules, CA) with bovine serum albumin
as the standard. Normalized protein lysates were prepared in 1x LDS sample buffer
(Invitrogen). Samples were resolved on 12% SDS-polyacrylamide gels (Bio-Rad) and
electroblotted onto nitrocellulose membranes (Bio-Rad).

For potentiator time course, R214127, and LY 341495 ERK1/2 experiments, the membranes
were blocked in 5% powdered milk and probed for phospho-ERK immunoreactivity using a
1:1000 dilution of polyclonal rabbit anti-phospho-p42/p44 MAP Kinase (P-ERK1/2) antibody
(Cell Signaling Technology, Beverly, MA) and a 1:1500 dilution of horseradish peroxidase-
conjugated goat anti-rabbit 1gG (Vector Laboratories, Burlingame, CA). Total ERK
immunoreactivity was probed for using a 1:1000 dilution of polyclonal rabbit anti-p42/p44
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MAP Kinase (ERK1/2) antibody (Cell Signaling Technology, Beverly, MA).
Immunoreactivity was revealed using LumiLight horseradish peroxidase substrate (Roche).
Films were scanned and densitometric analysis was performed using Scion Image software
(Scion Corporation, Frederick, MD). ERK1/2 phosphorylation was first normalized to total
ERK1/2 and then expressed as percentage of maximal response or -fold above control.
Student's t test was used to evaluate significance of differences between mean values for each
study, and differences were considered significant for p < 0.05.

For potentiator concentration response experiments, membranes were first blocked in Odyssey
Blocking Buffer (LI-COR Biosciences) and then probed for phospho-ERK1/2 and ERK1 total
immunoreactivity using a mix of a 1:1000 dilution polyclonal rabbit anti-phosphop42/ p44
MAP Kinase (P-ERK1/2) antibody (Cell Signaling Technology, Beverly, MA) and a 1:1000
dilution of anti-goat total ERK1 (Santa Cruz Biotechnology) made up in Odyssey Blocking
Buffer with 0.1% Tween 20. Blots were incubated in primary antibody overnight at 4°C. The
following day, blots were washed 4 times for 5 minutes each in TBS with 0.1% Tween 20
(TBST). Primary antibodies were detected with a mix of a 1:10000 dilution of donkey antirabbit
IR800 (Rockland) and a 1:10000 dilution of donkey anti-goat Alexafluor 680 (Invitrogen),
made up ina 1:1 mix of Odyssey buffer and TBST for 30 min at room temperature. Membranes
were scanned using Odyssey Imaging System (LI-COR, Lincoln, NE). ERK1/2
phosphorylation was first normalized to total ERK1 and then expressed as percentage of
maximal response or - fold above control. Student's t test was used to evaluate significance of
differences between mean values for each study, and differences were considered significant
for p < 0.05.

Adenylate Cyclase Assays

Adenylate cyclase activation was measured using a protocol modified from Watts and Neve
(1996) (Watts and Neve, 1996), which was originally adapted from Nordstedt and Fredholm
(1990) (Nordstedt and Fredholm, 1990). BHK cells stably expressing rat mGluR1a were plated
at 60,000 cells per well in standard growth media lacking methotrexate in clear bottom black
wall plates 96 well plates (Corning) twenty-four hours prior to assay and were incubated
overnight at 37°C in 5% CO,. On the day of the assay, media was removed from the cells and
replaced with 200 uL of serum free DMEM containing 20 mM HEPES. Cells were incubated
in serum free media for 2 hours at 37°C in 5% CO,. The media was removed and replaced with
200 pL of serum free DMEM containing 20 mM HEPES. Cells were incubated an additional
30 minutes at 37°C in 5% CO», then washed with 80 uL 37°C stimulation buffer (DMEM, 15
mM HEPES, pH 7.4, 0.025% ascorbic acid) for 10 minutes at room temperature. Following
this incubation, the media was removed and the cells were placed on ice. To assess mGIuR1
receptor stimulation, 40 pL of the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine
(IBMX) (2X, 500 uM final concentration), prepared in stimulation buffer, was first added to
all wells on ice to prevent cAMP breakdown. Following IBMX addition, cells were treated
with vehicle or varying concentrations of potentiator (20 uL, 4X) on ice. Finally, vehicle, 10
M forskolin (as a positive control), or various concentrations of glutamate (20 L, 4X) were
added on ice followed by a 20 minute incubation at 37°C in a water bath. The reaction was
terminated by aspiration and the addition of 35 L ice-cold 3% trichloroacetic acid (TCA).
Cell lysates were chilled for at least 2 hours at 4°C.

cAMP was quantified using a competitive binding assay adapted with minor modifications
(Nordstedt and Fredholm, 1990). Briefly, TCA extracts (15 pL) were added to wells in a deep
well 96 well plate (Axygen Scientific). Following TCA extract addition, [3H]-cAMP (Perkin-
Elmer,) (1 nM final concentration), prepared in cCAMP assay buffer (100 mM Tris-HCI, pH
7.4,100 mM NaCl, 5 mM EDTA) was added to each tube, followed by cAMP-binding proteins
(approximately 100 pg of crude extract from bovine adrenal cortex in 500 pL of cCAMP assay

Neuropharmacology. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sheffler and Conn

RESULTS

Page 6

buffer; prepared as described below). The reaction tubes were incubated on ice for 2 hours then
harvested with a Brandel cell harvester onto Whatman GF/B filters. Filters were allowed to
dry and radioactivity bound quantified by liquid scintillation counting. The concentration of
CAMP in each sample was estimated from a standard curve ranging from 0.1 to 100 picomoles
of CAMP.

To prepare cCAMP-binding protein, five bovine adrenal cortices (Pel-Freez Biologicals; Rogers,
AR) were partially thawed on ice, chopped into small pieces and homogenized in 125 mL of
PKA purification buffer (100 mM Tris-HCI pH 7.4, 10 mM EDTA, 250 mM NacCl, 250 mM
sucrose, and 0.1% 2-mercaptoethanol). The homogenate was filtered several times through
cheesecloth to remove fatty tissue and stirred for 30 minutes in an ice-water bath. This
suspension was spun three times at 30,000 x g at 4°C for 30 minutes, filtering the supernatant
through cheesecloth between each spin. The final supernatant was brought up to 100 mL in
PKA purification buffer, split into 1 mL aliquots and stored at —80°C for up to 2 years. Optimal
dilution of the cAMP-binding protein was determined by testing several dilutions with standard
curves of unlabeled cAMP.

Ro 67-4853, Ro 01-6128, and Ro 67-7476 are positive allosteric modulators of mGluR1
signaling as measured by Ca2* mobilization

The first allosteric potentiators of mGIuR1 discovered include (S)-2-(4-fluorophenyl)-1-
(toluene-4-sulfonyl)pyrrolidine (Ro 67-7476), ethyl diphenylacetylcarbamate (Ro 01-6128),
and butyl (9H-xanthene-9-carbonyl)carbamate (Ro 67-4853) (Knoflach et al., 2001; Vieira et
al., 2005), whose chemical structures are shown in Figure 1. These compounds were identified
by their ability to potentiate the signaling of an ECyq concentration of glutamate to Ca*
mobilization and to have no effect on Ca2* signaling in the absence of exogenously added
glutamate (Knoflach et al., 2001). As we wanted to evaluate the effects of the mGIuR1 PAMSs
in a variety of signal transduction pathways in the Baby Hamster Kidney (BHK) cells stably
expressing mGluR1a, we first performed saturation binding studies to determine the expression
level of mGIuR1 in the BHK cells. Saturation binding studies were performed using a potent
noncompetitive antagonist of mGIuR1, [?H]R214127 (1-(3,4-dihydro-2H-pyrano[2,3-b]
quinolin-7-yl)-2-phenyl-1-ethanone) (Lavreysen et al., 2003) (Figure 2). Nonlinear regression
analysis of the saturation curve revealed an apparent K4 of 2.8 £ 0.3 nM and a Byay Of 3817
+ 226 fmol/mg of protein (Figure 2A). Scatchard analysis of these data indicated that [3H]
R214127 bound to a single binding site (Figure 2B). These data are consistent with the high
level of mGIuR1 expression found in the rat cerebellum (4302 fmol/mg) (Lavreysen et al.,
2003).

We next wanted to verify the behavior of these compounds in a calcium assay. As had been
previously reported (Hemstapat et al., 2006; Knoflach et al., 2001), we found that fixed
concentrations (1 uM) of Ro 01-6128, Ro 67-4853, or Ro 67-7476 shifted the concentration-
response curve (CRC) of glutamate approximately 2-fold, 15-fold, and 4.5-fold to the left
respectively (Figure 3A) in BHK cells stably expressing mGluR1a. These compounds also
produced a concentration-dependent potentiation of the response of mGIluR1a to an ECyq
concentration of glutamate (250 — 450 nM) (Figure 3B). The ECgq values of potentiation were
223.8+32.6nM (Ro 01-6128), 10.0+ 2.4 nM (Ro 67-4853), or 185.8 + 45.6 nM (Ro 67-7476).
No effect of the compounds alone was apparent, as was previously demonstrated (Knoflach et
al., 2001). Together, these data support previous studies demonstrating the effect of these
compounds on mGIuR1 signaling, notably, a lack of an effect of these compounds on Ca2*
signaling in the absence of agonist accompanied by a potentiation of the response to mGIluR1
agonists.
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R0 01-6128, Ro 67-4853,and Ro 67-7476 are direct agonists of mGIuR1 signaling as measured
by the phosphorylation of ERK1/2

While agonist-induced Ca2* mobilization is a commonly used measure of mGIuR1 activation,
mGIuR1 can couple to a variety of signaling pathways, including activation of ERK1/2
phosphorylation and activation of adenylate cyclase (AC) (Aramori and Nakanishi, 1992; Conn
and Pin, 1997; Ferraguti et al., 1999; Joly et al., 1995). If allosteric potentiators of mGIuR1
have differential effects on these signaling pathways, this could dramatically impact their
overall physiological effects or impact systems in which mGIuR1 activators have been
postulated to have potential therapeutic utility. We began by characterizing the effects of these
mGIuR1 PAMSs on mGluR1-induced phosphorylation of ERK1/2. Initial studies (data not
shown) demonstrated that 1 uM of the mGIluR1 PAM s resulted in the phosphorylation of
ERKZ1/2 in the absence of exogenously added agonist, with 1 UM of the PAMs demonstrating
119.5 + 17.3% (Ro 01-6128), 114.4 + 29.0% (Ro 67-4853), or 120.4 + 1.9% (Ro 67-7476) of
the response to a maximal concentration of glutamate. Thus, each of the PAMs acts as a full
agonist of mGIluR1, with a slightly higher efficacy than glutamate. Further studies, as shown
in Figure 4, demonstrated that 1 uM of the PAMs activate P-ERK1/2 in the absence of agonist
with a time course of activation peaking at 5 minutes.

To verify that the activation of P-ERK1/2 was occurring via activation of mGIuR1, studies
were performed using the noncompetitive antagonist of mGIuR1, R214127 (Lavreysen et al.,
2003). Figure 5 shows the effect of 100 nM R214127 on 1 uM Ro 01-6128, Ro 67-4853, or
Ro 67-7476 induced P-ERK1/2. R214127 completely inhibits the activity of these compounds
but does not effect basal ERK1/2 phosphorylation, demonstrating that noncompetitive
antagonists of mGIuR1 can block the ability of the mGIuR1 PAMs to cause P-ERK1/2
induction. To further verify that the PAM activation of ERK1/2 occurs via mGIuR1, we
evaluated a competitive orthosteric antagonist of mGIuR1, LY 341495 (Kingston et al.,
1998), to determine if orthorsteric as well as allosteric antagonists of mGIuR1 can block this
PAM effect. Figure 6 demonstrates that 10 uM LY 341495 also completely inhibits the ability
of Ro 01-6128, Ro 67-4853, and Ro 67-7476 to activate P-ERK1/2. As we found for glutamate,
the efficacy of PAM activation of ERK1/2 phosphorylation was greater than that of DHPG. In
addition, as we found with R214127, LY 341495 treatment did not lower the basal ERK1/2
phosphorylation (data not shown). Having demonstrated that the ability of these PAMSs to
activate P-ERK1/2 is not due to an off-target effect and is occurring via mGIuR1, we then
determined the concentrationdependence of P-ERK1/2 activation (Figure 7). The ECsq values
P-ERK1/2 activation for the mGIluR1 PAMs were all in the low to mid nanomolar range with
a values of 247.9 + 50.6 nM (Ro 01-6128), 9.2 + 6.2 nM (Ro 67-4853), or 163.3 + 44.8 nM
(Ro 67-7476). Notably, the ECsgs for full P-ERK1/2 activation are nearly identical to the
ECsps for calcium mobilization potentiation. Together, these data demonstrate that Ro
01-6128, Ro 67-4853, and Ro 67-7476 activate mGluR1-induced ERK1/2 phosphorylation in
the absence of exogenously added agonist, showing that these PAMs of mGIuR1 have
fundamentally different effects on mGIuR1 coupling to calcium mobilization versus ERK1/2
phosphorylation.

Ro 01-6128, Ro 67-4853, and Ro 67-7476 increase basal mGIuR1 signhaling and potentiate
mGIuR1 signaling as measured by the activation of adenylate cyclase

As mGIuR1 can couple to G5 and to the activation of AC in a number of systems (Aramori
and Nakanishi, 1992; Francesconi and Duvoisin, 1998; Joly et al., 1995; Tateyama and Kubo,
2006), we also performed studies to investigate the effects of Ro 01-6128, Ro 67-4853, and
Ro 67-7476 on mGIluR1 signaling to the stimulation of cAMP production. Initial studies
demonstrated that 500 nM Ro 01-6128, Ro 67-4853, or Ro 67-7476 potentiate glutamate-
induced activation of mGIuR1 as assessed by measures of CAMP production by 3-, 15-, and
3-fold respectively. Glutamate increased cAMP accumulation with an ECgg value of 32.08 +
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0.96 puM in the absence of an mGIuR1 PAM (Vehicle). The ECsgq values for glutamate in the
presence of PAMs were 10.50 + 2.29 uM (Ro 01-6128), 2.15 £ 0.43 pM (Ro 67-4853), or
10.93 + 2.81 uM (Ro 67-7476) (Figure 8A). These studies also revealed that these PAMs
increase basal cAMP production at the fixed concentration used (500 nM); this was especially
evident for Ro 67-4853 which increased cAMP accumulation by 30% in the absence of
glutamate. Effects of the other two mGIuR PAMs on basal cCAMP accumulation were minimal,
with Ro 01-6128 potentiating basal CAMP by approximately 7%, and Ro 67-7476 by 8%. These
studies suggest that these classes of mGIluR1 allosteric potentiators, and especially Ro 67-4853,
may have partial agonist activity at mGIuR1 as measured by cAMP production. We also
determined the effects of increasing concentrations of each mGIluR1 PAM on responses of
mGIluR1a to an ECyq concentration of glutamate (10 pM) (Figure 8B). The ECs values of the
PAMs for potentiation of glutamate responses were 21.5 + 1.8 uM (Ro 01-6128), 11.7 £ 2.4
UM (UM, Ro 67-4853), or 17.7 £ 0.2 (Ro 67-7476). Finally, we determined the effect of
increasing concentrations of the orthosteric antagonist LY 341495 on the cAMP production
induced by 500 nM Ro 67-4853. LY 341495 inhibited the cAMP production by 500 nM Ro
67-4853 with an 1Cgq of 5.95 + 0.91 pM (Figure 8C). The allosteric mGIluR1 antagonist
(R214127) induced a similar inhibition of the effect of Ro 67-4853 on cAMP production (data
not shown), These data demonstrate that Ro 01-6128, Ro 67-4853, and Ro 67-7476 increase
basal mGluR1-induced cAMP accumulation and potentiate glutamate-induced cAMP
accumulation but have lower potencies at modulating the cAMP response than at regulating
ERK1/2 phosphorylation or calcium mobilization. In addition, these data provide further
evidence that mGIluR1 PAMs have either differential effects on the coupling of mGIuR1 to
different signaling pathways or system-dependent properties.

DISCUSSION

In recent years, our understanding of the basic mechanisms of GPCR function has been
undergoing a radical change. It has become clear that a single GPCR can display a multitude
of active states that can link to independent signaling pathways and that the regulation of GPCR
signal transduction largely depends on the both the cellular milieu and the proteins which
interact with the GPCR signaling complex. There are now numerous examples whereby the
signal transduction and regulation of GPCRs are largely controlled by the particular proteins
that interact with the receptor (Urban et al., 2007; Violin and Lefkowitz, 2007). Ligands
stabilize different receptor states, altering particular protein interactions, thereby altering how
agivenreceptor will respond to adrug. Independent signaling pathways for a particular receptor
can also be differentially regulated by ligands, further complicating this picture. Numerous
terms have been applied to this concept including “agonist-directed trafficking of receptor
stimulus”, “biased agonism”, and “functional selectivity”, among others. Recently, it has been
suggested that this concept be termed “ligand-induced differential signaling” (Urban et al.,
2007). There are now a number of examples of ligand-induced differential signaling in the
literature. These studies demonstrate differences in orthosteric ligand signal transduction and
include studies with serotonin 2A and 2C receptors (Berg et al., 1998), B2 adrenergic receptors
(Seifert et al., 1999), 1 opioid receptors (Whistler et al., 1999), angiotensin Il receptors
(Hunyady et al., 1994), chemokine receptors (Blanpain et al., 2002), and complement factor
5a receptor, among many others. Although the aforementioned studies focus on traditional
orthosteric ligands, it is equally likely that allosteric ligands would also display features of
ligand-induced differential signaling. Indeed, recent studies suggest that distinct structural
classes of allosteric potentiators of mGIuRS5 differ in their effects on coupling to multiple
signaling pathways (Zhang et al., 2005).

The group I mGIuR, mGIuR1, is known to couple to multiple signaling pathways and its signal
transduction to multiple second messenger systems can be differentially regulated (Aramori
and Nakanishi, 1992; Conn and Pin, 1997; Ferraguti et al., 1999; Francesconi and Duvoisin,
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2000; Joly et al., 1995). In addition, mGIuR1 is expressed in a wide variety of neuronal
populations and has physiological effects that vary depending on the neuronal population
(Valenti et al., 2002). It is likely that varying physiological actions of mGIuR1 in distinct
neuronal populations depend on differential activation of signaling cascades. If allosteric
potentiators of mGIuR1 preferentially potentiate specific responses to receptor activation, this
would have major implications when considering development of such compounds for
therapeutic purposes. Thus, it will be critical to determine whether allosteric potentiators of
mGIuR1 have similar or different effects on the coupling of mGIuR1 to multiple second
messenger systems.

We now report the effects of Ro 01-6128, Ro 67-4853, and Ro 67-7476, three positive allosteric
modulators of mGIluR1, on mGluR1-induced calcium mobilization, ERK1/2 phosphorylation,
and cAMP production in baby hamster kidney cells stably expressing mGluR1a. These three
compounds behave similarly when measuring glutamate-induced calcium mobilization,
inducing parallel leftward shifts of the agonist concentration-response relationships and
displaying arank order of potencies for potentiation of Ro 67-4853 > R0 67-7476 >Ro 01-6128.
As has been previously reported, these modulators have no effect on basal calcium mobilization
(Hemstapat et al., 2006; Knoflach et al., 2001).

Interestingly, all three allosteric potentiators acted as full agonists in the absence of
exogenously added agonist in an ERK1/2 phosphorylation assay. The time course of ERK1/2
phosphorylation by the potentiators peaked at 5 minutes, a time point that is consistent with
mGIuR1 activation of ERK1/2 phosphorylation when activated by glutamate (Thandi et al.,
2002). The maximal ERK1/2 phosphorylation induced by the PAMs was greater than that
induced by either maximal concentrations of glutamate or DHPG, implying that these PAMs
may couple to the ERK pathway better than orthosteric agonists, although further
experimentation will be required to fully evaluate this possibility. We also found that the effects
of the PAMs on ERK1/2 phosphorylation was fully inhibited by both orthosteric (LY 341495)
and allosteric (R214127) antagonists of mGIluR1, demonstrating that the effect of these PAMs
on ERK1/2 phosphorylation was not due to an off-target effect in BHK cells. In addition, the
lack of an effect of orthosteric and allosteric antagonists on basal ERK1/2 phosphorylation
demonstrates that it is unlikely that endogenous glutamate is contributing to the efficacy of the
PAMs.

The rank order potencies for PAM activation of ERK1/2 phosphorylation were Ro 67-4853 >
Ro 67-7476 > Ro 01-6128. Notably, not only are the rank order potencies similar to that found
for calcium mobilization potentiation, but the ECsq values for activation of ERK1/2
phosphorylation are nearly identical to the ECs values for potentiation of calcium
mobilization, implying that these differential effects on signal transduction cascades occur in
nearly identical concentration ranges. Importantly, during the calcium mobilization assays, the
compounds were incubated with the cells for 4 minutes prior to agonist addition without effect
whereas there is already significant ERK1/2 phosphorylation occurring at the 2 minute time
point as shown in Figure 4. If endogenous glutamate was contributing to the efficacy of these
compounds, one would also expect to see agonist effects of the PAMs in a calcium assay, which
we do not. In addition, neither orthosteric nor allosteric antagonists decreased basal ERK1/2
phosphorylation, consistent with a lack of endogenous glutamate. However, even given these
controls, we cannot fully rule out the presence of endogenous glutamate in our assays.
Regardless, the mGIluR1 PAMs serve as robust agonists of mGIuR1 coupling to ERK1/2
phosphorylation while acting as pure allosteric potentiators of coupling of the receptor to
activation of calcium mobilization. These data are consistent with both ligand-induced
differential signaling of the mGIuR1 PAMs or the PAMs acting as agonists in a system-
dependent manner.
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Although a clear role of mGIuRL1 in the stimulation of CAMP has not been conclusively shown
in vivo, in a number of in vitro systems, mGIuR1 couples to G, leading to the activation of
AC and the production of cAMP (Aramori and Nakanishi, 1992; Francesconi and Duvoisin,
1998; Joly et al., 1995; Tateyama and Kubo, 2006). We found that mGIuR1 activated cCAMP
production in BHK cells with an ECsg of 32 uM and that the PAMs induced parallel leftward
shifts of the agonist concentration-responses, displaying a rank order potency for potentiation
of Ro 67-4853 > Ro 67-7476 = Ro 01-6128. In addition, Ro 67-4853 increased basal CAMP
production at the fixed concentration used and this increased basal was inhibited by both
orthosteric and allosteric mGIuR1 antagonists, implying that this PAM may have partial agonist
activity. These PAMs display ECsgs for potentiation of cCAMP production in the low
micromolar range, values nearly 1000-fold right shifted compared to the ECsqs for calcium
potentiation or the ECsgs for ERK1/2 phosphorylation. Thus, the mGluR1 PAMs do not appear
to potentiate mGIuR1 coupling to G as readily as they potentiate coupling to Gq.
Interestingly, we previously reported that mGIuR5 PAMs have much higher potencies at
potentiating responses of mGIUR5 to glutamate than affinities at their allosteric site (Chen et
al., 2007; de Paulis et al., 2006). This implies a high level of cooperativity for mGIuR5 PAMs
and orthosteric agonists in activating calcium mobilization. One possible explanation for the
present results is that a similar cooperativity may exist for mGluR1 PAMs and orthosteric
agonists in activating calcium mobilization but that a similar cooperativity does not exist in
activating coupling of mGIuR1 to G,s. Unfortunately, radioligands are not available for
measuring affinities of mGIuR1 PAMs to their allosteric sites (Hemstapat et al., 2006). Until
such ligands become available, the possibility of differential cooperativity between PAMs and
orthosteric agonists at inducing coupling to G,s and G4 cannot be fully evaluated.

It is clear that mGIuR1 can signal to a number of signal transduction pathways and that these
pathways can be differentially regulated. The finding that Ro 01-6128, Ro 67-4853, and Ro
67-7476 have differential effects on calcium mobilization and ERK1/2 phosphorylation has
important implications for the effects of these compounds on synaptic transmission and other
functions in the CNS. For example, ERK1/2 phosphorylation by mGIuR1 is thought to be
involved in the induction of hippocampal long term depression (Volk et al., 2006), required
for mGluR1-mediated effects on inflammatory pain (Karim et al., 2001), and dysregulated by
mGIuR1 in fragile X syndrome (Kim et al., 2008). The increasing number of examples of both
orthosteric and allosteric ligand-induced differential signaling in the literature demonstrate the
plausibility for development of compounds to regulate highly specific signal transduction
responses, which could allow the fine tuning of specifically dysregulated signal transduction
pathways in disease. Although further study will be required to determine if these effects are
ligand-dependent or system-dependent for the mGIuR1 PAMs, these possibilities highlight the
critical importance of further analysis of mGluR1-induced allosteric ligand signal transduction
effects in both heterologous and native systems.
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Figure 1. Chemical structures of mGIuR1 positive allosteric modulators
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Figure 2. Saturation Binding of [3H]R214127 to BHK-mGIuR1a membranes
(A) Representative saturation binding curve for [3H]R214127 binding to membranes prepared
from BHK-mGIuR1 cells. Specific binding was determined by subtracting nonspecific binding
measured in the presence of 10 uM R214127 from total binding. (B) Representative Scatchard
plot of [BH]R214127 binding data. For each experiment, data points were determined in

quadruplicate or greater. Experiments were replicated three independent times.
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Figure 3. Ro 01-6128, Ro 67-4853, and Ro 67-7476 are positive allosteric modulators of mGIluR1
as measured by calcium mobilization

(A) BHK cells stably expressing mGluR1a were pre-incubated with a fixed concentration (1
M) of each compound for 10 min before the addition of a range of concentrations of glutamate.
These compounds have no agonist activity on mGIluR1 when added alone but shift the
concentration-response curve of glutamate approximately 2-fold (Ro 01-6128), 15-fold (Ro
67-4853), and 4.5-fold (Ro 67-7476) to the left. The fluorescence response was normalized as
a percentage of the maximal response to 10 pM glutamate and is presented as the mean of four
individual experiments performed in triplicate. Error bars are S.E.M. (B) Concentration-
response curves of Ro 01-6128, Ro 67-4853, and Ro 67-7476 in the presence of an ECyg
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concentration of glutamate in BHK cells stably expressing mGluR1a. These compounds
potentiated threshold responses to glutamate in the calcium mobilization assay, with ECsq
values of 223.8 £ 32.6 nM (Ro 01-6128), 10.0 + 2.4 nM (Ro 67-4853), or 185.8 + 45.6 nM
(Ro 67-7476). The fluorescence response was normalized as a percentage of the maximal
response to 10 uM glutamate and is presented as the mean of three individual experiments
performed in triplicate. Error bars are S.E.M.
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Figure 4. Ro 01-6128, Ro 67-4853, and Ro 67-7476 are agonists of mGIuR1 as measured by
phosphorylation of ERK1/2

(A-C) Shown are representative immunoblots from a single experiment repeated three times
with equivalent results. BHK cells stably expressing mGluR1a were treated with 1 uM of either
Ro 01-6128 (A), Ro 67-4853 (B), or Ro 67-7476 (C) for 0, 2, 5, or 10 minutes. The top
immunoblot shows phosphorylated ERK1/2 levels and the bottom blot shows total ERK1/2
levels. (D) Quantification of the net pixel intensities of phosphorylated ERK1/2 normalized to
total ERK1/2, expressed as the fold over basal ERK1/2 phosphorylation.
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Figure 5. Ro 67-4853, Ro 01-6128, and Ro 67-7476 activation of ERK1/2 phosphorylation is
inhibited by the mGIuR1 allosteric antagonist R214127

(A) Shown are representative immunoblots from a single experiment repeated three times with
equivalent results. BHK cells stably expressing mGIluR1a were treated with vehicle (=) or 100
nM R214127 (+) for 10 minutes prior to potentiator addition. Following antagonist treatment,
samples were treated with vehicle or 1 uM potentiator for 5 minutes. The top immunoblot
shows phosphorylated ERK1/2 levels and the bottom blot shows total ERK1/2 levels. (B)
Quantification of the net pixel intensities of phosphorylated ERK1/2 normalized to total
ERK1/2, expressed as the fold over basal ERK1/2 phosphorylation. * = Statistically significant
p<0.05
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Figure 6. Ro 67-4853, Ro 01-6128, and Ro 67-7476 activation of ERK1/2 phosphorylation is
inhibited by the mGIuR1 orthosteric antagonist LY 341495
(A) Shown are representative immunoblots from a single experiment repeated three times with
equivalent results. BHK cells stably expressing mGluR1a were treated with vehicle (=) or 10
UM LY341495 (+) for 10 minutes prior to agonist or potentiator addition. Following antagonist
treatment, samples were treated with 10 M DHPG or 1 uM potentiator for 5 minutes. The top
immunoblot shows phosphorylated ERK1/2 levels and the bottom blot shows total ERK1/2
levels. (B) Quantification of the net pixel intensities of phosphorylated ERK1/2 normalized to
total ERK1/2, expressed as the fold over basal ERK1/2 phosphorylation. * = Statistically

significant p<0.05
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Figure 7. Ro 01-6128, Ro 67-4853, and Ro 67-7476 are potent agonists of P-ERK1/2

(A—C) Shown are representative immunoblots from a single experiment repeated four to five
times with equivalent results. BHK cells stably expressing mGluR1a were treated with a
concentration response of either Ro 01-6128 (A), Ro 67-4853 (B), or Ro 67-7476 (C) for 5
minutes. The top immunoblot shows phosphorylated ERK1/2 levels and the bottom blot shows
total ERK1 levels. (D) Quantification of the net pixel intensities of phosphorylated ERK1/2
normalized to total ERK1, expressed as the % of maximal P-ERK1/2 phosphorylation for each
compound. The calculated ECggs from these data are 247.9 + 50.6 nM (Ro 01-6128), 9.2 + 6.2
nM (Ro 67-4853), or 163.3 £ 44.8 nM (Ro 67-7476). Error bars are S.E.M.
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Figure 8. Ro 01-6128, Ro 67-4853, and Ro 67-7476 increase basal cAMP production and potentiate
MGIuR1 signaling to adenylate cyclase activation

(A) BHK cells stably expressing mGluR1a were incubated with a fixed concentration (500
nM) of each compound for 1 min 25 before the addition of a range of concentrations of
glutamate. These compounds shift the concentration-response curve of glutamate
approximately 3-fold (Ro 01-6128), 16-fold (Ro 67-4853), and 3-fold (Ro 67-7476) to the left.
The basal cAMP production at the fixed concentration used (500 nM) was increased, with Ro
01-6128 potentiating basal cAMP by approximately 7%, Ro 67-4853 by 30%, and Ro 67-7476
by 8%. The cAMP response was normalized as a percentage of the vehicle treated glutamate
response and is presented as the mean of four individual experiments performed in triplicate.
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Error bars are S.E.M. (B) Concentration-response curves of Ro 01-6128, Ro 67-4853, and Ro
67-7476 in the presence of an ECyg concentration of glutamate in BHK cells stably expressing
mGIluR1a. These compounds potentiated threshold responses to glutamate in the cCAMP
accumulation assay, with ECsg values of 21.5 + 1.8 pM (Ro 01-6128), 11.7 + 2.4 uM (Ro
67-4853),0r 17.7 1.2 uM (Ro 67-7476). The cAMP response was normalized as a percentage
of the maximum response to 3 mM glutamate response and is presented as the mean of four
individual experiments performed in triplicate. Error bars are S.E.M. (C) BHK cells stably
expressing mGluR1a were incubated with a fixed concentration (500 nM) of Ro 67-4853 for
1 min before the addition of a range of concentrations of LY 341495. LY 341495 inhibited the
cAMP production induced by 500 nM Ro 67-4853 with an ICgq value of 5.95 + 0.91 uM. The
CAMP response was normalized as a percentage of the 500 nM Ro 67-4853 treated response
and is presented as the mean of four individual experiments performed in triplicate. Error bars
are S.E.M.
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