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ABSTRACT

The metabotropic glutamate receptor subtype 5 (MGIUR5) activates calcium mobilization
and extracdlular signal regulated kinase 1/2 (ERK1/2) phosphorylation in cortical
astrocytes. These are independent signaling systems and can be differentially regulated.
We recently discovered two novel selective allosteric potentiators of mGIuR5, 3,3-
difluorobenzaldazine (DFB) and N-{4-chloro-2-[(1, 3-dioxo-1, 3-dihydro-2H-isoindol-2-
yl) methyl]phenyl} -2-hydroxybenzamide (CPPHA). In studies of mGIuR5 activation of
calcium transients in recombinant systems, both DFB and CPPHA are without effect on
basdline calcium levels but induce parallel leftward shifts in the concentration response
curve to agonists. However, it is conceivable that these compounds will have differentia
effects on different signaling pathways in native systems. Here, we examined the effects
of CPPHA and DFB on mGIuR5-induced calcium transents and ERK1/2
phosphorylation in cultured rat cortical astrocytes. Both potentiators induced paralléel
leftward shifts of the concentration response curves of DHPG- and glutamate-induced
calcium transents in astrocytes. These effects are identical to their effects on mGIuR5
expressed in HEK293 or CHO cells.  DFB induced a similar shift of concentration-
response curve of DHPG-induced ERK1/2 phosphorylation. Interestingly, CPPHA
induced an increase in basal MGlIuR5-mediated ERK 1/2 phosphorylation and potentiated
the effect of low concentrations of agonists. In contrast, CPPHA significantly decreased
ERK1/2 phosphorylation induced by high concentrations of agonists. Thus, CPPHA has
qualitatively different effects on mGIuR5-mediated calcium responses and ERK1/2

phosphorylation. Taken together, these data provide evidence that different allosteric
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potentiators can differentially modulate coupling of a single receptor to different

signaling pathways.
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INTRODUCTION

Metabotropic glutamate receptors (MGIuRs) are seven membrane spanning G
protein-coupled receptors that play a critical role in modulation of neuronal excitability
and synaptic transmission in the central nervous system. To date, eight mGIuR subtypes
have been cloned (termed mGIUR1 — mGIuR8), and these have been divided into three
groups based on sequence homology, pharmacological profiles and G protein coupling.
Group | mGIuRs (MGIuR1 and mGIuR5) couple primarily to phospholipase C (PLC)
through Gg/G11 to trigger phosphoinositide hydrolysis and intracellular calcium
transents. Group Il and group Il mGIluRs couple to inhibition of adenylyl cyclase and
other effector systems through Gi/o (Conn and Pin, 1997). Group | mGIuRs are often
localized postsynaptically where they modulate ion channel activity whereas group Il and
group 111 mGIuRs are primarily localized presynaptically and regulate neurotransmitter
release. MGIUuRs are members of family 3 G protein coupled receptors (GPCRS) which
possess a large extracellular agonist binding domain in the N-terminus of the receptor.
Even though a number of agonists and antagonists that bind to the N-terminal agonist
binding domain (orthosteric site) have been developed, discovery of subtype selective
ligands at the orthosteric site has been challenging because of the high conservation of
the agonist binding domain within the mGIuRs. Recently subtype selectivity has been
achieved with compounds that bind to allosteric sites in the 7 membrane spanning region
of the mGIuRs (Johnson et al., 2004). These include both antagonists (Litschig et al.,
1999; Pagano et al., 2000; Varney et al., 1999) and allosteric potentiators (Cube et al.,

2005; Johnson et al., 2003; Knoflach et al., 2001; Mg et a., 2003; Marino et a., 2003;
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Mathiesen et al., 2003; O'Brien et al., 2003; 2004) that are highly selective for individua
MGIUR subtypes.

A large number of cellular and behavioral studies have led to the hypothesis that
selective agonists of one mGIuR subtype, mGIuR5, may have exciting potential as novel
antipsychotic and cognition-enhancing agents (Chavez-Noriega et al., 2002; Alagarsamy et
al., 1999a; 1999b; Mannaioni et al., 2001; Marino et al., 2001; Kinney et al., 2003; Campbell
et a., 2004). Recently, we reported that two compounds, 3,3'-difluorobenzaldazine
(DFB) (O'Brien et al., 2003) and N-[4-chloro-2-[(1,3-dioxo-1,3-dihydro-2H-isoindol-2-
yl)methyl] phenyl]-2-hydroxybenzamide (CPPHA) (O’ Brien et a., 2004), act as selective
alosteric potentiators of mMGIURS5.  These compounds have no agonist activity by
themselves but potentiate activation of mMGIuR5-mediated calcium transients in
transfected cell lines by glutamate. The discovery of allosteric potentiators of specific
MGIUR subtypes raises the exciting possibility that such compounds could be developed
as novel tools or therapeutic agents to increase mGIuR function. In the simplest view,
these compounds could increase activity of the intended mGIuR subtypes at any synapse
or in any cell population in which these receptors are normally active. However, it is
possible that these compounds will have a more complex profile of effects in native
systems. mGIURS5 can couple to multiple signaling pathways and it is conceivable that
alosteric potentiators of mGIuRs could preferentially impact signaling through some
pathways and not others. For instance, we reported that mGIURS activates
phosphoinositide hydrolysis and phosphorylation of extracellular signal regulated kinase
(ERK 1/2) in cortical astrocytes by independent mechanisms (Peavy et al., 2001; 2002).
Furthermore, these responses to mGIuRS activation can be differentially regulated by

protein kinase C (Peavy et al., 2002). Interestingly, a growing body of evidence suggests
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that different traditional orthosteric agonists can differentially activate different signaling
pathways of a single GPCR, a phenomenon referred to as agonist receptor trafficking
(Brink et al., 2000; Gazi et al., 2003; Berg et al., 1998). This could have important
implications for development of allosteric potentiators. If allosteric potentiators
differentially regulate specific responses to mGIuR5S activation, it will be critical to
determine the effect of the compounds on specific responses that are thought to be
relevant for an intended therapeutic action in native systems. Likewise, this could
provide an opportunity to develop highly specific agents that selectively activate a
desired response to receptor activation without potentiating other responses.  Thus, it
will be critical to develop an understanding of the effects of DFB, CPPHA, and other
allosteric potentiators on different signaling pathways activated by mGIuR5 activation in
native systems. We now report that DFB has smilar effects on mGluR5-mediated
calcium transients and ERK 1/2 phosphorylation in cortical astrocytes whereas CPPHA

has differential effects on these two signaling pathways.
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METHODS
Drugs. CPPHA was synthesized as previously described (O Brien et al., 2004).

All other ligands were obtained from Tocris (St. Louis, MO).

Cell culture. Rat cortical astrocytes were prepared as described by Peavy et a.,
(2001). In brief, neocortices from 2-4 day old Sprague Dawley rat pups were dissected
and dissociated in DMEM by trituration with 1ml pipette tips. The cells were then
centrifuged and resuspended in DMEM (containing 1 mM sodium pyruvate, 2 mM L-
glutamine, PenStrep) supplemented with 10 % FBS in T75 tissue culture flasks; the
medium was changed the next day. Cell cultures were maintained at 37C in an
atmosphere of 95 % air/ 5 % CO, for 6-8 days. Cells were shaken overnight (280-310
rpm) to remove oligodendrocytes and microgliocytes. For ERK1/2 phosphorylation assay
the cells were then trypsinized and replated into poly-D-lysine precoated 12 well plates at
a density of about 6x 10° cells'well in full DMEM with 10 % FBS. The second day the
medium was switched to full DMEM with G-5 supplement (Invitrogen) containing EGF
(10 ng/ml), basic fibroblast growth factor (5ng/ml), insulin (5ug/ml), and other factors.
The cells were nearly confluent within 2 days and resembled the polygonal astrocytic
appearance in vivo. 3 days after the addition of G-5 supplement and 20 hours before
experiments, the medium was aspirated and the cells were washed 3 times with 1X

HBSS, 1 ml of glutamine free DMEM was added to each well.

Calcium fluorescence assay. Secondary astrocytes were replated into poly-D-

lysine precoated 96 well platesin full DMEM (containing 1 mM sodium pyruvate, 2 mM
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L-glutamine, PenStrep) supplemented with 10 % FBS and was switched to G-5
containing medium the next day. The day before each experiment, medium was switched
to glutamine free DMEM with 10% dialyzed FBS. On the day of the assay, cells were
washed with 2x100ul of assay buffer (1x HBSS buffer containing 20mM HEPES
(Invitrogen), 2.5 mM probenecid (Sigma), 0.1% BSA (Sigma)). The cells were loaded
with calcium-sensitive dye from FLIPR calcium 3 assay kit (Molecular Devices) for 1
hour in cdl culture incubator, then cells were washed with 2x 100 pl assay buffer and
180 ul of assay buffer was added to each well. Cells were excited at 485 nm and
fluorescence increases at 525 nm due to calcium transients were measured by 96 well
fluorometric imaging plate reader (FlexStation, Molecular Devices). Assay buffer (20 ul)
containing DFB or CPPHA or vehicle (DM SO) was added 5 minutes before the addition
of 20 ul assay buffer containing different concentrations of agonist. When glutamate was
used, AMPA and NMDA receptor antagonists CNQX (10uM) and L-AP5 (20uM) were

added 20 minutes before the addition of potentiators.

ERK 1/2 phosphorylation assay. On the day of each assay, cells were first
treated with potentiators, in the presence or absence of CNQX (10uM) and L-AP5
(20uM) or mGIuR5 antagonists, and then stimulated with agonist. At the end of
stimulation, medium containing the drug was aspirated and 200 ul ice-cold lysis buffer
(containing (in mM) 50 Tris-HCI, 50 NaCl, 5 EDTA, 10 EGTA, 1 NagV Oy, 2 Na,P,07-10
H>0, 4 magnesium para-nitrophenyl phosphate, and 1 phenylmethylsulfonyl fluoride plus
10 pg/ml leupeptin and 2 pg/ml aprotinin) was added to each well. Cells were frozen at -

80°C and underwent 3 thaw and refreeze cycles. Cells were scraped into clean tubes,
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samples centrifuged, and supernantant collected. Equal amounts of supernatant from each
sample were mixed with 3x LDS sample buffer, subjected to SDS-PAGE, and transferred
to nitrocellulose membranes. Membranes were first blocked and then stained with
primary rabbit anti p44/42 MAP kinase (ERK1/2) polyclona antibody mixed with
primary mouse anti phospho-p44/42 MAP kinase (phospho-ERK1/2) monoclonal
antibody (Cell Signaling), after washing three times, membranes were subsequently
stained with fluorescent dye Alexa Fluor 680 conjugated secondary goat anti-mouse IgG
(H+L) (Molecular Probes) mixed with fluorescent dye IRDye800 conjugated secondary
goat anti-rabbit I1gG (H+L) (Rockland). Membranes were scanned using Odyssey
Imaging System (LI-COR). ERK1/2 phosphorylation (p-ERK1/2, phosphorylated
ERK1/2) is first normalized to t-ERK1/2 (total ERK1/2), and then expressed as % of

maximal response or fold above control.

Data analysis. Data was expressed as mean + SEM and curve fitting was
performed with GraphPad prism 3. 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.

10
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RESULTS

DFB has smilar allosteric effects on mGIuR5 mediated calcium transients
and ERK1/2 phosphorylation in cultured rat cortical astrocytes. DFB was first
identified as a potentiator of mGIuRS in a high-throughput calcium fluorescence assay in
CHO cdls (O'Brien et a., 2003). In CHO cells, DFB has no agonist effect but
potentiates responses to activation of human and rat mGIUR5 when measuring the
calcium fluorescence response to the agonists DHPG, glutamate and quisqualate
(O'Brien et al., 2003). Overexpression of receptors in heterologous systems may ater the
intracellular environment including receptor-G protein stoichiometry which may lead to
results that do not always reflect responses in native systems. Thus, it is important to
verify studiesin CHO cellsin anative system. Rat cortical astrocytes have been reported
to predominantly express mGIuRS (Peavy et a., 2002) and provide an ideal native system
to characterize the effects of allosteric potentiators of this receptor. Thus, we determined
the effect of DFB on mGluR5-mediated calcium transients induced by DHPG and
glutamate in cortical astrocytes. Consistent with studies in CHO cells, DFB has no
agonist effect on mGIURS in astrocytes (Fig. 1A) but potentiates the response to an EC20
concentration of DHPG (Fig 1A) and induces a parallel shift to the left of the DHPG and
glutamate concentration response curves (Fig. 1B and 1C). DFB has similar efficacy at
potentiating DHPG and glutamate responses in astrocytes as in human and rat mGIuR5
expressed in CHO cdlls (O’ Brien et al., 2003). 100 uM DFB induces a 2.23 fold and 2.41
fold shift in the DHPG and glutamate concentration response curves respectively. Thisis
similar in magnitude to the shift in human and rat mGIuRS CHO cells (O’'Brien et al.,

2003). We also measured the effects of DFB and CPPHA on calcium transients induced

11
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by glutamate with the presence of AMPA receptor and NMDA receptor antagonists
CNQX and L-AP5, data (not shown) indicates that there is no AMPA and NMDA
receptor contributed component in calcium transients induced in astrocytes by glutamate
under various conditions.

We previously reported that mGluR5-mediated calcium transients in rat cortical
astrocytes can be regulated by PKC, whereas PKC does not regulate mGluR5-induced
ERK 1/2 phosphorylation in these cells (Peavy et a., 2002). Furthermore, we found that
MGIuR5-mediated ERK 1/2 phosphorylation is independent of activation of
phospholipase C and is mediated by transactivation of the EGF receptor (Peavy et al.,
2001). These studies suggest that these are independent signaling pathways and that
these two responses to mGIUuR5 can be differentialy regulated. Thus, it is conceivable
that allosteric potentiators of mGIURS could differentially regulate these two responses to
MGIURS activation. However, as shown in figure 2A and 2B, DFB induced a similar
potentiation of DHPG-induced ERK 1/2 phosphorylation as was seen with calcium
transients. Unfortunately, measurement of glutamate-induced ERK1/2 phosphorylation is
complicated by the fact that glutamate transporters are expressed at high levels in rat
cortical astrocytes and are capable of reducing extracellular glutamate concentrations
over the 10 min period of glutamate addition used in the ERK1/2 phosphorylation assay.
Nonetheless, we determined the effects of DFB on the ERK1/2 phosphorylation response
to glutamate and found that DFB dlightly potentiates the response at low concentrations
of glutamate while having no significant effect on the maximal ERK1/2 phosphorylation

response (data not shown). Thus, DFB potentiates agonist-induced calcium mobilization

12
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and ERK 1/2 phosphorylation, and shifts the concentration response curves to the left

while having no significant effect on the maximal ERK 1/2 phosphorylation response.

CPPHA has qualitatively different effects on calcium transients and ERK 1/2
phosphorylation in rat cortical astrocytes. We recently reported that a nove
compound, CPPHA, is a second allosteric potentiator of mGIURS that is structurally
distinct from DFB (O'Brien et al., 2004). Interestingly, CPPHA has functional effects on
calcium transients in mGluR5-expressing CHO cells that are similar to those of DFB.
However, unlike DFB, this compound does not bind to the binding site that is occupied
by allosteric antagonists such as MPEP. Thus, CPPHA and DFB are likely to potentiate
MGIURS5 responses by actions on different alosteric sites. Since CPPHA and DFB act at
different sites on mGIuR5, it is concelvable that these two compounds could have
differential effects on this receptor in astrocytes. Consistent with previous studies in
CHO cdls, CPPHA has no agonist effect on mGIuR5 but potentiated DHPG and
glutamate-induced calcium transients in astrocytes (Fig 3). Aswith DFB, the response to
CPPHA on mGIuR5-mediated calcium mobilization in astrocytes was similar to that seen
in CHO cdlls (O'Brien et a., 2004). Thus, CPPHA induced a parallel shift in the DHPG
and glutamate concentration response curves with a response of a’5.79 fold and 7.38 fold
shift respectively at 10 uM CPPHA.

Interestingly, the effect of CPPHA on mGluR5-mediated ERK 1/2
phosphorylation is qualitatively different from its effect on calcium mobilization. As
shown in figure 4A and 4B, 10 uM CPPHA potentiates the ERK 1/2 phosphorylation

response to low concentrations of DHPG in a manner similar to that seen with DFB. In
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contrast, 10 pM CPPHA inhibits ERK 1/2 phosphorylation induced by high
concentrations of DHPG (Fig 4A and 4B). Thus, CPPHA tends to flatten the
concentration response relationship for DHPG-induced increases in ERK 1/2
phosphorylation rather than shifting the concentration response curve to the left.
Concentration response studies of the effect of CPPHA revealed that CPPHA potentiates
the ERK1/2 phosphorylation response to 1 pM DHPG with an EC50 value of 0.72 uM
(Fig. 5A) and inhibits the response to 10 uM DHPG with an EC50 value of 1.47 uM (Fig.
5B). We adso determined the effect of CPPHA on glutamate-induced ERK 1/2
phosphorylation. As discussed above, the presence of glutamate transporters makes
measurement of glutamate-induced activation of ERK 1/2 phosphorylation more
difficult. However, consistent with studies with DHPG, we also found that CPPHA
potentiated the ERK 1/2 phosphorylation response to low concentrations of glutamate but
inhibited the response to high concentrations of glutamate (data not shown).

In addition to potentiating the ERK 1/2 phosphorylation response to low
concentrations of DHPG, CPPHA aso induced a dlight increase in ERK 1/2
phosphorylation when added in the absence of DHPG (Fig. 4A and 4B). This CPPHA-
induced increase in basal ERK1/2 phosphorylation was completely blocked by both the
noncompetitive mGIuR5 antagonist (MPEP) and competitive antagonist (LY 341495)
(Fig. 6), suggesting that this basal response to CPPHA is mediated by mGIuRb.

The finding that CPPHA inhibits the ERK 1/2 phosphorylation response to high
concentrations of DHPG isintriguing and suggests that CPPHA could have
fundamentally different effects on downstream physiological responses to activation of

MGIURS5 that are mediated by ERK 1/2 phosphorylation versus calcium mobilization.

14

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 31, 2005 as DOI: 10.1124/jpet.105.090308
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #090308

However, the mechanism by which CPPHA inhibits this response to DHPG is not clear.
It is possible that CPPHA shifts the kinetics of the ERK1/2 phosphorylation response. If
so, CPPHA could potentiate the peak response to DHPG but the response may already be
desensitized at the 10 min time point used in these studies. Thus, we determined the
time course of DHPG-induced ERK 1/2 phosphorylation in the absence and presence of
10 uM CPPHA (Fig 7) and 100 uM DFB respectively. CPPHA significantly inhibited 10
MM DHPG induced ERK1/2 phosphorylation in each time point after 2 minutes (Fig. 7)
and did not shift the time point of the peak response. Consistent with the studies of DFB
effects with 10 minutes agonist incubation, DFB has no significant effect at any time
point on ERK1/2 phosphorylation induced by DHPG at a dose that triggers maximal

response (data not shown).

15
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DISCUSSION

Recent years have seen tremendous advances in discovery of allosteric
modulators of GPCRs. While allosteric regulators have been discovered for all maor
GPCR families, progress has been especially exciting for the family 111 GPCRs, such as
the mGIuRs, where a number of highly potent and selective allosteric potentiators with
drug-like properties have been identified. Allosteric potentiators could have a number of
potential advantages over direct acting agonists as potential therapeutic agents. For
instance, orthosteric neurotransmitter binding sites are typically highly conserved across
receptor subtypes for a single neurotransmitter, making it difficult to develop highly
selective orthosteric-site ligands.  In addition, there are a number of problems associated
with the use of direct acting agonists as drugs. These include adverse effects associated
with excessive activation of the receptor and loss of activity dependence of receptor
activation. Allosteric potentiators have provided a proven approach for avoiding these
problems in developing activators of ligand-gated ion channels. The classic example of
this is the use of benzodiazepines as allosteric potentiators of GABA-A receptors which
provide an effective and safe approach to treatment of anxiety disorders without inducing the
potentially lethal effects of direct-acting GABA receptor agonists (Mohler et a., 2002). The
emerging expansion of this approach to GPCRs has been an exciting and fundamental
advance in our approach to discovery of novel classes of activators of this important receptor
class. However, we are only beginning to understand the effects of allosteric potentiators of
GPCRs and the effects of these compounds on different signaling pathways in native systems
have not been rigorously examined. Signaling by GPCRs is highly complex and involves
coupling to multiple G proteins and other signaling partners and activation of multiple

intracellular transduction pathways. In the simplest view, allosteric potentiators of GPCRs
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could induce a similar increase in activity of the intended receptor subtype in any cell
population and on any response that is normally regulated by the receptor. However, it is
possible that these compounds will have a more complex profile of effects and could
differentially impact signaling through some pathways and not others.

We now report the effects of two novel allosteric potentiators of mGIuR5, DFB and
CPPHA, on mGluR5-induced ERK 1/2 phosphorylation and calcium mobilization, two
independent signaling mechanisms that are activated by mGIuR5S in cortical astrocytes.
Interestingly, these two potentiators behave similarly when measuring mGIuR5 agonist-
induced calcium transients. For this response, both DFB and CPPHA induce a paralléel
leftward shift of the agonist concentration response curves. This response to DFB and
CPPHA is similar to the response that we previously reported for mGIuURS expressed in
CHO cells (O'Brien et al., 2003; 2004). Thus, the robust allosteric potentiator responseis
not unique to recombinant systems where mGIURS is over expressed but is also seen in
cultured astrocytes that natively express mGluRb.

Interestingly, DFB induced a leftward shift of the agonist concentration response
curve when measuring DHPG-induced ERK 1/2 phosphorylation that was similar to that
observed when measuring calcium transents. In contrast, CPPHA induced qualitatively
different effects on calcium mobilization and ERK 1/2 phosphorylation. CPPHA induced
a paralle leftward shift in the DHPG and glutamate concentration response curves for
calcium mobilization but flattened the concentration response curves when measuring
ERK 1/2 phosphorylation. Thus, in the presence of low concentrations of agonist,
CPPHA potentiates ERK1/2 phosphorylation whereas CPPHA significantly attenuated
the ERK1/2 phosphorylation response to a high concentration of agonist. Based on this,

an in vivo response to an allosteric modulator in the CPPHA class could depend on the
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signaling pathway involved in mediating a given response. Indeed, it is possible that a
compound having the effects described for CPPHA could actually have the opposite
effects of those that would be predicted for a receptor activator, especially in conditions
where there is high activation of a receptor by an endogenous agonist. In general, a
compound with effects shown for CPPHA on ERK 1/2 phosphorylation would be
predicted to stabilize responses mediated by this pathway so that it enhances responsesin
conditions of low activity while inhibiting responses in settings where there is a high
level of endogenous receptor activation. This type of effect could be useful in some
settings in that it may provide a protection against toxicity that could occur with
excessive activation of some neurotransmitter receptors. However, this could also be a
disadvantage in cases where there is a need to maximally potentiate a given pathway
induced by receptor activation. Thus, when considering potential in vivo effects of
alosteric potentiators, it will be critical to consider the possibility of differential effects
on different responses to receptor activation.

The mechanism by which CPPHA inhibits ERK 1/2 phosphorylation responses to
MGIURS activation are not entirely clear. However, CPPHA significantly inhibited
ERK1/2 phosphorylation at each time point of the time course of DHPG-induced ERK1/2
phosphorylation after 2 minutes. This suggests that the inhibitory effect of CPPHA at 10
min was not due to a shift in the response kinetics so that there was an earlier peak in the
maximal response to agonist. Importantly, this effect of CPPHA on ERK 1/2
phosphorylation is not a general effect of allosteric potentiators since DFB potentiates the
ERK 1/2 phosphorylation response to low concentrations of DHPG but does not inhibit

the response to high concentrations of the agonist.

18

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 31, 2005 as DOI: 10.1124/jpet.105.090308
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #090308

In recent years, concepts about GPCR function have dramatically changed from a
view of these receptors as simple on/off switches to a view of complex signaling
molecules in which equilibrium between active and inactive states for coupling to
different signaling pathways can be differentially regulated by ligands (Liggett, 2002).
Studies of B2 adrenergic receptors (Seifert et al., 1999), mu opioid receptors (Whistler et
a., 1999), angiotensin Il receptors (Hunyady et al., 1994), chemokine receptors
(Blanpain et al., 2002) and complement factor 5a receptor (Whistler et al., 2002) show
that GPCRs can exhibit multiple subsets of active comformations which link to different
and independent signaling pathways. Furthermore, traditional orthosteric agonists can
differentialy activate different signaling pathways of a single GPCR, a phenomenon
referred to as agonist receptor trafficking (Brink et al., 2000; Gazi et al., 2003; Berg et al.,
1998). Based on this, it is not surprising that allosteric ligands bind to the same or
distinct regions of the receptors to differentially regulate different responses to receptor
activation.

The finding that DFB and CPPHA can have differential effects on different
signaling pathways has important implications for the potential effects of these compounds
on neuronal excitability and synaptic transmission in specific neuronal circuits. We and a
number of other investigators have found that activation of mGIuRS can have a wide
variety of effects on different neuronal populations, including cell depolarization,
modulation of different potassium currents, potentiation of NMDA receptor currents, and
a variety of other responses. It is likely that these responses are mediated by different
signaling mechanisms and could be differentially regulated (see Valenti et al., 2002 for
review). These findings also have important implications for considering alosteric

potentiators as potential therapeutic agents. Activators of mGIURS5 have been proposed
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as potential therapeutic agents for treatment of schizophrenia and other disorders
involving impaired cognitive function (Chavez-Noriega et al., 2002; Alagarsamy et al.,
1999a; 1999b; Mannaioni et al., 2001; Marino et al., 2001; Kinney et al., 2003;
Campbéll et al., 200). However, previous studies raise the possibility that excessive
activation of mGIuR5 could also have adverse effects, including increased anxiety
(Spooren et al., 2000; Tatarczynska et al., 2001), increased pain sensitivity (Karim et al.,
2001; Salt and Binns, 2000; Bhave et al., 2001), and epileptiform seizure activity (Zhao
et a., 2004). Different neuronal populations and signaling pathways are likely to be
differentially involved in the multiple effects of mGIuR activation. For instance, ERK1/2
phosphorylation is thought to be required for mGluR5-mediated effects on inflammatory
pain (Karim et a., 2001). It is conceivable that allosteric regulators could be developed
to preferentialy regulate a specific pathway to achieve a desired response. This
possibility raises the critical importance of continued studies focused on developing a
better understanding of the signaling pathways involved in different responses to
MGIURS5 activation, coupled with careful analysis of the effects of different classes of

alosteric ligands on these pathways in native systems.
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LEGENDSFOR FIGURES

Fig. 1. DFB potentiates mGluR5-mediated calcium transients. Secondary rat cortical
astrocytes were cultured in 96 well plates in G-5 supplement containing medium for 3
days, changed to glutamine-free DMEM the day before assay, and the next day loaded
with the calcium-sensitive dye from FLIPR calcium 3 assay kit. DFB (100 pM) was
added to cells after 16 seconds of baseline determination. Five minutes later, a range of
concentrations of agonist were added, then cells were excited at 485 nm and fluorescence
at 525 nm was monitored with the FlexStation. When glutamate was used as agoni<t,
CNQX (10uM) and L-AP5 (20uM) were added 20 minutes before the addition of DFB to
eliminate any potential AMPA and NMDA receptor mediated component in calcium
transents. A. Example trace from fluorescence assay for calcium transents
demonstrating the potentiation of the DHPG-induced calcium response in cortical
astrocytes by DFB. B. Potentiation of DHPG-induced calcium transients by DFB.
Curves were generated from three independent experiments. Points represent mean +
SEM. C. Potentiation of glutamate-induced calcium transients by DFB. Curves were

generated from three independent experiments. Points represent mean + SEM.

Fig. 2. DFB potentiates mGIuR5-mediated increases in ERK1/2 phosphorylation in
cortical astrocytes. Secondary rat cortical astrocytes were cultured in 12 well platesin G-
5 supplement containing medium for 3 days and then starved in glutamine-free DMEM
for 20 hours; the day of assay, cells were incubated with 100 uM DFB for 10 minutes and

then stimulated with agonist for 10 minutes. ERK 1/2 phosphorylation was measured
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with western blotting for dually phosphorylated ERK 1/2 and normalized with western
blotting for total ERK 1/2, then expressed as % of maximal ERK 1/2 phosphorylation. A.
Representative western blot analysis in duplicate. B. Densitometry analysis of the
potentiation of DHPG-induced ERK 1/2 phosphorylation by DFB from four independent

experiments, points represent mean + SEM.

Fig. 3. CPPHA potentiates mGluR5 mediated calcium transients. Secondary rat cortical
astrocytes were cultured in 96 well plates in G-5 supplement containing medium for 3
days and changed to glutamine-free DMEM the day before assay. The next day cells
were loaded with the calcium sensitive dye from FLIPR calcium 3 assay kit and placed in
FlexStation. CPPHA (10 pM) was added to cells after 16 second of baseline
determination. Five minutes later, a range of concentrations of agonist were added, then
cells were excited at 485 nm and the fluorescence was measured at 525nm. When
glutamate was used, CNQX (10uM) and L-AP5 (20uM) were added 20 minutes before
the addition of CPPHA. A. Example trace from fluorescence assay for calcium transients
demonstrating the potentiation of the calcium response in cortical astrocytes by CPPHA.
B. Potentiation of DHPG-induced calcium transients by CPPHA. Curves were generated
from four independent experiments. Points represent mean = SEM. C. Potentiation of
glutamate-induced calcium transients by CPPHA. Curves were generated from three

independent experiments. Points represent mean £ SEM.

Fig. 4. CPPHA flattens the agonist concentration-response curve of mGluR5-mediated

ERK 1/2 phosphorylation in cortical astrocytes. Secondary rat cortical astrocytes were
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cultured in 12 well plates in G-5 supplement containing medium for 3 days and then
starved in glutamine-free DMEM for 20 hours; the day of assay, cells were incubated
with 10 uM CPPHA for 10 minutes and then stimulated with agonist for 10 minutes.
ERK 1/2 phosphorylation was measured with western blotting for dually phosphorylated
ERK1/2 and normalized with western blotting for total ERK1/2, then expressed as % of
maximal ERK 1/2 phosphorylation. A. Representative western blot analysis in duplicate.
B. Densitometry analysis of the modulation of DHPG-induced ERK 1/2 phosphorylation

by CPPHA from three independent experiments, points represent mean + SEM.

Fig. 5. Concentration response relationship of CPPHA-induced potentiation and
inhibition of ERK1/2 phosphorylation responses in cortical astrocytes induced by
different concentrations of DHPG. A. CPPHA potentiates 1 uM DHPG stimulated
ERK1/2 phosphorylation. B. CPPHA inhibits 10 uM DHPG stimulated ERK1/2
phosphorylation. Points represent mean £+ SEM of three independent experiments in

duplicate.

Fig. 6. Blockade of CPPHA-induced increases in basa ERK1/2 phosphorylation by
competitive and non-conpetitive antagonists of mGIuR5. ERK1/2 phosphorylation was
measured as outlined in Fig. 4. Cells were preincubated with (A) 100 uM LY 341495 or
(B) 10 uM MPEP for 30 minutes then treated with 10 uM CPPHA for 10 minutes. Points

represent mean £ SEM of three independent experiments determined in duplicate.
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Fig. 7. Time course of ERK1/2 phosphorylation. Cultured rat cortical astrocytes were
stimulated with mGIuR5 agonist for the time periods indicated in the presence and
absence of CPPHA (10 uM). ERK1/2 phosphorylation was first normalized to total

ERK1/2 and then expressed as fold above the same time point control (cells incubated

with vehicle). Points represent mean = SEM from at least four independent experiments.

# p<0.05.
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