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Abstract

Metabotropic glutamate receptors mGluR1 and mGIluRS stimulate phospholipase C, leading to an increased inositol trisphosphate level and
to Ca”" release from intracellular stores. Cyclothiazide (CTZ), known as a blocker of AMPA receptor desensitization, produced a non-compet-
itive inhibition of [Ca2+]i increases induced by mGluR agonists in HEK 293 cells transfected with rat mGluR 1a but had no effect on the [Ca2+]i
signals in cells expressing rat mGluR5a. In cells expressing mGluR1, CTZ also inhibited phosphoinositide hydrolysis, as well as cAMP accu-
mulation and arachidonic acid release induced by mGluR1 agonists, indicating a direct inhibition of the receptor and not of a particular signal
transduction system. However, CTZ failed to antagonize cAMP inhibition stimulated by rat mGluR2, -3, -4, -6, -7 and -8 receptors confirming its
selectivity for mGluR1. The use of chimeric receptors with substituted N-terminal domains showed that CTZ did not interact with the N-terminal
mGluR1a domain. Instead, mutation analysis revealed that CTZ interacts with the Thr-815 and Ala-818 residues, located at the 7th transmem-
brane domain, similarly as the mGluR1-selective antagonist CPCCOEt. In primary cultures of cerebellar granule neurons, expressing native me-
tabotropic and ionotropic glutamate receptors, the final outcome of CTZ effects depended on its combined ability to potentiate AMPA receptors

and inhibit mGluR1 receptors.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Metabotropic glutamate receptors (mGluRs) belong to the
large family of G-protein-coupled receptors. Eight mGluRs
subtypes and multiple splice variants have been identified and
classified into three groups on the basis of sequence similarities,
second-messenger coupling and pharmacological properties.
Group I receptors (mGluR1 and -5) are coupled to the stimula-
tion of phospholipase C (PLC), which results in the hydrolysis
of membrane phosphoinositides (PI) followed by increased
Ca®" release from intracellular stores. In addition, when ex-
pressed in several cellular systems, mGluR1a can also enhance
the formation of cAMP and the release of arachidonic acid
(Aramori and Nakanishi, 1992). Group II (mGluR2 and -3)
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and III (mGluR4, -6, -7 and -8) receptors are negatively coupled
to adenylyl cyclase and decrease cAMP accumulation in heter-
ologous expression systems (Conn and Pin, 1997; De Blasi
etal., 2001). All mGluRs share structural similarities, which in-
clude a large N-terminal extracellular domain, seven transmem-
brane (TM) spanning regions, and a variable-length C-terminal
domain (Jingami et al., 2003; Bhave et al., 2003).

Group I mGluR antagonists include competitive antagonists,
which bind to the N-terminal receptor domain and non-compet-
itive antagonists interacting within the TM VII domain (Gasparini
et al,, 2002). The first reported selective non-competitive
mGluR1 antagonist 7-hydroxyiminocyclopropan[b]chromen-
la-carboxylic acid ethyl ester (CPCCOEt), was shown to
interact with the Thr-815 and Ala-818 residues, located at the
extracellular surface of TMVII (Litschig et al., 1999). Another
potent selective non-competitive mGluR 1 antagonist (3aS,6aS)-
6a-naphtalen-2-ylmethyl-5-methyliden-hexahydro-cyclopental
[c]furan-1-on (BAY36-7620) was also reported to interact with
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the TM region of the receptor (Carroll et al., 2001). Recently a
selective non-competitive mGluR 1 antagonist 1-ethyl-2-methyl-
6-0x0-4-(1,2,4,5-tetrahydro-benzo[d]azepin-3-yl)-1,6-dihydro-
pyrimidine-5-carbonitrile (EM-TBPC) was shown to bind
within the TM domains, however, residues Val-757, Trp-798,
Phe-801, Tyr-805 and Thr-815 are critical determinants of the
EM-TBPC binding pocket of mGluR1 (Malherbe et al., 2003).
Another study showed that the binding of a new potent non-
competitive mGluR1 receptor-selective antagonist [*H]1-(3,
4-dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-2-phenyl- 1-etha-
none (R214127) was completely blocked by 2-quinoxaline-
carboxamide-N-adamantan-1-yl (NPS 2390), BAY 36-7620
and CPCCOEt, but was not displaced by competitive mGluR1
ligands such as glutamate and quisqualate, suggesting that
R214127, NPS 2390, BAY 36-7620, and CPCCOEt bind to
the same site or to mutually exclusive sites (Lavreysen et al.,
2003). A recently discovered selective non-competitive
mGIuR1 antagonist 6-amino-N-cyclohexyl-N,3-dimethylthia-
zolo[3,2-a]benzimidazole-2-carboxamide (YM-298198) has
also been shown to bind to the CPCCOEt allosteric binding
site (Kohara et al., 2005). In addition, a new class of non-
competitive mGluR1 antagonists, 2,4-dicarboxy-pyrroles were
shown to interact within the TMVII domain of the receptor
(Micheli et al., 2003). In contrast, the mGIuRS selective antag-
onist 2-methyl-6-(phenylethynyl)pyridine (MPEP) binds to
different non-conserved residues, Pro-655 and Ser-658 in TMIII
and Ala-810 in TMVIL

Our findings indicate that, in addition to the non-competi-
tive antagonists mentioned above, mGluR1 can be inhibited
by cyclothiazide (CTZ). CTZ is known to enhance the activity
of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors by suppressing their desensitization (Partin
et al., 1993, 1995). Moreover, CTZ inhibits y-aminobutyric
acid type A receptors (GABA,) having no effect on GABA
binding (Deng and Chen, 2003). In addition, in Xenopus oo-
cytes injected with mRNA for group I mGluRs, CTZ revers-
ibly blocked mGluR1a-mediated, Ca2+—dependent chloride
currents but slightly potentiated mGluR5a-mediated currents
(Sharp et al., 1994). The inhibition of mGluR1a receptors ex-
pressed in oocytes was non-competitive; however the site of
CTZ action has not been identified.

The aim of this study was to characterize the ability of CTZ
to modulate agonist-induced intracellular [Ca®™") signals and
PI hydrolysis in cells expressing rat group I mGluRs
(mGluR1a and mGluR5a). Moreover, we have determined
that CTZ binds to the same binding site as the selective non-
competitive mGluR1 antagonist CPCCOEt.

2. Materials and methods
2.1. Materials

Fura-2/AM and Pluronic F-127 were obtained from Molecular Probes, Inc.
(Eugene, OR) and ionomycin from Calbiochem (San Diego, CA). Neurobasal
culture media, B27 supplement and fetal bovine serum for neuronal cultures
were purchased from Gibco-BRL (Gaithersburg, MD). All restriction enzymes
were from New England Biolabs (Beverly, MD). EMEM, DMEM and fetal

bovine serum for transfected cell cultures were purchased from Biofluids
(Rockville, MD). vr-Quisqualic acid, (1S,3R)-1-aminocyclopentane-1,
3-dicarboxylic acid (ACPD), CTZ, CPCCOEt, (25,1'S,2'S )-2-(carboxycyclo-
propyl)glycine (L-CCG-I), (+)-2-amino-4-phosphonobutyric acid (AP-4), 1-(4'-
aminophenyl)-3,5-dihydro-7,8-dimethoxy-4H-2,3-benzodiazepin-4-one (CFM2),
2,3-dihydro-6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX) and (RS)-4-
carboxy-3-hydroxyphenylglycine (4C3HPG) were obtained from Tocris
Cookson, (Ellisville, MO). All other chemicals were from Sigma (St. Louis,
MO). Ionomycin, CTZ, and CPCCOEt were dissolved in 100% DMSO and
appropriate amounts of solvent were added to all controls.

2.2. Preparation of transfection vectors

Rat mGluR cDNAs were cloned into the mammalian expression vector
pcDNA3.1 (Invitrogen, Carlsbad, CA) under control of the CMV IE pro-
moter/enhancer. This vector contains neomycin resistance gene allowing sta-
bly transfected cells to be selected using G-418 (Mediatech, Herndon, VA).
Chimeric molecules containing the extracellular domains of either mGIluR2
or mGluR3 and the transmembrane domains and C-terminus of mGluR1a
were prepared using the PCR-based overlap extension method (Horton
et al.,, 1993). The primers, which shared complementary sequence on the
strands to be joined were designed as follows: 5-GTA CAT CCG CTG
GGG TGA TAT AGA ATC TAT CAT AGC C-3' (primer A, mGIluR2-
mGlurla), 5-GGC TAT GAT AGA TTC TAT ATC ACC CCA GCG GAT
GTA C-3' (primer B, mGluRla-mGluR2), and 5-TTA CAT CAA ATG
GGA AGA CAT AGA ATC TAT CAT AGC C-3' (primer C, mGluR3-
mGluR1a), and 5-GGC TAT GAT AGA TTC TAT GTC TTC CCA TTT
GAT GTA A-3’ (primer D, mGluRl1a-mGluR3). To obtain the 5'-end of
the chimeric molecule, mGluR2 cDNA was PCR-amplified with T7-primer
and primer B, while for the 3’-end, SP6-primer and primer A were used.
To obtain the 5'-end and 3’-end of mGluR3/mGluR1a chimeric molecules,
the primer pairs T7 and primer D, and SP6 and primer C were used, respec-
tively. The reaction mixture contained 2 mM MgCl,, 1 uM primers, 200 uM
dNTPs, 5units of Pfu DNA polymerase (Stratagene, La Jolla, CA) and
100ng of DNA-template in a volume of 100 pl. After denaturation at
94 °C for 1 min 30 cycles were performed: denaturation at 94 °C for 45 s, an-
nealing at 50 °C for 2 min, extension at 72 °C for 10 min. The PCR-products
were purified on LMP-agarose and amplified using PCR primers: T7 and SP6.
Amplified products were digested with HindlIl and Not restriction enzymes,
purified on LMP-agarose, and cloned into the pcDNA3.1 expression vector.

2.3. Cell cultures

Human embryonic kidney (HEK 293) cells were transiently transfected us-
ing Effectene transfection reagent (Qiagen, Valencia, CA). Cells were grown
in DMEM supplemented with 10% fetal bovine serum and 2 mM glutamine
in CO, (6%) incubator. Cells were used for intracellular Ca*" measurements
24—72 h after transfection. Chinese hamster ovary (CHO-K1) or baby human
kidney (BHK) cells were used for stable expression of mGluRs. Individual cell
lines were isolated and cultured in DMEM supplemented with 10% fetal bo-
vine serum, 1% of L-proline, 2 mM glutamine and 0.8 mg/ml G-418 in CO,
(6%) incubator. Primary cultures were prepared as described previously for
rat cerebellar granule cells (Wroblewski et al., 1985) and rat cortical astrocytes
(Pshenichkin and Wise, 1995). Neuronal cultures were maintained in neuro-
basal medium supplemented with B27 and 2mM glutamine, 100 pg/ml
gentamicin, and either 5 or 25 mM KCI. To prevent the growth of non-
neuronal cells cytosine arabinoside (10 pM) was added next day after plating.
Astrocytes were cultured in EMEM medium supplemented with 10% fetal
bovine serum.

2.4. Site-directed mutagenesis

Introduction of point mutations in mGluR1a cDNA was made using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). Briefly, 20 ng of
plasmid containing mGluR1la cDNA were mixed with 125 ng of two muta-
genic primers, dNTPs (50 uM) and 2.5 units of Pfu DNA polymerase in a final
volume of 50 pl. Mutagenic primers (forward primer: 5'-CTA CAA GAT CAT
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CAC TAT GTG CTT CTC GGT GAG CCT CAG TGT G-3') were designed to
introduce a new unique restriction site Dralll for fast screening of mutants.
Samples were denaturated at 95 °C for 30 s and subjected to 20 cycles: dena-
turation (95 °C, 30s), annealing (55°C, 1 min), and elongation (72 °C,
30 min) with a final 10 min extension. Then, 10 units of Dpnl were added to
digest the DNA template. After incubation at 37 °C for 1 h, samples were
used for transformation of Epicurian Coli XL1-Blue Supercompetent cells.
Positive clones were identified by restriction analysis and the authenticity of
each mutation was confirmed by DNA sequencing.

2.5. Measurements of PI hydrolysis

Cells, cultured in 96-well plates, were incubated overnight with
0.625 pCi/well myo—[3H]inosit0] (NEN, Boston, MA) to label the cell mem-
brane phosphoinositides. After two washes with 0.1 ml of Locke’s buffer
(156 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO;, 1 mM MgCl,, 1.3 mM
CaCl,, 5.6 mM glucose and 20 mM Hepes, pH 7.4) incubations with recep-
tor ligands were carried out for 45 min at 37 °C in Locke’s buffer contain-
ing 20 mM LiCl to block inositol phosphate degradation. The reaction was
terminated by aspiration of media and inositol phosphates were extracted
with 100 pl of 0.1 M HCI for 10 min. The separation of [*H]inositol phos-
phates was performed by ion-exchange chromatography on AG 1-X8 resin,
200—400 mesh (Bio-Rad, Hercules, CA). The samples were diluted 10
times with water and applied to columns equilibrated in 0.1 M formic
acid. The columns were washed with 1 ml of water and 1 ml of tetraborate
buffer (5 mM sodium tetraborate, 60 mM sodium formate). Total [*H]inosi-
tol phosphates were eluted from the columns with 0.5 ml of 0.1 M formic
acid/l M ammonium formate. The collected samples were mixed with
Safety-Solve cocktail (RPI, Mount Prospect, IL) and measured by scintilla-
tion counting.

2.6. Intracellular calcium measurements

Measurements of intracellular Ca®>" concentrations were performed as de-
scribed previously (Wroblewska et al., 1997). HEK 293 cells, cultured on
35 mm dishes (Nunc, Rochester, NY), were loaded for 30 min at 37 °C with
5 uM Fura-2/AM in Locke’s buffer supplemented with 0.1% Pluronic F-
127. Then, cells were washed and incubated for another 30 min in buffer to
allow de-esterification of Fura-2/AM. The drug solutions were delivered at
the rate of 2 ml/min. Ca*" imaging experiments were performed using an Ax-
iovert 135 fluorescence microscope with 40x/0.6 LD Achroplan objective
(Zeiss, Germany). Fluorescence of Fura-2 was monitored with the Attofluor
fluorescence imaging system (Rockville, MD). Intracellular Ca*" concentra-
tions were calculated from the ratio (R) of fluorescence signals obtained
at excitation wavelengths 334 nm and 380 nm, as described previously
(Grynkiewicz et al., 1985) and using the K4 value of 386 nM for the Fura-2-
Ca>* complexes (Kajita and Yamaguchi, 1993). In each experiment R,
values were measured in the cells incubating for 10 min in Ca>*-free Locke’s
buffer in the presence of 10 mM EGTA and 10 uM ionomycin (free acid). Ryax
signals were measured by subsequent incubation of the same cells for 10 min
in Locke’s buffer containing 6 mM Ca®" and 10 uM Ca*"-ionomycin. The
background fluorescence, measured in the presence of 10 mM MnCl, was
subtracted for each individual cell. All experiments were performed at room
temperature employing a custom-made buffer flow system.

2.7. Measurements of cAMP

Cells, cultured in 96-well plates, were washed twice and preincubated for
10 min at room temperature in Locke’s buffer containing 300 uM isobutylme-
thylxantine (IBMX) to inhibit the activity of phosphodiesterases. Then 10 uM
forskolin alone, or in combination with mGluR ligands, was added and the in-
cubation was continued for 6 min. After medium aspiration, cAMP was ex-
tracted for 10 min with 0.1 M HCl and measured by radioimmunoassay
using a magnetic Amerlex RIA kit (Amersham). Cells expressing mGluR1a,
cultured on 24-well plates, were incubated for 40 min at 37 °C.

2.8. Measurements of arachidonic acid release

Experiments were performed as described previously (Lazarewicz et al.,
1990). Cells, cultured in 24 well plates, were labeled for 24 h with 0.5 pCi
[*HJarachidonic acid (NEN, Boston, MA). After washing with Locke’s buffer,
agonists were added and the cells were incubated for 30 min at 37 °C in the
same buffer. Incubation media were collected and processed for measurement
of radioactivity.

2.9. Measurements of cell viability

Cell viability was measured using the colorimetric MTT (thiazolyl blue
tetrazolium) assay (Mosmann, 1983). MTT is converted into color product for-
mazan by active mitochondria. After 1h incubation of cells with MTT
(0.2 mg/ml of medium) in a CO, incubator the formazan produced was ex-
tracted in DMSO and absorbance at 570 nm was measured. Living cells
with normal mitochondrial function generated an intense purple color, which
was weaker in dying cells.

2.10. Data analysis

The data were analyzed using one-way ANOVA, and the differences be-
tween the groups were assessed using the Student’s #-test. The results were
considered statistically significant when p < 0.05. IC5 values were obtained
from dose—response curves by non-linear regression, fitting the data from in-
dividual experiments to a logistic equation using SigmaPlot software.

3. Results

3.1. CTZ inhibits [Ca*']; signals in HEK 293 cells
expressing mGluR1a but not mGluR5a

HEK 293 cells, transiently expressing rat mGuRla or
mGluR5a receptors, were used to study the effects of CTZ
on [Ca®"); signals mediated by the transfected receptors. Cells
expressing mGluR1a showed a fast transient [Ca2+]i increase
in response to application of mGluR agonists glutamate, quis-
qualate and ACPD (Fig. 1A). The response was quickly desen-
sitizing with [Ca®"]; levels returning to basal values before
removal of the agonists. Addition of CTZ (100 pM) almost
completely inhibited the increase of [Ca®']; induced by
100 uM ACPD. Similar traces were obtained for 60—90 cells
in each of four separate experiments. The removal of CTZ re-
stored a full response to ACPD indicating that the inhibition
produced by CTZ was reversible (Fig. 1A).

Application of agonists to HEK 293 cells transfected with
mGluR5a revealed a different pattern of [Ca“]‘l responses.
In all responding cells (124 cells in 9 experiments) agonists in-
duced a rapid initial [Ca*"]; increase followed by a series of
periodic spikes, which lasted until the agonist was present
(Fig. 1B). CTZ failed to change the amplitude of [Ca*"]; re-
sponses in the cells expressing mGluR5a (Fig. 1B). Neither
a 10-fold decrease of ACPD concentration nor the addition
of CTZ 1.5 min before the agonist (data not shown) were ef-
fective in revealing the inhibitory effect of CTZ on the
ACPD-induced [Ca”"]; signals in cells expressing mGluR5a.
These data indicate that sensitivity to CTZ inhibition is
a unique feature of mGluR1 receptors.

The inhibitory effect of CTZ on mGluR1a was dose-depen-
dent (Fig. 2A and B) and, when applied in the presence of
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Fig. 1. CTZ selectively inhibits [Ca*"); responses in HEK 293 cells expressing mGluR1a but not mGluR5a. Transiently transfected cells were stimulated by
applications of mGluR agonists glutamate (Glu), quisqualate (Quis) and ACPD, as indicated by the horizontal bars. CTZ (100 uM) was applied together with
ACPD as indicated. Traces represent individual responses of single cells, which express mGluR1a (A) or mGluR5a (B) receptors.

100 uM ACPD, CTZ inhibited [Ca”]i transients with an ICs
value of 33 4+ 2.8 uM (n = 16). This value is close to the ICs,
of 18 uM reported for the inhibition of glutamate-stimulated
human mGluR1a expressed in oocytes (Sharp et al., 1994).
The inhibitory action of CTZ was not overcome by high
concentrations of ACPD, suggesting a non-competitive type
of interaction (Fig. 2C). In fact, the ECsq values for ACPD
were not affected by CTZ and were 56 7.9 uM and
55 £ 6.3 uM, in the absence and presence of 40 uM CTZ,
respectively.

3.2. CTZ inhibits activation of several transduction
pathways induced by mGluRIa in CHO cell lines

To further characterize the pharmacological profile and
specificity of CTZ we used stably transfected CHO cell lines
expressing rat mGluR 1a. In these cells, CTZ dose-dependently
inhibited PI hydrolysis stimulated by mGIluR agonists

quisqualate and ACPD (Fig. 3A and B). High doses of agonists
failed to overcome the inhibitory effect of CTZ indicating
a non-competitive type of antagonism, as observed in the
Ca”®" mobilization experiments (Fig. 2C). To ascertain that
the effect of CTZ was not limited to the inhibition of PI hydro-
lysis and not due to a non-specific interaction with the
mGlIuR1 transduction system, we tested the ability of CTZ
to inhibit cAMP production and arachidonic acid release,
two other signal transduction mechanisms activated by
mGIuR1 (Aramori and Nakanishi, 1992). In CHO cells ex-
pressing mGluR1a, CTZ not only inhibited PI hydrolysis but
also antagonized glutamate-induced stimulation of cAMP ac-
cumulation (Fig. 3C) and the stimulation of arachidonic acid
release (Fig. 3D). Therefore, CTZ inhibited three independent
transduction pathways known to be activated by mGluR1a in
permanently transfected CHO cells, suggesting that the inhib-
itory effect of CTZ was mediated through the transfected re-
ceptors rather than due to an inhibition of the downstream
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Fig. 2. CTZ, in a dose-dependent manner, inhibits [Ca®],

signals induced by ACPD in HEK 293 cells expressing mGluR1a. (A) Trace of a single cell response.

Increasing concentrations of CTZ were added 1.5 min prior to each consecutive addition of 100 uM ACPD, as represented by horizontal bars. (B) Dose—response
curve of CTZ calculated from 16 cells monitored in three separate experiments. Results from all traces were expressed as the % of response induced in each cell by
100 uM ACPD. (C) CTZ decreased the amplitude of [Ca®*) responses at maximal ACPD concentrations. [Ca**]; signals were obtained from 84 cells in 5 separate

experiments. Values represent means = SEM from all the collected data.
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Fig. 3. Effects of CTZ on different transduction pathways in CHO cell lines expressing mGluR1a. (A,B) Inhibition of PI hydrolysis in cells stimulated with dif-
ferent concentrations of quisqualate or ACPD. cAMP accumulation (C) and arachidonic acid release (D) were measured in cells stimulated by glutamate. CTZ was

added together with the agonists. (E) Lack of CTZ effect on PI hydrolysis sti

mulated by ATP. Values represent means - SEM from at least 3 independent mea-

surements. **p < 0.01 and ***p < 0.001 by Student’s #-test as compared to respective data without CTZ.

transduction mechanisms. The specificity of CTZ action was
further confirmed using untransfected CHO cells where PI hy-
drolysis was stimulated by ATP acting at endogenous puriner-
gic receptors, but was not significantly affected by CTZ
(Fig. 3E).

3.3. CTZ does not inhibit group Il and Il mGluRs

In contrast to mGluR1a, group II and III mGluRs inhibit
adenylyl cyclase, therefore, the activation of these receptors
leads to the inhibition of cAMP accumulation stimulated by
forskolin. We applied ACPD/glutamate and AP-4 to stimulate
group II and III receptors, respectively. CTZ, even at the high-
est dose of 300 uM, failed to antagonize the agonist-stimu-
lated cAMP decrease in all tested cell lines expressing rat
mGIluR2, -3, -4, -6, -7 and -8 (Fig. 4). In cells expressing
mGluR3 and mGluR4 receptors, CTZ appeared to potentiate

the receptor action; however, in these cells, CTZ significantly
decreased forskolin-induced cAMP accumulation in the ab-
sence of mGluR agonists. Because this effect was visible
only in BHK cells (expressing mGluR3 and mGluR4) but
not in CHO cells (expressing all other mGluRs) it is likely
to reflect a non-specific inhibition of cAMP production in
these cells.

3.4. CTZ does not bind to the N-terminus of mGIluR1a

The non-competitive nature of the CTZ inhibitory effects
suggested the possibility that the site of CTZ action may in-
volve receptor domains other than the agonist binding site lo-
cated in the N-terminal domain. To test this hypothesis we
constructed two chimeric receptors in which the extracellular
N-terminal domain of mGluR1a was replaced by the corre-
sponding domain of either mGluR2 (mGluR2/1a chimera) or
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Fig. 4. CTZ fails to antagonize agonist responses of group II and III mGluRs.
cAMP accumulation was stimulated in permanently transfected CHO
(mGluR2, -6, -7 and -8) or BHK (mGluR3 and -4) cells with 10 pM forskolin
in the presence of 300 uM phosphodiesterase inhibitor IBMX. mGluRs ago-
nists (20 uM ACPD for mGluR2, 100 uM glutamate for mGluR3, 1 uM
AP4 for mGluR4 and -6, 1 mM AP4 for mGluR7 and -8) and CTZ were added
simultaneously with forskolin. cAMP accumulation is expressed as % of for-
skolin stimulation in individual cell lines. Values represent means + SEM
from two independent experiments performed in triplicate. *p < 0.05 and
**p < 0.01 by Student’s #-test as compared to respective data without CTZ.

mGluR3 (mGluR3/1a chimera). These chimeras possess the
agonist pharmacology of group II mGluRs while retaining
the coupling of mGluR1a to PLC and subsequent intracellular
Ca?" release (Takahashi et al., 1993). As shown in Fig. 4 nei-
ther mGIluR2 nor mGluR3 were inhibited by CTZ, hence, if
the site of CTZ action were located on the N-terminal domain
of mGluR1a it would be absent in mGluR2/1a and mGluR3/1a
chimeras.

The measurements of [Ca”"]; in HEK 293 cells expressing
chimeric receptors showed that, similar to mGluR1a, both re-
ceptors responded to agonist stimulation by elevation in
[Ca®"]; levels seen as single transient peaks (Fig. 5A and
D). In contrast, the sensitivity to agonists was typical of that
of group I mGluRs. Addition of L-CCG-I, which is a selective
agonist of group II receptors at low concentrations (below
5 uM), induced strong [Ca”]i responses (Fig. 5A and D).
More importantly, 4C3HPG, which is a competitive antagonist
of mGluR1a (Kingston et al., 1995) but an agonist of group II
receptors (Hayashi et al., 1994), stimulated [Ca“]i increases
in cells expressing both mGluR3/1a and mGluR2/1a chimeric
receptors (Fig. SA and D). These results confirm that both chi-
meric receptors combine the agonist pharmacology of group II
receptors with signal transduction characteristic of mGluR1a.
Moreover, each of the chimeric receptors retained its unique
agonist selectivity, as quisqualate (100 pM), which was re-
ported to activate mGluR3 (ECsy = 40 uM) but not mGluR2
(ECso > 1lmM) (Pin and Duvoisin, 1995), induced [Ca*"]; in-
creases in cells expressing mGIuR3/1a but not in cells express-
ing mGluR2/1a (Fig. 5A and D).

CTZ, as shown by traces in Fig. 5B and E, suppressed the
ACPD-induced [Ca2+]‘l increases in cells expressing both chi-
meric receptors. The average inhibition of ACPD-induced
[Ca®"]; responses by 100 uM CTZ was 80 + 2% (70 cells in

2+]_
i

9 experiments) in cells expressing mGluR2/1a and 88 £+ 2%
(33 cells in 3 experiments) in cells expressing mGluR3/1a.
The inhibition was totally reversed by washing out the antag-
onist. An additional confirmation of the inhibitory effect of
CTZ in chimeric receptors was obtained in CHO cells trans-
fected with these receptors. The stimulation of PI hydrolysis
induced by ACPD was fully inhibited by CTZ in cells express-
ing either mGluR2/1a (Fig. 3C) or mGluR3/1a (Fig. 3F) chi-
meric receptors. These results indicate that the inhibition of
mGluRla by CTZ was not determined by an interaction
with the N-terminal extracellular domain of the receptor,
which was absent in the chimeric receptors.

3.5. Determination of the residues involved in the
inhibitory effect of CTZ

The observations that CTZ does not interact with the N-
terminal domain of the receptor and displays inhibitory prop-
erties selective to mGluR1 and similar to CPCCOEt and other
non-competitive antagonists, prompted us to construct a
mGluR1a mutant (T815M, A818S) which, as shown before
(Litschig et al., 1999), is insensitive to CPCCOEt inhibition.
In this mutant, two residues Thr815 and Ala818 of mGIluR1
were substituted with the homologous amino acids Met802
and Ser805 of mGIluRS5. As shown in Fig. 6A and B the
wild-type mGluR1la was inhibited by both CPCCOEt and
CTZ but not by the mGluR5-selective antagonist MPEP. In
contrast, mGluR5a was strongly inhibited only by its selective
antagonist MPEP. The mutated mGluR1a (T815M, A818S),
retained its sensitivity to agonists, but was completely insensi-
tive to both CPCCOEt and CTZ (Fig. 6C) indicating that the
amino acids Thr815 and Ala818 of mGIluR1 are necessary to
mediate subtype-selective action of both CPCCOEt and CTZ.

3.6. CTZ differently regulates PI hydrolysis in rat
granule neurons and cortical astrocytes

Because neuronal and glial cells may express several types
of native receptors sensitive to CTZ, the final outcome of the
drug effect may be more complex compared to cell lines
expressing only the individual receptors. We used primary
cultures of rat cerebellar granule cells and rat cortical
astrocytes to study the effects of CTZ in cells expressing var-
ious native glutamate receptors. Cerebellar granule neurons
express a heterogenous population of glutamate receptors in-
cluding mGluRs, NMDA and AMPA/kainate receptors (Audi-
nat et al., 1994; Hack et al., 1995; Santi et al., 1994).
Expression of mGluR1a in these neurons strictly depends on
culture conditions. Thus, at physiological (5 mM) K* concen-
trations (K5) in the medium the neurons express predomi-
nantly mGluRla (Santi et al., 1994). As expected, under
these conditions, CPCCOEt completely inhibited mGluR1a-
mediated PI hydrolysis (data not shown). CTZ, in K5 cells,
also inhibited both ACPD and quisqualate-stimulated PI
hydrolysis in a non-competitive manner (Fig. 7A and B).

In granule cells, cultured in high (25 mM) K" medium
(K25), in which the expression of mGluRla remains very
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low (Santi et al., 1994) the picture is more complex. Under
these conditions, ACPD failed to activate PI hydrolysis (data
not shown). In contrast, the non-selective mGluR/AMPA/kai-
nate receptor agonist quisqualate stimulated PI hydrolysis
(Fig. 7C). This stimulation was abolished by the AMPA/kai-
nate receptor antagonist NBQX. CTZ, used in concentrations
known to potentiate AMPA receptors (30 uM), strongly en-
hanced the effect of quisqualate. This combined stimulatory
effect of CTZ and quisqualate was completely inhibited by
NBQX, confirming the involvement of AMPA receptors. A
small, NBQX-sensitive, stimulatory effect of CTZ on basal
PI hydrolysis seen in Fig. 7C was probably due to AMPA
receptor activation by glutamate released during the incuba-
tion. In contrast to granule neurons, CTZ failed to inhibit PI
hydrolysis stimulated by ACPD in cortical astrocytes
(Fig. 7D), which express predominantly mGIuRS5 receptors
(Miller et al., 1995).

4. Discussion

Untransfected HEK 293 and CHO cells do not express en-
dogenous metabotropic or ionotropic glutamate receptors
functionally coupled to PLC and intracellular Ca*" mobiliza-
tion (Gabellini et al., 1994; Kawabata et al., 1996; Daggett
et al., 1995). In transfected cells activation of mGluR1a and
mGluR5a elicits different patterns of intracellular Ca*" re-
sponses suggesting that these two receptors play distinct roles
in intracellular Ca*" homeostasis. HEK 293 cells transfected
with mGluR1a revealed, upon stimulation, fast transient
[Ca®"]; increases. Similar responses have been reported in
HEK 293 cells expressing mGluR1a (Kawabata et al., 1996;
Gomeza et al., 1996; Flor et al., 1996) and in CHO cells trans-
fected with mGluR1b (Knopfel et al., 1995). In contrast, the
analysis of Ca®" responses in HEK 293 cells expressing
mGluR5a revealed [Ca2+]i oscillations in almost all cells
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that were able to respond to agonists. This implies that phar-
macological agents which selectively modulate one, but not
the other group I receptor may have different physiological
effects. It has been shown before that CTZ inhibited non-
competitively glutamate-induced Ca”"-dependent chloride
currents in oocytes expressing human mGluR1 while it
slightly potentiated currents in oocytes expressing mGIluRS
(Sharp et al., 1994). We failed to detect a stimulatory effect
of CTZ on mGluR5a-induced [Ca2+]i signals in HEK 293 cells
and PI hydrolysis in CHO cell lines. It cannot be excluded that
the potentiating effect of CTZ on responses in oocytes ex-
pressing mGluR5a was not due to a direct action of the antag-
onist at the receptor but, instead, to an amplification of agonist
action at the level of signal transduction mechanisms. Such
amplification would not be visible in oocytes expressing
mGluR1a where it would be masked by the inhibitory effect
of CTZ. However, our results indicate that CTZ selectively
inhibits [Ca®']; responses and PI hydrolysis induced by
mGluR1a in a reversible and non-competitive manner.

We have demonstrated that among mGluRs, the inhibitory
effect of CTZ was selective to mGluR1 receptors. Neither
mGluRS5 nor any of the group II or III mGluRs were inhibited.
CTZ reduced mGluR1-mediated PI hydrolysis, intracellular
Ca®" mobilization, as well as cAMP increase and arachidonic
acid release, two other signal transduction systems activated
by mGluR1 in CHO cells (Aramori and Nakanishi, 1992), con-
firming the action of CTZ directly at the receptor, as opposed
to a particular signaling cascade. CTZ also failed to inhibit PI
hydrolysis stimulated by ATP acting at endogenous purinergic
receptors in untransfected CHO cells. Our results also allowed
us to conclude that CTZ was a non-competitive antagonist of
mGIuR1 receptors. Such non-competitive properties were vis-
ible from agonist dose—response curves obtained by measure-
ments of Ca®" signals and of PI hydrolysis in cells expressing

transfected mGluR1 receptors, as well as in granule neurons
cultured in low K™ conditions, expressing high levels of native
mGluR1 receptors.

In order to determine which receptor domains were in-
volved in CTZ action we constructed two chimeric receptors
in which the N-terminal extracellular domain of mGluRla
was replaced by the corresponding extracellular sequences
of either mGluR2 or mGIuR3 which were not inhibited by
CTZ. It has been shown previously that about two-thirds of
the initial N-terminal amino acid sequence determines mGIluR
agonist selectivity (Takahashi et al., 1993), while the specific-
ity of G-protein coupling is controlled by intracellular do-
mains (Pin et al., 1994; Gomeza et al., 1996). As expected,
the chimeric receptors, while retaining coupling with PLC
and producing a pattern of [Ca’"]; responses similar to
mGluR1a, showed pharmacological responses characteristic
to group II mGluRs. The activation of both chimeric receptors
was blocked by CTZ. Because in these chimeras the N-termi-
nal portion of mGluR1a was replaced by the homologous por-
tions of CTZ-insensitive receptors, it may be concluded that
CTZ inhibitory action at mGluR1a is not determined by its
binding to the N-terminal domain but rather by an interaction
with the TM domain, which is conserved in chimeric recep-
tors. In a more detailed analysis, using point mutations of
mGluR1a, we have shown that CTZ interacts with Thr815
and Ala818 at the extracellular surface of TMVII. It has
been shown previously that substitution of those amino acids
with homologous amino acids of mGluRS5 eliminates the in-
hibitory effect of the mGluR1-selective non-competitive an-
tagonist CPCCOEt (Litschig et al., 1999). Neither of these
amino acid residues is present in other mGluRs which are
all insensitive to both CTZ and CPCCOE:t.

To study the effects of CTZ in neurons expressing native
receptors we used cerebellar granule cells, known to express
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mGluR1a (Santi et al., 1994). Levels of mGluR1a expression
as well as survival in these cultures depend on the K* concen-
tration in the culture medium. In low K™ medium the expres-
sion of mGluR1 receptors is high but cell viability is low,
while under 25 mM K™, a high viability is accompanied by
low mGIluR1 expression. Hence, cerebellar neurons cultured
in the presence of either 5 mM or 25 mM K™ display a differ-
ent pharmacology of PI hydrolysis stimulation, apparently, de-
pending on mGluR1a expression. Granule cells in culture also
express ionotropic non-NMDA receptors sensitive to AMPA,
kainate and quisqualate. The activation of these receptors
leads to increased sodium influx followed by increased entry
of calcium and indirect activation of PI hydrolysis (Wroblew-
ski et al., 1987; Raulli et al., 1991). Therefore, in cerebellar
granule cells some agonists, for example glutamate and quis-
qualate, and some modulators, such as CTZ may affect both
metabotropic and ionotropic glutamate receptors simulta-
neously. For example, quisqualate enhances PI hydrolysis in

both K5 and K25 cultures, while ACPD acts potently only
in K5 cells, where mGluR1a expression is more pronounced.
We report here that CTZ inhibited the stimulation of PI hydro-
lysis induced by both quisqualate and ACPD in K5 cells. Un-
der K25 conditions, where mGluR 1a expression is low, CTZ at
low concentrations (30 M) potently enhanced PI hydrolysis
stimulated by quisqualate. This effect of CTZ was inhibited
by NBQX, a selective antagonist of non-NMDA ionotropic re-
ceptors. These results suggest that in K25 granule cells the
stimulation of PI hydrolysis by quisqualate is mediated mostly
by ionotropic AMPA receptors. In contrast, in K5 the contribu-
tion of the ionotropic AMPA receptors to PI hydrolysis
appears to be masked by metabotropic receptors.

At similar concentrations (100 uM) CTZ has been shown to
inhibit GABA4 receptors in hippocampal cultures (Deng and
Chen, 2003). Because CTZ is widely used as a positive mod-
ulator of AMPA receptors, special care should be taken in
studies conducted on neuronal cells where multiple receptors
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may be present. This should include the use of AMPA receptor
antagonists to confirm the specificity of CTZ effects (Vignes,
2001). Considering the abundance of glutamatergic and
GABAergic neurotransmission, applications of CTZ may
greatly affect the excitatory—inhibitory balance observed
under specific experimental conditions (Deng and Chen,
2003). An example may be the interpretation of the observed
ability of CTZ to block DHPG-induced depolarization of rat
spinal dorsal horn neurons (Zhong et al., 2000). While the
potency of CTZ to inhibit mGluR1 receptors is lower than
that described for CPCCOEt, our results demonstrate the
existence of a new lead compound which may prove useful
for the design of selective inhibitors of mGluR1 receptors.
In conclusion, our data demonstrate that among PLC-cou-
pled mGluRs, mGluR1 but not mGluRS5 receptors possess an
allosteric modulatory site sensitive to CTZ. This site appears
to correspond to the site sensitive to CPCCOEt which is lo-
cated at the extracellular surface of TMVIIL The ability of
CTZ to selectively inhibit mGluR1, but not mGluRS5 re-
sponses, further stresses the functional heterogeneity of these
two receptors which, although both coupled to the activation
of PLC, induce different patterns of intracellular Ca®" release
and, thus, may play distinct roles in intracellular Ca*" homeo-
stasis and in the physiology of neuronal and glial cells.
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