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ARTICLE INFO ABSTRACT

Keywords: Aims: Metabotropic glutamate receptor 5 (mGluR5), a member of group I mGIuR, exerts its effect via elevation
Metabotropic glutamate receptor 5 of intracellular Ca®* level. We here characterized Ca®* signals in the tsA201 cells transfected with mGIluR5 and
GCamp2 investigated the role of passages for mGluR5-induced Ca®* signals in synaptic plasticity.
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Main methods: Using a genetically encoded Ca®* indicator, GCamp2, Ca®" signals were reliably induced by bath
application of (S)-3,5-dihydroxyphenylglycine, the group I mGluR agonist, in the tsA201 cells transfected with
mGluR5. Using whole-cell recordings in the substantia gelatinosa (SG) neurons of the spinal trigeminal sub-
nucleus caudalis (Vc), excitatory postsynaptic currents were recorded by stimulating the trigeminal tract.

Key findings: Ca®* signals were mediated by “classical” or “canonical” transient receptor potential (TRPC)
channels, particularly TRPC1/3/4/6, but not TRPC5, naturally existing in the tsA201 cells. Interestingly, the
induction of Ca®* signals was independent of the phospholipase C signaling pathway; instead, it critically in-
volves the cyclic adenosine diphosphate ribose/ryanodine receptor-dependent signaling pathway and only
partially protein kinase C. On the other hand, both TRPC3 and TRPC4 mediated mGluR1/5-induced long-lasting
potentiation of excitatory synaptic transmission from the trigeminal primary afferents to the SG neurons of the
Ve.

Significance: This study demonstrates that endogenous TRPC channels contribute to mGluR5-induced Ca**

signals in tsA201 cells and synaptic plasticity at excitatory synapses.

1. Introduction

Various extracellular signals from neighboring cells or environment
can be transduced into a form of local or global calcium ion (Ca®*)
signals inside cell, which is critical for cellular responses and further
intercellular communication. To date, a number of methods have been
developed to measure the intracellular Ca®* signals. Beside of small-
molecule Ca®* indicator, such as fura-2 and indo-1, genetically en-
coded Ca?™ indicators (GECIs) have been recently developed and ap-
plied to measure the Ca™ signals in a variety of cell types. These GECIs
basically use fluorescent proteins that change their fluorescence de-
pending on free Ca?™ concentration ([Ca%?™]) and have numerous ad-
vantages in a methodological aspect, for example, a selective and long-
term measurement of intracellular [Ca?™] in a subset of cells within an
intact tissue or in a subcellular compartment of a single cell [1]. In
addition, the GECIs can be applicable for high-throughput or high-
content biomolecular screening by observing single or multiple cellular
functions [2]. Therefore, the use of GECIs provides diverse versatile
tools for Ca®>* dynamics and drug development.
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Metabotropic glutamate receptor type 5 (mGIluR5), a subtype of
group I mGluRs, is a G protein-coupled receptor (GPCR) that is acti-
vated by glutamate and coupled to G protein Gag/;, resulting in an
elevation of intracellular Ca®>* level via its second messenger system.
The mGIuR5 has been implicated in various neurological disorders in-
cluding Alzheimer's disease [3], addiction [4,5], pain [6], and migraine
[7]. Hence, there has been a great effort made in the development of
mGluR5-specific inhibitors to treat those neurological disorders [7-9].

In this study, we used a GECI, GCamp2 [10], to measure changes of
cytosolic [Ca?"] when mGIuR5 is transiently transfected and activated
in the tsA201 cell line. The Ca®* signals in this heterologous expression
system were characterized using various inhibitors for signaling path-
ways and “classical” or “canonical” transient receptor potential (TRPC)
channels. In addition, we identified that blocking TRPC channels pre-
vented the induction of long-lasting potentiation of excitatory synaptic
transmission at trigeminal primary afferent synapses in the substantia
gelatinosa (SG) of spinal trigeminal subnucleus caudalis (Vc) that is the
first central area processing orofacial sensory information.
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2. Materials and methods
2.1. Culture and transfection of tsA201 cells

Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, St.
Louis, MO, USA), supplemented by 10% fetal bovine serum, 100 units/
ml penicillin, 100 pg/ml streptomycin, and 2 mM glutamine, was used
to culture tsA201 cells. The cells were grown in an incubator at 37 °C
with humidified 5% CO, and 95% air and were transiently transfected
with equimolar ratios of cDNAs encoding GCamp2 [10] and mGIuR5
[11] (total amount of cDNA, 1pug). The transfection was performed
following the manufacturer's instructions for Effectene transfection re-
agent (QIAGEN, CA, USA). Transfected cells were plated onto No. 1
glass coverslips (15 mm, Warner Instruments, CT, USA) and were sub-
jected to Ca®" imaging 1-2 days after the plating (i.e., 2-3 days after
transfection).

2.2. Ca®* imaging

Ca?" imaging experiments were conducted in HEPES-buffered
Hank's balanced salt (HHBS) solution (Thermofisher Scientific,
Waltham, MA, USA) that had the following composition (in mM): 10
HEPES, 1.26 CaCl,; 0.49 MgCl,; 0.41 MgSOy; 5.33 KCL; 0.44 KH,POy;
4.17 NaHCOs; 138 NaCl; 0.34 Na,HPO,4; 5.56 p-glucose. Ca®™*-free
HHBS solution was obtained by substituting EGTA (0.1 mM) with
CaCl,. A coverslip with cells was placed in a chamber which was
mounted on the stage of an inverted epifluorescence microscope
(Eclipse TiS microscope, Nikon, Tokyo, Japan). A xenon arc lamp
(Lambda LS, Sutter Instrument, Novato, CA, USA) was used for a light
source, and 20 x (NA, 0.45) or 40 X (NA, 0.60) Nikon Fluor objectives
were used to observe Ca®* signals generated by the GCamp2 (filter
cube, 465-495nm for excitation wavelength and 515-555nm for
emission). Ca®* signals were photographed by a cooled charge-couple
device (CCD) camera (Zyla 5.5 MP sCMOS, 2560 x 2160 pixels,
6.5 X 6.5 um pixel size; Andor, Belfast, UK). Experiments were per-
formed using MetaFluor software (Molecular Devices, Sunnyvale, CA,
USA), whose online mode allowed control of a mechanical shutter and
measurement of fluorescent intensity caused by intracellular Ca™ rise.
Images were taken every 2s by using the software and were back-
ground-subtracted. The magnitudes of Ca®" signals in individual cells
are represented as the percentage of fluorescent signal change over
initial fluorescent intensity (%AF/Fq). Two to five cells are selected in a
coverslip. Ionomycin (10 uM), the membrane-permeable Ca®>* iono-
phore, was applied at the end of experiment for a maximal Ca®™" signal.
Data are reported as the mean * standard error of the mean (SEM).
Statistical comparisons were assessed using an unpaired Student's t-test
(*P < 0.05, **P < 0.01 or ***P < 0.001).

2.3. Preparation of horizontal brain stem slices

The horizontal brainstem slices (400-450 pm) were prepared from 6
to 14 day-old Sprague-Dawley rats of either sex as described previously
[12]. Briefly, the brain and part of the cervical spinal cord were re-
moved by guillotining a rat under deep urethane anesthesia (1.5 g/kg,
i.p.) and then immediately transferred into an ice-cold Krebs' solution
(composition in mM: NaCl 117, KClI 3.6, CaCl, 2.5, MgCl, 1.2, NaH,PO,
1.2, NaHCOj 25, and glucose 11; pre-oxygenated with a mixture of 95%
0O, and 5% CO,; pH7.4). In a pre-oxygenated ice-cold Krebs' solution,
only the brainstem remained and was glued upside down on the flat top
of a hard-mounting cube-block that was firmly fixed to the bottom of a
slice chamber. Then horizontal slices were cut using a Vibratome
1000* (Vibratome, St. Louis, MO, USA). After the first cut of the ventral
part of the brainstem, two horizontal brainstem slices were cut and
used. The prepared slices were transferred into a beaker with fresh
pre-oxygenated Krebs' solution at room temperature and incubated for
at least an hour with continuous oxygenation to wash the hazardous or
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bioactive molecules released from the preparation processes. A slice
from either the right or the left side was submerged and fixed in a re-
cording chamber for whole-cell patch-clamp recordings.

2.4. Blind whole-cell patch-clamp recordings

Blind whole-cell recordings with patch pipettes (borosilicate glass,
TW150F; WPI, Sarasota, FL, USA) were performed to record SG neurons
in the Vc. When viewed under a microscope (BX51WI, Olympus, Tokyo,
Japan) with transmitted illumination (40 X ), the ‘translucent’ SG area
of the Vc was distinguishable. The pipette's resistance was typically
8-12MQ when filled with an internal solution (composition in mM:
145 K-gluconate, 5 NaCl, 1 MgCl,, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, and
0.1 Nas-GTP; pH7.2). All recordings were made under continuous
perfusion of the pre-oxygenated Krebs' solution (2-3 ml/min; at room
temperature, 23-25 °C).

To evoke excitatory postsynaptic currents (EPSCs) in the SG of Vc,
the trigeminal tract (Vt) was stimulated every 30s using a tungsten
bipolar concentric electrode (TM33CCINS; tip diameter, 3-4 um; WPI,
Sarasota, FL, USA) that was connected with a stimulator (Grass S88;
Grass Instruments, West Warwick, RI, USA). The distance between a
stimulated site and a recording site was typically 2-4 mm. Evoked
EPSCs were recorded at a holding potential of —70mV after the
identification of whole-cell formation by the appearance of the capa-
citance transients upon voltage pulses (—5mV). In this recording
condition, evoked EPSCs were completely blocked by 10 uM 2,3-dioxo-
6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX),
an a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)/
kainate receptor antagonist, indicating that the synaptic responses are
glutamatergic. Recordings were amplified with a Multiclamp 700A
amplifier (MDS Inc., Toronto, Canada), sampled at 5-10 KHz, and fil-
tered at 1-2 KHz. Data acquisitions were performed using pClamp
software (version 10; MDS Inc., Toronto, Canada). After recording re-
latively stable amplitudes of evoked EPSCs for 5-10 min (baseline
period), (S)-3,5-dihydroxyphenylglycine (DHPG, 10uM), a selective
group I mGluR agonist, was bath-applied for 5min. For antagonist ex-
periments, pre-perfusion of Krebs' solution containing an antagonist at a
certain concentration started at least 20 min before the DHPG appli-
cation. Only monosynaptically evoked EPSCs were analyzed in their
peak amplitudes. Each peak amplitude of evoked EPSC was represented
as the percentage to the averaged baseline control (before DHPG ap-
plication) over time. Each point at a given time in time course graphs
presented mean * SEM (%). Statistical comparisons were made using
the Student's t-test; statistical significance, P < 0.05 or P < 0.01.

2.5. Chemicals

2-Aminoethoxydiphenylborane (2-APB), 1-[(4-chlorophenyl)me-
thyl]-2-(1-pyrrolidinylmethyl)-1H-benzimidazole hydrochloride (clem-
izole), 2-[1-(3-dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl) mal-
eimide (GF109203x), DHPG, GSMTx4, 1-[6-[[(17f)-3-methoxyestra-
1,3,5(10)-trien-17-yl]lamino]hexyl]-1H-pyrrole-2,5-dione (U73122), 1-
[2-(4-methoxyphenyl)-2-[3-(4-methoxyphenyl)propoxy]ethyl]-1 H-imi-
dazole hydrochloride (SKF96365), 2-methyl-6-(phenylethynyl)pyridine
hydrochloride (MPEP), 4-methyl-2-(1-piperidinyl)quinolone (ML204),
1-[4-[(2,3,3-trichloro-1-ox0-2-propen-1-yl)amino] phenyl]-5-(tri-
fluoromethyl)-1H-pyrazole-4-carboxylic acid (Pyr3), thapsigargin, and
ryanodine were purchased from Tocris Cookson (Bristol, United
Kingdom). Nicotinamide was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Chemicals were dissolved as stock solutions (> 1000 x
concentrated than the final concentration) in distilled water or di-
methylsulfoxide (DMSO).

3. Results

When DHPG (100 uM), the mGluR1/5 agonist, was bath-applied to



D.-h. Youn and H. Weon

A 600

Life Sciences 231 (2019) 116567

Fig. 1. Activation of mGIuR5 generates intracellular Ca®*

DHPG signals in tsA201 cells expressing mGluR5 and GCamp2. (A)
l Traces for five representative tsA201 cells showing fluor-
500 f escent changes upon the application of DHPG (100 uM), the
group I mGluR agonist. tsA201 cells were transfected with
400 cDNAs for mGluR5 and GCamp2, the genetically encoded
Ca?™ indicator. Two cells (bold traces) exhibited more than
W 300 two repetitive peaks. Ionomycin (10 uM), the Ca®* iono-
phore, was applied in a cell. (B) A scatter plot of the percent
200 change of fluorescent signal against the initial fluorescent
intensity (Fo) from all tsA201 cells (n = 22). (C) A histogram
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activate mGluRb5, an increased intensity of fluorescence appears in most
of the fluorescent tsA201 cells that express GCamp2 and presumably
mGluR5 (Fig. 1A). This type of Ca?* signal was usually transient,
lasting 10-30 s, and repeated several times within 5 min throughout the
DHPG application (100 uM). Typically, there is a little correlation be-
tween the magnitudes of Ca®* signals after bath-application of DHPG,
expressed as %AF/F, (see Materials and Methods), and F, values in the
range of 50 to 1000 within a region of interest (R*> = 0.28; Fig. 1B),
although there is a tendency for higher fluorescent changes when cells
have low Fo. The magnitude of Ca®* signals was 47.1 * 7.0%AF/F, in
twenty-two tsA201 cells selected (Fy, 229.4 + 27.7; Fig. 1C). The Ca%™
signals were significantly blocked by the presence of MPEP (10 uM)
before the application of DHPG (4.1 = 1.8%AF/Fy,, n=7,
***p < 0.001; Fy, 39.4 = 6.0), or did not appear when the mGIluR5
plasmid was not co-expressed with the GCamp2 plasmid (without
mGluR5: 100pM DHPG, 0.6 * 0.3%AF/F,, 496.4 = 122.9 of F,,
n = 13; 1mM DHPG, 2.9 + 1.5%AF/F,, 215.8 * 66.8 of Fo, n = 11).

To identify sources of cytosolic Ca®* signals upon the activation of
mGluR5 in tsA201 cells, Ca>* was removed from the extracellular HBSS
solution (see Materials and Methods). In this condition, bath-applied
DHPG (100 uM) did not induce Ca2?™ transients in the tsA201 cells
expressing mGluR5 and GCamp2 (0.4 + 1.5%AF/Fg, 216.9 = 92.4 of
Fo, n = 8; Fig. 2A and B), suggesting that the Ca®* transients are ac-
tually due to the influx of Ca®* through the plasma membrane of
tsA201 cell. Because human embryonic kidney (HEK) 293 cells, the cell

line before being transformed into the tsA201 cells with stable ex-
pression of an SV40 temperature-sensitive T antigens, endogenously
express various types of TRPC channels [13-18], the possibility of TRPC
channels is further tested for the influx of extracellular Ca". In ac-
cordance with the endogenous expression of TRPC channels, the pre-
sence of SKF96365, the nonselective TRPC channel blocker, sig-
nificantly prevented the induction of Ca®>* transients in the tsA201 cells
expressing mGluR5 (0.7 = 0.5%AF/Fy, 205.1 = 71.9 of Fy, n = 14;
Fig. 2B). Furthermore, the induction of Ca®>* transients was inhibited in
the presence of selective TRPC blockers; GsMTx4 for TRPC1/6
(3.3 £ 1.2%AF/Fy, 194.3 = 37.1 of Fy, n = 15), Pyr3 for TRPC3
(6.0 + 1.4%AF/F,, 232.9 + 32.8 of Fo, n = 9), and ML204 for TRPC4
(13.9 + 3.6%AF/Fy, 765.7 + 100.1 of Fy, n = 6) (Fig. 2C). The in-
hibition was less in the presence of ML204, in comparison with the
other two blockers. In contrast, the presence of clemizole, the antago-
nist for TRPC5 at a low concentration (below 10 uM) or for TRPC3/4/5/
6 at a higher concentration (30 M), did not prevent the induction of
Ca? transients at the concentration of 2uM (38.5 = 10.3%AF/F,,
n=13,P > 0.05 vs. control; 191.1 *+ 33.7 of Fy; Fig. 3A and B), but
did inhibit it at the concentration of 30 uM (3.6 = 1.5%AF/Fy, n = 18,
P < 0.05 vs. control; 175.1 * 34.0 of Fy; Fig. 3B). These data clearly
indicate that TRPC channels, except for TRPC5, endogenously expres-
sing on the plasma membrane of tsA201 cells, mediate the Ca®>™ tran-
sients upon the activation of mGIluR5 transiently expressed in the
tsA201 cells.
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Fig. 2. Intracellular Ca®* signals by the activation of mGluR5
in the mGluR5/GCamp2-expressing tsA201 cells are depen-
dent on extracellular Ca?* and various TRPC channels. (A)
Representative traces for two tsA201 cells showing no fluor-
escent change upon the application of DHPG (100 uM) in the
Ca®*-free solution, but changes upon the application of io-
nomycin (10 pM), the Ca%™ ionophore. (B) A histogram
shows significant blockade of fluorescent change in response
to DHPG in the Ca? " -free solution (n = 8) or in the presence
of SKF96365 (n = 14), the nonselective TRPC channel
blocker. ***P < 0.001 vs. control (n = 22). (C) A histogram
demonstrates significant blockades of fluorescent change in
response to DHPG application (100 uM) by the TRPC1/C6
blocker GsMTx4 (1 uM, n = 15), the selective TRPC3 blocker
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The activation of mGIuR5 leads to hydrolysis of phosphoinositides
and generation of inositol 1,4,5-triphosphate (IP3) and diacyl glycerol
(DAG) via G4/Gq;-mediated phospholipase C (PLC) [19]. DAG further
activates protein kinase C (PKC), and IP; recruits Ca®>* from in-
tracellular Ca®* stores via IP; receptor (IPsR). Accordingly, this clas-
sical signaling pathway of mGluR5 was investigated for the TRPC-
mediated Ca®* transients by mGluR5 activation in the heterologous
expression system of tsA201 cells. Unexpectedly, the Ca®™ transients
were induced in the presence of U73122 (10 uM), the PLC inhibitor
(Fig. 4A), and the averaged magnitude of Ca®* transient was not sig-
nificantly changed (53.2 = 9.9%AF/Fy, n = 18, P > 0.05 vs. control;
144.7 = 32.0 of Fy; Fig. 4B). Moreover, GF109203x (1 uM), the PKC
inhibitor, significantly but only partially inhibited the induction of
CaZ™* signals (16.8 * 7.4%AF/Fy, n=16, P < 0.01 vs. control;
328.1 = 73.1 of Fy; Fig. 4B). In contrast, the induction of Ca?* tran-
sients was completely blocked when the intracellular Ca®" stores were
depleted by thapsigargin (1 uM), the sarco/endoplasmic reticulum
Ca®™ ATPase (SERCA) inhibitor (0.9 + 0.2%AF/F,, 193.8 + 26.2 of
Fo, n = 17) or when IP3R, a passage for the release of Ca®>* from the
intracellular Ca2?"™ stores, was blocked by 2-APB (100 pM;
1.4 = 0.6%AF/Fy, 135.6 + 23.5 of Fy, n = 13), indicating a sig-
nificant role for IP;R-mediated Ca®* release from intracellular stores in
the induction of Ca®>* transients. Since the Ca** signals did not depend
on PLC in the present study, we further tested the PLC-independent

pathway that uses cyclic adenosine diphosphate ribose (CADPR) to open
ryanodine receptor (RyR) for Ca®* release from intracellular stores
[20,21]. As a result, the induction of Ca®>* signals was prominently
inhibited by the blockades of RyR by ryanodine (20 uM), the RyR in-
hibitor (0.1 * 0.1%AF/F,, 558.7 = 89.5 of Fy, n = 14), or cADPR
production by nicotinamide (5mM), the inhibitor of ADP-ribosyl cy-
clase (4.6 * 1.5%AF/F,, 927.8 = 244.3 of Fy, n = 10) (Fig. 4B).
Taken together, these results suggest that the Ca®>* signals induced by
the activation of transiently-expressed mGluR5 in tsA201 cells require
PLC-independent, but IP3R- and cADPR/RyR-dependent signaling
pathways.

Further, we investigated if TRPC channels involved a form of sy-
naptic plasticity that is mediated by mGluR1/5. In the excitatory sy-
naptic transmission from primary afferents of the Vt to the SG neurons
of Vc, bath-applied DHPG (10uM, 5min) induced long-lasting po-
tentiation of EPSC peak amplitude (123.7 = 11.0% of baseline at
12 min, n = 6; Fig. 5). This type of synaptic plasticity was significantly
prevented by the presence of the nonselective TRPC channel blocker
SKF96365 (30puM, 96.0 = 3.3% of baseline at 12min, n =6,
P < 0.05 vs. without antagonist), the selective TRPC3 blocker Pyr3
(10uM, 91.3 + 7.5% of baseline at 12min, n =6, P < 0.05 vs.
without antagonist) or the selective TRPC4 blocker ML204 (10 uM,
87.5 = 5.8% of baseline at 12min, n = 6, P < 0.01 vs. without an-
tagonist) (Fig. 5).
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Fig. 3. No contribution of TRPC5 channels to the intracellular
Ca®* signals by the activation of mGIuR5. (A) Representative

500 2 /lM Clemizole traces for three tsA201 cells showing fluorescent change upon
the application of DHPG (100 uM) in the presence of clem-
400 izole (2 uM), the antagonist for TRPC5 at a concentration of
below 10 uM or for TRPC5 and other TRPC4/3/6 at a con-
300 F DHPG lonomycin centration of 30 uM. Application of ionomycin (10 uM), the
w ¢ Ca®* ionophore, induces large and sustained fluorescent
200 F 1 changes. (B) The DHPG-induced Ca®* signal was not pre-
vented by the presence of clemizole at the concentration of
100 b 2uM or 10 uM, but prevented at the concentration of 30 pM
/ (***P < 0.001).
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4. Discussion

Using GCamp2 as a GECI, this study characterized Ca®* signals
induced by the activation of mGluR5 transiently expressed in the
tsA201 cells. The Ca®>* signals were usually transient and repeated
several times during the application of DHPG that activates mGIuR5,
and were mediated by an influx of Ca®* through naturally-existing
TRPC channels in the tsA201 cells, particularly TRPC1, 3, 4 and 6.
Instead of a classical PLC-dependent pathway, PLC-independent and

IP;R- and cADPR/RyR-dependent signaling pathways mediate the in-
duction of Ca®* signals. In addition, this study demonstrated that
naturally-existing TRPC3 and TRPC4 in the SG of the Vc contributed to
mGluR1/5-induced long-lasting potentiation at excitatory synapses of
the trigeminal primary afferents.

In this study, without transfection of mGluR5 cDNA plasmid to the
tsA201 cells, Ca®* signals were not induced, supporting no endogenous
expression of mGluR5 in the tsA201 cells [22]. Additionally, although
the agonist used in the study could activate both mGluR1 and mGIluR5,
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Fig. 5. Blockades of DHPG-induced long-lasting potentiation
of excitatory synaptic transmission in the substantial gelati-
nosa of spinal trigeminal nucleus caudalis. (A) The induction
of long-lasting potentiation of EPSCs by bath-applied DHPG
(10 M, 5min, n = 6) was prevented by the presence of the
nonselective TRPC channel blocker SKF96365 (30 uM,
n = 6), the selective TRPC3 blocker Pyr3 (10 uM, n = 6) or
the selective TRPC4 blocker ML204 (10 uM, n = 6). Insets,

100pA

150 - 10ms 10ms 10ms representative EPSC samples at the time indicated by the
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the presence of the mGluR5 antagonist, MPEP, completely blocked the
Ca®* signals, eliminating the possibility of endogenous expression of
mGluR1 in the tsA201 cells. On the other hand, HEK293 cells, the origin
of tsA201 cells, express endogenously TRPC1, TRPC3, TRPC4, TRPC6
and TRPC7? proteins [14,15,17,18]. Likewise, in the present study, the
Ca®* signals were almost completely blocked by the inhibitor for
TRPC1/6 (GsMTx4) and were partially but remarkably inhibited by the
inhibitors for TRPC3 (Pyr3) or TRPC4 (ML204). In addition, the high
concentration of clemizole (30uM), which inhibits TRPC3/4/5/6,
completely blocked the Ca®* signal, whereas the low concentration of
clemizole (2 uM), which inhibits only TRPC5, did not inhibit the signal.
Therefore, our results, excluding the involvement of TRPC5 in the Ca%*
signals by mGluR5 activation, are in accordance with the studies de-
monstrating the expression pattern of TRPC channels in the HEK293
cells. Furthermore, the functional characterization of Ca®* signals in-
duced by the activation of mGluR5 will be useful for the study of TRPC
channels in this heterologous expression system.

Interestingly, Ca®* signals in the present study were not affected by
the PLC inhibitor, but were inhibited partially by the PKC inhibitor and
completely by both the depleting agent of intracellular Ca>* stores and
the inhibitors for IP3R or RyR. These results suggest that a PLC-in-
dependent signaling pathway, as well as Ca>* release from intracellular
stores, is involved in the opening of TRPC channels when the mGIuR5 is
activated. Previous studies have reported that excitatory responses

ML204

induced by activation of group I mGluRs involve PLC-independent
pathways in hippocampal neurons [21,23] or cerebellar Purkinje neu-
rons [24]. Instead of PLC, mGluR5-activated Ca®* responses in the
hippocampal neurons are mediated by a cADPR pathway and further
RyR, but not by IPsR [21]. Similarly, in the present study, the Ca™*
signals were blocked by inhibitors for cADPR-producing ADP-ribosyl
cyclase or RyR. This result indicates the critical involvement of the
cADPR/RyR signaling pathway in TRPC-mediated Ca®* signals induced
by activation of exogenous mGIuR5 in the tsA201 cells.

On the other hand, the inhibitor of IP3R, 2-APB, used in the present
study, blocked the mGluR5-mediated Ca®* signals. In addition, Ca®*
signals were blocked by the depletion of intracellular Ca®* stores in the
presence of an agent (thapsigargin) blocking SERCA. Although it is
necessary to be further tested that 2-APB directly modulates TRPCs in
the tsA201 cells [25], this result raises a possibility that a release of
Ca®™" through IP3R may be supportively involved in the Ca®>* signals
[201, or the Ca%™ signals are indirectly involved in the modulation of
IPsR by cADPR-mediated enhancement of endoplasmic Ca®* store
filling [26]. Taken together, these results suggest that the activation of
mGIluR5 transiently expressed in the tsA201 cells recruits the cADPR-
RyR, or apparently together with IPsR, pathway, causing the Ca™* re-
lease from the intracellular Ca®* stores and further opening TRPC
channels to produce the cytosolic Ca®* signals. In this process, the
depletion of intracellular Ca®" stores may also be potentially involved
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[27,28]. Recently, it has been demonstrated that stromal interaction
molecule-1 (STIM1), an endoplasmic reticulum (ER) luminal Ca®™*
sensor, plays a prominent role in store-operated Ca2™ entry (SOCE)
[29,30]. STIM1 is moved to the junctions between ER and plasma
membrane upon the Ca®* release from, or the Ca®>* depletion of, in-
tracellular stores [30]. At the junctions, STIM1 is associated with Orail,
a pore-forming subunit of channels on plasma membrane for SOCE
[31], and activates TRPC channels that are recruited by Orail [27],
resulting in Ca®" influx. In the present study, the Ca®>* signals, only
transiently induced by mGluR5 activation in the tsA201 cells, poten-
tially employ the STIM1-Orail-mediated pathway. In this view, it is
likely that the transient Ca®* signals require both Ca* release from
intracellular stores and Ca®>* influx through TRPC channels, which
would be eventually taken up for ‘capacitative’ Ca®>* entry into the
stores [32]. Therefore, as shown in this study, the transient Cca%™ sig-
nals by mGluR5 activation would not be induced without extracellular
Ca?™, even if Ca?* remained in the intracellular stores (Fig. 2A).

Because our results from the heterologous system suggests that the
existence of TRPC channels contributes to the elevation of intracellular
[Ca%™] by the activation of mGluR5, we further investigate an in-
volvement of TRPC channels in a form of synaptic plasticity mediated
by the activation of group I mGluRs, i.e., mGluR1/5, in the Vc where an
elevation of intracellular [Ca®"] is required for mGluR5-dependent
long-term synaptic plasticity [33]. The Vc is a central brain area for
receiving sensory information, including pain, from orofacial area
[12,34]. Blockades of TRPC3 or TRPC4 prevented the induction of long-
lasting potentiation of trigeminal afferents-mediated excitatory sy-
naptic transmission by the activation of group I mGluRs. In the dorsal
root ganglion (DRG), an anatomical homology of the trigeminal gang-
lion, TRPC3 was found to be localized exclusively in small- and
medium-diameter sensory neurons and contributed to the SOCE [35]. In
addition, TRPC3 mediated Ca®>* and Na™*-carrying nonselective cation
currents in the rat DRG neurons that are induced by IgG immune
complex [36]. These previous studies together highlight the critical
involvement of TRPC3 in Ca?* homeostasis in the sensory neurons,
potentially contributing to chronic pain. In this aspect, our results ad-
ditionally demonstrate the significant contribution of both TRPC3 and
TRPC4 to the mGluR1/5-mediated synaptic plasticity in the SG of Ve,
suggesting a potential target of these nonselective cation channels for
pathological pain conditions [37].

5. Conclusion

The present study shows that Ca®* signals induced by the activation
of mGIuR5 transiently expressed in the tsA201 cells are mediated by
Ca®’" influx through endogenous TRPC channels via the PLC-in-
dependent and cADPR/RyR-dependent signaling pathway. In addition,
it is shown that both TRPC3 and TRPC4 contribute to mGluR1/5-in-
duced synaptic plasticity at trigeminal excitatory synapses in the SG of
the Ve.
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