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BACKGROUND AND PURPOSE

Elevation of glutamate, an excitatory amino acid, during inflammation and injury plays a crucial role in the reception and
transmission of sensory information via ionotropic and metabotropic receptors. This study aimed to investigate the
mechanisms underlying the biphasic effects of metabotropic glutamate mGlus receptor activation on responses to noxious
heat.

EXPERIMENTAL APPROACH

We assessed the effects of intraplantar quisqualate, a non-selective glutamate receptor agonist, on heat and mechanical pain
behaviours in mice. In addition, the effects of quisqualate on the intracellular calcium response and on membrane currents
mediated by TRPV1 channels, were examined in cultured dorsal root ganglion neurons from mice.

KEY RESULTS

Activation of mGilus receptors in hind paw transiently increased, then decreased, the response to noxious heat. In sensory
neurons, activation of mGlus receptors potentiated TRPV1-mediated intracellular calcium elevation, while terminating
activation of mGlus receptors depressed it. TRPV1-induced currents were potentiated by activation of mGlus receptors under
voltage clamp conditions and these disappeared after washout. However, voltage-gated calcium currents were inhibited by
the mGilus receptor agonist, even after washout.

CONCLUSIONS AND IMPLICATIONS

These results suggest that, in sensory neurons, mGlus receptors biphasically modulate TRPV1-mediated intracellular calcium
response via transient potentiation of TRPV1 channel-induced currents and persistent inhibition of voltage-gated calcium
currents, contributing to heat hyper- and hypoalgesia.

Abbreviations

5-IRTX, 5’-iodoresiniferatoxin; ACSF, artificial CSF; [Ca2'];, intracellular free Ca?" concentration; CPCCOFEt,
7-(hydroxyimino) cyclopropalb]chromen-1la-carboxylate ethyl ester; DHPG, 3,5-dihydroxyphenylglycine; DRG, dorsal
root ganglion; MPEP, 2-methyl-6-(phenylethynyl)pyridine; VGCC, voltage-gated calcium channel
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Introduction

L-glutamate, the most prominent excitatory neurotransmit-
ter in the CNS, acts through ligand-gated ionotropic and
metabotropic receptors to regulate a variety of normal brain
and spinal functions. Dysfunction of the glutamatergic
system is likely to be involved in the development of psychi-
atric disorders (Dolen et al., 2007; Ménard and Quirion, 2012)
and persistent pain (Liu and Salter, 2010; Chiechio and
Nicoletti, 2012). Inflammation and nerve injury in the
periphery causes glutamate release from sensory neurons,
glia, and damaged cells in the spinal cord and peripheral
tissue (Omote et al., 1998; Lawand et al., 2000; Liu and Salter,
2010), which in turn causes inflammatory and neuropathic
pain. Many studies have indicated that spinal metabotropic
glutamate mGlus receptors contribute to nociceptive process-
ing during this pain (Walker et al., 2001; Hudson et al., 2002;
Guo etal., 2004; Yan et al., 2009; Li et al., 2010; Liu et al.,
2012). Morphological evidence has shown that mGlus recep-
tors are also expressed in dorsal root ganglion (DRG) cell
bodies and unmyelinated afferents in peripheral tissue (Bhave
et al., 2001). Systemic injection of an mGlu, s receptor agonist
leads to increased sensitivity to noxious heat, or thermal
hyperalgesia, and selective mGlu; and mGlus receptor
antagonists attenuate formalin-induced pain (Bhave et al.,
2001). Therefore, the mGlus receptors in primary afferent
fibres may be a potential therapeutic target for the prevention
and treatment of neuropathic and inflammatory pain.

The non-selective cation TRPV1 channel is activated by
capsaicin, acidic pH (pH < 6.0), noxious heat (>42°C), and
endovanilloid compounds (Caterina efal.,, 1997). TRPV1
channels are highly expressed in the peripheral nervous
system and highly enriched in unmyelinated C-fibres, myeli-
nated Ad fibres, and nociceptor somata in trigeminal, vagal,
and DRG (Han et al., 2013; Mitchell et al., 2014). Thus, TRPV1
channels have the potential to integrate responses to multi-
ple noxious stimuli, and play an important role in pain sen-
sation. Recent research suggests there may be an interaction
between mGlus receptors and TRPV1 channels in cell physi-
ology and pain behaviour, as mGlus receptors directly acti-

vate TRPV1 channels in presynaptic terminals of the dorsal
horn in rats (Kim et al., 2009). Hyperalgesia induced by acti-
vation of mGlus receptors may be mediated by TRPV1
channel function, as perineural pretreatment with 1% cap-
saicin significantly reduced pain-related behaviour induced
by mGlus receptor agonists (Jung et al., 2011). However, the
details of peripheral mGlus receptor function and mGlus
receptor — TRPV1 channel interactions in DRG neurons
remain unclear.

Here, we show that mGlus receptors biphasically modu-
late the TRPV1 channel-mediated intracellular calcium
response in peripheral sensory neurons, contributing to
hyper- and hypoalgesia in mice.

Methods

All animal care and experimental procedures were in accord-
ance with ‘Guiding Principles for the Care and Use of Labo-
ratory Animals’ set by the Japanese Pharmacological Society
and approved by the Ethics Committee of Kanazawa Medical
University. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 126 animals were used in the experi-
ments described here.

Behavioural testing

Pain behaviours, in response to thermal and mechanical
stimuli, were measured in 8-week-old C57BL/6] male mice
(SLC, Shizuoka, Japan). Thermal sensitivity was assessed
using the hot plate test. The heated surface of the plate was
kept at a temperature of 55 £ 0.1°C (Model-DS 37, Ugo Basile,
Comerio, Italy), as measured by a built-in digital thermom-
eter (accurate to 0.1°C), and verified by a surface thermom-
eter. Mice were placed on the hot plate and surrounded by a
clear acrylic cage. The latency to respond was measured as the
time it took for the mouse to either lick, flick or bite its hind
paw, or jump (whichever happened first). After a response,
the mouse was immediately removed from the hot plate and
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returned to its home cage. In the absence of paw licking or
jumping, a 20 s cut-off was used to prevent tissue damage.
The tests were performed just prior to intraplantar drug injec-
tion, as well as 15 min and 4 h after injection. Mechanical
sensitivity was assessed by measuring paw withdrawal thresh-
olds using calibrated von Frey filaments (Aesthesio®, DanMic
Global, LLC, San Jose, CA, USA). Mice were acclimatized to a
clear acrylic cylinder (outer diameter 19 cm, height 13 cm)
placed on an elevated wire-mesh platform, which allowed
access to the ventral surface of the hind paws. Filaments
(0.07-2.0 g) were presented perpendicular to the plantar
surface of the injected paw and held in this position for 5 s,
using enough force to cause a slight bend in the filament.
Positive responses were recorded when there was an abrupt
withdrawal of the hind paw, or flinching behaviour, imme-
diately following removal of the stimulus. A median paw
withdrawal threshold was determined using an adaptation of
Dixon’s up-and-down method (Chaplan et al., 1994).

DRG cultures

For dissection and plating of DRG, we followed a protocol
previously reported by Callaghan et al. (2008). To prepare
stable cultured neurons, younger mice were used in the
culture experiment compared with behavioural testing. Six-
to 14-day-old C57BL/6] mice (SLC, Shizuoka, Japan) were
anaesthetized with isoflurane, and DRG were rapidly dis-
sected from all spinal levels in ice-cold Ca*/Mg?**-free artificial
CSF (ACSF; composition given below). DRG neurons were
dissociated following treatment with Ca®/Mg*-free ACSF
containing 0.1% type II collagenase (240 unit mg™'; Wor-
thington Biochemical, Co., Lakewood, NJ, USA), 0.1% trypsin
(Gibco, San Diego, CA, USA), and 0.01% DNase I (Sigma, St.
Louis, MO, USA) for 1 h at 37 °C. Cells were gently triturated
in DMEM (D6429; Sigma) containing 10% horse serum
(Gibco), 5% FCS (Gibco) and 1% penicillin-streptomycin
(Wako, Osaka, Japan). Agglutinative cells were removed using
a 100 um Cell Strainer (BD Biosciences, San Jose, CA, USA)
and the remaining cells plated on 13 mm diameter coverslips
coated with poly-L-lysine (Matsunami Glass Ind., Osaka,
Japan). Calcium imaging and patch-clamp recording were
performed 2-3 days after dissociation.

Calcium imaging

Imaging was conducted as described previously (Yoshida
et al., 2005). For microscopic fluorometric measurement of
intracellular free Ca?* concentrations ( [Ca*];), DRG neuronal
cultures were washed twice with ACSF (containing 138.6 mM
NaCl, 3.35mM KCl, 21 mM NaHCO;, 9.9 mM glucose,
0.6 mM NaH,PO,, 2.5 mM CaCl,, and 1 mM MgCl,), gassed
with a mixture of 95% O, and 5% CO, (pH 7.4), and incu-
bated for 30 min in the dark at room temperature (25 £ 2°C)
in a solution with 3 uM of fura-2-acetoxymethyl ester (Fura-
2/AM; Dojindo Laboratories, Kumamoto, Japan) and 0.005%
Cremophore EL. After incubation, cells were washed in ACSF
for 30 min and culture dishes placed on the stage of an
inverted microscope (ECLIPSE TE 300, Nikon, Tokyo, Japan)
equipped with a 20 x S-fluor objective. Fluorescence images
were recorded and analysed using a video image analysis
system (ARGUS/HiSCA, Hamamatsu Photonics, Hamamatsu,
Japan). Experimental agents were dissolved in ACSF and
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applied by continuous perfusion (2 mL-min™) using a peri-
staltic pump. When cadmium chloride was used to block Ca**
channels, NaH,PO,4 was replaced to NaCl in the ACSF in order
to prevent cadmium precipitation. Image pairs were captured
at 5 s intervals. Fura-2 fluorescence was monitored at an emis-
sion wavelength of 510 nm by exciting Fura-2 at, alterna-
tively, 340 and 380 nm. The 340-380 nm fluorescence ratio
(F340/F380) was used to indicate changes in [Ca®']..

Whole-cell recording

Cultured neurons were plated onto coverslips, transferred to
the recording chamber, and superfused with 30°C ACSE
Neurons were visually identified using a 60 x water immer-
sion objective attached to an upright microscope (Axioskop 2
FS, Carl Zeiss, Oberkochen, Germany). Pipettes for whole-cell
recordings were made from borosilicate glass capillaries
(1.5 mm outer diameter; World Precision Instruments, Inc.,
Sarasota, FL, USS). Patch pipettes (4.6-6.5 MQ) were filled
with an internal solution containing 120 mM KCH;SOs,
5 mM KCl, 10 mM K-EGTA, 5 mM Na-HEPES, 3 mM Mg-ATP
and 0.4 mM Na-GTP (pH 7.4). Series resistance was 8-20 MQ,
which was monitored throughout recording. Membrane cur-
rents were recorded in a whole-cell configuration using an
Axoclamp 700A amplifier and pCLAMP 10 software (Axon
Instruments, Foster City, CA, USA), digitized, and stored on a
computer disk for off-line analysis. To record TRPV1 currents,
capsaicin (10 uM) was applied to cells using an air pressure
injection through the pipette (Pneumatic PicoPump, PV830;
World Precision Instruments, Inc., Sarasota, FL, USA).

To record voltage-gated calcium channel (VGCC) cur-
rents, an extracellular solution containing 145 mM tetraethy-
lammonium (TEA) chloride, 10 mM TEA-HEPES, 15 mM
glucose, and 10 mM CaCl, (pH 7.4) was perfused at a rate of
1-2 mL-min™". Patch pipettes (3.5-5.0 MQ) were filled with an
internal solution containing 120 mM CsCH;SO; 10 mM
Cs-EGTA, 10 mM Cs-HEPES, 1 mM CaCl,, 4 mM Mg-ATP, and
0.3 mM Na-GTP (pH 7.4). To evoke VGCC currents, a series of
10 mV, 80 ms depolarizing steps were applied every 20s,
from a holding potential of -80 mV to +70 mV (Fig. 4A).
Drugs effects on VGCC currents were tested during perfusion
or 10-30 min after washout. A series of recordings from a
single DRG neuron were performed only once because
VGCCs are easily desensitized by repetitive stimulation.

Data analysis

Results are expressed as mean + SEM, and n represents the
number of the cells or animals examined. Data were analysed
using StatView (SAS Institute Inc., Cary, NC, USA) and
SigmaPlot 8.0.2 (SPSS, Inc., Drunen, The Netherlands). Statis-
tical significance was assessed by using a one-way aNovAa with
post hoc Dunnett’s test. P < 0.05 was considered statistically
significant.

Materials

Quisqualic acid and capsaicin (a TRPV1 channel
activator) were obtained from Sigma, while (5)-3,5-
dihydroxyphenylglycine (DHPG, an mGluys receptor
agonist), o-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid (AMPA, an AMPA receptor agonist), 7-(hydroxyimino)
cyclopropalb]chromen-1a-carboxylate ethyl ester (CPCCOE,



a selective negative allosteric mGlu; receptor modulator),
2-methyl-6-(phenylethynyl)pyridine (MPEP, a selective
negative allosteric mGlus receptor modulator), and
5’-iodoresiniferatoxin (5’-IRTX, a TRPV1 channel blocker)
were obtained from Tocris Cookson (Bristol, UK).

Results

Intraplantar injection of quisqualate causes
heat hyper- and hypoalgesia via activation of
mGlus receptors

We examined the effects of intraplantar injection of quis-
qualate on hot plate and von Frey responses in mice

Biphasic modulation of TRPV1 by mGIuR5

(Figure 1). Quisqualate is a non-selective glutamate receptor
agonist which can activate AMPA receptors (Stawski et al.,
2010) and group I metabotropic glutamate receptors (Abe
etal., 1992). In the hot plate test, intraplantar quisqualate
(4 nmol per paw) significantly decreased the latency to shake,
lick or jump on the hot plate when mice were tested 15 min
after injection (F3.s = 3.496, P = 0.0414), indicating heat
hyperalgesia (Figure 1B). In contrast, when mice were tested
4 h after injection, this dose significantly increased latency to
respond (Fg2s) = 3.506, P = 0.0453), indicative of heat hypoal-
gesia (Figure 1C). These hyper- and hypoalgesic effects van-
ished with concurrent injection of MPEP (5 nmol per paw), a
selective negative allosteric modulator of mGlus receptors.
Intraplantar S5’-IRTX (0.01 nmol per paw) significantly
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Effects of intraplantar quisqualate injection on hot plate and von Frey’s test in mice. (A) Experimental design of hot plate test. Changes in latency
to shake, lick or jump after placement on hot plate (55.0 + 0.2°C) 15 min (B) or 4 h (C) after injection of glutamatergic drugs. Eight mice were
used in each group. (D) Time course of mechanical hyperalgesia induced by intraplantar injection of quisqualate. *P < 0.05 significantly different
from control. (E) Effect of MPEP on quisqualate-induced mechanical allodynia. Six mice were used in each group. Data presented as mean = SEM.
*P < 0.05 significantly different from ipsilateral paw in saline group, TP < 0.05 significantly different from ipsilateral paw in quisqualate group

(4 nmol per paw).
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increased the latency to respond 15 min (F 14 = 5.243, P =
0.0381) and 4 h (F1,14 = 29.566, P < 0.0001) after injection,
indicating heat hypoalgesia (Supporting Information Fig. S1).
Intraplantar quisqualate resulted in significant decreases in
paw withdrawal thresholds on the von Frey test, compared
with ipsilateral, saline-treated paws, representing induction
of mechanical hypersensitivity. These decreases were
observed following 2 and 4 nmol per paw quisqualate 15 min
(Fi2,15 = 15.680; 2 nmol per paw, P = 0.012; 4 nmol per paw, P
= 0.0001) and 30 min (Fg:s) = 21.378; 2 nmol per paw, P =
0.0005; 4 nmol per paw, P < 0.0001) after injection
(Figure 1D). A dose of 4 nmol per paw quisqualate resulted in
decreases in paw withdrawal threshold 60 min (Fy.s5 =
16.043, P < 0.0001), 120 min (Fp,15 = 5.644, P = 0.0093) and
180 min (Fz15y = 17.554, P < 0.0001) after injection
(Figure 1D). The mechanical hypersensitivity induced by
intraplantar quisqualate was partially decreased 60-180 min
after concurrent injection of MPEP, and significantly antago-
nized after 180 min (F, 10 = 22.038, P = 0.0008, against ipsi-
lateral paw in quisqualate group, Figure 1E).

Activation of mGlus receptors potentiates
capsaicin-induced elevation in intracellular
calcium in cultured DRG neurons

We measured [Ca*]; in cultured DRG neurons using Fura-
2/AM dye. Perfusion of capsaicin (0.5 uM, a TRPV1 channel
activator) induced an increase in [Ca*]; in half of the cul-
tured mouse DRG neurons (Figure2 A, E and F); this
increase was completely blocked by 1 uM 5’-IRTX, a TRPV1
channel blocker (Figure 2C). Thus, capsaicin-induced
calcium elevation appears to be mediated by TRPV1 channel
activation. Glutamate acts through a variety of ionotropic
(NMDA, AMPA and kainate) and metabotropic receptors
(mGlu,s) (Kew and Kemp, 2005). In the present study, per-
fusion of glutamate (30 uM) and quisqualate (10 uM) sig-
nificantly potentiated the capsaicin-induced [Ca*']; increase
in DRG neurons (glutamate: F(,09 = 26.73, P < 0.0001; quis-
qualate: Fgs100) = 8.815, P < 0.0001, Figure 2D-G), but did
not change the ratio of capsaicin-sensitive neurons. Gluta-
mate, or quisqualate, alone produced no change in [Ca*]; in
any of the neurons (Figure 2H). To evaluate changes in
maximal effect at high concentrations (En.) and concentra-
tion needed to give half-maximal effect (ECs) for capsaicin
during quisqualate application, dose-response curves for
capsaicin (0.03-3.0 uM) were produced (Figure 3A). The
presence of quisqualate caused an obvious and significant
increase in Ema (Fa49 = 29.46, P < 0.0001, Figure 3B), and
significantly decreased ECsy (Fu49 = 4.282, P = 0.0438,
Figure 3C). These results suggest that quisqualate potenti-
ates capsaicin-induced calcium elevation via changes in
capsaicin efficacy and potency in DRG neurons. The
quisqualate-induced potentiation was abolished by 30 uM
MPEP (F40) = 11.247, P = 0.771), but not 100 uM CPCCOEt
(a selective negative allosteric modulator of mGlu, recep-
tors; P < 0.0001, Figure 3D). In addition, application of
DHPG, a selective mGluys receptor agonist, enhanced
capsaicin-induced calcium elevation (Fu.) = 4.708, P =
0.039), while 10 uM AMPA, an AMPA/kainate receptor
agonist, had no significant effect on responses to capsaicin
(F(l‘zz) = 0657, P = 0426)
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Cessation of activation of mGlus receptors
attenuates capsaicin-induced [Ca*]; elevation
in cultured DRG neurons

We examined the effects of capsaicin on intracellular calcium
in DRG neurons after washout of glutamate and quisqualate
(Figure 4). Interestingly, compared with neurons without glu-
tamate or quisqualate application, the capsaicin-induced
elevation of [Ca*]; was significantly decreased in neurons
that had been previously exposed to glutamate (Fg 144 =
11.994, P = 0.007, Figure 4B and D) or quisqualate (F,100) =
7.004, P=0.0007; Figure 4C and D). Changes in capsaicin Emax
and ECs, were also evaluated after quisqualate washout
(Figure 4F-H). Our analysis showed that the ECs, for capsaicin
significantly increased during calcium elevation (F4 =
8.491, P=0.0055, Figure 4H), while E..x did not change (F 46
= 0.870, P = 0.3558, Figure 4G). These results suggest that
cessation of quisqualate perfusion attenuates capsaicin-
induced calcium elevation through changes in the potency
of capsaicin. Quisqualate-induced calcium depletion was
blocked by MPEP (Fz3 = 8.300, P = 0.0012), but not
CPCCOEt (F36 = 8.300, P = 0.761, Figure 4E). In addition,
application of DHPG decreased capsaicin-induced calcium
elevation (Fi14 = 12.842, P = 0.003), while AMPA had no
significant effect on capsaicin response (Fus) = 0.664, P =
0.428). Therefore, cessation of the activation of mGlus recep-
tors inhibited capsaicin-induced calcium elevation in the
mouse DRG neurons.

Quisqualate potentiates TRPV1-mediated
calcium current in DRG neurons

Puff application of capsaicin (10 uM, 5 ms) from glass
pipettes (8 MQ) near DRG cell bodies (10-25 um) resulted in
large inward currents, at a holding potential of -60 mV (rep-
resentative trace, Figure 5A). This response was completely
blocked by addition of 1 uM 5’-IRTX (Figure 5B). Bath appli-
cation of 10 UM quisqualate potentiated capsaicin-induced
inward currents, which diminished after washout (quantita-
tive data, Figure 5B). Quisqualate caused a significant increase
in amplitude of capsaicin-induced currents (F13 = 6.139, P =
0.028), but this effect disappeared after washout (Fp:3 =
1.519, P=0.258). Increases in current amplitude were blocked
by MPEP perfusion (Fy,13 = 6.139, P = 0.032). Thus, under
voltage-clamp conditions, activation of mGlus receptors
enhanced TRPV1-mediated calcium currents, while inhibi-
tion of TRPV1-mediated calcium currents was not observed
once mGlus receptor activation was stopped. These changes
in voltage-dependent components may contribute to the
decrease in capsaicin-induced intracellular calcium response.

Quisqualate inhibits VGCCs in DRG neurons
To evaluate the contribution of VGCCs to the decreased
response to capsaicin following activation of mGlus recep-
tors, we examined the effect of quisqualate on capsaicin-
induced [Ca*]; in the presence of cadmium, a non-selective
calcium channel blocker (Figure 6). In the presence of
0.1 mM cadmium chloride, we observed a decrease in the E,.x
of capsaicin (F3ss) = 11.631, P = 0.041) and an increase in its
ECso (Fsssy = 7.494, P = 0.021), suggesting that calcium
channel components are involved in capsaicin-induced
elevation of calcium. In the presence of cadmium, the
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Figure 2

Effects of glutamatergic drug perfusion on capsaicin-induced elevation of intracellular calcium in primary cultured DRG neurons. (A) Representa-
tive images of F340/F380 ratio before and after the perfusion of capsaicin (0.5 uM) and KCI (50 mM) using Fra-2 AM dye. (B) Time course of
F340/F380 ratio in seven independent cells from panel A. Horizontal bars represent periods of capsaicin and KCI perfusion. (C) Effects of 5"-IRTX
and calcium-free solution on capsaicin-induced elevation of intracellular calcium in DRG neurons. (D) Experimental design for the recording of
capsaicin-induced calcium elevation during glutamatergic drug perfusion. (E, F) Cumulative frequency graph showing changes in the F340/F380
ratio induced by capsaicin in the presence of glutamate and quisqualate. (G) Quantitative data showing changes in the F340/F380 ratio induced
by capsaicin in the presence of glutamate and quisqualate. Data represents average of 50% of neurons, those with the largest capsaicin-induced
calcium elevation. (H) Changes in intracellular calcium levels during glutamate or quisqualate perfusion. Data presented as mean + SEM.
***P < 0.0001, significantly different from control.
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Pharmacological analysis of quisqualate-induced potentiation of capsaicin response in primary cultured DRG neurons (A) Concentration-response
curves for capsaicin (0.03-3.0 uM) during quisqualate perfusion. Average Em.x of capsaicin response (F340/F380 ratio) in the control group was
defined as 100%. Summary of changes in Enac (B) and ECso (C). (D) Quantitative data showing changes in the F340/F380 ratio induced by
capsaicin, in the presence of glutamatergic drugs. Data represents average of 50% of neurons, those with the largest capsaicin-induced calcium
elevation. Data presented as mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.0001, significantly different from control.

decrease in ECso we had previously observed after quisqualate
washout disappeared (Fss) = 7.494, P = 0.118); instead, we
detected an increase in Enax (Fiss) = 11.631, P =0.008) and a
decrease in ECs (F3,55 = 7.494, P < 0.0001) during quisqualate
perfusion. Next, we examined the effects of quisqualate on
VGCC currents in DRG neurons. VGCC currents were evoked
by depolarizing cells from —70 to +70 mV for 80 ms, from a
holding potential of -80 mV. Representative traces of VGCC
currents in DRG neurons, in response to capsaicin, are shown
in Figure 7. Quisqualate (10 uM) caused a persistent decrease
in VGCC currents between washouts. Figure 7E and F show
the current densities of peak VGCC currents induced by
depolarizing cells to +10 mV, from a holding potential of
-80mV, in capsaicin-sensitive and insensitive neurons
respectively. VGCC currents in capsaicin-sensitive neurons
were significantly inhibited during, and following, quis-
qualate perfusion (F5 = 5.076, P = 0.047 and P = 0.037,
respectively, Figure 7E and Supporting Information Fig. S2).
These effects disappeared with simultaneous perfusion of
MPEP (F5,13 = 0.120, P = 0.865, Figure 7E). On the other hand,
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quisqualate caused no significant changes in VGCC currents
in capsaicin-insensitive neurons (Fp1s = 0.282, P = 0.8115)
even after washout (P = 0.8229, Figure 7F). This difference
may arise because of composition of the calcium channels, as
the current-voltage (I-V) relationship in VGCC currents in
capsaicin-sensitive neurons was different from that in
capsaicin-insensitive neurons (Figure 7C and D).

Discussion and conclusions

In general, activation of TRPV1 channels caused inward cur-
rents, resulting in depolarization and subsequent VGCC acti-
vation, which in turn resulted in a large elevation in [Ca*];.
The main finding of the present study was that activation of
mGlus receptors altered the TRPV1 channel-mediated [Ca®];
response in DRG neurons, which is caused by activity
changes in both TRPV1 channels and VGCC currents. Acti-
vation of mGlus receptors potentiated TRPV1 channel activ-
ity and inhibited VGCC currents. In total, TRPV1-mediated
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Figure 4

Effects of cessation of glutamatergic drug on capsaicin-induced intracellular calcium elevation in primary cultured DRG neurons. (A) Experimental
design for recording capsaicin-induced calcium elevation after washout of glutamatergic drugs. (B, C) Cumulative frequency graph showing
changes in the F340/F380 ratio induced by capsaicin after washout of glutamate and quisqualate. (D, E) Quantitative data showing changes in
the F340/F380 ratio induced by capsaicin after washout of glutamatergic drugs. Data represent average of 50% of neurons, those with the largest
capsaicin-induced calcium elevation. (F-H) Pharmacological analysis of quisqualate-induced depression of capsaicin response in primary cultured
DRG neurons. (F) Concentration-response curves of capsaicin (0.03-3.0 uM) after washout of quisqualate. The average Em.« for capsaicin
(AF340/F380 ratio) in control group was defined as 100%. Summary of changes in Ema.x (G) and ECso (H). Data presented as mean = SEM.
*P < 0.05, **P < 0.01, ***P < 0.0001, significantly different from control, 1P < 0.01, significantly different as indicated.
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[Ca*]; elevation was potentiated, because TRPV1 channel
potentiation was seemingly larger than VGCC current inhi-
bition. Cessation of mGlus receptor activation caused the
TRPV1-induced increase in [Ca®']; to disappear, while VGCC
current inhibition persisted. Thus, overall, TRPV1-mediated
[Ca*]; elevation was reduced. The changes we have described
in these responses mediated by TRPV1 channels may contrib-
ute to heat hyper- and hypoalgesia in mice.

Activation of mGlus receptors potentiated TRPV1
channel-mediated [Ca*]; elevation. During activation of
mGlus receptors, the TRPV1 channel-mediated membrane
current was enhanced. Several studies have found that
mGluRS activation facilitates TRPV1 channel trafficking and
activity. Morenilla-Palao et al. (2004) reported that PKC acti-
vation, induced by mGlus receptors, caused rapid delivery of
functional TRPV1 channels to the plasma membrane and
potentiated TRPV1 channel currents in oocytes co-expressing
TRPV1 channels and mGlus receptors. Bhave et al. (2003)
reported that phosphorylation of TRPV1 channels, induced
by PKC activation, sensitized these channels. On the other
hand, increased levels of PI 4,5-bisphosphate (PIP,) resulted
in inhibition of TRPV1 channels (Lukacs et al., 2007), suggest-
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ing that phospholipase C (PLC) activation by mGlus receptors
may be a consequence of PIP,-mediated TRPV1 channel inhi-
bition. It has been reported that activation of mGlus receptors
causes an increase in [Ca*]; in cultured DRG neurons
(Crawford et al., 2000) and that these calcium responses are
mediated by the activation of TRPV1 channels, which is
induced by PKA or COX activation in mice (Hu et al., 2002) or
diacylglycerol production in rats (Kim et al., 2009). However,
mGlus receptor-induced calcium responses were not detected
in mouse cultured DRG neurons in the present study. Hu
et al. (2002) used cultured DRG neurons that were dissected
from 6 to 7-week-old mice and cultured for 6-7 days, and we
used neurons that were dissected from 6 to 14-day-old mice
and cultured for 2-3 days. We suggest that the expression
and/or localization of the molecules contribute to the inter-
actions between mGlus receptors and the TRPV1 channel
changes. The use of different species, ages and/or incubation
stages of culture may have resulted in the disappearance of
the intracellular calcium increases that was observed in the
present study.

Removing the agonist after activation of mGlus
receptors caused a significant decrease in the degree of
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TRPV1-mediated calcium elevation, although the decrease in
TRPV1 channel current was not observed under voltage-
clamp conditions. On the other hand, VGCC currents in DRG
neurons were inhibited by mGlus receptor activation in
capsaicin-sensitive neurons, even after cessation of activation
of these receptors. Many studies have suggested that metabo-
tropic receptors may contribute to VGCC current modula-
tion. The application of mGlu receptor agonists reduced
L-type VGCC currents in cultured hippocampal and neocor-
tical neurons (Sayer etal., 1992; Sahara and Westbrook,
1993). Gamper et al. (2004) reported that the depletion of
PIP,, activated by Gg1: protein-coupled muscarinic M, recep-
tors, caused suppression of N-type calcium currents in supe-
rior cervical ganglion (SCG) neurons. Liu etal. (2004)
reported that inhibition of L- and N-type calcium channels
by M, receptor activation in SCG neurons was mediated by
diacylglycerol lipase activation. Interestingly, mGluR5a acti-

vation can also cause biosynthesis of 2-arachidonoylglycerol,
an endocannabinoid, resulting in N-type calcium channel
inhibition via the activation of cannabinoid CB; receptors in
cultured SCG neurons (Won et al., 2009).

Scroggs and Fox (1992) reported that, in rat DRG neurons,
the distribution of calcium channel subtypes was dependent
on cell diameter. For instance, the percentage of L-type
calcium channels was significantly larger in small diameter
neurons (52.9% of total whole-cell calcium channels) than in
medium- and large-diameter neurons (6.6 and 19.4% of total
whole-cell calcium channels, respectively). In contrast, the
percentage of N-type calcium channels was similar in small-,
medium- and large-diameter neurons. Almost all capsaicin-
sensitive neurons in the DRG are classified as small- and
medium-sized neurons (Kobayashi et al., 2005); therefore,
activation of mGlus receptors may inhibit a type of VGCC
current that is predominantly expressed in capsaicin-
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*P < 0.05, significantly different from control.

sensitive neurons. In the present study, mGlus receptor-
induced inhibition of VGCC currents was persistent. It is well
understood that activation of mGlu,s receptors can regulate
internalization and translation of several molecules via at
least two signal transduction pathways (ERK and mammalian
target of rapamycin), resulting in long-term synaptic depres-
sion in the hippocampus (Snyder et al., 2001; Banko et al.,
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2006). Therefore, mGluy;s receptors may also regulate inter-
nalization or translation of VGCC regulating molecules in
DRG neurons.

We have shown that activation of mGlus receptors con-
tributes to heat hyper- and hypoalgesia in mouse hind paws.
Acute mGIluRS activation produced heat hyperalgesia in vivo,
which correlated with sensitization of TRPV1 channel



responses in the presence of quisqualate in DRG neurons in
vitro. Similar effects have been observed in rats, as an intra-
plantar injection of DHPG increased sensitivity to thermal
and mechanical stimuli (Jung etal., 2011). Furthermore,
novel and unique observations were found during the
chronic phase, as heat hypoalgesia, mediated by mGlus recep-
tor stimulation, was observed 4 h after quisqualate injection.
Hypoalgesia caused by quisqualate in vivo may correlate with
the reduction in TRPV1-mediated [Ca*]; elevation after quis-
qualate washout seen in vitro, perhaps because of the metabo-
lism or dilution of quisqualate in paw tissue. On the other
hand, intraplantar quisqualate caused mechanical hypersen-
sitivity, but did not reduce mechanosensitivity. Mechanore-
ceptor neurons co-express degerin/epithelial Na* channels
and TRP (TRPV3, TRPV4 or TRPA1l) channel proteins that,
together, form mechano-electrical transduction (MeT) chan-
nels (Geffeney and Goodman, 2012). Mechanical hyperalge-
sia induced by intraplantar quisqualate may be caused by a
TRPV1-independent mechanism, such as MeT channel
regulation.

Recently, Kumar et al. (2012) reported that functional
mGlus receptors were expressed not only on neuronal cell
surfaces, but also in intracellular membranes, such as the
endoplasmic reticulum, Golgi and nuclear membranes. Quis-
qualate has been reported to be able to pass through cell
membranes and activate both cell surface and intracellular
receptors, whereas DHPG only activates cell surface receptors
(Kumar et al., 2012). As quisqualate and DHPG had the same
effect on [Ca*]; in the present study, it may be that activation
of cell surface mGlus receptors are responsible for the poten-
tiation and attenuation of TRPV1-mediated [Ca®]; in mouse
DRG neurons.

In conclusion, activation of mGlus receptors had biphasic
effects on TRPV1-mediated [Ca*]; elevation in mouse DRG
neurons. These effects were due to the transient potentiation
of TRPV1 channel currents and the persistent inhibition of
VGCC currents by TRPV1-mediated depolarization. These
phenomena may contribute to the modulation of sensitivity
to noxious heat.
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Figure S1 Effects of intraplantar 5-IRTX injection on hot
plate response. Changes in latency to shake, lick, or jump
after placement on hot plate (55.0 + 0.2°C) (A) 15 min or (B)

Biphasic modulation of TRPV1 by mGIuR5

4 h after 5-IRTX injection (0.01 nmol per paw). Eight mice
were used in each group. *P < 0.05 against control. Data is
presented as mean + SEM.

Figure $2 Time plot showing calcium current density in a
representative capsaicin-sensitive DRG neuron. Calcium cur-
rents were evoked by depolarizing the cell in 10 mV, 20 ms
steps, every 20 s, from a holding potential of —-80 mV. The
horizontal bar represents quisqualate (10 uM) perfusion.
Black and red traces were recorded at time points indicated by
the respective coloured arrows.
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