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Neurobiology of Disease

Transient Receptor Potential Canonical 3 (TRPC3) Is
Required for IgG Immune Complex-Induced Excitation of
the Rat Dorsal Root Ganglion Neurons

Lintao Qu,' Yumei Li,> Xinghua Pan,’ Pu Zhang,' Robert H. LaMotte,' and Chao Ma'-?

Departments of 'Anesthesiology and 2Genetics, Yale University School of Medicine, New Haven, Connecticut 06510, and *Department of Anatomy,
Histology and Embryology, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences, School of Basic Medicine, Peking Union Medical
College, Beijing 100005, China

Chronic pain may accompany immune-related disorders with an elevated level of serum IgG immune complex (IgG-IC), but the under-
lying mechanisms are obscure. We previously demonstrated that IgG-IC directly excited a subpopulation of dorsal root ganglion (DRG)
neurons through the neuronal Fc-gamma receptor I (FcyRI). This might be a mechanism linking IgG-IC to pain and hyperalgesia. The
purpose of this study was to investigate the signaling pathways and transduction channels activated downstream of IgG-IC and FcyRI. In
whole-cell recordings, IgG-IC induced a nonselective cation current (I;.) in the rat DRG neurons, carried by Ca*>* and Na *. The I} was
potentiated or attenuated by, respectively, lowering or increasing the intracellular Ca>* buffering capacity, suggesting that this current
was regulated by intracellular calcium. Single-cell RT-PCR revealed that transient receptor potential canonical 3 (TRPC3) mRNA was
always coexpressed with FcyRI mRNA in the same DRG neuron. Moreover, ruthenium red (a general TRP channel blocker), BTP2 (a
general TRPC channel inhibitor), and pyrazole-3 (a selective TRPC3 blocker) each potently inhibited the I;.. Specific knockdown of
TRPC3 using small interfering RNA attenuated the IgG-IC-induced Ca®" response and the I,.. Additionally, the I, was blocked by the
tyrosine kinase Syk inhibitor OXSI-2, the phospholipase C (PLC) inhibitor neomycin, and either the inositol triphosphate (IP;) receptor
antagonist 2-aminoethyldiphenylborinate or heparin. These results indicated that the activation of neuronal FcyRI triggers TRPC chan-
nels through the Syk-PLC-IP, pathway and that TRPC3 is a key molecular target for the excitatory effect of IgG-IC on DRG neurons.

Introduction

Chronic pain is a major health problem that may accompany
numerous immune-related diseases (Moulin, 1998; Mathsson et
al., 2006; McDougall, 2006; Wittkowski et al., 2007; Oaklander,
2008; Kaida et al., 2009). The IgG immune complex (IgG-IC)
appears to be an important factor for the pathogenesis of such
pain in addition to the contributions of inflammatory mediators,
such as certain chemokines and cytokines (Mathsson et al., 2006;
Kaida etal., 2009). IgG-1C produced cutaneous hyperalgesia after
the injection of a foreign antigen into the hindpaws of animals
immunized with the same antigen and expressing an elevated
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level of serum IgG (Verri et al., 2008; Ma et al., 2009). However,
the neural mechanisms whereby IgG-IC induces pain have not
been fully elucidated.

Fc-gamma receptors (FcyRs), the receptors binding to the Fc
domain of IgG, are typically expressed in immune cells and have
been implicated in the pain generated by inducing the release of
proinflammatory cytokines from immune cells (Nimmerjahn
and Ravetch, 2006, 2008). The FcyR family consists of two func-
tionally different classes, the activating and the inhibitory recep-
tors. Among them, FcyRI is the only high-affinity activating
receptor. Recent studies revealed that FcyRI, but not FcyRII or
FcyRII, is expressed in nociceptive dorsal root ganglion (DRG)
neurons (Andoh and Kuraishi, 2004; Qu et al., 2011a). Moreover,
neuronal FcyRI appears to be a key player mediating the direct
effect of IgG-IC on DRG neurons. The activation of neuronal
FcyRI by IgG-IC produced an increase in intracellular calcium
([Ca**];) and directly caused the membrane depolarization of
DRG neurons (Qu et al., 2011a). However, the ionic mechanisms
whereby IgG-IC-evoked activation of FcyRI leads to neuronal
excitation remain unknown.

Our recent study (Qu et al., 2011a) showed that the activation
of FcyRI by IgG-IC decreased the input resistance and depolar-
ized the membrane potential of the DRG neurons, suggesting
that the effect of IgG-IC involves the opening of cation channels.
In the human monocytic cell line, FcyRI activation indirectly
triggered a nonselective cation channel (NSCC) (Floto et al.,
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1997). Furthermore, the activity of this channel was enhanced by
the depletion of intracellular Ca** stores independently of
FcyRI, suggesting the involvement of a store-operated channel
(SOC). However, the molecular identity of this channel is un-
clear. Transient receptor potential canonical (TRPC) channels
(including subtypes 1-7), a family of Ca®"-permeable NSCCs,
play a critical role in the regulation of resting membrane potential
in excitable cells (Pedersen et al., 2005). All TRPC channels, ex-
cept TRPC2, are present in rat DRG neurons, with TRPCI, 3, and
6 the most abundant (Kress et al., 2008). Furthermore, some of
the TRPCs are activated via a store-operated mechanism (Wu et
al., 2010). More recently, TRPC3/6/7 was identified as a key
downstream transduction channel in Fc-€ receptor I (FceRI) sig-
naling in mast cells (Sanchez-Miranda et al., 2010).

Therefore, the present study examined the potential role of
TRPC channels in mediating the depolarizing effects of IgG-IC
and the associated cellular mechanisms in rat DRG neurons. Pre-
liminary results of this study were presented in abstract form (Qu
etal., 2011b).

Materials and Methods

Animals. The adult Sprague Dawley rats (120—-180 g) used in this study
were all female to maintain consistency with our previous studies (Ma
and LaMotte, 2005; Ma et al., 2006). Rats were housed in groups of three
or four under a 12 h light/dark cycle. All the experimental procedures
were approved by the Institutional Animal Care and Use Committee of
Yale University School of Medicine and were conducted in accordance
with the guidelines provided by the National Institute of Health and the
International Association for the Study of Pain.

Cell dissociation and culture. DRG neurons were cultured from adult
Sprague Dawley rats as described previously (Qu et al., 2011a). Briefly,
bilateral L4 and L5 lumbar DRGs were harvested from rats and trans-
ferred into oxygenated complete saline solution (CSS) for cleaning and
mincing. The CSS contained the following (in mm): 137 NaCl, 5.3 KCI, 1
MgCl,, 3 CaCl,, 25 sorbitol, and 10 HEPES, adjusted to pH 7.2 with
NaOH. The DRGs were then digested with Liberase TH (0.19 U/ml;
Roche Diagnostics) for 20 min and for another 20 min with Liberase TL
(0.25 U/ml; Roche Diagnostics) and papain (30 U/ml; Worthington Bio-
chemical) in CSS containing 0.5 mm EDTA at 37°C. After enzymatic
digestion, the cells were dissociated by gentle trituration with a fire-
polished Pasteur pipette in culture medium containing 1 mg/ml bovine
serum albumin and 1 mg/ml trypsin inhibitor (Boehringer Mannheim)
and placed on poly-p-lysine/laminin-coated glass coverslips (BioCoat;
BD Biosciences). The culture medium contained equal amounts of
DMEM and F12 (Invitrogen) with 10% FCS (HyClone Laboratories) and
1% penicillin-streptomycin (Invitrogen). The cells were maintained at
37°C in a humidified atmosphere of 95% air and 5% CO, and were used
within 24 h.

Preparation of IgG immune complex. IgG-1C was prepared as we previ-
ously described (Qu et al., 2011a) using the normal mouse IgG (Santa
Cruz Biotechnology) as antigen and the affinity-purified rat anti-mouse
IgG (Jackson ImmunoResearch) as antibody. To avoid the possible toxic
and nonspecific effects of sodium azide on DRG neurons, the storage
buffer of all the IgGs (containing sodium azide) was changed to HEPES
buffer using Zeba spin desalting columns (Thermo Scientific) before
application. IgG-IC was formed by incubating 10 ug/ml antigen and
antibody at the ratio of 1:1 for 1 h at 25°C. Since IgG-IC at the concen-
tration of 0.1 pg/ml displayed the strongest effect on the excitation of
DRG neurons in our previous study (Qu et al., 2011a), the concentration
of 0.1 ug/ml IgG-IC was used throughout this study.

Calcium imaging. Calcium imaging was performed on cultured rat
DRG neurons, as described previously (Qu et al., 2011a). Briefly, DRG
neurons were loaded with 2 um Fura 2-acetoxymethyl ester (Invitrogen)
in the dark for 45 min at 37°C and then washed twice in a HEPES buffer
containing the following (in mwm): 145 NaCl, 3 KCI, 2 MgCl,, 2 CaCl,, 10
glucose, and 10 HEPES, adjusted to pH 7.4 with NaOH. Cells were alter-
natively excited at 340 and 380 nm using a Polychrome V Monochroma-
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tor (TILL Photonics). Images were recorded at 2 s intervals at room
temperature (20—22°C) using a cooled CCD camera (Sensicam) con-
trolled by a computer with Image Workbench 5.2 software (Indec Bio-
systems). The ratio of 340 to 380 nm fluorescence intensity [R 340,350)]
within a certain region of interest after background subtraction was used
as a relative measure of intracellular calcium concentration ([Ca®*],)
(Grynkiewicz et al., 1985). Calibration with external standards (Calcium
Calibration Buffer Kit; Invitrogen) showed that R 3,0,350) increased lin-
early with [Ca*"]; up to approximately 1 um and that R 349,350, of 0.7~
1.25 corresponded to basal [Ca**]; of 90—180 nm. Therefore, only small
diameter neurons (=30 um) with R(34,34) at the range of 0.7-1.25 were
included in this study.

Whole-cell patch-clamp recordings. Whole-cell recordings were per-
formed on small diameter (=30 wm) DRG neurons with IgG-1C respon-
siveness identified by calcium imaging. The patch pipettes were pulled
from borosilicate glass capillaries (Sutter Instrument; 1.2 mm outer di-
ameter, 0.69 mm inner diameter) using a horizontal puller (model P97;
Sutter Instrument). The resistance of the patch pipette was 3—4 M)
when filled with an internal solution consisting of the following (in mm):
120 K *-gluconate, 20 KCI, 1 CaCl,2H,0, 2 MgClL,*6H,0, 11 EGTA, 10
HEPES-K ™, 2 MgATP, with pH adjusted to 7.2 using Tris-base and
osmolarity adjusted to 290-300 mOsm with sucrose. Series resistance
was routinely compensated at 60—80%. Whole-cell currents were sam-
pled at 20 kHz and filtered at 2 kHz using a Multiclamp 700A amplifier
and Pclamp 9 software package (Molecular Devices). Current—voltage
(I-V) plots were obtained at a holding potential of —60 mV with 750 ms
voltage ramps at an interval of 2 s from —100 to —10 mV (Sun et al.,
2006). A neuron was included only if the resting membrane potential was
more negative than —40 mV. Since the mean capacitance of the small-
size DRG neurons tested in each group was similar (data not shown), the
peak amplitude of the currents rather than the current density (the ratio
of peak amplitude to cell capacitance) was measured in this study for
comparisons between groups. The neuron was considered capsaicin sen-
sitive if an inward current was induced by the puff application of capsa-
icin (1 um) for 10 s at the end of whole-cell recordings. All the
experiments were performed at room temperature (20-22°C).

The DRG neurons were continuously perfused with the HEPES buffer.
In some experiments, the Ca**-free bath solution was applied in which
the normal bath solution (HEPES buffer) was modified by the removal of
2 mM CaCl,, the addition of 0.1 mm EGTA, and an increase in the con-
centration of MgCl, (4 mm) (Lu etal., 2006). The Na *-free bath solution
was the same as the normal HEPES buffer, except that extracellular Na *
was replaced by N-methyl-p-glucamine (NMDG). For delineation of
Ca’* permeability, the bath solution with Ca®" as the sole cationic
charge carrier (Ca®"-only solution) was used as previously described
(Poteser etal., 2011) and contained the following (in mm): 135 NMDG, 3
CaCl,, 7 Ca-gluconate, 2 MgCl,, 10 glucose, and 10 HEPES, at pH ad-
justed to 7.4 with methanesulfonic acid. The internal solutions with high
and low Ca** buffer capacity were obtained by replacing 11 mm EGTA
with 10 mm BAPTA and decreasing the concentration of Ca>* and EGTA
in the normal internal solution to 0.5 and 1 mm, respectively (Qiu et al.,
2010). All agents were dissolved in HEPES buffer and applied locally to
the neuronal cell bodies through a micropipette with a tip diameter of
100 wm and an 8-channel, pressure-controlled drug application system
(AutoMate Scientific) (Ma et al., 2006). The interval between drug appli-
cations was 5—6 min. All chemicals were purchased from Sigma-Aldrich
unless otherwise indicated.

Single-cell reverse-transcription PCR. The individual small-size DRG
neurons were first examined for IgG-IC sensitivity by calcium imaging
and then aspirated into a glass electrode with a tip diameter of 25-40 um
and gently transferred into a PCR tube. For the negative control, a sample
of the bath solution without any cell contents was used. The total RNA
was extracted from individual DRG neuron using an RNeasy Plus Micro
kit (Qiagen). The RNA was reverse transcribed using Superscript Reverse
Transcriptase II (Invitrogen) according to the manufacturer’s instruc-
tions. PCR amplification was then performed using a Titanium TaqPCR
Kit (Clontech) with the primers as shown in Table 1. Beta III-tubulin was
used as an internal control. The temperature cycles included an initial
4-min denaturing step at 94°C followed by 40 cycles of 30 s denaturation
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Table 1. List of DNA primer sequences designed for single-cell RT-PCR
Product GenBank

Target gene Primer sequence 5'-3" length (bp) no.

(D64 AGTTGGAGCTATTTGGTCCCCAGTC 300 NM_001100836.1
GCTAAGGTCCAGGGTCACCTGA

TRPCT AGACGGCAGAACAGCTTGAAGGAGT 14 NM_053558.1
CACGGTGGCTTGGTCTGTGCTC

TRPG3 TGATGAGGTGAACGAAGGTGAACTG 206 NM_021771.2
TGCCCACATTTGTGCCAGAGTCA

TRP(4 AATTACTCGTCAACAGGCGGC 203 NM_080396.1
CACCACCACCTTCTCCGACTT

TRPCS AAGTTTCGAATTTGAGGAGCAGATG 220 NM_080898.2
AATCTCTGATGGCATCGCACA

TRPC6 GCTCATCCAAACTGTCAGCA 216 NM_053559.1
CAGCATTCCAAAGTCAAGCA

TRPC7 ATGACGAGTTCTATGCCTACGACG 226 NM_001191691.2
TTGTAGGCATTCATACGGGAGC

B3-tubulin GTCCGCCTGCCTCTTCGTCTC 335 NM_139254.2

TTGCCAGCACCACTCTGACCGAA

at 94°C, 30 s annealing at 58°C, and 30 s elongation at 68°C. The reaction
was completed with 5 min of final elongation at 68°C. The PCR products
were displayed on an ethidium bromide-stained 2% agarose gel.

Small interfering RNA transfection. DRG neurons were transfected
with either a Stealth small interfering RNA (siRNA) or a Stealth RNAi
negative control (Invitrogen) using the Lipofectamine 2000 transfection
reagents (Invitrogen) according to the manufacturer’s instructions. The
target sequences of the Stealth siRNAs were 5 CCA CCC AGU UCA
CAUGGA CAGAAAU 3 and 5" AUUUCU GUC CAU GUG AACUGG
GUG G 3’ for TRPC3;and 5" CCA UGA CCA CUG GUA GACAAC CAA
U 3" and 5 AUU GGU UGU CUA CCA GUG GUC AUG G 3’ for the
scrambled control of TRPC3 (Shirakawa et al., 2010). After 6 h treatment
with siRNA, the medium was changed with DMEM containing 10% FCS,
and the cells were incubated for 2436 h. The neurons without the addi-
tion of siRNA to the transfection reagents were used as an empty vector
negative control.

Quantitative RT-PCR analysis. Total RNA was extracted from DRG
neurons 48 h after transfection with scrambled or TRPC3 siRNA and
then were reverse transcribed as described above. Following cDNA syn-
thesis, QRT-PCR was performed using an iCycler single-color real-time
PCR detection system (Bio-Rad) with iQ SYBR Green Supermix (Bio-
Rad). The sequences of primers for TRPC3 and 3-tubulin control are
presented in Table 1. The qPCR condition was 94°C for 4 min, followed
by 40 cycles of 94°C for 30 s, 58°C for 25 s, and 72°C for 20 s. After 5 min
of final extension at 72°C, a melt curve was generated. The identity of the
PCR products was confirmed by automated determination of the melt-
ing temperature of the PCR products. The amplicons were displayed on
an ethidium bromide-stained 2% agarose gel.

Immunofluorescent staining. Immunofluorescent labeling was per-
formed on the dissociated rat DRG neurons to evaluate the expression
level of TRPC3 receptors in DRG neurons under control and siRNA-
treated conditions. Briefly, neurons were fixed by 2% paraformaldehyde
for 20 min and incubated with blocking buffer (10% normal horse serum
and 0.2% Triton X-100 (Sigma-Aldrich) in PBS) for 1 h, followed by
incubation with the primary antibody (rabbit-anti-TRPC3, 1:400; Alo-
mone Labs) at room temperature for 1 h and then with the secondary
antibodies (Alexa Fluor 488-conjugated donkey-anti-rabbit, 1:500; In-
vitrogen) for 1 h. Control staining was performed without primary anti-
body. The neurons were then washed in PBS and coverslipped with
ProLong Gold antifade reagent with DAPI (Invitrogen) to stain nuclear
profiles. The cells were visualized and the images were captured using a
laser confocal microscopic imaging system (LMS 510; Carl Zeiss Micro-
Imaging). The number of immunofluorescence-positive cells was
counted using ImagePro Plus 5.0 (Media Cybernetics).

Data analysis. Data values are presented as mean * SEM. For a series of
experiments in which IgG-IC was applied twice in normal conditions or
under several chemical treatments, the second peak amplitude of cur-
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Figure1. IgG-ICinduced a cation current in small-size DRG neurons. The neurons were held
at —60 mV in voltage-clamp mode. 4, Typical traces of inward currents evoked by IgG-IC (0.1
jug/ml; 1 min) and capsaicin (1 m; 10s). B—E, Representative traces of |,c in a control HEPES
bath solution (B), an NMDG solution (C), a Ca® " -free bath solution (D), or a bath solution
containing Ca®™ (10 mw) as the only cation (E). F, Summary of contributions of extracellular
Na " andCa®" tothe I,c- Replacement of extracellular Na * or Ca 2+ significantly attenuated
thel,c. |, was decreased after switching to bath solution containing Ca* as the major cation.
As a control, sequential application of IgG-ICat an interval of 5- 6 min induced inward currents
with the similar peak amplitudes. For each group, the first peak of the |, in control HEPES bath
solution was normalized as 100%. *p << 0.001 versus second IC. The number of cells tested is
indicated in parentheses.

rents induced by IgG-IC was expressed as the percentage of the first
response. Statistical analyses were performed using the SPSS 18.0 soft-
ware (IBM). A Student’s t test was used for comparisons between two
groups. Comparisons for more than three groups were carried out using
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Figure 3.  The |,c was modulated by [Ca®*1;. A~C, Typical traces of the I,; recorded at a
holding potential of —60 mV using the internal solution containing 11 mm EGTA (4), 10 mm
BAPTA (B), or T mu EGTA (C). D, Decreasing [Ca*" ], with fast Ca™ chelator BAPTA (10 mm)
significantly attenuated the I, whereas lowering the Ca* buffer capacity dramatically en-
hanced this current. Numbers in parentheses indicate the number of cells tested. *p << 0.05 and
**p << 0.001 versus 11 mm EGTA.

one-way ANOVA followed by Scheffé’s post hoc test. Comparisons of
proportions were made using the x? test. Differences were considered
statistically significant if p < 0.05.

Results

IgG immune complex induces a nonselective cationic

channel current

To determine the ionic mechanisms underlying the IgG-IC-
induced depolarization, whole-cell voltage clamp recordings
were performed on cultured DRG neurons before and after
IgG-IC application. Bath application of IgG-IC (0.1 pg/ml) for 1
min induced an inward current (I;) with a peak amplitude of
204.2 = 15.2 pA (n = 22) when the neurons were held at —60 mV
(Fig. 1A). The I, returned slowly to baseline within 3 min after
washout of IgG-IC in all the neurons tested. Moreover, 72% of
these neurons showed an inward current evoked by capsaicin (1
uM; Fig. 1A). When IgG-IC (0.1 pg/ml) was applied twice at an
interval of 5—6 min, the peak of the second I, was 193.8 = 19.1
pA, which was not significantly different from the 206.8 = 24.6
pA of the first (Fig. 1B,F; n = 14; p > 0.05), suggesting that no
desensitization occurred during repetitive applications of IgG-IC
at the concentration of 0.1 pg/ml.

To examine the contributions of extracellular Na * or Ca** to
the I, Na ¥ and Ca®" were, respectively, separately removed
from the HEPES buffer. When extracellular Na * was replaced by
NMDG, a large organic cation that cannot pass through cationic
channels, the I, was decreased nearly to the baseline (n = 7) (Fig.
1C,F). Removal of extracellular Ca** significantly reduced the

|-Vrelationship of thel,.. A, Application of IgG-1C (0.1 eg/ml; 1 min)induced aninward current ata holding potential
of —60 mV. B, Voltage ramps from — 100 mV to —10 mV with a duration of 750 ms (inset) were applied every 2 s before (a) and
during (b) the application of IgG-1C (0.1 wwg/ml). C, I~V relationship of the |, was obtained by subtracting a from b. The |, reversed
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peak amplitude of the I, (n = 8) (Fig.
1D,F), suggesting the Ca®" dependence
of the I;c. In addition, switching the nor-
Lo mal bath solution (2 mm Ca?") to the so-
lution containing Ca?" (10 mm) as the
sole cation (n = 6) (Fig. 1 E,F), abolished
most, but not all, of the I, indicating that
the I;c is only partially carried by Ca*™.
5000 Therefore, the I, appears to be mediated
by an NSCC, which is more likely carried
by Na™ and Ca**.

To further estimate the I-V relation-
ship of the I, a voltage ramp from —100
mV to —10 mV with a slope of 120 mV/s
(Sun et al., 2006) was applied before and
during IgG-IC application (Fig. 2 A, B, inset), and the responding
membrane current was recorded. The I, for each neuron was
obtained by subtracting the membrane current recorded in the
absence of IgG-IC from that recorded in the presence of IgG-1C
(Fig. 2C). To rule out the possible contaminations of action po-
tentials, the membrane potential was only depolarized from
—100 mV to —10 mV (Sun et al., 2006). Under physiological
ionic conditions of 145 mm Na * externally and 140 mM K ™ in the
internal solution, the I-V relationship of the I, for each neuron
tested was linear over the voltage ranges tested, indicating a lack
of voltage dependency (Fig. 2C). In addition, the mean reversal
potential of the I, was —14.6 = 2.8 mV (n = 10) under physio-
logical ionic conditions.

I (pA) 300

The I, is regulated by intracellular calcium

Since the [Ca**]; was shown to increase after FcyRI cross-linking
in DRG neurons (Andoh and Kuraishi, 2004; Qu et al., 2011a), we
next examined whether the I, is modulated by intracellular cal-
cium. BAPTA, the fast Ca®" chelator, buffers Ca** ions ~200-
fold more rapidly, though BAPTA and EGTA have similar Ky,s for
Ca’* binding. Thus, BAPTA chelates [Ca”* ], more effectively at
the same time and spatial scales near Ca>" entry points (Naraghi,
1997; Neher, 1998). When 11 mMm EGTA in the internal solution
was replaced with 10 mm BAPTA, the peak of the I was signifi-
cantly decreased from 204.2 = 15.2 pA (n = 22) (Fig. 3A) in
EGTA-buffered internal solution to 53.1 = 9.5 pA (n = 8) (Fig.
3B,D). By contrast, when intracellular Ca** buffering capacity
was lowered by reducing the concentration of EGTA from 11 to 1
mM in the internal solution, the I, was dramatically increased to
420.8.% 65.2 pA (n = 9) (Fig. 3C,D), suggesting that the I is
regulated or sensitized by [Ca**],.

TRPC channels contribute to the I;

When considering a potential molecular target for the IgG-IC, we
realized that all the properties of the I, resembled the TRPC
current, one major type of Ca**-permeable NSCCs. These in-
cluded nonselectivity for cations, lack of voltage gating, and
intracellular Ca®* dependence (Clapham et al., 2005). More im-
portant, a recent study revealed that TRPC3/6/7 channel sub-
types were involved in IgE-IC-triggered signaling in mast cells
(Sanchez-Miranda et al., 2010). Therefore, we tested whether the
I, was mediated by TRPC channels in DRG neurons. To test this
possibility, single-cell RT-PCR (scRT-PCR) analysis was used to
determine the coexpression pattern of FcyRI (CD64) and TRPC
channel subtypes in individual DRG neurons with IgG-IC re-
sponsiveness established by calcium imaging. Since TRPC2 is not
expressed in rat DRG neurons (Kress et al., 2008), it was excluded
from the present study. Consistent with previous studies (Kress et
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al., 2008), TRPC5 and TRPC7 were not
detected in DRG neurons after 1 d in cul-
ture. Among all the neurons tested, the
FcyRI-positive population also expressed
TRPC3 (n = 10) (Fig.4A). In contrast, the
coexpression of FcyRI with other TRPC
subtypes was not observed consistently
across the neurons tested (Fig. 4A). These
results provide additional evidence that
TRPC3 is likely a molecular candidate for
the nature of the I;. Therefore, we next
asked whether the I, is attenuated by

Qu et al. @ TRPC3 Mediates the IgG-IC-Induced Current

pharmacological or genetic knockdown of
TRPC3 channels. Bath application of ru-
thenium red (10 uMm), an inhibitor of sev-

eral TRP channels (Clapham et al., 2005),
almost completely blocked the I, (n = 7)
(Fig. 4B,F). When the neurons were pre-
treated with 10 um BTP2, a known general
TRPC blocker at this dose in native cells
(Miyano et al., 2010), the I; was also sig-
nificantly attenuated (n = 7) (Fig. 4C,F).
Furthermore, pyrazole-3 (10 uM), a selec-

tive TRPC3 antagonist (Kiyonaka et al.,
2009; Shirakawa et al., 2010), significantly
reduced the peak amplitude of the I, E ic

(n=7) (Fig. 4D, F). Since TRPAl isalso a S
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Ca?"-modulated NSCC (Doerner et al.,
2007), we next tested whether TRPA1
contributes to the I;.. Treatment with a
selective TRPA1 antagonist, HC-030031
(100 um), had no significant effect on the
Iic (n =5) (Fig. 4E,F).

To further probe the role of TRPC3 in
the I, TRPC3 was knocked down with a
specific siRNA in DRG neurons. The sig-
nificant reduction of mRNA and protein
expression of TRPC3 after siRNA trans-
fection was confirmed by both RT-PCR
(Fig. 5A) and immunofluorescence stain-
ing (Fig. 5B), respectively. The expression
of TRPC3 was similar in both vector-negative control and scram-
bled siRNA control. The percentage of TRPC3-immunopositive
neurons was significantly lower in the siRNA-treated samples
(13.7%, or 20/146) as compared to those treated with scrambled
siRNA (43.6%, or 51/117) (p < 0.001, x* test). Calcium imaging
indicated that IgG-IC-evoked Ca’" responses were significantly
suppressed in TRPC3 siRNA-transfected cells (n = 18), whereas
transfection of a scrambled siRNA (1 = 18) did not substantially
change the IgG-IC effect, as compared to the vector control (Fig.
5C-E). In addition, specific knockdown of TRPC3 (n = 11) sig-
nificantly attenuated the peak amplitude of the I}, whereas the
scrambled siRNA (n = 10) had no such effect (Fig. 5F—H ). These
findings indicate that TRPC3 is a likely key candidate channel
responsible for mediating the I;..

FcyRI couples to TRPC3 through the spleen tyrosine kinase—
phospholipase C-inositol trisphosphate signaling pathway
Activation of FcyRI by IgG-IC is known to stimulate the spleen
tyrosine kinase (Syk)—phospholipase C (PLC)-inositol trisphos-
phate (IP;) signaling pathway in macrophages and monocytic cell
lines (van de Winkel et al., 1990; Liao et al., 1992; Kiener et al.,
1993; Bonilla et al,, 2000; Nimmerjahn and Ravetch, 2007).
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Figure4.  TRPC3 was required for the I, in small DRG neurons. 4, scRT-PCR was performed on individual DRG neurons with the
responsiveness to 1gG-1C (0.1 pg/ml) established by calcium imaging. FcyRI (CD64) was always colocalized with TRPC3 but not
with other TRPC channel subtypes in the same neurons. N, Negative controls from the pipettes that were submerged in the bath
solution without harvesting any cell contents. Asterisk indicates the Fc-yRI (CD64)-positive neurons. Arrowhead indicates the level
of individual gene gel band. B—E, Representative traces of the |, in the presence of a general TRP channel blocker ruthenium red
(RR; 10 um; B), a general TRPC channel blocker BTP2 (10 wm, ), a selective TRPC3 antagonist pyrozole-3 (pyr-3; 10 wm; D), and
TRPAT antagonist HC030031 (100 rum; E). The neuron was held at —60 mV. F, Summary of the effects of TRPC channel blockers on
the I,. Treatment with RR, BTP2, and pyr-3 significantly attenuated the |, whereas HC030031 had no effect on this current. For
each group, the second peak amplitude of the |, was expressed as the percentage of the first response. *p << 0.001 versus second
IC. The number of cells tested is indicated in parentheses.

Moreover, TRPC channels are activated or modulated by PLC-
coupled receptors (Montell, 2008), making them likely down-
stream targets of IgG-1C. Thus, we next examined whether FcyRI
can couple to TRPC channels through the Syk—PLC-IP; signaling
pathway. Pretreatment with Syk inhibitor OXSI-2 (10 uM; n = 9)
(Fig. 6A,E) or PLC inhibitor neomycin (100 um; n = 11) for 4
min almost abolished the I; (n = 9) (Fig. 6 B, E), suggesting that
the I, was mediated through Syk and PLC. TRPC3 was shown to
be directly activated by diacylglycerol (DAG) (Zitt et al., 1997;
Trebak et al., 2003b). However, the I, was unlikely to be medi-
ated by DAG since the membrane-permeable DAG analog OAG
(100 wm) alone failed to induce an inward current in all IgG-1C
responsive neurons tested (n = 5) (Fig. 6C,E). In addition to
DAG, TRPC3 channels can interact with IP; receptors or can be
activated through Ca*" release from internal stores (Kiselyov et
al., 1998; Ma et al., 2000). When the neurons was perfused with
membrane-permeate IP; receptor antagonist 2-APB (100 um)
(Maetal., 2000; Qiu etal., 2010), the I, was significantly reduced
(n = 8) (Fig. 6D,E). Although 2-APB is also considered as a
potent blocker of TRPC channels, it acts on extracellular but not
intracellular sites of TRPC channels (Trebak et al., 2002; Xu et al.,
2005; Raybould et al., 2007). Thus, to further determine whether
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A, B, Knockdown of TRPC3 with a specific siRNA reduced the IgG-IC-induced response. RT-PCR (4) and immunofluo-
rescent staining (B) showed that TRPC3 siRNA but not scrambled siRNA knocked down the expression of TRPC3 in DRG neurons. The
control staining of TRPC3 (B, right) was performed without primary antibody (1’ Ab). €, D, Representative Ca>* responsesinduced
by IgG-ICin DRG neurons transfected with a scrambled siRNA (C) or TRPC3 siRNA (D). E, 1gG-IC-induced Ca ™ response [R 40/30)]
was significantly decreased in TRPC3 siRNA-transfected cells, as compared to vector or scrambled siRNA-transfected cells. There
were significant differences in IgG-IC-induced Ca 2™ responses between vector and scrambled siRNA-transfected cells. *p < 0.05
versus vector or scrambled siRNA. F, G, Typical traces of The |, recorded from DRG neurons transfected with scrambled siRNA (F)
and TRPC3 siRNA (G), respectively. H, The |, was significantly attenuated by the knockdown of TRPC3 with a specific sSiRNA whereas
the scrambled siRNA had no effect on this current. The neurons were held at —60 mV. *p << 0.001 versus vector or scrambled

Figure 5.

siRNA. Cell numbers are indicated in parentheses.

the inhibitory effect of 2-APB on the I, was attributable to a
direct blockade of TRPC channels or IP; receptors, 2-APB (100
uM) was added to the internal solution. Intracellular 2-APB still
produced suppression of the I, (33.8 = 6.9 pA, n = 9) (Fig.
6F,H ), similar to that when 2-APB was applied to the bath solu-
tion (28.5 £ 7.5 pA, n = 8). The result suggests that 2-APB
mainly acts on IP; receptors to block the IgG-IC response. Simi-
larly, the I, was also inhibited (n = 6) (Fig. 6G,H ) when another
IP, receptor antagonist, heparin (100 wg/ml) (Lietal., 1999), was
dialyzed into the cells. Thus, the I, might be activated through a
store-operated mechanism.

Discussion

In this study, we have demonstrated for the first time that IgG-IC
elicits a nonselective cation current in DRG neurons via neuronal
FcyRI. Moreover, TRPC3 appears to be a key downstream transduc-
tion channel mediating the ;. In addition, the Syk— PLC-IP; sig-
naling pathway is likely required for coupling FcyRI to TRPC3 in
DRG neurons.

TRPC3 contributes to the I} in DRG neurons
Our present study provided three lines of original evidence to
support the hypothesis that IgG-IC induced a cation current

1 @) 8
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N mainly flowing through TRPC3 channels
\l in DRG neurons, therefore contributing
& to IgG-IC-induced neuronal excitation.
First, bath application of IgG-IC elicited
an NSCC, which was carried by Na *and
Ca”" with a reversal potential of approx-
imately —15 mV under physiological con-
ditions. Moreover, the I, was regulated
or sensitized by intracellular Ca®". These
features of the I} are similar to those of
* TRPC3 channels in vitro (Wu et al., 2010).
(18) Accordingly, a recent study revealed that
TRPC3/6/7 channel subtypes were in-
volved in FceRI signaling in mast cells
(Sanchez-Miranda et al., 2010). Thus, it is
likely that TRPC channels are a potential
downstream target of the IgG-IC in the
DRG neurons. Second, scRT-PCR results
demonstrated a consistent coexpression
of FcyRI (CD64) with TRPC3 mRNA in
the same DRG neurons, suggesting that
FcyRI is more likely associated with the
TRPC3, either directly or indirectly.
* Third, the I, was blocked by the general
(1) TRPC channel inhibitors RR and BTP2
and by the selective TRPC3 antagonist
pyrazole-3. Particularly, a knockdown of
TRPC3 significantly decreased the I, and
IgG-IC-induced [Ca*"]; elevations.

We showed that the IgG-IC-induced
Ca’" response was less suppressed after
transfection of TRPC3 siRNA, as com-
pared to the peak of I, (35% vs 69%),
perhaps because Ca*™ release from inter-
nal stores is a major source for IgG-IC-
induced Ca?* response, in addition to the
Ca’" entry from extracellular space, such
as through TRPC3 (Qu et al,, 2011a). By
contrast, the I is likely to be mainly me-
diated by TRPC3 channels. However, a
small residual I} was still detected after
pharmacological inhibition or gene knockdown of TRPC3 chan-
nels, which might indicate a contribution of other channels, es-
pecially in different neuronal types. Among the candidate
NSCCs, TRPALI is highly expressed in DRG neurons and may also
function as a Ca*"-gated NSCC (Doerner et al., 2007). However,
the TRPA1-selective antagonist HC030031 did not affect the peak
of the I, suggesting that TRPA1 does not contribute to the [ in
these DRG neurons. In addition, it is unlikely that the I, is me-
diated by TRPV1 for the following reasons: first, the I can still
be observed in a subset of capsaicin-insensitive neurons although
the majority of IgG-IC responsive neurons (72%) are sensitive to
capsaicin; second, TRPV1 is normally activated by 2-APB (Hu et
al., 2004; Colton and Zhu, 2007) whereas the I, was blocked by
2-APB.

A potential discrepancy between the characteristics of the I}
and the TRPC3 current in expressing cell lines (Zitt et al., 1997;
Poteser et al., 2011) is the lack of outward rectification in the I,
recorded in DRG neurons. This difference is likely due to a rela-
tively narrow voltage range (—100 to —10 mV, to avoid action
potential contamination) used in this study. It is also possible that
the I-Vrelationship of TRPC3 in native cells is different from that
in the expressing cell lines (Li et al., 1999). The endogenous I, in
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DRG neurons is only partially carried by
Ca**, which is slightly different from the
characteristics of TRPC3 in expressing cell
lines while consistent with that in pontine
neurons (Li et al., 1999).

Syk-PLC-IP; signaling pathway is
required for FcyRI coupling to TRPC3
Another important finding of this study is
that FcyRI and TRPC3 are functionally
coupled to each other through the Syk—
PLC-IP; signaling pathway. In immune
cells, the activation of FcyRI by IgG-IC
results in the phosphorylation of Syk, a
non-receptor tyrosine kinase (Kiener et
al., 1993; Indik et al., 1995). Activated Syk
stimulates PLC, which hydrolyzes the
membrane phospholipid phosphatidyl-
inositol 4,5-bisphosphate to produce IP;
and DAG (van de Winkel et al., 1990; Liao
et al., 1992; Kiener et al., 1993; Bonilla et
al., 2000; Nimmerjahn and Ravetch,
2007). In addition, TRPC3 has been
shown to be activated or modulated by
PLC signaling (Montell, 2008). Thus, it
is likely that FcyRI couples to TRPC3
through the Syk—PLC-IP; signaling path-
way following 1gG-IC treatment. Consis-
tent with this hypothesis, we found, by use
of pharmacological inhibitors, that the I,
observed in DRG neurons is mediated by
an intracellular signaling pathway involv-
ing Syk, PLC, and the IP; receptors. We
showed that bath application of OXSI-2,
the potent Syk inhibitor (Lai et al., 2003),
inhibited the I;.. Since the PLC blocker
U7322 itself was shown to cause an irre-
versible increase in [Ca**], in DRG neu-
rons, neomycin was used in this study
instead (Bonnington and McNaughton,
2003). The I, was also blocked by neomy-
cin. In addition, the inclusion of 2-APB or
heparin to the pipette solution produced
suppression of the I;.. Furthermore, the
blocking effects of 2-APB were more likely
due to the intracellular blockade of the IP
receptors rather than the direct inhibition
of TRPC channels since the binding site of
2-APB is normally located extracellularly
for the inhibition of TRPC channels (Tre-
bak et al., 2002; Xu et al., 2005; Raybould
etal., 2007).

In most of the early studies using
TRPC3-expressing cell lines, TRPC3 has
been proposed to function as a receptor-
operated cation channel that can be acti-
vated by DAG but not through the
production of IP; or via a store-operated
mechanism (Hofmann et al., 1999; Tre-
bak et al., 2003a). However, some studies
indicated that TRPC3 behaves as an SOC
that interacts with IP; receptors and is ac-
tivated through the release of Ca** from
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Figure 6.  The Syk—PLC—IP, signaling pathway was required for functional coupling of FcyRI to TRPC3. A-D, Typical traces of
the |, recorded at a holding potential of —60 mV in the presence of Syk inhibitor OXSI-2 (10 m; A), PLCinhibitor neomycin (10
um; B), DAG analog 0AG alone (100 wm; €), or [P, receptor blocker 2-APB (100 wm; D). E, Treatment with 0XSI-2, neomycin and
2-APB substantially reduced the peak amplitude of the |,.. Bath application of 0AG alone failed to induce an inward current in
1gG-IC-responsive neurons. For each group, the second peak amplitude of the I, was expressed as the percentage of the first
response. *p << 0.001 versus second IC. F, G, Inclusion of 2-APB (100 wm; F) or heparin (100 wg/ml; G) in the patch pipette
prevented the |,. H, Summary of the inhibitory effects of internal 2-APB and heparin on the |,.. p << 0.001 versus control. The
number of cells tested is shown above each bar.
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Figure 7.  Schematic llustration demonstrating signaling pathways involved in 1gG-IC-induced excitation in rat DRG neurons.
1gG-IC binding to its receptor (Fc-yRI) stimulates Syk, which leads to the activation of PLC. PLC subsequently hydrolyzes the
phosphatidylinositol 4,5-bisphosphate to generate DAG and IP;. IP, binds to IP, receptors in endoplasmic reticulum to induce
(a" release from internal stores, which in turn enhances or sensitizes TRP(3 activity, resulting in further (" influx and
membrane depolarization. However, DAG is unlikely involved in FcyRI-trigged signaling. All these signaling events consequently
increase the excitability of DRG neurons.
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internal stores (Kiselyov et al., 1998; Ma et al., 2000; Kaznach-
eyeva et al., 2007; Kim et al., 2009). Here we showed that the I,
was blocked by the IP; receptor antagonist 2-APB and heparin
and by the SOC blocker BTP2 but was not affected by the DAG
analog OAG, indicating that the I, is more likely activated
through a store-operated mechanism in the same way as TRPC3
(Ma et al., 2000; He et al., 2005), consistent with a previous study
(Floto et al., 1997). We also showed that lowering the intracellu-
lar calcium buffering power potentiated, whereas enhancing the
calcium buffering capacity of the internal solution attenuated,
the I;c, suggesting that I, is modulated by [Ca**],. Taken to-
gether, these findings indicate that IgG-IC activates TRPC3 in
DRG neurons through a signaling pathway that involves Syk,
PLC, IP, receptor, and intracellular Ca** (Fig. 7). These results
suggest that TRPC3 likely behaves as an SOC in FcyRI-triggered
signaling in DRG neurons.

Functional implications

IgG-IC plays a critical role in the pathogenesis of pain (Verrietal.,
2008; Ma et al., 2009). A predominant immune cell-centric view
is that IgG-1C may induce pain and hyperalgesia via the activation
of certain immune cells and the release of proinflammatory cy-
tokines (Verri et al., 2007, 2008; Pinto et al., 2010). Moreover,
FcyRs, expressed on immune cells, appear to play an important
role in this process (Nimmerjahn and Ravetch, 2006, 2008).
However, recent studies revealed that IgG-1C directly excited pri-
mary sensory neurons though neuronal FcyRI (Andoh and
Kuraishi, 2004; Qu et al., 2011a), which may cause pain sensation.
In addition, activation of neuronal FcyRI triggered the release of
certain proinflammatory neurotransmitters from DRG neurons,
such as substance P (Andoh and Kuraishi, 2004). These media-
tors may further induce neurogenic inflammation and may, in
turn, excite DRG neurons via their own receptors expressed on
DRG neurons through a paracrine or an autocrine pathway (van
Rossum et al., 1997; Tang et al., 2007). This study extends previ-
ous findings by providing evidence that neuronal FcyRI triggers
an NSCC-TRPC3, which may contribute to the IgG-IC-induced
excitation of DRG neurons.

However, these neuropathic mechanisms become critical only
under certain pathological conditions. In the normal nervous
system, the presence of blood-nerve/brain-barriers and glial cells
protects the surface of a primary sensory neuron against large
molecules such as IgG-IC and IgG. By contrast, under patholog-
ical conditions that disrupt these barriers and demyelinate the
peripheral and central neurons (Abbott et al., 2003; Sastre-
Garriga and Montalban, 2003; Hu and Lucchinetti, 2009), the
neuronal surface is more readily exposed to IgG-IC present in the
serum or surrounding tissues. Thus, IgG-1C can bind to neuronal
FcyRI and directly activate the primary sensory neurons, there-
fore possibly inducing pain, hyperalgesia, and allodynia. How-
ever, the actual behavioral consequences of IgG-IC activation of
TRPC3 channels in nociceptors remain to be determined, and
nothing is known about the functions of the much more widely
expressed FcyRI in the larger DRG neurons (Quetal., 2011a) that
are unlikely to be nociceptive.

In summary, this study reveals a novel mechanism whereby
IgG-IC induces the activation of primary sensory neurons via the
functional coupling between FcyRI and TRPC3 through the Syk—
PLC-IP; signaling pathway. These findings might serve as a basis
for the development of new therapeutic strategies for the treat-
ment of pain related to IgG-IC-mediated immune diseases.

J. Neurosci., July 11,2012 - 32(28):9554-9562 * 9561
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