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Constitutively Active TRPC3 Channels Regulate Basal
Ganglia Output Neurons
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A hallmark of the GABA projection neurons of the substantia nigra pars reticulata (SNr), a key basal ganglia output nucleus, is its
depolarized membrane potential and rapid spontaneous spikes that encode the basal ganglia output. Parkinsonian movement disorders
are often associated with abnormalities in SNr GABA neuron firing intensity and/or pattern. A fundamental question remains regarding
the molecular identity of the ion channels that drive these neurons to a depolarized membrane potential. We show here that SNr GABA
projection neurons selectively express type 3 canonical transient receptor potential (TRPC3) channels. These channels are tonically active
and mediate an inward, Na�-dependent current, leading to a substantial depolarization in these neurons. Inhibition of TRPC3 channels
induces hyperpolarization, decreases firing frequency, and increases firing irregularity. These data demonstrate that TRPC3 channels
play important roles in ensuring the appropriate firing intensity and pattern in SNr GABA projection neurons that are crucial to move-
ment control.
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Introduction
Substantia nigra pars reticulata (SNr) is a key output nucleus of
the basal ganglia (DeLong, 1990; Hikosaka et al., 2000; Parent et
al., 2000; Cebrian et al., 2005). Its GABA projection neurons fire
high-frequency spontaneous spikes that encode the basal ganglia
output (Hikosaka and Wurtz, 1983; Schultz, 1986; Wichmann et
al., 1999; Gulley et al., 2002; Sato and Hikosaka, 2002; Maurice et
al., 2003; Atherton and Bevan, 2005). The rapid tonic activity of
these GABA neurons ensures that their targets such as thalamus
and brainstem motor nuclei are under a constant inhibitory con-
trol (Deniau et al., 2007; Hikosaka, 2007). The activity of basal
ganglia output neurons [SNr GABA neurons and the GABA neu-
rons of the internal segment of globus pallidus (GPi)] plays crit-
ical roles in movement control. Parkinsonian movement disor-
ders are often associated with alterations in the firing rate and/or
firing patterns of these basal ganglia output neurons (Nevet et al.,
2004; Tang et al., 2005; Rivlin-Etzion et al., 2006; Wichmann and
Soares, 2006; Lee et al., 2007).

A fundamental question is: what ion channels tonically depo-
larize these SNr GABA projection neurons and consequently en-
able these neurons to fire spontaneously? The persistent, voltage-
gated, tetrodotoxin (TTX)-sensitive Na� channel is involved, but
not sufficient, because the membrane potential is about �50 mV
after blocking the Na� channels with TTX (Atherton and Bevan,

2005; Zhou et al., 2006). This membrane potential is considerably
depolarized from the commonly encountered neuronal resting
membrane potential of �60 mV to �70 mV that is often deter-
mined largely by background K� channels and the Na�/K�

pump (McCormick, 2004). Therefore, additional ion channels
with suitable activation and inactivation properties are required
to tonically depolarize SNr GABA neurons to around �50 mV.
Several members of the TRP channel family, TRPC3 channel in
particular, are potential candidates because of their constitutive,
voltage-independent activity (Albert et al., 2006).

TRP channels are a major class of recently discovered cation
channels, with 28 members in mammalian animals (Clapham,
2003; Ramsey et al., 2006; Hardie, 2007; Nilius et al., 2007; Ven-
katachalam and Montell, 2007). They have diverse activation
mechanisms including being constitutively active, chemosensi-
tive, mechanosensitive, and thermosensitive. TRP channels are
expressed in many types of tissues including the brain (Sylvester
et al., 2001; Nilius et al., 2007). The functions of TRP channels in
the brain are just beginning to be understood (Moran et al., 2004;
Nilius et al., 2007). A recent study (Lee and Tepper, 2007) indi-
cates that a TRP channel may underline a plateau potential in SNr
GABA neurons.

We ask this question: can TRP channels provide a robust de-
polarizing drive to SNr GABA neurons? We hypothesize that one
or multiple types of TRP channels with properties matching the
functional needs of SNr GABA neurons are selectively expressed
in these neurons. The constitutively active, voltage-independent
TRP channel(s) such as the TRPC3 channel may thus substan-
tially depolarize these neurons, particularly when their initial
membrane potential is at hyperpolarized levels where other de-
polarizing channels are inactive. Consequently, TRP channels
may play major roles in ensuring the depolarized membrane po-
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tential that enables the high firing frequency and regular firing
pattern in these basal ganglia output neurons.

Materials and Methods
Patch clamp in midbrain slices
Wild-type 15- to 21-d-old male and female C57BL/6J mice were used.
Mice were kept at the animal facility of the University of Tennessee
Health Science Center in Memphis. Animal handling and use followed
National Institutes of Health guidelines. Under deep urethane anesthe-
sia, animals were transcardially perfused with oxygenated ice-cold high-
sucrose cutting solution (see below, Composition of solutions) under 40
cm H2O pressure at the flow rate of 2 ml/min. Then the mice were
decapitated and their brains were quickly dissected out, and immersed in
the ice-cold oxygenated cutting solution for 2.0 min. Coronal midbrain
slices (300 �m thickness) containing the midrostral part of substantia
nigra were prepared in ice-cold oxygenated high-sucrose cutting solution
using a Vibratome 1000 Plus (Vibratome, St. Louis, MO). Coronal sec-
tions were chosen to maximally sever afferent fibers such that SNr neu-
rons can be studied in relative isolation. The slices were then transferred
to a storage chamber containing oxygenated normal extracellular solu-
tion (see Composition of solutions) at room temperature (�23°C) for at
least 1 h before transferring to a recording chamber. Recordings were
made at 30°C under visual guidance of a video microscope (BX51WI;
Olympus, Tokyo, Japan) equipped with Nomarski optics and 60� water-
immersion lens.

Conventional whole-cell patch-clamp techniques were used (Zhou et
al., 2006). Patch pipettes were pulled from borosilicate (KG-33) glass
capillary tubing (1.10 mm inner diameter, 1.65 mm outer diameter;
Garner Glass, Claremont, CA) using a PC-10 puller (Narishige, Tokyo,
Japan). Patch pipettes were filled with an internal solution containing
(see Composition of solutions) and had resistances of 2–3 M� in the
bath. A MultiClamp 700B amplifier, pClamp 9.2 software and Digidata
1322A interface (Molecular Devices, Union City, CA) were used to ac-
quire and analyze data. Signals were digitized at 5–20 KHz and analyzed
off-line. Recordings with access resistance increase of �15% were re-
jected. Whole-cell conductance was monitored by a 100 ms voltage pulse
of 10 mV from holding potential �70 mV. Voltage– current relation-
ships were obtained by applying linear voltage ramp from �90 to 10 mV
at a rate of 200 mV/s every 1 min. The voltage ramp protocol was exe-
cuted with Clampex 9.2 and recorded with Axoscope 9 and MiniDigi 1A
(Molecular Devices).

Composition of solutions
High sucrose cutting solution contained (in mM) 220 sucrose, 2.5 KCl,
1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, and 10 D-glucose. Nor-
mal extracellular solution contained (in mM) 125 NaCl, 2.5 KCl, 1.25
NaH2PO4, 25 NaHCO3, 2.5 CaCl2, 1.3 MgCl2, 10 D-glucose, maintaining
pH at 7.4 by continuously bubbling with 95% O2 and 5% CO2. The total
Na � concentration was 151.25 mM. Normal intracellular solution con-
tained (in mM) 135 KCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, 0.2 Na-GTP,
and 4 Na-phosphocreatine. pH was adjusted to 7.25 with KOH. The
observed responses using this high chloride internal were comparable to
those with 125 mM K-gluconate and 10 mM KCl-based intracellular
solution.

Low Na� extracellular solution contained (in mM) 125 choline chlo-
ride, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2.5 CaCl2, 1.3 MgCl2, and 10
D-glucose. Extracellular sodium concentration was reduced to 26.25 mM

from 151.25 by substituting NaCl with equal molar amounts of choline
chloride.

When GdCl3 was used, the extracellular solution contained (in mM)
151.25 NaCl, 2.5 KCl, 11 HEPES, 2.5 CaCl2, 1.3 MgCl2, 10 D-glucose, and
18 sucrose. NaHCO3 and NaH2PO4 were not used to avoid precipitation.
Na� concentration was kept constant by using NaCl. Osmolarity was
kept constant by adding sucrose.

Single-cell reverse-transcription PCR
Single-cell reverse-transcription PCR (scRT-PCR) procedures generally
followed the well established principles and methods (Surmeier et al.,
1996; Liss and Roeper, 2004). Patch pipettes were autoclaved to inacti-

vate RNase. Intracellular solution [containing (in mM) 135 KCl, 0.5
EGTA, 10 HEPES, and 1.5 MgCl2, pH adjusted to 7.3] was prepared using
DNase-RNase-free water. Brief (�2 min) recording was limited to pro-
viding electrophysiological fingerprints for SNr GABA and DA neurons.
Once obtaining a stable recording, gentle suction was applied to aspirate
the cytoplasm. The nucleus was likely to be also aspirated, leading to the
necessity to digest genomic DNA. Complete removal of genomic DNA
was verified by RT minus control in which no expected amplicon was
detected when the reverse transcriptase was omitted whereas all other
reaction components were exactly the same.

To rule out contamination of extracellular debris that may contain
mRNAs, the patch pipette was lowered into the tissue without actually
aspirating cytoplasm and then the pipette content was subjected to RT-
PCR, yielding no product at all.
Reverse transcription. The aspirated cell content was expelled into a 0.2 ml
PCR tube. Genomic DNA was digested by DNase I (5 min at 25°C).
cDNA was synthesized using SuperScript III reverse transcriptase-based
Cells-Direct cDNA Synthesis kit (Invitrogen, Eugene, OR) designed for
high specificity and high yield cDNA synthesis from small amounts of
starting material without the need to isolate RNA. The kit also contained
RNase inhibitor. According to manufacturer’s instruction, RT was per-
formed at 50°C for 50 min, yielding 30 �l of cDNA solution. The reaction
was terminated by heating to 85°C for 5 min and then chilled on ice. The
30 �l of cDNA solution was used either immediately for PCR amplifica-
tion or stored at �20°C for later use.

Two-stage PCR amplification. Using an Eppendorf (Hamburg, Ger-
many) Mastercycler thermocycler, the cDNAs were amplified using a hot
start, high specificity and high-yield Platinum PCR SuperMix (Invitro-
gen) that contained all necessary components in one tube. To maximize
the detection probability of mRNAs in a single neuron, the so called two
stage, nested PCR procedure was used (Surmeier et al., 1996; Liss and
Roeper, 2004). In the first stage, 10 �l of the 30 �l cDNAs was amplified
for 35 cycles in the presence of glutamic acid decarboxylase 1 (GAD1)
outer primer pair (supplemental Table 1, available at www.jneurosci.org
as supplemental material). The thermal cycling protocol was 2 min at
94°C for the initial denaturation, then 35 cycles of 15 s at 94°C to dena-
ture, 30 s at 55°C to anneal, and 45 s at 72°C to extend, followed by 7 min
for a final extension. In the second stage PCR, the product of 1 �l from
the first stage PCR amplification was used as template and an inner
primer pair was also used (supplemental Table 1). The inner primer pairs
span shorter segments than the outer primer pair. Forty cycles were run
with the extension time shortened to 30 s.

After GAD1 mRNA detection that confirmed the GABA identity of the
cell and the success of cytoplasm aspiration and cDNA synthesis, 10 �l of
the remaining cDNAs from the original 30 �l of cDNAs was subjected to
the same two-stage PCR amplification in the presence of appropriate
outer and inner primer pairs for one of the following: TRPC1-7,
TRPV1-6, TRPM1-8, TRPML1-3, TRPP2,3,5, and TRPA1 (supplemen-
tal Table 1, available at www.jneurosci.org as supplemental material).

PCR products from the second stage amplification were separated by
2.5% agarose gel electrophoresis, visualized by ethidium bromide (0.05
mg/100 ml gel) under UV light, and photographed. The positive bands
were then cut out, went through a gel extraction procedure using a Qia-
gen (Hilden, Germany) extraction kit. The extraction products were se-
quenced at the Molecular Resource Center of University of Tennessee
Health Science Center in Memphis, Tennessee.

PCR primer pairs for GAD1, tyrosine hydroxylase (TH), and the 28
TRP channels were designed based on the sequences from GenBank and
listed in supplemental Table 1 (available at www.jneurosci.org as supple-
mental material). Designing was accomplished using the web-based
Primer3 software (http://fokker.wi.mit.edu/primer3/input.htm) (Mas-
sachusetts Institute of Technology, Cambridge, MA). Whenever possi-
ble, intron-spanning primer pairs were used that help detect genomic
DNA contamination. All primers were synthesized by Integrated DNA
Technologies (Coralville, IA; www.idtdna.com).

To prevent or minimize false negative single cell RT-PCR detection
caused by ineffective primers, all outer and inner primer pairs for GAD1,
TH, and the 28 TRP mRNAs were confirmed to be effective with whole
brain mRNAs. In this procedure, a Promega RNA isolation kit was used
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to obtain the total RNA from one hemisphere of the brain (including the
cerebellum) of a 16-d-old mouse. The resultant RNA was reversed tran-
scribed into cDNA using the same RT kit used in single cell RT-PCR. The
cDNA was subjected to PCR amplification using the primer pairs that
were used in single cell RT-PCR. All these primer pairs yielded amplicons
of expected sizes (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). These positive control results indicate that the
primer pairs used in our single cell RT-PCR were effective and that the
negative detection was caused by a lack or undetectable level of
expression.

Immunohistochemistry
Under lethal Nembutal anesthesia, mice were intracardially perfused
with the ice-cold cutting solution described above and then 4% parafor-
maldehyde in 0.1 M PBS. The removed brains were infused with 30%
sucrose/0.1 phosphate buffer/0.1% sodium Azide at 4°C overnight.
Coronal midbrain sections (50 �m thickness) were cut on a Vibratome
1000 Plus. The sections were processed for immunofluorescence detec-
tion of parvalbumin (PV) and TRPC3. Briefly, after incubation with 10%
methanol and 3% H2O2 in 0.01 M PBS for 5 min at room temperature to
quench endogenous peroxidase. Then the sections were incubated with
1% normal donkey serum (NDS) and 1% normal goat serum (NGS), and
1% bovine serum albumin (BSA) and 1% Triton-100 in 0.01 M PBS for 30
min at room temperature to block nonspecific binding and permeate cell
membrane. After thorough rinsing, the sections were incubated with the
mixture of two primary antibodies and two secondary antibodies in 1%
NDS and 1% NGS and 1% BSA plus 1% Triton-100 in 0.01 M PBS for 48 h
at 4°C in dark. The two primary antibodies were a mouse TRPC3 anti-
body raised in rabbit (diluted at 1:400; Alomone Labs, Jerusalem, Israel)
and monoclonal PV antibody raised in mouse (Sigma, St. Louis, MO;
diluted at 1:1000). The two secondary antibodies were (1) anti-rabbit IgG
antibody raised in goat, conjugated with red Alexa Fluor 568 (Invitrogen)
diluted at 1:200, and used for labeling TRPC3 channel protein, and (2) an
anti-mouse IgG antibody raised in donkey, conjugated with blue fluores-
cent Alexa Fluor 488, diluted at 1:200, and used for labeling PV.

To confirm the effective infusion of TRPC3 antibody via the patch

pipette into the recorded SNr GABA neurons,
we did the following: the intracellular solution
was supplemented with the mouse TRPC3 anti-
body diluted at 1:100; after 3 min whole-cell re-
cording, the slices were fixed in 4% paraformal-
dehyde in 0.1 M PBS and further processed for
double immunofluorescence labeling for
TRPC3 antibody and parvalbumin using the
same procedures described above.

Chemicals
Routine chemicals including D-2-amino-5-
phosphonopentanoic acid, 6-cyano-7-
nitroquinoxaline-2,3-dione, and picrotoxin
were purchased from Sigma or Tocris (Ellisville,
MO). Suppliers of molecular biology reagents
were described individually in the text.

Statistical analysis
All values are expressed as mean � SEM. Stu-
dent’s paired t test was used to compare results
before and after drug administration with each
neuron serving as its own control and the p val-
ues are listed in the text without listing the test
name. One-way ANOVA was used to compare
results from different groups with both the p
values and test name listed together. p � 0.05
was significant.

Results
TRPC3 mRNA is selectively expressed in
SNr GABA neurons
To determine whether SNr GABA neurons
express any TRP channels, we used the well

established single cell RT-PCR (scRT-PCR) technique (Surmeier
et al., 1996; Liss and Roeper, 2004) to detect the mRNAs for these
channels. After electrophysiologically identifying the SNr GABA
neurons (Atherton and Bevan, 2005; Zhou et al., 2006; Lee and
Tepper, 2007) (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material), the cytoplasm or intra-
cellular content of the recorded neuron was aspirated and sub-
jected to two-stage scRT-PCR to detect mRNAs for GAD1
(GABA synthesis enzyme), TH (a key enzyme in dopamine syn-
thesis), and the 28 known mouse TRP channels (TRPC1–7,
TRPV1– 6, TRPM1– 8, TRPML1–3, TRPP2,3,5, and TRPA1)
(Fig. 1A). In cells showing characteristic SNr GABA neuron ac-
tion potentials, scRT-PCR revealed GAD1 mRNA, but not TH
mRNA, indicating that our electrophysiological identification of
the SNr GABA neuron was reliable. More important, TRPC3
mRNA was consistently detected in these electrophysiologically
identified, GAD1-positive SNr GABA neurons (n 	 10 of 10)
(Fig. 1B,C). No mRNA for the other 27 TRP channels was de-
tected in similarly electrophysiologically identified, GAD1-
positive SNr GABA neurons [n 	 3–5 for each of these 27 differ-
ent TRP channels (negative data not shown). PCR primer pairs
were listed in supplemental Table 1 (available at www.jneuro-
sci.org as supplemental material). The effectiveness of the primer
pairs were positively confirmed with whole brain mRNA (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material)]. The PCR products or amplicons were sequenced and
positively identified with GAD1 and TRPC3 mRNAs,
respectively.

These results suggest that TRPC3 channel mRNA is selectively
expressed in SNr GABA neurons whereas other TRP channel
mRNAs are not expressed at detectable levels. Translation of
TRPC3 mRNA into TRPC3 protein in SNr GABA neurons is

Figure 1. scRT-PCR reveals selective expression of TRPC3 mRNA in SNr GABA neurons. A, Simplified protocol illustrating the
steps of our scRT-PCR. Note that successful PCR amplification was conditioned on successful aspiration and RT. GAD1 mRNA was
not detected in a minority of electrophysiologically identified GABA neurons, indicating a likely failure in aspiration. B, GAD1
mRNA (expected amplicon size 244 bp) was consistently detected in electrophysiologically identified SNr GABA neurons (114 of
123). Detection of GAD1 mRNA indicates that a sufficient amount of cytoplasm was aspirated and cellular mRNAs were sufficiently
preserved, creating the precondition to detect other mRNAs. C, In the electrophysiologically identified SNr GABA neurons in which
GAD1 mRNA was detected, scRT-PCR reliably detected TRPC3 mRNA (n 	 10 of 10) whereas TRPC1,2,4,5,6,7 mRNAs were not
detected. Primer pairs were effective (supplemental Fig. 1, supplemental Table 1, available at www.jneurosci.org as supplemen-
tal material).
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confirmed by the widespread TRPC3 im-
munoreactivity in PV-positive SNr neu-
rons (Fig. 2). PV is a reliable marker for
SNr GABA projection neurons whereas
GABA synthesis enzyme GAD is not be-
cause of its low level at the soma (Rajaku-
mar et al., 1994; Gonzalez-Hernandez and
Rodriguez, 2000).

We will provide functional data below
that TRPC3 mRNA is translated into func-
tional channel proteins in SNr GABA neu-
rons. In other cell systems, the TRPC3
channel is a constitutively active cation
channel and plays major roles in deter-
mining cell resting membrane potential
and action potential firing (Albert et al.,
2006). Thus, we hypothesized that in SNr
GABA neurons, TRPC3 channels may me-
diate a tonic inward current that contrib-
utes substantially to the depolarized mem-
brane potential and high frequency firing
in these basal ganglia output neurons.

TRP channel blockade reveals a tonic
depolarization and inward current in
SNr GABA neurons
To test our hypothesis, we used flufenamic
acid (FFA), a broad spectrum TRP channel (including TRPC3
channel) blocker (Albert et al., 2006; Ramsey et al., 2006). If
TRPC3 channels indeed conduct a tonic inward current in SNr
GABA neurons, then FFA should induce an apparent hyperpo-
larization in current clamp and an apparent outward current in
voltage clamp. In this experiment and all other experiments de-
scribed below, 20 �M D-2-amino-5-phosphonopentanoic acid,
10 �M 6-cyano-7-nitroquinoxaline-2,3-dione, and 100 �M pic-
rotoxin were used to eliminate complications of fast glutamate
and GABA synaptic activity. 1 �M TTX was used to abolish action
potentials. The persistent Na� channel should also be blocked by
TTX (Atherton et al., 2005). Under these conditions, the resting
membrane potential in SNr GABA neurons was �50.1 � 0.8 mV
(n 	 29). Bath application of 100 �M FFA consistently resulted in
a nondesensitizing hyperpolarization of 9.7 � 0.9 mV from the
resting membrane potential of �49.8 � 1.8 mV (n 	 10) (Fig. 3A,
Table 1). The effect of FFA was reversible after wash. These results
clearly indicate that there was a nearly 10 mV tonic depolariza-
tion in SNr GABA neurons that was sensitive to FFA inhibition.

Similar results were obtained in voltage clamp recording
mode. At holding potential �70 mV, the control resting holding
current was �156.0 � 3.5 pA (n 	 42). Bath application of 100
�M FFA induced an apparent outward current of 65.2 � 3.3 pA,
or reduced the potential tonic inward current by 65.2 � 3.3 pA
(n 	 14) (Fig. 3B, Table 1). In other words, FFA inhibited a
normally active inward current. Whole-cell conductance, moni-
tored with 10 mV voltage pulses, was also decreased from 5.59 �
0.53 nS under control to 3.51 � 0.42 nS during FFA application
(n 	 7; p � 0.001). These results clearly indicate that SNr GABA
neurons have a constitutively active inward current that is sensi-
tive to FFA, a nonselective TRP channel blocker.

To determine the current–voltage ( I–V) relationship of the
tonic inward current, voltage ramp experiments were performed.
Linear voltage ramp between �90 to 10 mV revealed that FFA
decreased the whole cell current in the entire voltage range. The
I–V relationship of this FFA-inhibited inward current, obtained

Figure 3. TRP channel blockade reveals a tonic depolarization and inward current in SNr
GABA neurons. A, After blocking Na� channels with 1 �M TTX and under current clamp record-
ing condition, bath application of 100 �M FFA, a broad-spectrum compound known to block
TRP channels, resulted in an apparent hyperpolarization of �10 mV from the resting mem-
brane potential around �50 mV (open arrow), indicating an FFA-sensitive tonic depolarization
(depol.; filled arrow). B, When voltage clamped at �70 mV, bath application of 100 �M FFA
induced an outward current of �65 pA on average (open arrow), or reduced the potential tonic
inward current by � 65 pA as reflected by the apparent reduction of the holding current (filled
arrow). C, Linear voltage ramp from �90 to 10 mV was applied under control condition (black
trace) and during 100 �M FFA application (blue trace). Digital subtraction (control minus FFA)
revealed the current inhibited by FFA (red trace) and its I–V relationship. The decreased current
also indicates an increased input resistance or decreased whole cell conductance. D, The FFA-
inhibited current in C displayed at higher magnification. The I–V relationship is clearly linear
between the entire voltage range of �90 to 10 mV with no signs of voltage-dependent acti-
vation or inactivation and reversed its polarity around �36 mV on average (intercept on x-axis
in linear regression analysis as indicated by the black straight line, r 	 0.999). E, The underlying
FFA-sensitive conductance was flat with no voltage-dependent activation or inactivation. The
portion near �35 mV was not reliable because when the driving force approached zero toward
the reversal potential, the calculated conductance value (current divided by driving force) was
highly affected by the noise current (arrowheads). When the driving force became zero at the
reversal potential, the conductance became not defined as indicated by the gap (arrowheads).
The black line was the linear fit (r 	 0.998).

Figure 2. TRPC3 channel protein immunoreactivity in SNr GABA neurons. A, A1 shows numerous TRPC3 immunoreactivity-
positive, Alexa Fluor 568 (red)-tagged neurons in a 50 �m-thick SNr section. The boxed area is enlarged and shown in A2. The
somata are clearly positively stained. B, B1 shows PV-positive, Alexa Fluor 488 (green)-tagged GABA neurons in the same SNr
section. The boxed area is enlarged and shown in B2. PV is a marker for GABA neurons in SNr. C, C1 is the overlay of A1 and B1, and
C2 is the overlay of A2 and B2. Overlapped pixels become yellow. Clearly, all the identifiable neuronal somata turned yellow,
indicating a widespread expression of TRPC3 channel protein in SNr GABA neurons. All images were confocal photomicrographs.
Scale bar: A1–C1, 50 �m; A2–C2, 12 �m.
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by subtracting the ramp current under control by the ramp cur-
rent in the presence of FFA, was linear between �90 and 10 mV
with no signs of voltage-dependent activation or inactivation.
The current reversed its polarity at �36.2 � 1.4 mV (n 	 6) (Fig.
3C,D). The underlying FFA-sensitive conductance was also flat
with no voltage-dependent activation or inactivation (Fig. 3E).
These I–V characteristics and FFA-sensitivity indicate a poten-
tially TRPC3 channel-mediated, tonic cation current in SNr
GABA neurons. Because it is inward below the action potential
threshold around �40 mV, this tonic current can depolarize the
cell toward spike firing.

To further characterize the ion channel mediating the tonic
inward current in SNr GABA neurons, we tested the effects of
Gd 3�, a trivalent cation known to inhibit TRP channels, TRPC3
in particular (Albert et al., 2006; Ramsey et al., 2006). Bath appli-
cation of 100 �M GdCl3 produced effects similar to those by 100
�M FFA on the membrane potential, current and whole-cell con-
ductance. Gd 3� resulted in an apparent hyperpolarization of
9.5 � 0.8 mV from �50.3 � 2.0 mV (n 	 6) (Fig. 4A), an
apparent outward current of 68.6 � 4.9 pA or reduced the tonic
inward current by 68.6 � 4.9 pA (n 	 8) (Fig. 4B). Whole-cell
conductance was decreased from 5.83 � 0.72 nS to 3.72 � 0.44 nS
(n 	 6; p � 0.001). Voltage ramp experiment revealed that the
Gd 3�-inhibited current was linear between �90 and 0 mV with
no signs of voltage-dependent activation or inactivation and re-
versed its polarity at �34.7 � 1.5 mV (n 	 5) (Fig. 4C,D).

These results indicate that extracellular Gd 3� can inhibit the
tonically active, voltage-independent inward current in SNr
GABA neurons, consistent with our idea that TRPC3 channels
may be mediating the tonic inward current and with published
reports that native TRPC3 channels are inhibited by extracellular
gadolinium (Thorneloe and Nelson, 2004; Albert et al., 2006).

The tonic depolarization and inward current in SNr GABA
neurons are dependent on extracellular Na�

The presence of TRPC3 mRNA, the absence of other TRP mR-
NAs, and the inward current’s FFA-sensitivity and linearity all
indicate that TRPC3 channels were probably mediating the tonic
inward current in SNr GABA neurons. Because Na� is a main
extracellular cation that is permeable to native TRP channels
(Thorneloe and Nelson, 2004; Albert et al., 2006), we hypothe-
sized that Na� is the main cation carrying the tonic inward cur-
rent in SNr GABA neurons.

To test this idea, ion substitution experiments were per-
formed. In current clamp recording mode and in normal bathing
solution containing 151 mM Na�, and 1 �M TTX, the resting
membrane potential of SNr GABA neurons was around �50 mV.
When 125 mM NaCl was replaced by equal molar choline chlo-
ride, a hyperpolarization of 10.8 � 1.4 mV was induced from a

baseline of �50.2 � 2.1 mV (n 	 7) (Fig. 5A). Returning the
bathing solution to normal extracellular solution reversed the
hyperpolarization (Fig. 5A). In three additional cells, 1 �M atro-
pine and 2 �M mecamylamine were present to prevent potential
choline activation of muscarinic and nicotinic receptors and the
results were not different. These data indicate that without the
tonic Na�-dependent inward current, the resting membrane po-
tential would be around 10 mV more negative or around �60
mV.

Similar results were obtained in voltage clamp recording
mode. At holding potential �70 mV, after obtaining stable base-
line recording, replacing 125 mM NaCl with equal molar choline
chloride reduced the holding current by 73.9 � 3.8 pA (n 	 11)
(Fig. 5B), indicating a Na�-carried tonic inward current at �70
mV. Comparison of linear voltage ramp-evoked current in nor-
mal Na� and low Na� bathing solution revealed that the Na�-
dependent current was linear between �90 and 0 mV and re-
versed its polarity at �32.1 � 1.5 mV (n 	 6) (Fig. 5C,D).

Table 1. Bath-applied flufenamic acid and intracellularly applied TRPC3 antibody have similar effects on SNr GABA neurons

Steady state 100 �M FFA-induced

Firing rate
(Hz)

Holding current
at �70 mV (pA)

Membrane
potential (mV)

Outward
current (pA)

Hyperpolarization
(mV)

Control 10.4 � 0.2 �156.0 � 3.5 �50.1 � 0.8 �65.2 � 3.3 �9.7 � 0.9
(n 	 123) (n 	 42) (n 	 29) (n 	 14) (n 	 10)

100 �M FFA 0 �90.9 � 5.2 �59.5 � 1.1 not applicable not applicable
(n 	 7) (n 	 14) (n 	 10)

TRPC3 antibody 0 �95.1 � 10.4 �58.2 � 1.4 �11.8 � 0.7 �1.5 � 0.3
(n 	 5) (n 	 6) (n 	 7) (n 	 6) (n 	 7)

TRPC3 antibody � peptide 10.1 � 0.9 �155.4 � 11.7 �49.8 � 1.2 �67.2 � 5.6 �9.5 � 1.1
(n 	 5) (n 	 5) (n 	 5) (n 	 5) (n 	 5)

Figure 4. Extracellular Gd 3� inhibits the tonic depolarization (depol.) and inward current in
SNr GABA neurons. A, In the presence of 1 �M TTX and under current clamp recording condition,
bath application of 100 �M Gd 3� resulted in an apparent hyperpolarization of �10 mV from
the resting membrane potential near�50 mV. The effect of Gd 3� was reversible after wash. B,
When voltage clamped at �70 mV, bath application of 100 �M Gd 3� induced an apparent
outward current of � 70 pA, or reduced the potential tonic inward current by �70 pA. In other
words, Gd 3� inhibited a normally active inward current. C, Linear voltage ramp from �90 to 0
mV was applied under control condition (black trace) and during 100 �M Gd 3� application
(blue trace). Digital subtraction (control minus Gd 3�) revealed the current inhibited by Gd 3�

(red trace) and its I–V relationship. The decreased current also indicates an increased input
resistance or decreased whole-cell conductance. D, The Gd 3�-sensitive current in C displayed
at higher magnification. The I–V relationship is clearly linear between the entire voltage range
of �90 to 0 mV with no signs of voltage-dependent activation or inactivation and reversed its
polarity around �34.7 on average (linear regression analysis as indicated by the black straight
line, r 	 0.998).
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Furthermore, the effects of 100 �M FFA on membrane poten-
tial and holding current was reduced by 82.8 � 3.6% and 84.7 �
3.8% (n 	 5), respectively, when extracellular Na� was reduced
by 125 mM or 82.6% (Fig. 6), indicating that the FFA-sensitive
tonic inward current was dependent on extracellular Na�. The
effects of 100 �M Gd 3� on membrane potential and the tonic
inward current were also reduced by �80% when extracellular
Na� was reduced by 125 mM (n 	 3), indicating the Gd3�-
sensitive tonic inward current was also dependent on Na�. These
data further support our hypothesis that the tonic inward current
was probably mediated by TRPC3 channels because Na� is
known to carry the majority of the FFA- and Gd3�-sensitive,
native TRPC3 channel-mediated current (Thorneloe and Nel-
son, 2004; Albert et al., 2006).

Together, these results suggest that SNr GABA neurons have a
constitutively active, Na�-dependent, voltage-independent in-
ward current at membrane potentials negative to the action po-
tential threshold, indicating that this tonic inward current can
depolarize and drive these neurons toward their action potential
threshold. Given the selective presence of TRPC3 mRNA, the
presence of TRPC3 channel protein, and the FFA and Gd 3� sen-
sitivity, these results suggest that TRPC3 channels were the most
likely candidate mediating this tonic inward current.

Extracellular Ca 2� inhibits the tonic depolarization and
inward current in SNr GABA neurons
Extracellular Ca 2� is known to inhibit TRPC3 channel while
enhancing the activity of other types of TRP channels (Thorneloe
and Nelson, 2004; Albert et al., 2006). Our data presented above

indicate that TRPC3 channels may mediate the tonic inward cur-
rent in SNr GABA neurons. Thus, we predicted that reducing
extracellular Ca2� concentration may enhance the tonic depolar-
ization and inward current in SNr GABA neurons.

Indeed, after obtaining a stable baseline current clamp record-
ing under the control condition with 2.5 mM Ca2�, reducing
Ca2� to 10 �M resulted in a depolarization of 5.8 � 1.0 mV from
�50.1 � 2.2 mV (n 	 6) (Fig. 7A). This effect was rapidly re-
versed with the reperfusion of normal bathing solution contain-
ing 2.5 mM Ca2� (Fig. 7A). Similar results were obtained in
voltage-clamp recording mode. At holding potential �70 mV,
reducing Ca2� to 10 �M from 2.5 mM increased the tonic inward
current by 59.2 � 5.1 pA by increasing the holding current to
�214.6 � 7.3 pA from �155.4 � 5.9 pA under control condition
with 2.5 mM Ca2� (n 	 9) (Fig. 7B). Whole-cell conductance was
also significantly increased from 5.32 � 0.57 nS under control to
7.09 � 0.83 nS (n 	 7; p � 0.001) under 10 �M Ca2�. Voltage
ramp experiments revealed that the inward current induced by
reducing Ca2� was linear between �90 and 0 mV and reversed its
polarity at �37.2 � 1.7 mV (n 	 6) (Fig. 7C,D). These results
indicate that extracellular Ca2� normally inhibits a tonically ac-
tive, voltage-independent inward current in SNr GABA neurons.
This Ca2� sensitivity is similar to that of the native TRPC3 chan-
nels in smooth muscle cells that are inhibited by extracellular
calcium (Thorneloe and Nelson, 2004; Albert et al., 2006).

Intracellular perfusion of TRPC3 antibody inhibits the tonic
depolarization and inward current in SNr GABA neurons
The presence of TRPC3 mRNA and protein, lack of mRNA for
other TRP channels, and the biophysical and pharmacological
data presented above clearly indicate that the tonic, voltage-
independent inward current in SNr GABA neurons is likely me-
diated by TRPC3 channels. However, FFA and Gd3� may also
affect other targets such as Ca2� channels and NMDA-type glu-

Figure 5. The tonic depolarization and inward current in SNr GABA neurons is dependent on
extracellular Na�. A, In current-clamp recording mode and in normal bathing solution contain-
ing 151.25 mM Na�, the resting membrane potential of SNr GABA neurons was near �50 mV
and very stable in the presence of 1 �M TTX. When 125 mM NaCl was replaced by equal molar
choline chloride, a hyperpolarization of � 10 mV was induced (open arrow), indicating a
Na�-dependent, tonic depolarization (filled arrow). Returning the bathing solution to normal
extracellular solution reversed the hyperpolarization. B, In voltage-clamp mode at holding
potential �70 mV, replacing 125 mM NaCl in the bathing solution with equal molar choline
chloride reduced the holding current by �70 pA (open arrow), indicating a Na�-carried tonic
inward current at �70 mV (filled arrow). C, Linear voltage ramp from �90 to 0 mV was applied
under normal Na� condition (black trace) and during low Na� condition (blue trace). Digital
subtraction (normal Na� minus low Na�) revealed the current diminished by lowering Na�

(red trace) and its I–V relationship. D, The Na�-dependent current in C displayed at higher
magnification. The I–V relationship is clearly linear between the entire voltage range of �90 to
0 mV with no signs of voltage-dependent activation or inactivation and reversed its polarity
around �32 mV on average (intercept on x-axis in linear regression analysis as indicated by the
black straight line, r 	 0.997).

Figure 6. The effects of FFA are reduced when extracellular Na� concentration is reduced,
indicating that the FFA-sensitive, tonic inward current in SNr GABA neurons is dependent on
extracellular Na�. A, In current-clamp recording mode and in normal bathing solution contain-
ing 151.25 mM Na�, and 1 �M TTX, the resting membrane potential of SNr GABA neurons was
near �50 mV and stable. When 125 mM NaCl was replaced by equal molar choline chloride, a
hyperpolarization of 10.4 � 1.3 mV, from �50.1 � 2.4 mV, was induced, indicating a Na�-
dependent tonic depolarization. Under this low Na� condition, 100 �M FFA only induced a
1.6 � 0.3 mV hyperpolarization (n 	 5). It was �9.7 � 0.9 mV under normal Na�, indicating
the FFA-sensitive tonic inward current was dependent on extracellular Na�. All these effects
were recovered after washing out FFA and returning to normal Na�. B, Similar results were
obtained in voltage-clamp recording mode. At holding potential �70 mV, replacing 125 mM

NaCl in the bathing solution with choline chloride, on an equal molar base, reduced the holding
current by 75.1 � 5.4 pA from basal level of �157.3 � 10.1 pA. Under this condition, 100 �M

FFA reduced the holding current by �9.3 � 0.9 pA (n 	 5). It was �65.2 � 3.3 pA under
normal Na�.
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tamate receptors, although activity of these channels is voltage-
dependent (Babich et al., 2007; Wang et al., 2007).

To further confirm our conclusion on TRPC3 channels, we
used an antibody against the intracellular carboxyl terminal of
TRPC3 channel protein (Alomone Labs). This antibody has been
demonstrated to inhibit TRPC3 channels in smooth muscle cells
and hippocampal neurons (Albert et al., 2006; Amaral and
Pozzo-Miller, 2007). We added this antibody (at 1:100 dilution)
to the intracellular pipette solution. The antibody should gradu-
ally diffuse into the recorded cells, bind to TRC3 channels, and
interfere with their opening or gating, leading to decreased tonic
whole-cell current (Albert et al., 2006). Consequently, the intra-
cellularly perfused SNr GABA neurons may become hyperpolar-
ized and the effect of FFA should be at least partially occluded or
diminished.

Indeed, SNr GABA neurons intracellularly perfused with
TRPC3 antibody became gradually hyperpolarized, reaching a
steady-state resting potential of �58.2 � 1.4 mV (n 	 7) (Fig. 8A,
Table 1) (for immunohistochemical evidence of effective anti-
body infusion, see supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). This was �8 mV more
hyperpolarized than under control condition, indicating that the
tonic depolarization was reduced by 8 mV by the TRPC3 anti-
body. Furthermore, after intracellular perfusion of TRPC3 anti-
body, bath application of 100 �M FFA induced a hyperpolariza-
tion of only 1.5 � 0.3 mV, much smaller than the nearly 10 mV
hyperpolarization induced under control condition ( p � 0.001,
one-way ANOVA; n 	 7) (Table 1).

In contrast, when the SNr GABA neurons were perfused with
TRPC3 antibody together with the antigenic peptide that should
neutralize the antibody, the steady-state resting potential was
�49.8 � 1.2 mV and bath application of 100 �M FFA induced a

hyperpolarization of 9.5 � 1.1 mV, similar to these obtained with
normal intracellular solution ( p 	 0.892, one-way ANOVA; n 	
5) (Fig. 8B, Table 1). These results indicate that the effects of
TRPC3 antibody were specific.

When the SNr GABA neuron was voltage clamped at �70 mV,
intracellular perfusion of TRPC3 antibody gradually decreased
the holding current to �95.1 � 10.4 pA (n 	 6) (Fig. 8C), indi-
cating the tonic inward current was reduced by �60 pA by the
intracellularly applied TRPC3 antibody. Under this condition,
bath application of 100 �M FFA induced an outward current of
only 11.8 � 0.7 pA ( p � 0.001, one-way ANOVA; n 	 6) (Fig. 8C,
Table 1). In contrast, when the cells were intracellularly perfused
with both TRPC3 antibody and the antigenic peptide, the steady-
state holding current was �155.4 � 11.7 pA and bath application
of 100 �M FFA induced an outward current of 67.2 � 5.6 pA,
similar to those obtained with normal intracellular solution ( p 	
0.677, one-way ANOVA; n 	 5) (Fig. 8D, Table 1).

These results clearly indicate that the TRPC3 antibody can
selectively diminish the tonic inward current, providing conclu-

Figure 7. Extracellular Ca2� inhibits the tonic depolarization and inward current in SNr
GABA neurons. A, Under the current-clamp recording condition, reducing extracellular Ca2� to
10 �M from 2.5 mM resulted in a depolarization of�6 mV from the resting membrane potential
around �50 mV. The effect of Ca2� was reversible after return to normal 2.5 mM Ca2�. B,
When voltage clamped at �70 mV, reducing extracellular Ca2� to 10 �M induced an inward
current of �60 pA, or enhanced the tonic inward current by �60 pA. In other words, Ca2�

inhibited a normally active inward current. C, Linear voltage ramp from �90 to 0 mV was
applied under control condition (black trace) and during 10 �M Ca2� (blue trace). Digital
subtraction (lower Ca2� minus normal Ca2�) revealed the current normally inhibited by Ca2�

(red trace) and its I–V relationship. The increased current by lowering Ca2� also indicates a
decreased input resistance or increased whole-cell conductance. D, The Ca2�-sensitive current
in C displayed at higher magnification. The I–V relationship is clearly linear between the entire
voltage range of �90 to 0 mV with no signs of voltage-dependent activation or inactivation
and reversed its polarity around �37 mV on average (linear regression analysis as indicated by
the black straight line, r 	 0.998).

Figure 8. Intracellular application of TRPC3 antibody inhibits the depolarization and tonic
inward current in SNr GABA neurons. A, Under current-clamp recording mode and in the pres-
ence of 1 �M TTX, the SNr GABA neurons became gradually more hyperpolarized when the
intracellular pipette solution contained TRPC3 antibody diluted at 1:100. The effect reached a
steady-state, leading to a new stable membrane potential around �58 mV on average. Note
that the resting potential was around �50 mV with normal intracellular solution. Furthermore,
bath application of 100 �M FFA induced a hyperpolarization of only �1.5 mV, much smaller
than the near 10 mV hyperpolarization obtained with normal intracellular solution. B, Under
current-clamp recording mode and in the presence of 1 �M TTX, when the SNr GABA neurons
were intracellularly perfused with TRPC3 antibody together with the antigenic peptide that
should neutralize the antibody, the resting membrane potential was not altered, remaining
around �50 mV. Bath application of 100 �M FFA induced a hyperpolarization of �10 mV,
similar to that obtained with normal intracellular solution. C, When voltage clamped at �70
mV and in the presence of 1 �M TTX, intracellular perfusion of TRPC3 antibody gradually de-
creased the holding current with the steady-state holding current reaching around �95 pA.
Under this condition, bath application of 100 �M FFA induced an outward current of only �11
pA. D, When the cell was intracellularly perfused with both TRPC3 antibody and the antigenic
peptide, the holding current was not altered, remaining around �155 pA. Bath application of
100 �M FFA induced an outward current of �70 pA, similar to those obtained with normal
intracellular solution.
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sive evidence that it is the TRPC3 channel
that normally mediates the tonic inward
current in SNr GABA neurons that helps
depolarize these neurons to action poten-
tial threshold.

TRP channel blockade decrease the
frequency and increases the irregularity
of SNr GABA neuron spiking
Our data presented above clearly demon-
strate that SNr GABA neurons have a
TRPC3 channel-mediated, constitutively
active, linear inward current in the voltage
range from �90 mV to around �35 mV
that is the reversal potential of this tonic
current and also �5 mV more positive
than the action potential threshold around
�40 mV for SNr GABA neurons. The next
question is: what functional roles do these
TRPC3 channels play in SNr GABA neu-
rons? We hypothesized that TRPC3 channels
help depolarize SNr GABA neurons toward
their action potential threshold around �40
mV. Thus, we predicted that inhibition of
TRPC3-mediated inward current will hyper-
polarize the SNr GABA neurons such that
the membrane potential of these neurons
will not reach action potential threshold
readily and reliably. Consequently, these
neurons will not be able to fire action poten-
tials regularly, leading to reduced firing fre-
quency and increased firing irregularity.

Indeed, under current-clamp recording
conditions, relatively low concentrations
of FFA altered the firing rate and pattern in SNr GABA neurons.
Bath application of 40 �M FFA significantly increased interspike
interval (ISI) from 102.9 � 4.2 ms under control to 328.0 � 46.3
ms under FFA (n 	 8; p � 0.01) (Fig. 9A,B). To quantify firing
irregularity, the coefficient of variation (CV) of the ISI, defined as
the ratio of the SD of ISI over the mean ISI, was used (Bennett and
Wilson, 1999; Lee et al., 2007). As shown in Figure 9C, under
normal conditions, SNr GABA neurons fired spontaneously in a
relatively regular manner with a narrow ISI distribution. During
40 �M FFA bath application, however, these same SNr GABA
neurons fired spontaneous spikes much more irregularly with
wider ISI distribution. The CV of ISI increased from 0.11 � 0.02
in control to 0.49 � 0.07 under 40 �M FFA (n 	 8; p � 0.01) (Fig.
9C,D). High-concentration FFA (100 �M) strongly hyperpolar-
ized the recorded SNr GABA neurons such that these neurons
often completely ceased to fire action potentials (Fig. 9E).

As expected, 40 �M GdCl3 also increased the ISI from 101.5 �
4.7 ms under control to 277.3 � 28.5 ms under Gd 3� (n 	 6) and
increased CV of ISI from 0.12 � 0.03 in control to 0.41 � 0.05
(n 	 6) in SNr GABA neurons. More important, intracellular
application of TRPC3 antibody in SNr GABA neurons also sub-
stantially reduced the firing frequency, eventually leading to a
complete cessation of spike firing (Table 1, Fig. 10). In contrast,
intracellular coapplication of TRPC3 antibody and the antigenic
peptide did not significantly affect the firing in these neurons
(Table 1), indicating that the effects of TRPC3 antibody were
specific. These results further support our idea that the TRPC3
channel-mediated tonic inward current helps the SNr GABA
neuron fire rapid and regular spikes.

Discussion
The main finding from our combined molecular, immunohisto-
chemical, biophysical, and pharmacological experiments is that
SNr GABA projection neurons selectively express TRPC3 chan-
nels that mediate a constitutively active inward current. This in-
ward current provides a robust depolarization of around 10 mV
in these basal ganglia output neurons, leading to depolarized
resting membrane potential and consequently reliable action po-
tential firing.

SNr GABA projection neurons selectively express
constitutively active TRPC3 channels that mediate a tonic
inward current and depolarization
Our single cell RT-PCR experiments consistently and reliably
detected TRPC3 channel mRNA in SNr GABA neurons. mRNAs
for the 27 other TRP channels were undetectable in these neu-
rons. The possibility of false negative detection is minimal or
unlikely because all of the primer pairs were proven to be effective
with whole brain mRNAs. The translation of TRPC3 mRNA was
confirmed by TRPC3 channel protein immunostaining in SNr
GABA neurons. Therefore, we conclude that SNr GABA projec-
tion neurons selectively express TRPC3 channels. As will be dis-
cussed below, this selective expression matches perfectly the bio-
physical properties of the TRPC3 channel with the functional
needs of the SNr GABA projection neuron.

Our patch clamp and pharmacological experiments show that
SNr GABA neurons have a constitutively active, TTX-insensitive,
Na�-dependent, voltage-independent linear inward current with
a reversal potential around �36 mV. This tonic inward current

Figure 9. TRP channel blockade decreases the frequency and increases the irregularity of SNr GABA neuron spiking. A, Example
recording of the spontaneous, relatively regular and high-frequency firing of an SNr GABA neuron under control condition. No
current was injected. B, Bath application of 40 �M FFA decreased the firing frequency and increased the ISI. C, ISI distribution was
narrow under control condition. D, ISI distribution was wider and more irregular during bath application of 40 �M FFA. E, An
example continuous recording showing that 100 �M FFA induced a substantial hyperpolarization, leading to a complete cessation
of spontaneous firing in SNr GABA neurons. Spike amplitude is distorted because of a 2 kHz resampling for display.
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was blocked by TRP channel blocker flufenamic acid, leading to
hyperpolarization of SNr GABA neurons. It was also inhibited by
extracellular Ca2� and Gd3�, also causing hyperpolarization.
These biophysical and pharmacological characteristics are simi-
lar or identical to those of native TRPC3 channels in other cell
systems (Clapham, 2003; Thorneloe and Nelson, 2004; Petkov et
al., 2005; Albert et al., 2006; Ramsey et al., 2006; Hardie, 2007;
Venkatachalam and Montell, 2007).

More importantly, intracellular application of TRPC3 anti-
body induced a hyperpolarization or an outward current, and
largely prevented or occluded the effect of flufenamic acid. In
contrast, intracellular coapplication of TRPC3 antibody and the
antigenic peptide resulted in no change in membrane potential or
current, indicating the effects of intracellular application of
TRPC3 antibody were specific. These data suggest that the
TRPC3 antibody was interfering with the gating or opening of
constitutively active TRPC3 channels, consistent with recent
studies on TRPC3 channels in smooth muscle cells where these
channels cause a tonic depolarization and help trigger action po-
tential firing (Thorneloe and Nelson, 2004; Petkov et al., 2005;
Albert et al., 2006).

Together, our data from multiple approaches clearly show
that TRPC3 channels mediate a Na�-dependent, flufenamic
acid-, Gd3�-, and Ca2�-sensitive, tonic inward current that re-
verses polarity around �36 mV, above the action potential
threshold of SNr GABA neurons. These tonically active TRPC3
channels are ideally suited to constantly depolarize and drive
these basal ganglia output neurons toward their action potential
threshold. Because these channels are active and conduct large

inward or depolarizing currents at hyperpolarized membrane
potentials, they are particularly useful in depolarizing these neu-
rons when other voltage-dependent depolarizing ion channels
are not active. For example, the TTX-sensitive persistent Na�

channel starts to significantly contribute to the depolarization of
SNr GABA neurons only when the membrane potential is about
�50 mV or more positive (Atherton and Bevan, 2005).

Functional importance of TRP channels in SNr
GABA neurons
A key function of the basal ganglia is to inhibit, via the inhibitory
output of SNr and GPi GABA projection neurons, the thalamic
nuclei, the superior colliculus, and other brainstem motor nuclei
(Albin et al., 1989; Alexander and Crutcher, 1990; Hikosaka et al.,
2000; DeLong and Wichmann, 2007; Hikosaka, 2007). The inhib-
itory output from SNr GABA projection neurons (and probably
also GPi GABA projection neurons) is encoded in their firing
frequency and pattern (Hikosaka and Wurtz, 1983; Nevet et al.,
2004; Hikosaka, 2007). Therefore, the spiking properties (fre-
quency and pattern) of SNr GABA projection neurons are critical
to movement control. A combination of inhibition and disinhi-
bition may allow desired appropriate movements while suppress-
ing inappropriate, competing movements such that an animal or
person can have smooth, well coordinated movements (Hiko-
saka et al., 2000; Gulley et al., 2002; Hikosaka, 2007). Parkinso-
nian movement disorders are often associated with abnormalities
in SNr GABA neuron firing. Recordings in animal models of
Parkinson’s disease and Parkinson’s disease patients indicate that
the SNr GABA neuron output in parkinsonian brain is often
altered in its intensity and/or pattern (Bergman et al., 1998;
Obeso et al., 2000; Hutchison et al., 2004; Nevet et al., 2004).
Further demonstrating the importance of SNr in motor control
and Parkinson’s disease, inactivation of SNr in a primate model
of Parkinson’s disease has been shown to ameliorate parkinso-
nian motor symptoms (Wichmann et al., 2001).

In conclusion, our data show that the SNr GABA projection
neurons selectively express TRPC3 channels that are tonically
active and mediate a Na�-dependent, voltage-independent in-
ward current, thus guaranteeing basal ganglia neurons with a
substantial depolarizing current. Inhibition of these channels in-
duces hyperpolarization, leading to decreased firing frequency
and increased firing irregularity. Thus, TRPC3 channels play crit-
ical roles in maintaining the depolarized membrane potential,
high firing frequency, and firing regularity in these basal ganglia
output neurons, consequently contributing to motor control.
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