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ABSTRACT
Neurokinin (NK) 1 receptors and CaV2.3 calcium channels are
both expressed in nociceptive neurons, and mice lacking either
protein display altered responses to noxious stimuli. Here, we
examined modulation of CaV2.3 through NK1 receptors ex-
pressed in human embryonic kidney 293 cells. We find that
NK1 receptors generate complex modulation of CaV2.3. In
particular, weak activation of these receptors evokes mainly
stimulation of CaV2.3, whereas strong receptor activation elicits
profound inhibition that overlaps with channel stimulation. Un-
like R-type channels encoded by CaV2.3, L-type (CaV1.3), N-
type (CaV2.2), and P/Q-type (CaV2.1) channels are inhibited, but
not stimulated, through NK1 receptors. Pharmacological exper-
iments show that protein kinase C (PKC) mediates stimulation
of CaV2.3 through NK1 receptors. The signaling mechanisms
underlying inhibition were explored by expressing proteins that
buffer either G�q/11 (regulator of G protein signaling protein 3T

and carboxyl-terminal region of phospholipase C-�1) or G��
subunits (transducin and the carboxyl-terminal region of bovine
G-protein-coupled receptor kinase). A fast component of inhi-
bition was attenuated by buffering G��, whereas a slow com-
ponent of inhibition was reduced by buffering G�q/11. When
both G�� and G�q/11 were simultaneously buffered in the same
cells, inhibition was virtually eliminated, but receptor activation
still triggered substantial stimulation of CaV2.3. We also report
that NK1 receptors accelerate the inactivation kinetics of
CaV2.3 currents. Altogether, our results indicate that NK1 re-
ceptors modulate CaV2.3 using three different signaling mech-
anisms: a fast inhibition mediated by G��, a slow inhibition
mediated by G�q/11, and a slow stimulation mediated by PKC.
This new information concerning R-type calcium channels and
NK1 receptors may help in understanding nociception, synaptic
plasticity, and other physiological processes.

R-type Ca2� currents have been pharmacologically defined
by their resistance to blockers of L-type, N-type, and P/Q-
type Ca2� channels (Zhang et al., 1993) and by their sensi-
tivity to SNX-482, a peptide component of spider venom
(Newcomb et al., 1998). Considerable evidence indicates that
native R-type currents are mediated by CaV2.3 subunits
(Piedras-Renterı́a and Tsien, 1998; Tottene et al., 2000; Lee
et al., 2002; Sochivko et al., 2002). Recent studies have begun
to elucidate the physiological roles of both R-type currents

and CaV2.3. For example, R-type currents have been shown
to participate in neurosecretion and in the formation of af-
terdepolarizations, plateau potentials, and bursting activity
in hippocampal CA1 pyramidal neurons (Wu et al., 1998;
Gasparini et al., 2001; Kuzmiski et al., 2005; Metz et al.,
2005; Tai et al., 2006). Studies also indicate that native
R-type channels mediate Ca2� entry into dendritic spines
(Sabatini and Svoboda, 2000) and that R-type channels play
important roles in synaptic plasticity (Yasuda et al., 2003;
Humeau et al., 2005). Likewise, CaV2.3 has been demon-
strated to be involved in cerebellar function, morphine toler-
ance, and synaptic plasticity (Kubota et al., 2001; Breustedt
et al., 2003; Dietrich et al., 2003; Yokoyama et al., 2004;
Osanai et al., 2006). It is noteworthy that CaV2.3 is also
implicated in nociception, as evidenced by the fact that
CaV2.3 knockout mice exhibit functional deficits in pain per-
ception (Saegusa et al., 2000) and intrathecal injection of
SNX-482 produces analgesia (Murakami et al., 2004).
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Several previous studies demonstrated that CaV2.3 and
native R-type currents are modulated by signaling mecha-
nisms linked to G protein-coupled receptors (Wu et al., 1998;
Yu and Shinnick-Gallagher, 1998; Meza et al., 1999; Melliti
et al., 2000; Sabatini and Svoboda, 2000; Bannister et al.,
2004; Kohlmeier and Leonard, 2006; Tai et al., 2006). In our
previous experiments, we showed that CaV2.3 is both inhib-
ited and stimulated through G�q/11-coupled muscarinic ace-
tylcholine receptors (Meza et al., 1999; Melliti et al., 2000;
Bannister et al., 2004). The neurokinin (NK) 1 receptor is a
G�q/11-coupled receptor with a well established role in noci-
ception (Macdonald et al., 1996; Duffy, 2004). Responses to
noxious stimuli are dramatically altered in NK1 receptor-
knockout mice (De Felipe et al., 1998). NK1 receptors are
expressed with CaV2.3 in primary sensory neurons, in pro-
jection neurons within the dorsal horn of the spinal cord, and
in various regions of mammalian brain, including amygdala,
hippocampus, and striatum (Niidome et al., 1992; Saegusa et
al., 2000; Lee et al., 2002; Duffy, 2004; Murakami et al.,
2004). Thus, NK1 receptors may modulate CaV2.3 in vivo,
and such modulation may be important in anxiety, nocicep-
tion, synaptic plasticity, and other neurological processes.

In the present study, we analyzed modulation of CaV2.3 by
NK1 receptors expressed in human embryonic kidney (HEK)
293 cells. We show that NK1 receptors produce a robust and
complex modulation of CaV2.3 that involves three distinct
signaling mechanisms: a fast inhibition mediated by G��, a
slow inhibition mediated by G�q/11, and a slow stimulation
mediated by protein kinase C (PKC). To our knowledge, this
is the first demonstration that CaV2.3 is inhibited through a
G�q/11-dependent signaling mechanism. Our results indicate
that NK1 receptors predominantly stimulate CaV2.3 in the
presence of low agonist concentrations. By contrast, these
receptors trigger profound inhibition that overlaps with stim-
ulation of CaV2.3 in the presence of high agonist concentra-
tions. Our findings provide new information about modula-
tion of CaV2.3 that may be relevant to understanding pain
transduction, neuronal excitability, and synaptic plasticity.

Materials and Methods
Cell Culture and Transfection. HEK293 cells (American Type

Culture Collection, Manassas, VA) were propagated in culture me-
dium containing 90% Dulbecco’s modified Eagle’s medium (Invitro-
gen, Carlsbad, CA), 10% defined fetal bovine serum (Hyclone Labo-
ratories, Logan, UT) and 50 �g/ml gentamicin. Cells of low passage
number (�20) were trypsinized weekly and replated onto 60-mm
culture dishes at �20% confluence. Cells were transfected by CaPO4

precipitation within 3 to 5 days of plating. The transfection mixture
contained a mixture of expression plasmids encoding CaV2.3 (or in
selected experiments CaV1.3, CaV2.1, or CaV2.2) and ancillary Ca2�

channel �2� and �3 subunits (each at 1.25 �g/dish), the human NK1
receptor (0.29 �g/dish), and enhanced green fluorescent protein
(EGFP; 0.125 �g/dish). The plasmid encoding unfused EGFP was
omitted when peptides fused in-frame to EGFP were expressed (see
below). In experiments with CaV2.1, the �1a subunit was cotrans-
fected in place of �3 to enhance expression of P/Q-type current. In
selected experiments, the transfection mixture included plasmids
encoding human rod transducin (G�t) or the carboxyl-terminal re-
gion of bovine G protein-coupled receptor kinase 3 (GRK3ct) fused to
a membrane-associating myristic acid attachment sequence (MAS-
GRK3ct). We also expressed the following proteins fused in-frame to
the carboxyl terminus of EGFP: human regulator of G protein sig-
naling protein 3T (RGS3T), the carboxyl-terminal region (T903-L1216)

of rat phospholipase C-�1 (PLC�1ct), and the RGS domain (Q45-Q170)
of human p115 RhoGEF (p115RGS), each at 1.25 �g/dish. The day
after transfection, cells were briefly trypsinized, replated onto
12-mm round glass coverslips, and incubated at 37°C. Electrophys-
iological recordings were made 24 to 32 h later. Successfully trans-
fected cells were visually identified under UV illumination. Only
isolated green cells were used for experiments.

Expression Plasmids. Rabbit brain CaV2.3 (GenBank accession
number X67856) was in pcDNA3.1� (Invitrogen). Rat brain �2� (Gen-
Bank accession number M86621) was in pMT2 (Genetics Institute,
Cambridge, MA). Rabbit brain �3 (GenBank accession number
X64300) was in pcDNA3 (Invitrogen). Rabbit skeletal muscle �1a

(GenBank accession number M25817) was in pKCRH2. Human NK1
receptor (GenBank accession number NM015727) was in pCI (Pro-
mega, Madison, WI). Jellyfish EGFP (GenBank accession number
U55763) was in pEGFP-C3 (Clontech, Cambridge, UK). Human G�t

(GenBank accession number X63749) was in pcDNA3.1�. Human
RGS3T (GenBank accession number U27655) was in pEGFP-C3. Rat
PLC�1ct (GenBank accession number M20636) was in pEGFP-C1.
Bovine MAS-GRK3ct (GenBank accession number NM_174500) was
in pcDNA3.1�. Human p115RGS (GenBank accession number
U64105) was in pEGFP-C3 and pcDNA3.1�.

Patch-Clamp Recordings. Large-bore patch pipettes were
pulled from 100-�l borosilicate glass micropipettes and filled with
internal solution containing 155 mM CsCl, 10 mM Cs2-EGTA, 4 mM
Mg-ATP, 0.32 mM Li-GTP, and 10 mM HEPES, with pH adjusted to
7.4 using CsOH. In one experiment, Li-GTP was replaced by 1 mM
Li-GDP�S. Aliquots of pipette solutions were stored at �80°C, kept
on ice after thawing, and filtered at 0.22 �m immediately before use.
The bath solution contained 145 mM NaCl, 40 or (where indicated) 5
mM CaCl2, 2 mM KCl, and 10 mM HEPES, with pH adjusted to 7.4
using NaOH. When filled with internal solution, pipettes had resis-
tances of 1.0 to 1.5 M�. After forming a G� seal in the cell-attached
configuration, residual pipette capacitance was compensated using
the negative capacitance circuit of the amplifier. Ca2� currents were
recorded in whole-cell, ruptured-patch mode. The resistance of the
whole-cell configuration was routinely �1 G�. The steady holding
potential was �90 mV. No corrections were made for liquid junction
potentials. Currents were filtered at 2 to 10 kHz using the built-in
Bessel filter (four-pole low-pass) of an Axopatch 200B amplifier (Mo-
lecular Devices, Sunnyvale, CA) and sampled at 10 to 50 kHz using
a Digidata 1200 or 1320A analog-to-digital board installed in a
Gateway Pentium computer. The pCLAMP software programs
Clampex and Clampfit (version 8.0; Molecular Devices) were used for
data acquisition and analysis, respectively. Figures were made, and
statistical analyses were performed using Origin (version 6.0 or 7.5;
OriginLab Corp., Northampton, MA). Linear cell capacitance (C) was
determined by integrating the area under the whole-cell capacity
transient, evoked by a voltage-clamp step from �90 to �80 mV.
Voltage errors (typically �5 mV) were minimized using the analog
series-resistance compensation circuit of the amplifier to reduce the
time constant for decay of the whole-cell capacity transient as much
as possible. Voltage error was calculated as the product of maximal
inward Ca2� current and series access resistance (RS). RS was cal-
culated as the time constant for the whole-cell capacity transient �
(1/C). All currents were corrected on-line for linear capacitance and
leakage currents using �P/4 subtraction. Ca2� current amplitudes
were measured at the time of peak inward current. All experiments
were conducted at room temperatures (20–24°C). Results are re-
ported as mean � S.E.M. Data were analyzed using unpaired or
paired t tests. The significance level was set at 0.05.

In all experiments, the recording chamber (RC-12; Warner Instru-
ments, Hamden, CT) was continuously perfused at the rate of �2 to
3 ml/min. Agonist application and washout were achieved by bulk
exchange of the bath solution, and they were 90% complete within
�11 and �27 s, respectively, as judged by block and unblock of
CaV2.3 current by 0.1 mM Cd2�. Temperature was continuously
monitored using a small thermocouple placed in the bath.
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Reagents. Neurokinin A (NKA), substance P, pertussis toxin
(PTX), cholera toxin (CTX), staurosporine, bisindolylmaleimide (Bis)
I, and Bis V were purchased from EMD Biosciences (San Diego, CA).
NKA and substance P were dissolved in 5% acetic acid to make 1 mM
stock solutions, aliquoted, and stored at �80°C. Staurosporine, Bis I,
Bis V, and PP2 were dissolved in dimethyl sulfoxide to make 1 mM
stock solutions, aliquoted, and stored at 4°C. The final concentra-
tions of acetic acid and dimethyl sulfoxide were always �0.005 and
�0.2%, respectively, which did not significantly alter basal proper-
ties of CaV2.3 or its modulation through NK1 receptors.

Results
Strongly Activated NK1 Receptors Inhibited the Am-

plitude, Altered the Voltage Dependence of Activation,
and Accelerated Inactivation of CaV2.3 Currents. Fig-
ure 1A shows families of whole-cell Ca2� currents recorded
from an HEK293 cell that expressed both NK1 receptors and
CaV2.3 channels. Currents were recorded from the same cell
before and during application of 1 �M NKA. This concentra-
tion of NKA caused profound inhibition of CaV2.3 current
amplitudes. On average, currents evoked at a test potential
of �20 mV were inhibited by 57 � 3% (n 	 30). Figure 1B
plots the averaged, normalized current-voltage (I-V) relation-
ships for control and inhibited currents. Similar magnitudes
of inhibition were observed at different test potentials (Fig.
1B), suggesting that NK1 receptors trigger a mostly voltage-
independent inhibition of CaV2.3. In support of this idea,
inhibited currents failed to exhibit prepulse facilitation (data

not shown). However, as illustrated in Fig. 1B, the scaled I-V
relationship for inhibited currents was shifted to negative
potentials relative to control currents. This voltage shift was
statistically significant (p � 0.05) over a narrow range of test
potentials (�10 to 0 mV). These results show that strongly
activated NK1 receptors inhibit CaV2.3 current amplitudes
and shift the voltage dependence of activation to slightly
more negative potentials.

The dose dependence of inhibition was determined by ex-
posing cells to various concentrations of NKA. The resultant
data were combined, and a dose-inhibition curve was con-
structed (Fig. 1C). The averaged, normalized data were fit
with a Hill equation, yielding an EC50 of 9.8 nM and a Hill
coefficient of 0.93. A significant fraction of current (�44%)
was apparently not inhibited by the highest concentration of
NKA (10 �M). This large residual current probably reflects
the fact that NK1 receptors also trigger stimulation of CaV2.3
that overlaps with inhibition (see below).

As shown in Fig. 1D, the onset of inhibition seemed to
contain both fast and slow components (see also Fig. 3, A and
B). We did not attempt to quantify these components because
application of NKA was relatively slow in our experiments
(see Materials and Methods). Upon washout of NKA, current
amplitudes slowly returned to near control levels and in some
cells over-recovered, consistent with the presence of overlap-
ping channel stimulation (see below). The complete recovery
of current amplitudes typically required 1 to 2 min of wash-
out.

Fig. 1. Strongly activated NK1 receptors inhibit the amplitudes, alter the voltage dependence of activation, and accelerate inactivation of CaV2.3
currents. A, current families recorded from the same cell before and during exposure to 1 �M NKA. Currents were evoked at 0.2 Hz by depolarizations
from �90 to �40 through �75 mV in 5-mV increments. C 	 26 pF; RS 	 2.5 M�. B, NKA shifts the voltage dependence of activation to slightly more
negative potentials over a limited range of test potentials. I-V relationships were determined for six cells before (�) and during (f) inhibition by 1 �M
NKA. Voltage protocol is as described in A. I-V relationships were normalized to the maximal control current in each cell, typically recorded at �15
or �20 mV. To facilitate comparison with control currents, the average I-V relationship for inhibited currents (�) was scaled by 1.765 (the ratio of
0.955, which was the maximum normalized average of control currents evoked at �15 mV, to 0.541, the corresponding maximum normalized average
current evoked at �15 mV during inhibition by NKA). In these recordings, the average RS was 2.3 � 0.2 M�, the average maximal current amplitude
was 1708 � 412 pA, and the average maximal voltage-error was 3.8 � 0.9 mV (n 	 6). C, average dose-response relationship for inhibition. Currents
were evoked at 0.5 Hz by step depolarizations from �90 to �30 mV. Each cell was exposed to a single concentration of NKA. Symbols represent mean �
S.E.M. of 5 to 30 cells. The smooth curve represents the fit of the average data to the Hill equation: Ca2� current (% of initial) 	 (100 � D)/[1 �
([NKA])/EC50)nH], where D, the percentage of Ca2� current that could not be inhibited, is 44.1%. The EC50 was 9.8 nM, and the Hill coefficient (nH)
was 0.93. D, time course of NKA-mediated inhibition and washout. Currents were evoked at 0.5 Hz by steps from �90 to �30 mV. Current amplitudes
are plotted as a function of time. Application of 1 �M NKA is indicated by a thick horizontal line. Inset, Ca2� currents recorded at the indicated times.
These currents show that inactivation of CaV2.3 is significantly accelerated during and after modulation through NK1 receptors. C 	 13 pF; RS 	 5.1
M�.
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Individual Ca2� currents, recorded at the indicated times,
are illustrated in Fig. 1D. These currents are shown to intro-
duce an additional aspect of modulation, namely, that expo-
sure to NKA significantly accelerated inactivation of CaV2.3
currents. This kinetic effect is described in greater detail
below (Fig. 5).

Because substance P is an important natural agonist for
the NK1 receptor, we also evaluated the effects of this neu-
ropeptide. Inhibition of CaV2.3 by 1 �M substance P was
quantitatively similar (52 � 2%; n 	 3) to that produced by 1
�M NKA. However, the effects of substance P were not
readily reversible, and this agonist was thus deemed unsuit-
able for the present purposes. By contrast, the effects of NKA
were reliably reversed upon washout, allowing us to confirm
recovery of current amplitudes and to thereby distinguish
channel modulation from channel rundown.

Neither NKA nor substance P evoked any modulation of
CaV2.3 in cells that had not been transfected with NK1
receptors, suggesting that HEK293 cells lack endogenous
tachykinin receptors. Furthermore, in cells transfected with
NK1 receptors and ancillary Ca2� channel �2-�b and �3
subunits, but no CaV2.3 subunit, whole-cell currents (typi-
cally �20 pA) were unaffected by NKA (data not shown). It is
therefore unlikely that modulation of endogenous cation
channels (e.g., TRP family channels) contributed to our re-
sults.

CaV2.3 Was Primarily Stimulated during Weak Acti-
vation of NK1 Receptors. While performing the above-
mentioned dose-response experiments, we noticed that very
low concentrations of NKA triggered considerable stimula-
tion of CaV2.3 but little inhibition. This concentration-depen-
dent effect of NKA is documented in Fig. 2A. On average, a
low concentration of NKA (1 nM) evoked 39 � 3% stimulation
but only 7 � 1% inhibition of CaV2.3 current amplitudes (n 	
30 cells). Similar concentration-dependent modulation of
CaV2.3 was seen in experiments where the bath contained a
more physiological concentration of Ca2� (Fig. 2C). For ex-
ample, with 5 mM external Ca2�, 1 nM NKA stimulated
current amplitudes by 73 � 10% and inhibited current am-
plitudes by 16 � 3% (n 	 12). A high concentration of NKA (1
�M) evoked similar inhibition with either 5 mM Ca2� (65 �
3%; n 	 12) or 40 mM Ca2� (57 � 3%; n 	 30) in the bath.
Both the onset and recovery from stimulation (in response to
1 nM NKA) exhibited slow kinetics (Fig. 2, A and C), consis-
tent with our previous reports (Meza et al., 1999; Melliti et
al., 2000; Bannister et al., 2004).

Stimulation Was Mediated by PKC. Previous studies
have shown that CaV2.3 is stimulated by muscarinic acetyl-
choline and metabotropic glutamate receptors acting through
PKC (Stea et al., 1995; Meza et al., 1999; Melliti et al., 2000;
Kamatchi et al., 2003; Bannister et al., 2004). As shown in
Fig. 2E, stimulation of CaV2.3 through NK1 receptors was
blocked by 500 nM Bis I, a specific inhibitor of PKC. In
contrast, stimulation was not blocked by 500 nM Bis V, an
inactive control compound for Bis I (Fig. 2F). We also tested
1 �M PP2, a Src inhibitor, because NK1 receptors were
previously reported to form scaffolding complexes with Src
tyrosine kinases (DeFea et al., 2000). PP2 had no effect on
stimulation (Fig. 2F). However, staurosporine, which also
blocks PKC, eliminated stimulation. These results indicate
that PKC mediates stimulation of CaV2.3 through NK1 re-
ceptors.

Because NK1 receptors trigger both stimulation and inhi-
bition of CaV2.3 currents, the true magnitude of inhibition is
probably underestimated in the above-mentioned data sum-
maries. Consistent with this possibility, inhibition evoked by
1 nM NKA was substantially larger (35 � 4%; n 	 9) in cells
exposed to 500 nM Bis I than in control cells (7 � 1%; n 	 30).

L-, N-, and P/Q-Type Channels Were Inhibited, but
Not Stimulated, by NK1 Receptors. We next asked
whether NK1 receptors could modulate Ca2� channel types
other than CaV2.3. To this end, HEK293 cells were trans-
fected with NK1 receptors and either CaV1.3 (L-type), CaV2.1
(P/Q-type), or CaV2.2 (N-type) plus ancillary �2-� and � sub-
units. The response of CaV1.3 to the low concentration (1 nM)
of NKA could not be reliably distinguished from rundown,
but CaV2.1 and CaV2.2 were clearly inhibited, by 24 � 6%
(n 	 6) and 43 � 5% (n 	 8), respectively. In each of the
above-mentioned experiments,1 nM NKA failed to evoke dis-
cernible stimulation of CaV1.3, CaV2.1, or CaV2.2. The high
concentration (1 �M) of NKA also failed to evoke stimulation
and instead produced 74 � 5% (n 	 6), 61 � 4% (n 	 6), and
79 � 3% (n 	 7) inhibition of these channel types, respec-
tively. We did not attempt to determine whether inhibition of
these non–R-type channels was voltage-dependent or -inde-
pendent, because this issue seems complex (Kammermeier et
al., 2000). In summary, our data show that CaV1.3, CaV2.1,
and CaV2.2 were inhibited, but not stimulated, through NK1

Fig. 2. CaV2.3 is primarily stimulated during weak activation of NK1
receptors. A, a low concentration (1 nM) of NKA triggers substantial
stimulation of CaV2.3 but very little inhibition. Currents were evoked by
12.5-ms steps to �20 mV delivered at 0.5 Hz. The bath contained 40 mM
Ca2�. C 	 28 pF; RS 	 2.4 M�. B, individual currents recorded at the
times indicated in A. C, experiment performed with 5 mM Ca2� in the
bath. C 	 43 pF; RS 	 2.4 M�. D, individual currents recorded at the
times indicated in C. E, NKA evokes inhibition but no stimulation of
CaV2.3 currents in the presence of the PKC inhibitor Bis I. F, histograms
summarize percentage of stimulation of CaV2.3 currents in response to 1
nM NKA. Asterisks (�) indicate significant difference (p � 0.05) from
controls. Inhibitors were used at 100 nM (staurosporine), 500 nM (Bis I),
500 nM (Bis V), and 1 �M (PP2).
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receptors. Inhibition of CaV1.3 required strongly activated
NK1 receptors, whereas even weakly activated NK1 recep-
tors produced significant inhibition of CaV2.1 and CaV2.2. In
our experiments, CaV2.3 was the only channel that was stim-
ulated through NK1 receptors.

NK1 Receptors Coupled to PTX- and CTX-Insensitive
G Proteins and Inhibited CaV2.3 Independently of Pro-
tein Kinases. NK1 receptors couple primarily to G�q/11 in
native cells (Macdonald et al., 1996). However, when overex-
pressed in non-native cells, these receptors may also couple
to G�s and G�o (Roush and Kwatra, 1998). To test for poten-
tial involvement of G�s and G�o in modulating CaV2.3, we
pretreated cells with 1 �g/ml PTX for 4 h before electrophys-
iological experiments. In our hands, this concentration and
duration of PTX exposure completely blocks inhibition of
N-type (CaV2.2) calcium channels through G�i-coupled �-opi-
oid receptors (data not shown). In similar experiments, cells
were exposed to freshly prepared CTX (1 �g/ml) for 17 to 22 h
before patch-clamp recordings. As summarized in Fig. 3, both
PTX and CTX failed to reduce inhibition of CaV2.3 currents
in response to 1 �M NKA. However, inhibition was signifi-
cantly reduced (to 27 � 4%; n 	 10) in cells dialyzed for at
least 5 min with a pipette solution containing 1 mM GDP�S
(Fig. 3C). These data suggest that a toxin-insensitive G pro-
tein (presumably G�q/11) mediated modulation of CaV2.3 in
our experiments.

As also shown in Fig. 3C, inhibition was not decreased by
either 500 nM Bis I or 100 nM staurosporine. In fact, the
magnitude of inhibition was significantly larger in cells ex-
posed to these compounds (p � 0.05). Staurosporine is a
broad-spectrum inhibitor of serine/threonine kinases (includ-
ing PKC). The larger inhibition in the presence of these
kinase inhibitors may partly reflect the fact that PKC-medi-
ated stimulation of CaV2.3 prevents accurate measurement
of inhibition. In addition, PKC-dependent phosphorylation
probably interferes with inhibition of CaV2.3 by G�� sub-
units (Bannister et al., 2004). We also tested 1 �M PP2 and
50 �M genistein, the latter being a broad-spectrum inhibitor
of tyrosine kinases. Neither PP2 nor genistein reduced inhi-
bition of CaV2.3 in response to 1 �M NKA (Fig. 3C). These
data suggest that inhibition of CaV2.3 through NK1 receptors
did not involve serine/threonine kinases or tyrosine kinases.

G�q/11 and G�� Both Mediated Inhibition of CaV2.3.
We next explored the molecular mechanism(s) of inhibition

by expressing proteins that sequester either G�q/11 or G��
subunits. Figure 4A illustrates a representative experiment
for a cell transfected with rod transducin (G�t), which effec-
tively buffers G�� dimers but is not expected to couple to
receptors other than rhodopsin (Kammermeier et al., 2000).
In G�t-transfected cells, 1 �M NKA inhibited current ampli-
tudes by only 29 � 3% (n 	 6), significantly less than in
control cells (Fig. 4E). Furthermore, the onset of inhibition
seemed qualitatively slower in G�t-expressing cells (Fig. 4A).
Similar results were obtained in cells transfected with MAS-
GRK3ct, which has also been shown to buffer G�� dimers
(Kammermeier et al., 2000). The reduced magnitude and
slowed onset of inhibition in G�t- and MAS-GRK3ct-express-
ing cells is consistent with the idea that G�� mediates a fast
component of inhibition. It would seem that the remaining
slow component of inhibition is mediated by G�q/11. To ex-
amine this possibility, we expressed RGS3T, which previous
studies have shown to be a particularly effective antagonist
of G�q/11-mediated signaling (Scheschonka et al., 2000; Ban-
nister et al., 2002). In RGS3T-expressing cells, application of
1 �M NKA triggered rapid inhibition of current amplitude
followed by a relaxation or “sag” to a lower, plateau level of
inhibition. This sag corresponds to the onset of PKC-depen-
dent channel stimulation (see below). All together, 1 �M
NKA inhibited current amplitudes by 44 � 3% (n 	 17) in
RGS3T-expressing cells, significantly less than inhibition
(60 � 5%; n 	 6) in matched control cells (Fig. 4E). Inhibition
was similarly attenuated (41 � 3%; n 	 14) by expression of
PLC�1ct (Fig. 4E), which also antagonizes G�q/11 signaling
(Kammermeier et al., 2000). The above-mentioned results
suggest that G�� mediated a fast component, whereas G�q/11

mediated a slow component of inhibition. However, we note
that G�� might have additionally contributed to the slow
component and G�q/11 to the fast component of inhibition if
these G protein subunits were incompletely buffered in our
experiments (see Discussion).

As shown in Fig. 4C, inhibition in response to 1 �M NKA
was greatly diminished when both G�t and RGS3T were
expressed in the same cell. Under these conditions, 1 �M
NKA triggered substantial stimulation (46 � 7%; n 	 9) but
very little inhibition (7 � 3%; n 	 8) of CaV2.3 currents. This
residual stimulation was completely blocked by Bis I (Fig.
4D) but not by Bis V (data not shown). On average, the high
concentration of NKA (1 �M) inhibited current amplitudes by

Fig. 3. NK1 receptors couple to PTX- and CTX-insensitive G proteins and inhibit CaV2.3 independently of protein kinases. A, inhibition of CaV2.3 in
response to 1 �M NKA is insensitive to PTX. Currents were evoked at 0.5 Hz by 10-ms steps from �90 to �30 mV. Current amplitudes are plotted
versus time for a cell pretreated with 1 �g/ml PTX. C 	 20 pF; RS 	 2.1 M�. B, inhibition of CaV2.3 in response to 1 �M NKA is insensitive to CTX.
Currents were evoked at 0.5 Hz by 12.5-ms depolarizations from �90 to �30 mV. Current amplitudes are plotted for a cell pretreated with 1 �g/ml
CTX. C 	 15 pF; RS 	 2.7 M�. C, Histograms summarize percent inhibition of CaV2.3 currents in response to 1 �M NKA. Inhibitors were used at 100
nM (staurosporine), 500 nM (Bis I), 50 �M (genistein), 1 �M (PP2), and 1 mM (GDP�S). Asterisks (�) indicate significant difference (p � 0.05) from
controls.
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18 � 4% (n 	 9) in cells that expressed both G�t and RGS3T
and exposed to 500 nM Bis I (Fig. 4E). These data clearly
show that G�q/11 and G�� both contribute to inhibition of
CaV2.3 through NK1 receptors. This seems to be the first
report that CaV2.3 is inhibited through a G�q/11-dependent
signaling mechanism.

The residual modulation of CaV2.3 observed in cells trans-
fected with both G�t and RGS3T (Fig. 4, C–E) was somewhat
unexpected, because we had previously found that G�q/11-
mediated stimulation of CaV2.3 was strongly blocked by ex-
pression of either regulator of G protein signaling protein 2 or
PLC�1ct (Melliti et al., 2000). Furthermore, we previously
observed that G�q/11-mediated inhibition of the L-type chan-
nel CaV1.2c was virtually eliminated by expression of RGS3T
(Bannister et al., 2002). The residual modulation might be
explained if G�q/11 and G�� were incompletely buffered by
G�t and RGS3T in our present experiments. On the other
hand, the residual modulation might indicate the involve-
ment of another toxin-insensitive G protein (e.g., G�12/13) in
addition to G�q/11. To explore the latter possibility, we ex-
pressed the RGS domain of p115RhoGEF (p115RGS), previ-
ously shown to function as a GTPase-activating protein for
G�12 and G�13 (Kozasa et al., 1998). In cells transfected with
p115RGS in pcDNA3.1�, application of 1 nM NKA evoked
robust stimulation (43 � 8%; n 	 7), whereas 1 �M NKA
evoked substantial inhibition (66 � 5%; n 	 8) of CaV2.3
currents (data not shown). These magnitudes of stimulation
and inhibition are indistinguishable from those obtained in
control cells. To ensure that we recorded exclusively from
cells expressing p115RGS, we fused it to the carboxyl termi-
nus of EGFP. In response to 1 nM NKA, CaV2.3 currents
were stimulated by 42 � 3% (n 	 9) in cells expressing
EGFP-p115RGS, compared with 36 � 15% (n 	 5) stimula-
tion in matched controls (p � 0.05). In response to the high
concentration (1 �M) of NKA, currents were inhibited by
61 � 3% (n 	 6) in EGFP-p115RGS cells and by 67 � 8% (n 	
4) in matched controls (p � 0.05). Although these experi-

ments are not exhaustive, they suggest that G�12/13 did not
play a significant role in modulating CaV2.3 through NK1
receptors in our system.

NK1 Receptors Accelerated Inactivation of CaV2.3.
As first mentioned in relation to Fig. 1D, the inactivation
kinetics of CaV2.3 currents were noticeably accelerated after
exposure to NKA. This effect was quantified by fitting indi-
vidual Ca2� currents with a single exponential function to
obtain time constants for macroscopic activation and inacti-
vation. As shown in Fig. 5B, inactivation of CaV2.3 currents
was clearly accelerated by NKA. For example, currents
evoked at �20 mV inactivated with an average time constant
(�inact.) of 33 � 2 ms (n 	 6) before and 18 � 2 ms (n 	 5) after
a continuous 2-min exposure to 1 �M NKA (p � 0.001).
Figure 5D shows that inactivation was significantly acceler-
ated at most test potentials. The acceleration of inactivation
was not due to increased bath temperature during NKA
application, because temperature was continuously moni-
tored both before and during NKA applications and did not
vary by more than �0.5°C. Furthermore, acceleration was
not attributable to decreasing RS, because membrane charg-
ing speed was monitored before and after NKA application
and RS either remained constant or increased during the
recordings.

By contrast, the activation kinetics of CaV2.3 did not seem
to be significantly accelerated by NKA (Fig. 5A). Thus, at a
test potential of �20 mV, currents activated with an average
time constant (�act.) of 1.5 � 0.3 ms before and 1.2 � 0.3 ms
(n 	 6) after a continuous 2-min exposure to 1 �M NKA; this
difference was not significant (p � 0.05). Figure 5C plots
average values of �act. at various test potentials. Activation
was significantly accelerated only at a test potential of �10
mV (�act. 	 1.8 � 0.3 ms before and 1.2 � 0.2 ms after NKA
exposure; n 	 6; p 	 0.03; paired t test).

Inhibition of current amplitudes consistently attained sta-
ble levels before acceleration of inactivation had became com-
plete. We quantified this relationship by measuring times

Fig. 4. G�q/11 and G�� both in-
hibit CaV2.3. A, expression of
G�t, which buffers G��, blocks a
fast component of inhibition.
Currents were evoked at 0.5 Hz
by 12.5-ms depolarizations to
�25 mV. C 	 17 pF; RS 	 2.5
M�. B, expression of RGS3T,
which buffers G�q/11, blocks a
slow component of inhibition.
Currents were evoked at 0.5 Hz
by 12.5-ms depolarizations to
�30 mV. C 	 14 pF; RS 	 4.9
M�. C, coexpression of G�t and
RGS3T in the same cell greatly
reduces inhibition but not stim-
ulation. Currents were evoked
at 0.5 Hz by 12.5-ms depolariza-
tions to �20 mV. C 	 30 pF;
RS 	 3.0 M�. D, stimulation is
blocked by Bis I (500 nM) in
cells coexpressing both G�t and
RGS3T. C 	 29 pF; RS 	 4.1
M�. E, histograms summarize
percentage of inhibition in re-
sponse to 1 �M NKA. Asterisks
(�) indicate significant differ-
ence (p � 0.05) from controls.
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required for inhibition and acceleration to near completion.
Measuring from the beginning of NKA application, inhibition
of current amplitude was 90% complete in 15 � 1 s, whereas
acceleration of inactivation required 28 � 3 s (n 	 5) to attain
90% completion. As illustrated in Fig. 5E, current amplitudes
also recovered more quickly than inactivation rate after NKA
washout. This difference in recovery was consistently ob-
served (four of five cells). We did not extensively pursue the
mechanism underlying acceleration of inactivation. How-
ever, it may be worth mentioning that inactivation was sig-
nificantly accelerated in cells exposed to 100 nM Bis I [�inact.

at 20 mV was 36 � 1 ms before and 23 � 1 ms (n 	 7) after
a continuous 1- to 2-min application of 1 �M NKA], suggest-
ing that PKC is not involved.

Discussion
This work shows that NK1 receptors triggered complex

modulation of CaV2.3 (R-type) Ca2� channels. We have iden-
tified three distinct signaling mechanisms involved in this
modulation: a fast inhibition mediated by G��, a slow inhi-
bition mediated by G�q/11, and a slow stimulation mediated
by PKC (Fig. 6). We note that the stimulatory effect predom-
inated during low receptor occupancy, whereas the three
forms of modulation produced overlapping influences on
CaV2.3 during high receptor occupancy. We also find that
NK1 receptors markedly accelerated inactivation of CaV2.3.
The increased rate of inactivation further reduced R-type
Ca2� influx during modulation through NK1 receptors.

We present evidence that G�q/11 as well as G�� mediated
inhibition of CaV2.3 through NK1 receptors (Fig. 4). This
finding is in general agreement with Kammermeier et al.
(2000), who showed that G�q/11 and G�� are both required for
voltage-independent inhibition of native N-type Ca2� chan-
nels by NK1 receptors heterologously expressed in rat sym-
pathetic neurons. In the present experiments, we found that
separately buffering G�� or G�q/11 partially blocked inhibi-
tion of CaV2.3 and altered the time course of inhibition (Fig.
4). We also found that simultaneously buffering both G��
and G�q/11 in the same cells greatly reduced inhibition (Fig.
4C) but did not eliminate it (Fig. 4, D and E). It is intriguing
that substantial stimulation of CaV2.3 current was observed
in cells where G�� and G�q/11 were simultaneously buffered
(Fig. 4C). Although we did not rigorously quantify the time
course of channel modulation in our experiments, our results
are consistent with the notion that G�� mediated a fast
component of inhibition, whereas G�q/11 mediated a slow
component (Fig. 6). However, our data do not exclude the
possibility that G�� also contributed to slow inhibition or
that G�q/11 contributed to fast inhibition.

Previous studies indicate that G�q/11 mediates slow inhi-
bition of L-type (CaV1.2c) and N-type (CaV2.2) Ca2� channels
(Melliti et al., 2001; Bannister et al., 2002). Our present
finding that G�q/11 triggered slow inhibition of CaV2.3 sug-
gests that this form of inhibition is conserved among differ-
ent classes of Ca2� channels. We did not attempt to identify
the molecular mechanism of slow inhibition here, beyond
showing that G�q/11 was involved, because this would have

Fig. 5. NK1 receptors significantly accelerate the inactivation kinetics of CaV2.3. A, activation. Currents were recorded from the same cell before (light
trace) and 130 s after (bold trace) continuous exposure to 1 �M NKA. The inhibited current is scaled for comparison. C 	 28 pF; RS 	 2.4 M�. B,
inactivation. Currents were recorded from the same cell before (light trace) and 100 s after (bold trace) application of 1 �M NKA. The inhibited current
is scaled for comparison. C 	 29 pF; RS 	 3.8 M�. C, on average, activation of CaV2.3 is not significantly accelerated by NKA. Average time constants
of activation (� activation) are plotted as a function of test potential. Symbols represent mean � S.E.M. of four to six cells. Data from currents evoked
at 0.5 Hz by 10-ms depolarizations from �90 to �5 through �40 mV in 5-mV increments. Current families were evoked before application of NKA (E)
and during maximal inhibition by 1 �M NKA (F). D, inactivation is significantly accelerated at all test potentials except �5 mV. Average time
constants of inactivation (� inactivation) are plotted as a function of test potential. Symbols represent mean � S.E.M. of five to six cells. Currents
evoked at 0.5 Hz by 300-ms depolarizations from �90 to �5 through �50 mV in 5-mV increments. Current families were evoked before application
of NKA (E) and during maximal inhibition by 1 �M NKA (F). E, comparison of the time courses for inhibition of current amplitudes and acceleration
of inactivation. C 	 53 pF; RS 	 2.9 M�. Currents were evoked at 0.33 Hz by 300-ms steps from �90 to �20 mV.
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required extensive additional experiments (Gamper et al.,
2004). However, depletion of membrane phosphoinositol-4,5-
bisphosphate (PIP2) is a strong candidate for this mechanism
(Fig. 6), because PIP2 depletion seemed to underlie slow
G�q/11-mediated inhibition of both N-type (see Gamper et al.,
2004) and P/Q-type calcium channels (Wu et al., 2002). It is
also theoretically possible that G�q/11 inhibited CaV2.3 di-
rectly (Fig. 6).

We found that NK1 receptors shifted the voltage depen-
dence of CaV2.3 activation to slightly more negative poten-
tials (Fig. 1B). This finding agrees with a recent demonstra-
tion by Tai et al. (2006) that the voltage dependence of
activation of native R-type currents is shifted to negative
potentials during modulation by muscarinic acetylcholine
receptors. It is worth noting that the negative shift in voltage
dependence reported here and by Tai et al. (2006) is opposite
that typically observed for G protein-inhibited channels of
the CaV2 family. Additional experiments are needed to elu-
cidate the underlying mechanism. However, because appli-
cation of exogenous PIP2 shifts the voltage dependence of
activation of CaV2.1 (Wu et al., 2002) and CaV2.2 (Gamper et
al., 2004) to more positive potentials, we hypothesize that
depletion of endogenous PIP2 might underlie the negative
shift in CaV2.3 activation (Fig. 6).

We find that CaV2.3 was preferentially stimulated during
weak activation of NK1 receptors (Fig. 2). By contrast,
CaV2.3 was both inhibited and stimulated during strong ac-
tivation of NK1 receptors. This remarkable “bipolar” modu-
lation of CaV2.3 might have important physiological conse-
quences if NK1 receptors experience widely varying
concentrations of agonist in vivo, as seems probable.

Preferential triggering of stimulation by weakly acti-
vated NK1 receptors probably reflects the presence of con-
siderable biochemical amplification within the stimulatory
pathway (Fig. 6). This pathway likely involved sequential
activation of three enzymes: G�q/11, PLC�, and PKC. By
contrast, G��-mediated inhibition probably reflected di-

rect binding of G�� to CaV2.3 with little or no amplifica-
tion. Depletion of membrane PIP2 would most simply in-
volve sequential activation of only two enzymes, G�q/11

and PLC�. These differences in biochemical amplification
might help to explain our results with G��- and G�q/11-
buffering proteins. We found that buffering both G�� and
G�q/11 in the same cells (by coexpressing G�t and RGS3T)
blocked inhibition of CaV2.3 more effectively than it
blocked stimulation (Fig. 4, C–E). In principle, it should be
easier to block G��- and G�q/11-mediated inhibition of
CaV2.3 than G�q/11-mediated stimulation because of the
greater theoretical amplification involved in stimulation.
The apparent ineffectiveness of RGS3T in blocking stimu-
lation of CaV2.3 (Fig. 4C) may be explained if only a few
G�q/11 needed to escape buffering by RGS3T to activate
PKC.

Stimulation of R-type currents has been demonstrated in
native cells. For example, Yu and Shinnick-Gallagher (1998)
showed that native R-type currents are stimulated through
corticotropin-releasing factor receptors in central amygdala
neurons. In addition, Tai et al. (2006) showed that native
R-type currents are stimulated through muscarinic acetyl-
choline and metabotropic glutamate receptors in hippocam-
pal CA1 neurons. Our present experiments indicate that
PKC mediated stimulation of CaV2.3 through NK1 receptors
(Fig. 2), consistent with previous observations that CaV2.3 is
stimulated by phorbol esters or G�q/11-coupled muscarinic
acetylcholine receptors or metabotropic glutamate receptors
(Stea et al., 1995; Meza et al., 1999; Melliti et al., 2000;
Kamatchi et al., 2003; Bannister et al., 2004). Tai et al. (2006)
found that native hippocampal R-type currents are stimu-
lated through a Ca2�-independent, diacylglycerol-dependent
PKC isoform, in agreement with our previous study of cloned
CaV2.3 channels (Bannister et al., 2004).

The ability of NK1 receptors to both inhibit and stimulate
CaV2.3 suggests that native R-type currents might be
modulated in a dynamic fashion during activation of G�q/11-
coupled receptors. As one possibility, G��-mediated inhibi-
tion of CaV2.3 could be selectively blocked by recruiting G��-
binding proteins (e.g., G protein-coupled receptor kinases) to
receptor-channel complexes. Likewise, G�q/11-mediated inhi-
bition of CaV2.3 could be selectively blocked by recruiting
RGS proteins or downstream effectors of G�q/11 besides
PLC�. As suggested by our results (Fig. 4C), antagonizing
both G�� and G�q/11 signaling at the same time could sub-
stantially reduce inhibition of CaV2.3, but leave stimulation
relatively intact. Selective blockade of inhibition could
thereby have significant consequences for physiological pro-
cesses involving R-type Ca2� influx.

Our present results may be relevant to understanding
molecular mechanisms of nociception and other neurobio-
logical processes. NK1 receptors are involved in diverse
physiological functions, including nociception, aggression,
anxiety, asthma, cough, depression, emesis, irritable bowel
syndrome, and migraine (De Felipe et al., 1998; Duffy,
2004). Likewise, CaV2.3 has been shown to participate in a
variety of processes, including nociception (Saegusa et al.,
2000), neurosecretion (Wu et al., 1998; Gasparini et al.,
2001), synaptic plasticity (Sabatini and Svoboda, 2000;
Breustedt et al., 2003; Dietrich et al., 2003; Yasuda et al.,
2003), electrical excitability of central neurons (Kuzmiski
et al., 2005; Metz et al., 2005; Tai et al., 2006), cerebellar

Fig. 6. Schematic summary of results. Solid arrows indicate well estab-
lished signaling pathways and mechanisms of channel modulation.
Dashed arrows indicate less well established signaling pathways that
might modulate CaV2.3. For example, if G�� was incompletely buffered
by G�t or MAS-GRK3ct in our experiments, it might contribute to slow
inhibition of CaV2.3. Likewise, if G�q/11 was incompletely buffered by
RGS3T or PLC�1ct, it might contribute to fast inhibition of CaV2.3.
Depletion of PIP2 has not been experimentally demonstrated to modulate
CaV2.3. Finally, the diagram postulates that G�q/11 might modulate
CaV2.3 through direct interaction.
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function (Osanai et al., 2006), morphine analgesia and
tolerance (Yokoyama et al., 2004), and anxiety (Saegusa et
al., 2000; Lee et al., 2002). NK1 receptors are expressed at
high densities in the dorsal horn of the spinal cord and in
the amygdala, hippocampus, and striatum (Duffy, 2004).
CaV2.3 is similarly expressed in spinal cord dorsal horn
(Saegusa et al., 2000), amygdala (Lee et al., 2002), and
hippocampus and striatum (Niidome et al., 1992). Thus,
these two proteins are expressed together in common re-
gions of the nervous system and are implicated in some of
the same neurological functions. It therefore seems plau-
sible that NK1 receptors could modulate CaV2.3 within
nociceptive pathways and other neurological circuits.

R-type currents are important in determining the electrical
properties of hippocampal neurons. For example, R-type cur-
rents contribute to afterdepolarizations and bursting activity
of hippocampal CA1 neurons (Metz et al., 2005), and recep-
tor-mediated stimulation of R-type currents profoundly al-
ters the dendritic integration and intrinsic resonance prop-
erties of these neurons by shifting the pattern of Ca2� influx
from L-, N-, and P/Q-type channels to R-type channels (Tai et
al., 2006). R-type currents are also critical in shaping Ca2�

dynamics in dendritic spines of hippocampal CA1 neurons
(Sabatini and Svoboda, 2000; Yasuda et al., 2003). In spines,
native R-type currents can be inhibited through G protein-
coupled receptors (Sabatini and Svoboda, 2000) or brief
trains of action potentials (Yasuda et al., 2003); intriguingly,
the latter form of inhibition blocks �-burst-induced long-term
potentiation (Yasuda et al., 2003). We speculate that stimu-
lation, as well as inhibition, of R-type currents influences
synaptic plasticity at dendritic spines. It also seems plausible
that receptor-mediated stimulation of R-type currents con-
tributes to plateau potentials and spiking in dorsal horn and
other neurons.

The present study provides new information concerning
R-type channels and NK1 receptors. This information may
help in understanding the molecular basis of nociception,
electrical excitabililty, synaptic plasticity and other physio-
logical processes.
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