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ABSTRACT 

Neurokinin 1 (NK1) 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 

expressed in HEK293 cells.  We find that NK1 receptors generate complex modulation 

of CaV2.3.  Specifically, weak activation of these receptors evokes mainly stimulation of 

CaV2.3, whereas strong receptor activation elicits profound inhibition that overlaps with 

channel stimulation.  Unlike 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 experiments 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 Gαq/11 

(RGS3T and PLCβ1ct) or Gβγ subunits (transducin and MAS-GRK3ct).  A fast 

component of inhibition was attenuated by buffering Gβγ, whereas a slow component of 

inhibition was reduced by buffering Gαq/11.  When both Gβγ and Gαq/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 receptors modulate CaV2.3 using three different signaling 

mechanisms: a fast inhibition mediated by Gβγ, a slow inhibition mediated by Gαq/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. 
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 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 sensitivity 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-Rentería 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 

afterdepolarizations, 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).  Correspondingly, CaV2.3 has been 

demonstrated to be involved in cerebellar function, morphine tolerance and synaptic plasticity 

(Kubota et al., 2001; Breustedt et al., 2003; Dietrich et al., 2003; Yokoyama et al., 2004; Osanai 

et al., 2006).  Importantly, CaV2.3 is also implicated in nociception, as evidenced by the fact that 

CaV2.3-knockout mice exhibit functional deficits in pain perception (Saegusa et al., 2000) and 

intrathecal injection of SNX-482 produces analgesia (Murakami et al., 2004). 

 A number of previous studies demonstrated that CaV2.3 and native R-type currents are 

modulated by signaling mechanisms 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 inhibited and stimulated through Gαq/11-coupled 

muscarinic acetylcholine receptors (Meza et al., 1999; Melliti et al., 2000; Bannister et al., 2004).  
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The neurokinin 1 (NK1) receptor is a Gαq/11-coupled receptor with a well established role in 

nociception (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 projection 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, nociception, synaptic plasticity and other neurological processes. 

In the present study we analyzed modulation of CaV2.3 by NK1 receptors expressed in 

HEK293 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 Gβγ, a 

slow inhibition mediated by Gαq/11 and a slow stimulation mediated by PKC.  To our 

knowledge, this is the first demonstration that CaV2.3 is inhibited through a Gαq/11-dependent 

signaling mechanism.  Intriguingly, 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 stimulation of CaV2.3 in the presence of high 

agonist concentrations.  Our findings provide new information about modulation of CaV2.3 that 

may be relevant to understanding pain transduction, neuronal excitability and synaptic plasticity. 
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Materials and Methods 

Cell culture and transfection.  Human embryonic kidney (HEK293) cells (American Type 

Culture Collection; Manassas, VA) were propagated in culture medium containing 90% DMEM 

(Cat. # 11995; Invitrogen, Carlsbad, CA), 10% defined fetal bovine serum (Hyclone Labs, 

Logan, UT) and 50 µg/ml gentamycin.  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 3-5 d 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 α2δ and β3 subunits (each at 1.25 µg/dish), the human NK1 receptor (0.29 

µg/dish) and enhanced green fluorescent protein (EGFP; 0.125 µg/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 β1a subunit was cotransfected in place of β3 to enhance 

expression of P/Q-type current.  In selected experiments, the transfection mixture included 

plasmids encoding human rod transducin (Gαt) or the carboxyl-terminal region 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 Signaling protein 3T (RGS3T), 

the carboxyl-terminal region (T903-L1216) of rat phospholipase C-β1 (PLCβ1ct), and the RGS 

domain (Q45-Q170) of human p115 RhoGEF (p115RGS), each at 1.25 µg/dish.  The day 

following transfection, cells were briefly trypsinized, replated onto 12 mm round glass coverslips 

and incubated at 37°C.  Electrophysiological recordings were made 24-32 h later.  Successfully 

transfected cells were visually identified under UV illumination.  Only isolated green cells were 

used for experiments. 
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Expression plasmids.  Rabbit brain CaV2.3 (GenBank X67856) was in pcDNA3.1+ 

(Invitrogen, Carlsbad, CA).  Rat brain α2δ (M86621) was in pMT2 (Genetics Institute, 

Cambridge, MA).  Rabbit brain β3 (X64300) was in pcDNA3 (Invitrogen).  Rabbit skeletal 

muscle β1a (M25817) was in pKCRH2.  Human NK1 receptor (NM015727) was in pCI 

(Promega Corp., Madison, WI).  Jellyfish EGFP (U55763) was in pEGFP-C3 (Clontech, 

Cambridge, UK).  Human Gαt (X63749) was in pcDNA3.1+.  Human RGS3T (U27655) was in 

pEGFP-C3.  Rat PLCβ1ct (M20636) was in pEGFP-C1.  Bovine MAS-GRK3ct (NM_174500) 

was in pcDNA3.1+.  Human p115RGS (U64105) was in pEGFP-C3 and pcDNA3.1-. 

Patch-clamp recordings.  Large-bore patch pipettes were pulled from 100 µl borosilicate 

glass micropipettes and filled with internal solution containing (in mM) 155 CsCl, 10 Cs2-

EGTA, 4 Mg-ATP, 0.32 Li-GTP and 10 HEPES, with pH adjusted to 7.4 using CsOH.  In one 

experiment, Li-GTP was replaced by Li-GDPβS (1 mM).  Aliquots of pipette solutions were 

stored at -80°C, kept on ice after thawing, and filtered at 0.22 µm immediately before use.  The 

bath solution contained (in mM) 145 NaCl, 40 or (where indicated) 5 CaCl2, 2
 KCl, and 

10 HEPES, with pH adjusted to 7.4 using NaOH.  When filled with internal solution, pipettes 

had resistances of 1.0-1.5 MΩ.  After forming a GΩ 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 GΩ.  The steady holding potential was -90 mV.  No 

corrections were made for liquid junction potentials.  Currents were filtered at 2-10 kHz using 

the built-in Bessel filter (four-pole low-pass) of an Axopatch 200B amplifier (Molecular Devices, 

Sunnyvale, CA) and sampled at 10-50 kHz using a Digidata 1200 or 1320A analog-to-digital 

board installed in a Gateway Pentium computer.  The pCLAMP software programs Clampex and 
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Clampfit (v. 8.0) were used for data acquisition and analysis, respectively.  Figures were made 

and statistical analyses were performed using Origin (v. 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 (τcap) as 

much as possible.  Voltage error was calculated as the product of maximal inward Ca2+ current 

and series access resistance (RS).  RS was calculated as τcap × (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 reported as mean ± SEM.  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 Instruments, Hamden, CT) was 

continuously perfused at the rate of ~ 2-3 ml/min.  Agonist application and washout were 

achieved by bulk exchange of the bath solution, and 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. 

Reagents.  Neurokinin A (NKA), substance P, pertussis toxin (PTX), cholera toxin (CTX), 

staurosporine, bisindolylmaleimide I (Bis I) and bisindolylmaleimide V (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 DMSO to make 1 mM stock solutions, aliquoted and stored at +4°C.  

The final concentrations of acetic acid and DMSO were always < 0.005% and < 0.2 %, 
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respectively, which did not significantly alter basal properties of CaV2.3 or its modulation 

through NK1 receptors. 
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Results 

Strongly-activated NK1 receptors inhibit the amplitude, alter the voltage-dependence of 

activation, and accelerate inactivation of CaV2.3 currents.  Fig. 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 µM 

neurokinin A (NKA).  This concentration 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).  Fig. 1B plots the averaged, normalized current-voltage (I-V) relationships 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 exposing cells to various 

concentrations of NKA.  The resultant data were combined and a dose-inhibition curve was 

constructed (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 µM).  This large residual 
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current likely 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 appeared to contain both fast and slow 

components (see also Fig. 3A and 3B).  We did not attempt to quantify these components since 

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 overlapping channel stimulation (see below).  

The complete recovery of current amplitudes typically required 1-2 min of washout.   

Individual Ca2+ currents, recorded at the indicated times, are illustrated in Fig. 1D.  These 

currents are shown to introduce an additional aspect of modulation, namely that exposure 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 neuropeptide.  Inhibition of CaV2.3 by 1 µM substance P was quantitatively 

similar (52 ± 2%; n = 3) to that produced by 1 µM NKA.  However, the effects of substance P 

were not readily reversible, and this agonist was thus deemed unsuitable 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 α2-

δb and β3 subunits, but no CaV2.3 subunit, whole-cell currents (typically < 20 pA) were 
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unaffected by NKA (data not shown).  It is therefore unlikely that modulation of endogenous 

cation channels (e.g., TRP family channels) contributed to our results. 

CaV2.3 is primarily stimulated during weak activation of NK1 receptors.  While 

performing the above dose-response experiments, we noticed that very low concentrations of 

NKA triggered considerable stimulation of CaV2.3 but little inhibition.  This concentration-

dependent 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 example, with 5 

mM external Ca2+, 1 nM NKA stimulated current amplitudes by 73 ± 10 % and inhibited current 

amplitudes by 16 ± 3 % (n = 12).  A high concentration of NKA (1 µM) 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. 2A, C), consistent with our previous reports (Meza et al., 1999; Melliti et al., 2000; 

Bannister et al., 2004). 

Stimulation is mediated by PKC.  Previous studies have shown that CaV2.3 is stimulated 

by muscarinic acetylcholine and metabotropic glutamate receptors acting through protein kinase 

C (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 

Bis I (500 nM), a specific inhibitor of PKC.  In contrast, stimulation was not blocked by Bis V 

(500 nM), an inactive control compound for Bis I (Fig. 2F).  We also tested the Src inhibitor PP2 

(1 µM), 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, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 18, 2006 as DOI: 10.1124/mol.106.028530

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


   MOL 28530 

 13

staurosporine, which also blocks PKC, completely eliminated stimulation.  These results indicate 

that PKC mediates stimulation of CaV2.3 through NK1 receptors. 

Because NK1 receptors trigger both stimulation and inhibition of CaV2.3 currents, the true 

magnitude of inhibition is probably underestimated in the above data summaries.  Consistent 

with this possibility, inhibition evoked by 1 nM NKA was substantially larger (35 ± 4 %; n = 9) 

in cells exposed to Bis I (500 nM) than in control cells (7 ± 1 %; n = 30). 

L-, N- and P/Q-type channels are 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 transfected with NK1 receptors and either CaV1.3 (L-type), CaV2.1 

(P/Q-type) or CaV2.2 (N-type) plus ancillary α2-δ and β subunits.  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 experiments,1 nM NKA failed to evoke discernable stimulation of CaV1.3, 

CaV2.1 or CaV2.2.  The high concentration (1 µM) 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, respectively.  We did not attempt to determine whether inhibition of these non-R-

type channels was voltage-dependent or -independent, as this issue appears complex (cf. 

Kammermeier et al., 2000).  In summary, our data show that CaV1.3, CaV2.1 and CaV2.2 are 

inhibited, but not stimulated, through NK1 receptors.  Inhibition of CaV1.3 requires strongly-

activated NK1 receptors, whereas even weakly-activated NK1 receptors produce significant 

inhibition of CaV2.1 and CaV2.2.  In our experiments, CaV2.3 was the only channel that was 

stimulated through NK1 receptors. 
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NK1 receptors couple to PTX- and CTX-insensitive G proteins and inhibit CaV2.3 

independently of protein kinases.  NK1 receptors couple primarily to Gαq/11 in native cells 

(Macdonald et al., 1996).  However, when overexpressed in non-native cells these receptors may 

also couple to GαS and GαO (Roush and Kwatra, 1998).  To test for potential involvement of 

GαS and GαO in modulating CaV2.3, we pretreated cells with pertussis toxin (PTX, 1 µg/ml) for 

4 hr prior to electrophysiological experiments.  In our hands, this concentration and duration of 

PTX exposure completely blocks inhibition of N-type (CaV2.2) calcium channels through Gαi–

coupled κ-opioid receptors (data not shown).  In similar experiments, cells were exposed to 

freshly-prepared cholera toxin (CTX, 1 µg/ml) for 17-22 hr prior to patch-clamp recordings.  As 

summarized in Fig. 3, both PTX and CTX failed to reduce inhibition of CaV2.3 currents in 

response to 1 µM NKA.  However, inhibition was significantly reduced (to 27 ± 4 %; n = 10) in 

cells dialyzed for at least 5 min with a pipette solution containing 1 mM GDPβS (Fig. 3C).  

These data suggest that a toxin-insensitive G protein (presumably, Gαq/11) mediates modulation 

of CaV2.3 in our experiments. 

As also shown in Fig. 3C, inhibition was not decreased by either Bis I (500 nM) or 

staurosporine (100 nM).  In fact, the magnitude of inhibition was significantly larger in cells 

exposed to these compounds (p < 0.05).  Staurosporine is a broad-spectrum inhibitor of 

serine/threonine kinases (including PKC).  The larger inhibition in the presence of these kinase 

inhibitors may partly reflect the fact that PKC-mediated stimulation of CaV2.3 prevents accurate 

measurement of inhibition.  Additionally, PKC-dependent phosphorylation likely interferes with 

inhibition of CaV2.3 by Gβγ subunits (cf. Bannister et al., 2004).  We also tested PP2 (1 µM) and 

genistein (50 µM), the latter being a broad-spectrum inhibitor of tyrosine kinases.  Neither PP2 

nor genistein reduced inhibition of CaV2.3 in response to 1 µM NKA (Fig. 3C).  These data 
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suggest that inhibition of CaV2.3 through NK1 receptors does not involve serine/threonine 

kinases or tyrosine kinases. 

Gαq/11 and Gβγ both mediate inhibition of CaV2.3.  We next explored the molecular 

mechanism(s) of inhibition by expressing proteins that sequester either Gαq/11 or Gβγ subunits.  

Fig. 4A illustrates a representative experiment for a cell transfected with rod transducin (Gαt), 

which effectively buffers Gβγ dimers but is not expected to couple to receptors other than 

rhodopsin (Kammermeier et al., 2000).  In Gαt-transfected cells, 1 µM NKA inhibited current 

amplitudes by only 29 ± 3 % (n = 6), significantly less than in control cells (Fig. 4E).  

Furthermore, the onset of inhibition appeared qualitatively slower in Gαt-expressing cells (Fig. 

4A).  Similar results were obtained in cells transfected with a membrane-associating carboxyl-

terminus of G protein-coupled receptor kinase 3 (MAS-GRK3ct), which has also been shown to 

buffer Gβγ dimers (Kammermeier et al., 2000).  The reduced magnitude and slowed onset of 

inhibition in Gαt- and MAS-GRK3ct-expressing cells is consistent with the idea that Gβγ 

mediates a fast component of inhibition.  Presumably, the remaining slow component of 

inhibition is mediated by Gαq/11.  To examine this possibility, we expressed regulator of G 

protein signaling 3T (RGS3T), which previous studies have shown to be a particularly effective 

antagonist of Gαq/11-mediated signaling (Scheschonka et al., 2000; Bannister et al., 2002).  In 

RGS3T-expressing cells, application of 1 µM 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-dependent channel stimulation (see below).  Altogether, 1 µM 

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 the carboxyl-terminus of phospholipase Cβ1 
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(PLCβ1ct; see Fig. 4E), which also antagonizes Gαq/11-signaling (Kammermeier et al., 2000).  

The above results suggest that Gβγ mediates a fast component whereas Gαq/11 mediates a slow 

component of inhibition.  However, we note that Gβγ might have additionally contributed to the 

slow component and Gαq/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 µM NKA was greatly diminished when 

both Gαt and RGS3T were expressed in the same cell.  Under these conditions, 1 µM 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 (not shown).  On average, the high concentration of NKA (1 µM) inhibited current 

amplitudes by 18 ± 4 % (n = 9) in cells that expressed both Gαt and RGS3T and exposed to 500 

nM Bis I (Fig. 4E).  These data clearly show that Gαq/11 and Gβγ both contribute to inhibition 

of CaV2.3 through NK1 receptors.  This appears to be the first report that CaV2.3 is inhibited 

through a Gαq/11-dependent signaling mechanism. 

The residual modulation of CaV2.3 observed in cells transfected with both Gαt and RGS3T 

(Fig. 4C, D, E) was somewhat unexpected, as we had previously found that Gαq/11-mediated 

stimulation of CaV2.3 was strongly blocked by expression of either RGS2 or PLCβ1ct (Melliti et 

al., 2000).  Furthermore, we previously observed that Gαq/11-mediated inhibition of the L-type 

channel CaV1.2c was virtually eliminated by expression of RGS3T (Bannister et al., 2002).  The 

residual modulation might be explained if Gαq/11 and Gβγ were incompletely buffered by Gαt 

and RGS3T in our present experiments.  Alternatively, the residual modulation might indicate 

the involvement of an another toxin-insensitive G protein (e.g., Gα12/13) in addition to Gαq/11.  
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To explore the latter possibility, we expressed the RGS domain of p115RhoGEF (p115RGS), 

previously shown to function as a GTPase-activating protein for Gα12 and Gα13 (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 µM 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-terminus of EGFP.  In 

response to 1 nM NKA, CaV2.3 currents were stimulated by 42 ± 3 % (n = 9) in cells expressing 

EGFP-p115RGS, compared to 36 ± 15 % (n = 5) stimulation in matched controls (p > 0.05).  In 

response to the high concentration (1 µM) 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 

experiments are not exhaustive, they suggest that Gα12/13 does not play a significant role in 

modulating CaV2.3 through NK1 receptors in our system. 

NK1 receptors accelerate inactivation of CaV2.3.  As first mentioned in relation to Fig. 

1D, the inactivation kinetics of CaV2.3 currents were noticeably accelerated following exposure 

to NKA.  This effect was quantified by fitting individual Ca2+ currents with a single exponential 

function to obtain time constants for macroscopic activation and inactivation.  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 (τinact.) of 33 ± 2 ms (n = 6) before 

and 18 ± 2 ms (n = 5) after a continuous 2 minute exposure to 1 µM NKA (p < 0.001).  Fig. 5D 

shows that inactivation was significantly accelerated at most test potentials.  The acceleration of 

inactivation was not due to increased bath temperature during NKA application, as temperature 

was continuously monitored both before and during NKA applications and did not vary by more 
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than ± 0.5 °C.  Furthermore, acceleration was not attributable to decreasing series access 

resistance (RS), because membrane charging 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 appear to be significantly accelerated 

by NKA (Fig. 5A).  Thus, at a test potential of +20 mV, currents activated with an average time 

constant (τact.) of 1.5 ± 0.3 ms before and 1.2 ± 0.3 (n = 6) ms after a continuous 2 min exposure 

to 1 µM NKA; this difference was not significant (p > 0.05).  Fig. 5C plots average values of  

τact. at various test potentials.  Activation was significantly accelerated only at a test potential of 

+10 mV (τact.= 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 stable levels before acceleration of 

inactivation had became complete.  We quantified this relationship by measuring times 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 following NKA washout.  

This difference in recovery was consistently observed (4 out of 5 cells).  We did not extensively 

pursue the mechanism underlying acceleration of inactivation.  However, it may be worth 

mentioning that inactivation was significantly accelerated in cells exposed to 100 nM Bis I (τinact. 

at +20 mV was 36 ± 1 s before and 23 ± 1 s (n = 7) following a continuous 1-2 min application 

of 1 µM NKA), suggesting that PKC is not involved. 
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Discussion 

This work shows that NK1 receptors trigger complex modulation of CaV2.3 (R-type) Ca2+ 

channels.  We have identified three distinct signaling mechanisms involved in this modulation: a 

fast inhibition mediated by Gβγ, a slow inhibition mediated by Gαq/11 and a slow stimulation 

mediated by PKC (Fig. 6).  We note that the stimulatory effect predominates during low receptor 

occupancy, whereas the three forms of modulation produce overlapping influences on CaV2.3 

during high receptor occupancy.  We also find that NK1 receptors markedly accelerate 

inactivation of CaV2.3.  The increased rate of inactivation will further reduce R-type Ca2+ influx 

during modulation through NK1 receptors. 

We present evidence that Gαq/11, as well as Gβγ, mediates inhibition of CaV2.3 through 

NK1 receptors (Fig. 4).  This finding is in general agreement with Kammermeier et al. (2000), 

who showed that Gαq/11 and Gβγ are both required for voltage-independent inhibition of native 

N-type Ca2+ channels by NK1 receptors heterologously-expressed in rat sympathetic neurons.  In 

the present experiments, we found that separately buffering Gβγ or Gαq/11 partially blocked 

inhibition of CaV2.3 and altered the time course of inhibition (Fig. 4).  We also found that 

simultaneously buffering both Gβγ and Gαq/11 in the same cells greatly reduced inhibition (Fig. 

4C) but did not eliminate it completely (Fig. 4D,E).  Intriguingly, substantial stimulation of 

CaV2.3 current was observed in cells where Gβγ and Gαq/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 Gβγ mediates a fast component of 

inhibition whereas Gαq/11 mediates a slow component (Fig. 6).  However, our data do not 

exclude the possibility that Gβγ also contributes to slow inhibition or that Gαq/11 contributes to 

fast inhibition. 
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Previous studies indicate that Gαq/11 mediates slow inhibition of L-type (CaV1.2c) and N-

type (CaV2.2) Ca2+ channels (cf. Melliti et al., 2001; Bannister et al., 2002).  Our present finding 

that Gαq/11 triggers slow inhibition of CaV2.3 suggests that this form of inhibition is conserved 

amongst different classes of Ca2+ channels.  We did not attempt to identify the molecular 

mechanism of slow inhibition here, beyond showing that Gαq/11 is involved, as this would have 

required extensive additional experiments (cf. Gamper et al., 2004).  However, depletion of 

membrane phosphoinositol 4,5-bisphosphate (PIP2) is a strong candidate for this mechanism (see 

Fig. 6), as PIP2 depletion appears to underlie slow Gαq/11-mediated inhibition of both N-type 

(Gamper et al., 2004) and P/Q-type calcium channels (Wu et al., 2002).  It is also theoretically 

possible that Gαq/11 inhibits CaV2.3 directly (Fig. 6). 

We found that NK1 receptors shift the voltage-dependence of CaV2.3 activation to slightly 

more negative potentials (Fig. 1B).  This finding agrees with a recent demonstration 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 to that 

typically observed for G-protein-inhibited channels of the CaV2 family.  Additional experiments 

are needed to elucidate the underlying mechanism.  However, because application 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 is preferentially stimulated during weak activation of NK1 receptors 

(Fig. 2).  By contrast, CaV2.3 is both inhibited and stimulated during strong activation of NK1 

receptors.  This remarkable ‘bipolar’ modulation of CaV2.3 might have important physiological 
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consequences if NK1 receptors experience widely varying concentrations of agonist in vivo, as 

seems probable. 

Preferential triggering of stimulation by weakly-activated NK1 receptors probably reflects 

the presence of considerably biochemical amplification within the stimulatory pathway (Fig. 6).  

This pathway likely involves sequential activation of three enzymes: Gαq/11, phospholipase C-β 

(PLCβ) and PKC.  By contrast, Gβγ-mediated inhibition probably reflects direct binding of Gβγ 

to CaV2.3 with little or no amplification.  Depletion of membrane PIP2 would most simply 

involve sequential activation of only two enzymes, Gαq/11 and PLCβ.  These differences in 

biochemical amplification may help to explain our results with Gβγ- and Gαq/11-buffering 

proteins.  Specifically, we found that buffering both Gβγ and Gαq/11 in the same cells (by 

coexpressing Gαt and RGS3T) blocked inhibition of CaV2.3 more effectively than than it 

blocked stimulation (Fig. 4C,D,E).  In principle, it should be easier to block Gβγ- and Gαq/11-

mediated inhibition of CaV2.3 than Gαq/11-mediated stimulation because of the greater 

theoretical amplification involved in stimulation.  The apparent ineffectiveness of RGS3T in 

blocking stimulation of CaV2.3 (Fig. 4C) may be explained if only a few Gαq/11 need escape 

buffering by RGS3T in order 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.  Additionally, Tai et al. 

(2006) showed that native R-type currents are stimulated through muscarinic acetylcholine and 

metabotropic glutamate receptors in hippocampal CA1 neurons.  Our present experiments 

indicate that PKC mediates stimulation of CaV2.3 through NK1 receptors (Fig. 2), consistent 

with previous observations that CaV2.3 is stimulated by phorbol esters or Gαq/11-coupled 
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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).  Interestingly, Tai 

et al. (2006) found that native hippocampal R-type currents are stimulated 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 Gαq/11-coupled 

receptors.  As one possibility, Gβγ-mediated inhibition of CaV2.3 could be selectively blocked by 

recruiting Gβγ-binding proteins (e.g., GRKs) to receptor-channel complexes.  Similarly, Gαq/11-

mediated inhibition of CaV2.3 could be selectively blocked by recruiting RGS proteins or 

downstream effectors of Gαq/11 besides PLCβ.  As suggested by our results (Fig. 4C), 

antagonizing both Gβγ- and Gαq/11-signaling at the same time could result in a substantial 

reduction in inhibition of CaV2.3, while leaving stimulation relatively intact.  Selective blockade 

of inhibition could thereby have significant consequences for physiological processes involving 

R-type Ca2+ influx.   

Our present results may be relevant to understanding molecular mechanisms of nociception 

and other neurobiological 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).  Similarly, 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 (Metz et al., 2005; Kuzmiski et al., 2005; Tai et al., 2006), 
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cerebellar 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), hippocampus and striatum (Niidome et al., 1992).  Thus, these two 

proteins are expressed together in common regions of the nervous system and are implicated in 

some of the same neurological functions.  It therefore seems plausible 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 currents contribute to afterdepolarizations and bursting activity of 

hippocampal CA1 neurons (Metz et al., 2005), and receptor-mediated stimulation of R-type 

currents profoundly alters the dendritic integration and intrinsic resonance properties 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 theta-burst-induced longterm potentiation (Yasuda et al., 2003).  

We speculate that stimulation, 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 contributes to plateau potentials and spiking in dorsal horn and other neurons. 
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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 physiological processes. 
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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 µM NKA.  Currents were evoked at 0.2 Hz by 

depolarizations from -90 to -40 through +75 mV in 5 mV increments.  Whole-cell capacitance 

(C) = 26 pF; series access resistance (RS) = 2.5 MΩ.  B, NKA shifts the voltage-dependence of 

activation to slightly more negative potentials over a limited range of test potentials.  Current-

voltage (I-V) relationships were determined for six (6) cells before (○) and during (�) inhibition 

by 1 µM NKA. Voltage protocol as 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 MΩ, 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 5-30 cells.  The smooth curve represents the fit of the 

average data to the Hill equation: Ca2+ current (% of initial) = (100-D)/ [1 + ([NKA])/EC50)
n], 

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 was n = 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 µM NKA is indicated by a thick horizontal line.  

Inset: Ca2+ currents recorded at the indicated times.  These currents show that inactivation of 
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CaV2.3 is significantly accelerated during and after modulation through NK1 receptors.  C = 13 

pF; RS = 5.1 MΩ. 

 

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 MΩ.  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 MΩ.  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 percent 

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 µM (PP2). 

 

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 µM NKA is 

insensitive to pertussis toxin (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 µg/ml PTX.  C = 

20 pF; RS = 2.1 MΩ.  B, inhibition of CaV2.3 in response to 1 µM NKA is insensitive to cholera 

toxin (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 µg/ml CTX.  C = 15 pF; RS = 2.7 MΩ.  

C, Histograms summarize percent inhibition of CaV2.3 currents in response to 1 µM NKA.  
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Inhibitors were used at 100 nM (staurosporine), 500 nM (Bis I), 50 µM (genistein), 1 µM (PP2) 

and 1 mM (GDPβS).  Asterisks (*) indicate significant difference (p < 0.05) from controls. 

  

Fig. 4.  Gαq/11 and Gβγ both inhibit CaV2.3.  A, expression of Gαt, which buffers Gβγ, 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 MΩ.  B, expression of RGS3T, which buffers Gαq/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 MΩ.  C, coexpression of Gαt and RGS3T in the same cell greatly reduces 

inhibition but not stimulation.  Currents were evoked at 0.5 Hz by 12.5 ms depolarizations to +20 

mV.  C = 30 pF; RS = 3.0 MΩ.  D, stimulation is blocked by Bis I (500 nM) in cells coexpressing 

both Gαt and RGS3T.  C = 29 pF; RS = 4.1 MΩ.  E, histograms summarize percent inhibition in 

response to 1 µM NKA.  Asterisks (*) indicate significant difference (p < 0.05) from controls. 

  

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 µM NKA.  The inhibited current is scaled for comparison.  C = 28 pF; 

RS = 2.4 MΩ.  B, Inactivation.  Currents were recorded from the same cell before (light trace) 

and 100 s after (bold trace) application of 1 µM NKA.  The inhibited current is scaled for 

comparison.  C = 29 pF; RS = 3.8 MΩ.  C, on average, activation of CaV2.3 is not significantly 

accelerated by NKA.  Average time constants of activation (tau activation) are plotted as a 

function of test potential.  Symbols represent mean ± s.e.m of 4-6 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 (○) and during maximal inhibition by 1 
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µM NKA (●).  D, inactivation is significantly accelerated at all test potentials except -5 mV.  

Average time constants of inactivation (tau inactivation) are plotted as a function of test 

potential.  Symbols represent mean ± s.e.m of 5-6 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 (○) and during maximal inhibition by 1 µM NKA (●).  E, 

comparison of the time courses for inhibition of current amplitudes and acceleration of 

inactivation.  C = 53 pF; RS = 2.9 MΩ.  Currents were evoked at 0.33 Hz by 300 ms steps from -

90 to +20 mV.  

 

Fig. 6.  Schematic summary of results.  Solid arrows indicate well established signaling 

pathways and mechanisms of channel modulation.  Dashed arrows indicate less well established 

signaling pathways that might modulate CaV2.3.  For example, if Gβγ was incompletely buffered 

by Gαt or MAS-GRK3ct in our experiments, it might contribute to slow inhibition of CaV2.3.  

Similarly, if Gαq/11 was incompletely buffered by RGS3T or PLCβ1ct, 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 Gαq/11 might modulate CaV2.3 through 

direct interaction. 
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