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Neuronal a1E subunits are thought to form R-type Ca channels.
When expressed in human embryonic kidney cells with M2
muscarinic acetylcholine receptors, Ca channels encoded by
rabbit a1E exhibit striking biphasic modulation. Receptor acti-
vation first produces rapid inhibition of current amplitude and
activation rate. However, in the continued presence of agonist,
a1E currents subsequently increase. Kinetic slowing persists
during this secondary stimulation phase. After receptor deac-
tivation, kinetic slowing is quickly relieved, and current ampli-
tude over-recovers before returning toward control levels.
These features indicate that inhibition and stimulation of a1E
are separate processes, with stimulation superimposed on in-
hibition. Pertussis toxin eliminates inhibition without affecting
stimulation, demonstrating that inhibition and stimulation in-
volve distinct signaling pathways. Neither inhibition nor stimu-
lation is altered by coexpression of Ca channel b2a or b3
subunits. Stimulation is abolished by staurosporine and re-
duced by intracellular 59-adenylylimidodiphosphate, suggest-

ing that phosphorylation is required. However, stimulation does
not seem to involve cAMP-dependent protein kinase, protein
kinase C, cGMP-dependent protein kinase, tyrosine kinases, or
phosphoinositide 3-kinases. Stimulation does not require a Ca
signal, because it is not specifically altered by varying intracel-
lular Ca buffering or by substituting Ba as the charge carrier. In
contrast to those formed by a1E, Ca channels formed by a1A
or a1B display only inhibition and no stimulation during pro-
longed activation of M2 receptors. The dual modulation of a1E
may confer unique physiological properties on native R-type Ca
channels. As one possibility, R-type channels may continue to
mediate Ca influx during steady inhibition of N-type and P/Q-
type channels by muscarinic or other receptors.
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Ca influx through voltage-gated Ca channels triggers neurosecre-
tion and influences neuronal membrane excitability, gene expres-
sion, and developmental events. Neurons express several different
kinds of voltage-gated Ca channels, which are classified according
to the primary structure of their pore-forming (a1) subunits.
Class E (a1E) subunits are widely expressed in brain (Niidome et
al., 1992; Soong et al., 1993; Wakamori et al., 1994; Yokoyama et
al., 1995) and appear to localize primarily to neuronal soma and
dendrites (Yokoyama et al., 1995; Westenbroek et al., 1998).
Recent experiments indicate that a1E forms native “R-type” Ca
channels in rat cerebellar granule neurons (Piedras-Renterı́a and
Tsien, 1998). R-type channels are so named because they are
resistant to known, selective Ca channel blockers (Randall and
Tsien, 1995). Although the physiological functions of R-type Ca
channels are mostly unknown, available evidence indicates that
they contribute to neurotransmitter secretion at some central
synapses (Turner et al., 1995; Wu et al., 1998) and to hormone
secretion by certain types of neuroendocrine cells (Wang et al.,
1998).

The functional activity of neuronal, high-voltage–activated Ca

channels is controlled by biochemical cascades involving hetero-
trimeric G-proteins (Hille, 1994). Typically, activation of G-
protein–coupled receptors produces inhibition of neuronal Ca
channels. Inhibition can occur via membrane-delimited and/or
cytoplasmic signaling pathways, and inhibition may be voltage
dependent (Bean, 1989) or voltage independent (Luebke and
Dunlap, 1994). Membrane-delimited, voltage-dependent inhibi-
tion of mammalian neuronal Ca channels seems to be mediated
by G-protein bg subunits [Herlitze et al. (1996); Ikeda (1996); but
see Diversé-Pierluissi et al. (1997) regarding avian channels]. In
the currently accepted hypothesis, certain Gbg subunits interact
directly with certain Ca channel a1 subunits. Recent studies have
sought to identify structural regions of a1 involved in binding
Gbg; the results indicate that Gbg can bind the intracellular I–II
loop (De Waard et al., 1997; Zamponi et al., 1997; Garcı́a et al.,
1998b), the C terminal (Qin et al., 1997), and the N terminal
(Page et al., 1998) of a1A, a1B, and a1E. On the single-channel
level, Gbg binding increases the first latency of channel opening,
at least for N-type Ca channels (Carabelli et al., 1996; Patil et al.,
1996).

Although cloned a1E and native R-type Ca channels are
significantly modulated via G-protein–dependent pathways (Yas-
sin et al., 1996; Jeong and Wurster, 1997; Qin et al., 1997; Meza
and Adams, 1998; Page et al., 1998), the details of their modula-
tion are unclear in comparison with the more extensively studied
N-type and P/Q-type Ca channels (Jones and Elmslie, 1997). In
this paper we report intriguing new findings concerning the
receptor-mediated modulation of cloned a1E Ca channels. We
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show that sustained activation of M2 muscarinic receptors pro-
duces first inhibition and then stimulation of Ca channels en-
coded by a1E. Inhibition and stimulation are separate events,
with stimulation superimposed on inhibition. Our results demon-
strate that inhibition and stimulation result from distinct signaling
pathways that couple to M2 receptors. The dual modulation of
a1E may have important implications for the biological functions
of native R-type Ca channels.

MATERIALS AND METHODS
Cell culture and transfection. Human embryonic kidney (HEK293) cells
were maintained at 37°C in a humidified atmosphere of 95% O2 and 5%
CO2. The culture medium contained 90% DMEM, 10% fetal bovine
serum, and 50 mg/ml gentamycin. Every 2–3 d, the cells were briefly
trypsinized and replated onto 12 mm round glass coverslips in 35 mm
plastic culture dishes. Approximately 15 hr later, these replated cells
were transfected via CaPO4 precipitation with expression plasmids en-
coding a1E (rabbit brain; accession number X67856) (Niidome et al.,
1992), a1A (rabbit brain; accession number X57477) (Mori et al., 1991),
or a1B (rabbit brain; accession number D14157) (Fujita et al., 1993) Ca
channel subunits at 1 mg per 35 mm culture dish. Unless noted, the
transfection mixture also contained plasmids encoding Ca channel a2
(rat brain; accession number M86621) (Kim et al., 1992) and b3 (rabbit
brain; accession number X64300) (Witcher et al., 1993) subunits at 1 mg
per dish. In selected experiments the b subunit was omitted, or b2a (rat
brain; accession number M80545) (Perez-Reyes et al., 1992) was used
instead of b3. Transfection mixtures also included plasmids encoding the
M2 muscarinic acetylcholine receptor (human; accession number
X15264) (Peralta et al., 1987) at 0.05 mg of cDNA per dish (unless noted
otherwise) and enhanced green fluorescent protein ( jellyfish; accession
number U55607; Clontech, Cambridge, UK) at 0.1 mg per dish. Success-
fully transfected cells were visually identified by their green fluorescence
under ultraviolet illumination. Only green cells were used for electro-
physiological experiments.

Expression plasmids. a1E was in the expression vector pcDNA3.11 neo
(Invitrogen, San Diego, CA). a1A and a1B were in pKCRH2 (Mishina et
al., 1984); a2 was in pMT2 (Genetics Institute, Cambridge, MA); b3 was
in pcDNA3 (Invitrogen); b2a was in p91023(b); the M2 receptor was in
pRK5; and enhanced green fluorescent protein (EGFP) was in
pEGFP-C3 (Clontech).

Voltage-clamp recordings. Large-bore patch pipettes were pulled from
100 ml borosilicate glass micropipettes (VWR Scientific) and filled with
an intracellular solution containing (in mM): 155 CsCl, 10 Cs2EGTA, 4
MgATP, 0.32 TrisGTP, and 10 HEPES, pH 7.4 with CsOH. In selected
experiments, Cs2EGTA was reduced to 0.1 mM or was replaced by either
0.1 or 20 mM Cs4BAPTA. In some experiments, the pipette solution
contained 20 mM BAPTA plus 10 mM CaCl2. Aliquots of pipette solu-
tions were stored at 280°C, kept on ice after thawing, and filtered at 0.22
mm immediately before use. Pipette tips were dipped in molten paraffin
to reduce capacitance and then fire-polished. Filled pipettes had DC
resistances of 1.0–1.5 MV. The bath solution contained (in mM): 145
NaCl, 40 CaCl2, 2 KCl, and 10 HEPES, pH 7.4 with NaOH. After a
gigaohm seal was formed, the residual pipette capacitance was compen-
sated in the cell-attached configuration using the negative capacitance
circuit of the patch-clamp amplifier. Ca currents were recorded using the
whole-cell technique (Hamill et al., 1981). The steady holding potential
was 290 mV. Test depolarizations were delivered every 1–15 sec; the
stimulation rate was adjusted for individual cells to maximize sampling
rate while minimizing cumulative inactivation. To minimize inactivation
further, brief (5–10 msec for a1E currents) test depolarizations were
used. Currents were filtered at 2–10 kHz using the built-in Bessel filter
(four-pole low-pass) of an Axopatch 200A or 200B amplifier and sampled
at 10–50 kHz using a Digidata 1200 analog-to-digital board installed in a
Gateway 486 or Pentium I computer. The pCLAMP software programs
Clampex and Clampfit (version 6.0.3) were used for data acquisition and
analysis, respectively. Figures, linear regressions, and statistical compar-
isons were done using the software program Microcal Origin (version
5.0). Linear cell capacitance ( C) was determined by integrating the area
under the whole-cell capacity transient, evoked by clamping from 290 to
280 mV with the whole-cell capacitance compensation circuit of the
amplifier turned off. The average value of C was 22 6 1 pF (mean 6
SEM; n 5 318 cells). Series resistance (RS) was calculated as t * (1/C),
where t is the time constant for decay of the whole-cell capacity transient.

t and RS were minimized using the series resistance compensation circuit
of the amplifier. The average values of compensated t and RS were 60 6
3 msec and 2.8 6 0.1 MV, respectively (n 5 318). Ca currents were
evoked by step depolarizations to 130 mV, which is near the peak of the
current–voltage (I–V ) relationship under these ionic conditions (Meza
and Adams, 1998). No corrections were made for liquid junction poten-
tials. Maximal currents, measured at the time of peak inward current,
were 1800 6 100 pA (n 5 318). The average maximal voltage error was
4.4 6 0.2 mV (n 5 318). The DC resistance of the whole-cell configu-
ration was typically .500 MV. All currents were corrected for linear
capacitance and leakage currents using 2P/6 or 2P/4 subtraction. To
quantify macroscopic activation rates, we fit single-exponential functions
to the activating segments of individual test currents. A single-
exponential function provided a good-to-excellent fit, yielding a single
time constant for activation. Carbachol (CCh) was dissolved directly in
the bath solution; application of CCh was by bath exchange or local
superfusion through a macropipette positioned close to the cell. Tem-
perature (20–22°C) was continuously monitored using a miniature ther-
mocouple placed in the recording chamber. Statistical comparisons were
made using an unpaired t test or one-way ANOVA, as appropriate, with
p , 0.05 considered significant.

RESULTS
a1E Ca channels exhibit biphasic,
opposing modulation
Activation of M2 muscarinic acetylcholine receptors evoked a
striking biphasic response of a1E Ca channels expressed in
HEK293 cells. An experiment illustrating this phenomenon is
depicted in Figure 1A. Application of the acetylcholine receptor
agonist CCh (50 mM) initially caused a rapid decrease in the
macroscopic current amplitude and a slowing of activation kinet-
ics (“inhibition”). Surprisingly, if the CCh application was main-
tained, a1E current amplitudes subsequently increased (“stimu-
lation”). Kinetic slowing persisted during this secondary
stimulation phase, as revealed by the time constants for activation
(tact), which were 1.1 6 0.04 msec (n 5 42) before exposure to
CCh (Fig. 1A, point a), 1.7 6 0.06 msec (n 5 42) at the time of
maximal inhibition ( point b), and 1.6 6 0.06 msec (n 5 42) at the
time of maximal stimulation ( point c). After CCh washout, cur-
rent amplitudes over-recovered beyond the initial control level
( point d), and normal activation kinetics were restored (tact 5
1.1 6 0.04 msec; n 5 38). The over-recovery after CCh washout
was nearly as large (86 6 4%; n 5 38) as the initial inhibition
measured in the same cell. After the over-recovery, current am-
plitudes gradually decreased toward the control level, with an
approximately exponential time course.

Two observations demonstrate that the secondary increase in
a1E current amplitude (stimulation) does not reflect the relief of
G-protein–mediated inhibition. First, kinetic slowing persisted
during the stimulation phase. Kinetic slowing is a hallmark of
membrane-delimited, voltage-dependent inhibition (Luebke and
Dunlap, 1994), and its presence indicates that membrane-
delimited inhibition was maintained during stimulation. Second,
the over-recovery of current amplitude after CCh washout was
opposite in direction, and similar in magnitude, to that of the
initial inhibition. Thus, inhibition was present, mostly undimin-
ished, throughout the application of CCh and was not relieved
until washout. These observations suggest that inhibition and
stimulation of a1E channels are separate events and that stimu-
lation is superimposed on inhibition. Consistent with this inter-
pretation, the time courses of inhibition and stimulation were
distinctly different (Fig. 1B). When CCh was applied using a
fast-perfusion apparatus and Ca currents were sampled at 1 Hz,
inhibition could be seen to reach a stable plateau lasting several
seconds before stimulation became apparent (Fig. 1B). When we
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measured from the last uninhibited current before CCh applica-
tion (Fig. 1B, arrow), inhibition attained its maximal level in 4 6
1 sec (n 5 10), whereas stimulation required 47 6 4 sec (n 5 10)
to reach its peak. In addition to their different time courses, there
was no correlation between the magnitudes of inhibition and
stimulation measured in the same cell (linear regression correla-
tion coefficient r 5 0.16; n 5 42; p 5 0.31). Together these
observations suggest that inhibition and stimulation result from
separate processes.

For comparative purposes, identical experiments were per-
formed using a1A and a1B Ca channels, which encode P/Q-type
and N-type Ca channels, respectively. As illustrated in Figure 1,
C and D, currents mediated by a1A and a1B were steadily
inhibited in the presence of CCh, and current amplitudes did not
over-recover after CCh washout. No appreciable stimulation was
observed in 11 experiments with a1A and 11 experiments with

a1B. The steady inhibition of a1A and a1B channels is important
because it demonstrates that M2 receptors did not desensitize
within the time frame of our experiments.

Figure 1E compares the average modulation of a1A, a1B, and
a1E Ca channels. The percentage of current inhibited by 50 mM

CCh was greatest for a1B (77 6 3%; n 5 11), followed by a1A
(53 6 3%; n 5 11) and a1E (40 6 1%; n 5 42). Only a1E
displayed significant stimulation. Both inhibition and stimulation
of a1E were blocked by the muscarinic antagonist atropine (50
mM), confirming that both phases of modulation were triggered
via muscarinic acetylcholine receptors. CCh had no effects in cells
that had not been transfected with M2 receptors (n 5 8; data not
shown), consistent with previous measurements of very low num-
bers (,200/cell) of endogenous muscarinic receptors in HEK293
cells (Peralta et al., 1987).

Neither inhibition nor stimulation of a1E was significantly

Figure 1. Biphasic, opposing modulation of a1E Ca channels. A, The amplitudes of a1E Ca currents (mediated by a1E/a2/b3 channels) are shown
plotted as a function of time during a representative experiment. The application of CCh (50 mM) is indicated by a horizontal black bar. Ca currents were
evoked every 3 sec, using the voltage protocol shown (top right). Ca current waveforms, recorded at the indicated times ( points a–d), are shown to the
right of the time plot. Linear cell capacitance (C) was 23 pF; series resistance (RS) was 2.0 MV. File 98610007. B, Rapid application of CCh reveals distinct
time courses for inhibition and stimulation. Ca currents were evoked at 1 Hz by short (10 msec) depolarizations to 130 mV from a holding potential
of 290 mV. CCh (50 mM) was applied through a macropipette positioned within 2–3 mm of the cell; the perfusion apparatus allowed the medium
surrounding the cell to be exchanged completely within 1–2 sec (Melliti et al., 1999). C 5 16 pF; RS 5 2.7 MV. File 99414033. C, a1A Ca currents do
not exhibit stimulation. Currents mediated by a1A/a2/b3 were evoked every 2 sec using the voltage protocol diagrammed in A. C 5 21 pF; RS 5 4.2 MV.
File 98904009. D, a1B Ca currents do not exhibit stimulation either. Currents mediated by a1B/a2/b3 were evoked every 5 sec using the voltage protocol
diagrammed in A. C 5 14 pF; RS 5 2.5 MV. File 99205010. E, Average (6 SEM) inhibition and stimulation of a1A, a1B, and a1E currents are shown.
Data are from currents evoked by depolarizations to 130 mV. Percent inhibition (by 50 mM CCh) was calculated as the difference between the peak
amplitude of the control current (recorded directly before CCh application) and the peak amplitude of the current during maximal inhibition divided
by the control current amplitude. Percent stimulation was calculated as the difference between the peak current amplitude during maximal inhibition and
the peak current amplitude at the height of stimulation divided by the control current amplitude. For the indicated vertical bars, atropine (1Atr; 50 mM)
was present during the application of CCh. The number of cells in each group is given in parentheses in this and subsequent figures.
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altered after .5 min of intracellular dialysis in the whole-cell
configuration ( p 5 0.51 and 0.23, respectively; n 5 17). Further-
more, the magnitudes of inhibition and stimulation were uncor-
related with the initial a1E Ca current density (r 5 0.09; n 5 42;
p 5 0.58 for stimulation; r 5 0.16; n 5 42; p 5 0.31 for inhibition).
Inhibition of a1A and a1B were similarly independent of initial
Ca current density (r 5 0.18; n 5 11; p 5 0.59 for a1A; r 5 0.33;
n 5 11; p 5 0.38 for a1B). Thus, differences among cells in Ca
channel expression level were not a significant variable in our
experiments.

Pertussis toxin eliminates inhibition of a1E without
affecting stimulation
We used pertussis toxin (PTX) to investigate which G-proteins
underlie the inhibition and stimulation of a1E. As shown in
Figure 2, pretreatment with PTX (200 ng/ml for 24 hr) nearly
abolished the M2 receptor–mediated inhibition of a1E currents,
demonstrating that this inhibition is primarily mediated by Gai /o
proteins (West et al., 1985; Avigan et al., 1992). In contrast, PTX
had no effect on the magnitude of stimulation (Fig. 2C). The tact

of Ca currents in PTX-treated cells was 1.1 6 0.1 msec before
and 1.2 6 0.1 msec during exposure to CCh (n 5 7). Thus, Ca
currents recorded from PTX-treated cells did not exhibit kinetic
slowing (Fig. 2B), consistent with the absence of membrane-
delimited, voltage-dependent inhibition after PTX treatment.
Interestingly, in some cells (e.g., Fig. 2A) stimulation of a1E
reached a peak and then spontaneously decreased even though
CCh was still present. This behavior was observed, to varying
degrees, in both PTX-treated and control cells (see and compare
Figs. 3D,E, 6B). Although we do not currently understand the
mechanism, the spontaneous decrease in stimulation is unlikely to
reflect receptor desensitization, because inhibition of a1A and
a1B was well maintained during CCh applications of similar
duration (Fig. 1C,D). The over-recovery of a1E current ampli-
tude after CCh washout (Fig. 1A) also argues against receptor
desensitization. In summary, inhibition of a1E involves a PTX-
sensitive G-protein, but stimulation does not. The biphasic, op-
posing modulation of a1E therefore requires at least two distinct
signaling pathways that couple to M2 receptors.

Although native neurotransmitter receptors have been shown
to couple to both PTX-sensitive and PTX-insensitive pathways in

neurons (Hay and Kunze, 1994; Choi and Lovinger, 1996; Kam-
mermeier and Ikeda, 1999), it is conceivable that M2 receptors
couple to the PTX-insensitive pathway only when they are ex-
pressed at higher concentrations than are endogenous Gai /o
proteins. To investigate this possibility, we decreased the level of
receptor expression by including reduced amounts of M2 receptor
plasmid in our transfection mixture. Neither inhibition (35.0 6
2.4%; n 5 10) nor stimulation (27.4 6 5.7%; n 5 10) of a1E was
significantly reduced in cells transfected with 1/2 the normal
amount of receptor plasmid, suggesting that M2 receptors were in
fact expressed at saturating levels in our experiments. However,
in cells transfected with 1/10 the normal amount of receptor
plasmid, inhibition was reduced to 16.5 6 5.7% (n 5 10). This
;60% reduction in inhibition presumably means that the cells’
capacity to supply endogenous Gai /o proteins had not been
exceeded. Importantly, stimulation was reduced to a comparable
degree in these cells, to 12.9 6 3.7% (n 5 10). These results
indicate that M2 receptors couple to the PTX-insensitive pathway
even when these receptors are expressed at nonsaturating levels.

We next used cholera toxin (CTX) to explore whether Gas
participates in the stimulation of a1E. CTX produces tonic acti-
vation of Gas that is followed by downregulation of the Gas
protein within 8 hr (Gill and Meren, 1978; Chang and Bourne,
1989). Stimulation of a1E currents was reduced to 10 6 2% (n 5
10) in cells exposed to CTX (500 ng/ml for 10–18 hr), compared
with 25 6 2% (n 5 42) stimulation in untreated control cells ( p 5
0.001). However, CTX also reduced the inhibition of a1E to 24 6
2% (n 5 10), compared with 40 6 1% (n 5 42) inhibition in
control cells. Because inhibition of a1E is mediated primarily by
Gai /o (Fig. 2), these results suggest that CTX has additional
effects. As one possibility, CTX may decrease the number of
functionally expressed M2 receptors (MacKenzie and Milligan,
1991). We conclude that Gas is not a key component of the
pathway producing stimulation of a1E Ca channels.

Modulation of a1E is unaltered by coexpression of Ca
channel b subunits
Previous studies have found that G-protein–dependent inhibition
of native neuronal Ca channels is enhanced after depletion of Ca
channel b subunits (Campbell et al., 1995). Furthermore, G-
protein–mediated inhibition of cloned rat a1A Ca channels ex-

Figure 2. PTX abolishes M2 receptor–mediated inhibition of a1E without reducing stimulation. A, Maximal Ca currents recorded from a PTX-
pretreated cell plotted as a function of time. The horizontal bar indicates application of CCh (50 mM). Currents were evoked every 5 sec, using the voltage
protocol illustrated in B. B, Ca current waveforms recorded at the times ( points a–c) indicated in A. C 5 22 pF; RS 5 1.5 MV. File 98O02022. C, Average
(6 SEM) inhibition and stimulation in control cells (n 5 42) and PTX-pretreated cells (n 5 7; p 5 0.27 for stimulation).
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pressed in Xenopus oocytes is decreased by coexpression of ex-
ogenous Ca channel b subunits (Bourinet et al., 1996). Recently,
it was reported that coexpression of rat brain b2a subunits oc-
cludes (Qin et al., 1997) or significantly reduces (Qin et al., 1998)
the M2 receptor–mediated inhibition of human a1E Ca channels
expressed in Xenopus oocytes. These and other findings have
suggested that G-proteins and Ca channel b subunits compete for
similar binding sites on Ca channel a1 subunits (De Waard et al.,
1997; Zamponi et al., 1997).

To determine whether stimulation of a1E could be antago-
nized by coexpression of Ca channel b subunits, we compared
the modulation of currents produced by coexpression of a1E
and a2 alone with currents recorded from cells expressing a1E,
a2, and either b3 (from rabbit brain) or b2a (from rat brain).
As shown in Figure 3A, the average current density was sig-
nificantly higher (87 6 10 pA/pF; n 5 42) in cells cotransfected
with rabbit b3 than in cells cotransfected with rat b2a (21 6 3

pA/pF; n 5 13). In contrast with this result, Jones et al. (1998)
found that rat b2a and rat b3 were equally effective in enhanc-
ing the current density of the rat a1E. However, in their
experiments the a2 subunit was omitted, and their a1E and b
subunits were from rat rather than from rabbit. In our exper-
iments, cells not transfected with an exogenous b subunit had
an average a1E current density of 19 6 2 pA/pF (n 5 17); this
is an overestimation, however, because these 17 cells were
selected for experiments on the basis of their relatively large
Ca currents. We found that cells transfected with a1E and a2
alone tended to express either very small or reasonably large
Ca current densities, raising the possibility that some (but not
all) HEK293 cells express endogenous b subunits. We found
that the current–voltage (I–V ) relationship was unaffected by
coexpression of either b2a or b3 (Fig. 3B). In contrast, several
other previous studies have found that b subunit coexpression
produces a negative shift in the voltage dependence of activa-

Figure 3. Effects of coexpressing Ca channel b subunits. A, Average current densities (lef t) and extent of inactivation (right) in cells transfected with
a1E and a2 alone (2b) or with a1E and a2 plus b2a or b3 subunits are shown. Data are from currents evoked by depolarizations from 290 to 130 mV.
Inactivation was quantified as the percentage of peak current remaining at the end of a 500 msec test pulse. B, Coexpression of b2a or b3 does not
significantly alter the voltage dependence of a1E currents. Each I–V plot represents normalized, averaged data from three to five cells in each group.
C, Coexpression of the rat brain b2a subunit slows macroscopic inactivation. Current amplitudes have been scaled to facilitate comparison. 2b cell: C 5
21 pF; RS 5 2.1 MV. File 99129008. b2a cell: C 5 49 pF; RS 5 1.8 MV. File 99128006. b3 cell: C 5 27 pF; RS 5 2.6 MV. File 99127009. D, Exogenous
Ca channel b subunits are not required for stimulation of a1E. The horizontal bar indicates CCh application. Currents in a cell transfected with a1E and
a2 alone were evoked by depolarizations to 130 mV every 2 sec. C 5 48 pF; RS 5 4.5 MV. File 98701008. E, Coexpression of the rat brain b2a subunit
does not prevent inhibition or stimulation of the rabbit a1E Ca channel. Currents in a cell transfected with a1E, a2, and rat brain b2a were evoked every
2 sec. C 5 39 pF; RS 5 3.1 MV. File 98619010. F, The average magnitudes of inhibition and stimulation of a1E are unaffected by coexpression of rat
brain b2a or rabbit brain b3 subunits.
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tion of a1E (Wakamori et al., 1994; Williams et al., 1994;
Parent et al., 1997; Stephens et al., 1997; Jones et al., 1998).

Coexpression of rat brain b2a significantly slowed macroscopic
inactivation (Fig. 3C). Inactivation was quantified by measuring
the percentage of current remaining at the end of a 500 msec
depolarization to 130 mV (Fig. 3A). This percentage was 28.2 6
5.1% for b2a cells (n 5 7), 6.0 6 1.1% for b3 cells (n 5 7), and
11.4 6 3.7% for cells not transfected with a b subunit (n 5 7).
These changes in current density and inactivation rate demon-
strate that both b2a and b3 were functionally expressed.

Biphasic modulation of a1E did not require coexpression of an
exogenous b subunit (Fig. 3D). Furthermore, coexpression of rat
brain b2a neither occluded nor reduced inhibition of a1E (Fig.
3E). In fact, the average magnitudes of inhibition and stimulation
were not significantly altered by coexpression of either b2a or b3
(Fig. 3F). These findings differ markedly from those obtained by
Qin et al. (1997) for the human a1E Ca channel. However, they
agree with recent results obtained by Page et al. (1998) for rat
a1E. Together with the latter study, our observations seem in-
consistent with the hypothesis that Ca channel b subunits com-
pete with Gbg subunits for binding sites on neuronal Ca
channels.

Stimulation of a1E involves phosphorylation
The relatively slow time course of stimulation (Fig. 1B) suggested
the involvement of a cytosolic signaling pathway. The rabbit a1E
subunit contains several phosphorylation consensus sites (Ni-
idome et al., 1992), and a1E has been demonstrated to be a
substrate in vitro for phosphorylation by cAMP-dependent pro-
tein kinase (PKA), protein kinase C (PKC), cGMP-dependent
protein kinase (PKG), and CaMKII (Yokoyama et al., 1995). To
explore whether stimulation of a1E requires phosphorylation, we
exposed cells to staurosporine, a broad-spectrum kinase inhibitor.
As shown in Figure 4, stimulation was completely blocked by 1
mM staurosporine, whereas inhibition was unaffected. Stimulation
was also substantially reduced (to 6.1 6 1.6%; n 5 4) by a much
lower concentration of staurosporine (50 nM), consistent with a
specific action of this compound on protein kinases. Application
of the vehicle (DMSO) alone had no effect (Fig. 4B). To deter-

mine further the involvement of phosphorylation in stimulation
of a1E, we dialyzed cells with the nonhydrolyzable ATP analog
59-adenylylimidodiphosphate (AMP-PNP; 5 mM) for .5 min
before applying CCh. As shown in Figure 4C, stimulation was
significantly reduced ( p 5 0.004) in cells dialyzed with AMP-
PNP, whereas inhibition was unaffected (Fig. 4D). Together these
results suggest that stimulation of a1E involves phosphorylation
by a protein kinase.

If stimulation involves phosphorylation, then recovery from
stimulation should involve dephosphorylation. To explore this
issue, we exposed cells to 100 nM okadaic acid for at least 2 hr
before and throughout the experiments. As summarized in Fig-
ure 4D, okadaic acid did not change the magnitude of stimulation.
Okadaic acid did not prevent recovery from stimulation (data not
shown), suggesting that phosphatases 1 and 2A are not required
for this event. Unfortunately, we were unable to determine
whether okadaic acid altered the time course or extent of
recovery.

Stimulation of a1E does not involve PKA, PKC, or PKG
M2 muscarinic acetylcholine receptors couple efficiently to Gai,
and activation of these receptors can inhibit adenylyl cyclase and
thereby reduce the intracellular concentration of cAMP (Ash-
kenazi et al., 1987; Peralta et al., 1988). To investigate the possi-
bility that stimulation of a1E results, either directly or indirectly,
from a decline in intracellular cAMP, we dialyzed cells with a
pipette solution containing 5 mM cAMP for at least 5 min before
applying CCh. As shown in Figure 5A, this treatment had no
effect on the magnitude of stimulation. We also found that stim-
ulation was unaffected by dialyzing cells with 100 mM protein
kinase inhibitor (6-22) amide, a specific peptide inhibitor of PKA
(n 5 3; data not shown). These results suggest that changes in
intracellular cAMP or phosphorylation by PKA do not account
for stimulation of a1E.

M2 receptors weakly stimulate the production of phosphoi-
nositides (Ashkenazi et al., 1987), suggesting that these receptors
may also couple to Gaq proteins, although with lower efficiency
than they couple to Gai /o (Peralta et al., 1988). In agreement with
this possibility, Berstein et al. (1992) observed that M2 receptors

Figure 4. Stimulation of a1E involves phosphorylation. Ca currents were evoked every 2–10 sec by step depolarizations to 130 mV. A, Staurosporine
(1 mM) blocks stimulation of a1E without affecting inhibition. The staurosporine solution contained 0.05% DMSO. The horizontal bar indicates CCh
application. C 5 11 pF; RS 5 4.5 MV. File 98625008. B, DMSO alone (0.05%) has no effect. C 5 48 pF; RS 5 3.6 MV. File 98624003. C, Stimulation
is reduced by intracellular dialysis with 5 mM AMP-PNP. C 5 36 pF; RS 5 2.6 MV. File 98903001. D, Summary of results. Control data were from cells
exposed to 0.05% DMSO. OA, Okadaic acid (100 nM); Stauros, staurosporine.
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stimulate GTP-g-S binding by Gaq reconstituted into lipid vesi-
cles, although M2 receptors are only 10% as effective as M1
receptors in this regard. Classically, Gaq subunits stimulate phos-
pholipase Cb1, resulting in the production of inositol trisphos-
phate and diacylglycerol (DAG). Inclusion of D-myo-inositol
1,4,5-trisphosphate (IP3; 100 mM) in the standard 10 mM EGTA–
containing pipette solution had no effect (Fig. 5B), suggesting that
signaling by IP3 is not involved in producing stimulation of a1E.

Some forms of PKC are activated by DAG. To investigate the
potential involvement of PKC in producing stimulation of a1E,
we exposed cells to 100 nM phorbol 12-myristate 13-acetate
(PMA) before and during CCh application. As illustrated in
Figure 5C, Ca current amplitudes slowly increased during PMA
exposure, presumably reflecting the PKC-dependent phosphory-
lation of a1E channels or associated proteins. In contrast, the
inactive 4a-phorbol produced a slight decrease in Ca current
amplitudes (Fig. 5D). These results confirm previously demon-
strated effects of PMA on a1E Ca channels (Stea et al., 1995).
Despite its ability to increase baseline a1E currents, PMA did not
occlude stimulation of a1E by CCh (Fig. 5H). Interestingly, PMA
did reduce the magnitude of a1E inhibition to 28.5 6 2.7% (n 5
6), compared with 40.0 6 1.4% inhibition in control cells (n 5
42). In additional experiments, we dialyzed cells with PKC 19–36,
a pseudosubstrate peptide inhibitor of PKC, for .5 min before

applying CCh. As shown in Figure 5E, the PKC 19–36 peptide
had no effect on stimulation. Inhibition in cells dialyzed with PKC
19–36 was also identical (40.2 6 6.0%; n 5 6) to that in control
cells. Thus, PKC-dependent phosphorylation does not seem to be
involved in the M2 receptor–mediated stimulation of a1E.

We next examined whether stimulation of a1E involves PKG.
Intracellular dialysis with cGMP (5 mM) did not reduce the
magnitude of stimulation (Fig. 5F). Application of 8-bromo-
cGMP (8-Br-cGMP; 100 mM), a membrane-permeant, hydrolysis-
resistant analog of cGMP, consistently produced a slow decrease
in the amplitude of a1E currents (Fig. 5G). However, 8-Br-cGMP
failed to alter the magnitude of CCh-induced stimulation (Fig.
5H). In summary, these experiments with activators and inhibi-
tors of various protein kinases suggest that PKA, PKC, and PKG
are not responsible for the M2 receptor–mediated stimulation
of a1E.

Stimulation of a1E does not involve tyrosine kinases
or phosphoinositide 3-kinases
Previous studies have shown that G-protein–coupled receptors
can modulate ion channels via activation of tyrosine kinases
(Huang et al., 1993; Diversé-Pierluissi et al., 1997; Felsch et al.,
1998). We used genistein, a broad-spectrum tyrosine kinase in-
hibitor, to examine whether tyrosine kinase–dependent phos-

Figure 5. Stimulation of a1E does not involve PKA, IP3 , PKC, or PKG. Ca currents were evoked every 2–10 sec by depolarizations to 130 mV. Cells
were dialyzed with cAMP, IP3 , PKC 19–36, or cGMP for 5–10 min before applying CCh (indicated by solid horizontal bar). A, Intracellular cAMP (5
mM) does not reduce stimulation. C 5 17 pF; RS 5 2.8 MV. File 98731007. B, Intracellular IP3 does not reduce stimulation. C 5 19 pF; RS 5 3.0 MV.
File 99121011. C, The phorbol ester PMA (100 nM) does not reduce stimulation. C 5 18 pF; RS 5 2.6 MV. File 98820015. D, Effects of the inactive
a-phorbol (100 nM) are shown. C 5 15 pF; RS 5 4.2 MV. File 98908001. E, Intracellular application of PKC 19–36 (100 mM), a pseudosubstrate inhibitor
of PKC, does not reduce stimulation. C 5 11 pF; RS 5 3.1 MV. File 98626003. F, Intracellular cGMP (5 mM) does not reduce stimulation. C 5 37 pF;
RS 5 4.6 MV. File 98730022. G, Bath application of membrane-permeant 8-Br-cGMP (indicated by hatched horizontal bar; 100 mM) does not reduce
stimulation. C 5 19 pF; RS 5 2.0 MV. File 98925012. H, Summary of results ( p 5 0.62, ANOVA).
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phorylation underlies stimulation of a1E. As shown in Figure 6A,
genistein caused a substantial inhibition of a1E currents under
control conditions. This effect of genistein may result from inhi-
bition of basally active tyrosine kinases or direct block of a1E
channels. In support of the latter possibility, genistein can directly
block voltage-gated Na channels (Paillart et al., 1997), GABAA

channels (Huang et al., 1999), and T-type Ca channels (U. Meza
and B. Adams, unpublished observations). However, the fact that
daidzein (a weakly active genistein analog) produced a much
smaller decrease in a1E currents than did genistein (Fig. 6B) is
consistent with inhibition of basally active tyrosine kinases. As
summarized in Figure 6C, neither genistein nor daidzein signif-
icantly altered the CCh-induced modulation of a1E currents.
Intracellular application of genistein (100 mM) through the patch
pipette, either alone or in combination with external genistein
application, also failed to alter the inhibition or stimulation of
a1E (data not shown). Although these experiments are not ex-
haustive, they indicate that genistein-sensitive tyrosine kinases
are not responsible for M2 receptor–mediated stimulation of a1E.

Recent experiments by Viard et al. (1999) have shown that
vascular L-type Ca channels are stimulated via a pathway involv-
ing Gbg-activated phosphoinositide 3-kinases (PI3-K). We used
wortmannin, a cell-permeant, irreversible PI3-K inhibitor, to eval-
uate the potential involvement of these kinases in stimulation of
a1E. Cells were exposed to 200 nM wortmannin for at least 2 hr
before and throughout the experiments. Inhibition and stimula-
tion in wortmannin-treated cells were 36.0 6 2.3% (n 5 10) and
21.5 6 4.3% (n 5 10), respectively, not significantly different from
that of control cells (Fig. 6C). Thus, wortmannin-sensitive PI3-
kinases do not appear to be responsible for stimulation of a1E.

Stimulation of a1E does not require a Ca signal
In rat sympathetic ganglion neurons, activation of endogenous
muscarinic receptors produces biphasic (i.e., fast and slow) inhi-
bition of N-type Ca channels. The fast inhibition occurs via a
membrane-delimited pathway, whereas the slow inhibition occurs
via a cytosolic pathway that does not seem to involve PKA, PKC,
or PKG (Bernheim et al., 1991). Inhibition of N-type channels via
the slow pathway is blocked by high intracellular concentrations
of BAPTA or EGTA (Beech et al., 1991), suggesting that this
slow pathway involves a Ca signal. If stimulation of a1E also

involves a Ca signal, then this signal might be increased, and
stimulation consequently enhanced, by reducing intracellular Ca
buffering. However, we found that both inhibition and stimulation
were significantly reduced (to 27.1 6 2.4 and 14.3 6 2.7%,
respectively; n 5 10) when the pipette solution contained a
reduced concentration (0.1 mM) of EGTA (Fig. 7A). Similar
results were obtained using a pipette solution containing 0.1 mM

BAPTA (25.2 6 2.3% inhibition and 12.8 6 2.2% stimulation;
n 5 10). Thus, reducing intracellular Ca buffering clearly did not
enhance stimulation. The decreased modulation of a1E channels
with 0.1 mM intracellular EGTA or BAPTA is unexplained and is
at odds with the finding of Beech et al. (1991) that modulation of
native N-type channels is greatest in the presence of low intra-
cellular concentrations of Ca buffers.

Our standard pipette solution contained 10 mM EGTA, which
is expected to produce effective steady-state buffering of intracel-
lular Ca. However, EGTA has a relatively slow on-rate and hence
may not prevent rapid Ca transients. To examine whether stim-
ulation of a1E involves a rapid Ca signal, we used the fast Ca
buffer BAPTA. As shown in Figure 7B, stimulation of a1E was
not prevented by 20 mM intracellular BAPTA. As was found for
0.1 mM EGTA and BAPTA, both inhibition and stimulation were
reduced to similar degrees by 20 mM BAPTA (Fig. 7A). To
determine whether these effects of high BAPTA concentration
stemmed from buffering intracellular Ca at extremely low levels
(cf. Cruzblanca et al., 1998), we used a pipette solution containing
20 mM BAPTA plus 10 mM added Ca. This solution is predicted
to have a free Ca concentration of ;140 nM (Beech et al., 1991),
very close to the resting cytoplasmic Ca concentration measured
in HEK293 cells (Tong et al., 1999). As summarized in Figure 7A,
inhibition and stimulation of a1E were similarly reduced by 20
mM BAPTA even in the presence of physiological free Ca. These
results are consistent with the previously suggested (Beech et al.,
1991) possibility that BAPTA has intracellular effects unrelated
to its Ca-chelating properties.

To test whether influx of extracellular Ca is required for
stimulation of a1E, we substituted equimolar Ba for Ca as the
charge carrier. For these experiments, a nominally Ca-free pi-
pette solution (20 mM BAPTA and no added Ca) was used. As
shown in Figure 7C, Ba currents through a1E channels exhibited

Figure 6. Stimulation of a1E does not involve tyrosine kinases or phosphoinositide 3-kinases. A, Genistein (hatched horizontal bar; 100 mM) inhibits a1E
current but does not prevent stimulation. The solid horizontal bar indicates CCh application. C 5 52 pF; RS 5 2.5 MV. File 98814002. B, Daidzein (100
mM) produces less inhibition than does genistein. C 5 27 pF; RS 5 2.1 MV. File 98911030. C, Summary of results, including data from cells exposed to
200 nM wortmannin for at least 2 hr before and during experiments.
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biphasic, opposing modulation. The magnitude of stimulation for
Ba currents was 14.3 6 1.3% (n 5 6), similar to stimulation of Ca
currents (11.8 6 1.9%; n 5 15) recorded using the same pipette
solution. In summary, these experiments with BAPTA, EGTA,
and Ba suggest that stimulation of a1E does not require Ca
influx, a transient rise in intracellular Ca concentration, or the
participation of a Ca-activated signaling molecule (e.g., calmod-
ulin, calcineurin, or CaM kinases).

DISCUSSION
We have demonstrated that a1E Ca channels are simultaneously
inhibited and stimulated during activation of M2 muscarinic
acetylcholine receptors. Inhibition has a relatively fast onset and
is associated with kinetic slowing, suggesting that it occurs via a
membrane-delimited pathway. In contrast, stimulation is consid-
erably slower in onset and seems to require phosphorylation,
suggesting that it occurs via a cytosolic, kinase-dependent path-
way. Kinetic slowing is maintained during stimulation, and after
CCh washout, both kinetic slowing and inhibition of current
amplitude are rapidly relieved. The over-recovery of current
amplitude after CCh washout is approximately equal to the
magnitude of inhibition, indicating that inhibition is maintained
at a relatively constant level during stimulation. These observa-
tions demonstrate that inhibition and stimulation of a1E are
separate events, with stimulation superimposed on inhibition.

Inhibition and stimulation involve at least two distinct signaling
pathways coupled to M2 receptors, because inhibition depends on
PTX-sensitive G-proteins whereas stimulation does not. This
dual coupling occurs even when M2 receptors are expressed at
nonsaturating levels. The coupling of M2 receptors to more than
one pathway is not likely to be an artifact of heterologous expres-
sion, because endogenous metabotropic glutamate receptors have
also been shown to couple to both PTX-sensitive and PTX-
insensitive pathways in neurons (Hay and Kunze, 1994; Choi and
Lovinger, 1996; Kammermeier and Ikeda, 1999). Previous studies
have found that HEK293 cells express Gai(1–3), Gao, Gaq, and
Gas proteins (Law et al., 1993; Kim et al., 1994; Offermanns et
al., 1994; Yamauchi et al., 1999). When expressed in HEK293
cells, M2 receptors are thought to couple to Gai /o proteins with

high efficiency and possibly also to Gaq proteins with much lower
efficiency (Ashkenazi et al., 1987; Peralta et al., 1988). Our
experiments with PTX and CTX indicate that Gai /o or Gas are
not responsible for stimulating a1E. Thus, by elimination Gaq
seems the most likely candidate. However, Gaq is classically
thought to activate phospholipases, resulting in the liberation of
IP3 and DAG, which trigger intracellular Ca release and activa-
tion of PKC, respectively. Because our results indicate that stim-
ulation of a1E does not involve signaling by IP3, PKC, or Ca, it
is currently unclear how Gaq might produce stimulation. Poten-
tially, bg dimers released from Gaq could activate small GTPases
(e.g., Ras) that in turn could activate MAP kinases (Crespo et al.,
1994), and MAP kinase–dependent phosphorylation might di-
rectly or indirectly produce stimulation of a1E. However, MAP
kinases are activated by phorbol esters (Dulin et al., 1999; Zhang
et al., 1999), and we found that stimulation was unaltered by PMA
(Fig. 5). These considerations suggest that MAP kinases are
unlikely to be responsible for stimulating a1E. Our experiments
additionally suggest that stimulation does not involve phosphor-
ylation by tyrosine kinases or PI3-kinases (Fig. 6).

Membrane-delimited inhibition is hypothesized to result from
direct binding of Gbg subunits to neuronal a1A, a1B, and a1E
subunits [De Waard et al. (1997); Zamponi et al. (1997); but see
Diversé-Pierluissi et al. (1997)]. If this hypothesis is correct, then
our data suggest that Gbg subunits remain bound to a1E during
stimulation. However, because stimulation can occur in the ab-
sence of inhibition (Fig. 2), Gbg binding to a1E may not be a
prerequisite for stimulation. Conversely, if stimulation involves
phosphorylation of a1E itself, then such phosphorylation must
not reduce Gbg binding or counteract its effects on channel
gating. For a1A and a1B Ca channels, PKC-dependent phos-
phorylation of specific amino acids within the I–II loop reduces
binding of Gbg subunits and thereby antagonizes Gbg-mediated
channel inhibition (De Waard et al., 1997; Zamponi et al., 1997).
Reduction of N-type Ca channel inhibition can also occur via
PKC-dependent phosphorylation of neurotransmitter receptors
(Garcı́a et al., 1998a). In both cases, PKC-dependent phosphor-
ylation actually decreases the Gbg-mediated inhibition of a1A

Figure 7. Stimulation does not require a Ca signal. A, Average magnitudes of inhibition and stimulation with different concentrations of Ca buffers in
the pipette solution are shown. The pipette solutions contained (in mM): 10 EGTA, 0.1 EGTA, 0.1 BAPTA, 20 BAPTA, or 20 BAPTA plus 10 Ca. B,
Stimulation of a1E is not prevented by 20 mM intracellular BAPTA. C 5 14 pF; RS 5 2.3 MV. File 99106001. C, Stimulation of a1E does not require
Ca influx. For these experiments, the bath solution initially contained 40 mM Ca. Directly before CCh application (solid horizontal bar), the bath solution
was switched to one containing 40 mM Ba (hatched horizontal bar). C 5 30 pF; RS 5 4.4 MV. File 98O09014. Cells were dialyzed for .5 min in the
whole-cell configuration with BAPTA-containing pipette solutions before applying CCh. Currents were evoked every 5 sec (B) or 2 sec (C) by
depolarizations to 130 mV.
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and a1B. These two types of “cross-talk” between kinase-
dependent and G-protein–dependent pathways are distinct from
the biphasic, opposing modulation of a1E described here, in
which stimulation develops in the continued presence of inhibi-
tion and does not substantially reduce the extent of inhibition.

For N-type Ca channels, the first latency of single-channel
opening is increased by G-protein–dependent, membrane-
delimited inhibition (Carabelli et al., 1996; Patil et al., 1996). If
the same molecular mechanism applies to G-protein–inhibited
a1E Ca channels, then the persistence of kinetic slowing during
the secondary stimulation phase predicts that first latencies re-
main long during stimulation. Our results therefore suggest that
stimulation of a1E reflects decreased single-channel closed time,
increased channel open time, or an increase in the number of
functional channels (Yang and Tsien, 1993). Further experiments
using single-channel recordings will be necessary to discriminate
among these possibilities.

Stimulation of a1E does not require coexpression of an exog-
enous Ca channel b subunit (Fig. 3). Furthermore, inhibition of
a1E was not reduced by coexpression of b2a or b3. A similar
observation was made previously by Page et al. (1998), who found
that rat brain b2a subunits did not antagonize the receptor-
mediated inhibition of rat a1E expressed in Xenopus oocytes or
COS-7 cells. In contrast, Qin et al. (1997, 1998) found that
coexpression of rat brain b2a occludes, and coexpression of b1b
or b3 reduces, inhibition of human a1E expressed in Xenopus
oocytes. The rat brain b2a subunit possesses two N-terminal
cysteine residues that can be palmitoylated in a dynamic manner
(Chien et al., 1996, 1998), and it has been proposed (Qin et al.,
1998) that cysteines 3 and 4 within rat brain b2a must be palmi-
toylated for b2a to antagonize the G-protein–mediated inhibition
of a1E. Although we did not confirm palmitoylation of rat brain
b2a expressed in our HEK293 cells, such palmitoylation seems
likely because Chien et al. (1996) demonstrated palmitoylation of
this same b2a subunit expressed in tsA201 cells (a clone of
HEK293 cells stably expressing SV40 large T antigen). Thus, our
results and those of Page et al. (1998) seem inconsistent with the
hypothesis that Ca channel b subunits compete with G-proteins
for binding to Ca channel a1 subunits (Campbell et al., 1995:
Bourinet et al., 1996).

Previous studies have reported complex Ca channel modula-
tion that is similar to the biphasic, opposing modulation of a1E
described here. Thus, in neuroblastoma cells recovering from
PTX treatment, Friederich et al. (1993) observed Ca channel
stimulation during activation of receptors that otherwise cause
inhibition. Zong and Lux (1994) found that intracellular dialysis
of chick dorsal root ganglion neurons with GTP-g-S produced
first inhibition and then stimulation of mixed whole-cell Ba cur-
rents. They also observed kinetic slowing during the secondary
stimulation phase, indicating that stimulation was superimposed
on inhibition. However, because more than one Ca channel type
contributed to the whole-cell currents recorded in their experi-
ments, it is unknown whether a single Ca channel type was both
inhibited and stimulated. Wang and Lipsius (1998) also observed
biphasic, opposing effects of genistein on native L-type Ca chan-
nels in feline atrial myocytes. They concluded that genistein
affected two different kinds of tyrosine kinases to produce inhi-
bition and stimulation.

Our present results demonstrate that cloned a1E channels can
be simultaneously inhibited and stimulated during activation of a
single type of neurotransmitter receptor. Our data further sug-
gest that biphasic, opposing modulation is unique to a1E, because

a1A and a1B showed only inhibition during sustained activation
of M2 receptors. However, our results do not exclude the possi-
bility that a1A and a1B exhibit more complex modulation under
different circumstances. Our experiments were conducted in
HEK293 cells expressing cloned M2 receptors and Ca channels,
and in many respects this is an artificial system. However, M2
receptors are widely expressed throughout the brain (Peralta et
al., 1987; Buckley et al., 1988) where they are essential for nu-
merous neurological functions (Gomeza et al., 1999). Addition-
ally, M2 receptors and a1E channels may be colocalized, because
both are expressed on neuronal cell bodies and dendrites (Hersch
et al., 1994; Yokoyama et al., 1995; Westenbroek et al., 1998). It
therefore seems reasonable to predict that biphasic, opposing
modulation of a1E Ca channels occurs in neurons.

To understand the physiological significance of our observa-
tions, it will be necessary to study native a1E Ca channels in cells
in which their functional roles are known. However, we speculate
that dual modulation of a1E confers unique functional properties
on native R-type Ca channels. As one possibility, the secondary
stimulation of a1E may enable R-type channels to mediate Ca
influx during tonic or repetitive activation of muscarinic (or
other) receptors. Because N-type and P/Q-type channels would
tend to be inhibited under these conditions, maintained Ca influx
through R-type channels might generate significant spatial and/or
temporal differences in Ca signals within a single neuron. Such
Ca signals could be important in producing subcellular differ-
ences in gene expression, membrane excitability, or secretion.
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Hay M, Kunze DL (1994) Glutamate metabotropic receptor inhibition of
voltage-gated calcium currents in visceral sensory neurons. J Neuro-
physiol 72:421–430.

Herlitze S, Garcia DE, Mackie K, Hille B, Scheuer T, Catterall WA
(1996) Modulation of Ca channels by G-protein bg subunits. Nature
380:258–262.

Hersch SM, Gutekunst CA, Rees HD, Heilman CJ, Levey AI (1994)
Distribution of m1–m4 muscarinic receptor proteins in the rat striatum:
light and electron microscopic immunocytochemistry using subtype-
specific antibodies. J Neurosci 14:3351–3363.

Hille B (1994) Modulation of ion-channel function by G-protein-coupled
receptors. Trends Neurosci 17:531–536.

Huang X-Y, Morielli AD, Peralta EG (1993) Tyrosine kinase-
dependent suppression of a potassium channel by the G protein-
coupled m1 muscarinic acetylcholine receptor. Cell 75:1145–1156.

Huang RQ, Fang MJ, Dillon GH (1999) The tyrosine kinase inhibitor
genistein directly inhibits GABAA receptors. Brain Res Mol Brain Res
67:177–183.

Ikeda SR (1996) Voltage-dependent modulation of N-type calcium
channels by G-protein bg subunits. Nature 380:255–258.

Jeong S-W, Wurster RD (1997) Muscarinic receptor activation modu-
lates Ca channels in rat intracardiac neurons via a PTX- and voltage-
sensitive pathway. J Neurophysiol 78:1476–1490.

Jones LP, Wei S-K, Yue DT (1998) Mechanism of auxiliary subunit
modulation of neuronal a1E calcium channels. J Gen Physiol
112:125–143.

Jones SW, Elmslie KS (1997) Transmitter modulation of neuronal cal-
cium channels. J Membr Biol 155:1–10.

Kammermeier PJ, Ikeda SR (1999) Expression of RGS2 alters the cou-

pling of metabotropic glutamate receptor 1a to M-type K1 and N-type
Ca21 channels. Neuron 22:819–829.

Kim G-D, Carr IC, Anderson LA, Zabavnik J, Eidne KA, Milligan G
(1994) The long isoform of the rat thyrotropin-releasing hormone
receptor down-regulates Gq proteins. J Biol Chem 269:19933–19940.

Kim HL, Kim H, Lee P, King RG, Chin H (1992) Rat brain expresses
an alternatively spliced form of the dihydropyridine-sensitive L-type
calcium channel a2 subunit. Proc Natl Acad Sci USA 89:3251–3255.

Law SF, Yasuda K, Bell GI, Reisine T (1993) Gia3 and Goa selectively
associate with the cloned somatostatin receptor subtype SSTR2. J Biol
Chem 268:10721–10727.

Luebke JI, Dunlap K (1994) Sensory neuron N-type calcium currents
are inhibited by both voltage-dependent and -independent mechanisms.
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COS-7 cells. Pflügers Arch 433:523–532.

Tong J, McCarthy TV, MacLennan DH (1999) Measurement of resting
cytosolic Ca concentrations and Ca store size in HEK-293 cells trans-
fected with malignant hyperthermia or central core disease mutant Ca
release channels. J Biol Chem 274:693–702.

Turner TJ, Lampe RA, Dunlap K (1995) Characterization of presynap-
tic calcium channels with v-conotoxin MVIIC and v-grammotoxin
SIA: role for a resistant calcium channel type in neurosecretion. Mol
Pharmacol 47:348–353.

Viard P, Exner T, Maier U, Mironneau J, Nurnberg B, Nacrez N (1999)
Gbg dimers stimulate vascular L-type Ca21 channels via phosphoino-
sitide 3-kinase. FASEB J 13:685–694.

Wakamori M, Niidome T, Furutama D, Furuichi T, Mikoshiba K, Fujita
Y, Tanaka I, Katayama K, Yatani A, Schwartz A, Mori Y (1994)
Distinctive functional properties of the neuronal BII (class E) calcium
channel. Receptors Channels 2:303–314.

Wang G, Dayanithi G, Urge L, Newcomb R, Lemos JR (1998) R-type
Ca currents specifically regulate oxytocin release from neurohypophy-
sial terminals. Soc Neurosci Abstr 24:A1023.

Wang YG, Lipsius SL (1998) Genistein elicits biphasic effects on L-type
Ca current in feline atrial myocytes. Am J Physiol 275:H204–H212.

West RE, Moss J, Vaughan M, Liu T, Liu T-Y (1985) Pertussis toxin-
catalyzed ADP-ribosylation of transducin: cysteine 347 is the ADP-
ribose acceptor site. J Biol Chem 260:14428–14430.

Westenbroek RE, Hoskins L, Catterall WA (1998) Localization of Ca
channel subtypes on rat spinal motor neurons, interneurons, and nerve
terminals. J Neurosci 18:6319–6330.

Williams ME, Marubio LM, Deal CR, Hans M, Brust PF, Philipson LH,
Miller RJ, Johnson EC, Harpold MM, Ellis SB (1994) Structure and
functional characterization of neuronal a1E calcium channel subtypes.
J Biol Chem 269:22347–22357.

Witcher DR, De Waard M, Sakamoto J, Franzini-Armstrong C, Pragnell
M, Kahl SD, Campbell KP (1993) Subunit identification and reconsti-
tution of the N-type Ca channel complex purified from brain. Science
261:486–489.

Wu LG, Borst JGG, Sakmann B (1998) R-type Ca currents evoke trans-
mitter release at a rat central synapse. Proc Natl Acad Sci USA
95:4720–4725.

Yamauchi J, Kaziro Y, Itoh H (1999) Differential regulation of mitogen-
activated protein kinase kinase 4 (MKK4) and 7 (MKK7) by signaling
from G protein bg subunit in human embryonal kidney 293 cells. J Biol
Chem 274:1957–1965.

Yang J, Tsien RW (1993) Enhancement of N- and L-type calcium chan-
nel currents by protein kinase C in frog sympathetic neurons. Neuron
10:127–136.

Yassin M, Zong S, Tanabe T (1996) G-protein modulation of neuronal
class E (a1E) calcium channel expressed in GH3 cells. Biochem Bio-
phys Res Commun 220:453–458.

Yokoyama CT, Westenbroek RE, Hell JW, Soong TW, Snutch TP,
Catterall WA (1995) Biochemical properties and subcellular distribu-
tion of the neuronal class E calcium channel a1 subunit. J Neurosci
15:6419–6432.

Zamponi GW, Bourinet E, Nelson D, Nargeot J, Snutch TP (1997)
Crosstalk between G proteins and protein kinase C mediated by the
calcium channel a1 subunit. Nature 385:442–446.

Zhang Y, Neo SY, Han J, Yaw LP, Lin S-C (1999) RGS16 attenuates
Gaq-dependent p38 mitogen-activated protein kinase activation by
platelet-activating factor. J Biol Chem 274:2851–2857.

Zong X, Lux HD (1994) Augmentation of calcium channel currents in
response to G-protein activation by GTPgS in chick sensory neurons.
J Neurosci 14:4847–4853.

Meza et al. • Dual Modulation of a1E J. Neurosci., August 15, 1999, 19(16):6806–6817 6817


