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Dual Regulation of R-Type Cay2.3 Channels by M,

Muscarinic Receptors

Jin-Young Jeong, Hae-Jin Kweon, and Byung-Chang Suh*

Voltage-gated Ca” (Ca,) channels are dynamically modu-
lated by G protein-coupled receptors (GPCR). The M, mus-
carinic receptor stimulation is known to enhance Ca 2.3
channel gating through the activation of protein kinase C
(PKC). Here, we found that M, receptors also inhibit Ca 2.3
currents when the channels are fully activated by PKC. In
whole-cell configuration, the application of phorbol 12-
myristate 13-acetate (PMA), a PKC activator, potentiated
Ca,2.3 currents by ~two-fold. After the PMA-induced po-
tentiation, stimulation of M, receptors decreased the
Ca,2.3 currents by 52 * 8%. We examined whether the de-
pletion of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,)
is responsible for the muscarinic suppression of Ca,2.3
currents by using two methods: the Danio rerio voltage-
sensing phosphatase (Dr-VSP) system and the rapamycin-
induced translocatable pseudojanin (PJ) system. First,
dephosphorylation of PI(4,5)P, to phosphatidylinositol 4-
phosphate (PI(4)P) by Dr-VSP significantly suppressed
Ca,2.3 currents, by 53 £ 3%. Next, dephosphorylation of
both PI(4)P and PI(4,5)P, to PI by PJ translocation further
decreased the current by up to 66 + 3%. The results sug-
gest that Ca,2.3 currents are modulated by the M, receptor
in a dual mode—that is, potentiation through the activation
of PKC and suppression by the depletion of membrane
PI(4,5)P,. Our results also suggest that there is rapid turn-
over between PI(4)P and PI(4,5)P, in the plasma membrane.

INTRODUCTION

Voltage-gated calcium (Cay) channels are expressed in most
excitable cells and facilitate Ca®* entry in response to mem-
brane depolarization. Among the 10 types of Cay channels, R-
type Cay2.3 channels belong to the high voltage-activated
(HVA) calcium channel family and are broadly expressed in the
brain area, including the hippocampus, amygdala, olfactory
bulb, and frontal cortex (Niidome et al., 1992; Soong et al.,
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1993; Williams et al., 1994). The Cay2.3 channels play important
roles in neurotransmitter release, pain transmission, and fear
(Lee et al., 2002; Saequsa et al., 2000; Wu et al., 1998). Despite
high sequence homology among a1 subunits of the Cay2 family,
Cay2.3 channels have different gating properties and pharmaco-
logical characteristics from those of Cay2.1 and Cay2.2 channels.
Cay2.3 channels are activated at a lower voltage than other Cay2
channels. In addition, the kinetics for activation and inactivation of
Cay2.3 currents are faster than those of Cay2.2 channels. From a
pharmacological perspective, Cay2.3 channels are insensitive to
Cay2.1 and Cay2.2 channel blockers (Soong et al., 1993; Wil-
liams et al., 1994). Another significant difference between Cay2.3
channels and other Cay2 channels is the modulation by G-
protein-coupled receptors (GPCRs). As a Gg-protein-coupled
receptor, My muscarinic receptor (MsR) activation results in deg-
radation of plasma membrane PI(4,5)P.. According to previous
studies, Cay2.3 channel gating is enhanced by M:R stimulation,
probably through the activation of Ca?*-independent protein ki-
nase C (PKC) (Bannister et al., 2004; Meliiti et al., 2000; Tai et al.,
2006). On the other hand, Cay2.1 and Cay2.2 channels are
known to be suppressed by M:R activation, and this suppres-
sion turned out to be owing to Gfy-mediated signaling path-
ways and/or PI(4,5)P, depletion (Gamper et al., 2004; Kam-
mermeier et al., 2000; Keum et al., 2014; Melliti et al., 2001;
Perez-Burgos et al., 2008; 2010; Shapiro et al., 1999). One
previous study reported that Cay2.3 channels were slowly in-
hibited by Gg11-coupled neurokinin 1 receptors (Meza et al.,
2007). The molecular mechanism of slow inhibition was not
identified, but they proposed that the depletion of membrane
P1(4,5)P> may be involved in the inhibitory pathway.

In this paper, we further investigated whether Cay2.3 chan-
nels are sensitive to plasma membrane PI(4,5)P. depletion.
PI(4,5)P, hydrolysis by M;R-mediated phospholipase C (PLC)
activation results in the generation of several intracellular sec-
ondary molecules, such as inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG), as well as the increase of intracellular
Ca®* concentration and PKC activity. Hence, here we employed
voltage-sensitive phosphatase from zebrafish (Dr-VSP) and
chemically inducible dimerization (CID) systems, which directly
and selectively dephosphorylate PI(4,5)P; in the plasma mem-
brane without producing any other second messengers. By
using these methods, we observed that Cay2.3 channels are
modulated by MR through the modification of the membrane
PI(4,5)P, level. Together, our data demonstrate that Cay2.3
channels are regulated by MR through dual modulatory path-
ways: activation through PKC activation and inhibition through
PI(4,5)P, depletion.

elSSN: 0219-1032

© The Korean Society for Molecular and Cellular Biology. All rights reserved.

€ This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License. To
view a copy of this license, visit http://creativecommons.org/licenses/by-nc-sa/3.0/.



MATERIALS AND METHODS

Materials

The following cDNAs were gifted to us: rat o1E (accession
number NM_019294) from Terrance P. Snutch, University of
British Columbia; rat o.1B (accession number NM_001195199),
B3 (accession number NM_012828), and o231 (accession
number NM_012919) from Diane Lipscombe, Brown University,
Providence, RI; rat My-muscarinic receptor (accession number
NM_080773) from Neil N. Nathanson, University of Washington,
WA; Dr-VSP with EGFP from Yasushi Okamura, Osaka Uni-
versity, Osaka, Japan; Lyn-FRB, PJ-Dead, PJ-Sac, INPP5E,
PJ, and PH-PLC3-GFP from Bertil Hille, University of Washing-
ton School of Medicine, Seattle, Washington.

Cell culture and transfection

Human embryonic kidney cell-derived tsA201 cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitro-
gen, USA) supplemented with 10% fetal bovine serum (FBS,
Invitrogen, USA), and 0.2% penicillin/streptomycin (Invitrogen,
USA) in 100-mm culture dishes. In all experiments, for calcium
channel expression, the a.1B or o1E of Cay, 3, and 0251 sub-
units were transiently transfected into tsA201 cells in a 1:1:1
ratio. In some cases, 1 ug of MR or 1 ug of Dr-VSP was co-
transfected. For the rapamycin-inducible dimerization experi-
ment, 200 ng of Lyns1-FRB and 300 ng of translocatable en-
zymes (PJ-Dead, PJ-Sac, INPP5E, and PJ) were co-
transfected. In addition, for the confocal experiment, 200 ng of
PH-PLC3-GFP was co-transfected. The cells were allowed to
grow on a 35-mm culture dish and transfection was performed
when the confluency of cells reached 60-70%. Lipofectamine
2000 (10 ul; Invitrogen, USA) was added to 250 ul of DMEM
and then left for 5 min. cDNA was applied with another 250 pl
DMEM. Both solutions were mixed and incubated for 15 min in
a dark space, then the transfectant mixture was added to cells.
After 4 h, fresh culture media containing FBS and antibiotics
was exchanged. Transfected cells were plated on the poly-L-
lysine-coated (0.1 mg/ml, Sigma-Aldrich, USA) chip 48 h later
for the electrophysiological experiment or 24 h later for the con-
focal experiment after transfection.

Solutions

The bath solution used to record Ba®* currents contained (in
mM) 10 BaCl,, 150 NaCl, 1 MgCl,, 10 HEPES, and 8 glucose
(adjusted to pH 7.4 with NaOH). The pipette solution contained
(in mM) 175 CsCl,, 5 MgCl,, 5 HEPES, 0.1 1,2-bis(2-amin-
ophenocy)ethane N,N,N’,N’-tetraacetic acid (BAPTA), 3 Nay
ATP, and 0.1 NasGTP (adjusted to pH 7.4 with CsOH). The
external solution for confocal imaging contained (in mM) 160
NaCl, 2.5 KCl, 2 CaCl,-H,0, 1 MgCl,, 10 HEPES, and 8 glu-
cose (adjusted to pH 7.4 with NaOH). The bath solutions were
stored in a refrigerator at 4°C. The pipette solution was stored
in a freezer at -20°C. BAPTA, Na,ATP, NasGTP, CsOH, and
BaCl, reagents were obtained from Sigma-Aldrich (USA),
HEPES was from Calbiochem (USA), and other chemicals
were obtained from Merck (Germany).

Chemicals

Oxotremorine-M (Oxo-M, Sigma-Aldrich, USA) was dissolved
in sterile water to make a 10 mM stock and was stored at -20°C.
Both phorbol 12-myristate 13-acetate (PMA, Enzo life sciences,
USA) and rapamycin (LC Laboratories, USA) were dissolved in
dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA) to make 100
UM and 5 mM stocks, respectively. All chemicals were stored at
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-20°C. They were diluted with bath solution before being ap-
plied to cells.

Current recording

All currents were obtained at room temperature (22-25°C).
Patch pipettes (1-4 MQ) were pulled from borosilicate glass
micropipette capillaries (1.5 mm outer diameter; 1.1 mm inner
diameter; and 10 cm length) (Sutter Instrument Company,
USA). The whole-cell configuration was used to record Ba*"
currents. In cell attached mode, a gigaohm seal was formed,
and the plasma membrane was ruptured by negative pressure.
Series resistance was 3.6-6 MQ and was compensated by 60%.
A HEKA EPC-10 amplifier with pulse software (HEKA El-
ektronik) was used for current recording. Ba®* currents were
recorded with a membrane holding potential of -80 mV, and a
100-ms test pulse (+ 10 mV for Cay2.2 channels and 0 mV for
Cay2.3 channels) was applied every 4 s.

For Dr-VSP experiments, the following protocol was used.
First, test pulse a (+10 mV for Cay2.2 channels and 0 mV for
Cay2.3 channels) was applied for 10 ms. This current became
the baseline. Then, +120 mV was generated for 1 s to activate
Dr-VSP and to deplete PI(4,5)P,. Following the large depolariz-
ing pulse, -150 mV hyperpolarizing pulse was applied for 400
ms to remove calcium channel inactivation. Finally, test pulse b
was applied. Currents a and b, before and after PI(4,5)P. de-
pletion by Dr-VSP activation, were compared to calculate the
ratio of current inhibition.

Confocal imaging

Confocal images were obtained with a Carl Zeiss Inverted LSM
700 confocal microscope (Carl Zeiss AG, GFP by argon-ion
laser and mRFP by blue diode laser) at room temperature (22-
25°C). In time course, images were obtained by scanning cells
with a 40x (water) objective lens at 512 x 512 pixels, and were
taken every 10 s for 5 min. For the single image, cells were
scanned with a 40x (water) objective lens at 1024 x 1024 pixels.
Cytosolic fluorescence intensity was measured by using
ZEN2010 software (Carl Zeiss) and was processed with Mi-
crosoft Office Excel 2010 (Microsoft) or Igor Pro (WaveMetrics,
Inc.).

Data analysis

For data acquisition and analysis, a HEKA EPC-10 amplifier
(HEKA Elektronik) was used. Additional data processing was
accomplished with Igor Pro (WaveMetrics, Inc.) and Microsoft
Office Excel 2010 (Microsoft). Time constants for the responses
were obtained by fitting the data to a single-exponential function.
All quantitative data were expressed as the mean + standard
error of the mean (SEM). Student’s t-test was used for compar-
isons between two groups. One-way ANOVA was used for
comparisons between more than two groups.

RESULTS

To record calcium channel currents, tsA201 cells were trans-
fected with a1B for Cay2.2 currents or o1E for Cayv2.3 currents
plus auxiliary subunits B3 and 0:281. We used Ba®* as a charge
cartier instead of Ca®" to rule out calcium-dependent inactiva-
tion and other unexpected events triggered by Ca* ions (Liang
et al., 2003). In all experiments, we measured the channel ac-
tivity of both Cay2.2 and Cay2.3, where the Cay2.2 current was
measured as a control for PI(4,5)P, regulation because it is
known to be inhibited by MR activation (Kim et al., 2015; Suh
et al., 2012). To obtain the peak currents, +10 mV and 0 mV
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Fig. 1. Differential regulation of Ca,2.2 and Ca\2.3 currents by M{R
activation. TsA201 cells co-transfected with My muscarinic receptor
(MsR) and either Cay2.2 or Cay2.3 channels were treated with 10
uM of Oxo-M for 60 s. (A) Left: Time course of Cay2.2 current regu-
lation. Right: Protocol generating Cay2.2 currents (Upper) and se-
lected current traces designated in left graph (Lower). (B) Left: Time
course of Cay2.3 current regulation. Right: Protocol generating
Cay2.3 currents (Upper) and selected current traces designated in
the left graph (Lower). (C) Summary of % inhibition by Oxo-M
treatment in Cay2.2 (n = 13) and Cay2.3 (n = 9) channels. Data are
mean + SEM.

were applied for Cay2.2 and Cay2.3 channels, respectively.

Differential modulation of Ca2.2 and Ca,2.3 channels by
M, muscarinic receptors

Whereas most HVA calcium channels are known to be inhibit-
ed by MR activation, Cay2.3 channels are further activated by
MR activation (Melliti et al., 2000; Suh et al., 2010). When
tsA201 cells co-transfected with MR and either Cay2.2 or
Ca\2.3 channels were treated with muscarinic receptor agonist
Oxo-M (10 uM) for 60 s, Cav2.2 (N-type) currents were rapidly
decreased by 55 + 2% (n = 13, Figs. 1A and 1C), while Cay2.3
(R-type) currents were increased by 83 + 7% (n = 9, Figs. 1B
and 1C). These differential results were consistent with those of
previous studies (Melliti et al., 2000; Perez-Burgos et al., 2008;
Perez-Rosello et al., 2004; Suh et al., 2010).

According to previous studies, phosphorylation of Cay o1
subunits by PKC could activate Cay2.3 channels (Fang et al.,
2005; Kamatchi et al., 2003; 2004; Rajagopal et al., 2008; Stea
et al., 1995). Based on these studies, we decided to verify the
effect of PKC on both Cay2.2 and Cay2.3 currents. The bath
solution containing 1 uM phorbol 12-myristate 13-acetate
(PMA), which is a DAG analog recruiting PKC to the plasma
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Fig. 2. Both Cay2.2 and Cay2.3 currents are suppressed by MR
activation after full-activation of PKC. Phorbol 12-myristate 13-
acetate (PMA, 1 uM) was applied for 2 min in tsA201 cells express-
ing MR and either Ca\2.2 or Cay2.3 channels. Oxo-M was applied
for 60 s in the presence of PMA. Normalized current regulation of
(A) Cay2.2 channels (n = 9) and (B) Cay2.3 channels (n = 5) by
M:R stimulation. (C) Summary of % inhibition by Oxo-M of Ca\2.2
(n =9) and Cay2.3 (n = 5) currents. (D) The time constant for Oxo-
M-induced inhibition of Cay2.2 (n = 9) and Ca\2.3 (n = 5) currents.
Data are mean + SEM.

membrane, was applied to the cells for 120 s. While Cay2.2
currents were not significantly changed by PMA application (Fig.
2A), Cay2.3 currents increased almost two-fold (Fig. 2B). Inter-
estingly, we found that after full activation of Cay2.3 channels
by PKC activation, MR activation decreased the Cay2.3 cur-
rents by 52 + 8% (n = 5), similarly to Cay2.2 currents (47 + 5%,
n = 9) (Fig. 2C). The time constants for Oxo-M-induced inhibi-
tion of Cay2.2 currents and Cay2.3 currents were 4 £ 0 s (n=9)
and 12 + 2 s (n = 5), respectively (Fig. 2D). Collectively, our
results showed that after full activation of PKC, Cay2.3 chan-
nels were also inhibited by MR activation, which is very similar
to Cay2.2 channels.

Ca, 2.3 currents are decreased by Dr-VSP activation

Since M; muscarinic inhibition of voltage-gated calcium chan-
nels (VGCCs) is known to be partially due to PI(4,5)P, deple-
tion through PLCJ enzyme activation (Gamper et al., 2004), we
decided to test the effect of PI(4,5)P, depletion on Cay2.3
channels. Dr-VSP was used to transiently dephosphorylate
PI(4,5)P; in the plasma membrane in response to membrane
depolarization and to exclude the effects of the other secondary
signaling molecules generated by MsR activation (Okamura et
al., 2009; Suh et al., 2010). The protocols used for activating
Dr-VSP are represented in Fig. 3A. In tsA201 cells expressing
both Cay2.2 channels and Dr-VSP, Cay2.2 currents were de-
creased by 40 = 4% (n = 9) after a 1-s depolarizing pulse. In
contrast, there was no significant change in the control (-Dr-
VSP) (Figs. 3B left and 3C). Similarly, Cay2.3 currents in cells
expressing Dr-VSP were decreased by 38 £ 1% (n = 6) in re-
sponse to PI(4,5)P2 depletion, while the control cells were not
(Figs. 3B right and 3D). These results suggest that the deple-
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Fig. 3. PI(4,5)P, depletion by Dr-VSP decreases both Cay2.2 and
Cay2.3 currents. TsA201 cells were co-transfected with Dr-VSP and
either Ca\2.2 or Cay2.3 channels. (A) Standard protocol for Dr-VSP
activation. Cells received a test pulse (a), then a depolarization to
+120 mV for 1 s to activate the Dr-VSP, a hyperpolarization to -150
mV for 0.4 s to remove the voltage-dependent inactivation, and a
second test pulse (b). Cay2.2 or Cay2.3 currents were measured
before and after the Dr-VSP activation at +10 mV or 0 mV, respec-
tively. (B) Left, Cay2.2 current regulation by a membrane depolari-
zation to +120 mV for 1 s in control (-Dr-VSP, n = 8) and cells ex-
pressing Dr-VSP (n = 9). Right, Ca\2.3 current regulation in control
(n = 6) and cells expressing Dr-VSP (n = 6). (C, D) Summary of %
inhibition by Dr-VSP-induced PI(4,5)P, depletion in Cay2.2 (C) and
Cay2.3 (D) channels. Data are mean + SEM. *** P < 0.001, com-
pared with - Dr-VSP.

tion of PI(4,5)P. by Dr-VSP activation inhibits both Cay2.2 and
Cay2.3 channels.

Ca,2.3 channels are inhibited by rapamycin-inducible
pseudojanin systems

To further examine the regulatory effects of membrane Pls on
Cay2.3 currents, we employed the recently developed rapamy-
cin-induced translocatable Pl phosphatase system (Hammond
et al., 2012). In the system, the Pl phosphatase is conjugated
with FK506-binding protein 12 (FKBP), one of the dimerization
subunits. The phosphatase-containing subunit can be recruited
to the plasma membrane by application of rapamycin to the
cells expressing the plasma membrane-targeting LDR subunit.
By using this method, we can selectively and irreversibly de-
plete the specific Pls in the plasma membrane. Three con-
structs were used to manipulate the plasma membrane Pls: PJ-
Sac, INPP5E, and PJ (Fig. 4A). PJ-Sac is 4-phosphatase from
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S. cerevisiae sacl. This enzyme dephosphorylates PI(3)P,
PI(4)P and PI(3,5)P,, but not PI(4,5)P, (Guo et al., 1999).
INPP5E, inositol polyphosphate-5-phosphatase E, is 5-
phosphatase, and its substrates are PI(4,5)P. and PI(3,4,5)P3
(Bielas et al., 2009). PJ contains both active PJ-Sac and
INPP5E domains; thus, this translocatable enzyme can deplete
both PI(4,5)P, and PI(4)P by sequentially dephosphorylating 5-
and 4-phosphates. Unlike PJ, PJ-Dead is inactive in both phos-
phatases. Lyni1, a plasma membrane-targeting motif (Inoue et al.,
2005), is fused with FKBP-rapamycin binding protein (FRB).
When rapamycin is added, FKBP and FRB form a ternary com-
plex with rapamycin. Hence, the phosphatase conjugated to
FKBP is recruited to the plasma membrane and dephosphory-
lates its substrates (Fig. 4B).

The movement of translocatable enzymes was monitored us-
ing confocal microscopy every 10 s. TsA201 cells were co-
transfected with Lyns1-FRB and one of the following four trans-
locatable enzymes tagged with mRFP: PJ-Dead, PJ-Sac,
INPP5E, or PJ. The cells were also transfected with the pleck-
strin homology (PH) domain of PLCS labeled with GFP (PH-
PLC&8-GFP) as a PI(4,5)P2-specific probe. The PH domain of
PLCS binds to the head group of PI(4,5)P, so we can detect
plasma membrane PI(4,5)Pz in live cells.

Cells expressing both PH-PLC3-GFP (green) and translocat-
able enzymes (red) are shown in Fig. 4C. At first, PH-PLCS-
GFP is present in the plasma membrane, while the translocat-
able enzymes, including PJ-Dead, PJ-Sac, INPP5E, and PJ,
exist in the cytosol. After the application of 1 uM rapamycin, all
the translocatable enzymes were commonly translocated to the
plasma membrane. However, the movement of PH-PLC3-GFP
from the plasma membrane to the cytosol was different de-
pending on the translocatable enzymes. In cells co-transfected
with PJ-Dead, the cytosolic fluorescence intensity of PH-PLCS-
GFP was almost the same before and after the rapamycin ap-
plication (8 £ 2%, n = 4) (Figs. 4D and 4E). However, in cells
expressing PJ-Sac, PH-PLC3-GFP was significantly dissociat-
ed from plasma membrane and the cytosolic fluorescence in-
tensity was increased by 24 + 4% (n = 10). When the INPP5E
or PJ systems were applied, the increase in cytosolic fluores-
cence intensity by INPP5E (44 + 2%, n=7) and PJ (48 £ 7%, n
= 9) was further increased (Figs. 4D and 4E). We also meas-
ured time constants (t) for the translocation of enzymes as well
as PH-PLC3-GFP. As in a previous study by Dickson et al.
(2004), we also used time-series images taken every 10 s for
resolving the t value. There was no difference in t value be-
tween translocatable enzymes. However, when the PJ-Sac
transfected, the time constant of the rapamycin-induced in-
crease in cytosolic PH-PLCS-GFP intensity was 25 £ 3 s (n =
10), relatively slower than those of INPP5E 17 £ 1 s (n = 8) and
PJ 15 + 3 s (n =9) (Fig. 4F). In summary, our results show that
PJ-Sac might be involved in P1(4,5)P, depletion, but the rate of
PI(4,5)P, dephosphorylation by PJ-Sac was slower than those
of INPP5E and PJ. Based on these data, it suggests that PJ-
Sac dephosphorylates PI(4)P, and dephosphorylation of Pl(4)P
induces PI(4,5)P. depletion.

We then measured the Cay2.2 and Cay2.3 current changes
when the translocatable enzymes moved to the plasma mem-
brane and dephosphorylated their Pl substrates. The tsA201
cells were transfected with Cay2 channel, Lynq;-FRB, and one
of the following phosphatases: PJ-Dead, PJ-Sac, INPP5E, and
PJ. The external solution containing 1 uM of rapamycin was
perfused for 60 s. The recruitment of PJ-Dead had no signifi-
cant effects on the currents (Figs. 5A and 5B). Cay2.2 currents
in cells expressing PJ-Sac were decreased by 39 + 5% (n = 9)
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and the currents expressing INPP5E were decreased by 37 +
3% (n = 5). When the cells were co-transfected with PJ, the
currents were inhibited by 56 + 4% (n = 11). Because of the
irreversibility of rapamycin-induced FKBP-FRB dimerization
(Suh et al., 2006), the current amplitudes were not recovered
and remained stable even after washout of rapamycin. The
inhibition of Cay2.2 currents by the recruitment of PJ-Sac took
longer time (29 £ 2 s, n = 9) than that of INPP5E (10+1s,n =
5)or PJ (7 £ 4 s, n=11) (Fig. 5C).

We also examined the effects of the translocation of
pseudojanin constructs on Cay2.3 channel regulation. The
tendency for a decrease in Cay2.3 current was similar to that of
Cay2.2 channels. The translocation of PJ-Dead had no signifi-
cant effect on the Cayv2.3 currents (3 £ 5%, n = 3). The mem-
brane recruitment of PJ-Sac decreased the Cay2.3 currents by
37 £ 4% (n = 5), while INPP5E decreased the currents by 53 +
3% (n = 6). Lastly, PJ induced the strongest decrease in Cay2.3
current (66 £ 3%, n = 7) (Figs. 6A and 6B). Like Cay2.2 cur-
Cay2.3 current amplitudes were not recovered and remained
stable even after rapamycin washout. The time constant for
decreasing the Cay2.3 currents by translocation of PJ-Sac was
much slower (39 = 3 s, n = 5) than that of INPP5E (11 £1s,n=
6) or PJ (9 £ 1's, n=7) (Fig. 6C). These results also suggested
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pamycin-induced decrease in cyto-
solic translocatable enzymes and
for rapamycin-induced increase in
P <0.05, * P < 0.01, and ** P < 0.001, with

that Cay2.3 currents were suppressed mostly by depletion of
PI(4,5)P2 in the plasma membrane.

DISCUSSION

Even though PI(4,5)P; is known as a crucial regulator of many
types of ion channels, including high-voltage activated Cay
channels (Hilgemann et al., 2001; Huang, 2007; Rohacs, 2009;
Suh and Hille, 2005; 2008), it is not clear whether PI(4,5)P, in
the plasma membrane can regulate Cay2.3 channels. In this
study, we showed that Cay2.3 channel can be suppressed by
PI(4,5)P, depletion. This inhibition was proved by direct and
selective dephosphorylation of PI(4,5)P, in the plasma mem-
brane by using Dr-VSP (Fig. 3) and rapamycin-induced translo-
catable (CID) systems (Figs. 5 and 6).

The o1E gene used in our experiments is rbE-Il extracted
from rat brain (Soong et al., 1993). The amino-terminus of rbE-
Il is shorter than other isoforms isolated from mouse, human,
and rabbit at about 50 amino acids long. Owing to the short
amino terminus, rbE-ll is insensitive to voltage-dependent,
membrane-delimited inhibition by Gy subunits (Page et al.,
1998). In our study, we showed that this o1E isoform can be
regulated by the voltage-independent, Pl(4,5)P.-dependent
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Fig. 5. Cay2.2 currents were suppressed by depletion of PI(4,5)P.
TsA201 cells were co-transfected with Ca\2.2 channels, Lyn;-FRB
(plasma membrane anchoring protein), and one of the following
four constructs: PJ-Dead, PJ-Sac, INPP5E, or PJ. Rapamycin was
applied for 60 s. (A) Time courses of Cay2.2 currents in cells ex-
pressing PJ-Dead, PJ-Sac, INPP5E, or PJ. (B) Summary graph
of % inhibition by rapamycin addition in Cay2.2 currents (n = 6 for
PJ-Dead; n = 9 for PJ-Sac; n = 5 for INPP5E; and n = 11 for PJ). (C)
Summary graph of the time constant for rapamycin-induced inhibition
in Ca\2.2 currents (n = 9 for PJ-Sac; n = 5 for INPP5E; and n = 11 for
PJ). Data are mean + SEM. * P < 0.05, ** P < 0.01, and *** P < 0.001,
with one-way ANOVA followed by Bonferroni post-hoc test.

pathway. Owing to the sequence homology between mamma-
lian o1E (over 93%) (Williams et al., 1994), we speculate that
the modulation pattern by M1R activation might be similar.

As shown in Fig. 1B, when MR is activated, the Cay2.3 cur-
rent is increased in two phases; an initial steep increase fol-
lowed by a slow increase. The data suggest that there are two
factors involved in Cay2.3 channel regulation. Previous studies
showed that MR induces an increase in the Cay2.3 current
through PKC-mediated phosphorylation. However, in our study,
we observed that Cay2.3 is also regulated by PI(4,5)P, deple-
tion. The reason that the inhibitory effect of PI(4,5)P. depletion
on Cay2.3 currents was hidden might be owing to the stronger
effect of PKC on Cay2.3 currents. In other words, the PI(4,5)P»

effect seems to be masked by PKC-induced potentiating effects.

Why is the PKC effect on Cay2.3 channels stronger than on
other types of Cay2 channels? That may be owing to several
potential phosphorylation sites in the a1E subunit. As men-
tioned in the introduction, Cay2.3 channels are potentiated by
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Fig. 6. Cay2.3 currents were suppressed by depletion of Pl(4,5)P.
Cay2.3 channels were expressed in tsA201 cells with Lyn;-FRB
and one of the following four constructs: PJ-Dead, PJ-Sac, INPP5E,
or PJ. Rapamycin was added for 60 s. (A) Time courses of Cay2.3
currents in cells expressing PJ-Dead, PJ-Sac, INPP5E, or PJ. (B)
Summary of % inhibition by rapamycin in Ca\2.3 currents (n = 3 for
PJ-Dead; n = 5 for PJ-Sac; n = 6 for INPP5E; and n = 7 for PJ). (C)
Summary graph of the time constant for rapamycin-induced inhibi-
tion in Cay2.3 currents (n = 5 for PJ-Sac; n = 6 for INPP5E; and n =
7 for PJ). Data are mean + SEM. * P < 0.05, and *** P < 0.001, with
one-way ANOVA followed by Bonferroni post-hoc test.

PKC activation. Previous studies showed that both Cay2.2 and
Cay2.3 channels have possible sites for phosphorylation by
PMA (Hamid et al., 1999; Zamponi et al., 1997), which are em-
bedded in the I-ll loop of the a1 subunit (Fan et al., 2005; Kamat-
chi et al., 2003; 2004). However, Cay2.3 channels have more
phosphorylation sites than Cay2.2 channels in the II-lll loop. In-
deed, the sequences of the II-lll loop between Ca\2.3 channels
and Cay2.1 or Cay2.2 channels show many differences (Soong
et al., 1993). Application of acetyl-p-methylcholine (MCh), anoth-
er PKC activator, induced phosphorylation in the II-1ll loop and
further increased the Cay2.3 currents (Kamaitchi et al., 2004;
Rajagopal et al., 2008).

According to our results, the inhibition ratio of Cay2.2 and
Cay2.3 currents by the translocation of PJ was greater than that
of INPP5E (Figs. 5B and 6B), but the time constants of inhibi-
tion by INPP5E and PJ were similar (Figs. 5C and 6C). This
might be owing to the rapid turnover between PI(4)P and
PI(4,5)P2 (Oude Weernink et al., 2004; Wuttke et al., 2010). In
the plasma membrane, PI(4,5)P, is continuously and rapidly
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regenerated from PI(4)P by phosphatidylinositol 4-phosphate 5-
kinase (Balla, 2013; Wuttke et al., 2010). Since both INPP5E
and PJ directly dephosphorylate PI(4,5)P,, the time constants
of inhibition in Cay2.2 or Cay2.3 current were similar. However,
INPP5E does not deplete PI(4)P, which is a precursor of
PI(4,5)Py; thus, PI(4,5)P, can be rapidly resynthesized from
PI(4)P during the INPP5E application and replenished in the
plasma membrane. This may be the cause of the lower inhibi-
tion of currents by INPP5E compared to PJ.

We also found that in cells expressing PJ-Sac with channels,
the Cay2.2 or Cay2.3 currents were decreased by translocation
of PJ-Sac to the plasma membrane (Figs. 5B and 6B). However,
the time constant (t) of current inhibition by PJ-Sac was greater
compared with that of inhibition by INPP5E or PJ (Figs. 5C and
6C). As shown in the confocal experiments, we observed that
four enzymes were translocated to the plasma membrane imme-
diately after the rapamycin application. We also observed that the
increase in cytosolic PH-PLC3-GFP intensity by PJ-Sac was
lower than that of INPP5E or PJ (Fig. 4E right), but the t of PJ-
Sac was higher than that of INPP5E or PJ (Fig. 4F right). These
data indicate that the translocation of PJ-Sac is also able to in-
duce PI(4,5)P, depletion. Here, we propose that PJ-Sac
dephosphorylates PI(4,5)P; via continuous turnover to PI(4)P to
maintain the equilibrium when the PI(4)P is completely depleted.
In the plasma membrane, the amount of PI(4)P and PI(4,5)P; is
maintained at an almost 1:1 ratio by inositol polyphosphate 5-
phosphatases (Kwiatkowska, 2010). Altogether, it seems that
PI(4)P depletion by PJ-Sac breaks the balance between the
amount of PI(4)P and PI(4,5)P,, and thus that PI(4,5)P, is
dephosphorylated to keep the balance between them.

Another regulator of HVA channels is Cay 3 subunits. They
regulate the physiological properties and expression levels of
HVA channels. They also regulate the channel sensitivity to
PI(4,5)P,, where the sensitivity is different depending on the
types of Cay B subunits and their subcellular localization. For
example, in cells expressing both Cay2.2 channels and Dr-VSP,
currents with 3 subunits were markedly decreased, while cur-
rents with p2a subunits showed little effect (Keum et al., 2014;
Suh et al., 2012). Therefore, it is meaningful to test the effect of
Cay B subunits on the regulation of Cay2.3 channels by
PI(4,5)P, to better understand the regulation mechanism of
Cay2.3 channels.

In summary, our study reports that Cay2.3 channels can be
regulated by plasma membrane PI(4,5)P,. Like other types of
HVA Cay channel, our data demonstrate that Cay2.3 channels
are inhibited by PI(4,5)P, depletion. The present results also
show that depletion of PI(4)P, a precursor of Pl(4,5)P,, indirectly
affects the Cay2.3 channel activity by slowly decreasing the
PI(4,5)P; level in the plasma membrane. This study might con-
tribute to extending our knowledge about regulation of Cay2.3
channels by membrane phosphoinositide.
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