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a  b  s  t  r  a  c  t

T-type  calcium  (Ca2+) channels  play  important  physiological  functions  in  excitable  cells  including
cardiomyocyte.  Phosphatidylinositol-4,5-bisphosphate  (PIP2) has  recently  been  reported  to  modulate
various  ion  channels’  function.  However  the actions  of PIP2 on  the T-type  Ca2+ channel  remain  unclear.
To  elucidate  possible  effects  of  PIP2 on  the T-type  Ca2+ channel,  we applied  patch  clamp  method  to
investigate  recombinant  CaV3.1-  and  CaV3.2-T-type  Ca2+ channels  expressed  in  mammalian  cell  lines
with  PIP2 in  acute-  and long-term  potentiation.  Short-  and  long-term  potentiation  of PIP2 shifted  the
activation  and  the steady-state  inactivation  curve  toward  the hyperpolarization  direction  of CaV3.1-ICa.T

without  affecting  the  maximum  inward  current  density.  Short-  and  long-term  potentiation  of  PIP2 also
shifted the activation  curve  toward  the hyperpolarization  direction  of  CaV3.2-ICa.T without  affecting  the
aV3.1
aV3.2

maximum  inward  current  density.  Conversely,  long-term  but  not  short-term  potentiation  of  PIP2 shifted
the steady-state  inactivation  curve toward  the  hyperpolarization  direction  of CaV3.2-ICa.T. Long-term  but
not short-term  potentiation  of  PIP2 blunted  the  voltage-dependency  of  current  decay  CaV3.1-ICa.T.  PIP2

modulates  CaV3.1- and  CaV3.2-ICa.T not  by their  current  density  but  by their  channel  gating  properties
possibly  through  its  membrane-delimited  actions.

© 2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Voltage-gated ion channels play major roles in excitable
ells by regulating the flow of ions across the plasma mem-
rane in response to changes in membrane potentials. Because
oltage-gated ion channels modify cellular metabolic conditions
y changing cytoplasmic ionic concentrations and electrical poten-
ials, it is postulated that channels are regulators of cellular

etabolic states, and vice versa. Voltage-gated ion channels can be
egulated by cellular metabolites including phospholipids. Modula-
ion of ion channels by phospholipids includes phosphatidylinositol
,5-bisphosphate (PIP2), an important signaling molecule which
s cleaved by phospholipase C (PLC) to inositol 1,4,5-triphosphate
IP3) and diacylglycerol (DAG) [1]. In cardiomyocytes, IP3 mobilizes
a2+ from sarcoplasmic reticulum, while DAG activates protein

∗ Corresponding author at: Department of Pathophysiology, Oita University
chool of Medicine, 1-1 Idaigaoka, Hasama, Yufu, Oita, 879-5593, Japan.

E-mail address: ono@oita-u.ac.jp (K. Ono).
1 Yangong Liu and Tomohiro Iwano contributed equally to this work.

ttps://doi.org/10.1016/j.pathophys.2018.12.001
928-4680/© 2018 Elsevier B.V. All rights reserved.
kinase C (PKC). Importantly, PIP2 itself has a potential to act as a
signaling molecule through direct interactions with ion channels
[1].

Two  types of voltage-gated Ca2+ channels are functionally
expressed in cardiac myocytes: the L-type Ca2+ channels and the
T-type Ca2+ channels. The L-type Ca2+ channels are abundantly
expressed and play crucial roles in excitation-contraction (E C)
coupling and electrical conduction in cardiomyocytes. On the other
hand, the T-type Ca2+ channels are expressed in embryonic and
neonatal cardiomyocytes, but are scarcely expressed in adult ven-
tricular myocytes. The strongest evidence of their function is that
T-type Ca2+channels participate in pacemaking in the sinoatrial
node [2].

We have previously reported that activation of PKC augmented
CaV3.2-T-type Ca2+ channel current in heterologous expression sys-
tem by use of human cardiac CaV3.2 channels expressed in HEK293
cells [3]. The goal of the present study, in this context, was to use

this model and assess the short- and long-term effect of PIP2 on the
Cav3.1- and Cav3.2-T-type Ca2+ channel currents (ICa.T).

https://doi.org/10.1016/j.pathophys.2018.12.001
http://www.sciencedirect.com/science/journal/09284680
http://www.elsevier.com/locate/pathophys
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pathophys.2018.12.001&domain=pdf
mailto:ono@oita-u.ac.jp
https://doi.org/10.1016/j.pathophys.2018.12.001
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. Materials and methods

.1. Cav3.1/Cav3.2-HEK293 cells culture

This study was approved by the Animal Use Committee of Oita
niversity School of Medicine. The �1 G subunit (CaV3.1) and �1H

ubunit (CaV3.2) derived from human heart which forms cardiac
-type Ca2+ channels were stably expressed in human embryonic
idney (HEK)-293 cells without any auxiliary subunits. A detailed
rofile and procedure for channel expression were described in

 previous report [2]. cDNA encoding the human cardiac �1 G
ubunit (CACNA1G) and �1H subunit (CACNA1H)  were respec-
ively inserted into the transfection vector pcDNA3, and HEK-293
ells were transfected with 2 �g of this vector using the calcium
hosphate precipitation method. Recombinant HEK-293 cells, HEK-
aV3.1 cells and HEK-CaV3.2 cells, were maintained in Dulbecco’s
odified Eagle Medium (DMEM) supplemented with 10% fetal calf

erum, 100 U ml−1 penicillin and 100 mg  ml−1 streptomycin, in an
tmosphere of 95% O2 plus 5% CO2 at 37◦. This medium was sup-
lemented with 300 mg  ml−1 G418 (neomycin analogue) for the
election of recombinant HEK-293 cells.

.2. Electrophysiology

Recombinant HEK-CaV3.1 and HEK-CaV3.2 cells were seeded
nto glass-bottom dishes and incubated in culture medium for
2–48 h before the electrophysiological measurements. Macro-
copic T-type Ca2+ channel currents (ICa.T) were recorded by
hole-cell patch clamp using an EPC-9 amplifier controlled by

ulse ver. 8 software (HEKA Eletronik, Lambrecht, Germany). Patch
ipettes were pulled from 75-mm plain capillary tubes (Drummond
cientific Co., Broomall, PA, USA) by Model P-97 (Sutter Instru-
ent Co., Novato, CA, USA), and were heat-polished subsequently

o achieve the pipette resistance at 2–4 M� when filled with the
ipette solution. Series resistance was compensated electrically, as
uch as possible, without oscillation (60–75%). Capacitance was

anceled by the built-in circuitry of the amplifier. Current signals
ere usually filtered at 2 kHz and digitized at 10 kHz, and stored on

 computer. The ICa.T current was elicited by 200 ms-depolarizing
teps from a holding potential of -140 mV  to potentials rang-
ng from -120 mV  to +50 mV in 5-mV increments. To investigate
he channel availability (steady-state inactivation), conventional
ouble-pulse protocol was applied at every 5 s (s): test pulses
f 400 ms  at -10 mV following prepulses of 1000 ms  from -100
o 0 mV  (increment = 5 mV)  were applied. To examine long-term
ffects of PIP2, we cultured HEK-Cav3.1 cells and HEK-CaV3.2 cells
ith or without a PI3 kinase inhibitor wortmannin in combined
ith a PLC inhibitor 1-[6-((17�-3-methoxyestra-1,3,5(10)-trien-

7-yl)amino)hexyl]-1H-pyrrole-2,5-dione (U73122) for 24 h in
lass-bottom dishes, followed by PIP2-free culture medium
DMEM) for 6 h. Voltage-dependent effects of PIP2 on ICa.T were
ppreciated in the conductance transforms. Relative conductance
activation) values were calculated as follows:

ractionalconductance= ICa.T/Gmax(Vt-Vrev), (A)

here ICa.T represents the current amplitude at the test potential
Vt) and Gmax is the maximal conductance value obtained from
inear regression line of each I–V relation extrapolated through
he estimated reversal potential (Vrev). Voltage-dependent activa-
ion and availability (steady-state inactivation) were evaluated by

 Boltzmann equation fit to the normalized data to peak currents

easured in protocols as follows:

raction = 1/{1 + exp[(V-V0.5)/k]}, (B)
gy 26 (2019) 31–38

where the normalized data (Fraction) were expressed as a func-
tion of voltage (V), the test potential in the case of conductance and
the conditioning potential in the case of voltage-dependent avail-
ability. Parameters estimated by the fit were the half-point of the
relationship (V0.5) expressed in mV,  and k is the slope factor. Time
constant for the current decay was fitted by a single exponential
equation. Voltage dependency of the current decay (time constant)
was also assessed by a single exponential equation. All the current
measurements were done at room temperature (20–23 ◦C).

2.3. Solutions and chemicals

The recording chamber was filled with bath solution
of the following composition (mM):  Tetraethylammonium
chloride120, CsCl 6, 4-aminopyridine 5, MgCl2 0.5, 4, 4′-
Diisothiocyanatostilbene- 2, 2′-disulfonic acid disodium salt
hydrate 0.5, HEPES 10, CaCl2 1.8, and glucose 10 (pH was  adjusted
to 7.4 with 1 N Tetraethylammonium hydroxide solution). The
patch-clamp electrode was filled with pipette solution of (mM):
CsCl 130, MgCl2 2, Adenosine 5′-Triphosphate 2, Guanosine 5′-
Triphosphate 0.5, EGTA 5, and HEPES 5 (pH was adjusted to 7.3
with 1 N CsOH). Data were acquired by using computer software
(Pulse/PulseFit, V. 8.11, HEKA Electronik, Lambrecht, Germany),
and all curve fittings and figures were made on SigmaPlot (version
10; SPSS, Inc., Chicago, IL, USA).

2.4. Drugs and chemicals

Accumulation or activation of phosphatidylinositol 4,5-
bisphosphate (PIP2) at plasma membrane was obtained by an
application of an inhibitor of PLC (U73122) in combined with a
phosphoinositide 3-kinase (PI3) kinase inhibitor (wortmannin).
These reagents were dissolved in the bath solution (short-term
effect study) or in the culture medium DMEM without fetal calf
serum (long-term effect study) stored frozen, and dissolved imme-
diately before the experiments to obtain the final concentration
of 10 �M (U73122) and 10 nM (wortmannin), respectively. All
chemicals and pharmacological reagents were purchased from
Wako Pure Chemical Ind. (Osaka, Japan).

2.5. Statistical analyses

Group data show as mean ± standard deviation (SD). Paired-
(short-term effect study) and non-paired (long-term effect study)
student’s t-test was  used for comparison between two means. Dif-
ferences were considered significant when p value were<0.05.

3. Results

3.1. Short-term effects of PIP2 on Cav3.1- and Cav3.2-channel
currents

In the first series of experiments we investigated the possible
short-term (5 min) effects of PIP2 on the T-type Ca2+ channel
currents (ICa.T); CaV3.1- and CaV3.2-T-type Ca2+ channel current
(ICa.T). Because blocking of phosphoinositide-3 kinase (PI3 kinase)
and/or phospholipase C (PLC) causes an increase of PIP2 as often
described in the literatures [1], we  examined effects of a PI3 kinase
inhibitor wortmannin in combined with a PLC inhibitor U73122
on ICa.T to assess the short-term effects of PIP2 in this heterologous
expression system. Fig. 1A illustrates typical acute effects of PIP2
activation or potentiation on CaV3.1-ICa.T current family, and Fig. 1B

for the current (I)-voltage (V) relationships. Fig. 1C illustrates typ-
ical acute effects of PIP2 activation on CaV3.2-ICa.T current family,
and Fig. 1D for the I–V relationships. Activation of PIP2 exerted no
effect on the maximum peak current of CaV3.1-ICa.T (Fig. 1B, E) and
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Fig. 1. Short-term effects of PIP2 activation on CaV3.1- and CaV3.2-ICa.T. A, B. Representative whole cell current families in control and after activation of PIP2 in 5 min  obtained
from  an HEK-Cav3.1 cell (A), and their current-voltage (I–V) relationship with (�) or without PIP2 activation (©, n = 12) (B). C, D. Representative whole cell current families in
control and after activation of PIP2 in 5 min  obtained from an HEK-Cav3.2 cell (C), and their current-voltage (I–V) relationship with (�) or without PIP2 activation (©,  n = 13)
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D).  E. Changes of the maximum CaV3.1-ICa.T (left) and CaV3.2-ICa.T (right) with or w
aV3.2-ICa.T (right) with or without PIP2 activation. Erev was calculated by the curre
rotocol, ICa.T was  elicited from the holding potential of -100 mV at the test potenti

aV3.2-ICa.T (Fig. 1D, E). Also the reversal potentials of CaV3.1- and
aV3.2-ICa.T were unaffected by an acute activation of PIP2.

Steady-state inactivation kinetics were studied with or with-
ut activation of PIP2. We  measured the channel availability or the
teady-state inactivation property by applying a 1000-ms prepulse
f various potentials prior to a test pulse at 0 mV.  Fig. 2 illus-
rates the activation and steady-state inactivation curves of Cav3.1-
nd Cav3.2-ICa.T with or without PIP2 activation. The averaged
ata points for activation curves could be fitted by a single Boltz-
ann equation with the parameter values of V0.5 = -42.7 ± 3.2 mV

nd k = -4.5 mV  for control, and V0.5 = -45.3 ± 3.5 mV  and k = -
.5 mV  for PIP2 in CaV3.1-ICa.T, where V0.5 = -39.3 ± 2.2 mV  and k

 -5.1 mV for control, and V0.5 = -41.4 ± 2.6 mV  and k = -5.2 mV  for
IP2 in CaV3.2-ICa.T. The averaged experimental points for steady-
tate inactivation curves were fitted by a Boltzmann equation

ith values of V0.5 = -62.1 ± 1.9 mV  and k = 4.4 mV  for control,

nd V0.5 = -65.3 ± 2.7 mV  and k = 4.6 mV  for PIP2 in CaV3.1-ICa.T,
here V0.5 = -53.1 ± 1.2 mV  and k = 4.0 mV  for control, and V0.5

 -53.3 ± 1.4 mV  and k = 4.0 mV  for PIP2 in CaV3.2-ICa.T (Fig. 2).
t PIP2 activation. F. Changes of reversal potentials (Erev) of CaV3.1-ICa.T (left) and
 the potentials of the maximum conductance (from -20 mV to +10 mV). Though the
m -100 mV  to +50 mV) with the stimulation frequency of 0.5 Hz.

Short-term activation of PIP2 significantly shifted the activation and
the steady-state inactivation curve toward the hyperpolarization
direction of CaV3.1-ICa.T, whereas short-term potentiation of PIP2
shifted the activation but not the steady-state inactivation curve
toward the hyperpolarization direction of CaV3.2-ICa.T.

3.2. Long-term effects of PIP2 on Cav3.1- and Cav3.2-channel
currents

The above results indicate that activation of PIP2 modifies ICa.T
gating properties as a short-term signal regulator. Therefore we
then investigated the role of prolonged activation of PIP2 on the
ICa.T by applying a PI3 kinase inhibitor wortmannin in combined
with a PLC inhibitor U73122 into the culture medium for 24 h. Pro-
longed activation of PIP2 was without effect on the maximum peak

currents of CaV3.1-ICa.T and CaV3.2-ICa.T, in the manner similar to
those of the short-term effect (Fig. 3). Moreover, prolonged activa-
tion of PIP2 shifted the activation and the steady-state inactivation
curves of both CaV3.1-ICa.T and CaV3.2-ICa.T toward the depolarized
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Fig. 2. Voltage dependence of steady-state inactivation and activation for CaV3.1-
and  CaV3.2-ICa.T, and their modification by short-term activation of PIP2. A, B. The
activation and steady-state inactivation curves for CaV3.1-ICa.T with (�) or without
(©)  PIP2 activation for 5 min  (A), and for CaV3.2-ICa.T with (�) or without (©) PIP2

activation for 5 min (B). The activation parameter, or chord conductance (G), was cal-
culated by dividing the peak current measured for each test potential by the driving
force. Steady-state inactivation was  assessed by measuring the channel availability
or  the proportional peak current at 0 mV after a 500 ms-long prepulse for vari-
ous  potentials. Smooth solid curves represent Boltzmann fits to the data, yielding
half-maximal activation (V0.5-activation) and half-maximal inactivation potentials
(V -inactivation). C. V -activation and V -inactivation for Ca 3.1-I with or
w
o

p
T
a
4
a

our knowledge, these kinds of enzymes have not been described in
0.5 0.5 0.5 V Ca.T

ithout PIP2 activation. D. V0.5-activation and V0.5-inactivation for CaV3.2-ICa.T with
r  without PIP2 activation.

otentials with similarity to the short-term effect of PIP2 (Fig. 4).
he averaged data points for activation curves could be fitted by
 single Boltzmann equation with the parameter values of V0.5 = -
0.2 ± 3.1 mV  and k = -5.0 mV  for control, and V0.5 = -43.3 ± 3.2 mV
nd k = -5.5 mV  for PIP2 in CaV3.1-ICa.T, where V0.5 = -36.6 ± 3.1 mV
gy 26 (2019) 31–38

and k = -5.6 mV for control, and V0.5 = -38.1 ± 2.5 mV and k = -
5.4 mV  for PIP2 in CaV3.2-ICa.T. The averaged experimental points
for steady-state inactivation curves were fitted by a Boltzmann
equation with values of V0.5 = -61.7 ± 2.6 mV and k = 4.2 mV for
control, and V0.5 = -63.9 ± 3.0 mV  and k = 4.1 mV for PIP2 in CaV3.1-
ICa.T, where V0.5 = -53.7 ± 1.8 mV  and k = 3.9 mV for control, and
V0.5 = -54.7 ± 1.6 mV and k = 4.0 mV  for PIP2 in CaV3.2-ICa.T (Fig. 4).
Shifts of the activation curves toward the hyperpolarization direc-
tion of these two isoforms of ICa.T were nearly equal in spite of the
difference of molecular structures.

3.3. Fast inactivation or current decays and their voltage
dependency

The inactivation kinetics of the channel were further studied by
using a depolarization pulse of 250 ms  from -100 to +120 mV  in
10 mV  steps driven from a holding potential of -100 mV.  To explore
the changes of current decays and their dependency on the voltage,
current decays were fitted by a single exponential function, and the
time constants were plotted against the test potentials (Fig. 5). Time
constants (�, Tau) were strongly dependent on the voltage in the
range of -50 to +10 mV. The voltage dependency of Tau or voltage
constant was unaffected by an acute activation of PIP2 (Fig. 5C). On
the other hand, long-term activation of PIP2 blunted the voltage
dependency of Tau in CaV3.1-ICa.T but not in CaV3.2-ICa.T (Fig. 6C),
as reflected by a large change of V0.5-activation of CaV3.1 (+3.1 mV)
than that of CaV3.2 (+1.5 mV)  in Fig. 4.

4. Discussion

The present study demonstrates that acute activation of PIP2
modifies the gating of Cav3.1- and Cav3.2-T-type Ca2+ channels in
heterologously expressed HEK-293 cells. Specifically, the activation
curves of CaV3.1- and CaV3.2-ICa.T and the steady-state inactiva-
tion curve of CaV3.1-ICa.T were shifted toward the hyperpolarized
direction by PIP2. More importantly, prolonged activation of PIP2
(24 h) did not further modify the gating of the both currents (except
the small but significant shift of the steady-state inactivation curve
of the CaV3.2-ICa.T toward the hyperpolarization direction) nor the
maximum amplitude of the currents. Conversely, prolonged but not
acute activation of PIP2 blunted the voltage dependency of current
decay (fast inactivation) of CaV3.1- ICa.T.

PIP2 plays important roles in a wide variety of cellular processes,
such as generation of the second messengers DAG and InsP3, regu-
lation of both endocytosis and exocytosis, formation of microvilli,
and membrane attachment to the cytoskeleton [4]. Importantly,
it has also been appreciated that PIP2 itself directly controls the
function of a variety of channels and transporters either by caus-
ing activation—as in the case of inwardly rectifying potassium (Kir)
channels [5], the Na+/Ca2+ antiporter [6], the Na+/H+ exchanger
[7], the TRPM7 channels [8], and the epithelial Na+ channel (ENaC)
[9,10] —or inhibition of ionic transport, such as for TRP-L chan-
nels [11], the TRP-V capsaicin receptor [12], the InsP3R [13], and
mammalian rod cyclic nucleotide-gated channels [14], although
long-term effects of PIP2 as a transcription modulator of ion chan-
nels are largely unknown. However, no functional description of the
T-type Ca2+ channel current kinetics by PIP2 is available. To address
this question we  intended to clarify the role of PIP2 on CaV3.1-
and CaV-3.2-ICa.T in heterologously expressed HEK-293 cells. It is
widely accepted that PIP2 is generated by phosphorylation of PI3P,
PI4P or PI5P by PIP kinases, PIPKI or PIPKII. Because, to the best of
extracellular surface of plasma membrane, changes in intracellular
PIP2 levels might be important for the regulation of channel kinetics
in general. Because intracellular application of PIP2 may  interfere
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Fig. 3. Long-term effect of PIP2 activation on CaV3.1- and CaV3.2-ICa.T. A, B. Representative whole cell current families in control (vehicle) and after activation of PIP2 for 24 h
obtained from an HEK-Cav3.1 cell (A), and their current-voltage (I–V) relationship with (�, n = 28) or without PIP2 activation (©,  n = 22) (B). C, D. Representative whole cell
current  families in control and after activation of PIP2 for 24 h obtained from an HEK-Cav3.2 cell (C), and their current-voltage (I–V) relationship with (�, n = 30) or without
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IP2 activation (©, n = 30) (D). E. Changes of the maximum CaV3.1-ICa.T (left) and Ca
f  CaV3.1-ICa.T (left) and CaV3.2-ICa.T (right) with or without PIP2 activation. In cont
ulture  medium for 24 h as vehicle. Erev was calculated as described in the figure le

ith cellular physiological metabolic conditions, a direct applica-
ion of PIP2 to assess the long-term action may  not be suitable in
his experimental model. In this context, we employed a standard

ethod to accumulate PIP2 in the plasma membrane by inhibi-
ion of PI3K-mediated and PLC-medicated hydrolysis. It has been
reviously shown that wortmannin at nanomolar concentrations
locks specifically PI3 kinases, but at micromolar concentrations

t also blocks the activity of most PI4 kinases [15]. Since the PI4
inases are required for synthesis of the major phospholipid of the
lasma membrane, PI(4,5)P2, inhibition of their activity is expected
o interfere with replenishment of PIP2 levels. Since an inhibition of
LC leads to PIP2 accumulation in plasma membrane, a PLC inhibitor
73122 was employed in combined with wortmannin to accumu-

ate and activate action of PIP2 in this study, although quantitative
ssay of PIP2 accumulation in the plasma membrane was unavail-

ble.

An emerging literature suggests that PIP2 controls the activity
f voltage-gated Ca2+ channels. The first study on the voltage-gated
a2+ channel modulation by PIP2 described that this phosphoinosi-
ICa.T (right) with or without PIP2 activation. F. Changes of reversal potentials (Erev)
dition, a small aliquot of serum-free DMEM solution (∼0.1 �L) was  applied to the

1.

tide shifts the voltage-dependence of activation of the P/Q-type
Ca2+ channel (CaV2.1) current toward depolarized potentials [16],
which is in sharp contrast to our results on ICa.T. Of note, the Cav2
subfamily (N-and P/Q-type Ca2+ channels) are regulated by G pro-
tein coupled receptors via a pathway that stimulate Gq/11 protein
to activate PLC, which hydrolyzes PIP2 to inositol triphosphate
(IP3) and diacylglycerol (GAG) [17–19]. Activation of Gq/11-coupled
receptor has a strong inhibitory effect on CaV3.3-T-type Ca2+ chan-
nel, however, on the contrary, the same stimulation causes either
no effects or a moderate stimulating effect on CaV3.1 and CaV3.2
peak current amplitudes [20]. In accordance with distinct modula-
tion pathways, in the CaV2.2-N-type Ca2+ channel in sympathetic
neurons, the current inhibition by muscarinic M1  receptor acti-
vation was diminished by intracellular application of diC8-PIP2,
and the current recovery was abolished when PIP2 synthesis was

blocked [21]. Because stimulation of Gq/11-coupled receptors possi-
bly activates phospholipase A2 with the subsequent production of
arachidonic acids, these signal molecules could be proposed as the
key mediators of CaV2 channel modulation [22], which may  lead
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Fig. 4. Voltage dependence of steady-state inactivation and activation for CaV3.1-
and  CaV3.2-ICa.T, and their modification by long-term (24 h) activation of PIP2. A,
B.  The activation and steady-state inactivation curves for CaV3.1-ICa.T with (�,
n  = 27–28) or without (©,  n = 22–31) PIP2 activation for 24 h (A), and for CaV3.2-
ICa.T with (�, n = 29–30) or without (©, n = 27–30) PIP2 activation for 24 h (B). The
activation parameter, or chord conductance (G), and the steady-state inactivation
parameters were calculated by a method described in the figure legend 2. Smooth
solid curves represent Boltzmann fits to the data, yielding half-maximal activa-
tion (V0.5-activation) and half-maximal inactivation potentials (V0.5-inactivation).
C.  V0.5-activation and V0.5-inactivation for CaV3.1-ICa.T with or without PIP2 activa-
t
P
s

t
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a
t

Fig. 5. Time constants for fast inactivation (current decay or relation) for CaV3.1- and
CaV3.2-ICa.T, and their modification by short-term (5 min) activation of PIP2. A. The
decay of the CaV3.1-ICa.T with (�, n = 7) or without PIP2 activation (©, n = 7) was fitted
by a single exponential, yielding inactivation time constants (tau, �) at the respective
test potentials (abscissa). Smooth solid curves represent a single exponential fits to
the data, yielding voltage dependency of the CaV3.1-ICa.T decay with or without PIP2

activation. B. The decay of the CaV3.2-ICa.T with (�, n = 12) or without PIP2 activation
(©,  n = 12) was fitted by a single exponential, yielding inactivation time constants
(tau, �) at the respective test potentials (abscissa). Smooth solid curves represent
a  single exponential fits to the data, yielding voltage dependency of the CaV3.2-
ion for 24 h. D. V0.5-activation and V0.5-inactivation for CaV3.2-ICa.T with or without
IP2 activation for 24 h. In control condition, a small aliquot of serum-free DMEM
olution (∼0.1 �L) was applied to the culture medium for 24 h as vehicle.

o the differential modulation of the voltage-gated Ca2+ channel

urrents by PIP2.

The second goal of this study was to identify the long-term
ction of PIP2 for the T-type Ca2+ channel expression. The long-
erm effects of PIP2 activation on the maximum peak current and
ICa.T decay with or without PIP2 activation. C. Dependency of time constant for fast
inactivation on membrane potentials, namely voltage constant, was plotted with or
without PIP2 activation based on panels A and B.

the kinetics of CaV3.1- and CaV3.1- ICa.T were nearly identical to
those of the short-term effects, it is suggested that PIP2 does not
act as a molecule to modify transcription/translation of the Cav3.1-
and Cav3.2-T-type Ca2+ channels. Also accumulation of PIP2 in
the plasma membrane may  not interfere with the trafficking of
the channels to the cellular membrane. Although sequence iden-
tity across the CaV3 family is approximately 40% per cent (e.g.
comparing CaV3.1 and CaV3.2), the highest level of conservation
is found in the membrane spanning region [23], which is prob-
ably responsible for the similarity of PIP2 effects on the channel
kinetics between these two  isoforms. Despite our efforts to iden-
tify the short- and long-tern effects of PIP2 on CaV3.1 and CaV3.2
channels, no mechanistic insight on the PIP2 effects were gleaned

2+
in this study. Voltage-gated Ca channels usually need auxiliary
subunits for proper trafficking to the plasma membrane and the
channel gating. Especially � subunit plays crucial roles in the sur-
face expression of the Ca2+ channels and fine-tuning of channel
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Fig. 6. Time constants for fast inactivation (current decay or relation) for CaV3.1-
and CaV3.2-ICa.T, and their modification by long-term (24 h) activation of PIP2. A. The
decay of the CaV3.1-ICa.T with (�, n = 28) or without PIP2 activation (©, n = 21) was
fitted by a single exponential, yielding inactivation time constants (tau, �) at the
respective test potentials (abscissa). Smooth solid curves represent a single expo-
nential fits to the data, yielding voltage dependency of the CaV3.1-ICa.T decay with or
without PIP2 activation. B. The decay of the CaV3.2-ICa.T with (�, n = 28) or without
PIP2 activation (©, n = 29) was fitted by a single exponential, yielding inactivation
time constants (tau, �) at the respective test potentials (abscissa). Smooth solid
curves represent a single exponential fits to the data, yielding voltage dependency of
the CaV3.2-ICa.T decay with or without PIP2 activation. C. Dependency of time con-
s
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of  the pathways coupling receptors to calcium channels in rat sympathetic
tant for fast inactivation on membrane potentials, namely voltage constant, was
lotted with or without PIP2 activation based on panels A and B.

ating. Although this study demonstrates that CaV3.1 and CaV3.2
hannels are modulated by PIP2, binding sites and/or molecular
echanism of PIP2 regulation remains unclear. It was  recently

eported that subcellular localization of � subunit is a key factor
or the control of PIP2 sensitivity of the voltage-gated Ca2+ chan-
els [24]. Nevertheless this mechanism may  not be responsible the
aV3.1- and CaV3.2-T-type Ca2+ channels because the � subunit

s absent from T-type Ca2+ channels, and the channels are made
p of only an �1 subunit [23]. According to the previous stud-

es of the � subunit function, polybasic motif at the C-terminal
nd of the I-II linker of CaV3 channels is suggested as a potential
IP2 interaction site, although additional experiments are definitely
eeded. Pathological significance of the modulation of gating prop-
rties of Cav3 channels by PIP2 may  include a regulation of cardiac
xcitability or automaticity. Although the amplitude of I win-
Ca.T
ow current was unchanged by PIP2 activation, the window current

ncreased in the range of potentials in hyperpolarization direc-
ion, which would increase the membrane potentials at which the

[
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depolarization would occur [25]. In spite of the their rapid kinet-
ics of inactivation, the existence and the shift of their voltage range
toward the hyperpolarization by PIP2 activation would confer a role
of the T-type Ca2+ channels in acceleration of heart rhythm in the
heart responding to a change in local phosphoinositides signal in
the plasma membrane.

5. Conclusions

Our present findings demonstrate that PIP2 modulates CaV3.1-
and CaV3.2-ICa.T not by their current density but by their chan-
nel gating properties possibly through its membrane-delimited
actions. Although a requirement of PIP2 is not clearly established
yet for CaV3.1- and CaV3.2-ICa.T, this study revealed that T-type Ca2+

channel gating properties, at least in part, depend on actions of
phosphoinositides of plasma cell membranes.
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