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Abstract

In order to investigate the currently unknown cellular signaling pathways of T-type Ca2+ channels, we decided to construct a new
cell line which would stably express a1G and Kir2.1 subunits in HEK293 cells (HEK293/a1G/Kir2.1). Compared to cells which only
expressed a1G (HEK293/a1G), HEK293/a1G/Kir2.1 cells produced an enormous inward rectifying current which was blocked by
external Ba2+ and Cs+ in a concentration-dependent manner. The expression of Kir2.1 channels contributed significantly to the shift
of membrane potential from �12.2 ± 2.8 to �57.3 ± 3.7 mV. However, biophysical and pharmacological properties of a1G-medi-
ated Ca2+ channels remained unaffected by the expression of Kir2.1 subunits, except for the enlarging of the window current region.
Biochemical activation of a1G channels using 150 mM KCl brought about an increase in [Ca2+]i, which was blocked by mibefradil,
the T-type Ca2+ channel blocker. These data suggest that the HEK293/a1G/Kir2.1 cell line would have potential uses in the study of
T-type Ca2+ channel-mediated signaling pathways and possibly useful in the development of new therapeutic drugs associated with
T-type Ca2+ channels.
� 2004 Elsevier Inc. All rights reserved.
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Voltage-dependent Ca2+channels (VDCCs) induce the
entrance of Ca2+ into cells along withmembrane depolar-
ization. This thereby triggers myriad intracellular events
such as contraction, plasticity, secretion, synaptic trans-
mission, and gene expression [1–3]. VDCCs are divided
into two main groups on the basis of a voltage require-
ment for the opening of channels: high-voltage-activated
(HVA) and low-voltage-activated (LVA) Ca2+ channels.
Currently, HVA Ca2+ channels are further divided into
L-,N-, P/Q-, andR-types, and these functional diversities
are related to the existence of several a1 subunits (a1A�F
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and a1S). LVA Ca2+ channels are easily distinguished
from HVA Ca2+ channels because they are activated at
a potential at a level close to the resting membrane poten-
tial. They are referred to as ‘‘T-typeCa2+ channels’’ due to
their potential for fast inactivation and small conductance
[4]. Until recently, three genes which encode T-type Ca2+

channel pore-forming subunits had been identified. These
were designated Cav3.1 (a1G), Cav3.2 (a1H), and Cav3.3
(a1I) [5–7]. T-type Ca2+ channels have been involved in
various physiological functions, including cardiac
rhythm, smooth muscle contraction, hormone secretion,
fertilization, and neuronal firing [4,8–11]. More specifi-
cally, neuronal T-type Ca2+ channels generate low-
threshold spikes that lead to burst firing and rhythmic
oscillation [4,12,13].
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There are a wide variety of cellular processes which
depend on Ca2+ influx through VDCCs. An understand-
ing of the mechanisms involved in Ca2+-mediated signal
pathways via VDCCs is therefore of crucial importance.
The mechanisms involved in T-type Ca2+ channel-med-
iated signal transduction pathways in particular are not
well understood. This is mainly attributed to the fast
inactivation and small conductance which are character-
istic of T-type Ca2+ channels [4,8]. Potassium chloride
(KCl)-induced depolarization has been frequently used
to study the mechanism of the HVA Ca2+ channel-med-
iated signal transduction pathways [14–17]. However,
when examined in native neuronal cells, KCl-induced
activation of T-type Ca2+ channels has caused interfer-
ence in the greater conductance of HVA Ca2+ channels.
An additional characteristic of T-type Ca2+ channels is
that for activation, it requires a membrane potential
close to the resting membrane potential. In most heter-
ogeneous expression systems, however, resting mem-
brane potentials are unstably ranged due to the
deficiency of endogenous ion channels [18]. Therefore,
it has proven quite difficult to activate T-type Ca2+

channels using biochemical tools.
To investigate the unknown cellular signaling path-

ways of T-type Ca2+ channels, it is necessary that a use-
ful cell line be found which has a stable resting
membrane potential and can activate T-type Ca2+ chan-
nels with biochemical tools, such as KCl or channel acti-
vators. The large, inwardly rectifying family of
potassium channel subunits (Kir) consists of seven fam-
ilies, each of which are composed of several members
[19–21]. Among them, Kir2 family members show espe-
cially strong rectification, which preferentially pass
potassium ions into the cell and are involved in the sta-
bilization of the resting membrane potential. It has been
demonstrated that Kir2.1 is one of the major determi-
nants involved in resting membrane potential in many
cell types [22]. We, therefore, devised human embryonic
kidney (HEK293) cells stably transfected with the Kir2.1
subunit (HEK293/a1G/Kir2.1) from the cell�s stably ex-
pressed a1G subunit, a subset of T-type a1 subunits
(HEK293/a1G), and characterized by the biophysical
and pharmacological properties of HEK293/a1G/
Kir2.1 cells, as well as by responsiveness to KCl.
Materials and methods

Cloning of human Kir2.1 cDNA. The full-length gene for human
Kir2.1 cDNA was amplified from a human brain cDNA library in the
plasmid (Takara, Kyoto) with cKir2.1 up (5 0-CCGCTCGAGGCCG
CCATGGGCAGTGTGAG-3 0) and cKir2.1 down (5 0-CCGGAATTG
TCATATCTCCGATTCTCGCC-3 0) used as primers. The PCR
product was cloned into the XhoI/EcoRI site of pCMVpuro
(Clontech).

Generation of Kir2.1 stably transfected cells (HEK293/a1G/Kir2.1).
HEK293 cells which stably express the human a1G subunit of T-type
Ca2+ channels (HEK293/a1G) were kindly provided from Dr. Perez-
Reyes (University of Virginia) and grown in Dulbecco�s modified Ea-
gle�s medium (DMEM), which contained 10% fetal bovine serum,
penicillin (100 U/ml), streptomycin (100 lg/ml), and geneticin (500 lg/
ml). For the HEK293/a1G/Kir2.1 cell line, Kir2.1 (cloned into
pCMVpuro) was transfected with HEK293/a1G cells using pEQPAM3
and pVSV-G (Clontech) in order to produce a retrovirus which would
include the Kir2.1 gene. These retrovirus-infected HEK293/a1G cells
were positively selected with puromycin (1 lg/ml) in DMEM for with
the purpose of generating a HEK293/a1G/Kir2.1 cell line which stably
expressed both a1G and Kir2.1 subunits. Cells were incubated in a
humid atmosphere of 5% CO2 and 95% air at 37 �C.

Reverse Transcription PCR (RT-PCR). Total RNA of HEK293/
a1G or HEK293/a1G/Kir2.1 cells was isolated with easy-BLUE reagent
(iNtRON, Korea) in accordance with the manufacturer�s instructions.
First-strand cDNA was generated from total RNA using PowerScript
reverse transcriptase (Clontech). The sequences of sense and antisense
primers for the Kir2.1 gene fragment are as follows: sense: 5 0-AG
GTCAACAGCTTACCGGCTG-3 0, antisense: 5 0-CACCATGCCTT
CCAGTATCAC-3 0. The expected Kir2.1 gene fragment length which
resulted from cDNA amplification is 522 bp. b-Actin gene was used for
positive amplification control. The primers for b-actin which resulted
in cDNA fragments of 510 bp had the following sequences: sense: 5 0-G
TCACCAACTGGGACGACATG-3 0, antisense: 5 0-GCCGTCAGGC
AGCTCGTAGC -3 0. In order to cause the amplification of the specific
fragments of Kir2.1 or b-actin, the PCR was performed with Takara
Ex Taq (Takara Shuzo, Japan). The cycle conditions were: initial
denaturation at 50 �C for 30 min and 94 �C for 2 min, which was
followed by 35 amplification cycles at 94 �C for 30 s, annealing at
50 �C for 30 s, and elongation at 72 �C for 1 min. The PCR products
were resolved in 1% agarose gel with ethidium bromide.

Western blot analysis. Cells were rinsed twice for 20 min at 4 �C
with ice-cold phosphate-buffered saline (PBS) and subsequently lysed
with 50 mM Hepes buffer (pH 7.5) which contained 150 mM NaCl,
10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 lg/
ml leupeptin, 10 lg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride,
and 0.2 mM sodium orthovanadate. The cells were then scraped from
dishes and centrifuged at 15,000g for 20 min at 4 �C. The lysates were
further denatured for 5 min at 95 �C in a sample buffer solution (2%
SDS, 10% glycerol, 60 mM Tris (pH 6.8), 5% b-mercaptoethanol, and
0.01% bromphenol blue). Protein samples were then resolved on a 10%
polyacrylamide SDS gel and transferred to a polyvinylidene difluoride
membrane (Millipore). The membranes were blocked in Tris-buffered
saline (TBS; 20 mM Tris–Cl, pH 7.6, 137 mM NaCl) with 5% skim
milk. Blots were incubated with the primary antibody (rabbit anti-
human Kir2.1 antibody, United States Biological), diluted to 2 lg/ml
in TBS + 5% milk for 4 h at room temperature, washed three times in
TBS + 0.5% Tween 20, and then incubated for 45 min in horseradish
peroxidase-conjugated secondary antibody (1:10,000) (Santa Cruz
Biotechnology). Blots were developed using the ECL detection kit
(Amersham Biosciences).

Electrophysiological recordings. Electrophysiological recordings
were achieved using whole-cell patch-clamp techniques at room tem-
perature. Borosilicate glass electrodes with a resistance of 3–4 MX
were pulled and coated with Sylgard. For the recording of resting
membrane potentials, the nystatin perforated patch-clamp method was
employed. Patch electrodes were filled with the internal solution, which
contained (in mM): 30 KCl, 90 KOH, 90 LL-aspartic acid, 1 MgCl2, 10
NaCl, and 10 Hepes. Nystatin was prepared as a stock solution
(25 mg/ml) in DMSO and, using the internal solution, diluted to a
concentration of 250 lg/ml and back-filled into the pipette after the tip
of the pipette was first filled with the nystatin-free solution. The
external solution contained (in mM): 140 NaCl, 3 KCl, 1 MgCl2, 1.5
CaCl2, 10 Hepes, and 10 glucose (pH 7.4). For the recordings of Kir2.1
and T-type Ca2+ currents, the standard whole-cell patch-clamp
method was utilized. The composition of the internal solution for
Kir2.1 currents contained (in mM): 140 K-gluconate, 2 MgCl2, 1



ig. 1. RT-PCR and Western blot analysis of Kir2.1 subunit in stably
ransfected cells. (A) Agarose gel electrophoresis of Kir2.1 fragments
mplified from cDNA preparations of Kir2.1-transfected (HEK293/

1G/Kir2.1; +) and control (HEK293/a1G; �) cells. HEK293/a1G/
ir2.1 cells exhibited the expected PCR product for the Kir2.1 subunit
522 bp). This PCR product was not observed in untransfected control
ells. When the b-actin gene was used for positive amplification
ontrol, the expected PCR product for b-actin (510 bp) was detected in
oth cell lines. (B) Western blot detection of Kir2.1 protein. Cell
sates (35 lg) prepared from HEK293/a1G/Kir2.1 (+) and HEK293/

1G (�) cells were resolved by SDS–polyacrylamide gel electrophoresis
10% polyacrylamide) and transferred to a polyvinylidene difluoride
embrane. An antibody specific to human Kir2.1 was used for
estern blot analysis (top panel). Protein loading efficiency was
ormalized by b-actin (bottom panel). To verify the stable expression
f Kir2.1 in HEK293/a1G/Kir2.1 cells, the experiment was repeated
ith cells obtained from six (P1–P6) and three consecutively cultured
assages for RT-PCR and Western blot analysis, respectively.
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EGTA, 1 Na2ATP, and 5 Hepes. This external solution contained: 135
NaCl, 5 KCl, 1 MgCl2, 1.8 CaCl2, 5 Hepes, and 10 glucose (pH 7.4).
For the recording of T-type Ca2+ currents, the composition of the
internal solution contained (in mM): 130 KCl, 11 EGTA, 10 Hepes,
and 5 Mg-ATP (pH 7.4), and the external solution contained: 140
NaCl, 2 CaCl2, 10 glucose, and 10 Hepes (pH 7.4). The current
recordings were obtained using an EPC-9 amplifier and Pulse/Pulsefit
software program (HEKA, Germany).

Intracellular Ca2+ imaging. The acetoxymethyl-ester form of fura-2
(fura-2/AM; Molecular probes, Eugene, OR) was applied as the
fluorescent Ca2+ indicator. The cells were then incubated for 60 min at
room temperature with 5 lM fura-2/AM and 0.001% Pluronic F-
127 in a Hepes-buffered solution, the composition of which was (in
mM): 150 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 Hepes, and 10 glucose
(pH 7.4). After they were washed, cells were illuminated with a xenon
arc lamp. The required excitation wavelengths (340 and 380 nm) were
selected by a computer-controlled filter wheel (Sutter Instruments,
CA). Data were acquired every 2 s and a shutter between exposures in
the light path was interposed in order to protect the cells from photo-
toxicity. Emitter fluorescence was reflected through a 515 nm long-pass
filter to a frame transfer cooled CCD camera. The ratios of emitted
fluorescence were then calculated using a digital fluorescence analyzer
and subsequently converted to an intracellular Ca2+concentration
([Ca2+]i). All imaging data were collected and analyzed using Universal
Imaging software (West Chester, PA).

Data analysis. Data were analyzed using Pulse/Pulsefit (HEKA,
Germany) and GraphPad Prism (GraphPad) software programs.
Whole cell current-voltage (I–V) curves of Ca2+ currents were fitted
using the following modified Boltzmann equation:

I ¼ GmaxðV � V revÞ=ð1þ expð�ðV � V 0:5Þ=kÞÞ;

where Gmax represents maximum conductance, Vrev represents the
reversal potential, and V0.5 represents the potential of half-maximal
current activation. The slope factor is represented by k. The curves
for steady-state activation (m1) and inactivation (h1) were then fitted
using a Boltzmann equation:

I ¼ Imin þ ðImax � IminÞ=ð1þ expððV 0:5 � V Þ=kÞÞ;

where Imin and Imax are normalized minimum and maximum currents,
respectively.

All results are presented as means ± SE, where n denotes the
number of cells examined. The significance of observed differences was
evaluated using Student�s unpaired t test.
Results and discussion

RT-PCR and Western blot analysis of Kir2.1 subunit in
stably transfected cells

The stable expression of the Kir2.1 subunit was ex-
plored in HEK293 cells with RT-PCR. RT-PCR analy-
sis of total RNA isolated from Kir2.1-transfected
(HEK293/a1G/Kir2.1) and untransfected control
(HEK293/a1G) cells is shown in Fig. 1A. HEK293/
a1G/Kir2.1 cells exhibited the expected PCR product
for the Kir2.1 subunit (522 bp). This was observed in
all samples from six consecutively cultured passages.
This PCR product was not observed in the control cells,
which were untransfected.

To confirm a biologically relevant Kir2.1 expression,
application of the Western blot analysis of membrane
protein was necessary. The antibody directed against
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human Kir2.1 was used in order to probe for Kir2.1 pro-
tein. As shown in Fig. 1B, Kir2.1 is substantially ex-
pressed as a 48 kDa protein in Kir2.1-transfected
HEK293/a1G/Kir2.1 cells (Fig. 1B, upper panel, lanes 2,
4, and 6). No bands were detected by anti-human Kir2.1
antibody in the control HEK293/a1G cells (lanes 1, 3,
and 5). The membrane was probed with an antibody for
b-actin to demonstrate that loading efficiency was consis-
tent in all lanes (Fig. 1B, bottom panel). Altogether, these
results provide verification that the Kir2.1 subunit is sta-
bly expressed in HEK293/a1G/Kir2.1 cells.

Functional analysis of Kir2.1 channels using electrophys-

iological recordings

For confirmation of the functional expression of
Kir2.1 subunits, we directly measured inward rectifying
potassium currents using whole-cell patch-clamp record-
ings. Whole-cell currents were acquired for 200 ms depo-
larizing pulses from �140 to �40 mV (holding potential
of �60 mV) with 10 mV voltage increments. Figs. 2A
and B show mean steady state current–voltage (I–V)
relations recorded in HEK293/a1G and HEK293/a1G/
Kir2.1 cells, respectively. In comparison to HEK293/
a1G cells, HEK293/a1G/Kir2.1 cells produced a massive
inward current with a strong rectification. The
expression of Kir2.1 subunits significantly increased
the inward rectifying currents from �120.0 ± 26.5 to



Fig. 2. Electrophysiological properties of inward rectifying potassium currents in HEK293/a1G/Kir2.1 cells. (A,B) Mean steady-state current–
voltage (I–V) relationships in HEK293/a1G cells (d, n = 8) and HEK293/a1G/Kir2.1 cells (j, n = 11), respectively. Whole-cell inward currents were
evoked in response to a 200 ms voltage step from �140 mV to �40 mV in 10 mV increments from a holding potential of �60 mV. Representative
traces of whole-cell currents obtained from each evoked potential are shown in the inset. Steady-state I–V relationships of whole-cell currents were
recorded with varying extracellular concentrations of Ba+ (C) and Cs+ (D). Whole-cell currents were evoked using the same protocol as in (A), except
the increments were 20 mV rather than 10 mV. (E) Comparison of resting membrane potential (Vm), cell capacitance (Cm), and series resistance (Rs)
between two cell lines.
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�629.7 ± 71.3 at �140 mV (P < 0.001, n = 8–11). Be-
sides the increased inward rectifying current, HEK293/
a1G/Kir2.1 cells also showed another characteristic
feature of Kir channels: a blockade created by external
cations like Ba2+ and Cs+. Kir currents were inhibited
by external Ba2+ and Cs+ in a concentration- and volt-
age-dependent manner (Figs. 2C and D). If Kir2.1 cur-
rents are, in fact, responsible for the increased inward
currents as described above, it is likely that they would
also be involved in setting the membrane potential of
HEK293/a1G/Kir2.1 cells. We therefore examined
whether or not Kir2.1 channels would, in fact, contrib-
ute to the setting of a new resting membrane potential
in HEK293/a1G/Kir2.1 cells. The resting membrane
potentials of HEK293/a1G, Kir2.1-untransfected cells,
ranged from �28 to 0 mV (�12.2 ± 2.8 mV, n = 12).
The expression of Kir2.1 channels, however, caused a
significant shift in the resting membrane potential to a
more hyperpolarized potential ranging from �40 to
�85 mV in HEK293/a1G/Kir2.1 cells (P < 0.001,
�57.3 ± 3.7 mV, n = 16). No significant differences
existed in relation to the cell capacitance (Cm) and the
series resistance (Rs) between the two cell lines (Fig. 2E).
Effect of Kir2.1 subunit expression on biophysical and

pharmacological properties of a1G T-type Ca2+ channels

We next examined whether the expression of Kir 2.1
subunits has an effect on the biophysical and pharmaco-
logical properties of a1G T-type Ca2+ channels. T-type
Ca2+ channels, including recombinant three Cav3
clones, characteristically begin to activate at about
�60 mV and typically produce a maximum current
around �30 mV at the I–V curves [4,23,24]. Figs. 3A
and B illustrate mean I–V curves of a1G T-type Ca2+

channels in HEK293/a1G and HEK293/a1G/Kir2.1 cells,
respectively. Both HEK293/a1G and HEK293/a1G/
Kir2.1 cells began activation at about �60 mV and pro-
duced a maximum current around �30 mV. There was
no significant difference in relation to the peak current
amplitudes measured at �30 mV from the holding po-
tential of �100 mV (495.3 ± 53.1 for HEK293/a1G and
528.4 ± 65.2 pA for HEK293/a1G/Kir2.1 cells, n = 9).
The detailed biophysical parameters of a1G T-type
Ca2+ channels were investigated by examining the stea-
dy-state activation and deactivation properties. Steady-
state activation of the a1G channel was determined after



Fig. 3. Electrophysiological properties of a1G Ca2+ channels and high KCl-mediated [Ca2+]i increase in HEK293/a1G/Kir2.1 cells. (A,B) Mean peak
Ca2+ current-voltage (I–V) relationships in HEK293/a1G (d, n = 9) and HEK293/a1G/Kir2.1 cells (j, n = 9), respectively. Whole-cell Ca2+ currents
were evoked from the holding potential of �100 mV with 100 ms depolarizing pulses (�90 mV to 50 mV, 10 mV-increment). Representative traces of
whole-cell Ca2+ currents obtained from each evoke potential are shown in the inset. (C) Steady-state activation and inactivation of a1G Ca2+

currents. Steady-state activation was determined by measuring tail current amplitudes at various depolarizing pulses. For each depolarization, the tail
current amplitude was measured for pulse durations adjusted from the membrane potential/time-to-peak plot as previously described [26]. Steady-
state inactivation was determined from the measurement of the current amplitude at �30 mV after a pre-depolarization pulse (5 s) of increasing
amplitude (�100 to �45 mV, 5 mV-increment). Mean steady-state activation (open) and inactivation (filled symbols) curves of HEK293/a1G (circle
symbols with dotted line) and HEK293/a1G/Kir2.1 (square symbols with solid line) cells were fitted by a Boltzmann equation. The arrowed box
shows the enlarged window current, obtained via the overlap in the steady-state activation (m1) and inactivation (h1) curves, near �72 to �52 mV.
(D) Measurement of [Ca2+]i in HEK293/a1G/Kir2.1 cells. Application of 150 mM KCl (30 s) produced a transient increase of [Ca2+]i, which was
blocked by co-treatment of mibefradil (10 lM, 1 min), the potent T-type Ca2+channel blocker. The Hepes-buffered solution with 150 mM KCl was
made by replacing an equivalent amount of NaCl. (E) 150 mMKCl-induced change of [Ca2+]i in the presence of 2, 5, and 10 mM CaCl2 in HEK293/
a1G/Kir2.1 cells.
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measuring tail current amplitudes at various depolariz-
ing pulses and fitted by a Boltzmann equation (described
in Materials and methods). Mean potentials for
half-activation (V0.5 � act) were insignificantly different:
�32.9 ± 0.8 mV for HEK293/a1G (n = 9) and �33.4 ±
0.8 mV for HEK293/a1G/Kir2.1 (n = 14). However,
the values for slope activation factor (kact) proved signif-
icantly different (7.3 ± 0.7 and 11.7 ± 0.7, P < 0.001).
Steady-state inactivation properties were determined
from the measurement of the current amplitude at
�30 mV after a pre-depolarization pulse of increasing
amplitude. The mean potential of half-inactivation
(V0.5 � inact) was shifted from �71.1 ± 0.3 mV for
HEK293/a1G to �69.5 ± 0.2 mV for HEK293/a1G/
Kir2.1 with no apparent changes in slope inactivation
factor (kinact 3.1 ± 0.3 and �3.2 ± 0.2). The difference
in V0.5 � inact was small, but still statistically significant
(P < 0.01, n = 5). As a consequence of changes in stea-
dy-state activation and inactivation properties, a win-
dow current region obtained by superimposed steady-
state activation (m1) and inactivation (h1) curves was
enlarged by the expression of Kir2.1 channels (Fig.
3C). Therefore, HEK293/a1G/Kir2.1 cells can generate
a window current at membrane potentials in the range
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of �70/55 mV, which is very close to the resting mem-
brane potential of this newly devised cell line
(�57.3 ± 3.7 mV). These results suggest that a1G T-type
Ca2+ channels may activate and regulate Ca2+ signaling
at resting membrane potential in HEK293/a1G/Kir2.1
cells.

It is well known that human a1G channels are quite
sensitive to two molecules, nickel (Ni2+) and mibefradil,
both of which are regarded to be T-type channel block-
ers. We, therefore, compared the IC50 of these two chan-
nel blockers in HEK293/a1G and HEK293/a1G/Kir2.1
cells. The divalent ion Ni2+ block of human a1G chan-
nels was modest, with an IC50 of 83.7 and 109.0 lM in
HEK293/a1G and HEK293/a1G/Kir2.1 cells, respec-
tively. However, mibefradil, the most potent T-type
channel blocker, inhibited a1G current amplitude with
an IC50 of 0.92 and 0.51 lM in HEK293/a1G and
HEK293/a1G/Kir2.1 cells, respectively. These results
are consistent with those of previous studies on recombi-
nant T-type channels [25,26] and suggest that the expres-
sion of Kir2.1 channels causes no pharmacological
changes to a1G T-type Ca2+ channel properties. The bio-
physical and pharmacological properties of HEK293/
a1G and HEK293/a1G/Kir2.1 cells are summarized in
Table 1.
High KCl-mediated [Ca2+]i increase in HEK293/a1G/
Kir2.1 cells

The goal of the present study was to create a useful
cell line which can activate T-type Ca2+ channels by
Table 1
Summary of electrophysiological and pharmacological properties in
HEK293/a1G and HEK293/a1G/Kir2.1 cells

HEK293/a1G HEK293/a1G/Kir2.1

Resting membrane
potential (mV)

�12.2 ± 2.8 �57.3 ± 3.7***

Iamplitude (pA)
IKir at �140 mV �120.0 ± 26.5 �629.7 ± 71.3***

ICa at �30 mV �495.3 ± 53.1 �528.4 ± 65.2
Steady-state activation

V0.5 � act (mV) �32.9 ± 0.8 �33.4 ± 0.8
Slope (kact) 7.3 ± 0.7 11.7 ± 0.7***

Steady-state inactivation
V0.5 � inact (mV) �71.1 ± 0.3 �69.5 ± 0.2**

Slope (kact) �3.1 ± 0.3 �3.2 ± 0.2
IC50 values of

Ni2+ (lV) 83.7 109.0
Mibefradil (lM) 0.92 0.51

The statistical significance of the differences between two cell lines was
estimated using a Student�s unpaired t test. The IC50values of Ni2+ and
mibefradil were obtained from computer fit of mean values to
the three-parameter logistic equation, I ¼ Imin þ ðImax � IminÞ=
ð1þ 10ðLog IC50�X ÞÞ, where I denotes inhibition of Ca2+ currents in the
presence of blocker, Imin and Imax are the minimum and maximum
inhibition, respectively, and X is the logarithm of blocker.
KCl-mediated depolarization. The preceding results of
this study suggest that a1G T-type Ca2+ channels can
activate and regulate Ca2+ signaling at resting
membrane potential levels in HEK293/a1G/Kir2.1 cells.
To confirm the activation of a1G T-type Ca2+ channels
using KCl at resting membrane potential, KCl-mediated
changes were measured in intracellular Ca2+concentra-
tion ([Ca2+]i) utilizing fura-2 based digital imaging tech-
niques. In HEK293/a1G cells, change of [Ca2+]i by
150 mM treatment of KCl was undetectable (data not
shown). However, application of high concentration
KCl (70 or 150 mM, 30 s) produced a transient increase
of [Ca2+]i in HEK293/a1G/Kir2.1 cells. Treatment of
150 mM KCl stimulated the increase of [Ca2+]i from
75 to 120 nM in a regular Hepes-buffered solution
(Fig. 3D). The Hepes-buffered solution with 70 or
150 mM KCl was made by replacing an equivalent
amount of NaCl. Furthermore, this increase was totally
blocked by co-treatment with 10 lM mibefradil, the
most potent T-type Ca2+channel blocker, with partial
recovery. Because the long treatment of high concentra-
tions of KCl can prove detrimental to cell homeostasis,
we examined whether the signal of [Ca2+]i could be
amplified by extracellular concentration of CaCl2. Fig.
3E shows the KCl-mediated change of [Ca2+]i caused
by varied concentrations of extracellular CaCl2. The
increments of [Ca2+]i change were consistent with
increasing concentrations of CaCl2: 44.1 ± 3.3 for
2 mM, 94.8 ± 5.6 for 5 mM, and 196.8 ± 13.8 nM for
10 mM CaCl2 (n = 15). It leaves the possibility of vary-
ing concentrations of KCl and CaCl2 dependent on the
protocol in relation to T-type Ca2+ channel activation.
These results indicate that the increase in [Ca2+]i by
KCl-induced depolarization is fully responsible for a1G
channel activation in HEK293/a1G/Kir2.1 cells. Alto-
gether, the detailed functional analysis performed in this
study by comparing HEK293/a1G and HEK293/a1G/
Kir2.1 cells provides compelling evidence that the stable
expression of Kir2.1 channels only made it possible to
construct a cell line capable of activating T-type Ca2+

channels by KCl-mediated depolarization. The expres-
sion of Kir2.1 channels increased a superimposed area
of steady-state activation and inactivation curves, as
well as caused a shift in resting membrane potential
from �12.2 ± 2.8 to �57.3 ± 3.7 mV. Finally, this made
it possible to activate human a1G channels through the
use of biochemical tools such as KCl or T-type channel
activators.

The specific features described here for the construc-
tion of HEK293/a1G/Kir2.1 cells should be useful in
identifying unknown cellular signaling pathways of T-
type Ca2+ channels. Recently, the mechanisms of cellu-
lar signaling pathways of HVA VDCCs along with
membrane depolarization have been intensively stud-
ied. It has been reported that mitogen-activated protein
(MAP) kinase could play an important role in linking
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membrane depolarization to gene expression in post-
synaptic neurons [1,27]. Ca2+ influx through L-type
Ca2+ channels is particularly effective in activating
transcription factors such as CREB and MEF-2
[28,29]. In detail, a complex between the Ca2+ binding
protein, calmodulin, and an L-type Ca2+ channel is
necessitated to trigger the Ras/mitogen-activated pro-
tein kinase (MAPK) pathway [30]. Hibino et al. [31]
showed that RIM binding proteins (RBPs) interact
with a1D (L-type) and a1B (N-type) Ca2+ channel sub-
units in various cells. For P/Q-type Ca2+ channels,
Tomizawa et al. [32] have shown that the complex of
cyclin-dependent kinase 5 (Cdk5) and p35, the neu-
ron-specific regulatory subunit of Cdk5, inhibits neuro-
transmitter release through the phosphorylation and
downregulation of P/Q-type Ca2+ channels. Compared
to these studies of HVA VDCCs, the mechanisms in-
volved in T-type Ca2+ channel-mediated signal trans-
duction pathways are not well understood. Using this
valuable cell line, we are currently investigating the sig-
nal transduction pathways of a1G T-type Ca2+ chan-
nels after activation by KCl treatment. We have
found that a1G activation actually reduced the activa-
tion of p21ras with correlated ERK activity, as well
as with other downstream signaling molecules of
p21ras (manuscript in preparation).

Another appeal is the possible application of
HEK293/a1G/Kir2.1 cells for the development of selec-
tive T-type Ca2+ channel blockers. Many studies have
suggested the possibility of T-type Ca2+ channel block-
ers as drug targets due to their implications in the
pathogenesis of epilepsy and neuropathic pain
[4,13,33]. To date, only limited progress has been made
in the quest to identify both potent and selective com-
pounds for T-type Ca2+ channel blockers. Although
mibefradil has been found to potently inhibit T-type
Ca2+ channels, it is not only targeting other ion chan-
nels, but also producing toxicity due to drug–drug
interaction [8,34]. The investigation of new T-type
Ca2+ channel blockers, therefore, is needed to under-
stand the exact role of T-type Ca2+ channels and to de-
velop clinically applicable drug targets. Recently, high-
throughput screening (HTS) assays are increasingly re-
lied upon to generate early and novel discovery leads
for drug development. Designing fluorescence-based
HTS assays for ion channel drug discovery has proved
to be a tremendous challenge for the pharmaceutical
industry. The development of this process would be
especially valuable because it could improve the limita-
tion of electrophysiological-based time-consuming as-
says. Herein, a new cell line (HEK293/a1G/Kir2.1)
devised from the present study could be useful for ana-
lyzing a1G T-type Ca2+ channel-mediated signaling
pathways and offer a potential HTS approach to dis-
covering new therapeutic drugs associated with T-type
Ca2+ channels.
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