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Abstract Intramembrane charge movement originating from
Cav3.1 (T-type) channel expressed in HEK 293 cells was inves-
tigated. Ion current was blocked by 1 mM La3+. Charge move-
ment was detectable for depolarizations above VV3370 mV and
saturated above +60 mV. The voltage dependence of charge
movement followed a single Boltzmann function with half-max-
imal activation voltage +12.9 mV and +12.3 mV and with
slopes of 22.4 mV and 18.1 mV for the ON- and OFF-charge
movement, respectively. Inactivation of ICa by prolonged depo-
larization pulse did not immobilize intramembrane charge move-
ment in the Cav3.1 channel.
6 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

Voltage-operated Ca2þ channels consist of four repeats
each containing the six transmembrane segments S1^S6 [1].
The S4 segment contains ¢ve to six positive charged amino
acids. Voltage-dependent opening and closing of these ion
channels are accompanied by movements of the S4 segment
in outward or inward direction, respectively [2]. Because of its
electrical charge movement of this segment causes measurable
current known as gating current or non-linear charge move-
ment [3,4]. Transition of channels into the inactivated state
may be associated with partial immobilization of the gating
charge, as shown for Naþ channel [5,6].
Gating current arising from the activation of high-voltage

activated (HVA) calcium channels was measured previously
both from acutely isolated neuronal [7], cardiac [8,9] or skel-
etal [10,11] muscle cells and from heterologously expressed
L-type Cav1.2 calcium channels [12,13,14] and non-L-type
Cav2.2 [15,16,17] and Cav2.3 [18,19,20] calcium channels. A
major obstacle to analysis of gating currents from low-voltage
activated (LVA) T-type calcium channels is their low expres-
sion level in native tissues [21], which results in charge move-
ment too small to be detected. Cloning of Cav3.n channel
family [22] enabled high expression of these channels in het-
erologous expression system and consequently also analysis of
gating currents re£ecting their activation. Here we report mea-
surements of charge movement from HEK 293 cells express-
ing neuronal T-type Cav3.1 calcium channel.

2. Materials and methods

HEK 293 cells were transiently transfected with DNA encoding for
Cav3.1 [23] using Lipofectamine (Gibco).
Bath solution contained (in mM): NMDG 140, HEPES 10, CaCl2

2, MgCl2 2; pH 7.4 with HCl. Pipette solution contained (in mM):
CsCl 130, MgATP 5, EGTA 10, HEPES 10; pH 7.4 with CsOH.
Osmolarity of internal solutions was measured (typical value approx-
imately 300 mOsm) and osmolarity of external solution was adjusted
by adding glucose to the value by 2^3 mOsm lower.
Whole cell currents were measured using EPC 9 patch clamp am-

pli¢er (HEKA Elektronik, Lambrecht, Germany). Patch pipette were
pulled from borosilicate glass and when ¢lled with pipette solution,
their input resistance was between 1.8 and 2.0 M6. Typical cell size
was between 20 and 40 pF. Access resistance was between 3.0 and 4.0
M6 and was compensated up to 70%. Data were recorded with
HEKA Pulse 8.30 software package and analyzed with HEKA Pulse
8.30 software and with Origin 6.1 software (OriginLab Co., North-
ampton, MA, USA). Symmetrical capacity transients and linear leak-
age current were subtracted by P/-8 procedure. To maximize signal/
noise ratio, for analysis of gating currents three consecutively re-
corded traces activated by identical voltage protocol were averaged.
Holding potential (HP) was 3100 mV in all experiments. Gating

currents were measured by 15 ms long depolarizations to membrane
potentials (V) between 390 mV and +80 mV. Asymmetrical charge
movement was evaluated by integrating the area below charge tran-
sients observed at the beginning and after the end of each depolarizing
pulse. For each investigated cell Qon^V and Qoff ^V relationships were
normalized to maximal Qon or Qoff , respectively. Normalized Q-V
curves were averaged across the cells. Charge^voltage relationships
were ¢tted by Boltzmann equation:

QðVÞ=Qmax ¼ 1=ð1þ exp ðV3V 0:5Þ=dVÞ

where V0:5 is membrane voltage at which half-maximal charge activa-
tion is reached, Q(V) represents charge measured at the test mem-
brane voltage V, Qmax is maximal observed charge and dV is slope
factor.
Voltage dependence of current activation was evaluated from tail

current amplitudes. Normalized amplitudes were averaged across cells
and ¢tted by double Boltzmann distribution:

IðVÞ=Imax ¼ ðI1=ImaxÞ=ð1þ exp ðV3V 1halfÞ=dV1Þþ

ðI2=ImaxÞ=ð1þ exp ðV3V 2halfÞ=dV2Þ
where I(V) is amplitude of tail current measured at membrane poten-
tial V, Imax is the maximal tail current amplitude, I1 and I2, V1half and
V2half , dV1 and dV2 are relative amplitudes, half-maximal activation
voltages and slopes of voltage dependencies of the ¢rst and the second
components of current activation.

3. Results

3.1. Gating current measurement of Cav3.1 channel
In order to measure gating, ion current £owing through the

channel must be blocked. Previously, we have shown that the
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divalent ions Cd2þ and Ni2þ alter activation and deactivation
kinetics as well as the voltage dependence of the current
through expressed Cav3.1 channel [24]. Therefore, we tested
suitability of the trivalent cation La3þ. 1 WM La3þ, the con-
centration which blocks about 50% of inward current carried
by 2 mM Ca2þ (Fig. 1A), had only negligible e¡ect on the
shape of the current^voltage relationship (Fig. 1B) and cur-
rent kinetics (Fig. 1C).
Charge movement was consistently observed in cells with

current amplitude 1 nA or bigger. In these cells, the gating
current was ¢rst detectable at depolarizations to membrane
voltage between 370 and 360 mV (Fig. 1D). When the max-
imal current amplitude was below 1 nA, the threshold for
detection of gating was at membrane potential V330 mV
to 320 mV. These cells were not included into the further
analysis. Charge movements were not detectable in HEK
293 cells that were transfected by an empty vector or non-
transfected. These cells showed capacity transient that were
eliminated completely by the P/-8 procedure (Fig. 1D).

3.2. Voltage dependence of channel activation and charge
movement of the Cav3.1 channel

Steady state activation of calcium current could be eval-
uated from peak tail current amplitude measured at constant
repolarization potential after test pulses of varying amplitudes
and lengths [25,26]. To circumvent a decrease of tail ampli-
tude due to channel inactivation during depolarizing pulse
[23], the length of the depolarizing pulse was adjusted to the
time to peak at each pulse amplitude. Pulse length was 15 ms
for depolarizations between 390 and 350 mV, then decreased
continually to 2 ms at +30 mV and remained constant for
higher depolarizations (Fig. 2A). Tail amplitudes measured
at the end of each pulse (Fig. 2B) were normalized to the
maximal tail amplitude, averaged and ¢tted by Boltzmann
function (Fig. 2C). Fit of experimental data by single Boltz-
mann distribution did not produce satisfactorily results. The
current^voltage relationship could be ¢tted optimal only with
two independent functions. We have analyzed the signi¢cance
of ¢t improvement by Fischer’s test. Di¡erence between ¢ts by

 

Fig. 1. Block of inward calcium current through expressed Cav3.1 channel by La3þ. A: Dose-dependence of the inhibition of ICa carried by
2 mM Ca2þ through expressed Cav3.1 channel. Current was measured during 40 ms long depolarizing pulses from the HP of 3100 mV to 320
mV at a frequency of 0.2 Hz. The data were ¢tted by the Hill equation with a coe⁄cient of 1 resulting in an IC50 of 0.7 WM. Four to 11 indi-
vidual measurements were averaged for each point. B: An example of current^voltage relationship measured from a cell expressing Cav3.1
channel in the absence (a) and presence (b) of 1 WM of La3þ. Upper panel shows raw data, which are normalized to the maximal current in
lower panel to facilitate comparison. C: Examples of current traces measured in the absence (gray) and presence (black) of 1 WM of La3þ.
Same cell as in a panel (B). Upper panel shows raw traces, which are normalized to the same amplitude in lower panel to facilitate comparison.
D: Examples of current traces measured during 10 ms long depolarizing pulses from the HP of 3100 mV to voltages marked next to each
trace in the presence of 1 mM La3þ. Individual traces were recorded from a cell expressing Cav3.1 channel (left) or from a cell in which no
channel activity was detected in the absence of La3þ ions (right).
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single and double Boltzmann distribution was signi¢cant on
0.001 level. The ¢rst component of the current activation con-
tributed 68% to the total activation, had a steep slope of
4.5 R 0.4 mV (n=11) and half-maximal activation voltage of
337.1R 0.7 mV. The second component contributed 32% to
the total amount of activated channels, had shallow slope of
13.7R 0.8 mV and a half-maximal activation voltage of
0.0 R 3.8 mV. Both components are demonstrated separately
by dashed lines in Fig. 2C. Asymmetrical charge movements
were measured by a series of depolarizing pulses to the volt-
ages between 390 and +80 mV (Fig. 2D). The length of the
pulse was 15 ms to allow complete decay of ON-charge move-
ment. Total charge moved by each depolarization was eval-
uated by integrating the area below the charge transients ob-
served at the beginning and after the end of the test pulse.
These amplitudes were plotted against the pulse potential
(Fig. 2E). Both voltage dependencies followed a single Boltz-
mann function with half-maximal activation voltage of

+12.9R 1.4 mV (n=25) and +12.3 R 0.7 mV and with a slope
of 22.4R 0.4 mV and 18.1R 0.4 mV for the ON- and OFF-
charge movement, respectively. The slopes were signi¢cantly
di¡erent (paired Student’s t-test). The start of both Qon and
Qoff preceded the start of the fast component of current acti-
vation by about 10 mV and the start of slow component of
current activation by more than 30 mV (Fig. 2E). The fast
component of current activation reached a maximum level
positive to 310 mV, when about 30% of the gating charge
was transferred.

3.3. Qon and Qoff are proportional to maximal current density
Imax

The amplitudes of Qon and Qoff were not signi¢cantly dif-
ferent (Fig. 3A). The amount of charge moved by depolar-
izing pulse was proportional to the number of channels avail-
able for activation, i.e. proportional to the current amplitude
(Fig. 3B). The average amount of charge moved was

Fig. 2. Voltage dependence of ionic and gating currents activation of Cav3.1 channel. A: Activation of ionic current was evaluated from the
amplitudes of tail currents measured at constant repolarizing potential of 3100 mV after depolarizations to potentials between 390 and +80
mV. The length of the depolarizing pulse was adjusted according to time-to-peak of the inward current observed at each potential. (F) ^ mea-
sured time to peak, (a) ^ pulse length used in the experimental protocol. B: An example of tail currents measured according to the protocol
described in panel A. Depolarization potentials are marked next to each trace. C: Normalized amplitudes of tail currents obtained from the
protocol described in panel A (n=11, E). Solid line represents ¢t of experimental points by double Boltzmann distribution whose individual
components are demonstrated by dashed lines. Relative amplitudes of both components were 68% and 32%, half-activation voltages were
337.1 mV and 0.0 mV and slopes were 4.5 mV and 13.7 mV. D: Families of gating currents measured from a cell expressing Cav3.1 channel
in the presence of 1 mM La3þ. E: Total charge moved during each pulse was calculated by integrating the area under the gating current
records. Individual measurements were normalized and averaged. (a) ^ Qon, (b) ^ Qoff . Solid lines represent Boltzmann functions ¢tted to the
experimental points. Half-maximal activation voltages were +12.9 mV and +12.3 mV and slopes were 22.4 mV and 18.1 mV for Qon and Qoff ,
respectively. Dashed lines demonstrate two components of current activation evaluated from the data presented in panel C.
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0.20R 0.02 fC/pA and 0.20R 0.01 fC/pA (n=25) for Qon and
Qoff , respectively. This proportionality is represented by a
straight line with slope of 0.2 in the Fig. 3B.

3.4. OFF-charge movement is not immobilized by prolonged
depolarization

Current through Cav3.1 channel decays rapidly during de-
polarizing pulse due to transition of the channel from the
open into the inactivated and/or closed states. When the
length of the depolarizing pulse to 320 mV was gradually
prolonged from 10 ms to 55 ms, both current amplitude
and tail current amplitude decreased (Fig. 4A). In contrast,
the amplitude of Qoff remained constant (Fig. 4B,C). The
di¡erence between Qoff measured after 10 ms long pulse and
after 55 ms long pulse was not signi¢cant (Student’s paired t-
test). Unlike in the case of HVA calcium channels, voltage-
dependent transition, which causes decay of inward calcium
current, does not immobilize gating charge of this LVA chan-
nel.
A 55 ms long depolarizing pulse is not su⁄cient for com-

plete inactivation of Cav3.1 channel. To reach steady state
voltage-dependent inactivation of Cav3.1 channel, an at least
2 s long depolarizing pulse is necessary [23]. Therefore, we

tested the e¡ect of a 5 s long prepulse to 0 mV on the charge
movement. As expected, no ON-charge movement was de-
tected after the prepulse. Nevertheless, even 5 s long depolar-
ization did not immobilize the OFF-charge transient (Fig.
4D).

4. Discussion

4.1. The asymmetrical current transients re£ect Cav3.1 channel
activity

Several observations provide evidence that the observed
current transients re£ect Cav3.1 channel activity and are not
contaminated by capacity artefact due to imperfect subtrac-
tion procedure and/or movements of charged parts of other
channels which may be endogenously expressed in HEK 293
cells. Asymmetrical charge movements were observed exclu-
sively in the cells in which macroscopic Cav3.1 current was
observed. In the cells which underwent the same transfection
procedure but did not express measurable calcium current,
asymmetric charge movements were not observed. The ampli-
tude of the charge transient was always proportional to the
current amplitude. Voltage dependencies of both Qon and Qoff

were satisfactorily ¢tted by single Boltzmann distribution.
Any contamination by signals of other origins ^ i.e. distinct
from the movement of charged parts of Cav3.1 channel ^
would be detected in the absence of expressed Cav3.1 channels
and/or would contribute distinct components to the Boltz-
mann distribution.

4.2. Gating currents measured from Cav3.1 di¡er from gating
current measured from HVA calcium channels

Gating currents reported here for LVA Cav3.1 channels
deviate in some aspects from gating currents measured from
HVA calcium channels. They precede activation of macro-
scopic inward current by about 10 mV. This value is smaller
than the 30^40 mV di¡erence reported previously for ex-
pressed Cav1.2 channel [27,28] or Cav2.2 channel [15] but
similar to values reported for the expressed Cav2.3 channel
[19,20]. The Cav2.3 channels have been considered as inter-
mediates between HVA and LVA channels because of their
fast kinetics and relatively negative threshold for current acti-
vation [1,29,30]. Still, it is possible that 1 mM La3þ used in
reported experiments caused shift of the voltage dependence
of gating current in the positive voltage direction. If this were
the case, than the voltage distance between onset of charge
movement and ionic current would be more similar to that
reported for HVA calcium channels.
Voltage dependencies of gating currents measured from na-

tive L-type calcium channels [9] or expressed Cav1.2 [27],
Cav2.2 [15] and Cav2.3 channels [18,19] have slopes varying
between 15 and 18 mV. The slope reported here for Cav3.1
channel, i.e. 22.4 mV and 18.1 mV for Qon and Qoff , respec-
tively, is slightly higher. Furthermore, in contrast to our ¢nd-
ing for Cav3.1 channels, no di¡erence in slopes was found
between Qon^V and Qoff^V relationships in HVA calcium
channels. While single Boltzmann distribution ¢ts satisfacto-
rily the Q^V relationship of the Cav3.1 channel, a second
component with a slope of 5^8 mV was reported for Cav2.2
[16] or Cav2.3 [18] channels. These two components of charge
movement correspond to two components of current activa-
tion [18]. Similarly to Cav2.3 current, activation of Cav3.1
current has two distinct components with distinct slopes and

Fig. 3. A: Maximal value of Qoff measured for each individual cell
was plotted against maximal Qon value from the same cell. Straight
line represents unity line. Points above the unity line represent cells
in which Qoff was bigger than Qon. Points under the unity line rep-
resent cells in which Qoff was smaller than Qon. Cells with Qon
equal Qoff lie on the unity line. B: Maximal Qon (a) or Qoff (b)
values plotted against current amplitude measured at the peak of
current^voltage relationship (Imax) in the same cell. Straight line has
a slope 0.20.
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half-maximal activation voltages ([25] and this paper). In par-
allel to Cav2.3 channel, the component with more negative
activation has also steeper slope. While transition of 30% of
gating charge is su⁄cient for activation of 68% of the T-type
calcium current, transition of the remaining 70% of the charge
corresponds to activation of about 32% of the current. A
potential explanation for this relative unusual values is that
the channel opens before each of the four S4 segment has
moved to the open conformation.
The pore region controlling the selectivity and permeation

of T-type calcium channels contains two glutamates and two
aspartate residues (EEDD), in contrast to four glutamates
(EEEE) in all HVA calcium channels. Studies of mutants of
these pore residues support the notion that the di¡erence in
these pore residues contributes to the voltage dependence of
channel opening [31]. Replacement of the pore aspartates with
glutamates displaced the activation curves towards positive
voltages and enhanced slope values making the voltage depen-
dence of current activation of the mutated T-type channel
quantitatively similar to that of HVA calcium channels.
Alternatively, it is possible that even evaluation of channel

activation from tail current amplitudes underestimates the
number of activated channels, because a very fast inactivation

process takes place during the 2 ms long depolarization to
high membrane potential. This possibility is supported by
the ¢nding that activation of Cav3.3 channel, a channel with
slower activation and inactivation kinetics than the Cav3.1
channel, continues to increase even above membrane potential
of +100 mV [26]. Obviously, further studies are needed to
elucidate the connection between gating and activation of
T-type channels.

4.3. Lack of immobilization of Cav3.1 channel
Inactivation of HVA calcium channels is a complex process

relying on several structural determinants including pore-
forming transmembrane segments and loops, intracellular do-
main linkers and the carboxyl terminus [32]. Immobilization
of charge movement coupled to voltage-dependent channel
inactivation was reported for native L-type calcium channel
[33] and for expressed Cav2.2 [16]. Structural determinants
and molecular processes underlying LVA channel inactivation
are largely unknown. Serrano and coauthors [34] proposed
that the decay of current during a depolarizing pulse repre-
sents a mixture of voltage-dependent deactivation and vol-
tage-independent inactivation. Here, we have shown that the
process by which the depolarizing pulse transfers the Cav3.1

Fig. 4. The gating current of Cav3.1 channel is not immobilized by prolonged depolarization. A: An example of inward and tail currents re-
corded in the absence of La3þ ions. Currents were activated by depolarizing pulses from the HP of 3100 mV to 320 mV (peak of current^vol-
tage relationship) with a length increasing from 10 to 55 ms at a frequency of 0.2 Hz. B: Charge movement was recorded in the presence of
1 mM La3þ. Gating current was activated by the same voltage protocol as in panel (A). C: Qoff s evaluated at the end of each individual pulse in
the panel (B) were normalized to the Qoff measured at the end of 10 ms long pulse, averaged and plotted against the pulse length. D: Charge
movement was recorded in the presence of 1 mM La3þ during 15 ms long depolarizing pulse to 320 mV with (gray line) or without (black
line) 5 s long conditioning prepulse to 0 mV.
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channel into the non-conducting state does not result in a
restriction of the movement of charged parts of the channel.
Long depolarizations abolished Qon, but did not a¡ect Qoff .
This observation is in line with both observations of Burgess
and coauthors [35] and Serrano’s model [34]. A voltage-inde-
pendent inactivation process would not involve interaction
with the channels voltage sensor and therefore will not result
in immobilization of the OFF-charge movement.
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