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ABSTRACT The gating and permeation properties of two types of calcium channels were studied in the neuroblastoma
cell line N1E-115. Calcium channel currents as carried by Ba?* (50 mM) were recorded using the whole-cell variation
of the patch electrode voltage-clamp technique. The two types of calcium channels showed similar membrane potential
dependence with respect to the steady-state activation and inactivation gating properties. However, the properties of the
long-lasting type II channels were shifted ~30 mV in the depolarizing direction compared with those of the transient
type I channels. Activation of type I channels developed with a sigmoidal time course which was described by m?
kinetics, whereas the activation of type II channels was described by a single exponential function. Tail current upon
repolarization followed an exponential decay in either type of calcium channels. In comparison to type I channels, the
activation process of type II channels was shifted ~30 mV in the positive direction, while the deactivation process
showed a 60 mV shift in the positive direction. The rate constants of activation obtained from the activation and
deactivation processes indicated that under comparable membrane potential conditions, type II channels close 2.4 times
faster than type I channels upon repolarization. When external 50 mM Ba?* was replaced with Ca’* or Sr** on the
equimolar basis, the amplitudes of transient and long-lasting currents were altered without a significant change in their
time courses. The ion permeability ratios determined from the maximum amplitude of the inward current were as
follows: Ba?* (1.0) = Sr** (1.0) > Ca?* (0.7) for type I channels, and Ba?* (1.0) > Sr?* (0.7) > Ca?* (0.3) for type II
channels. Replacement of Ba?* with Ca** caused a 10-12 mV positive shift in the current-voltage relation for type II
channels. However, the shift for type I channels was much less. This suggests that negative surface charges are present
around type II channels. After correction for the surface charge effect on the ion permeation, there was no significant
difference between the permeability ratios of these cations for the two channel types. It was concluded that the two types
of calcium channels have many common properties in their gating and permeation mechanisms despite their differential

voltage sensitivity and ion selectivity.

INTRODUCTION

It has been suggested that cultured neuroblastoma cells
(N1E-115) are endowed with two types of voltage-sensitive
calcium channels (Fishman and Spector, 1981; Tsunoo et
al., 1984). In a preceding paper (Narahashi et al., 1987), it
was shown that the inward Ba?* current through calcium
channels was separated into two components, i.e., a tran-
sient and a long-lasting current. The calcium channel
responsible for the transient current was referred to as
“type I’ channel, and the calcium channel responsible for
the long-lasting current was referred to as “type II”
channel. The type II channel showed a much higher
sensitivity to the calcium channel blocker Cd?* than the
type I channel. The type II channel activity was enhanced
selectively by an elevation of the intracellular level of cyclic
AMP. Type II channel currents were selectively blocked
by leucine-enkephalin (Tsunoo et al., 1986). These results
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are in favor of the idea that the two types of channels are
different entities rather than one channel exhibiting two
different modes. However, it remains to be seen whether
the gating and ion permeation mechanisms are different
between the two types of calcium channels.

We have analyzed the gating and ion permeation mech-
anisms of the two types of calcium channels using cultured
neuroblastoma cells. It was found that a variety of poten-
tial-dependent kinetic parameters of type II channels was
shifted ~30 mV in the direction of more positive potential
from that of type I channels. However, the deactivation (or
turn-off) process of type II channels was much faster than
that of type I channels even if the 30 mV shift was taken
into account. The permeability to Ca?*, Sr**, and Ba?*
appeared to be somewhat different between the two chan-
nel types, but the difference disappeared after correction
for the surface charge effect. Preliminary results of these
experiments have been reported elsewhere (Yoshii et al.,
1985).

METHODS

The methods were essentially the same as those described previously
(Narahashi et al., 1987). Mouse neuroblastoma cells (N1E-115) were
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cultured and differentiated into mature nerve cells (Kimhi et al., 1976;
Moolenaar and Spector, 1978; Quandt and Narahashi, 1984). 3-7 d
before use, cells were plated on glass coverslips, and 2% DMSO was
added to the culture medium (90% DME + 10% new-born calf serum) to
facilitate cell differentiation.

A whole-cell patch-clamp technique (Hamill et al., 1981) was used to
record ionic currents under voltage-clamp conditions. To improve space-
clamp conditions, cells with processes exceeding the cell diameter were
never used. A suction pipette with a resistance of 0.8-2.0 MQ was placed
onto the cell surface, and the membrane under the pipette tip was
ruptured by applying gentle suction to the pipette. The potential inside the
cell was controlled at the ground level. An inverted command voltage was
applied to the external solution via a bath electrode. Currents through the
pipette in response to the command voltages were recorded by a current-
to-voltage converter which was directly connected to the suction pipette.
A part of the output voltage of the current recording was added to the
command voltage to compensate for the series resistance. Data were
recorded and analyzed with a digital oscilloscope (model 2090-3C;
Nicolet Instrument Corp., Fremond, CA) and its associated disk drive,
and the results were traced on an X-Y plotter (model 7040A; Hewlett-
Packard Co., Palo Alto, CA). Unless otherwise noted, linear leakage
components determined at membrane potentials ranging between —120
and —60 mV have been subtracted from the records shown in this paper.

The external and internal (pipette-filling) solutions were designed to
separate calcium channel currents from other potential-dependent cur-
rents. A high Ba?* (50 mM) solution was used as the standard external
solution to enhance the current amplitude. To suppress the outward K*
current, 25 mM tetraethylammonium (TEA) was added to the external
media (Hille, 1967) and K* was replaced with Cs* in both external and
internal solutions. Sodium channels were always blocked by 0.5 uM-
tetrodotoxin (TTX) (Narahashi et al., 1964; Quandt and Narahashi,
1984). The standard external solution contained (in mM): BaCl,, 50;
NaCl, 30; CsCl, 5; glucose, 25; TEA-CI, 25; and TTX, 0.5 uM. The pH
was adjusted to 7.3-7.4 with 5 mM Hepes-Cs. The internal solution
contained (in mM): Cs-glutamate, 130; MgCl,, 2.5; and glucose, 5. The
pH of the internal solution was adjusted to 7.0-7.1 with 10 mM Pipes-Na
(the Na* concentration is calculated to be ~16 mM).

Unless otherwise stated, experiments were carried out at room temper-
ature (22°-23°C). The bath temperature was recorded with a small
thermocouple probe, which was placed adjacent to the cell being exam-
ined.

RESULTS

I. Gating Properties

Steady-state Activation. Current-voltage (I-V)
relations for the peak amplitude of the transient current
through type I calcium channels are illustrated in Fig. 1 A4.
The current was isolated from that through type II chan-
nels in the manner described before (Narahashi et al.,
1987). In short, the type II current measured at the end of
the 160-ms depolarization pulse was subtracted from the
peak inward current to isolate the type I current. The
current was generated at —50 mV, increased its amplitude
with further depolarization attaining a maximum at —20
mV. With depolarizations beyond —20 mV, the current
amplitude decreased and approached zero at +60 mV.
The steady-state currents through type II calcium chan-
nels were measured 160 ms after the onset of depolarizing
pulse, and the I-V relationship is illustrated in Fig. 1 B
(solid circles). As described previously (Narahashi et al.,
1987), the current was contaminated with an outward
current at potentials more positive than +20 mV. The
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steady-state activation occurred at —20 mV and reached a
maximum at potentials more positive than + 10 mV. These
results indicated that the potential dependence of the
steady-state activation of type II channels was shifted 30
mV in the positive direction from that of type I channels.

The I-V relation for type I channels as shown in Fig. 1 4
is nonlinear at the positive potential region and the reversal
potential cannot be determined. Therefore, the constant
field theory (Goldman, 1943; Hodgkin and Katz, 1949)
was used to predict the maximum current amplitude of
type I channels at its full activation (Ohmori and Yoshii,
1977; also see Hagiwara and Byerly, 1981). The solid
curve in Fig. 1 A was calculated according to the constant
field equation for a divalent cation so as to fit the data at
large positive potentials at which the channels were
expected to be fully activated. The ratio of the observed
current amplitude to the theoretical curve yielded a steady-
state activation level for a given potential. The results are
shown in Fig. 2 A4 (solid squares).

For type II calcium channels, the method of curve-
fitting as described in the preceding paragraph could not
be used because of contamination by outward currents at
large positive potentials. As an alternative method, the
instantaneous current upon repolarization after the
appearance of the long-lasting current was measured (Fig.
1 B, crosses). The amplitude of the instantaneous current
upon repolarization to a fixed potential is a measure of the
channel activity at the end of a depolarizing test pulse. The
holding potential was reduced to —30 mV to inactivate
type I channels. The duration of the test pulse was made as
short as 50 ms to prevent development of the outward
current, but it was long enough to achieve a steady-state
activation. The repolarization potential was selected at
—30 mV, at which the deactivation time course of the tail
current was expressed by a single exponential function so
that the initial amplitude of the instantaneous current was
easily determined by extrapolating the falling phase to the
zero time. The amplitude of the instantaneous current gave
a relative level of the steady-state activation of the type II
channel, and the results are shown in Fig. 2 4 (open
squares).

The steady-state activation curves for type I and type II
calcium channels are similar in shape but different in
midpoint potential: —20 mV for type I and +12 mV for
type II with a difference of 32 mV. The slope factors for an
e-fold change in the steady-state activation measured at
the midpoint potentials were only slightly different
between the two types of channels, 11 mV for type I
channels and 12.5 mV for type II channels. The data
indicated that the potential dependence of the steady-state
activation of type II channels was shifted ~30 mV in the
positive direction in parallel with that of type I channels.

The slightly steeper activation curve for type I channels
as compared with that for type II channels may be
explained as follows: The peak amplitude of type I current
is dependent on both activation and inactivation gating
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Triangles represent transient currents isolated
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beginning of a repolarization to —30 mV (x). Holding potential, —30 mV. The amplitude of the instantaneous current was determined by
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28.

kinetics. The peak current amplitude would be propor-
tional to the theoretical maximum current amplitude at
each membrane potential if the activation and inactivation
kinetics had the same potential dependence. However, the
7, Curve is less steep than the 7, curve at potentials from
—50 to —30 mV, and steeper at potentials more positive
than —30 mV. This may result in an under-estimation of
the steady-state activation curve at potentials from — 50 to
—30mV and an over-estimation at potentials more positive
than —30 mV. Thus the observed difference in the slope of
activation curve between the two channels may reflect this
error.

Steady-state Inactivation. The transient cal-
cium channel current was reduced in amplitude as the
holding potential was made less negative. By analogy of the
steady-state inactivation of sodium channels (Hodgkin and
Huxley, 1952), the potential dependence of the calcium
channel inactivation was described in the form of the A_
(Okamoto et al., 1976, Moolenaar and Spector, 1978).
There is evidence that type II channels, although lacking in
fast inactivation, show a slow inactivation (Fedulova et al.,
1985). The steady-state inactivation of calcium channels
was compared between the two types.

A test depolarizing pulse was preceded by a long-lasting
(10s) conditioning depolarization to various potentials.
For type I channels, the test pulse was selected at —20 mV
to observe a maximal current without contamination of the
type II component (Narahashi et al., 1987). The relative
amplitude of the current plotted against the membrane
potential of the conditioning pulse yielded a steady-state
inactivation curve for type I channels as shown in Fig. 2 B
(solid squares). Inactivaiton was completely removed at
potentials more negative than —70 mV, and became
complete at potentials more positive than —30 mV. The
half-inactivation potential was —51.5 mV, being very close
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to the critical activation level of —S50 mV. The slope factor
was 4.0 mV with an e-fold change in inactivation. The
results were in agreement with those obtained previously in
the same preparation but for a different charge carrier of
Ca?* (Moolenaar and Spector, 1978).

To obtain a steady-state inactivation curve for type 11
channels, a test pulse to +10 mV, preceded by a 10-s
conditioning depolarization to various potentials, was
applied to induce a maximal long-lasting type II current.
When the conditioning pulse was more negative than — 30
mV, the current associated with a test pulse was contami-
nated by the type I current that had not been fully
inactivated. The magnitude of the type II steady-state
current was measured 160 ms after the onset of the test
pulse as described previously (Narahashi et al., 1987). The
conditioning depolarizing pulses to potentials more positive
than —30 mV inactivated the type I component, generat-
ing the type II component alone. The relative amplitude of
the type II current plotted against the membrane potential
yielded a steady-state inactivation curve as shown in Fig.
2 B (open squares). Complete inactivation could not be
obtained because the membrane was deteriorated at large,
prolonged depolarization. A similar problem has been
reported for the study of type II channels in the dorsal root
ganglion cell (Fedulova et al., 1985). Nevertheless, the
data clearly indicated that type II channels underwent
steady-state inactivation in a manner similar to type I
channels: half-inactivation occurred at —23 mV, a poten-
tial close to the critical activation level of —20 mV for type
II channels. The difference between the midpoints of the
two types of channels was 28.5 mV. The slope factor for
type II channels was 5.0 mV for an e-fold change in
inactivation, and was similar to that of type I channels.

Thus the potential dependence of the steady-state inacti-
vation of type II calcium channels was shifted approxi-
mately 30 mV in the positive direction in parallel with that
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FIGURE 2 Steady-state activation (4) and steady-state inactivation
(B) of type I (B) and type II (O) calcium channels. (4) For type I
channels, the ratio of the current amplitude to the maximum value
predicted by the constant field theory is plotted against the membrane
potential. For type II channels, relative amplitude of the instantaneous
current associated with step repolarization is plotted against the mem-
brane potential. The same data as those in Fig. 1. Solid curves are drawn
by eye. (B) Relative amplitudes of the two types of currents plotted as a
function of the membrane potential of the 10-s conditioning pulse. Test
pulse: —20 mV for type I, + 10 mV for type II. Solid curves are drawn by
eye. Temperature: 33.1°C for type I and 34°C for type II. Cells: number 6
for type 1 and number 5 for type II.

of type I channels. There was no other difference in the
steady-state gating properties between the two types of
calcium channels.

Time Course of Activation. Calcium channels
in a variety of preparations are activated with a sigmoidal
time course after a step depolarization (see Hagiwara and
Byerly, 1981; Tsien, 1983). This was also the case for type
I calcium channels in neuroblastoma cells (Quandt and
Narahashi, 1984). However, in many earlier studies, a
single exponential rise of calcium currents was observed
(e.g., Okamoto et al., 1976). This difference has been
attributed to the following two factors: (a) Recent
improvement of voltage-clamp techniques allowed us to
resolve an initial delay in the rising phase of current, which
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made the time course sigmoidal. () The delay at the
beginning may reflect a delay in the opening of channels
when it has to go through multiple closed states to reach an
open state. A conditioning depolarization may help the
channel skip the initial several closed states. Therefore,
upon further depolarization, the current may develop
without delay, and follow a single exponential time course
(Byerly et al., 1984). In studying the time course of
activation of calcium channels, these two factors should be
taken into consideration.

The time courses of the rising phases of type I and type
II calcium channel currents are compared in Fig. 3, 4 and
B as they are recorded from a single cell. Type I currents
(Fig. 3 A) were obtained by step depolarizations from a
holding potential of —70 mV to —40 and —20 mV, at
which type II currents were not generated. Type II
currents (Fig. 3 B) isolated from the type I component
were obtained by step depolarizations from a holding
potential of —30 mV to 0 and +20 mV. The amplitudes of
depolarizations were the same between the two cases (30
and 50 mV). The time course of activation of type I
channels was sigmoidal, whereas that of type II channels
appeared to be single exponential rather than sigmoidal.
To further analyze the time course of activation, the
following method (Okamoto et al., 1976) was used.

By analogy with the Hodgkin-Huxley’s formalism for
sodium channels (Hodgkin and Huxley, 1952), the time
course of a transient inward current, i(f), can be described
as i(t) = Am*h, where A is a constant, m is the probability
of channel opening, and x is the integer. The activation
process is described by a kinetic parameter in the form of
m*. The inactivation process is described using a kinetic
parameter, h. These m and h change exponentially with
time after a step change of the membrane potential: m =
(my — m,) exp(—t/7,) + m_; and h= (hy — h_) exp -
(—t/74) + h., where mgy and h, refer to m and A at time
zero, respectively, m, and h_ refer to the steady-state
values for m and h, respectively, 7,, and 7, are the time
constants of m and h, respectively, and ¢ is the time. For the
time after the peak of inward current, i.e., for ¢ » 7, m can
be approximated by m,. Therefore, the decay phase of
current can be described as i'(f) = A(m_)x,, which repre-
sents an exponential decay with a steady-state component.
By extrapolation, i’(z) values for the times earlier than the
peak (0 <t < 7,) can be obtained. To analyze the time
course of current activation, the membrane is usually
stepped from a potential more negative than the channel’s
activation level. Therefore, m, can be regarded as zero.
Under such conditions, the ratio of i(¢) to i’(¢) for a given
time before the peak current would yield a relation:
i(0)/i(#) = [1 — exp (—t/7,)]50r 1 — [i() /i'(1)]V/* = exp
- (—t/7,). When the value 1 — [i(z)/i'(¢)]'/* is plotted
against time on a semi-logarithmic scale, it should fall on a
straight line if an appropriate integer value, x, is given.

The results of such calculations are shown in Fig. 3, C
and D in which the value 1 — [i(£)/i'(£)]"/* is plotted
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against the time. For type I channels (Fig. 3 C), the best fit
to a straight line was obtained when x = 2. A significant
deviation from the linearity occurred when x = 1 or 3. The
data indicated that the activation process of the type I
channel had a sigmoidal time course which could be
expressed in the form of m?. A positive shift in the holding
potential up to —50 mV did not change the situation (not
shown). For type II channels, the best fit to a straight line
was obtained with x = 1. This indicated that the activation
process of type II channels was single exponential, and
could be expressed in the form of m'. However, m* may
also be the case for type II channels, if a large hyperpolar-
ization was applied prior to the test pulse. This possibility
could not be examined because the prepulse to potentials
more negative than —30 mV caused a contamination of
type I currents.

It should be noted that the slopes of curves in Fig. 3, C
and D are constant, except for the initial phase, regardless
of the value of x chosen. This indicates that in the equation,
exp (—t/7m) = 1 — [i()/i'())]'% the linearity in the
semi-logarithmic plot is critical in determining x, whereas
x is not a crucial factor in determining 7,,,.

Time Constant of Activation. The time constant
of activation, 7,, was measured for type I and type II
currents according to the equation, exp (—t/7,) = 1 —
[i(£)/i'(£)]'/*, where x = 2 for type I, and x = 1 for type IL.
The results are shown in Fig. 5 (solid squares for type I,
open squares for type II). The value for 7, of type I
channels reached a maximum at —45 mV, which was close
to the critical activation level of —50 mV for type I
channels. For type II channels, r,, showed a similar peak,
but a much more positive potential (+5 mV) than its
critical activation level of —20 mV.
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The time constants of activation for potentials more
negative than the critical activation level were obtained
from the tail current upon repolarization. For type I
channels, the maximal transient inward current was
induced at —20 mV, and repolarizing pulses to various
potentials were applied when the inward current was at the
peak (Fig. 4 A). For type II channels, the maximal current
was induced at +20 mV after the type I component had
been inactivated with a holding potential —30 mV. Repo-
larizing pulses to various potentials were applied 50 ms
after the onset of the pulse to +20 mV (Fig. 4 B). The tail
current decayed with a single exponential time course in
either type I or type II channels (Fig. 4, C and D). The
values of 7,, measured on the tail currents are shown in Fig.
S (lower half, solid triangles for type 1, open triangles for
type II).

The results indicated that the potential dependence of
the time constant of activation of type II channels mea-
sured in the deactivation process was shifted approxi-
mately 60 mV in the positive direction from that of type I
channels. When compared for the activation process, the
shift was reduced to ~30 mV at the most positive potentials
measured. The data could be interpreted as indicating that
the deactivation rate of type II channels was significantly
higher than that of type I channels, whereas the activation
rate was similar to each other, if the 30 mV shift in the
steady-state kinetics was taken into account.

Rate Constants of Activation. To determine the
forward (or activation) and the backward (or deactivation)
rate constants, a first-order kinetic model was applied as a
first approximation of the activation process of calcium
channels. The following relations were used to calculate
these rate constants: k; = m_/7,, and ky = (1 — m_)/7,,
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FIGURE 4 Time courses of deacti-
vation of the two types of calcium
channels. (A4) Tail currents asso-

ciated with step repolarizations to
various potential levels from a depo-
larizing pulse to —20 mV which was
terminated at the peak of transient
current. Holding potential, —80
mYV. (B) Tail currents associated
with step repolarizations to various
levels following a 50-ms depolarizing
pulse to +20 mV which generated
Il long-lasting current. Holding poten-
tial, —30 mV. Leakage currents
have been subtracted. Amplitudes of
the tail currents shown in 4 and B
are plotted against the time on a
semi-logarithmic scale of C and D,
respectively. Time-independent dc
component observed in B has been
PO subtracted in D. Solid straight lines
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where k; and k, are the forward and backward rate
constants, respectively. The rate constants thus obtained
are shown in Fig. 6, in which the data are plotted against
the membrane potential on a semi-logarithmic scale.

The forward rate constants of type I and type II
channels both increased in parallel as the membrane was
depolarized (slope: 10 mV /e-fold change in the rate con-
stant). The potential dependence of type II channels was
shifted ~30 mV in the positive direction from that of type I
channels. This 30 mV shift in the forward rate constant
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FIGURE 5 Time constants of activation and inactivation of the two types
of calcium channels as a function of the membrane potential. Bottom,
time constants of activation for the current activation (squares and +)
and deactivation (triangles). Filled symbols and + are for type I. Open
symbols are for type II. Top, time constants of inactivation of type I
channels for the current decay (W,+) and for the recovery from inactiva-
tion (x). Solid curves are drawn by eye. Room temperature. Cells:
number 19 (W,4), number 28 (0,4,+), number 31 (x).
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Time (ms) ture. Cells: number 27 for type I,
number 28 for type II.

was the same in magnitude as the shifts observed in the
steady-state activation and inactivation processes. The
backward rate constants of type I and type II channels are
shown in Fig. 6 B. They both increased in parallel as the
membrane was hyperpolarized (slope: 34 mV/e-fold
change in the rate constant). The potential-dependent
backward rate constant of type II channels was shifted ~60
mV in the positive direction from that of type I channels.
This shift was consistent with the shift in the time constant
of the deactivation process (Fig. 5). The data indicated
that the backward rate constant of type II channels was 2.4
times larger than that of type I channels if compared at
potentials 30 mV more positive for type II channels.

Time Course of Inactivation. The presence of
the fast inactivation characterizes type I channels. How-
ever, a very slow inactivation occurs in both type I and type
II channels (see Fig. 3, A and B, in Narahashi et al., 1987).
We have measured the time constant of the fast inactiva-
tion (7;) of type I channels to compare it with 7,. For
potentials more positive than the critical activation level of
—50 mV, 7, was measured directly on the current traces,
assuming that the slow component was constant. For
potentials more negative than —50 mV, 7, was measured
on the recovery from inactivation during a repolarization,
using the conventional double pulse protocol. The results
are shown in Fig. 5 (upper portion). The value for 7,
showed a peak at —55 mV, and was one order of magni-
tude greater than 7,, for potentials more negative than —40
mV. This suggested that the deactivation process of type I
channels, observed at these potentials, was not affected by
a recovery from the inactivation that might have developed
during a test pulse.

We did not examine the slow component of inactivation
of type I channels, or the slow inactivation of type II
channels. It remains to be seen whether the time constants
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FIGURE 6 Forward (4) and backward (B) rate constants for activation
as a function of the membrane potential. Filled symbols and + are for
type I. Open symbols are for type II. The same data and symbols as those
in Fig. 5. Steady-state activation levels used in calculating the rate
constants were obtained from Fig. 2 4.

of the slow inactivation of the two channel types show a
potential shift of 30 mV as has been seen in other gating
kinetics.

II. Permeation Properties

Calcium channels are mainly permeable to the divalent
cations Ca®*, Sr**, and Ba?*. Other divalent cations are
not only impermeant, but also often show blocking effects
on the passage of permeant cations. The sequence of
permeability among Ca?*, Sr**, and Ba2*, as well as the
sequence of blocking effects of other divalent cations,
differ significantly among calcium channels examined in
different tissues (see Hagiwara and Byerly, 1981). In the
neuroblastoma cell, it was shown that type II calcium

il 50 Ba o 50 Ca 11

channels were preferentially blocked by a low concentra-
tion of Cd** (Narahashi et al., 1987).

Ion Selectivity among Ca’*, Sr**, and Ba**
Ions. Fig. 7 shows Ba?*, Ca?*, and Sr** currents through
type I calcium channels (upper traces) and those through
type II channels (lower traces) as recorded from a single
cell. Ca®* and Sr** currents were obtained by replacing
Ba** (50 mM) in the external solution with equimolar
Ca?* and Sr?*, respectively. Transient Ba?*, Ca’*, and
Sr?* currents were obtained at —20 mV, and their time
courses and amplitudes are compared in Fig. 7, upper
traces. The Ca?* and Sr** currents showed activation-
inactivation time courses similar to those of the Ba?*
current. The amplitudes of the Ba?* and Sr** currents
were almost identical, whereas that of the Ca?* current
was smaller. This suggested that the selectivity of type I
calcium channels was in the sequence of Ba?* = Sr** >
Ca?*. Fig. 8 A4 shows their I-V relationships for the peak
amplitude of the inward current. From the I-V relations,
the maximum amplitude of the inward current was mea-
sured for each ion to determine the relative permeability.
The permeability thus determined was as follows: P,/
Ps,/ P, = 1.0:1.0:0.7 (type I channels).

Ba?*, Ca?*, and Sr?* also caused long-lasting inward
currents (Fig. 7, lower traces). However, the potential at
which a maximal inward current was induced was dif-
ferent among the divalent cations; +20 mV for Ca?* and
+10 mV for Ba®* and Sr**. Therefore, to compare the
current amplitudes, Ba?* and Sr** currents were obtained
at +10 mV, and Ca?* current was obtained at +20 mV. A
conditioning depolarization was not applied to inactivate
the type I component, because this component was
expected to be fully inactivated at the end of the 160-ms
test pulse as has been shown previously (Narahashi et al.,
1987). Therefore, the current amplitude at 160 ms repre-
sents the amplitude of the type II current. As can be seen in
Fig. 7 (lower traces), the Sr** current was smaller than the
Ba?* current, and the Ca* current was much smaller than
any of them. This suggested that the selectivity of type II
channels was in the sequence of Ba?* > Sr?* » Ca?*. Fig.
8 B shows their I-V relationships as measured at 160 ms
after beginning of the pulse. The relative permeability was
obtained from the maximum amplitude for each ion. The
permeability ratio for type II calcium channels thus deter-
mined was: Py, /Pg,/Pc, = 1.0:0.7:0.3.

50 Sr

-20 -20

FIGURE 7 Comparison of the two components
of Ba?* current with those of Ca?* and Sr**
currents in calcium channels. All current traces
were obtained from a single cell. Leakage cur-

-20

'0.4 nA

50 ms
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rents have been subtracted. Holding potential,
—80 mV. 50 mM Ba?* in the external solution
+t0 was replaced with Ca?*, then Sr?*, and back to
Ba?*. Current traces in recovery (not shown)
were practically identical to the control records.
Room temperature. Cell, number 13.
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FIGURE 8 Current-voltage relations for Ca?*, Sr**, and Ba?* currents
through type I (A4) and type II (B) calcium channels. The current
amplitudes were measured at the peak of the transient current (A) or at
the end of a 160-ms voltage pulse (B). In addition to the linear leakage
subtractoin, an outward current component determined after blocking the
calcium channels with 1 mM La** was also subtracted. The vertical bars
in B indicate the potentials at which inward currents attain their
half-maximal amplitudes. The same cell as that in Fig. 7.

Ion Selectivity Corrected for Surface Charge
Effect. The I-V relationship for the Ca?* current
through type II calcium channels is located 10-12 mV
more positive than that of the Ba’* current (Fig. 8 B,
arrow). In the I-V relationships for type I channels,
however, no obvious potential shift was observed
(Fig. 8 4). Such a shift in the I-V relationship in the
positive direction along the voltage axis has been attributed
to a positive shift in the surface potential due to neutraliza-
tion of negative surface charges by Ca2* (Frankenhaeuser
and Hodgkin, 1957; Gilbert and Ehrenstein, 1969). The
data suggested that there were surface charges around
type II channels, but not around type I channels.
According to Ohmori and Yoshii (1977), negative sur-
face charges can attract permeant cations and increase
their concentration at the surface according to the Boltz-
mann distribution as a function of the surface potential. If
certain cations such as Ca?* capable of binding to the
negative charges are present, the negative surface potential
will be decreased through neutralization of the charges (or
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shift to the positive potential). Therefore, the permeant
cations attracted to the surface and available for calcium
channels will be decreased, thus leading to a decrease in
the inward current carried by the permeant cations. Based
on their theory, the ratio of Ca?* permeability to Ba?*
permeability determined by the maximum current ampli-
tude can be corrected for the surface concentrations of
these cations by the relation:

P&,/P3, = (c/Is) exp (AV,2F/RT),

where P%, and P§, are corrected permeabilities for Ca?*
and Ba?*, respectively; I, and I, are Ca?* and Ba?*
currents, respectively, at a given transmembrane potential
corrected for the surface potential; AV, represents a shift in
the surface potential; and F/RT has the usual thermody-
namic meanings. For calcium channels, the ratio between
two maximum inward currents of different divalent
cations, X and Y, gives a good approximation of Py/Py,
and a voltage shift in the I-V relations, as measured at a
half-maximal amplitude of current, gives a value of AV,
(Ohmori and Yoshii, 1977). Therefore, by applying values
of Ie,/Ig, = Pcy/ Py, = 0.3, and AV, = 10-12 mV to the
equation, the corrected permeability ratio was calculated
as P& /Pg, = 0.66-0.77 (at 22°C). This corrected perme-
ability ratio for type II channels is consistent with the
uncorrected permeability ratio for type I channels, i.e.,
P, /Py, =0.7.

The low permeability ratio, Pg, = Py, = 0.7, of type II
channels as compared with the ratio of type I channels
(Ps,/ Py, = 1.0) might also be due to a binding effect of
Sr?* to the surface charges near type II channels. To
explain this reduction, only +4.5 mV shift in the surface
potential is necessary. However, it was difficult to deter-
mine from the I-V curves of type II channels whether a 5
mV positive shift occurred from Ba?* to Sr’*. The results
suggested that the ion permeation mechanisms between
two types of calcium channels were similar to each other,
despite the differences in apparent permeability ratios
among divalent cations.

DISCUSSION

The present study has shown that two types of calcium
channels in neuroblastoma cells have many properties in
common with respect to their gating and ion permeation
mechanisms despite their apparent differences in the mem-
brane potential dependence and ion selectivity. Apart from
the absence of fast inactivation, the major factors that
differentiate type II channels from type I were relative in
nature, such as a positive shift in the potential dependence
and a higher density of surface charges. In addition, the
turn-off kinetics of the activation of type II channels were
2.4 times faster than those of type I channels.

Steady-state Activation and Inactivation

Both steady-state activation and inactivation curves for
type II calcium channels were shifted ~30 mV in the
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positive direction from those of type I channels. To our
knowledge, this is the first report which indicates that two
coexisting types of calcium channels have the identical
steady-state gating characteristics with only the membrane
potential dependence shifted. There are two possible expla-
nations for such a potential shift: a different voltage sensor
of the gating machinery or a different effective membrane
potential. Since the sensitivities of the gatings to the
potential, represented by the slopes of the steady-state
activation and inactivation curves, were identical in both
types of calcium channels, it was assumed that the voltage
sensor of each gating is the same. Therefore, the effective
electric field seen by the voltage sensor of the gating
machinery would be different between the two types. It
was further assumed that the surface negative charges,
which have been suggested to be present near type Il
calcium channels but not type I channels (Bean, 1985),
are, at least in part, responsible for creating the difference
in the effective transmembrane potential.

Two types of calcium channels identified in other prepa-
rations such as pituitary tumor cells (Armstrong and
Matteson, 1985) and sensory neurons (Fedulova et al.,
1985) also show a similar difference in the critical activa-
tion levels, but with a smaller shift of 20 mV as against 30
mV for neuroblastoma cells. This might be related to the
difference in the concentration of divalent cations in
salines: 50 mM Ba?* in our case and 10-15 mM Ca?* in
others. Saline solution with 50 mM Ba?* may be more
effective than that with 10-15 mM Ca?* in causing a
positive voltage shift in the current-voltage relation for
type II channels. Such a larger difference in voltage
dependence of gating between type I and type II calcium
channels was helpful in separating the type II current from
the type I component as described previously (Narahashi
et al., 1987).

Activation Kinetics

By analogy with sodium and potassium channels, the
Hodgkin-Huxley kinetic parameters (Hodgkin and Hux-
ley, 1952) have been used for calcium channels to describe
the time course of activation and inactivation (Okamoto et
al.,, 1976; Kostyuk et al., 1977; Akaike et al., 1978). We
have also used this formalism for type I calcium channels
to isolate the activation process from the contamination of
the fast inactivation and for both types of channels to
compare the activation kinetics. The time courses of the
activation of type I and II currents are best described in the
form of m? and m', respectively, in which m refers to a
dimensionless parameter for activation which varies with
membrane potential and time. However, in calculating the
forward and backward rate constants of activation which
can be derived form the time constant of m(r,,) and the
steady-state value of m(m,), we used the apparent steady-
state activation levels as shown in Fig. 2 4 as a measure of
m_, without correction for the power of m. Therefore, the
rate constants obtained represent the apparent values such

YosHII ET AL. Gating and Permeation of Calcium Channel

as those described in a two-state model for channel opening
and closing. The reasons for this simplification are as
follows.

(a) Recent single channel studies of calcium channels
have shown that the Hodgkin-Huxley model does not
describe the channel events. Rather a sequential model
with multiple closed states and an open state predicts the
events better (Fenwick et al., 1982; Reuter et al., 1982;
Hagiwara and Ohmori, 1983; Brown et al., 1984). (b) A
conditioning depolarization may alter the time course of
the current from the one described by m? to that predicted
by m' (Byerly et al., 1984). This indicates that the
correction of m according to the power of m is meaningless.
Therefore, (¢) apparent rate constants would be more
appropriate to represent unknown rate limiting steps of the
activation gate and to compare them between the two
channel types.

The forward rate constants for activation of type I and
type II calcium channels were both voltage-dependent, but
the curves relating the rate constant to membrane potential
are separated by 30 mV between the two types. The curves
relating the backward rate constant, which represents the
turn-off process upon repolarization, to membrane poten-
tial were also voltage-dependent but separated by as much
as 60 mV between the two types. Based on the assumption
that the effective transmembrane potential for the type II
channel gating is 30 mV more positive than that for the
type 1, it was concluded that the turn-off of the type II
current was 2.4 times faster than that of the type I current.
If compared at the same membrane potential in the
absolute scale, the difference is magnified to about 7 times.
This predicts that a tail current of mixed current compo-
nents comprises a very fast and slow component. In
pituitary cells, Armstrong and Matteson (1985) have
observed such fast and slow components of tail currents
through two different types of calcium channels which
correspond to the type II and type I channels, respec-
tively.

The sequential model for the single channel behavior of
calcium channels also predicts fast and slow turn-off
processes. Fast and slow Ca?* tail currents in snail neurons
have been analyzed based on this prediction (Byerly et al.,
1984). However, it was not clear whether these two
components originated from a single type of calcium
channels or from two different types of calcium channels
(see also Brown et al., 1981). It remains to be seen whether
the tail current of each channel type in neuroblastoma cells
comprises two components as predicted. With a limited
time resolution in the present study (0.5-1.0 ms at best), a
fast component may have been missed.

Inactivation Kinetics

A variety of mechanisms of calcium channel inactivation
has been found: A voltage-dependent fast inactivation, a
Ca?*-mediated inactivation, and a very slow inactivation
(see Hagiwara and Byerly, 1981; Tsien, 1983; Eckert and
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Chad, 1984). In the present study, Ba?* currents through
type I channels were inactivated promptly but those
through type II channels were inactivated very slowly. The
inactivation of type I calcium channels changed with
membrane potential. This could be due to membrane
current rather than membrane potential, but the possibility
can be excluded for the following reasons.

(a) The time constant of the current decay (7,)
decreased with depolarization in the membrane potentials
ranging from —60 to +30 mV, whereas the peak inward
current reached its maximum amplitude at —20 mV and
decreased with either depolarization or hyperpolarization
(Figs. S and 8 A). (b) Sr** and Ba?* currents decayed at
the same rate as Ca* current (Fig. 7, upper traces). In
Ca?*-mediated inactivation, Ca>* current decays more
rapidly than Ba2* current (see Eckert and Chad, 1984). (c)
More than 50% steady-state inactivation was observed at
—50 mV which was the critical activation potential for
type I channels (Fig. 2). All of these observations are not
consistent with the current-dependent inactivation.

Calcium channels showing a fast voltage-dependent
inactivation have been identified mainly in various egg
cells including mouse eggs (see Hagiwara and Jaffe, 1979;
Hagiwara and Byerly, 1981). In most mammalian neu-
rons, the major population of calcium channels seems to be
type II (see Tsien, 1983). Neuroblastoma cells are excep-
tional where type I channels are the major component of
calcium channels (Moolenaar and Spector, 1978; Fishman
and Spector, 1981; Quandt and Narahashi, 1984). Type I
channels have also been found in non-neuronal cells such as
myeloma cells and B lymphocytes (Fukushima and Hagi-
wara, 1983, 1985).

Ion Selectivity and Surface Charge Effect

Based on the amplitude of the inward current, relative
permeabilities to three divalent cations were estimated to
be Ba?*/Sr** /Ca?* = 1.0:1.0:0.7 for type I calcium chan-
nels and 1.0:0.7:0.3, for type II channels. Thus type II
channels are selective to these three divalent cations of
which Ba?* is most permeant, whereas type I channels are
less selective.

These estimates of relative permeabilities were based on
the assumption that the probability of channel openings
was the same among these permeant cations. The effective
transmembrane potential which could be changed by the
surface potential was corrected by comparison of the
maximum amplitudes of the inward currents as had been
done in the other preparations (Ohmori and Yoshii, 1977).
Further correction was made for the surface concentration
of the permeant cations as a function of the surface
potential, which had been shown to affect the conductance
in the biological membranes (Ohmori and Yoshii, 1977) as
well as in artificial membranes (McLaughlin et al., 1970).
With these corrections it was concluded that type II
channels were as less selective as type I channels, and that
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the surface negative charges around type II channels made
Ba?* an effective charge carrier through the channels.

Origin of the Two Types
of Calcium Channels

A development study on membrane excitability in ascidian
embryos has shown that calcium channels appearing at
early stages of development are type I, whereas those
developed at later stages are type II (Hirano and Takaha-
shi, 1984). In the present study, we have found that the two
types of calcium channels have many properties in com-
mon, suggesting that the origins of the two channel types
are the same. This supports the idea that the type II
calcium channels are derived from the type I calcium
channels.
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