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Summary. Characteristics of currents carried by Mn2* and
other divalent cations were studied in the isolated identified
neuron in the circumesophageal ganglia of Helix aspersa using
a suction pipette technique which allows internal perfusion of
the cell body and voltage clamp. Increases in [Mn®*], induced
not only saturation of the peak of I, but also shifts the -V
relationships along the voltage axis to the more positive poten-
tials. Internal perfusion with F~, which blocks Ca channels,
depressed I,,. Diltiazem, an organic Ca blocker, inhibited I,
over the entire range of the I-V relation without shifting the
threshold and peak voltage of the -V relation. Co?™, Ni?7,
Cd** and La3" also suppressed I;,. Relative maximum peak
currents of the divalent cations were Iy, =Ig, > I, > Iy, =1,.
Time constants for activation (z,,) and inactivation (z,) of these
cations were voltage dependent, and both time constants were
greater in the sequence of Iy, =1, >l =I,>I. over the
whole voltage range.
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Introduction

The transition metal divalent cations (Mn?2*,
Co?*, Fe**, Zn** and Ni**) reduce the Ca?*
inward current (/) in barnacle muscle (Hagiwara
& Takahashi, 1967 a) and molluscan neurons (Ge-
duldig & Gruener, 1970; Kostyuk, Krishtal &
Shakhovalov, 1977; Akaike, Lee & Brown, 1978;
Akaike et al., 1978; Adams & Gage, 1979; Akaike
et al., 1981) by competing with Ca?* for a com-
mon receptor site of the Ca channel in a concentra-
tion-dependent manner. In the absence of Ca?™
in the external medium, however, several divalent
cations, such as Mn?*, Zn**, Cd%?* and Ba’",
have been shown to carry small amounts of current
across the plasma cell membrane (Yamagishi,
1973; Kawa, 1979; Akaike, Nishi & Oyama, 1981;
Oyama et al., 1982). Among these divalent cations,
currents carried by Mn?* have been studied in var-
ious tissues and organs. Marine worm epithelial
cells (Anderson, 1979) and larval beetle muscle
(Fukuda & Kawa, 1977) immersed in Ca?*-free

solutions containing various concentrations of
Mn?" have action potentials whose overshoot and
maximum rate of rise increase with increased exter-
nal Mn** concentrations. A voltage-dependent in-
flux of Mn?* through the ‘Ca channels’ has been
also reported in guinea pig cardiac muscle (Ochi,
1970; 1976), mouse oocytes (Okamoto, Takahashi
& Yamashita, 1977), starfish eggs (Hagiwara &
Miyazaki, 1977) and frog skeletal muscle (Palade
& Almers, 1978). At this moment, however, the
voltage dependence, kinetics and pharmacological
characteristics of the Mn?" inward current (J,,,)
are not well understood since the study on I, suf-
fers from complications arising from the difficulty
in separating pure I, from other ionic currents.
However, this difficulty has been overcome re-
cently by application of a suction pipette technique
which combines internal perfusion of the cell body
with voltage clamp. This technique has been suc-
cessfully utilized to analyze Ca?* currents in Helix
neurons (Akaike, 1980; Lee, Akaike & Brown,
1980). The aim of the present experiments is to
characterize 7, with respect to the electrical and
pharmacological properties in the identified single
nerve cell body of Helix neurons, utilizing the suc-
tion pipette technique, and to obtain further infor-
mation about properties of Ca channels in the He-
lix neuron by comparing I, with currents carried
by other divalent cations.

A preliminary account of some of these results
has been presented to the Hawaii Meeting about
Gated Calcium Transport (Akaike, Nishi &
Oyama, 1981).

Materials and Methods

All experiments were performed on the largest identifiable neu-
ron of about 150 pm in diameter (F-1 cell, Kerkut et al., 1975)
isolated from the subesophageal ganglia of Helix aspersa. The
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Table 1. Ionic composition of standard Mn?* Ringer’s solution
(mm)

External Internal
Tris-Cl 35 Cs-aspartate 135
CsCl 5 TEA-OH 10
MnCl, 25 EGTA 0.1
TEA-C] 50
glucose 5.5
4-AP 5

pH7.2t07.3 pH 7.4

Changes of [Mn?"], were made by replacing the Mn?* with
Mg?*, Tris* andjor TEA™* according to the experimental con-
ditions. I, Ip,, Is, and I, were obtained by the equimolar
substitution of Ca?*, Ba?', Sr?* and Zn?"* for Mn?". The
external test solution containing Zn** was adjusted to pH 6.8.
The pH of all external solutions were adjusted with 5 mm Hepes

ganglion was removed and the connective tissue was stripped
off with fine forceps. A part of the soma membrane was aspir-
ated into a suction pipette having tip interior diameter of 20
to 22 pm and then the neuron pulled free of neighboring cells
and its axon. A suction pipette method was used for voltage-
clamp and internal perfusion (Akaike, 1980; Lee et al., 1980).
An additional glass microelectrode, filled with 3 M CsCl and
having a resistance of about 1.5 to 1.8 MQ was used to record
membrane potential which was summed with the command
step during voltage clamping. The leakage current is defined
as a remaining current after blocking J, by Co®" and has
linear and nonlinear components. The linear residual currents
along with the linear portion of the capacitative current tran-
sient were subtracted by adding the current responses to equal
and opposite voltage steps. Nonlinear leakage current (Zys) was
evaluated separately. The command poteatials rose with a time
constant of 20 to 35 usec. The capacitative current transient
relaxed with a single time constant of 250 to 300 psec. The
membrane capacitance, C,,, was estimated from the time con-
stant of the monoexponential hyperpolarizing or depolarizing
potential change produced by an inward or outward step of
current. The estimated C,, of F-1 cell was about 3to 4x 10~ F.

The Ca?™* current (J.,) was segregated by suppressing Na ™
and K.* currents (I, and I, respectively). Iy, was suppressed
by substitution of Tris* for Na™ in external solution. [ was
suppressed by substituting Cs* for K™ in both external and
internal solutions and adding TEA* to both the solutions (Ak-
aike, Lee & Brown, 1978). 4-aminopyridine (4-AP) was added
to the external solution to block a transient K* current (Z,)
(Connor & Stevens, 1971; Thompson, 1977). In experiments
for analyzing currents carried by Ba?*, $r**, Mn** and Zn*~,
the Ca?" in the test solutions was replaced with an equimolar
concentration of the divalent ion under study. Compositions
of the test solutions are given in the Table. The test solutions
for I, Iy, I, and I, were adjusted at pH 7.2 to 7.3, and
the solution for I, at pH 6.8.

Tonic currents were monitored on a storage oscilloscope
(Tektronix 5113), and simultaneously recorded with a photo-
sensitive paper recorder system (Medelec, MS6) and stored on
a digital tape recorder (Kennedy 9700C). The linear compo-
nents of the transient capacitative and leakage currents asso-
ciated with the ionic currents were subtracted during the experi-
ments by adding the current response to equal but opposite
voltage steps using a signal averager (Nihon Kohden, ATAC-
150).
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The organic Ca2* blocker, diltiazem, was dissolved in test
solution just before use. Unless otherwise stated, test solutions
were made up from refrigerated stock solutions.

All experiments were done at room temperatures of 20 to
23° C.

Results

Mn?*-DEPENDENT ACTION POTENITALS

After the neuron was separated from its axon in
the normal solution, the preparation was exposed
to Na®- and K "-free external and internal solu-
tions for 10 to 15 min, after which complete block-
age of Nat and K™ currents (I, and I, respec-
tively) occurred. Thereafter, Ca** in the external
medium was replaced with equimolar Mn?*. With-
in a few minutes after exposure to the Mn?* solu-
tion, the soma membrane hyperpolarized slightly
and all-or-none action potentials lasting for more
than 10 to 20 sec could be evoked by a stimulus
voltage beyond the threshold level (Fig. 14). In-
creases in the external Mn?* concentration
(IMn**])) did not alter significantly the resting
membrane potential, but the Mn?*-dependent ac-
tion potentials required higher stimulus currents
than Ca?* action potentials. The amplitude and
maximum rate of rise of the action potentials de-
pended on [Mn?*] within the range of 5 and
50 mM, and the overshoot increased by 23 to
27 mV with a tenfold increase in [Mn?*],. These
results suggest that the inward current responsible
for the action potentials is due to an increase in
the Mn?* permeability. The Mn?*-dependent ac-
tion potentials were not depressed by 3x107° M
tetrodotoxin, which was enough to block Na chan-
nels in Helix neurons (Lee, Akaike & Brown,
1977), but were markedly inhibited by organic and
inorganic Ca®* antagonists such as diltiazem,
Co?™, Ni**, Zn?**, Cd** and La*" at concentra-
tions appropriate to block I, in Helix neurons
(Akaike et al., 1981).

CURRENT-VOLTAGE CHARACTERISTICS OF Iy,

A slowly rising Mn?* inward current (l,) ap-
peared at potentials 25 to 30 mV more positive
than the holding potential (V) of —50mV at an
external Mn2?" concentration of 25 mwm, rose
smoothly, and reached its peak within 5 to 20 msec
depending on amplitude of the depolarizing volt-
age steps. The current reached its peak more rapid-
ly at larger depolarizing voltages, and the maxi-
mum peak current occurred at a membrane poten-
tial level of +25 to +30 mV (Fig. 1B & (). On
applying more positive voltage steps beyond this
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level, the inward peak current became smaller, flat-
tened and finally reversed at potential levels
beyond +80 to +90 mV (Fig. 1 (). The outward
current appearing at high voltages has been re-
ferred to as nonspecific outward current (Iyg) (Ak-
aike, Lee & Brown, 1978; Akaike, Nishi & Oyama,
1981; Brown etal.,, 1981; Byerly & Hagiwara,
1982; Oyama et al., 1982). According to Brown
et al. (1981), Co?" has little effect on I although
is completely suppresses I, of Helix neuron.
Therefore, Co?* substitution for Mn?* extracellu-
larly may also be the most specific and/or suitable
method for ionic blockage of I, in the present
experiment. After substitution of Co?* for Mn?*,
the Is began at voltages around +20 to +25 mV
and became larger at more positive potentials. The
activation process of the voltage-dependent I was
also time-dependent as shown in Fig. 6 B. Hence,
I, recorded at high voltages was contaminated
with the /5. The expected real current-voltage (/-
V) relationship for I, could be obtained after cor-
rection for Iy The I-V relationship for I, thus
obtained is illustrated in Fig. 1 C, in which no out-
ward current of I, was observed even at high volt-
ages. Almost zero current in the I, I-V relation-
ship was observed at about + 140 mV. However,
it should be pointed out that the subtraction shown
in Fig. 1 C might not be taken very seriously since
the surface potential in 25 mm Co?”* probably is
not the same as in 25 mM Mn?".

EFFECTS OF CHANGING [Mn?*] ON [,

The effects of increasing or decreasing [Mn?*],
at various [Mg?"], were examined. Increases in
[Mn?*], with [Mg?*],=0 produced a larger peak
Ly, shifted both maximum peak and threshold
voltages of the I~V relationship in the positive di-
rection, and the null potential became more posi-
tive with increases in [Mn?*],. In contrast, de-
creases in [Mn?*], induced smaller I,;, and shifted
the I~V curves to negative potentials (Fig. 24).
The maximum peak values of I, at various
[Mn2*], showed a hyperbolic relationship with
[Mn?~*], (Fig. 2 B).

Saturation of I., with increasing [Ca”*], has
been reported in barnacle muscle (Hagiwara &
Takahashi, 1967 b), tunicate eggs (Okamoto, Taka-
hashi & Yoshii, 1976) snail neurons (Akaike, Lee
& Brown, 1978) and Paramecium tetraurelia (Sa-
tow & Kung, 1979). However, there is the possibili-
ty that the intrinsic relationship between I, and
[Ca®7], could be complicated with the stabilizing
action of Ca®* on the cell membrane, such as re-
ported by Frankenhaeuser and Hodgkin (1957).
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Fig. 1. Mn?" action potential and inward currents. 4. An all-or
none action potential in Na*-, K*-, Mg?*- and Ca?*-free ex-
ternal solution containing 10 mmM Mn?* after complete block-
age of Na* and K* channels. Note the prolonged plateau phase
of the action potential. B. Inward currents obtained in Na™*-,
K*-, Mg®*- and Ca?"-free external solution containing 25 mm
Mn>**. The numbers at the left-hand side are the command
voltage steps (mV) applied from the holding potential (V)
of —50 mV. Sample records of I,;, were obtained after subtrac-
tion of leakage and linear capacitive currents. C. Peak curves
for the Iy, (o) and the nonspecific outward current (Zys) (®).
After subtraction of Iyg for I, the real I, I-V curve (o,
broken line) was obtained. A reversal current of ;. was not
observed after the subtraction. The inward currents became
closer to zero at voltage steps higher than +120 mV
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To avoid this complication, Hagiwara and Taka-
hashi (19675) studied the dependence of the I,
in barnacle muscle on [Ca?™*], in solutions contain-
ing 100 mM Mg?*, in which both the threshold
and maximum rate of rise of action potentials re-
mained constant at different [Ca®*],. Therefore,
in the present experiments, the dependence of Iy,
on [Mn?*], was examined according to the experi-
mental protocol for the I, in the barnacle muscle
in the presence of high Mg”” in the external medi-
um as described above. Increasing the external
Mg2* concentrations from 0 to 40 mM reduced fy,,.
However, the shift of I-V relation for I, was still
observed, though the potential shift was reduced
in the presence of 40 mm [Mg?*], (Fig. 2 B).

EFFECTS OF ORGANIC AND INORGANIC
Ca?* ANTAGONISTS ON Iy,

An organic Ca?* antagonist, diltiazem, inhibited

I, of snail neurons in a dose-dependent manner
(Akaike et al.,, 1981). In the present experiments,
diltiazem slightly reduced Iy, at a concentration
of 5% 107 ° M within 10 min, and further increases
of drug concentration produced dose-dependent
inhibition of I,;,. The -V relations for I, before
and after external application of diltiazem
(5 x 1072 ™) for 10 min are shown in Fig. 34. The
Figure also shows the inhibitory effect of diltiazem
applied internally at the same concentration for
10 min, though the inhibitory effect became almost
equal to that of external application after 20 min
internal perfusion. In addition, the internal diltia-
zem effect appeared within 3 min after the begin-
ning of internal perfusion and the inhibition was
reversible. When applied either externally or inter-
nally diltiazem depressed I, without shifting the
peak voltage of I, in the I-V relationship.

La3*, Ni2*, Cd**, Mn2* and Co?* block I,
of Helix neurons in a dose-dependent manner (Ak-
aike et al., 1981). Therefore, effects of these cations
on I, were studied. A typical example of the ef-
fects of Co** on I, I-V relationship is shown
in Fig. 3B. At 10 mm, Co*"* supressed I, and
shifted the I~V relationship slightly to more posi-
tive voltages. Similarly, 1 mM Ni**, Cd** and
La3* exerted inhibitory effects on I, evoked in
the presence of 25 mM Mn?*, but these inhibitory
actions were more potent than that of 10 mm Co?*
in inhibiting I,

INTERNAL PERFUSION OF F~

Since it has been reported that internal application
of F~ stabilized the cell membrane and blocks Ca
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Fig. 2. I, at various [Mn**],. 4. I, I-V relationship plotted
as a function of [Mn>*],. Each I-V curve was plotted 5 min
after changing the external perfusate. Note the marked shifts
of the current thresholds and peak voltages in the /-V relation-
ships with increasing [Mn®*},. Vy=—60mV. B. Effects of
changing [Mn?*], upon the maximum peak current in the I-¥
curves at each test solution with (o) and without (e) 40 mm
Mg?*. Vy=—-60mV. I, increased in a hyperbolic manner
as [Mn?"], was increased
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Fig. 3. Effects of diltiazem and Co** on I, -V curves. 4.
(o) control for the external application (@) of §x 1073 um diltia-
zem on Iy, evoked in solution containing 25 mM Mn>"; (a)
control for the internal application (a) of 5x 1077 M diltiazem
after complete washing out of the externally applied diltiazem.
B. (o) control; (e) external application of 10 mm Co?*; (a)
recovery. A and B were obtained from different experiments

channels in the Helix neuron {Kostyuk, Krishtal
& Pidoplichko, 1975; Oyama et al., 1982) and un-
fertilized tunicate eggs (Takahashi & Yoshii, 1978),
the effects of internal application of F~ on Iy,
were also examined. Cs-aspartate in the internal
solution was replaced with equimolar CsF. After
switching to a CsF test solution, both I, and I,
were depressed gradually and abolished completely
within 15 min (Fig. 4). The inhibitory action was
irreversible. The results described so far provide
evidence that the voltage-dependent Ca channel in
the Helix neuron is permeable to Mn?*.
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Fig. 4. A. Effect of internal perfusion of F~ on I, evoked
in external solution containing 10 mm Ca?*. CsF was internally
perfused. B. Effect of the internal application of F~ on I,
obtained in test solution containing 25 mM Mn?*. 4 and B
are obtained from different preparations. Numbers indicate the
time after beginning of the internal perfusion. Note the change
in current calibration in records, 4 and B
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Fig. 5. I-V relationships of various divalent cations. I, (o),
L, (e), I (o), Iy, (m) and I,, (a) were recorded in Na™-,
K™- and Mg?*-free test solutions containing 25 mM of each
divalent cation. Data were obtained from the same neuron.
Note the shift of threshold and peak voltages in the I~V rela-
tionships among these different cations

CURRENTS CARRIED
BY OTHER DIVALENT CATIONS

In the absence of Ca?*, Kt and Na™' in the exter-
nal and internal solutions, currents carried by
Ba®*, Sr** or Zn** were compared with I, in
the neuron. The preparations were exposed to test
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solutions containing each cation for 10 min, and
then depolarizing voltage steps were applied so as
to obtain -V relationships for each ionic current.
The I-V relations for each ionic current, thus ob-
tained, were shifted along the voltage axis with
respect to one another (Fig. 5). The sequence of
potency was estimated from the amount of the
voltage shift of the peak in each I~} relation and
was Mn?* =Zn%?*>Cd** >Ba’?* =Sr**. When
the maximum peak inward currents carried by
these cations were compared with the peak I,
the average ratios of Iy,, I, Iy, and I, to I,
were 1.8, 1.7, 0.2 and 0.17, respectively, at an exter-
nal ionic concentration of 25 mm for each ion. Ac-
tivation and inactivation processes of each ionic
current took different time courses, which will be
described later. In addition, I, and Iy, were re-
duced by about 15% by a one-half unit drop from
pH 7.3 to 6.8 (unpublished observation).

ANALYSIS OF ACTIVATION AND INACTIVATION
OF Iy,

The peak voltage in the I,,, I-V relationship shifted
to more positive potentials in the absence than in
the presence of Mg?™. This voltage shift, presum-
ably due to effects of Mn?™* on surface charge of
the soma membrane, cannot be negligible for ana-
lyzing the true activation and inactivation pro-
cesses of currents carried by Mn?* and other diva-
lent ions, since the voltage shift would produce
and equivalent shift in the relationship between
the activation and inactivation time constants and
membrane potential. Therefore, all experiments
analyzing activation and inactivation of currents
carried by these divalent cations were done in cells
immersed in test solutions containing 40 mM
Mg?*. Furthermore, as noted earlier in the text,
the analyses of activation and inactivation kinetics
were performed after the correction of recorded
inward currents for Iy, which is illustrated in
Fig. 6.

The onset of 1,, appeared with almost no delay
and the successive rising phase showed no inflec-
tion. The time course of the activation of I,;, was
fitted by a single exponential function having a
time constant refered to as z,, using a Hodgkin-
Huxley equation (1952). The 7, for I, declined
with increases in the membrane potential, and the
peak t,, was about 20 msec at the membrane level
of —10 mV. Values for 7,, and membrane potential
for Mn?*, Zn?*, Sr>*, Ba?" and Ca?", obtained
from a single same neuron, are shown in Fig. 8 4.
When compared with the t,, for I, the values
for both I, and I,, were larger over the entire
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Fig. 6. The time courses of I, Iy,, Iy,
#~ and I, currents. 4. I, and Iy,
generated by a pulse (800 msec
duration) to +20 mV in Na*-, K-
and Mg?*-free test solution containing
10 mm Ca?* and Ba?*, respectively.
The current records were obtained

after subtraction of leakage and
capacitative currents. Iyg was obtained
after substitution of Co** for Ca?”*
and Ba?". B. I, and I, elicited by

Co Co
................ —- - voltage steps to +30 mV. Traces of
dotted lines in both I, and I, show
80 nA 1ona the real currents after the correction
A B for I. Note the different current
200 msec 200msec calibration in records in 4 and B
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Fig. 7. Semilogarithmic plots of the time course of inactivation
of Ip,, Iga Iy, and I I, and I, were elicited by voltage
step to 420 mV while I, and I, to +30 mV. Leakage current,
capacitative current and I were subtracted. Data were ob-
tained from records such as those in Fig. 6. Note a decay with
a single component for I, and I, and two components for
I, and Iy,

range of the membrane potential, and the t,, for
L, was more voitage-dependent than that for I,
even at high voltages. On the other hand, ,, values
for Iy, and I;;, plotted against the membrane poten-
tial took different courses from those of I, ; at
low voltages 7, was relatively high, but beyond
the membrane level of 0 to +10 mV, the values
were almost the same as those of I,. The peak
1, for I, was about 5 to 10 mV more positive
than that for Iy, and I, but less positive than
those for I,, and I,,. Similar results were obtained
using plots of the voltage dependence of the half-
time of the rising phase of the inward currents.

It has been shown that inactivation of [, and
I, is a biphasic process with fast and slow time
constants, 7,; and 7,,, respectively (Magura, 1977;
Kostyuk, 1980; Akaike, Nishi & Oyama, 1981;
Brown et al., 1981). As shown in Fig. 7, I,, Iy,

and I, evoked by an 800 msec test pulse also inac-
tivated slowly with a time course fitted by two
exponential functions. However, the inactivation
process of I, and I, occurred slowly at a rate
which was fitted by a single exponential function,
even for a depolarizing command pulse lasting for
more than 2sec. The 7, declined steeply at the
membrane level between —10 and + 10 mV. Thus,
the inactivation processes of I, and I, show volt-
age-dependency more than those of I, and I,.
Furthermore, the 7, for I, was larger than t,,
for I, and I, over the entire range of the mem-
brane potential (Fig. § B).

The Hodgkin-Huxley steady-state inactivation
parameter (1952), hoo, for I, was measured as
the ratio of test pulse current in the presence of
a prepulse to-test pulse current in the absence of
the prepulse, and compared with soo for I, and
I;,. Results are shown in Fig. 9 B, where the dura-
tion of the prepulse was fixed to 3 sec and various
voltage steps of the prepulse were applied. When
prepulse potentials became positive, the peak am-
plitude of the test I, was reduced, and reached
the lowest value, about 50% of the control, at the
membrane level of +30 mV. However, further in-
crease in the amplitude of the prepulse did not
produce a decrease in the peak test I,. On the
other hand, the test I, was almost completely inac-
tivated at about +30 mV and then started to in-
crease at high positive potentials. The test Iy, also
decreased with increases in prepulse potentials to
about 20% of the control at +30 mV and then
increased at +50 mV. For considerable inactiva-
tion of the test Iy,, long prepulses of 5 to 10 sec
were required.

The hoo—V relationships for I, were examined
at different durations of the prepulse. The values

" of hoo for I, decreased with the prolongation of

the prepulse, but a marked inactivation of the test
I, was not observed even with a prepulse duration
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Fig. 8. Time constants for activation
(z,) and inactivation (z,) of divalent
inward currents as a function of
membrane potential. Data were
obtained from the same cell in 10 mm
Ca?t, Ba?", Sr?%, Mn?" and Zn?*
test solutions containing 40 mm
Mg?*. V= —50mV. 4. 1, values of
Ie,, In,, I, Iy, and I . B. 7, values
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of 10 sec (Fig. 94). The t, values together with
the hoo—V relationships for Ca?*, Ba?", Sr27,
Mn?* and Zn?* currents suggest that the order
of inactivation of these currents is I, > Iy, = I, >
IMn:IZn'

Discussion

The present experiments have demonstrated that
the soma membrane of Helix neuron can generate
all-or-none action potentials in a solution in which
the only permeable cation is Mn?* in the absence
of Na*, K* and Ca?" in the external and internal
solutions, and that under voltage clamp conditions
the inward currents induced by depolarizing volt-
age steps from the holding potential (V) of
—50 mV are dependent on [Mn?*],. The results
indicate that the current is a ‘Mn2* current’
through ‘Ca channels.” The evidence to support

0

50 100

MEMBRANE POTENTIAL (mV)

this conclusion is: (1) The threshold voltage to ini-
tiate [, is about —20 mV, which is close to the
critical voltage level of eliciting I, and less nega-
tive than the level to induce I, through ‘Na chan-
nels’ in the egg cell membrane (Okamoto et al.,
1976). (2) There was no reversal of I, after correc-
tion of the recorded currents for I and thus, the
I-V relationships for I, are similar to those for
I, (Akaike, Lee & Brown, 1978; Nishi et al.,
1983). (3) Increases in [Mn®*], augmented I, hy-
perbolically, as already found in the relationship
between [Ca®*], and I, (Akaike, Lee & Brown,
1978). (4) 1y, was blocked by organic or inorganic
Ca®* antagonists at concentrations appropriate to
block I,,. (5) I, was blocked by the internal perfu-
sion of F~ and reduced by increasing [Ca?*]..
Increases in concentration of divalent ions such
as Ca®*, Ba’" and Sr?* are known to produce
shifts in a positive direction in the critical mem-
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brane potential for the regenerative responses and
also in the I-V relationships (Hagiwara & Taka-
hashi, 19675; Blaustein & Goldman, 1968; Oka-
moto et al., 1976; Akaike, Lee & Brown, 1978;
Satow & Kung, 1979). In Helix neurons an in-
crease in [Mn?*], also produced the shift in the
I-V relations along the voltage axis. This could
be due to the stabilizing action of Mn?* as ob-
served for other divalent cations in the excitable
cell membrane. It has been reported that the sur-
face charge of the cell membrane plays an impor-
tant role in determining ionic selectivity and satu-
ration characteristics of the Ca channel of tunicate
eggs (Ohmori & Yoshii, 1977) and mammalian oo-
cytes (Okamoto et al., 1977). If this is the case also
in the Helix neuron, effects of Mn?* on the surface
charge of the Helix soma membrane cannot be
neglected while analyzing I, characteristics.
Therefore, we tried to minimize the stabilizing ef-
fects of Mn?* on the membrane by adding Mg?*,
which would be expected to neutralize the surface
charge, since the stabilizing action of Ca®" on the
barnacle muscle fiber membrane is abolished by
Mg?* at a concentration of 100 mM in the external
medium (Hagiwara & Takahashi, 19675). How-
ever, even in the presence of high concentrations
of Mg?™* (40 to 60 mM), the voltage shifts produced
by increasing [Mg?*], were still observed, even
though the shifts were less than in the absence of
Mg?*. Higher concentrations of Mg?”* than those
employed in the present experiments would be re-
quired to induce complete neutralization of the
surface charge. However, in the Helix soma mem-
brane Mg?™* at concentrations as high as 100 mm
in the external solution produced a progressive re-
duction of I, as well as irreversible changes in
membrane activity. Because of the limitation of
osmotic pressure of the external solution for Helix
neurons, a further increase of Mg? " in the external
medium would inevitable result in alterations of
physical properties of the membrane. Thus, it is
impossible to examine the true permeation of
Mn?2* and other divalent cations under conditions
of complete elimination of surface charge effects
of respective cations by simply adding Mg>™* into
the external medium.

Inactivation of I, depends on both voltage and
[Ca?*], accumulation resulting from Ca’* influx
through voltage-activated Ca channels, and occurs
at two rates, fast and slow with time constants
of 7,, and t,, (Magura, 1977; Akaike, Nishi &
Oyama, 1981; Brown et al., 1981). The present ex-
periments have shown that the inactivation process
of I, and Iy, also show two time constants corre-
sponding to 7,, and t,, for I,, but they are not
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so distinct as observed for I.,. However, I, and
I, are inactivated slowly with time constants fitted
by a single exponential function. There are at least
two possible explanations for the single inactiva-
tion time constants of I, and I,,. In a slower
activation process the inflection point for fast and
slow time courses may become obscure and hence,
a current may only appear to be inactivated with
a single time constant. In fact, at low voltage steps
(—20 to —10 mV) where activation of the /., was
slow, t,, for I, became larger and the inflection
point for differentiating the time course of inacti-
vation of the I, is not clear. Alternatively, the
inactivation process of currents carried through Ca
channels may consist of only a single component
with a slow time constant, as observed for I, or
I,,. Support for this explanation comes from our
recent preliminary studies on I, in which we have
observed that 7, for I, becomes larger with pro-
longed internal perfusion of the cell with a solution
containing EGTA and caffeine and 7z,; becomes
closer to 7,,. It is in this connection that further
characterization of I, inactivation is now under
way.

Thus, the present experiments not only pro-
vided direct evidence that Mn?* as well as other
divalent cations pass through Ca channels in the
Helix soma membrane, but also further insight
into the general characteristics of the Ca channel.

We wish to thank Drs. C. Edwards, D. Carpenter and S.K.
Sikdar for their helpful advice on the manuscript. This work
was supported partially by a grant from Tanabe Pharmaceutical
Company, Japan.
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