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SUMMARY

1. Calcitonin secretion is regulated by the external Ca2+ concentration ([Ca2+]0) via
a rise in intracellular Ca2+ concentration ([Ca2+]i). The mechanism which couples an
increase in [Ca2+]0 to an increase in [Ca2+]i was explored in a rat calcitonin-secreting
cell line (rMTC 44-2). [Ca2+]i was monitored using Fura-2 AM, and the membrane
potential or current was simultaneously measured.

2. Using the conventional whole-cell clamp, tetrodotoxin-sensitive voltage-gated
Na+ channels, T- and L-type Ca2+ channels, and three types of K+ channels, the
delayed K+ channel, the A-channel and the inward-rectifying channel were observed.

3. Using the nystatin-perforated whole-cell-clamp technique, the resting potential
measured under current clamp in standard extracellular medium was - 59-0 + 5'0 mV
(mean + S.D., n = 25), and the input resistance was 3-9 + 1-9 GQ (n = 10). In 0 5 mm
[Ca2+]0 most cells (22/25) showed spontaneous action potentials.

4. An increase in [Ca2+]0 depolarized the cell membrane and elevated [Ca2+]i even
in the presence of 10 /SM-tetrodotoxin. The rise in [Ca2+]i was greatly reduced when
action potentials were inhibited by applying hyperpolarizing current. The increase in
[Ca2+]i saturated with 3-4 mm [Ca2+]0. In 3 mm [Ca2+]0, [Ca2+]i was 188-9 + 40-5%
(n = 12) of that in 0 5 mM [Ca2+]0.

5. In high [Ca2+]0 the duration of action potentials was prolonged, but the action
potential frequency did not always increase. In some cases it even decreased in high
[Ca2+]0.

6. Two types of action potential were observed in high [Ca2+]0, one with a shorter
duration and the other with a longer duration. [Ca2+]i transiently increased in
association with the long-duration action potentials. These long-duration action
potentials were also accompanied by a larger after-hyperpolarization.

7. Under voltage clamp, high [Ca2+]0 caused a membrane conductance increase to
Na+ ions.

8. Even when the membrane potential was clamped at a level below the threshold
for Ca2+ channel activation, high [Ca2+]0 provoked an increase of [Ca2+]i which was
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composed of an initial transient increase followed by a sustained increase, indicating
an involvement of mechanisms other than Ca2+ influx through voltage-gated
channels. The sustained increase was more frequently observed than the initial
transient increase. The amplitude of the sustained phase was dependent on [Ca2+].,
and in 5 mM [Ca2+]0 it was 120-9 + 18-9% (103-194 %) (n = 58) of that in
0 5 mM [Ca2+]0.

9. Under voltage clamp, a brief application (500 ms) of high [Ca2+]. caused an
initial transient increase which reached the maximum 10-15 s after high [Ca2+].
application, indicating that Ca2+ ions mobilized from the internal store are involved
in the initial transient increase.

10. Sr21 substituted for Ca2+ in increasing the membrane conductance and [Ca2+]i
under voltage clamp, whereas Mg2+ and Co2+ did not. Nitrendipine (1 /tM) and Bay
K 8644 (1 /M) had little effect on membrane conductance and on [Ca2+]i under
voltage clamp.

11. In rat GH3 cells, high [Ca2+]. neither depolarized the cell membrane nor
changed [Ca2+]i.

12. Three modes of [Ca2+]i increase are discussed. One mode is an influx through
voltage-gated Ca2+ channels. The second one, which manifested as the initial
transient increase of [Ca2+]i under voltage clamp, may be ascribed to a mobilization
from the internal Ca2+ store. The third one, which constituted the sustained increase,
is undetermined.

INTRODUCTION

Secretion of peptide hormones is regulated by various agonists and antagonists via
their specific cell membrane receptors. The regulation of calcitonin secretion is
unique because the extracellular Ca2+ concentration ([Ca2+]0) within a physiological
range is the major agonist. It has been reported that in the rat medullary thyroid
carcinoma C-cell line, rMTC cells, secretion of calcitonin and neurotensin is enhanced
by increasing [Ca21]. (Gagel, Zeytinoglu, Voelkel & Tashjian, 1980; Zeytinoglu,
Gagel, Tashjian, Hammer & Leeman, 1983), and that the intracellular Ca2+
concentration ([Ca2+]i) measured by Quin-2 increases in response to a rise in [Ca2+].
(Hishikawa, Fukase, Takenaka & Fujita, 1985; Fried & Tashjian, 1986; Haller-
Brem, Muff, Petermann, Born, Roos & Fischer, 1987). Parathyroid hormone and
renin secretion are also regulated by [Ca2+]. although the secretion of parathyroid
hormone and renin is inhibited by high [Ca2+]0. In parathyroid cells (Nemeth &
Scarpa, 1987; Schoback, Mambreno & Mcghee, 1988) and in juxtaglomerular cells
(Kurtz & Penner, 1989) it has been reported that high [Ca2+]. increases [Ca2+]i in the
absence of other stimuli, similar to rMTC cells.
rMTC cells exhibit action potentials which depend on Na+ and Ca2+ ions (Sand,

Ozawa & Gautvik, 1981). Ca21 influx through voltage-gated channels during action
potentials has been implicated in hormone release in various excitable endocrine cells
(Ozawa & Sand, 1986). In calcitonin-secreting cells, voltage-gated Ca2+ channels
have been implicated in hormone secretion because increasing external K+
concentration, or applying Ca2+ channel agonists, stimulates hormone secretion
(Gagel et al. 1980; Hishikawa et al. 1985; Cooper, Borosky, Farrell & Steinsland,
1986; Muff, Nemeth, Haller-Brem & Fisher, 1988). However, it has not been clarified
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how [Ca2+]i increases in high [Ca2"]. and direct evidence for the involvement of
voltage-gated Ca2+ channels in increasing [Ca21]i is still lacking. Ozawa & Sand (1986)
have pointed out that the inward driving force for Ca2+ is only slightly affected by
the modest change of [Ca21]. within the physiological range, and that it seems
difficult to ascribe the increase of [Ca2+]i in high [Ca2+]0 simply to enhanced driving
force for Ca2+. In parathyroid cells alteration of [Ca2+]o causes membrane potential
changes (Bruce & Anderson, 1979; Sand, Ozawa & Hove, 1981; Lopez-Barneo &
Armstrong, 1983; Morrissey & Klahr, 1983). It is possible, therefore, that in
calcitonin-secreting cells the Ca2+ action potential activity may be modulated by
high [Ca2+]o through a membrane electrical phenomena.

In the conventional whole-cell-clamp configuration the leakage current pro-
gressively increased during recordings and the wash-out of various internal molecules
essential for hormone secretion may be a serious problem. In this paper, therefore,
we applied the perforated whole-cell-clamp technique (Horn & Marty, 1988) to rMTC
44-2 cells for recording the membrane potential or current, in conjunction with the
measurement of [Ca2+]i using Fura-2 AM. A preliminary report of this work has
already been published as an abstract (Yamashita & Hagiwara, 1990).

METHODS

Cell culture. rMTC 44-2 cells were kindly provided by Dr A. H. Tashjian Jr (Harvard Medical
School, USA). Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 15%
horse serum and subcultured every 12-14 days. At the time of subculturing some cells were plated
on polylysine-coated glass cover-slips and used for experiments after 4-7 days. The diameter of the
cell was 10-15 lum.

Electrophysiological studies. The whole-cell variation of the patch electrode voltage-clamp
technique (Hamill, Marty, Neher, Sakmann & Sigworth, 1981) and the perforated whole-cell-clamp
technique (Horn & Marty, 1988) were used. The former method was used for analysing voltage-
gated channel currents and the latter for recording the changes of the membrane potential and
current in response to an increase of [Ca2+]O. The standard patch electrode solution contained (in
mM): 95 potassium aspartate, 47.5 KCl, 1 MgCl2, 0 1 EGTA (tetramethylammonium (TMA) salt),
10 HEPES (TMA salt, pH 7 2). This solution was mainly used for the perforated whole-cell clamp.
For blocking the outward current, K+ ions were replaced with Cs' ions. In the case of the whole-
cell clamp the EGTA concentration in the patch electrode solution was increased to more than
5 mM by isosmotically replacing aspartate because the leakage current increased soon after
formation of the whole-cell configuration with the low EGTA internal solution. Changes in the
composition of the intemal solution are noted in Results or figure legends. The standard extra-
cellular medium was composed of (in mM): 128 NaCl, 5 KCl, 1 MgCl2, 0 5 CaCl2, 10 HEPES (Na
salt, pH 7 4). In high-Ca2+ media, Ca2+ concentration was increased by isosmotic replacement
of Na+ ions. The media containing high concentrations of divalent cations other than Ca2+, such as
5 mM-Sr2+ or 5 mM-Mg2+, were made in a similar manner. In high-K+ medium the concentration of
K+ ions was increased by isosmotic replacement of Na+ ions. In Na+-free medium all Na+ ions were
replaced with TMA ions. The extracellular medium was continuously perfused during recording
using a peristaltic pump and high [Ca2+]0 was applied by changing the perfused medium. In some
cases high [Ca2+]0 was administered through a glass capillary with a tip diameter of about 5 ,m by
applying positive pressure for 500 ms (puff method). The liquid junction potential between the
standard extracellular solution and other solutions used (internal and external) was directly
measured using a 3 M-KCl electrode as a reference. The value of liquid junctional potential (-8 to
2 mV) was corrected in each experiment. A List EPC-7 amplifier was used for recording the
membrane current and potential. Application of voltage or current pulses, data acquisition, and
analysis were done with an AST premium/286 computer using the Axolab 1100 interface and
pCLAMP program (Axon Instruments, CA). All experiments were performed at room temperature
(22-25 °C).
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Glass capillaries of 15 mm diameter with a filament (World Precision Instruments, Inc. CT,
USA) were used to fabricate electrodes for both the whole-cell clamp and the perforated whole-cell
clamp. They were thickly coated with Sylgard and fire-polished before use. The patch electrode
resistance used in these studies was in the range of 5-8 MQ. Methods for the conventional whole-
cell clamp were essentially the same as described by Hamill et al. (1981). The amplitude of
membrane current recorded under conventional whole-cell clamp was less than 350 pA and series
resistance compensation (70-90%) was used, so that the error of the clamped potential was small
and was ignored during analyses. The records obtained using the conventional whole-cell-clamp
technique were corrected for the leakage current using the slope of the current from -90 to
-60 mV.
Perforated whole-cell clamp. Nystatin was purchased from Sigma (St Louis, MO, USA) and a fresh

stock solution was made in dimethylsulphoxide (50 mg/ml) daily. Shortly before recording, the
stock solution was diluted with the patch electrode solution (final nystatin concentration,
200 jug/ml). This solution was kept for 1-2 h. Because it was difficult to form a gigaseal if the
nystatin solution was filled to the tip of the electrode, the following procedure was taken. First the
tip of an electrode was dipped in the internal solution without nystatin for 10-20 s. Then, keeping
the tip of the electrode in the solution, the pipette was backfilled with the nystatin-containing
internal solution. Immediately after filling, the electrode was mounted on the manipulator and was
brought in contact with the cell surface as soon as possible. Then negative pressure of less than
5 cmH20 was applied to the inside of the electrode. Within 1-2 min the seal resistance increased
to as much as several tens of gigaohms. After formation of a gigaseal the negative pressure was
released. The capacitance of the electrode was compensated after formation of the gigaseal. The
series resistance was calculated under voltage clamp by dividing the applied hyperpolarizing
voltage (10 mV) from the holding potential (-55 to -58 mV) by the amplitude of the initial
capacitive surge. Within a few minutes after formation of the gigaseal the series resistance began
to decrease, and fell below 100 MQ2 after 5-15 min. Current-clamp recordings were then started.
Voltage-clamp recordings were made after the series resistance fell below 50 MQ. Series resistance
compensation was not used in the case of perforated whole-cell clamp because the series resistance
was checked during recording with the above method and because the series resistance changed
during recording. Unless otherwise noted, the amplitude of the membrane current recorded with
the perforated whole-cell clamp did not exceed 50 pA, which did not cause a serious error in the
clamped potential. However, in some cases in which greater amplitudes of membrane current
were recorded, such as shown Fig. 8, the membrane potential was corrected by the formula,
Vc= V-Rs x I, where VJ is the corrected membrane potential, V, clamped potential, Rs, series
resistance, and I, membrane current.
Measurement of [Ca2J]i. Cells were loaded with Fura-2 by incubating with 2 ,uM-Fura-2 AM in

Hanks' balanced salt solution containing 0-1% bovine serum albumin for about 1 h at room
temperature. Then the cells were washed three times with standard extracellular medium. Fura-
2 was excited alternately by light at 340 and 380 nm using a rotating filter wheel (frequency,
20-30 Hz). Fluorescent light was collected from a pin-hole area of 15 ,um diameter in the centre of
the field of view where a single cell was placed. The fluorescence intensity was measured through
a 500 nm filter with a photomultiplier. The signal at 340 nm was divided by that at 380 nm and
the ratio was used for determining [Ca2+]i. [Ca21]i shown in the figures was filtered with a bandwidth
of 1 Hz (rise time from 10 to 90% = 300 ms) in order to reduce the noise. The data were not
corrected for autofluorescence which was less than 5 % of the Fura-2 signal. The value of 340/380
signal ratio varied considerably among experiments and it has been known that it is difficult to
determine the absolute value of [Ca2+]i using Fura-2 AM (Jacob, Murphy & Lieberman, 1987;
Lewis, Goodman, John & Barker, 1988). Therefore relative changes in [Ca2+]i are expressed as
percentage of the basal level which was [Ca2+]i level in 0 5 mM-Ca2+ medium in each cell. This value
does not mean the change in the absolute value of [Ca2+]i because the ratio of Fura-2 signals was
not proportional to [Ca2+]i. The time-dependent loss of Fura-2 signal of the cells under perforated
whole-cell clamp was not greater than that of the control. It appears, therefore, that the Fura-2
molecule did not diffuse into the recording electrode through pores formed by nystatin.
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RESULTS

Voltage-gated channel currents in rMTC 44-2 cells
In order to interpret results with the perforated whole-cell-clamp technique we

first examined voltage-gated channel currents with the conventional whole-cell-
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Fig. 1. Na+ channel current. A, Na+ current recorded in the 1/10 Na+ (13-3 mM), 1 mM-
Co2` medium containing no Ca2+. The patch electrode solution contained 10 mM-Na+,
102-5 mM-Cs+ and 20 mM-EGTA. The holding potential was -68 mV. Current records at
the depolarizing potentials to -58, -38, -18, 2 and 22 mV are shown. Leakage current
was subtracted. B, I-V relation of the record in A. C, membrane current recorded in the
medium containing 5 /LM-TX. Holding and test potentials were the same as those in A.
Current amplitude (vertical) and time scale (horizontal) bar are equal to 100 pA and 5 ms,
respectively.

clamp method. Na+ and Ca2+ components in the action potential have previously
been reported in rMTC cells with the glass microelectrode technique (Sand et al.
1981).

Na+ current
The isolation of Na+ current was achieved by blocking Ca2+ current with external

Co2` ions and by eliminating outward K+ currents with internal Cs+ ions in the
standard medium. The peak amplitude of the maximum Na+ current was more than
1 nA and gave rise to a serious error of the clamped potential. To avoid this problem
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recording of Na+ current was performed in 1/10 Na+ (13-3 mM) medium. Figure 1A
shows the Na+ current recorded in 1/10 Na+, 1 mM-Co' medium. The patch electrode
solution contained 10 mM-Na+, 102-5 mM-Cs+ and 20 mM-EGTA. The holding
potential was -68 mV. When the membrane was depolarized, the inward current
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Fig. 2. Ca2+ channel current. A, Ba2+ current through Ca2+ channels recorded in 3 mM-Ba2+
medium containing 5 #am-TTX. The patch electrode solution contained 112-5 mM-Cs+ and
20 mM-EGTA. The holding potential was -85 mV. Current records at -75, -65, -55,
-45, -35 and -25 mV are shown. Current amplitude and time scale bar are equal to
40 pA and 100 ms, respectively. The continuous line in the record indicates the zero
current level. Leakage current was subtracted. B, I-V relations of Ba2+ current shown in
A. V, the peak amplitude of the Ba2+ current; *, the amplitude of the Ba2+ current at
the end of the pulse. C, comparison of I-V relations at the peak of the Ba2+ current
obtained from a cell in 1 mm (@) and 5 mm (A) Ba2+ media containing 5 /tM-TTX. The
holding potential was -85 mV. The composition of the internal solution was the same as
in A. D, changes of Ba2+ current by application of 200 ms pre-pulse from the holding
potential of -85 mV to the fixed potential of -35 mV. The inset indicates the protocol.
The pre-pulse potentials were -95, -70, -65 and -55 mV. The composition of the
internal solution was the same as in Fig. 2A. Current amplitude and time scale bar are
equal to 20 pA and 50 ms, respectively. The continuous line in the figure indicates the zero
current level. Leakage current was subtracted. E, steady-state inactivation curve of T
(@) and L (A) types of Ca2+ channels obtained from the record in D. Current amplitude
was normalized by dividing by the maximum current. Continuous line was drawn
according to the formula, h = 1/[1 + exp {(V- 1)/Kh}], where V is the pre-pulse potential
and VK is the potential at which the inactivation parameter h becomes 0-5 (-67 mV). The
slope parameter Kh was set to 4 0.

first appeared at a potential step to -48 mV. The peak amplitude of the inward
current increased with greater depolarizing potential steps, and both the activation
and inactivation processes became faster. The current-voltage (I-V) relation of the
membrane current is shown in Fig. 1B. The reversal potential was 7 0 mV, which is
near the equilibrium potential of Na+ ions (7-2 mV). The inward current was
completely inhibited either by removing extracellular Na+ ions or by adding 5 fLM-
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tetrodotoxin (TTX) to the Na+-containing medium (Fig. 1C). These properties are
characteristic of the voltage-gated Na+ channel.

Ca2+ currents
To isolate Ca21 currents the Na+ current was blocked with 5 ,tM-TTX and outward

K+ currents were again eliminated with internal Cs+. Figure 2A shows the Ca2+
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Fig. 3. Outward K+ currents. A, outward current recorded in Na+-free, 1 mM-Co2+
medium. The patch electrode solution contained 112-5 mM-K+ and 20 mM-EGTA. The
holding potential was -85 mV. Current records were obtained at the test potentials of
-75, -35, -25, -15 and -5 mV. Current amplitude and time scale bar are equal to
50 pA and 20 ms, respectively. B, I-V relations of the membrane currents in A. *, the
peak amplitude of the fast-inactivating current; A, the amplitude of the outward current
at the end of the depolarizing pulse. C, changes of the outward current with 100 ms pre-
pulse from the holding potential of -55 mV to the fixed potential of -5 mV. Pre-pulse
potentials were -105, -55, -45, -35 and -25 mV. Current amplitude and time scale
bar are equal to 30 pA and 10 ms, respectively. D, steady-state inactivation of outward
current. *, the amplitude of fast-inactivating outward current (A-current); A, the
amplitude of the outward current at the end of the depolarizing pulse (delayed K+
current). The continuous line in the figure was drawn according to the same formula as
used in Fig. 3B. V1 was -50 mV and K. was set to 8X5.

2

channel current obtained in 3 mM-Ba2+ medium. The pipette contained 112-5 mM-Cs+
and 20 mM-EGTA. The holding potential was -85 mV. Clearly there were a fast-
inactivating inward current and a steady inward current, the latter being prominent
at potentials less negative than -45 mV. The I-V relations at the peak of inward
current (V) and at the end of the voltage steps (*) are shown in Fig. 2B. Figure 2C
compares I-V relations at the peak of Ba2+ current recorded in 1 mM-Ba2+ (@) and
5 mm-Ba2+ (A) media both containing 5 ,Sm-TTX. The peak of the maximum inward
current in 5 mM-Ba2+ medium was about by 3 times that in 1 mM-Ba2+ medium.
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Figure 2D shows representative records of the Ba2+ current obtained in 3 mM-Ba2+
medium when a 200 ms pre-pulse of various amplitudes was applied from the holding
potential of -85 mV (see protocol in the inset). The fixed potential level of the test
pulse was -35 mV. The peak amplitude of the fast-inactivating current was
determined by subtracting the steady inward current evoked following a -50 mV
pre-pulse from the current evoked following the pre-pulses of various amplitudes.
The normalized residual current was plotted against the pre-pulse potential and is
shown in Fig. 2E (-), as is the amplitude of the normalized steady current measured
at the end of the test pulse (A). The peak amplitude of fast-inactivating current was
reduced as pre-pulse amplitude increased, whereas the steady current was not. From
these findings it was concluded that the fast-inactivating Ba2+ current was carried by
a transient (T)-type Ca2+ channel and the steady Ba2+ current was via a long-lasting
(L)-type Ca2+ channel. The threshold for the steady inward current was about 20 mV
more positive than that of the fast-inactivating current (Fig. 2A). Both inward
currents were completely inhibited when 5 mM-Co2+ was added to the external
medium (data now shown). In Ca2+-containing medium similar T- and L-type Ca2+
currents were observed.

Outward K+ currents
Figure 3A shows the outward currents recorded in a Na+-free solution with 1 mm-

Co2+. The holding potential was -85 mV. The patch electrode contained 1 12-5 mM-
K+ and 20 mM-EGTA. The outward current consisted of a fast-inactivating
component and a steady component. The I-V relations at the peak of the fast-
inactivating current (@) and at the end of the depolarizing pulse (A) are shown in
Fig. 3B. Figure 3C shows the changes of the outward current when 100 ms pre-pulses
were applied from a holding potential of -55 mV. The test pulse was to -5 mV. The
amplitude of the fast-inactivating current was determined by subtracting the test
outward current evoked following the pre-pulse to -15 mV from the current evoked
following the pre-pulses of various amplitudes. The residual current is plotted
against pre-pulse potential in Fig. 3D (-), where the amplitude of the outward
current at the end of pulse is also plotted (A). The fast-inactivating outward current
was progressively inhibited by increasing the pre-pulse amplitude, whereas the
steady outward current was much less affected. Both outward currents were
suppressed when the internal solution contained Cs+ instead of K+. These results
suggest that the fast-inactivating outward current is an A-type K+ current
(Hagiwara, 1983), while the steady outward current is a delayed-type K+ current.

Inward-rectifying K+ current
Figure 4A shows the inward-rectifying current obtained in the standard and in

20 mM-K+ media. Membrane currents were recorded by hyperpolarizing the
membrane potential from the holding potential of -45 mV. The patch electrode
contained standard internal solution. I-V relations of the inward-rectifying current
are shown in Fig. 4B. In 20 mM-K+ medium the membrane current amplitude
increased and the threshold potential for inward current was shifted to a more
positive voltage, indicating that the inward-rectifying current is carried by K+ ions
in a similar manner to the anomalous rectifying current reported in other cells
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(Hagiwara, 1983). In addition to these voltage-gated K+ channel currents, rMTC
44-2 cells manifest the Ca2l-activated K+ current as described later.

Effect of high [Ca2+]0
Membrane depolarization and a rise in [Ca2+]i caused by high [Ca2+]0

In the conventional whole-cell-clamp method the leakage current progressively
increased following establishment of the whole-cell clamp probably as a result of

A

5 mM-K+
- -1

20 mM-K+

L

B
mV

-150 -100

@ 20 mM-K+
A5 mM-K+

0

pA

-150

Fig. 4. Inward-rectifying current. A, membrane currents recorded in the standard (5 mM-
K+) and 20 mM-K+ medium. The holding potential was -37 mV. Membrane currents at
every 10 mV step from - 147 to -87 mV are shown in 5 mM-K+ medium and those from
- 127 to -57 mV are shown in 20 mM-K+ medium. These records were obtained with the
perforated whole-cell-clamp technique. The patch electrode contained the standard
internal solution. Current amplitude and time scale bar are equal to 20 pA and 200 ms,
respectively. B, I-V relation of membrane currents shown in A. The series resistance was
30 MQ and the clamped potential in 20 mM-K+ medium was corrected by the formula
described in Methods.

dialysis of intracellular substrates. To avoid such problems the following data were
obtained using the perforated whole-cell-clamp technique.
With this method the resting potential recorded under current-clamp was

- 59-0 + 5-0 mV (mean +s.D., n = 25) in standard medium. The input resistance
measured by applying a hyperpolarizing current pulse (5-10 pA) was 3-9+ 1-9 GM
(n = 10). Figure 5 shows two representative records of the membrane potential
response to a rise in [Ca2+]o (upper panels) and also shows [Ca2+]i which was measured
simultaneously (lower panels). In Fig. 5A the resting potential was about -59 mV
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in 05 mM-Ca2+ medium and spontaneous action potentials were observed. The
majority of cells (22/25) showed spontaneous action potentials in 0 5 mM-Ca2+
medium. The application of 3 mM-Ca2+ depolarized the cell by about 10 mV and
caused a significant rise in [Ca21]i. When the external medium was changed from

A B

05 Cat 3Ca 05 Ca 05Ca| 2 Ca 3Ca

I

I'.
V _ L =40

[ca2+i#rM 11 1~~~~~~~~~~200
[Ca2Ii

[100

1 min

Fig. 5. Membrane depolarization and a concurrent rise of [Ca2+]i in high [Ca2"].. Upper
panels indicate the membrane potential and lower panels indicate [Ca2+],. One hundred
per cent [Ca2+]i means the basal level of [Ca2+]1 in 0 5 mM-Ca2+ medium. The membrane
potential changes were recorded under current clamp with the perforated whole-cell-
clamp technique. The concentration of external Ca2+ is shown in the figure. The patch
electrode contained the standard internal solution. Arrows in B show action potentials
with a prolonged after-hyperpolarization in 2 mM-Ca2` medium which was associated with
a transient rise in [Ca2+]i. DC in B indicates the period during which hyperpolarizing
current (4 pA) was applied and action potentials were inhibited.

3 mm [Ca2+]0 to 0-5 mm [Ca2+]0, the membrane potential returned close to the original
level, as did [Ca2+]i. Although in this record action potential frequency rose when
[Ca2+]0 was increased, it was generally observed that the frequency of action
potentials was not correlated to [Ca2+]0, both increases and decreases of action
potential frequency occurring in response to elevation of [Ca2+]0. In the experiment
shown in Fig. 5B increasing [Ca2+]0 from 0-5 to 2 mm depolarized the membrane and
increased [Ca2+]i although the membrane depolarization was smaller than that
shown in Fig. 5A. Two after-hyperpolarizations were observed accompanied by a
sharp rise in [Ca2+]i (see arrows). Upon elevation of [Ca21]0 to 3 mm most action
potentials were followed by large after-hyperpolarizations each accompanied by a
sharp rise in [Ca21]i. In this condition, application of a small hyperpolarizing current
inhibited spontaneous action potentials and greatly reduced the [Ca2+]i increase (see
the period marked by DC in the figure). This indicates that Ca2+ influx through
voltage-gated Ca2+ channels during action potentials is important for increasing
[Ca2+]i in high [Ca2+]0 even though the frequency of action potentials does not
correlate with [Ca2+]0.
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Figure 6A compares the characteristics of the individual action potential (upper
panel) and the changes in [Ca2+]i (lower panel) in 0 5 and 2 mM-Ca2+ media taken
from the record of Fig. 5B on an expanded time scale. There were two types of action
potential in 2 mM-Ca2+ medium, that is, one with a shorter duration (middle) and the

A
0.5 mM-Ca2+ 2 mM-Ca2+ 2 mM-Ca2+

Action
potential

[Ca2+1]

05 Cal 1 Ca 2 Ca [ 3Ca 5Ca

V =40

200

[Ca2+11 " - 100

1 min
Fig. 6. A, comparison of action potential and [Ca2+]1 between 0-5 mM-Ca2+ and 2 mM-Ca2+
media. Action potentials (upper panel) and [Ca2+]i (lower panel) were taken from the
record of Fig. 5B. The potential and time scale bar in the upper panel are equal to 20 mV
and 400 ms, respectively and the vertical scale bar in the lower panel indicates the change
of [Ca2+]i equal to 20% of the basal level. Time scale in the lower panel is the same as that
in the upper panel. B, changes ofmembrane potential and [Ca2+]i in various concentrations
of [Ca2+]0 recorded under current clamp with the perforated whole-cell-clamp technique.
The patch electrode contained the standard internal solution. The upper panel indicates
the membrane potential and lower panel, [Ca2+]1. The dashed line in the lower panel
indicates the basal level of [Ca2+]i.

other with a longer duration (right). Only the latter was followed by a prominent
after-hyperpolarization. Although not clear in Fig. 6A, the duration of the action
potential in 2 mm-Ca2l shown in the middle panel was prolonged as compared with
that in 0 5 mM-Ca21 (left). In 2 mM-Ca2+ medium a transient rise in [Ca22+]i occurred
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with the longer duration action potential, and the rise in [Ca2+]i was longer lasting
than the action potential. In contrast, the shorter duration action potential in 0-5 or
2 mM Ca2+ was not associated with a transient rise in [Ca2+]i.

Dependence of [Ca21]i on [Ca2+]0 under current clamp
Figure 6B illustrates the dependence of the membrane potential and [Ca2+]i on

[Ca2+]0. The dashed line in the lower panel indicates the level of [Ca2+]i in 0'5 mM-Ca2+
medium (basal level). This cell did not generate spontaneous action potentials in
0 5 mM-Ca2+ medium. In 1 mM-Ca2+ the membrane depolarized and a short burst of
action potentials was observed. The increase in [Ca2+]i was limited to a small rise
which occurred during the short burst of action potentials. In 2 mM-Ca2+ the
membrane further depolarized accompanied by an increase in action potential
frequency and [Ca2+]i increased to 120% of the basal level. Increasing [Ca2+]0 from
2 to 3 mm hyperpolarized the membrane for about 15 s. Concomitant with the
membrane hyperpolarization, [Ca2+]i temporarily increased to 180% of the basal
level and thereafter fell to a new steady level (140% of basal). Both the initial
membrane hyperpolarization and the transient increase in [Ca2+]i were also observed
upon raising [Ca2+]0 to 5 mm but the duration (40 s) was longer. The action potential
duration was also prolonged in 5 mm-Ca2+ medium. The initial membrane
hyperpolarization induced by high [Ca2+]0 was observed in three of twenty-five cells
examined.

Figure 7A shows the relationship between the increase of [Ca2+]i and [Ca2+]0
obtained in five representative cells. The increase of [Ca2+]i at a given [Ca2+]0 was
calculated by dividing the integrated area of [Ca2+]i by the period during which high
[Ca2+]0 was applied. The basal [Ca2+]i in 0 5 mm [Ca2+]0 was subtracted from [Ca2+]i
in higher [Ca2+]0 and the data were normalized by setting the maximum increase in
[Ca21]i to be I 0. [Ca2+]i steeply increased with an elevation of [Ca2+]0 from 0-5 to
2 mm and saturated at 3-4 mm [Ca2+]0. With higher [Ca2+]0, [Ca2+]i tended to
decrease. The apparent Kd was estimated to be about 1-8 mm. [Ca2+]i in 3 mm-Ca2+
medium was 188-9 + 40 5% (n = 12) of that in 0-5 mM-Ca2+ medium.

Effect of TTX on membrane potential and [Ca2+]i
The previous data suggest that increase in duration of the action potential in high

[Ca2+]0 may be accompanied by an enhancement of voltage-gated Ca2+ current which
causes the rise in [Ca2+]i. To clarify the involvement of Ca2+ action potentials in the
increase in [Ca2+]i, the membrane potential was recorded in medium containing
10 SM-TTX. As shown in Fig. 7B, the increase of [Ca2+]0 from 0-5 to 3 mm evoked
repetitive action potentials associated with a membrane depolarization and [Ca2+]i
was also increased. These observations further support the hypothesis that Ca2+
action potentials are involved in the rise of [Ca2+]i evoked by high [Ca2+]0.

Membrane conductance increase and a rise in [Ca2+]i in high [Ca2+]0 under voltage
clamp

In order to examine the underlying ionic mechanisms in the membrane
depolarization caused by high [Ca2+]0 and to examine whether Ca2+ influx through
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Fig. 7. A, the relationship between the increase in [Ca2l], and [Ca2+]0. The ordinate
indicates the amplitude of integrated [Ca2]Ji normalized by setting the basal level to be
0 and the maximum increase in amplitude to be 10. The abscissa indicates [Ca2+]0. Each
symbol represents data obtained from a single cell. B, changes of membrane potential
(upper panel) and [Ca2+]1 (lower panel) in 3 mM-Ca2` medium containing 10 AM-TTX,
recorded under current clamp with the perforated whole-cell-clamp technique. The patch
electrode contained the standard internal solution. C, changes of membrane current
(upper panel) and [Ca2+]i (lower panel) in 5 mm [Ca2+]0, recorded under voltage clamp with
the perforated whole-cell-clamp technique. The holding potential was -67 mV and
1000 ms hyperpolarizing pulse of 30 mV amplitude was applied every 10 s. The patch
electrode contained the standard internal solution.

voltage-gated channels is the sole mechanism in increasing [Ca2+]j, the membrane
conductance and [Ca2+]i were measured under voltage clamp. Figure 7C shows
representative records of the membrane current (upper panel) and [Ca2+]i (lower
panel) in high [Ca2+]0, in which the membrane potential was clamped at -67 mV and
1 s hyperpolarizing voltage pulses of 30 mV amplitude were applied every 10 s. When
[Ca2+]0 was increased from 05 to 5 mm, the current amplitude at the holding

255

u



N. YAMASHITA AND S. HAGIWARA

potential increased due to an increase in membrane conductance. In addition, [Ca2+]i
steadily increased in high [Ca2+]0. Because the membrane potential was held at
-67 mV which was below the threshold for voltage-gated Ca21 channels, the increase
in [Ca2+]i was ascribed to a mechanism other than Ca2+ influx through such channels.
To further rule out the involvement of voltage-gated Ca2+ channels, the membrane
potential was held at -87 mV and high [Ca2+]. was applied. An increase in [Ca2+]i
was also observed under this holding potential. During application of high [Ca2+]0,
depolarizing pulses to -67 mV did not increase [Ca2+]i (data not shown). If Ca2+
influx through voltage-gated channels was involved in the increase in [Ca2+]i under
the holding potential of -67 mV (Fig. 7C), [Ca2+]i should increase by membrane
depolarization from -87 to -67 mV. In addition, when the membrane was

depolarized from -67 mV in 5 mM-Ca2+ medium, an increase in [Ca2+]i was observed
at potential steps to greater than -37 mV (data not shown), a finding further
confirming that voltage-gated Ca2+ channels are not involved in the steady increase
in [Ca2+]1.
Membrane currents measured in 0 5 and 5 mM-Ca2+ media are shown in panels A

and B, respectively, of Fig. 8. The amplitude of the current at the end of the pulse
is plotted against the membrane potential in Fig. 8C. The current in 0-5 mM-Ca2+ was

subtracted from that in 5 mM-Ca2+ to obtain the high [Ca2+]O-induced current (Fig.
8D). The I-V relation of high [Ca2+]O-induced current in Fig. 8D is plotted against the
membrane potential in Fig. 8E (0), where the data from two other cells are included
(0, A). Extrapolating from these I-V relations, the reversal potential of high
[Ca2+].-induced current was -20 to 0 mV, suggesting an involvement of Na+, Ca2+
or Cl-, or a combination of many ions.
The upper panel in Fig. 9A shows the change of the membrane current obtained

in Na+-free medium. The membrane potential was held at -67 mV. Under this
condition, an increase of [Ca2+]. from 0-5 to 5 mm caused little apparent increase in
membrane conductance. A similar result was obtained in three other cells. These data
indicate that the membrane depolarization caused by high [Ca2+]o is due to an

increased permeability to Na+ ions. However, in Na+-free medium [Ca2+]i increased
following elevation of [Ca2+]o to 5 mm. In the lower panel of Fig. 9A it can be seen

that this increase was composed of an initial transient increase and a subsequent
sustained increase. An alteration of Na+-containing medium to Na+-free medium
did not affect [Ca2+]i.

K+ conductance increase associated with the transient increase in [Ca2+]i
The upper panel in Fig. 9B depicts a less frequently observed response of the

membrane conductance change to high [Ca2+]0. Prior to a rise in the inward current,
a transient increase in current in the opposite direction was observed at the holding
potential of -67 mV. The hyperpolarizing potential step to -97 mV revealed that
during this transient the membrane conductance was increased, indicating that this
was an outward current (see arrow). The equilibrium potential of Cl- ions is about
-30 mV and those of Na+ and Ca2+ are at more depolarized levels, suggesting that
the transient outward current was caused by a permeability increase to K+ ions. As
shown in the lower panel, it may be seen that in this case the [Ca2+]i increase in
response to 5 mM-Ca2+ was composed of a transient increase and a subsequent
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sustained increase (compare to Fig. 7 C). The transient K+ current was evoked during
the transient increase in [Ca2+]i, suggesting that this K+ current may be carried by
a Ca2+-activated K+ channel. Membrane hyperpolarization per se did not cause an
increase in [Ca21]i under voltage clamp (see below), suggesting that Ca2+-activated
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0-5 mm-Ca --5 mm-Ca0+

-0L

C V (mV) E V (mV)
-100 -50 0 -120 -100 -80 -60 -40 -20 0

-1

,->.-50 ,A-

I(pA) v / (pA)
v .--1 00 A -70

Fig. 8. High [Ca2+].-induced current. A and B, membrane currents in 0 5 mM-Ca2" and
5 mM-Ca2+ media recorded under voltage clamp with the perforated whole-cell-clamp
technique. The patch electrode contained the standard internal solution. The holding
potential was -67 mV. Membrane currents at every 10 mV potential step from - 107 to
-57 mV are shown. Leakage current was not subtracted. The continuous line indicates
the zero current level. Current amplitude and time scale bar are equal to 20 pA and 50 ms,
respectively. C, I-V relations of the records in A (-) and B (m). Series resistance of the
patch electrode was 40 MQ. The clamped potential level was corrected by the formula
shown in Methods. D, high [Ca2+]0-induced current which was obtained by subtracting the
membrane current in A from that in B. Subtracted currents at -97, -87, -77, -67
and -57 mV are shown. The continuous line indicates the zero current level. Current
amplitude and time scale bar are equal to 10 pA and 50 ms, respectively. E, I-V relations
of high [Ca2+]0-induced current. 0, the data in D; 0 and A, data obtained from two other
cells. Lines were drawn by eye.

K+ conductance is activated by the rise in [Ca2+]i and the membrane hyper-
polarizations observed under current clamp (Fig. 6B) may be caused by this transient
K+ current recorded under voltage clamp.

Mobilization of Ca2+ from an intracellular store in the generation of the transient rise
in [Ca2+]i
To examine whether the rise in [Ca2+]i under voltage clamp was caused by an

influx through voltage-independent channels or by a mobilization from internal Ca2+
stores, 5 mm [Ca2+]0 was briefly (500 ms) applied by the puff method (Fig. 9C). With
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this brief application of high [Ca2+]0, [Ca2+]i transiently increased and reached its
maximum 10-15 s after termination of high [Ca2+]0 application. Corresponding to the
transient increase in [Ca2+]i, a small outward current was evoked. Because the
0-5 mM-Ca2+ medium was continuously perfused and because the glass capillary

A B C
5 Ca

Na+-free 5

05Ca 5Ca 05Ca 5Ca 0.5 Ca

Membrane
current rRT /| T , [20 pA

200
200

[Ca2+J % % 200
-II-[ 100 -100 --- 100

1 min
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Fig. 9. A, changes of membrane current (upper panel) and [Ca2+]i (lower panel) in 5 mm-
[Ca2+]0 recorded in Na+-free medium under voltage clamp with the perforated whole-cell-
clamp technique. The holding potential was -67 mV. Hyperpolarizing pulse (1000 ms) of
30 mV amplitude was applied every 10 s. The dashed line in [Ca2+]i indicates the basal
level of [Ca2+]i in 0 5 mM-Ca2+, Na+-free medium. B, changes of membrane current (upper
panel) and [Ca2+]i (lower panel) in high [Ca2+],. Holding potential was -67 mV. A
hyperpolarizing pulse of 1000 ms duration and 30 mV amplitude was applied every 10 s.
The arrow indicates the membrane conductance increase during a transient outward
current. C, changes ofmembrane current (upper panel) and [Ca2+]i (lower panel) with brief
(500 ms) application of 5 mm [Ca2+]0 by the puff method. The 0-5 mM-Ca2+ medium was
continuously perfused during recordings and the timing of 5 mm [Ca2+]0 application is
indicated by an arrow. The patch electrode contained the standard internal solution in A,
B and C.

containing the 5 mM-Ca2+ medium was withdrawn immediately after application, the
cell should not have been exposed to 5 mm [Ca2+]0 for more than 500 ms. If the
transient rise in [Ca2+]i was entirely composed of the Ca2+ influx, it should not
continue to increase after the termination of high [Ca2+]O application. Therefore it
was concluded that the mobilization of Ca2+ from an intracellular store is involved
in the generation of the initial transient rise in [Ca2+]i. After the transient increase,
[Ca2+]i returned close to the basal level and a sustained increase was not clearly
observed, suggesting that the presence of high [Ca2+]o was required for the
maintenance of the sustained increase.

In agonist-stimulated mast cells and human leukaemic T cells it has been reported
that hyperpolarization increases [Ca2+]i (Penner, Matthews & Neher, 1988; Lewis &
Cahalan, 1989). In rMTC 44-2 cells the membrane hyperpolarization did not increase
[Ca2+]i in high [Ca2+]. (Figs 7C and 9A and B). Similarly further hyperpolarization
(up to - 130 mV) or for longer duration (up to 30 s) did not increase [Ca2+]i.
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Therefore the increase in [Ca2+]i in rMTC 44-2 cells is not likely to be due to the
voltage-independent Ca2+ channel described in these cells.

Dependence of [Ca2+]i on [Ca2+]0 under voltage clamp
The increase in [Ca2+]i in response to elevation of [Ca2+]0 shown in Fig 9A and B

was composed of an initial transient increase and a subsequent sustained increase.
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Fig. 10. A, changes of membrane current (upper panel) and [Ca2+], (lower panel) during
successive increases of [Ca2+]0 from 0-5 to 10 mm, recorded under voltage clamp with the
perforated whole-cell-clamp technique. The holding potential was -67 mV. The dashed
line in [Ca2+]i indicates the basal level of [Ca2+], in 0-5 mM-Ca2+ medium. The patch
electrode contained the standard internal solution. B, the relationship between the
amplitude of sustained increase and [Ca2+]0. The ordinate indicates the amplitude of
sustained increase in [Ca2+], normalized by setting the basal level to the 0 and the
amplitude of maximum increase to be 1-0. The abscissa indicates [Ca2+]0. Each symbol
represents data obtained from a single cell.

However, the initial transient increase was not always observed (see Fig. 7 C). Figure
IOA shows the changes of membrane current and [Ca2+]i during a progressive
increase of [Ca2+]0 from 0-5 to 10 mm. An initial transient increase in [Ca2+]i was
observed only in 3 mM-Ca2+ medium. Including other experiments, the initial
transient increase was observed in none of twenty cells in 1 mM-Ca2+ medium, in two
out of twenty-six cells in 2 mM-Ca2+ medium, in six out of twenty-three cells in 3 mm-
Ca2+ medium and in twelve out of fifty-eight cells in 5 mM-Ca2+ medium. These data
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suggest that the appearance of the initial transient increase was dependent on
[Ca2"].. However, the peak amplitude of the initial transient increase in [Ca2+]i did
not seem to depend on [Ca2+] and it was 202-8 + 63-2% of [Ca2+]i in 0 5 mM-Ca21
medium.
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Fig. 11. Effect of other divalent cations and dihydropyridines on the membrane current
(upper panel) and [Ca2l], (lower panel), recorded under voltage clamp with the perforated
whole-cell-clamp technique. The holding potential was -65 to -67 mV. The patch
electrode contained the standard internal solution. 5 mM-Sr2" medium (A) and 5 mM-Mg2"
medium (B) did not contain Ca2" ions. Nitrendipine in D indicates the application of 1 ,UM-
nitrendipine which was added to 5 mM-Ca2+ medium.

In contrast to the initial transient increase, there was a consistent relationship
between [Ca2+]O and the sustained increase of [Ca2+]i (62/69, with 3 or 5 mm [Ca2+]O).
As shown in Fig. IOA, the amplitude of the sustained increase of [Ca2+]i was
dependent on [Ca2+]O and was close to saturation with 5 mm [Ca2+]O. Dose dependence
in five representative cells is shown in Fig. lOB. The apparent Kd was estimated to
be about 2-5 mM. The amplitude of sustained phase of [Ca2+]i in 5 mM [Ca2+]0 was
120-9 + 18-9 % (103-194%, n = 58) of the basal level, this value being about - of the
increment of [Ca2+]i in 3 mM-Ca2+ medium observed under current clamp (see above).

Effect of other divalent cations and dihydropyridines
To examine whether the effects of external Ca2+ on the membrane current and

[Ca2+]i are specific to Ca2+ ions, the effects of other divalent cations on the membrane
current and [Ca2+]i were examined. As shown in Fig. I1 A, 5 mM-Sr2+ increased the
membrane current at -67 mV as well as increased [Ca2+]i, whereas 5 mM_Mg2+
(Fig. I IB) and 5 mM Co2+ (not shown) had little effect. Addition of2 mM-Co2+ to 5 mM-
Ca2+ medium inhibited both increases of the membrane current and [Ca2+]i
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(Fig. 11 C). The abilities of these divalent cations to modulate membrane current and
alter [Ca2+]i are similar to those on the voltage-gated Ca2+ channel (Hagiwara &
Byerley, 1981). Addition of 1 JLM-nitrendipine either to 5 mM-Ca21 (Fig. lID) or to
05 mM-Ca2+ medium (not shown) had no effect. Similarly, addition of 1 /tM-Bay

A B

0.5 mM-Ca2+ 5 mM-Ca 0

[Ca 2+ ]i4

1 min
Fig. 12. Changes of [Ca2+]i by depolarizing pulses with different intervals, recorded under
voltage clamp with the perforated whole-cell-clamp technique. Records in A were
obtained in 0 5 mM-Ca2+ medium and those in B in 5 mM-Ca2+ medium. Upper panel
indicates the pattern for applying 400 ms depolarizing pulses and lower panel, [Ca2+]i. The
holding potential was -55 mV. A depolarizing pulse to -5 mV was applied at every 3 or
10 s. The patch electrode contained the standard internal solution.

K8644 to 0 5 or 5 mM-Ca21 medium had no effect (not shown). This suggests that a
dihydropyridine-like receptor does not mediate these effects on membrane current
and [Ca21]i in rMTC 44-2 cells.

Relationship between the frequency of depolarizing pulses and [Ca21]i increase under
voltage clamp
Under current clamp, the action potential frequency often decreased in high

[Ca2+]0 and a transient rise in [Ca21]i was observed corresponding to a single action
potential with a prolonged duration (Fig. 5B, 3 mm [Ca2+]0; Fig. 6B, 5 mm [Ca21]0).
In order to examine why the occurrence of a transient rise in [Ca21]i is restricted to
high [Ca2+]0 and why [Ca2+]i remains elevated in spite of the reduction of action
potential frequency in high [Ca2+]0, the following experiments were performed under
voltage clamp. Figure 12 shows the changes in [Ca2+]i (lower panels) under voltage
clamp in 05 (A) and 5 mM-Ca2+ (B) media in which 50 mV pulses of 400 ms duration
were given from the holding potential of -55 mV according to the pulse patterns
shown in the upper panels. When the depolarizing pulse was applied every 3 s (pulse
pattern on the left of the upper panels), the increase in [Ca2+]i in 5 mm [Ca2+]0 was
much greater than that in 0 5 mm [Ca2+]0. When the depolarizing pulse was applied
every 10 s (pulse pattern on the right of the upper panels), the rise in [Ca2+]i was too
small to be clearly seen in 0 5 mm [Ca2+]0, whereas in 5 mm [Ca2+]0 [Ca2+]i transiently
increased with each pulse and the baseline of [Ca21]i was also elevated. The elevated
baseline of [Ca2+]i returned close to the original level when the pulse interval was
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longer than 20 s (not shown). These results could be applied to the relationship
between the action potential frequency and the changes in [Ca2+]i recorded under
current clamp. When the action potential frequency was high, the increase in [Ca2+]i
seemed to be composed of the summation of increases in [Ca2+]i. When the action

0-5 Ca 5 Ca 40 K

V mV

-60

[ 200

2Ca2]|

F100

1 min

Fig. 13. Changes of membrane potential (upper panel) and [Ca2+]i (lower panel) in a GH3
cell. The methods for measurement and solutions are the same as used in rMTC cells. 40 K
means the medium containing 40 mM-K+ and 1 mM-Ca2+.

potential frequency was low but the Ca2+ current was large, the transient rise in
[Ca21]i could be observed and [Ca2+]i did not greatly decrease during the pause of
action potentials because the relaxation time of [Ca2+]i was longer than the interval
of action potential occurrence. Only when the action potential was inhibited for a
longer period as compared with the relaxation time of [Ca2+]i (for example, see DC
in Fig. 5B) did [Ca2+]i prominently decrease.

The effect of high [Ca2+]0 on GH3 cells
It may be proposed that in other types of cells increasing [Ca2+]. can raise [Ca2+]i

due to an enhanced Ca2+ influx and that the observed changes are not specific to
rMTC 44-2 cells. However, in human osteosarcoma cells and rat fibroblasts, Fried &
Tashjian (1986) have shown that increasing [Ca2+]0 from 1 to 4 mm has little effect
on [Ca21]i. To similarly rule out this proposal in excitable secretory cells, rat
pituitary GH3 cells were used, because these cells exhibit Na+- and Ca2+-dependent
action potentials (Kidokoro, 1975; Biales, Dichter & Tischler, 1977) and because
they are endocrine cells similar to rMTC 44-2 cells. Figure 13 shows the changes of
the membrane potential and [Ca2+]i in a GH3 cell recorded with the same methods as
used in rMTC 44-2 cells. In 0 5 mM-Ca2+ medium spontaneous action potentials were
observed. An increase in [Ca2+]i was seen during a burst of action potentials. The
application of 5 mm [Ca2+] did not depolarize the membrane, nor did it increase
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[Ca21]i. The spontaneous action potentials were inhibited in 5 mM-Ca2+ medium. The
change of 5 mM-Ca2+ medium to 40 mM-K+, 1 mM-Ca2+ medium caused a prominent
membrane depolarization accompanied by an increase in [Ca2+]i. Similar results were
observed in GH3 cells which did not show spontaneous action potentials in 0-5 mM-
Ca21 medium (data not shown). Therefore it was concluded that the observed
changes in rMTC 44-2 cells were not due to non-specific effects of high [Ca2+]0.

DISCUSSION

The present study revealed that rMTC 44-2 cells possess several classes of ionic
channels, including voltage-gated Na+ channels, two types of voltage-gated Ca2+
channels, A-type K+ channels, delayed K+ channels and inward-rectifying K+
channels. Elevation of [Ca2+]o increased Na+ conductance, which depolarized the
membrane. [Ca2+]i also increased in high [Ca2+]O. Under current clamp, the existence
of action potentials was important for increasing [Ca2+]i in high [Ca2+]. although
action potential frequency was not correlated to a rise in [Ca2+]i. Voltage-clamp
experiments revealed the existence of additional mechanisms in increase of [Ca2+]i in
high [Ca2+]o which were different from Ca2+ influx through voltage-gated channels.

Voltage-gated channels in rMTC 44-2 cells
Na+ and Ca2+ action potentials in rMTC 44-2 cells have already been reported by

Sand et al. (1981). Human MTC cells are also capable of generating Na+ and Ca2+
action potentials (Sand, Jonsson, Nilsen, Holm & Gautvik, 1986) and recently Kawa
(1988) has reported voltage-gated Na+, Ca2+ and K+ channels in chick calcitonin-
secreting cells. Because calcitonin-secreting cells are thought to be of neural crest
origin (Ozawa & Sand, 1986), these voltage-gated channels may be present in
calcitonin-secreting cells of other species. In human MTC cells Sand et al. (1986) have
reported that lowering [Ca2+]o hyperpolarizes the membrane concomitant with a
conductance decrease. This result is consistent with the present result. However,
they have reported that the reversal potential of the response is -66 mV, and that
the reduced conductance is that of K+ or Cl- ions (or both). In rMTC cells the
ions involved were Na+. In human MTC cells the reversal potential appears to be
more depolarized than the equilibrium potential ofK+ ions, so that Na+ conductance
may also be increased. However, at present there is no other explanation for this
discrepancy.

Membrane conductance increase in high [Ca2+]0
The membrane depolarization in high [Ca2+]. was caused by the permeability

increase to Na+ ions. The reversal potential was estimated to be -20 to 0 mV
(Fig. 8E), suggesting that this Na+ current was carried through non-selective cation
channels. Under voltage clamp [Ca2+]i increased during the Na+ permeability
increase. Therefore this Na+ conductance might be due to Ca2+-activated non-
selective cation channels (Colquhoun, Neher, Reuter & Stevens, 1981; Yellen, 1982).
Na+ conductance increase was observed in some cells which did not show a detectable
rise in [Ca2+]i (not shown), a finding in favour of the notion that Na+ conductance was
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directly or indirectly increased by [Ca2"]0 and was independent of [Ca2+]i. However,
it is still possible that the Na+ conductance was activated by a small increase in
[Ca2+]i which could not be detected by Fura-2.

The reduction of action potential frequency in high [Caa2+]0 and a transient increase
in [Ca2+]i corresponding to a single action potential under current clamp

In high [Ca21]0 the frequency of action potentials did not always increase but often
decreased. Although one reason for the decrease of the action potential frequency in
higher [Ca2+]0 may be the surface potential effect of Ca2+ ions, the action potential
frequency prominently decreased in Figs 5B (3 mm [Ca2+]0) and 6B (5 mm[Ca2+]i),
where the action potential was followed by a prolonged after-hyperpolarization
probably due to Ca2+-activated K+ conductance increase. Therefore it seemed that
the reduction of action potential frequency in high [Ca2+]0 was due to the prolonged
after-hyperpolarization. The amplitude of Ca2+-activated K+ current and its
sensitivity to [Ca2+]i may vary among cells, which could explain the variability in
action potential frequency among cells in high [Ca2+]0.
Under current clamp a transient increase in [Ca2+]i was observed corresponding to

a single action potential with a prolonged duration in high [Ca2+]0 only when the
action potential frequency decreased. In other cases such a transient increase in
[Ca2+]i was not observed. It has been reported that large fluctuations of [Ca2+]i are
correlated with spontaneous action potentials in GH3 cells (Schlegel, Winiger,
Mollard, Vacher, Waurin, Zahnd, Wollheim & Dufy, 1987). In their experiment the
extracellular Ca2+ concentration was 10 mm, so that their result appears to be
compatible with the action potential with a prolonged duration in higher [Ca2+]0 in
the present study.

Dependence of [Ca2+]i on [Ca2+]0
Under current clamp, [Ca2+]i steeply increased with an elevation of [Ca2+]0 from 0-5

to 2 mm and saturated at 3-4 mm [Ca2+]0. Hormone secretion of rMTC 44-2 cells is
also stimulated by [Ca2+]0 within this range and saturates at about 4 mm [Ca2+]0
(Zeytinoglu et al. 1983), indicating the close relationship between hormone secretion
and [Ca2+]i. With [Ca2+]0 higher than 3 or 4 mm, [Ca2+]i tended to decrease, which
may be caused by a further reduction of action potential frequency in higher [Ca2+]0.
The plateau phase of [Ca2+]i under voltage clamp was also dependent on [Ca2+]0 but
it saturated with [Ca2+]0 higher than 5 mm. Although the saturated amplitude of
plateau phase was about I of that of [Ca2+]i under current clamp, the plateau phase
may be involved in hormone secretion in higher [Ca2+]0, where Ca2+ influx through
voltage-gated channels decreases due to the reduction of action potential frequency.

Three components in the increase in [Ca2+]i
The present results indicated that there were three components in the increase in

[Ca2+]i; an influx through voltage-gated Ca2+ channels, an initial transient increase
under voltage clamp and a sustained increase under voltage clamp. The influx
through voltage-gated Ca2+ channels accounted for the increase in [Ca2+]i under
current clamp and the membrane depolarization due to the increased Na+
permeability took a part in evoking action potentials. The initial transient increase
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under voltage clamp was ascribed to the mobilization of Ca21 ions from the internal
store. Although the mechanism for the sustained increase under voltage clamp was
not clarified compared with the other two mechanisms, the presence of high [Ca2+].
was required and external Co2' blocked it. These findings might be ascribed to some
ion exchange mechanisms or to the influx through voltage-independent Ca21
channels although Ca21 current through such channels could not be detected (Fig.
9A). Voltage-independent Ca21 channels reported in mast cells (Penner et al. 1988)
and in human leukaemic T cells (Lewis & Cahalan, 1989) could not account for the
sustained increase in rMTC cells because membrane hyperpolarization did not
increase [Ca21]i.

In rat GH3 cells thyrotrophin-releasing hormone (TRH) evokes a transient rise in
[Ca21]i that is followed by a sustained rise when the membrane potential is held at
the holding potential of -60 to -70 mV (Benham, 1989). Membrane hyper-
polarization does not increase [Ca2+]i in GH3 cells. The transient increase evoked
by TRH in GH3 cells was independent of [Ca2+]0, whereas the sustained increase was
dependent on [Ca2"].. Thus, the changes of [Ca21]i in GH3 cells caused by TRH under
voltage clamp are similar to those observed in high [Ca2+]o in rMTC 44-2 cells,
although the mechanism causing the membrane depolarization is ascribed to the K+
conductance decrease in GH3 cells (Ozawa, 1981). The effects of divalent cations on
membrane current and [Ca2+]i in rMTC 44-2 cells were similar to those on voltage-
gated Ca21 channels (Hagiwara & Byerley, 1981), in which the existence of high-
affinity Ca2' binding sites is implicated (Kostyuk, Mironov & Schuba, 1983; Almers,
McCleskey & Palade, 1984; Hess & Tsien, 1984). In GH3 cells high [Ca2+]. did not
increase [Ca2+]i. Therefore it seems likely that rMTC 44-2 cells possess specific Ca2+
binding sites or receptors on the cell surface which sense external Ca2+ concentrations.
The mechanisms transmitting these signals into cytoplasm might be in part
analogous to TRH receptors.
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