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Summary. We have previously reported hyperpolarizing mem-
brane potential changes in a monkey kidney cell line (JTC-12)
which has characteristics resembling proximal tubular cells.
These hyperpolarizations could be observed spontaneously or
evoked by mechanically touching adjacent cells. In this report,
we have shown further evidence that these hyperpolarizations
are elicited by an increase in membrane conductance to K*
which is caused by an increase in cytosolic Ca’* concentration.
In addition, we have found another type of hyperpolarization
which is evoked by applying flow of extracellular fluid to the cell.
Intracellular injection of Ca?* and Sr?* evoked hyperpolariza-
tions, while intracellular injection of Mn?** and Ba>* did not.
Intracellular injection of EGTA suppressed both spontaneous
and mechanically evoked hyperpolarizations. In Ca’*-free me-
dium, both spontaneous and flow-evoked hyperpolarizations
were not observed, while mechanical stimuli consistently evoked
hyperpolarization. In Na*-free medium, the incidence of cells
showing the spontaneous or flow-evoked hyperpolarization in-
creased, and the amplitude and the duration of the mechanically
evoked hyperpolarization became greater. Quinidine inhibited all
types of hyperpolarization. These data suggest that hyperpolar-
izations in JTC-12 cells are due to an increase in Ca?*-activated
K* conductance.

Key Words hyperpolarization - Ca?*-activated K~ conduc-
tance - JTC-12 cells * quinidine - fluid flow - proximal tubule

Introduction

JTC-12 cell is a cell line derived from monkey kid-
ney [18], which possesses properties characteristic
of the proximal tubular cells including existence of
microvilli in apical membranes [29], sodium-depen-
dent phosphate transport [28], adenylate cyclase
activity sensitive to parathyroid hormone and pros-
taglandin E, [16], and 25-hydroxyvitamin Ds-24-hy-
droxylase activity induced by 1,25-dihydroxy-vita-
min D; [21]. We have reported spontaneous and
mechanically induced hyperpolarizing membrane
potential changes in JTC-12 cells, which are caused
by an increase in K* conductance [4]. Similar spon-
taneous membrane hyperpolarizations have been

reported in several kinds of cells such as macro-
phages [7], fibroblastic L cells [24-26] and mamma-
lian eggs [13, 14, 22, 23]. In these cells, hyperpo-
larizing membrane potential changes have been
shown to be caused by an increase in Ca’*-activated
K* conductance. However, it is not known whether
an increase in K* conductance during hyperpolar-
ization in JTC-12 cells is due to a rise in intracellular
Ca?* concentration ([Ca?*];). In the present study,
we extended our previous observations and exam-
ined the role of Ca?" in hyperpolarization in JTC-12
cells. In addition, we have found that application of
fluid flow to the cell also evoked membrane hyper-
polarization in JTC-12 cells.

Materials and Methods

CeLL CULTURE

JTC-12 cells were cultured at 37°C under 5% CO, humidified air
in Eagle’s minimum essential medium (Nissui, Japan) containing
10% (vol/vol) heat-inactivated fetal calf serum and 60 pg/ml
kanamycin. Confluent monolayer cells were detached from cul-
ture dishes by incubation in Ca*, Mg?*-free phosphate-buffered
saline containing 0.02% (wt/vol) EDTA for 5 min. They were
seeded on 35-mm culture dishes and subjected to electrophysio-
logical study after 1 to 3 days, when cells were in their logarith-
mic growth phase. Medium was changed every other day and the
day before an experiment.

ELECTROPHYSIOLOGICAL ANALYSIS

A glass microelectrode filled with 3 m KCl was used to impale
cells for intracellular membrane potential record. The tip resis-
tance of the electrodes ranged from 30 to 50 M{). Current was
passed through the intracellular electrode by means of a bridge
circuit. The input resistance was calculated from the ratio of the
membrane potential change to the applied current. The duration
of the applied current was over 300 msec, which was much
longer than the time constant of JTC-12 cell membrane (less than
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Table 1. Composition of the extracellular media (mm)

H. Chang et al.: Ca’"-Activated K~ Conductance in JTC-12

Na+* K* Mg¥* Ca* Sr* Ba*™ Choline* Li- La**  EGTA CI
Standard 128.75 6 1 2.5 0 0 0 0 0 0 141.75
Na*-free 0 6 i 2.5 0 0 128.75 0 0 0 141.75
Cal*-free, 0.5 mMm La’r 132.5 6 1 0 0 0 0 0 0.5 0 142.0
Ca’-free, 2 mM EGTA Na*-free 0 6 1 0 0 0 132.5 0 0 2 140.5
2.5 mM Sr**, Na*-free 0 6 1 0 2.5 0 128.75 0 0 [{] 141.75
2.5 mm Ba?*, Na*-free 0 6 1 0 0 2.5 128.75 0 0 0 141.75
5/6 Lit 21.67 6 1 2.5 0 0 0 107.08 0 0 141.75

The pH of the Na* containing media were adjusted to 7.3 by 20 mm HEPES (Na*-salt). The pH of the Na*-deficient media was adjusted
to 7.3 by 20 mM HEPES (TMA-salt). All media contained 4 mg/m! bovine serum albumin (BSA) and 1 mg/ml glucose.

20 msec). Relatively large cells (diameter over 30 pm) were cho-
sen in the present experiments because of technical reasons.
Mechanical stimulation of adjacent cells (not the impaled cell)
was conducted by finely touching neighboring cells with another
glass electrode, which evoked hyperpolarization of the impaled
cell, as reported previously [4]. The details of the electrophysio-
logical methods were essentially the same as reported in a pre-
vious study [14].

For intracellular Ca’* injection, the second electrode con-
taining 0.5 M CaCl, was advanced into the recording cell. Ca**
was iontophoretically injected by applying inward current of
varying amplitude (0.4-3.0 nA) and duration (250 to 2000 msec).
Intraceltular injection of Sr2*, Ba’*, and Mn?* was similarly per-
formed. For intracellular EGTA injection, the second microelec-
trode was filled with 0.2 M EGTA (K*-salt) and outward current
was applied.

In experiments in which the effect of quinidine was exam-
ined, the tip of a glass capillary (tip diameter of a few microns)
containing 5 X 10~* M quinidine dissolved in the same solution
with extracellular solution was positioned 30 to 40 um away from
the recording cell and quinidine was delivered to the proximity of
the cell by applying pressure of 0.2 to 0.3 kg/cm? to the capillary.
This pressure application method was the same as previously
reported [31].

Whole cell variation of the patch-electrode voltage clamp
was carried out in a similar manner as described by Hamill et al.
[11]. Patch electrodes were filled with a solution containing 151.3
mM KClI, 1 mm MgCl,, and 0.5 mM EGTA. The pH was adjusted
to 7.4 with 20 mm HEPES (K*-salt). The resistance of the patch
electrode ranged from 8 to 10 MQ. The seal resistance reached
over 10 G after application of negative pressure of less than 50
cm H,0. After formation of giga-seal, negative pressure over 100
cm H,O was applied in order to obtain whole-cell clamp condi-
tion, which was assumed by a sudden increase in the capacitative
surge and the membrane noise. A liquid junction potential be-
tween the standard extracellular medium (see below) and the
internal solution was —4 mV; this value was added to the mea-
sured potential.

In flow-application experiments, a glass microcapiilary was
pulled by a two-step puller, making a tip diameter of about 10
um. These capillaries were filled with extracellular solution. The
tip was positioned 150-250 wm apart from the recording cell. By
applying pressure of about 10 cm H,O for 10 sec to the capillary,
fluid flow around the recording cell was generated. In separate
experiments, the velocity of extracellular fluid flow around the
recording cell was estimated in the solution suspending human
red blood cells. By measuring the velocity of movement of red
blood cells under microscopy, flow velocity was calculated to be
170 + 40 pum/sec (n = 44).

All studies were carried out at temperature of 30-32°C. The
ionic compositions of the external media are summarized in Ta-
bie 1. All media contained 4 mg/ml bovine serum albumin (BSA)
and 1 mg/m! glucose. The pH was adjusted to 7.3 by 20 mMm
HEPES. Data were expressed as the mean =+ sb and analyzed by
x? or unpaired Student’s ¢ tests as appropriate.

Results

REVERSAL POTENTIAL OF HYPERPOLARIZATION

The resting membrane potential of JTC-12 cells
was —17.3 = 5.2 mV and the input resistance was
80.2 = 41.3 M (n = 73) in the standard solution,
which are similar to the values reported previously
(—-15.3 £7.4mV and 78.0 = 51.7 M}, respectively)
[4]. Since the resting potential was not significantly
changed in 20 mmMm K*, Na* free, or Cl™ free solu-
tions (data not shown), nonselective channel or
leakage current may be determining the resting po-
tential in JTC-12 cells. Resting potential of JTC-12
is lower than those reported for perfused proximal
tubular cells (ca. =70 mV) [2, 6, 8] or other cultured
tubular cell lines (ca. —50 mV) [3, 17]. The reason
for such difference is presently unknown. How-
ever, as discussed previously [4], calculated mem-
brane resistance of JTC-12 cells (2100 Q cm?) is
much higher than those reported for luminal (260
cm?) or basolateral (90 Q cm?) membranes of proxi-
mal tubular cells [6], which might suggest that rela-
tively poor expression of K* conductance in resting
state may be the cause of low membrane potential in
JTC-12 cells. However, the possibility cannot be
excluded that the difference in the degree of cell-
cell coupling may underlie these differences in
membrane resistances. As reported previously,
spontaneous and mechanically evoked hyperpo-
larizing membrane potential change was observed
in JTC-12 cells [4]. These hyperpolarizations were
accompanied by an increase in membrane conduc-
tance and the reversal potential was —72.7 mV, an
observation which suggests that the hyperpolariza-
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Fig. 1. Reversal potentials in various extracellular K* concen-
trations. Current-voltage relationships were obtained both at the
resting state and at the peak of the hyperpolarization, by apply-
ing varying amplitude of inward and outward currents. Reversal
potential was estimated as the the intercept of these two current-
voltage relationships, both of which were linear between —110 to
+20 mV. Extracellular K* concentration was changed by replac-
ing Na® with K*. Results are from mechanically evoked hyper-
polarizations. Filled circles represent the mean value, and each
bar indicates sp. Number of experiments is shown beside the
circle. Line was drawn to be fitted by the least squares method.
The slope was —56 mV/decade. Similar results were also ob-
tained from spontaneous hyperpolarizations

tions were due to an increase in membrane conduc-
tance to K*. In order to further clarify the role of
K™* conductance, reversal potentials were evaluated
in varying extracellular K* concentrations. As
shown in Fig. 1, reversal potential changed by 56
mV with a tenfold change in extracellular K* con-
centration. The resuit indicates these hyperpolar-
izations are indeed due to increased membrane con-
ductance to K*.

INTRACELLULAR INJECTION OF Ca?* AND OTHER
DIvALENT CATIONS

In order to examine the role of intracellular Ca’*
in producing hyperpolarization, Ca’?* was ion-
tophoretically injected into JTC-12 cells. Figure 24
depicts a tracing of a Ca’" injection study. The
extracellular medium was Ca?"-free and contained
0.5 mm La®*, in which Ca?® influx from extracellu-
lar medium should be negligible. An outward cur-
rent pulse, —0.4 nA and 400 msec duration, was
applied every 500 msec to monitor input resistance.
The outward current pulses elicited no hyperpo-
larizing phenomenon. In contrast, the inward cur-
rent pulse (1.8 nA, 500 msec) which introduces Ca?*
into the cell caused membrane hyperpolarization
with decreased input resistance, a response similar
to spontancous and mechanically evoked hyperpo-
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Fig. 2. Membrane potentials and the intracellular injection of
divalent cations in the Ca*-free medium containing 0.5 mm
La’*. (4) Ca’" injection. Ontward currents of ~0.4 nA and 400
msec were applied every 500 msec. Two outward currents of 1.8
nA (1,200 msec, 1,800 msec) showed almost no change in the
membrane potential, while inward current (1.8 nA, 500 msec)
evoked hyperpolarization with an increase in membrane conduc-
tance. The resting potential was —10 mV. (B) Sr** injection.
Inward current pulse of 2 nA, 500 msec, was applied. The resting
potential was —28 mV. (C) Mn** injection. The inward current
pulse of 3 nA, 1,000 msec, was applied. The resting potential was
—18 mV. (D) Dependence of the hyperpolarization in response
to Ca?* injection on the amplitude of the applied inward current.
The duration of each applied current was 500 msec. The resting
potential was —20 mV. Each arrow indicates the timing at which
current pulse was applied

larizations [4]. As can be seen in Fig. 2A, membrane
conductance changed little when membrane poten-
tial was hyperpolarized by outward current pulse,
an observation suggesting that voltage-dependent
conductance, if any, contributes little to the ob-
served increase in membrane conductance during
the hyperpolarizing phenomena. The hyperpolar-
ization by Ca?' injection was reproduced in nine
additional cells examined. The amplitude and the
duration of Ca%*-induced hyperpolarization was de-
pendent on the amplitude and the duration of the
applied current, i.e., the amount of Ca?* injected
(Fig. 2D). These results indicate that the hyperpo-
larization was caused by an increase in [Ca?*];. In-
tracellular injection of Sr*™ evoked hyperpolarizing
membrane potential changes similar to those with
Ca?* injection (Fig. 2B), while intracellular injec-
tions of Ba?t and Mn?* had no effect (Fig. 2C; a
record of Mn?* injection). These data strongly sug-
gest that the hyperpolarization in JTC-12 cells is
caused by Ca2*-activated K conductance. That the
hyperpolarization produced by mechanical stimula-
tion was larger in amplitude and longer in duration
than the spontaneous hyperpolarizations [4] sug-
gests that an increase in [Ca?*]; in the mechanically
evoked hyperpolarization was larger than that in the
spontaneous hyperpolarization.
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Fig. 3. Membrane potentials and intracellular injection of EGTA
in the Na*-free medium. The impalement of the second micro-
electrode filled with 0.2 M EGTA (K*-salt) is indicated by arrow
A. The application of inward current (arrow B) showed no effect
on hyperpolarization, while outward current (arrow C) sup-
pressed spontaneous hyperpolarization. The resting potential
was —20 mV

INTRACELLULAR INJECTION OF EGTA

In order to examine the effect of lowering [Ca?*];,
intracellular injection of EGTA was performed. Fig-
ure 3 shows the recording of a cell which demon-
strates periodic spontaneous hyperpolarizations.
Impalement of the second electrode depolarized
membrane potential by a few mV with concomitant
reduction of the amplitude of hyperpolarizations
(arrow A), presumably due to an increased leakage
conductance. Application of the inward current (ar-
row B) had no effect on spontaneous hyperpolariza-
tion. However, the outward current which intro-
duced EGTA into the cell completely abolished
spontaneous hyperpolarization (arrow €). Similar
results were obtained in five additional cells (maxi-
mum applied outward current was 0.5 nA, 7.5 sec).
In separate experiments, spontaneous hyperpolar-
izations were not abolished either by an inward or
an outward current pulse, when the second elec-
trode contained 3 M KCI (n = 3). Mechanically
evoked hyperpolarization was also inhibited by
EGTA injection (n = 10), although the inhibition
was partial in most cells probably because a larger
increase in [Ca?*]; was not completely buffered by
EGTA injected. These data suggest that reduction
of [Ca?*]; concentration inhibits hyperpolarizations
and further support the notion that these hyperpo-
larizations are caused by an increase in [Ca?'];,
thus stimulating Ca?*-activated K™ conductance.

EFFECT OF EXTRACELLULAR Ca?*
ON HYPERPOLARIZATION

To further assess the role of extracellular Ca?* on
these hyperpolarizations, membrane potential

H. Chang et al.: Ca?*-Activated K- Conductance in JTC-12
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Fig. 4. Membrane potential recording in the Ca?*-free medium
containing 2 mM EGTA. The arrow in the upper trace indicates
the timing of electrode impalement. Lower trace shows mechani-
cally evoked hyperpolarization in this Ca2*-free medium. Me-
chanical stimulation by touching the adjacent cell is indicated by
an arrow (Touch)

changes were examined in Ca?*-free medium con-
taining 2 mMm EGTA. Figure 4 exemplifies record-
ings obtained in the Ca?*-free medium. Persistent
spontaneous hyperpolarization was not observed in
this medium (Fig. 4, upper trace) (n = 9), although a
few successive hyperpolarizations may appear in a
few cells immediately after the impalement of the
electrode. In contrast, mechanical stimulation con-
sistently evoked a single or several successive hy-
perpolarizations (Fig. 4, lower trace). These results
indicate that the spontaneous hyperpolarization,
but not the mechanically evoked hyperpolarization,
requires the presence of extracellular Ca?*. In addi-
tion, these results indicate that the mechanically
evoked hyperpolarization was not caused by an in-
flux of Ca’" into the recording cell around the mi-
croelectrode impalement site. Although a rise in
[Ca?*]; was essential for both types of hyperpolar-
izations, the influx of Ca?* from extracellular solu-
tion was necessary for the generation of spontane-
ous hyperpolarization. Both spontaneous and
mechanically evoked hyperpolarizations were ob-
served in 2.5 mM Sr?* medium, but not in 2.5 mm
Ba?* medium. Therefore, extracellular Sr2* could
substitute for Ca?*, consistent with the results of
our intracellular divalent-cation injection experi-
ments.

ROLE OoF Na®™ oN HYPERPOLARIZATION

In the previous study [4], we showed that the num-
ber of the cells showing spontaneous hyperpolariza-
tion was increased in Na*-free medium. We exam-
ined this issue further. Table 2 compares the
hyperpolarization in the standard and Na*-free me-
dia. The incidence of the cells showing the sponta-
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Table 2. Characteristics of hyperpolarizations

Media

Standard Na~-free 5/6 Li~
% of cells showing SH? 18.8% (19/101) 60.9%" (25/41) 52.0%¢ (13/25)
Amplitude of SH (mV) 7.2 6.1 (n = 19) 82+ 55 (n=29 113 5.5¢(n=13)
Duration of SH (sec) 4112 =19 4.8 = 2.7 (n =25) 7.9 1.5 (n=5)
Amplitude of MEH? (mV) 18.9 = 7.2 (n = 47) 23.2 £ 101 (n = 19) 25.0 = 10.49 (n = 20)
Duration of MEH (sec) 224+ 9.6 (n = 47) 44.1 + 20.74 (n = 19) 49.4 = 18.74 (n = 20)
2 SH: spontaneous hyperpolarization; MEH: mechanically evoked hyperpolarization.
b Mean * sp.
¢ Significant P < 0.05 vs. standard.
4 Significant P < 0.01 vs. standard.
omv

(A) Quinidine 0.5mM - 10 Fig. 5. The effects of quinidine on

- 20 hyperpolarization in the Na*-free medium. (A)

MWMW o

(B) Qunrudlne 0.5 mM

T
i

10sec

neous hyperpolarization was 60.9% (25/41) in Na*-
free medium, 52.0% (13/25) in 5/6 Li* (21 mmM Na*)
medium, and 18.8% (19/101) in standard medium.
Both the amplitude and the duration of the mechani-
cally evoked hyperpolarization were greater in
Na*-free medium than in standard medium. These
findings may suggest that the increase in [Ca**]; was
actively buffered, in part, through the Na*-Ca?* ex-
change across plasma membranes.

EFFECTS OF PHARMACOLOGICAL AGENTS

Quinidine and tetraethylammonium (TEA) are
known to inhibit Ca’*-activated K* conductance.
As shown in Fig. 5A, spontaneous hyperpolariza-
tions were reversibly suppressed by quinidine.
When 0.5 mM quinidine was present in the Na*-free
medium, the spontaneous hyperpolarization was
observed only in 1 of 13 cells and its amplitude was
only 4 mV, values much less than those observed in
the quinidine-free control condition (see Table 2).
Quinidine also inhibited the mechanically evoked
hyperpolarization (Fig. 5B); in the presence of
quinidine, the mechanically evoked hyperpolariza-
tion was observed only in 6 of 13 cells and its am-
plitude was greatly reduced (6.2 * 2.9 mV, see
Table 2).

- 40

— -

Suppression of spontaneous hyperpolarization

by pressure application of 0.5 mM quinidine as
omy indicated by a horizontal bar. The resting
potential was —26 mV. (B) Inhibition of
mechanically evoked hyperpolarization by
quinidine. Mechanical stimulation is indicated
by arrows. This cell showed three successive
hyperpolarizations by a single mechanical
stimulus. The resting potential, —20 mV

-10

TEA (50 mM) in the external medium did not
inhibit spontaneous and mechanically evoked hy-
perpolarizations. We have also examined the ef-
fects of Ca?* channel blocker, verapamil. However,
the presence of 10™° M verapamil in the external
medium did not affect spontaneous and mechani-
cally evoked hyperpolarizations. In addition, col-
chicine (106 m) and cytochalasin B (2 x 1075 m)
had no effect on spontaneous or mechanically
evoked hyperpolarizations, suggesting that these
membrane hyperpolarizations were not related to
either colchicine or cytochalasin B sensitive cy-
toskeletal systems.

WHOLE-CELL CLAMP RECORDING

In order to rule out the possibility that an increase
in [Ca?*]; is caused by a leakage influx of extracellu-
lar Ca?* around the impaled electrode [15], we used
the whole-cell variation of patch-electrode voltage-
clamp technique with tight seal condition to mini-
mize the leakage current. Spontaneous increase of
outward or inward current was observed at holding
potential of —4 and —-104 mV, respectively (Fig. 6).
These spontaneous hyperpolarizations could be ob-
served only in a few minutes after the establishment
of whole-cell recording, probably because diffusion
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Fig. 6. Spontaneous hyperpolarizations recorded by whole-cell
clamp method. The tracings show the current monitoring at the
holding potential of —4 mV (top), and —104 mV (bottom). The
upward deflection indicates outward current

of patch-pipette solution containing EGTA attenu-
ated the increase in [Ca?*];. The reversal potential
was —71 mV, a value similar to that obtained by the
microelectrode technique. The frequency of the
spontaneous hyperpolarization at holding potential
of —4 mV was smaller than that at ~ 104 mV, proba-
bly due to the decreased driving force for Ca’" at
less negative holding potential. These results indi-
cate that the spontaneous hyperpolarization was
not caused by a leakage of extracellular Ca?*.

FLow-INDUCED HYPERPOLARIZATION

As shown in Fig. 7, application of fluid flow to im-
paled cell caused hyperpolarizing responses. Suc-
cessive applications of fluid flow also elicited simi-
lar hyperpolarizing responses. Increasing the
duration of flow application resulted in greater am-
plitude and duration of flow-evoked hyperpolariza-
tion (Fig. 7B). The frequency of cells showing flow-
evoked hyperpolarizations was 29.4% (10/34) in the
standard medium, and the amplitude and duration
of the hyperpolarization evoked by application of
flow for 10 sec was 7.7 = 5.7 mV and 19.0 = 16.2
sec, respectively. Input resistance was decreased
during the hyperpolarization, and the reversal po-
tential was —80.0 = 4.2 mV (n = 3) in the standard
solution. These responses were completely inhib-
ited by 10~* M quinidine (Table 3). In Ca?*-free solu-
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Table 3. Flow-elicited hyperpolarizations

Media

Standard Na*-free
% of cells 29.4% (10/34) 57.9%¢ (22/38)
showing FEH?
Amplitude of 7.5+ 5P (m=10) 143 = 8.9 (n =22
FEH (mV)
Duration of 190162 (n= Ty 303 %124 (n=20
FEH (sec)

2 FEH: flow-elicited hyperpolarization.
b Mean = sp.
¢ Significant P < 0.05 vs. standard.

tion containing 2 mM EGTA, the flow-elicited hy-
perpolarization could not be observed. As in the
case of spontaneous and mechanically induced hy-
perpolarizations, the incidence, amplitude and du-
ration of this flow-elicited hyperpolarization in-
creased in Na*-free solution (Table 3). Cytochalasin
B (2 X 1073 m) and colchicine (1076 M) had no effect
on flow-elicited hyperpolarization. The flow-elicited
hyperpolarization was also observed under whole-
cell clamp condition, indicating that it was not
caused by leakage of Ca’* at the impalement site.
These data indicate that extracellular fluid flow
causes hyperpolarizing membrane potential change
probably through increased Ca?*-activated K+ con-
ductance.

Although all the experiments reported above
were done using JTC-12 cells in logarithmic growth
state, all spontaneous, mechanically evoked and
flow-elicited hyperpolarizations were observed also
in the cells in confluency.

Discussion

The present study has extended our previous obser-
vations [4] and revealed that JTC-12 cells showed
membrane hyperpolarizations which occur sponta-
neously or are evoked either by touching adjacent
cells or by applying fluid flow. These hyperpolariza-
tions were due to an increase in Ca?*-activated K~
conductance demonstrated by the intercellular in-
jection of Ca?* and EGTA. This conclusion was
further supported by the finding that these hyperpo-
larizations were abolished by quinidine, an agent
which inhibits Ca’*-activated K* conductance. A
recent study by Kolb and associated [19] have dem-
onstrated by using patch-clamp technique the pres-
ence of Ca?*-activated K* channels of large unit
conductance of about 200 pS in the apical mem-
brane of JTC-12 cells. Such K*' channels may ac-
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Fig. 7. Flow-elicited hyperpolarization. (4)
Extracellular fluid flow was applied to a
recording cell for 10 sec as indicated by
horizontal bars above the tracing. With a time
lag of about 6 sec, hyperpolarizing response
was reproducibly observed. At two points, 0.2
nA hyperpolarizing pulses were applied,
showing decreased input resistance during
hyperpolarization. The study was performed
in the Na*-free solution. The resting
membrane potential was ~18 mV. (B) The
flow was applied for various durations. From
left to right, flow was applied for 3, 10 and 30
sec, respectively, as indicated by the

OmVY " horizontal bars above the trace. Increasing the
- 10 duration of fluid flow application caused the
-20 amplitude and duration of the
- 30 hyperpolarization to become larger

-~ 20 sec

count for the K™ conductance observed in our pre-
vious [4] and present studies.

Spontaneous hyperpolarizations in JTC-12 cells
were abolished by extracellular Ca?* deprivation as
in fibroblasts and hamster eggs, in which continuous
Ca?* influx through Ca?' channels is required to
maintain hyperpolarization [13, 25, 26]. The pres-
ence of spontaneous hyperpolarization in 2.5 mMm
Sr2* medium and the results of intracellular Sr?*
injection suggest that Sr’* permeates through
plasma membranes and can substitute Ca’* to in-
crease Ca?*-activated K* conductance. Mechanical
stimulation evoked hyperpolarization by an in-
crease in [Ca?*];, which occurs even in the absence
of extracellular CaZ*. This contrasts the properties
of spontaneous and flow-¢licited hyperpolarizations
which required the presence of extracellular Ca®*.

It has been suggested that hyperpolarizations in
fibroblasts and macrophages may be caused by the
leakage of Ca?* introduced at the impalement of the
electrode and that hyperpolarizations do not occur
before the impalement of the electrode [15]. This
possibility is unlikely in JTC-12 cells because: (i)
spontaneous hyperpolarizations were observed by a
whole-cell clamp recording method in which tight
seal condition makes leakage current negligible; (ii)
mechanically elicited hyperpolarizations were ob-
served in Ca’*-free medium containing 2 mm
EGTA; (ii1) after mechanically elicited hyperpolar-
ization has ceased, input resistance recovered to
the level prior to the stimulation; and (iv) in the
presence of quinidine to block Ca’*-activated K*

conductance, the change in input resistance in re-
sponse to mechanical stimulation was absent.

It has been shown that cell damage increases
[Ca?*];, which then may seal gap junctions with
neighboring cells [27]. Thus, it is possible that the
mechanically evoked hyperpolarization was caused
by cell damage. However, this possibility is unlikely
since mechanical stimulation consistently caused
hyperpolarization not in the touched cell itself but
in the adjacent cells.

In the present study, 5 x 1072 M TEA showed
almost no effects on hyperpolarization while quini-
dine suppressed hyperpolarization. Although TEA
is widely used as an antagonist of K* channels, the
sensitivity of Ca?-activated K* channels to TEA
varies in cell types. Thus, it appears that Ca?*-acti-
vated K* channels in JTC-12 cells belong to the
group of Ca’*-activated K* channels insensitive to
TEA, as those seen in Tritonia [30], Arcidoris and
Anisodoris [1, 5] and Helix [12, 20).

The order of effectiveness of divalent cations to
activate Ca?"-activated K* conductance has been
reported to be Ca’* > Cd** > Hg?* > Sr** >
Mn?* > Fe?*, while Ba?" is usually ineffective [9].
JTC-12 cells showed hyperpolarization in response
to intracellular injection of Ca?* or Sr?*, but not to
Mn?* or Ba?", observations consistent with these
results. The absence of spontaneous and mechani-
cally evoked hyperpolarization in 2.5 mm Ba?*
might be due to the blockade of Ca’*-activated K+
channels by Ba?", as reported in rat pituitary cells
[10].
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Flow-elicited  hyperpolarization resembles
spontaneonus hyperpolarization in that the incidence
and the amplitude were increased in Na*-free me-
dium and that both required the presence of extra-
cellular Ca?*. The precise mechanism by which ex-
tracellular fluid flow elicits hyperpolarization in
JTC-12 cells is unknown. However, the possibility
of increased leakage current around the impalement
site is unlikely, because flow-elicited hyperpolariza-
tion could be observed under whole-cell clamp re-
cording, in which leakage current would be negligi-
ble. Other possibilities, such as change in local
concentration of electrolytes or substrates, or exis-
tence of specific mechanism sensing extracellular
fluid flow, await further investigation. Physiological
significance of these hyperpolarizations are un-
known. However, flow-elicited hyperpolarization
might be of interest in this regard. If present in nor-
mal tubular cells, it could afford to them a sensing
machinery responding to extracellular fluid flow,
enabling them to adapt to changing flow rate of re-
nal tubule.
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