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Summary. Intracellular microelectrode measurements were
made on a well-characterized osteoblast-like clonal cell line iso-
lated from a rat osteosarcoma. In serum-free medium, stable
membrane potentials of —42 = 9 mV (sp, n = 190) were re-
corded. Ion substitution experiments suggested that this mem-
brane potential is primarily a Na*/K* diffusion potential. Input
resistance was correlated strongly with colony size, ranging from
49 = 18 M{) (sD, n = 14) for colonies of 1-3 cells, to 4 = 4 M{}
(sp, n = 164) for colonies of 100 or more cells. These results
are consistent with the existence of low resistance intercellular
junctions.

Application of the carboxylic calcium ionophore A23187 by
pressure microgjection onto the cell surface resulted in a tran-
sient hyperpolarization and concomitant decrease in input resis-
tance. Both these effects are consistent with an increased K+
conductance. Ion substitution experiments demonstrated that
the degree of hyperpolarization was dependent on the external
concentration of both K+ and Ca?*. Quinine, a blocker of Ca?*-
activated K* channels, inhibited the ionophore-induced hyper-
polarization in a dose-dependent manner. It was concluded that
these cells exhibit a Ca?*-activated K* conductance.

Key Words Ca?*-activated K™ conductance - osteoblasts -
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Introduction

The selective transport of ions across a cell mem-
brane gives rise to electrical properties that can be
measured using microelectrode techniques. Recent
studies suggest that ion movements across the cell
membrane are involved in the regulation of a vari-
ety of cellular functions, including proliferation
(Kaplan, 1978; Moolenaar, Mummery, van der Saag
& de Laat, 1981), endocytosis (Davies et al., 1980)
and response to hormones (Zierler & Rogus, 1981).

This investigation was motivated by our inter-
est in the regulation of bone cell function. As an in
vitro osteoblast model, we chose a clonal rat osteo-

sarcoma cell line (ROS 17/2) (Majeska, Rodan &
Rodan, 1980). Extensive studies of the physiologi-
cal and biochemical behavior of these cells have
been made (reviewed by Rodan, Rodan & Majeska,
1982). The purpose of our investigation was two-
fold: first, to characterize the electrical properties
of ROS 17/2 cells as a basis for further electrophysi-
ological studies; second, to determine if these cells
exhibit a Ca’*-activated K* conductance. It has
been established that Ca?*-activated K* channels
occur in a variety of cell types, including neurons,
muscle cells, erythrocytes, glandular epithelial
cells, and hepatocytes (reviewed by Lew & Fer-
reira, 1978; Meech, 1978; Putney, 1979), pancreatic
B-cells (Atwater, Dawson, Ribalet & Rojas, 1979),
macrophages (Oliveira-Castro & Dos Reis, 1981),
lymphocytes (Tsien, Pozzan & Rink, 1982), and fi-
broblast-like cells (Okada, Tsuchiya & Yada, 1982).
In excitable cells, several possible functions have
been attributed to these channels, e.g., the adapta-
tion of neurons to prolonged stimulation (Meech,
1978) and the generation of pacemaker activity
(Gorman, Hermann & Thomas, 1981). In nonexcit-
able cells, however, the functions of Ca?*-activated
K* channels are unclear. The occurence of Ca?t-
activated K* channels in the osteoblast-like
ROS 17/2 cells would allow us to follow changes in
Ca’* concentration within individual cells by moni-
toring the resulting changes in membrane potential.
Such a system would be of great value in studying
the role of intracellular calcium in various physio-
logical (Rasmussen & Goodman, 1977) and patho-
logical (Schanne, Kane, Young & Farber, 1979)
processes, and perhaps in elucidating the function
of Ca?*-activated K* channels in nonexcitable cells.

In this report we describe the general electro-
physiological characteristics of ROS 17/2 and the
occurrence of a Ca?*-activated K+ conductance in
these cells.
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Materials and Methods

CeLL CULTURE

Cells were grown in Lux T-75 flasks at 37°C in culture medium
consisting of alpha minimal essential medium (a-MEM) supple-
mented with 15% fetal bovine serum, 100 ug/ml penicillin G, 50
pg/ml gentamicin, 0.3 pg/mi amphotericin B, and a 25 mm bicar-
bonate/5% CO, buffer. One to nine days prior to measurements,
cells were seeded at a density of 2 X 103 cells/cm? into Falcon 60-
mm culture dishes containing 5 ml of culture medium.

ELECTROPHYSIOLOGICAL MEASUREMENTS

Thirty minutes before measurements, the culture medium was
replaced with 5 ml of fresh medium (wash medium, see Materi-
als) and the dish was returned to the incubator. Immediately
prior to measurements, the wash medium was replaced with 10
ml of fresh medium (test medium, see Materials), which was then
covered with paraffin oil to prevent evaporation. The dish was
then placed on an inverted microscope stage equipped with a
heater adjusted to maintain the culture at 37 = 1° C.

Electrophysiological measurements were made using mi-
croelectrodes filled with 3 M KCl and having resistances of 30 to
100 MQ. The microelectrode was coupled to a high impedance
preamplifier (W.P.1., model 750), and the voltage signal was am-
plified and displayed on a strip chart recorder (Gould, Model
110). .
A hydraulic micromanipulator was used to bring the micro-
electrode tip into contact with the cell surface, after which a
momentary increase in the capacity compensation control usu-
ally resulted in penetration of the cell membrane. Approximately
50% of attempts resulted in membrane potential recordings
which were judged to be acceptable on the basis of having mini-
mal overshoot and being stable for periods lasting from several
minutes to several hours.

Current-voltage curves were generated by injecting current
pulses of up to =1.2 nA and measuring the resulting voltage
shifts. The voltage drop across the cell membrane was deter-
mined by subtracting the voltage drop across the electrode from
the total voltage shift. Input resistance was measured with a
standard injected current pulse of 0.1 nA.

MICROEJECTION SYSTEM

An extracellular microejection system was used to apply
ionophore solution to the cell surface during electrical recording.
The system consisted of a glass micropipette coupled to a
Picospritzer Model-2 pressure injection system (General Valve
Corp.). Using a manual micromanipulator, the tip of the micropi-
pette was positioned to a location 400 wm from the site of impale-
ment. Reproducible volumes of ionophore solution were then
ejected under pressure towards the cell surface. One or more
pressure pulses of 70 kPa, each lasting 2 to 999 msec, were used.
After each experiment, the micropipette was calibrated to deter-
mine the volume ejected per pulse.

This system enabled us to apply ionophore without inter-
rupting the electrical recording, so that each cell acted as its own
control for quantifying ionophore-induced effects. This elimi-
nated from our data any variation attributable to differences be-
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tween cells and any variation in tip or junction potentials which
might arise from microelectrode removal and reinsertion (Nagel,
1981). This technique did not, however, allow precise control of
the concentration of ionophore either spatially or temporally. In
order to minimize this source of experimental error, in the ion
substitution and quinine experiments, the same micropipette was
used throughout a single experiment without any change in posi-
tion. In addition, the responses of cells under control conditions
were always recorded.

MATERIALS

Calcium ionophore A23187 (Calbiochem—Behring Corp.) was
dissolved in absolute ethanol at a concentration of 2 X 1073 M,
and aliquots were stored at —~80°C. Immediately before use, the
ionophore solution was diluted to 10~ M in HEPES-buffered a-
MEM. The normal wash medium and test medium were identical
to the ionophore vehicle, i.e., «-MEM buffered with 25 mm
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanosulfonic acid)
pH 7.4, containing 0.3% absolute ethanol.

For the Na*/K* ion substitution experiments, the wash
medium was HEPES-buffered «-MEM. The test media and
ionophore vehicles were HEPES-buffered «-MEM muodified to
give a final K* concentration of 1, 5, 25, and 125 mM. Corre-
sponding Na* concentrations were 146, 142, 122, and 22 mm.

For the Ca?* ion substitution experiments, the wash me-
dium, test medium and ionophore vehicle all consisted of
HEPES-buffered Ca?*-free a-MEM plus 4 mm EGTA (ethyl-
eneglycol-bis(8-aminoethyl ether)N,N’-tetraacetic acid, Sigma).

For the quinine experiments, a stock solution of 1 mMm qui-
nine monohydrochloride dihydrate (Aldrich) in normal test me-
dium was prepared and stored in the dark at 4°C. Prior to
measurements, wash and test media containing the desired
concentration of quinine were prepared by diluting stock solu-
tion in normal test medium.

Results

MEMBRANE POTENTIAL

Figure 1 is a typical membrane potential recording.
Contact of the microelectrode with the cell surface
resulted in a small positive potential of 1-2 mV.
Upon penetration of the membrane, the potential
immediately went negative and stabilized within 1-
2 min. In normal medium the mean membrane po-
tential was —42 + 9mV (sb, n = 190). There was no
significant variation in the membrane potential with
the age of the culture over a period of 1 to 9 days.
However, the membrane potential was slightly de-
pendent on colony size, i.e., cells in small colonies
of 1-3 cells had a mean membrane potential of —35
= 9 mV (sp, n = 11), which was significantly less
than the overall mean. The mean membrane poten-
tials of cells in larger colonies were not significantly
different from the overall mean.

We investigated the ionic basis of the mem-
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Fig. 1. A typical recording of membrane potential. Superim-
posed on the record are the responses to 0.1 nA hyperpolarizing
current pulses of 0.5 sec duration used to monitor input resis-
tance. (/) Contact with the cell surface resulted in a small posi-
tive potential. (2) Upon penetration of the membrane, the poten-
tial immediately went negative. In 50 sec the recording stabilized
to the cell’s membrane potential. (3) Time scale changed. (4)
After approximately 30 min of recording, the electrode was with-
drawn. The electrode resistance remained virtually unchanged,
but the baseline had drifted slightly

brane potential by varying the extracellular concen-
tration of K+ and Na* while maintaining constant
both the total ionic strength and the concentration
of all other ions. The results are shown in Fig. 4.
The uppermost data points (closed circles) are the
mean membrane potentials in each medium. The
Nat/K* diffusion potentials for selected Na*/K*
permeability ratios are included in Fig. 4. These
were calculated using the modified Goldman-
Hodgkin-Katz equation (Hodgkin & Katz, 1949),
assuming CI~ is in equilibrium across the cell mem-
brane. A range of values for the diffusion potential
was calculated using ranges of 15 to 27 mm and 134
to 160 mm for the concentrations of intracellular
Na* and K*, respectively. These ranges are the
means * 1 sp of the intracellular Na* and K* con-
centrations in rat cells as tabulated by Moyer,
Moyer and Waite (1982). It can be seen from Fig. 4
that the membrane potential approximates a Na*/
K™ diffusion potential with a permeability ratio of
slightly less than 0.2.
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Table 1. The dependence of input resis-
tance on colony size

Colony size Input resistance

{cells) MQ)

1-3 49 £ (8 (n = 14)
4-9 44 *+23(n=275)
10-31 23 £ 12 (n = 24)
32-99 13+ 8(n=17)
100 or more 4+ 4 (n=164)

Colony size is the number of cells in the
colony which contained the impaled cell.
Values of input resistance are means = sp; #
is the number of cells on which measure-
ments were made.

INPUT RESISTANCE

Measured values of input resistance were found to
be correlated strongly with colony size (Table 1).
Current-voltage relationships were essentially lin-
ear over the range *=1.2 nA. The resistivity of the
membrane was not calculated because of difficulty
in estimating the cell surface area. Although the cell
surface appears smooth with phase contrast optics,
scanning electron microscopy revealed that these
cells are covered with numerous microvilli (S.J.
Dixon & J.E. Aubin, unpublished results).

ErFEcTS OF CALCIUM IONOPHORE A23187

Application of medium without ionophore to the
cell surface had no effect on either membrane po-
tential (Fig. 2a) or input resistance. When a small
quantity (10715 to 10~'! mol) of A23187 was applied,
a rapid hyperpolarization and a concomitant de-
crease in input resistance resulted. Subsequently,
both the membrane potential and input resistance
gradually returned to their initial values (Fig. 2b).
Both the degree and duration of the electrophys-
iological effects were dependent on the quantity of
A23187 applied to the cell surface. With increasing
quantities of A23187, the degree of hyperpolariza-
tion increased to a maximum and then remained
relatively constant (see Fig. 3). The duration of the
hyperpolarization, however, continued to increase
with increasing quantity of A23187 (data not
shown). Decreases of up to 90% of the initial input
resistance were observed, depending on the quan-
tity of ionophore applied. Repeated application of a
fixed quantity of A23187 did not always result in
identical responses. Whereas the degree of hyper-
polarization was often reduced, in some cases the
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Fig. 2. Membrane potential recordings. (a): Application of me-
dium without ionophore to the cell surface. Volumes of 4, 8, 16,
32 and 160 nl were applied at the times indicated by the bars. (b):
200 % 10~'5 mol of A23187 in 20 nl of medium were applied to the
cell surface. 0.1-nA current pulses revealed a decrease in input
resistance during hyperpolarization. By subtracting the electrode
resistance of 90 MQ, the input resistance was found to decrease
in this case from an unstimulated value of 60 to 30 M£} at maxi-
mum hyperpolarization. (c): 80 x 10~ mol of A23187 in 8 nl of
vehicle were applied to the cell surface at the times indicated by
the bars. Upon repeated application of ionophore, the degree of
hyperpolarization decreased, whereas the duration of hyperpo-
larization increased. (d): A23187 was applied to the cell surface
at a rate of approximately 200 X 10~ mol/sec during the time
indicated by the long horizontal bar. Approximately I min of the
recording was deleted where indicated. Continuous application
of ionophore resulted in a sustained hyperpolarization

duration of the hyperpolarization increased (Fig.
2¢). If a cell was then not stimulated for several
minutes allowing recovery to occur, that cell’s re-
sponse to an additional application of ionophore
was similar to its initial response to ionophore.
Rapid application of very large quantities of
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Fig. 3. The relationship between the maximum hyperpolariza-
tion and the quantity of A23187 applied is shown for three cells.
Initial values are the unstimulated membrane potentials. Increas-
ing quantities of A23187 were applied sequentially to each cell.
Between applications of ionophore, sufficient time was allowed
for the membrane potential to return to its initial value

A23187 to the cell surface was usually cytotoxic, as
indicated by irreversible depolarization and mor-
phological changes. However, it was occasionally
possible to apply A23187 to the cell surface continu-
ously for an extended period of time. This resulted
in a sustained hyperpolarization (Fig. 2d).

THE DEPENDENCE OF A23187-INDUCED
HYPERPOLARIZATION ON THE EXTRACELLULAR
K* CONCENTRATION

Fixed quantities of A23187 were applied to cells
bathed in medium containing different concentra-
tions of Na* and K*. In Fig. 4, the maximum hyper-
polarization is plotted against the log of the extra-
cellular K* concentration for one such experiment.
At low concentrations of K7, a larger quantity (1.2
X 1072 mol) of A23187 consistently resulted in
larger hyperpolarizations than a smaller quantity
(0.6 x 10712 mol) of A23187. The maximum hyper-
polarization clearly depended on the extracellular
Na* and K* concentrations. Largest hyperpolariza-
tions were obtained with an extracellular K* con-
centration of 1 mM. At 125 mm K*, both large and
small quantities of A23187 resuited in a small but
significant depolarization.

Included in Fig. 4 is the expected range of the
Na*/K* diffusion potentials for selected Na*/K*
permeability ratios. A23187 has the effect of shifting
the membrane potential towards a Na*/K* diffusion
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Fig. 4. The effect of the extracellular concentration of K+ on the
unstimulated membrane potential (@) and on the maximum hy-
perpolarization resulting from application of 0.6 x 10-'2 mol ((J)
and 1.2 X 1072 mo] (A) A23187. At each concentration, mea-
surements were made on 2 to 4 cells. Values are means * Sgm.
Each stippled curve represents the expected range of the Na*/K*
diffusion potential for the indicated Na*/K* permeability ratio.
These were calculated from the modified Goldman-Hodgkin-
Katz equation using ranges of values for the intracellular Na*
and K* concentrations (see text for complete details)

potential corresponding to a lower Na*/K* permea-
bility ratio. Changes in input resistance were unaf-
fected by the concentrations of extracellular Na*
and K*.

THE DEPENDENCE OF A23187-INDUCED
HYPERPOLARIZATION ON EXTRACELLULAR Cal™

Removal of Ca?* from the extracellular medium re-
sulted in cellular retraction, a depolarization of
membrane potential (mean 20 = 2 mV sp, n = 4),
and an increase in input resistance. The hyperpolar-
ization resulting from application of A23187 was re-
duced both in magnitude and duration. In addition,
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Fig. 5. 0.5 X 10772 mol of A23187 were applied to the cell surface
at the times indicated by the bars: (a) cell in calcium-free me-
dium; (b) cell from an identical culture in normal medium

the onset of hyperpolarization was delayed slightly
(see Fig. 5).

THE EFFECT OF QUININE ON A23187-INDUCED
HYPERPOLARIZATION

Two experimental protocols were used to test the
effect of quinine on A23187-induced hyperpolariza-
tion. In one, A23187 was applied to the same cell
first in control medium, then in medium containing
50 uM quinine and finally in medium containing 100
uM quinine (Fig. 6). The presence of quinine re-
sulted in a dose-dependent inhibition of ionophore-
induced hyperpolarization. Because it was possible
that some of the reduction in hyperpolarization re-
sulted from the repeated application of ionophore to
the same cell, a second protocol was used in which
identical cultures were bathed in either control me-
dium or medium containing 100 uM quinine and
then tested for response to A23187. Results are
summarized in Table 2. Quinine inhibited not only
the A23187-induced hyperpolarization but also the
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Fig. 6. The effects of quinine on A23187-induced hyperpolarization. Membrane potential data from a single cell are shown. Three
quantities of A23187 were applied at the times indicated by the bars: (1) 0.4 X 10-'2 mol, (2) 0.6 x 10~ mol, and (3) 0.8 x 10-12 mol.
Measurements were made in normal medium (a), and then repeated in medium containing 50 uM quinine (), and 100 uM quinine (c)

concomitant decrease 1n input resistance. Quinine
had no significant effect on the unstimulated mem-
brane potential of these cells. A small transient de-
polarization was observed occasionally following
an A23187-induced hyperpolarization in the pres-
ence of quinine.

Discussion

GENERAL ELECTROPHYSIOLOGICAL
CHARACTERISTICS

The mean membrane potential of ROS 17/2 cells in
serum-free medium was —42 = 9 mV (sp, n = 190).
Cells within small colonies (1-3 cells) had smaller
membrane potentials than cells within larger colo-
nies. This may be a density-dependent effect as sug-
gested by Cone (1974) for other cells types, or it
may result from nonspecific leakage at the site of
microelectrode puncture. Such leakage would have
a minimal effect on the membrane potential of cells
coupled by low resistance junctions to a large num-
ber of other cells, but would have a significant effect

on the membrane potential of cells in small colo-
nies. The mean value of the membrane potential
(—42 mV) is comparable to those reported for other
types of nonexcitable cells (Williams, 1970). The
dependence of the membrane potential on the extra-
cellular Na* and K* concentration is also seen in
other types of nonexcitable cells and suggests that
the membrane potential is primarily a Na*/K* diffu-
sion potential with a Na*/K* permeability ratio
much larger than that in excitable cells (Williams,
1970). We estimate that the Na*/K* permeability
ratio in these cells is approximately 0.2. However,
two observations suggest that the membrane poten-
tial cannot be entirely explained in terms of a Na™*/
K* diffusion potential. First, it is apparent from
Fig. 4 that at high concentrations of extracellular
K* the measured membrane potential is more nega-
tive than the expected Na*/K* diffusion potential.
Second, at an external K+ concentration of 125 mm,
application of A23187 induced a small depolariza-
tion of membrane potential (Fig. 4). If the
ionophore-induced change in permeability results
entirely from the activation of K* selective chan-
nels, then the depolarization implies that under
these conditions the K+ electrochemical gradient is
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inwards. A negative membrane potential occurring
with an inwardly-directed K* electrochemical gra-
dient cannot result entirely from a Na*/K~ diffusion
potential. In spite of these discrepancies, the strong
dependence of membrane potential on the extracel-
lular concentration of Na* and K* suggests to us
that it is primarily a Na*/K* diffusion potential. The
discrepancies discussed above may have arisen
from tip or junction potentials (Armstrong & Gar-
cia-Diaz, 1981), a contribution to the membrane po-
tential by electrogenic ion transport, or a contribu-
tion to the diffusion potential by an ion other than
Na* or K*.

The correlation of input resistance with colony
size suggests the existence of low resistance inter-
cellular junctions among the ROS 17/2 cells. For
several other cell types in monolayer cultures, it has
been shown that a lower input resistance is corre-
lated with the existence of electrical coupling be-
tween cells (Hilser & Webb, 1973; Laerum, Hiilser
& Rajewsky, 1976), and that only for electrically
coupled cells is input resistance dependent on cell
density (Hulser & Webb, 1973). In our measure-
ments, input resistance correlated strongly with col-
ony size. The average colony size did increase with
time in culture but, comparing colonies of equal
size, we found no significant change in input resis-
tance with time in culture. We also found that re-
moval of calcium from the medium resulted in cellu-
lar retraction and an increase in input resistance.
This increase in input resistance is consistent with
the loss of low resistance coupling between cells.
Rose and Loewenstein (1971) have reported the loss
of intercellular coupling within isolated Chironomus
salivary glands upon removal of Ca’* from the ex-
tracellular medium. The occurrence of low resis-
tance junctions between osteoblasts in isolated
calvariae has been reported (Jeansonne et al.,
1979), as has the occurrence of gap junction-like
complexes between osteoblasts (Holtrop, 1975).

EVIDENCE FOR THE EXISTENCE
oF A Ca’*-AcTivaTED K* CONDUCTANCE

Our evidence for the existence of a Ca?*-activated
K™ conductance in these cells is based on the follow-
ing electrophysiological effects of A23187. Applied
to the cell surface, A23187 induces a hyperpolariza-
tion and concomitant decrease in input resistance.
At higher doses of ionophore, the hyperpolarization
saturates near the K* reversal potential. Nat/K*
ion substitution demonstrates that A23187 causes a
decrease in the Na*/K* permeability ratio. The
electrophysiological response to ionophore is par-
tially dependent on extracellular Ca2* and is inhib-
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Table 2. The effect of quinine on A23187-induced hyperpolariza-
tion

Experiment Quantity of A23187 Hyperpolarization®
number (mol) (102 mV - sec)
Control 100 uM quinine
1 1.0 x 10-12 107 1904
n=3 (n=4
2 1.0 x 10-12 179  1.7x04
n=2 n=2
3 3.7 x 10712 32 0.6

n=1) =1

Values are means * sp; # is the number of cells.

2 A time integral of potential was used as a measure of hyperpo-
larization. This was determined by measuring the area on the
strip chart enclosed by the hyperpolarization. Because of uncer-
tainty in determining exactly at which point the potential re-
turned to its initial value, we used the area enclosed by the
voltage tracing at all values more negative than 10% of the maxi-
mum hyperpolarization.

ited by quinine. Each of these points is discussed in
turn.

A23187 is a carboxylic ionophore that catalyses
electrically neutral ion exchange across biological
membranes and is highly selective for divalent over
monovalent ions (Pressman, 1976). In our experi-
ments, application of A23187 would be expected to
result in a large influx of extracellular Ca** across
the cell membrane in exchange for intracellular H+
and Mg?*. Because these ion movements are elec-
trically neutral, the ionophore-induced hyperpolar-
ization and decrease in input resistance cannot
result directly from the action of the ionophore it-
self. The hyperpolarization and decrease in input
resistance are, however, consistent with an in-
crease in K* conductance secondary to an increase
in intracellular Ca?* concentration, via Ca?*-acti-
vated K* channels.

Large initial input resistances were observed
only in cells in small colonies (Table 1). Significant
decreases in total resistance (input resistance plus
electrode resistance) were always observed follow-
ing application of ionophore to these cells. Because
of smaller initial input resistances in cells in large
colonies, application of ionophore resulted in either
a very slight decrease in total resistance or no sig-
nificant change. It is also possible that application
of ionophore A23187 induced a transient loss of in-
tercellular electrical coupling as has been shown in
Chironomus salivary glands (Rose & Loewenstein,
1976; Rose & Rick, 1978). However, in our system,
the increase in resistance resulting from the loss of
electrical coupling would be masked by a concomi-
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tant decrease in resistance resulting from activation
of Ca?*-dependent K+ channels.

The kinetics of the ionophore-induced electro-
physiological changes are consistent with the Kinet-
ics of Ca?"-activated K* channels in other cell
types. The rapid onset of hyperpolarization is con-
sistent with the rapid activation of Ca?*-dependent
K* channels by intracellular Ca?* (LLew & Ferreira,
1978). The sustained hyperpolarization resulting
from continuous application of A23187 is consistent
with channel inactivation being independent of time
(Brown & Lew, 1981). The lack of time-dependent
inactivation implies that the repolarization of mem-
brane potential following pulsatile application of
A23187 (Fig. 2b and c) reflects the return of the
intracellular calcium concentration to normal lev-
els. Therefore the desensitization (Fig. 2¢) and re-
covery of response to repeated applications of
A23187 may in turn reflect properties of the intra-
cellular Ca?* buffering mechanisms. It has been
demonstrated recently that in frog neurons having a
Ca?*-activated K™ conductance the kinetics of
Ca’*-induced changes in membrane potential di-
rectly reflect the kinetics of the underlying changes
in Ca?" concentration (Smith, MacDermott &
Weight, 1983).

The degree of hyperpolarization saturated with
the application of larger quantities of ionophore
(Fig. 3). This saturation is consistent with the activa-
tion of a K* conductance which cannot result in a
hyperpolarization greater than the K* reversal po-
tential (estimated to be between —87 and —92 mV).
We observed, however, that saturation usually oc-
curred at values less than the estimated reversal
potential. These measurements were made by se-
quentially applying increasing quantities of A23187
to the cell surface. A reduction in hyperpolarization
may have resulted from the same desensitization
that occurred when fixed quantities of A23187 were
applied repeatedly. Although the degree of hyper-
polarization saturated with larger quantities of
A23187, the duration of the hyperpolarization con-
tinued to increase. This observation is consistent
with the saturation not resulting simply from the
saturation of the cell membrane with ionophore.

The Na*/K* ion substitution experiments con-
firmed that A23187 induces an increase in K~
conductance. At various concentrations of extracel-
lular K*, A23187 induced a dose-dependent shift of
membrane potential towards the K* reversal poten-
tial (Fig. 4). In the experiment illustrated in Fig. 4,
application of 1.2 X 1072 mol A23187 resulted in an
approximately fourfold decrease in the Na*/K™* per-
meability ratio. Since the Ca?*-activated K* chan-
nel is highly selective for K+ over Na* (Simons,
1976; Pallotta, Magleby & Barrett, 1981), it would

S.J. Dixon et al.: Ca**-Activated K= Conductance

seem that a fourfold increase in K™ permeability
occurred. It is difficult, however, to quantify pre-
cisely the ionophore-induced change in K* permea-
bility. In these experiments we manipulated the
Na* and K* chemical potential gradients by varying
the extracellular Na™ and K* concentrations. How-
ever, it has been shown for erythrocytes that the
Ca?*-activated K+ permeability is sensitive to the
concentration of extracellular K+ (Knpauf et al.,
1975). Recent studies have shown also that in other
cell types, Ca’"-activated K* channels are voltage
sensitive (Gorman & Thomas, 1980; Hermann &
Hartung, 19825b; Barrett, Magleby & Paliotta,
1982). The Ca?*-activated K* channels in our cells
may have a similar dependence on extracellular K*
and transmembrane voltage. If significant, these ef-
fects would cause us to underestimate the
ionophore-induced change in K* permeability.

Removal of Ca* from the extracellular medium
resulted in a delayed and reduced hyperpolarization
in response to ionophore. Although the relative de-
gree of hyperpolarization was not reduced, the ab-
solute degree and the duration of the hyperpolariza-
tion were significantly reduced (Fig. 5). These
results are consistent with an ionophore-catalysed
release of intracellular Ca?* (Babcock, First &
Lardy, 1976), resulting in reduced and delayed elec-
trophysiological effects.

The final evidence for the existence of a Ca?*-
activated K* conductance in these cells is the inhi-
bition of the ionophore-induced electrophysiologi-
cal effects by quinine. Quinine blocks
Ca’t-activated K™ channels in a variety of cell types
[red cells (Armando-Hardy et al., 1975), barnacle
photoreceptors (Hanani & Shaw, 1977), pancreatic
B-cells (Atwater et al., 1979), hepatocytes (Burgess,
Claret & Jenkinson, 1981), renal epithelial cells
(Brown & Simmons, 1982), snail neurons (Hermann
& Hartung, 1982 a), and fibroblast-like cells (Okada
et al., 1982)]. Inhibition by quinine is rapid and re-
versible (Lew & Ferreira, 1978). It has been shown
in red blood cells that quinine directly blocks Ca?*-
activated Kt channels without affecting A23187-in-
duced Ca?t influx (Reichstein & Rothstein, 1981).
In our cells, the ionophore-induced electrophysiolo-
gical effects were inhibited by approximately the
same concentration of quinine that inhibits Ca?*-
activated K* channels in other cell types. Half max-
imal inhibition occurs with 150-200 uM quinine in
barnacle photoreceptors (Hanani & Shaw, 1977),
100-200 uM in red cells (Lew & Ferreira, 1978), and
200 uM in hepatocytes (Burgess et al., 1981). The
lack of a significant effect of quinine on the unstimu-
lated membrane potential of our cells suggests that
the Ca?*-activated K* channels are inactive at basal
levels of intracellular Ca’*,
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These results form the basis for using this sys-
tem to study electrophysiological changes associ-
ated with cell function. In particular, by monitoring
quinine-sensitive hyperpolarization we hope to
study physiological changes in intracellular Ca’*
and perhaps elucidate the function of Ca’*-acti-
vated Kt channels in these cells.

We thank Dr. G.A. Rodan for providing the rat osteosarcoma
cell clone used in these experiments, Mr. A. [lleman and Ms. R.
Ber for their excellent technical assistance, and Dr. N.S. Connor
for many helpful discussions. S.J.D. is the recipient of a Medical
Research Council Dental Training Grant.
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