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Summary. The tight-seal whole-cell recording method has been
used to study Necturus choroid plexus epithelium. A cell poten-
tial of —59 = 2 mV and a whole celi resistance of 56 = 6 M{} were
measured using this technique. Application of depolarizing step
potentials activated voltage-dependent outward currents that de-
veloped with time. For example, when the cell was bathed in 110
mM NaCl Ringer solution and the interior of the cell contained a
solution of 110 mMm KCl and 5 nm Ca?*, stepping the membrane
potential from a holding value of —50 to —10 mV evoked out-
ward currents which, after a delay of greater than 50 msec, in-
creased to a steady state in 500 msec. The voltage dependence of
the delayed currents suggests that they may be currents through
Ca?*-activated K+ channels. Based on the voltage dependence of
the activation of Ca?*-activated K+ channels, we have devised a
general method to isolate the delayed currents. The delayed cur-
rents were highly selective for K* as their reversal potential at
different K* concentration gradients followed the Nernst poten-
tial for K*. These currents were reduced by the addition of
TEA™ to the bath solution and were eliminated when Cs™ or Na*
replaced intracellular K+, Increasing the membrane potential to
more positive values decreased both the delay and the half-times
(t1p) to the steady value. Increasing the pipette Ca’* also de-
creased the delay and decreased ¢(,. For instance, when pipette
Ca?" was increased from 5 to 500 nM, the delay and 7,, decreased
from values greater than 50 and 150 msec to values less than 10
and 50 msec. We conclude that the delayed currents are K+
currents through Ca?t-activated K* channels.

At the resting membrane potential of —60 mV, Ca?*-acti-
vated K* channels contribute between 13 to 25% of the total
conductance of the cell. The contribution of these channels to
cell conductance nearly doubles with membrane depolarization
of 20~-30 mV. Such depolarizations have been observed when
cerebrospinal fluid (CSF) secretion is stimulated by cAMP and
with intracellular Ca?*. Thus the Ca’*-activated K* channels
may play a specific role in maintaining intracellular K+ concen-
trations during CSF secretion.
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Introduction

It is well established that cerebrospinal fluid (CSF)
potassium (K*) concentrations are carefully main-
tained and protected against any changes in plasma
K* concentration (Pappenheimer, 1967; Bradbury
& Kleeman, 1967; Cohen, Gerschenfeld & Kuffler,
1968). The ventricular or apical membrane of cho-
roid plexus epithelium is highly permeable to K*
(Zeuthen & Wright, 1981). This appears to be im-
portant to CSF secretion, acting as a leak pathway
for K* pumped into the cell by the Nat/K* pump,
which is also located in the apical membrane. The
control of this permeability would therefore be im-
portant to the maintenance of intracellular K* con-
centrations as well as being instrumental in the reg-
ulation of transepithelial K+ fluxes.

In the previous study (Brown et al., 1988) Ca2*-
activated K* channels with a high conductance (150
pS) were identified in the apical membrane of Nec-
turus choroid plexus epithelium. The open probabil-
ity of the channels was increased by intracellular
Ca?*, pH and by depolarizing membrane potentials.
They were highly selective for K* over Na* and
Cs*, and were blocked by both Ba*" and TEA™
(tetraethylammonium).

Ca?*-activated K* channels have been com-
monly found in the membrane of epithelial cells
containing Na®™ pumps (Petersen & Maruyama,
1984; Sepulveda & Mason, 1985; Petersen, 1986). It
has been suggested that they act as a leak pathway
for the Na* pump and contribute a large proportion
of K* conductance to this membrane.

In this study, the tight-seal whole-cell recording
patch-clamp method has been used to study the
Ca?*-activated K™ currents present in epithelial
cells from Necturus choroid plexus. With depolariz-
ing voltage steps currents through Ca’*-activated
K* channels activate after a delay. Based on the
activation of the Ca?'-activated K* channels with
membrane depolarization, a general method is de-
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scribed to isolate these currents and determine their
contribution to whole-cell conductance. A prelimi-
nary account of some of this work has appeared
(Brown, Loo & Wright, 1987).

Methods

The choroid plexus from the third ventricle of Necturus macu-
losa was isolated and pinned to the bottom of a transparent
chamber as previously described (Brown et al., 1988). All the
data presented in the present study was performed on intact
epithelial tissue except for the experiments to measure mem-
brane capacitance and resting whole-cell resistance. There, iso-
lated cells with actively beating cilia were patched. The cells
were isolated from the epithelium by incubating the intact tissue
for 60 min under gentle agitation in a solution containing (mm):
25 sodium citrate, 30 NaCl, 10 NaHCO;, 1 dithiothreitol, 0.5 B-
OH-butyrate and 10 HEPES (titrated with NaOH to pH 7.3).
Bovine serum albumen was also added to the incubating medium
at a concentration of 2 mg/ml.

The tissue was normally bathed in a NaCl Ringer solution
containing (mm): Na*, 110; K+, 2; Ca*, I; Mg>, 1; CI, 118
buffered with 10 mmM HEPES/NaOH at pH 7.3. Where stated, 9
mM NaCl was replaced by an extra 9 mm KCl, resulting in a total
K of [1 mwm, to study the selectivity of the whole-cell currents.

Patch-clamp electrodes with tip resistances of 2-10 M
were pulled from VWR Blue Tip hematocrit capillary and Corn-
ing 7052 glass and coated with Sylgard. The electrodes were
filled with a pipette solution containing (mm): K-, 110; Na", 1;
Mg?*, 1; and Cl, 113. In certain experiments, all pipette KCI
were replaced by CsCl or NaCl. All pipette solutions were buf-
fered with HEPES at pH 7.3, which is close to the intracellular
pH of 7.24 of Necturus choroid plexus (Zeuthen, 1987). Three
Ca?" activities, 5, 100, and 500 nM were used for pipette solu-
tions. The solutions were prepared using Ca2*-EGTA buffers as
described in Brown et al. (1988): 1 mM CaCl, and 10 mMm EGTA
were added to obtain 5 nm Ca’*; 6.01 mm CaCl, and 10 mm
EGTA to obtain 100 nm Ca?"; and 1.16 mm CaCl, and 1.34 mm
EGTA to obtain 500 nm Ca?~.

DATA ANALYSIS

Whole-cell currents were measured using a patch-clamp ampli-
fier as previously described (Brown et al., 1988). Data were ac-
quired and analyzed using an IBM personal computer interfaced
to the Tecmar Labmaster data acquisition system. The computer
program, ‘‘Pclamp’ (Axon Instruments, Burlingame, CA), was
used to issue the command signals to the patch-clamp amplifier
and to control the data acquisition and for data analysis.
Whole-cell recordings were made by first obtaining a G(}
seal. For cells in the intact tissue, the seal was made on the apical
membrane. In the cell-attached configuration, the pipette and the
patch-membrane capacitances were compensated for using the
capacity compensation of the patch-clamp amplifier. The patch
was held at a pipette potential (V,) of —50 mV (close to the cell
potential) as suction was applied to the pipette to rupture the
patch membrane. Initiation of the whole-cell recording configu-
ration was marked by a large change in membrane capacitance.
Most of the experiments took advantage of the equilibration of
the intracellular contents with the pipette solution. This provided
well-defined intracellular conditions for each experiment. In ad-
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dition, initial values of cell resistance and membrane potential
corresponding to the resting values were also measured during
the first few seconds of the whole-cell recording. Cells were then
allowed to equilibrate with the pipette solution before new
steady-state parameters were measured.

Whole-cell current-voltage (/-V) relationships were ob-
tained using the Fetchex program (Axon Instruments). This ap-
plied a series of step potentials from a defined holding potential
(V,). The potential steps lasted either 50, 450, or 500 msec. Each
voltage step was followed by two sec at the holding potential
(V,). The recorded currents were analyzed using the program
Clampan (Axon Instruments), and whole-cell /-V relationships
were determined. The resistances measured were obtained as the
reciprocal of the slope conductance.

To determine the membrane capacitance, only those cells
where the pipette and patch capacitances had been compensated
for in the cell-attached configuration were used. In the whole-cell
recording mode, small (in general, 1-5 mV) positive or negative
voltage steps (V,,) were applied from the holding potential of 0
mV for 30 msec. The cell capacitance (C,,) was estimated from
the integral of the current transients according to the formula
(Adrian, & Almers, 1974)

C,o = U) = I, - 1,0V,

{(1,,) is the integral of the current from the onset of the voltage
pulse (t = 0) to a time (1 = 1,,, typically 10 msec) where the steady
value 7, was reached.

Statistical values are expressed as mean + SEM.

Resuits

CeiLL PoTENTIAL, CONDUCTANCE,
AND CAPACITANCE

Values for the resting-cell potential and whole-cell
resistance were obtained before the cell equilibrated
with the pipette solution (less than 30 msec after
the whole-cell recordings were established). The
whole-cell resistance, obtained as the reciprocal of
the slope conductance at the reversal potential, was
56 = 6 MQ (n = 13). This value is somewhat higher
than the input resistance measured by conventional
microelectrodes in Necturus choroid plexus (22
MQ, Y. Saito, unpublished data) and in bullfrog
choroid plexus (33 MQQ, Saito & Wright, 1984). The
resting potential was found to be —59 + 2 mV (n =
13). This is somewhat lower than the apical mem-
brane potential of —87 mV obtained by Zeuthen et
al. (1987) using microelectrodes for cells in the
fourth ventricle of Necturus choroid plexus.
Values for membrane capacitance can be used
to indicate the membrane surface area. In seven
experiments, the value for capacitance obtained
was 20 = 6 pF (n = 7). Using the standard equiva-
lence of 1 uF to 1 cm?, the membrane capacitance
corresponds to spherical cells with mean diameters
of 23 £ 4 pm (n = 7). This is in agreement with the
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diameters of the cells (~20 wm) as viewed under the
light microscope.

In experiments on cells isolated from the same
tissue, the capacitance was 16 = 4 pF (n = 12), and
the resting resistance was 83 = 13 MQ (n = 9).
There was no significant difference (P > 0.6 by un-
paired 7 test) in the capacitance, and the resistances
were similar to the values obtained in the intact
preparation. Thus we conclude that currents mea-
sured in the intact tissue are from single cells. This
result is in agreement with Saito and Wright (1983)
who found very little cell-to-cell coupling in the
cells in the fourth ventricle of the bullfrog choroid
plexus.

EQUILIBRATION OF PIPETTE AND
INTRACELLULAR CONTENTS

In the following, all the data presented will be from
studies on cells in the intact tissue where G{} seals
were made on the apical surface. In this cell-at-
tached configuration, the patch was then held at a
pipette potential of —50 mV as suction was applied
to rupture the patch membrane. Once the mem-
brane ruptured, the pipette solution quickly equili-
brated with the intracellular contents, indicated by a
change in the holding current until establishment of
steady state. The process of equilibration was ap-
proximately fitted with a single exponential. The
mean time constant from seven experiments where
the pipette contained 110 mm KCI and 5 nm Ca?*
was 0.97 = 0.07 min~'. The time constants were
similar when the pipette was filled with 110 mm KCl
(100 nM Ca?*) or 110 mm CsCl (100 nm Ca?"), 1.17
+0.21 min~' (n = 4) and 0.69 = 0.18 min~! (n = 3).
In practice between 5-8 min are needed before
steady-state conditions are approached.

The process of equilibration was accompanied
by changes in the cell conductance. The final
steady-state values depended on the pipette Ca?*
concentration. When the pipette Ca?* was buffered
at 100 nMm and 5 nM, the resistance increased above
the 56 = 5 M) measured initially before equilibra-
tionto 77 £ IS MQ (n = 5) and 110 = 31 MQ (n =
3). The increases in resistance at the membrane po-
tential of —60 mV in pairwise comparisons were 35
+ 13% (n = 5) and 108 = 21% (n = 3); whereas,
with the pipette solution buffered at 500 nm Ca?,
the resistance decreased to 35 = 4 MQ (n = 4), and
the decrease in individual cell resistance (at V,, =
—60 mV) was 73 = 4% (n = 4). The steady-state
values for whole-cell resistance measured with 3,
100, and 500 nm Ca?" in the pipette solution are
shown in Table 1A. Comparison of these values
suggests that the intracellular Ca®>" under resting
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Table 1. Steady-state whole-cell resistance (R)
A) Ca?* sensitivity
Pipette Ca’* R (=60 mV) Change
(nm) (106 ) (%) n

5 110 = 31 108 = 21 3
100 77 = 15 35+ 13 5
500 35+ 4 -73 + 4 4
B) Cation selectivity
Pipette cation R (10° Q)
(110 mm) —-60 mV —-10 mV n
K* 77 =15 68 + 11 5
Cs* 86 = 10 118 = 25 3
Na* 86 = 5 111 = 16 3

Results were obtained once the exchange between intracellular
contents reached a steady state. They were determined at V,, =
—60 mV in A and at —60 and —10 mV in B and are expressed as
mean *seM. The percentage change in cell resistance at V,, =
—60 mV from the initial value determined before initiation of
equilibration to the values obtained after steady-state conditions
was established. The values shown are from paired experiments.
The minus (—) sign represents a decrease in cell resistance. The
pipette solution in A contained 110 mm K* while the Ca?* was
varied. In B, the pipette solution contained 100 nm Ca?* and the
cation was varied.

conditions lies between 100 and 500 nm. Further-
more, if the steady-state conductance at 5 nM is
assumed to be the Ca?*-independent conductance
of the cell, then the difference between this value
and that measured initially before equilibration indi-
cates that intracellular Ca?* can control as much as
50% of ‘the total resting conductance of the cell.
This estimate is an upper limit as it assumes that no
intracellular regulatory factors other than Ca’* are
lost during dialysis of the cell interior.

WHOLE-CELL /-V RELATIONSHIPS:
GENERAL CHARACTERISTICS

Whole-cell I-V relationships were studied after
steady-state conditions had been established (~8
min). From an initial holding potential (V,) the
membrane potential was stepped to a number of
new potentials (depolarizing and hyperpolarizing)
for periods of up to 500 msec. Typical current traces
recorded for such an experiment with V;, = =50 mV
and with the pipette solution contained 110 mm KCl
and 5 nM Ca®" are shown in Fig. 1A4.

In response to hyperpolarizing voltage steps,
there was a rapid transient, with a time constant of
approximately 4 msec, to the steady state. These
consisted of capacitative and background currents.
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Fig. 1. (A) Whole-cell current records for choroid plexus epithe-
lial cells. The cell was held at V,, = —50 mV, and step potentials
(hyperpolarizing and depolarizing) were applied for 450 msec.
The numbers to the right of each trace indicate the potential step
applied. (B) Whole-cell -V relationships. Steady-state (@) and
“‘instantaneous’’ (O) currents measured at 450 and 25 msec are
plotted. The lines joining the points were fitted by eye. Pipette
solution was 110 mMm KCl (5 nm Ca?"), and the bath contained
NaCl Ringer

When the voltage steps were positive, there was a
similar rapid transient to the steady state. However,
as the size of the depolarizing voltage steps was
made larger, after the decrease of the initial tran-
sients to steady state (in 25 msec), there was a sub-
sequent rise to a new steady state after 400 msec
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(Fig. 1A). The size of these delayed currents in-
creased with increasing depolarizations. They were
completely absent at membrane potentials more
negative than —40 mV. The /-V relationships for
the current traces measured before (25 msec) and
after the development of the rising currents (450
msec) are plotted in Fig. 1B. For the experiment of
Fig. 1, where the pipette Ca** was 5 nM, the rising
currents made up 10% of the total steady-state cur-
rents at V,, = —10 mV (Fig. 1B). It is these rising
currents that are the subject of the remainder of this

paper.

ISOLATION AND IDENTIFICATION
OF THE DELAYED CURRENTS

The activation of the delayed rising currents with
depolarizing membrane potentials suggests that
they may be currents through Ca’*-activated K*
channels, the latter also activated by depolarizing
potentials (Brown et al., 1988). Based on the volt-
age dependence of the activation of Ca?"-activated
K~ channels, we have devised a method to isolate
the current through these channels. We first hold
the membrane at a large negative potential where
the channels are closed. Under this condition the
““instantaneous’’ I-V relationships, that is, the cur-
rents measured 25 msec from the onset of the volt-
age step and prior to the opening of the K* chan-
nels, are the background currents. The holding
potential is then changed to a value where the Ca?*-
activated K* channels are open. Here the ‘‘instan-
taneous’’ I-V relationships consist of background
currents and currents going through Ca’*-activated
K™ channels. Hence, pointwise subtraction of the
two /-V relationships would yield the K* currents.
An example of such an experiment is shown in Fig.
2. The pipette contained 110 mM K* and 5 nm Ca?*;
the bath solution was 110 mm NaCl Ringer with 11
mM KCl. The holding potential where the Ca**-acti-
vated K* channels were expected to be closed was
—50 mV, and the potential at which the channels
were expected to be open was chosen to be —10
mV. The currents corresponding to stepping the po-
tentials in a depolarizing or hyperpolarizing direc-
tion from the two holding potentials, —10 mV (Fig.
2B) and —50 mV (Fig. 24 and C), are shown in the
left panels. The step potentials, indicated by the
numbers to the right of each current trace, were
appiied for 45 msec. These experiments were per-
formed in sequence (A-C) within a 9-min period.
Each trace shows the decay of the initial transient
current to the steady state. The I-V relationships
measured at 45 msec after the onset of the voltage
pulse are indicated in the right panels (Fig. 2).

At V, = =50 mV (Fig. 2A and C), the I-V
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Fig. 2. “‘Instantaneous’ whole-cell current traces and I-V rela-
tionships. The cell was held at (A) =50 mV, (B) —10 mV, and (C)
—50 mV over the course of the experiment. Voltage steps were
applied for 45 msec from each holding potential. Current traces
are shown in the left-hand panel, and the ‘‘instantaneous’’ I-V
relationships (currents, @, measured at 25 msec) are plotted to
the right. The lines joining the currents are fitted by eye. The
second dashed line in B joins the mean current (O) from A and C.
(D) shows the instantaneous I-V relationships for the delayed
current. The currents (@) were the differences between the “‘in-
stantaneous’’ I-V relationships measured with reference to V), =
—50 (@, Fig. 2B) and —10 mV (O, Fig. 2B). The curve was drawn
according to Eq. (1) with K, = 11 mMm, K; = 110 mMm, and Pg = 36
X 10712 cm? - sec™! per cell. In this experiment, the pipette solu-
tion was 110 mMm KCI (5 nm Ca?*), and the bath contained NaCl
Ringer solution with 11 mMm KCl
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curves showed an inward rectification (greater in-
ward than outward current). In order to minimize
any drifts that might occur within the course (9 min)
of the experiment, the currents measured at each
potential from Fig. 24 and C were averaged. In this
particular experiment, there was very little differ-
ence between the two I-V relationships measured
at the beginning (A) and the end (C) of the experi-
ment. These mean currents measured from V,, =
—-50 mV are shown (O) in Fig. 2B. This curve
serves to emphasize the differences between the 7 —
V measured at the two holding potentials, V, = —10
mV (Fig. 2B, @) and V), = —50 mV (Fig. 2B, O).

The differences between the currents measured
at the two holding potentials (Fig. 2B) are plotted in
Fig. 2D, which is the ‘‘instantaneous’ [-V rela-
tionship for the delayed activating current at V,, =
~10 mV. Hence we have described a method for
the isolation of the delayed currents based on the
voltage dependence of the Ca?"-activated K™ chan-
nels. Using this method we have characterized
these currents with respect to their selectivity, de-
pendence on intracellular Ca?*, and blockage by
TEA".

Selectivity for Kt Cs™ and Na*

Selectivity of the delayed currents for K* was stud-
ied by determining the reversal potentials at differ-
ent K* concentration gradients across the cell. In
our experiments the pipette KCI concentration was
kept constant at 110 mM while bath K* concentra-
tions were varied. The results from such an experi-
ment are shown in Fig. 3, where the bath solution
contained 2 mM KCI. The currents were the differ-
ence between the ‘‘instantaneous’ [-V relation-
ships measured at the two holding potentials —70
and —30 mV. In Fig. 3, the reversal potential was
close to the calculated Nernst potential of —102 mV
for K*. Similar observations were obtained in eight
other experiments.

Changing the bath K™ concentration shifted the
reversal potential in the direction expected for a
current that is highly selective for K*. For instance,
when bath K* was increased from 2 to 11 mm, the
reversal potential was close to the Nernst potential
of =58 mV for K* (Fig. 2D).

The line in Fig. 3 shows the fit of the data to Eq.
(1) (Hodgkin & Katz, 1949)

Ix = [Px - F2VIRTIK, — K, exp(VFIRT)J[1 ~ exp(VF/RT)].
(1)

Where K, and K, are the bath and pipette K* con-
centrations and Py is the K* permeability coeffi-
cient. This equation has previously been found to fit
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Fig. 3. /-V relationships for the delayed component of the
whole-cell conductance. The currents shown are the differences
between the “‘instantaneous” I-V relationships measured with
reference to the holding potentials of V, = —70 and —30 mV. The
curve was drawn through the data using the equation

Ix = [Px - F?V,/RTIIK, - K, exp(V,F/RT)/{1 — exp(V,F/RT)].

Where F, R and T have their usual meanings. V,, is the mem-
brane potential. K, = 2 mm and K; = 110 mMm are the bath and
pipette K* concentrations and Py = 80 x 10712 ¢cm® - sec”! per
cell. The pipette solution was 110 mMm KCI (5 nm Ca**), and the
bath was NaCl Ringer solution with 2 mm K*. The calculated K+
reversal potential was — 102 mV

the single-channel /-V relationships for Ca?*-acti-
vated K* channels in Necturus choroid plexus
(Brown et al., 1988), and it can be seen that the
delayed currents are also well described by this
equation in the range of potentials (— 110 to 20 mV)
studied. The permeability coefficient Py for the line
was 80 X 1072 cm? - sec™! per cell.

Py, the K™ permeability coefficient was depen-
dent on the membrane potential V,,. In five experi-
ments where the pipette Ca?* was 100 nm with 110
mM KCI and the bath solution was 110 mm NaCl
and 2 mMm KCl, values for Px (obtained with refer-
enceto V, = —70mV) were 21 = 9(n =2)and 43 +
4 x 1072 cm’ - sec'percell (n =3 at vV, = 350
and —30 mV. This dependence on voltage was con-
sistent with the dependence of open probability of
Ca’*-activated K+ channels on membrane potential
(Brown et al., 1988).

In single-channel experiments, Na* and Cs*
were found to be impermeant to the Ca?~-activated
K* channels (Brown et al., 1988). Thus, the selec-
tivity of the delayed currents for Cs™ and Na* were
examiped by the replacement of the pipette KCl by
either CsCl or NaCl. Figure 4 shows the currents
and /-V relationship for an experiment in which the
pipette solution contained 110 mm CsCl and the
bath contained 110 mM NaCl. The current traces
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Fig. 4. (A} Whole-cell current traces and (B) I-V relationships
with intracellular Cs*. The cell was allowed to equilibrate with a
pipette solution in which K* had been replaced by 110 mm Cs* (5
am Ca?*). The cell was held at V, = =50 mV, and step potentials
(indicated to the right) were applied for 450 msec. The currents
measured after 450 msec (@) are plotted against V,, in 4B. Bath
solution was 110 mm NaCl Ringer solution

(Fig. 4A) at both hyperpolarizing and depolarizing
potentials show the initial transients as when the
pipette solution contained KCl; however, the de-
layed rising currents have been completely abol-
ished. The currents quickly reached a plateau in 20
msec at which they are stable for the remainder of
the voltage pulse. These results were observed in all
six experiments studied with the pipette filled with
CsCl, and similar results were observed in four ex-
periments when Na™ replaced pipette K*. These
results indicate that the channels responsible for the
delayed currents are highly selective for K* over
Na* and Cs*.

Fig. 4B is an I-V plot of the currents measured
after 500 msec for each step potential. The shape of
the curve showing inward rectification for the volt-



D.D.F. Loo et al.: K™ Currents in Choroid Plexus

Table 2. Total and delayed currents measured at a depolarizing
potential (=10 mV)?

Ca’* Total current Delayed % Delayed

(nMm) (pA) current (pA} current n
5 407 £ 21 37« 8 9.1 2.4 3

100 550 £ 167 80 * 40 11.9 = 3.9 5

500 832 = 103 145 = 35 17.2 = 4.2 4

Resting 620 £ 83 97 x 42 14.4 = 4.7 4

2 Experiments were performed at three Ca’* (5, 100, and 500 nM)
concentrations and before the equilibration with the pipette solu-
tion (resting). The cell was held at —50 mV. and a depolarizing
step to —10 mV was then applied for 450 msec. The total current
was measured after a new steady-state current was established
(450 msec). The delayed current was calculated by subtracting
the ‘‘instantaneous’’ current measured after ~25 msec from the
total current. Values for the change in delayed current were from
paired experiments. The pipette solution contained 110 mm K+,
and the bath solution was NaCl Ringer in each case.

age range studied (—100 to +20 mV) is similar to
that in Fig. 2A and C, where the delayed current
was inactive. This inward-rectifying I-V relation-
ship therefore represents the background or base-
line currents. The similarities between the ‘“instan-
taneous’” I-V relationships in the presence of K*
(Fig. 2A and C) and the I-V relationships when K*
in the pipette is replaced by Cs* (Fig. 4B) and Na*
(data not shown), suggest that the background con-
ductances are nonspecific to K*, Cs*, and Na* and
are probably Cl- currents or nonspecific ‘‘leak’
currents.

Table 1B summarizes the steady-state resis-
tance values at V,, = —60 and —10 mV after cells
had equilibrated with pipette solutions in which K*
had been replaced by 110 mm Na* or 110 mMm Cs*
(Ca?* = 100 nM). In both cases, at V,, = —60 mV,
the replacement of the pipette K* caused the whole-
cell resistance to increase above that obtained with
110 mMm K+ (77 M), to 86 MQ with Na*t and Cs™.
The increases in the individual cell resistance were
51 +26% (n = 3) and 55 = 20% (n = 3) for Na* and
Cs*, respectively. Comparison of these values sug-
gests that at V,, = —60 mV (100 nm Ca?") the K*
conductance accounts for 10 to 50% of the cell con-
ductance. The contribution of K* to cell conduc-
tance increased drastically with depolarization of
the membrane potential to —10 mV (Table 1B).

Calcium-Activation

In the range of Ca2* studied (5-500 nm), intracellu-
lar Ca?* affected both the magnitude and the kinet-
ics of the delayed inward currents. The dependence
of the magnitude of the delayed inward currents on
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intracellular Ca2* is shown in Table 2, which sum-
marizes the contribution of this conductance to the
whole-cell current at V,, = —10 mV at three Ca?*
concentrations, 5, 100, and 500 nm. Both total cur-
rent and the delayed current increased from 407 to
832 pA and from 37 to 145 pA, respectively, with
the same increase in Ca?". Increasing the intracellu-
lar Ca’" increased the percentage of the conduc-
tance due to the delayed currents to the total con-
ductance. The fractional contribution of the delayed
current to total current nearly doubled from 9.1% of
the total current at 5 nM to 17.2% when Ca’* was
500 nM. This increase may be actually larger be-
cause at 500 nm Ca’", the open probability of Ca?*-
activated K* channels were high (at —50 mV), and
the currents through these channels contribute to a
significant portion of the ‘‘instantaneous’’ current.

When pipette K* was replaced by Cs*, there
was no significant effect of pipette Ca>™ upon the
whole-cell conductance. In Cs* containing pipette
solutions, increasing pipette Ca’* from 100 nMm to
500 nMm decreased whole-cell resistance slightly
from 94 = 18 MQ (n =3)t0 81 = 16 MQ (n = 3). In
contrast, in the presence of K*, the resistance de-
creased from 77 = 15 MQ to 35 £ 4 MQ as pipette
Ca?" increased from 100 nMm to 500 nM (see Table
1A) and provided further evidence that a large pro-
portion of the decrease in whole-cell resistance
caused by Ca?* is the result of the activation of the
voltage-dependent K* current. Thus, it appeared
that the background conductance was relatively in-
dependent of pipette Ca?*.

The dependence of P on intracellular Ca?* was
studied in six experiments. Pk at a holding potential
of ~50 mV, was calculated with a reference poten-
tial (V,) of =70 mV, and was 0, 21 and 38 x 10712
cm? - sec”! per cell at 5, 100 and 500 nM Ca?",
respectively. Hence for a cell at a resting potential
of —50 mV and assuming intracellular Ca’>* between
100 and 500 nM, Ca?*-activated K+t channels will
contribute between 21 X 10712 to 38 X 1072 ¢cm? -
sec™! per cell of the K™ permeability.

Ca?" also affected the kinetics of the delayed
currents. When pipette Ca?* was 500 nM and step
potentials (from a holding potential V,) were ap-
plied for 50 msec, the delayed inward currents were
observed after only about 15 msec at the more de-
polarizing potentials (V,, = —30 to 0 mV). This con-
trasts with similar experiments, but using 5 nm Ca?*
(Fig. 24), where delayed inward currents were
rarely observed before 50 msec had elapsed from
the application of the step potential. The duration of
the delays at various depolarizing potentials from
V, = =50 mV are shown in Fig. 5A. Delay was
defined as the time interval from the onset of the
voltage pulse to the time where the current was
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Fig. 5. (A) Effects of Ca’~ upon the kinetics of delayed inward
currents and calcium dependence of delay times. The delays
were measured from the onset of voltage pulse at time = 0 until
the appearance of the voltage-dependent currents for step poten-
tials from V), = —50 mV. Values from three experiments in the
presence of 500 nm (@) and 5 nMm (O) Ca’* are presented. (B)
Half-times (z,,) for the delayed inward currents. Values were
measured from ¢t = 0 to the time (r;, at which the current was
half-maximal, at 500 nm (@) and 5 nMm (O) pipette Ca** in three
experiments. Step potentials were applied for 500 msec from V,
= —50 mV. In A and B, the pipette solution contained 110 mMm
KCI (with either S or 500 nm Ca’*), while the solution was 110
mM NaCl Ringer solution

greater than twice the background peak-to-peak
noise in this signal. Values obtained when the pi-
pette Ca’" was 500 (@) and 3 nMm (O) are presented.
At both concentrations, the length of the delays de-
creased with the size of the depolarizing steps (e.g.,
with 500 nm Ca?", the delays were 80 and 20 msec at
depolarizations to V,, = —20 and +20 mV). Increas-
ing pipette Ca?" from 5 nM to 500 nM also caused
the length of each delay to decrease. At each of the
potentials shown, they were approximately half the
length (52 = 6%, n = 4) of those measured with 5
nMm Ca?*.

The reduction in the length of delay observed at
500 nm Ca?* is accompanied by the increased rate at
which the voltage-dependent current develops. Fig-
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ure 5B plots the half-times, 7, (the times from the
onset of the voltage pulse to the time where 50% of
the steady-state value is reached), with which these
currents develop at various depolarizing potentials
in the presence of 5 or 500 nM Ca?*. At both Ca?~
concentrations, the ¢, decreased with depolariza-
tion (e.g., with 5 nm Ca?*, 1, decreased from 330
msec at V,, = =30 mV to 150 msec at V,, = 10 mV).
The Ca’* concentrations also affect ¢,,, which were
reduced by about 70% at each potential when Ca2*
increased from 5 to 500 nM.

TEA™-Sensitivity

TEA* blocks Ca?7-activated K~ channels with a
high affinity (K (0 mV) = 0.23 mM, Brown et al.,
1988) when applied to the outside of the channel. In
six experiments in the intact preparation, TEA*
was added to the bathing solution. The effect of
TEA™ was not immediate as in the case of TEA™ on
Ca?*-activated K* channels in isolated membrane
patches (Brown et al., 1988) but required long peri-
ods to block. The block varied by a 14 to 100%
reduction of the delayed outward currents, 7-18
min after application of 1-30 mm TEA*. TEA* had
very little effect on the background conductance.
At the membrane potential of —90 mV where the
delayed currents were negligible, in the course of
the experiments above, the background currents
were reduced by 8 = 3% (n = 4).

Discussion

Ca’*-activated K* channels have previously been
identified in the apical membrane of Necturus cho-
roid plexus epithelium (Brown et al., 1988; Chris-
tensen & Zeuthen, 1987). These channels are highly
selective for K™ over Na* and Cs™, and are acti-
vated by membrane depolarization and intracellular
Ca’*. In the present study, the contribution of these
channels to the cell conductance is assessed. The
opening of the Ca?*-activated K* channels was
manifested as a delayed increase in outward cur-
rents at large depolarizing potentials. The delayed
currents are highly specific K™ over Na* or Cs* and
are reduced by TEA*. Membrane depolarization
and intracellular Ca’>* affected the kinetics of cur-
rent activation in a similar way; they both increased
the magnitude and the rate of rise of the currents as
well as shortened the delay. Thus, qualitatively at
least, the selectivity, voltage dependence and sensi-
tivity to intracellular Ca?* of the delayed outward
currents indicate that they are currents through
Ca’*-activated K* channels.
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The sensitivity of the delayed currents for
TEA™" was greatly reduced in the whole-cell experi-
ments as compared to single-channel studies where
2 mM of TEA™ applied to the outside surface of the
patch completely abolished all channel activity (Kp
= 0.2 mM, Brown et al., 1988). A similar reduction
in the efficiency of TEA™ for blocking whole-cell
currents appeared to be observed by Iwatsuki and
Petersen (1985) in pancreatic acinar cells. One ex-
planation for this difference is that the macroscopic
currents are through many channels, each of which
is rarely open. If TEA™ blocks only when channels
are open, then the affinity of TEA* would appear to
be reduced. However, we were unable to test this
hypothesis because the large currents encountered
when channel-open probability was high saturated
our patch-clamp amplifier.

Ca’*-activated K7 currents are distinguished by
their delay of activation with membrane depolariza-
tion. Several factors could account for the observed
delay. One possibility is that the channel must pass
through a number of closed configurations before
opening. Some of these steps are voltage dependent
and involve Ca?* binding. This hypothesis is sup-
ported by the kinetic studies of Ca®*-activated K*
channels from rat muscle (Methfessel & Boheim,
1982; Magleby & Pallota, 1983; Moczydlowski &
Latorre, 1983). The observation of the delay being
reduced by increasing Ca?* and membrane depolar-
ization is also consistent with this multistate binding
hypothesis. However, whether the precise kinetic
behavior is identical in whole-cell and single-chan-
nel studies remains to be confirmed. Moreover,
based on the present experiments, we cannot rule
out the possibility that membrane potential may in-
fluence intracellular Ca?*. It remains to be studied
whether the delay is accountable by the multistate
nature of the channel activation or involves changes
in the availability of Ca?*.

In the present experiments, 5 to 8 min were
required for equilibration between the pipette and
cell contents. This rate is comparable to that re-
ported by Maruyama and Petersen (1984) for pan-
creatic acinar cells; however, it was considerably
slower than the value of 15 sec observed by
Fenwick, Marty and Neher (1982) for chromaffin
cells.

The number of channels per cell (N) can be
estimated from knowledge of the permeability coef-
ficients P for a single Ca*-activated K* channel
and the permeability coefficient PE! of the Ca?*-
activated K* currents using the relation N = P¢V
P,P$™ where P, is the open probability. Since P
= 4.6 x 10713 cm® - sec™! per channel for a 150-pS
channel (Brown et al., 1988) and P¢" = 10 x 10°13
cm? - sec™! per cell, for a resting-open probability
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P,, of 1074, this would correspond to 440 channels
per cell. The number of channels in the apical mem-
brane can be estimated from the apical membrane
area and the density of Ca?*-activated K* channels
in the apical membrane. In patch-clamp studies on
the apical membrane, an average of two channels
per patch were observed (Brown et al., 1988), thus
the channel density is 0.9 (um)? of membrane area
per channel. In the present study, capacitance mea-
surements indicate that the cells have a surface area
of 20 x 1076 cm?. If the area occupied by the apical
membrane is § of this value, then the apical mem-
brane area is 5 X 10~® ¢cm?. The number of channels
in the apical membrane is 5 X 107 cm%0.9 X (um)?
= 560 channels. Thus the two estimates of channel
density are similar, suggesting that all of the chan-
nels are in the apical membrane. As a comparison,
the Ca?*-activated K* channels are more dense in
choroid plexus than in the pancreatic acinar cell
where Maruyama et al. (1983) have estimated a total
of 25-60 channels per cell.

The present study indicates that Ca’*-activated
K* channels contribute between 3.8 X 10~%and 12.1
x 107¢ ¢cm - sec”! to the K* permeability of the
apical membrane at V,, = —50 mV. At the resting
potential and in unstimulated tissue, the contribu-
tion of these channels to total conductance is small,
ranging from 10 to 25%. We have also found that
these are not the only K* channels in the apical
membrane. In preliminary single-channel studies,
we have observed a K* channel in up to 20% of the
patches, which has an inward-rectifying current-
voltage relationship similar to the inward-rectifying
I-V relationship of the background conductance.
These channels have a maximum conductance of 90
+ 13 pS (n = 7) and are relatively voltage indepen-
dent with a P, = 0.099 = 0.027 (n = 5) at the resting
potential (unpublished data). These channels may
provide for the remaining resting (nonsecreting) ba-
sal K* conductance of the cell. The relative contri-
bution of these two K* channels to resting K*
conductance remains to be studied. Since the
inward-rectifying K* channels are voltage indepen-
dent, a substantially greater contribution can be ex-
pected from the Ca?*-activated K* channels upon a
depolarization to —30 mV where Px of the Ca?*-
activated K* currents increased to between 15.1 x
107% and 22.5 x 107¢ cm - sec”!. With membrane
depolarization, the present findings indicate that the
relative contribution of these currents to whole-cell
conductance increases significantly, suggesting that
they might play a role in physiological conditions
where there is a membrane depolarization.

The apical membrane of the choroid plexus ac-
counts for more than 90% of the K* conductance of
the cell (Zeuthen & Wright, 1981). Since there is
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normally a small net transepithelial flux of K* from
the ventricle to the basolateral side, most of the K*
pumped into the cell by the Na*/K* pump is reflux
back across the apical membrane. Stimulation of
the cell by adrenergic agonists, which raise intracel-
lular cyclic-AMP, results in increased CSF secre-
tion (Saito & Wright, 1983). Upon cAMP stimula-
tion, the apical membrane depolarizes, a result of
increased Cl- and HCO; conductances in this
membrane (Saito & Wright, 1984). This depolariza-
tion activates the Ca’*-activated K™ currents,
which make up a larger share of the conductance of
the cell at depolarizing potentials. The significance
of the activation of K* channels in choroid plexus
has not been studied, but it would probably reflect
an increase in intracellular K™, which could be
brought about by increased Na*/K™* pump activity.
The effect of cAMP on a pump rate has not been
directly studied, but it is known that the addition of
HCOgs to the choroid plexus, which increases CSF
production on its own, causes pump rate to almost
double (Wright, 1977). The Ca?*-activated K* chan-
nels are tightly regulated by a number of factors.
Besides depolarization, intracellular pH and Ca?*
may also have a regulating role. Changes in pH may
well be important in a tissue where HCO; is of
primary importance to the process of secretion.
However, their precise contribution remains to be
studied; little is known about the cAMP sensitivity
of both the Ca?*-activated K* and inward-rectifying
K* channels as well as the changes in intracellular
Ca?* and pH upon cAMP stimulation.

Voltage-dependent,  depolarization-activated
Ca?"-activated K" currents have previously been
identified in exocrine gland acinar cells (Findlay,
1984; Maruyama & Petersen, 1984; Trautmann &
Marty, 1984) and chromaffin cells (Marty & Neher,
1985). Since Ca?*-activated K™ channels have been
identified in almost every cell type studied thus far,
the method that we have described may be applica-
ble to other cells.
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