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Two types of K* channels in the apical membrane of rabbit
proximal tubule in primary culture
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The patch-clamp technique was used to investigate ionic channels in the apical membrane of rabbit proximal tubule cells
in primary culture, Cell-attached recordings revealed the presence of a highly selective K* channel with a conductance
of 130 pS. The channel activity was increased with membrane depolarization. Experiments performed on excised
patches showed that the channel activity depended on the free Ca?* concentration on the cytoplasmic face of the
membrane and that decreasing the cytoplasmic pH from 7.2 to 6.0 also decreased the channel activity. In symmetrical
140 mM KCl solutions the channel conductance was 200 pS. The channel was blocked by barium, tetraethylammonium
and Leiurus quinquestriatus scorpion venom (from which charybdotoxin is extracted) when applied to the extracellular
face of the channel. Barium and quinidine also blocked the channel when applied to the cytoplasmic face of the
membrane. Another K* channel with a conductance of 42 pS in symmetrical KCl solutions was also observed in excised
patches. The channel was blocked by barium and apamin, but not by tetraethylammonium applied to the extracellular
face of the membrane. Using the whole-cell recording configuration we determined a K* conductance of 4.96 nS per

cell that was blocked by 65% when 10 mM tetraethylammonium was applied to the bathing medium.

Introduction

The development of the patch-clamp methodology in
renal physiology permits characterization of the ionic
channels present in the membrane of the cells constitut-
ing the different nephron segments. Although the baso-
lateral membrane is accessible to the patch pipette,
access to the apical membrane, however, remains dif-
ficult along all the nephron segments. To overcome this
problem in the cortical collecting tubule, several authors
[1-4] opened a microdissected tubule to gain access to
the apical membrane. Gogelein and Greger [5), how-
ever, chose to approach the apical membrane of prox-
imal straight tubule cells by- introducing the patch
pipette into the free end of an in vitro perfused tubule.
Although very elegant, in practice, these techniques are
difficult, the size of the nephron segment, in particular,
presents a serious limitation. Recently, cultured renal
cell methodology has been used to investigate various
aspects of epithelial biology. In order to study the ionic
channels located in the apical membrane of proximal
convoluted tubules, we undertook the culture of micro-
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dissected S1 segments. The simple geometry and the
free access to the apical membrane of the cultured
monolayers present an experimental tool well adapted
to electrophysiological techniques. However, if one’s
interest is in the transport properties of a specific
nephron segment, problems arise with the segmental
heterogeneity of the nephron. For this reason, we used
the microdissection method to be certain of the origin
of the culture. In two previous papers [6,7], we pre-
sented evidence that microdissected proximal tubules
(S1 segment) in primary culture retain the immunologi-
cal, biochemical and electrophysiological characteristics
of the original ephithelium. In the present paper, we
describe two K* channels in the apical membrane of
cultured proximal cells: a large conductance, Ca?* and
voltage-activated K* channel which shares many of the
properties of the maxi K* channel described in many
tissues [8-11] including renal epithelium [2,4] and a K*
channel with a smaller conductance which is blocked by
apamin.,

Materials and Methods

Primary cultures
The primary cell culture technique was described in
detail in a previous paper [6]. Briefly, the S1 portions of
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the proximal tubules were microdissected under sterile
conditions from 4-5-week old female New Zealand
rabbit kidneys. The kidneys were cut into small pyra-
mids which were incubated in a dissection medium
containing 0.1 mg/ml collagenase (Cooper, U.S.A)).
The tubules were seeded in collagen-coated Petri dishes
filled with a primary culture medium composed of an
equal mixture of Dulbecco’s modified Eagle medium
(DMEM) and Ham F12 (Gibco) containing 15 mM
NaHCO;, 20 mM Hepes (pH 7.5), 2 mM glutamine, 5
pg/ml insulin, 5-10"% M dexamethasone, 10 ng/ml
EGF, 5 pg/ml transferrin, 3-10™% M sodium selenite,
1-10~® M triiodothyronine, 100 U/ml penicillin and
100 pg/ml streptomycin. Cultures were maintained at
37°Cin a 5% CO, water-saturated atmosphere.

Enzyme studies

Enzyme analysis was performed on 12-15-day-old
cultured proximal tubules. The enzyme assays were
made at 37°C. Alkaline phosphatase was assayed with
p-nitrophenyl phosphate as substrate at pH 8.6, as
described by Hubscher and West [12]. Leucine amino-
peptidase was determined by the technique described by
Kramers and Robinson [13] using leucine p-nitroanilide
as substrate. y-Glutamyltransferase was meusured using
v-glutamyl p-nitroanilide as substrate (Sigina list kit).
Hexokinase was determined by Bergmeycr’s method
[14] on cultured cells isolated by trypsinization and
permeabilized by a freeze-thawing procedure.

The results were normalized for the DN\ content of
each sample which was measured by a modification of
the method of Switzer and Summer [15].

Cyclic AMP production in primary cultures

Cyclic adenosine monophosphate (cAMI?) produced
by 12-15-day-old cultured cells was measurcd by radio-
immunoassay [15]. For these experiments, cultures were
grown on permeable support [17]). The epithelia were
incubated at 37°C for 5-15 min with 0.1 pg/ml
parathyroid hormone (PTH 1-34) or 107® M arginine
vasopressin (AVP) in the presence of 3-isobutyl-1-meth-
yixanthine (IBMX). The hormones were adced to both
apical and basolateral sides of the culture well.

Patch clamp technique

The patch-clamp technique described by Hammil et
al. [18] was applied to the apical membrane of 12-15-
day-old primary cultures of proximal tubules grown on
collagen-coated Petri dishes, since at this age the cells
exhibited a clear morphological polarity {6,7]. Culture
dishes were placed on the stage of an Olympus IMT2
microscope. Only cells of polygonal stape in the
mosaic-like epithelium were investigated. Patch pipettes
made from hematocrit capillaries were pulled in two
steps with a vertical puller (Kopf, Tujunga. CA, US.A))
and coated with sylgard to reduced background noise.

135

Pipettes had resistances of 2-5 megaohm in standard
NaCl solution. Membrane currents were recorded with
a patch-clamp amplifier LM EPC5 (List Electronic,
Darmstadt F.R.G.). Experimental data were stored dig-
itally on videocassette using a digital audioprocessor
PCM 701 (Sony, Japan) coupled to a videocassette
recorder (Sony, Japan). Whole-cell current analysis was
performed on a storage oscilloscope (Enertec, Schlum-
berger). Single channel currents to be analyzed were
transferred to a PC XT IBM computer digitized at 1-3
kHz after postfiltering at 0.5-1 kHz low pass with an 8
pole Bessel filter (Frequency Device, U.S.A.). The dig-
itized recordings displayed on a graphic monitor were
analyzed with a threshold level set at 50% of the chan-
nel amplitude. The opening probability was estimated
by the ratio of open time of the channel to total time of
recording. When more than one channel was present in
the patch, the opening probability of level n. P(n), was
calculated with respect to level n-1. The open probabil-
ity was expressed as the mean of P(n) values. The
Goldman-Hodgkin-Katz current equation

2 K. -K. sFV/RT
=E oy leT e
RT l_e:F V/RT

1
was used to describe the current-voltage relationship of
the channel, R, T, F, Pk and :z have their usual
meaning. K, and K; are the K™ activities on the
extracellular and cystosolic side of the membrane.

Experiments were carried out at room temperature
(20-22°C). The NaCl solution contained (in mM) 140
NaCl, 5 KCl, 1 CaCl,, 1 MgCl,, 10 Hepes, pH 7.4
adjusted with NaOH. The KCI solution contained (in
mM) 140 KCl, 5 NaCl, 1 MgCl,, 10 Hepes pH 7.2
adjusted with KOH. Ca** concentrations below 10™°
M were obtained with a Ca®*/EGTA mixture.

The 35 mM KCI solution contained (in mM): 110
NaCl, 35 KC}, 1 MgCl,, 1 CaCl,, 10 Hepes, pH 74
adjusted with NaOH. Throughout this paper the sign of
the potential refers to the pipettz interior with respect to
the bath.

Results

Primary cultures of proximal cells

In the present study only the S1 segment of the
proximal tubule was microdissected. The individual seg-
ment was seeded on a collagen-coated Petri dish. After
a latent period of 2-5 days, exponential growth took
place and persisted for up to 30 days. For patch-clamp
analysis, the cultures were used after 12-15 days of
seeding. The biochemical, immunological and morpho-
logical characteristics of the cultured proximal tubules
have been analyzed in detail in two previous papers
[6,7). However, a summary of the enzyme activities of
12-15-day-old primary cultures is reported in Table 1.
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TABLE 1

Enzymatic characteristics of 12~ 15-day-old cultured proximal and con-
necting tubules

Leucine aminopeptidase, y-glutamyltransferase, alkaline phosphatase
and hexokinase activities were measured in 12-15-day-old primary
cultures of proximal and connecting tubules. Activities are expressed
in nmol/min per pg DNA. Values are means + S.E. of n experiments.

Cultures of Cultures of
proximal connecting
tubules tubules
Leucine aminopeptidase 1.65+0.20 0.95+0.14
(n=135) (n=16)
y-Glutamyltransferase 3.07+0.35 0.34+0.10
(n=351) (n=15)
Alkaline phosphatase 0.85+£0.09 0.14+0.04
(n=34) (n=14)
Hexokinase 0.47+0.07 1.01+0.12
(n=18) (n=11)

This table also gives, for comparison, data from isolated
connecting tubules in primary culture under exactly the
same conditions. Cultured proximal tubules exhibited
high activities of the brush-border enzymes y-gluta-
myltransferase, alkaline phosphatase and leucine
aminopeptidase, whereas a low activity level of glyco-
lytic enzyme was found. As expected the membrane-as-
sociated enzyme activities were significantly higher in
the proximal than in the distal cultures and hexokinase
activity was greater in cultures of connecting tubules.
Another method of characterizing the nature of the
primary culture is using the effect of peptide hormones
on cyclic AMP production. After 5-15 min exposure to
parathyroid hormone (PTH), cAMP increased 7-fold in
the proximal cell layer cultures (Table II), but only
2.5-fold in the cultures of connecting tubules. Arginine
vasopressin (AVP), on the other hand, did not signifi-
cantly modify CAMP production in proximal cultures,
but tripled it in distal cultures (Table II).

TABLE 11
Adenylate cyclase activity in cultured proximal and connecting tubules

Cyclic AMP production in fmol/5 min per pg of DNA was measured
in 12-15-day-old primary cultures of proximal and connecting tub-
ules. Arginine vasopressin (AVP) and parathyroid hormone (PTH)
concentrations were 108 M and 0.1 pg/ml, respectively. Values are
means + S.E. of n experiments,

Cultures Control AVP PTH

Proximal 534841842 4042+ 67.1 3695.9+1193.5 **
tubules (n=6) (n=13) (n=6)

Connecting 1795+ 156 5451+2032* 4227 + 1109 **
tubules (n=8) (n=17) (n=4)

* P<01; ** P<0.02: statistical significance between stimulated
and basal productions of cAMP.
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Fig. 1. Current-voltage relationship obtained in the whole-cell record-
ing configuration. The pipette contained (in mM): 140 KCl, S NaCl, 1
MgCl,, 10 Hepes (pH 7.2). The calcium concentration was 10~7 M
(buffered with EGTA). The bath contained (in mM): 140 NaCl, 5
KCl, 1 MgCl,, 1 CaCl,, 10 Hepes (pH 7.4) (@) or in addition 10 mM
tetraethylammonium (). The inset gives examples of current record-
ings obtained at three depolarizing potentials (—~20, +20, +60, + 80
mV) from the holding potential of —60 mV. V, is the pipette holding
potential with respect to the bath.

Whole-cell analysis

Applying a slight suction to the patch pipette re-
sulted in the easy formation of a gigaseal (> 10 gigachm)
with the apical membrane, in more than 85% of trials.
Whole-cell current recordings could be performed for
10-15 min. The inset of Fig. 1 shows current recordings
obtained from an initial holding potential of —60 mV
followed by depolarizing voltage steps. The I/V rela-
tionship is the mean of four recordings obtained in
different cultures. When a series of electrical pulses
from —80 to +80 mV was passed, the current was
directed from the cell interior to the bath only at
depolarizing voltages. In two experiments we tested the
effect of 10 mM tetracthylammonium applied exter-
nally. Fig. 1 shows that about 65% of the current was
blocked by the inhibitor. These data indicate that the
recorded currents were mainly due to K* diffusion
through K* channels. The K* conductance calculated
from the maximal slope of the I/V curve was 4.96 + 1.4
nS per cell.

Maxi K * channels

Cell-attached experiments

In order to characterize the ionic channels present in
the apical membrane of proximal cells in primary cul-
ture, single-channel currents were recorded in the cell-
attached configuration. A recording of the channel ac-
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Fig. 2. (A) Single-channel current recordings in a cell-attached patch containing two active channels. Pipette and bath contained (in mM): 140

NaCl, 5 KCl, 1 MgCl,, 1 CaCl,, 10 Hepes (pH 7.4). Channel openings are indicated by upward deflections. C indicates the closed state of the

channels. V, is the pipette holding potential with respect to the bath. (B) Current-voltage relationship of the channel in the cell-attached

configuration. The bath contained the same medium as described in A. The pipette contained the same solution (a) or in (mM): 140 KCI. § NaCl. 1

CaCl,, 1 MgCl,, 10 Hepes (pH 7.2) (&). The dotted line represents the Goldman-Hodgkin-Katz relationship. An intracellular K * concentration of
140 mM and a cellular membrane potential of —60 mV was assumed. V, is the pipette potential with respect to the bath.

tivity most commonly observed is given in Fig. 2A.
Under control conditions, with NaCl solution in the
pipette and in the bath, an upward deflection represents
current carried by positive charges moving from the cell
interior to the pipette. At the resting membrane poten-
tial (¥, =0 mV) the channel was spontaneously active
and the current was upward. The current amplitude and
the channel activity increased when depolarizing poten-
tials were applied to the patch membrane. Furthermore,
from —80 mV there was evidence of the opening of a
second channel. The mean current-voltage relat onship
of six experiments is shown in Fig. 2B. The rc._z iouship
was not linear over the range of 0-100 mV pipette
voltage. The constant field equation of Goldman
Hodgkin and Katz was applied to the data, assuming
that the channel was K *-selective. As shown in Fig. 2B,
the experimental data are described perfectly by the
theoretical curve. Single-channel conductance ranged
from 40 pS near the resting membrane potential (¥, =0
mV) to 130 pS when the membrane patch was
depolarized to 0 mV. The high K* selectivity of the
channel was confirmed in two experiments in which the
pipette was filled with KCl solution. Under these condi-
tions, the current-voltage relationship became linear
(Fig. 2B). At the resting membrane potential, the cur-

rent flowed from the pipette into the cell and reversed
at —74 mV, which corresponded to the potential needed
to cancel the intracellular potential. The maximal con-
ductance represented by the slope of the straight line
was 157 pS.

The channel kinetics were clearly voltage-depandent.
As illustrated in Fig. 3, the opening probability was an
exponential function of the applied potential.

Po
10

05+

T : Y . T y—=e= Yp (MV)

0 -20 -40 -60 -80 -100
Fig. 3. Channel open probability versus pipette applied potential in
the cell-attached configuration. The dotted line represents the fit

according to an exponential function. ¥, is the pipette holding
potential with respect to the bath.
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Fig. 4. (A) Channel current recording in an excised inside-out patch. The pipette contained (in mM): 140 NaCl, 5 KCl, 1 MgCl,, 10 Hepes (pH

7.4). The bath contained (in mM): 140 KCl, 5 NaCl, 1 CaCl,, 1 MgCl,, 10 Hepes (pH 7.2). C indicates the closed state of the channels. ¥}, is the

pipette potential with respect to the bath. (B) Current-voltage relationship of the channel in excised inside-out patches. The pipette and bath

contained the same media is for the experiments in A. The dotted line represents the Goldman-Hodgkin-Katz equation. ¥}, is the pipette holding
potential with respect to the bath.

Excised patches
To investigate the characteristics of the channel fur-
ther experiments were performed on excised patches.
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Fig. 5. Current-voltage relationship of the channel in excised right-

side-out patches. The pipette contained (in mM): 140 KCl, 5 NaCl, 1

CaCl;, 1 MgCl,, 10 Hepes (pH 7.2). The bath contained (in mM):

110 NaCl, 35 KCl, 1 CaCl,, 1 MgCl,, 10 Hepes (pH 7.4) (@) or (in

mM): 140 KCl, 5 NaCl, 1 CaCl,, 1 MgCl,, 10 Hepes (pH 7.4) (§).

The dotted line represents the Goldman-Hodgkin-Katz equation. V,
is the pipette holding potential with respect to the bath.

Fig. 4A shows a recording of single-channel activity in
an inside-out patch. The pipette contained NaCl solu-
tion and the bathing medium was the KCl solution. The
channel current was always upward and its amplitude
increased as the voltage applied passed from +40 to
—40 mV. The current-voltage relationship of this chan-
nel is shown in Fig. 4B and agrees with the Goldman
equation. As in the cell-attached experiments, we calcu-
lated a channel conductance ranging from 50 pS to 120
pS. In order to modify the K* concentration in the
solution bathing the extracellular side of the patch
membrane, rightside-out patches were obtained from a
whole-cell configuration. With 140 KCl in the pipette
and 35 KCl in the bath, the reversal potential shifted to
—35 mV (n=2). In this case, also the I/V curve (Fig.
5) was well described by the Goldman equation. The
two conductances were 48 pS and 146 pS, respectively.
When KCl solution was present on both sides of the
membrane, the current reversal potential was 0 mV and
the slope of the straight line gave a maximal conduc-
tance of 200 pS. The agreement between the data ob-
tained in cell-attached and excised patches clearly indi-
cates that the two types of experiment described the
same channel.

Dependeice on free Ca’* concentration

To investigate whether this channel is Ca™ activated,
we examined the effect of the free Ca’* concentration
variation on the cytosolic face of an inside-out patch.
The pipette was filled with 140 KCI, 10~° M Ca?* and
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Fig. 6. (A) Effect of the cytoplasmic calcium concentration on channel activity recorded in an inside-out patch. The pipette contained (in mM): 140

KCl, 5 NaCl, 1 MgCl,, 10 Hepes (pH 7.2). Calcium concentration was 10~-¢ M buffered with EGTA. The bath contained the same solution with

different calcium concentrations ranging from 10™* to 10~* M. C indicates the closed state of the channel. The pipette holding potential was —80

mV with respect to the bath. (B) Three-dimensional plot of the channel-opening probability versus pipette applicd potential at different
cytoplasmic calcium concentrations. ¥}, is the pipette holding potential with respect to the bath.

the bath contained KCI solution with the free Ca®* face of inside-out patches. The pipette was filled with

concentration ranging from 10~% to 10~* M. The hold- KCl solution, 1073 M Ca?" and the bath contained the
ing potential was —80 mV. Fig. 6A gives an example of same solution but with two different pH values adjusted
the current traces illustrating the increase of channel with 1 M HCL. Fig. 7A shows that the time during
activity with increasing Ca’* concentration. Fig. 6B which the channcl was closed was greater at pH 6.0.
shows the variation of channel-opening probability with This is confirmed by plotting the channel-opening prob-
the membrane potential at different Ca®* concentra- ability as a function of the membrane potential (Fig.
tions. 7B). This effect of pH was observed on three occasions.
Dependence on pH Pharmacological properties

To examine the pH dependence of K™ channel activ- The infiuence of barium on K* channel activity was
ity, we varied the pH of the solutions at the cytoplasmic tested on the extracellular face of four rightside-ou’
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Fig. 7. (A) Effect of cytoplasmic pH on channel activity recorded in an inside-out patch. In the upper recording, pipette and bfnh contained gin

mM): 140 KCl, 5 NaCl, 1 MgCl,, 0.01 CaCl,, 10 Hepes (pH 7.2). In the lower recording, the pH of the bathing solution was adjusted to 6.0 w.nh

HCL C indicates the closed state of the channel. The pipette holding potential was — 60 mV with respect to the bath. (B) Plot of ghangcl-opemng

probability versus pipette applied potential with different cytoplasmic pH. Pipette and bath contained the same medium as described in A (®) or
the same but at pH 6.0 (@) adjusted with HCL. ¥, is the pipette applied potential with respect 10 the bath.
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Fig. 8. Effect of 1 mM barium applied on the external face of an
excised rightside-out patch at two pipette holding potentials (+20
and —20 mV). In control recordings, the pipette and the bath
contained (in mM): 140 KCl, 5 NaCl, 1 MgCl,;, 0.1 CaCl,, 10 Hepes
(pH 7.2). In the bottom recordings, 1 mM barium was added to the
bathing solution. The dotted line represents the baseline current level.
C indicates the closed state of the channel. V}, is the pipette holding
potential with respect to the bath.

patches. The results are illustrated in Fig. 8. The addition
of 1 mM barium strongly decreased channel activity.
The kinetics of the inhibition were characteristic of the
action of slow blocking agents. Thus, Ba** reduced the
length of the burst duration and induced long periods
of inactivity between two bursts. The current amplitude
was not modified. Fig. 8 clearly shows the voltage
dependence of the Ba®* blockage. Fig. 9 summarizes the

100%1 & —= CONTROL
100 uM Batt
50%+
imM Batt
‘/’——“ SmM Ba**

+20 o =20 Vp(mv)

Fig. 9. Effect of voltage on barium blockage of the channel when

barium was applied to the external face of excised rightside-out

patches. Results are expressed in percent of channel-opening probabil-

ity in control experiments (no barium added). V, is the pipette
holding potential with respect to the bath.
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Fig. 10. Effect of external tetraethylammonium (TEA) on single-chan-
nel currents recorded in an excised rightside-out patch. In the control
recording, the pipette contained (in mM): 140 KCl, 5 NaCl, 1 MgCl,,
0.1 CaCl,, 10 Hepes (pH 7.2) and the bath contained (in mM): 140
NaCl, 5 KCl, 1 MgCl,. 1 CaCl,, 10 Hepes (pH 7.4). In the lower
recordings, 10 pM or 1 mM tetraethylammonium was added to the
bathing solution. C indicates the closed state of the channel. The
pipette holding potential was — 30 mV with respect to bath.

data in terms of percent inhibition of channel activity as
a function of voltage. At a high Ba* concentration (5
mM), the channel was completely blocked, irrespective
of the potential applied to the patch membrane. At
lower concentrations, the efficiency of the Ba2* block-
age increased with its electrochemical driving force. The
influence of Ba2* on the cytoplasmic face of the mem-
brane was also tested in inside-out patches and similar
conclusions were reached.

CONTROL

" TR,

QUINIDINE 10 uM

QUINIDINE 50 uM

NN T . )

18 pA

250 msec

Fig. 11. Effect of quinidine applied on the cytoplasmic face of an

excised inside-out patch. In the control recording, the pipette and

bath contained (in mM): 140 KCl, 5 NaCl, 0.1 CaCl,, 1 MgCl,, 10

Hepes (pH 7.2). In the lower recordings, 10 or 50 puM quinidine was

added to the bathing solution. C indicates the closed state of the

channel. The pipette holding potential was —80 mV with respect to
the bath.
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Fig. 12. Effect of crude scorpion venom ( Leiurus quinquestriatus) on
the extracellular face of an excised rightside-out patch containing four
active channels. In the control recording, the pipette contained (in
mM): 140 KCl, 5 NaCl, 1 MgCl,, 0.1 CaCl,, 10 Hepes (pH 7.2) and
the bath contained (in mM): 140 NaCl, 5 KCl, 1 CaCl,, 1 MgCl,, 10
Hepes (pH 7.4). In the lower recording, scorpion venom was added to
the bathing solution. Single-channel current levels are indicated by
relevant numbers. C indicates the closed state of the channels. The
pipette holding potential was —40 mV with respect to the bath.

The effect of tetracthylammonium on the Ca’*-
activated K* channel was studied when the blocker was
applied to the extracellular face of four rightside-out
patches. One example of a recording obtained with 1
mM and 10 pM tetraethylammonium is given in Fig.
10. Tetraecthylammonium at 1 mM decreased the cur-
rent amplitude from 3.4 to 0.70 pA and reduced the
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opening probability from 044 to 0.15. A¢ a low tetra-
ethylammonium concentration (10 uM), the current am-
plitude was slightly reduced (by 20%) and the channel
recording had a flickering appearance.

Quinidine applied to the internal face of three inside-
out patches induced modifications of the K* channel
activity similar to those obtained with extracellular te-
traethylammonium. Fig. 11 shows a recording at — 80
mV with 10 and 50 p™ quinidine. Both effects of
tetraecthylammonium and quinidine were reversible when
the drugs were rinsed out.

Fig. 12 illustrates the effect of crude Leiurus
quinquestriatus venorma on the Ca’*-activated channel
recorded in a rightside-out patch. Four channels were
activated simultancously in control conditions at —40
mV. Addition of venom to the external solution (final
protein concentration: 12.5 pg/ml buffer solution)
caused a significant reduction of the channel-opening
probability from 0.47 £0.03 to 0.30+£0.03 (n=23),
without any apparent reduction of current amplitude.

Small K * channel

In excised patch experiments, we also recorded a
second type of ionic channel. Fig. 13A is an example of
the channel current obtained from an inside-out patch
with KCl solution in the bath and NaCl solution in the
pipette. At 0 mV, the current was upward and must

I(pA)

Fig. 13. (A) Single-channel current recordings of the small K * channel obtained in an excised inside-out patch. The pipette was filled with (in mM):
140 NaCl, 5 KCl, 1 MgCl,, 1 CaCl,, 10 Hepes (oH 7.4) and the bath contained (in mM): 140 KCI, 5 NaCl, 1 Mg(‘lz. 1 CaCIz. 10 l'-lepe.'sa (pH 7.2).
Channel openings are indicated by upward deflections. C indicates the closed state of the channel. V}, is the plpeue. thdlng potential with l't."hPCCl
to bath. (B) Current-voltage relationship of the small K * channel. (a) Corresponds to experiments performed on inside-out patches. The pipette

contained the same medium as for A but at pH 7.2 and the bath containe

d the same media as for A. The two other straight lines correspond to

-7
experiments performed on rightside-out patches in which the pipette contained (in mM): 140 KCI, 5 NaCl, 1 MgCl,, 10 Hepes (pH 7.2) (10" M
Ca?* buffered with EGTA) and the bath (in mM): 140 KCl, 5 NaCl, 1 MgCl,, 1 CaCl,, 10 Hepes (pH 7.2) (O) or 110 NaCl, 35 KCl. 1 CaCl,. 1

MgCl,, 10 Hepes (pH 7.4) (8). V}, is the pipette holding potential with respect to the bath.
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Fig. 14. Effect of barium on the external face of a rightside-out patch.
In the control recording, the pipette contained (in mM): 140 KCl, 5
NaCl. 1 MgCl,. 10 Hepes (pH 7.2). The calcium concentration was
10~7 M (buffered with EGTA). The bath contained (in mM): 140
NaCl, 5 KCl, 1 MgCl,, 1 CaCl,, 10 Hepes (pH 7.4). Barium 1 or 5
mM was added to the bathing solution. C indicates the closed state of
the channel. The pipette holding potential was —20 mV with respect
to the bath.

have corresponded to the flow of K* ions through the
channel, since Cl~ ions were equilibrated and Na*
currents would have given downward deflections. De-
creasing the voltage from 0 mV to —60 mV increased
the current amplitude, but did not change the opening
time. The main characteristic of this channel was its
flickering appearance during one burst of activity. The
current-voltage relationship represented in Fig. 13B was
linear over the range of +40 to —60 mV applied
voltage. The reversal potential was +56 mV for a K*
Nernst potential of +83 mV leading to a P[K]/P[Na]
= 14. The average conductance of the channel was 28
pS. Additional experiments were also performed on
rightside-out patches with KCl solution in the pipette
and 35 KCl solution in the bath. Under these condi-
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Fig. 15. Effect of apamin (107 M) on channel activity recorded in a
rightside-out patch. In the control recording, the pipette was filled
with (in mM): 140 KCl, 5 NaCl, 1 MgCl,, 10 Hepes (pH 7.2). The
calcium concentration was 10~7 M (buffered with EGTA). The bath
contained (in mM): 140 NaCl, 5 KCl, 1 CaCl,, 1 MgCl,, 10 Hepes
(pH 7.4). In the middle recording, apamin was added to the bathing
solution. In the lower recording, the bath was rinsed with the control
solution. C indicates the closed state of the channel. The pipette
holding potential was 0 mV with respect to the bath.

tions, the current reversal potential shifted to —36 mV
for a K* Nernst potential of —35 mV. The conductance
increased to 32 pS. In symmetrical KCl solution, the
current reversal potential was not different from 0 mV
and the conductance was 42 pS. The effect of barium
was tested on rightside-out patches at a holding poten-
tial of —20 mV. Only a high Ba2* concentration in-
duced a decrease in the opening probability of the
channel (Fig. 14). Apamin reduced the channel activity
when applied to the extracellular face of rightside-out
patches. This is illustrated in Fig. 15 in which it can be
seen that the addition of 5 10~7 M apamin caused a
decrease in channel activity of about 90% without mod-
ification of the current amplitude. The action of the
venom was completely reversible and was observed in
two excised patches.

Discussion

In order to analyze the electrical properties of the
apical membrane of the proximal tubule, we undertook
primary cultures of the S1 segment isolated by micro-
dissection. The cells grown on collagen-coaied Petri
dishes in a hormonally defined medium retain the ultra-
structural, immunological and biochemical characteris-
tics of the epithelium in vivo for at least 30 days after
seeding as described in two previous publications [6,7].

Single-channel analysis performed on the apical
membrane of cultured proximal cells revealed the ex-
istence of two different K* channels. One of these,
observed in 20% of the patches, was highly selective to
potassium and its conductance was around 200 pS in
symmetrical KCl solutions. This high-conductance K*
channel shows many of the properties of the maxi K*
channel found in rat skeletal muscle {11), chromaffin
cells [9], frog neuron [8] and rabbit T tubules [19]. The
opening probability increased with the membrane
potential. In cell-attached experiments this corresponds
to an activation of the channel when the membrane is
depolarized. However, in cell-attached patches, we were
not able to determine the exact slope of the activation
curve, because applying a voltage larger than —100 mV
broke the patch. A sigmoidal relationship between
membrane potential and opening probability was seen
in the excised patch experiments in which Ca?* and pH
were varied. Ca®* and pH sensitivities of this channel
are also typical features of the maxi K* channel irre-
spective of the tissue in which it is recorded [9,10,20].
We have demonstrated a relationship between Ca®* and
voltage and between pH and voltage. Thus, at a given
cytopiasmic Ca?* concentration, the channel opened
more often and for longer periods when the membrane
was depolarized. Similarly, at a given pH, the opening
probability was enhanced when the membrane was
depolarized. These observations have also been reported
by others. Notably, a very detailed study was made by



Christensen et al. {20] on the choroid plexus of
amphibians. In agreement with this work we also found
that the action of Ca* leads to an increase of the mean
open time and a decrease of the mean closed time of the
channel, whereas H ™ had the reverse effect. Finally,
these combined results confirm that there is no intrinsic
voltage dependence of the channel, but rather a mod-
ulation by the membrane potential of the binding of
Ca®* to an activation site. They aso indicate that H*
may compete with Ca?* for this binding site [20]. How-
ever, the high calcium concentrations needed to activate
the channel at physiologica voltages in excised patches
may indicate that the process of excision could result in
the loss of some intracellular factors which modulate
the calcium sengitivity of the channel.

In the present work, we have shown that severa
substances can block the K* channel. Of these, Ba®*
was very effective. Its action, reported in a wide variety
of tissues, is not redly specific to a given type of K™
channdl. The influence of Ba?* on maxi K* channels
was studied in the apical membranes of cultured
medullary thick ascending limb cells by Guggino et al.
[21]. Our data agree with their observations. The voltage
dependence of the Ba®* blockage is aso in accordance
with the known Ba2* actions on K* channels [22,23]. It
must be stressed that in our kinetic study we applied
Ba’* to the externa side of the membrane. This could
explain why we did not observe significant effects below
100 pM Ba?* and were forced to use high Ba%* con-
centrations. It has in fact, been shown that the sensitiv-
ity of the K* channel to Ba* is strongly dependent on
the side of application [23]. To characterize the K™
channel further, we tested the effect of crude L.
quinquestriatus venom. The venom exerted an inhibitory
effect only when applied on the externd face of the
membrane. Although we did not purify the toxin, it is
probable that the blockage of the channel activity was
due to the presence of charybdotoxin. This toxin is the
main blocking agent of the maxi K* channel in scorp-
ion venom [24]. Moreover, Guggino et al. [22] reported
an inhibition profile with purified charybdotoxin, which
was very similar to that which we obtained in the
present study. Unlike Ba?* and charybdotoxin, tetra-
ethylammonium and quinidine were found to be fast
blockers of the maxi K* channel [22]. We again found
that these classical blockers decreased the channel activ-
ity: in the case of tetragthylammonium wher. applied to
the external face and in the case of quinidine applied to
the internal face. Unlike scorpion venom, apamin caused
no decrease in channd acdivity. This toxin, extracted
from bee venom, is a selective blocker of Ca?*-depen-
dent K* channels in neuroblastoma cells [25] and muscle
[26], but does not act on maxi K* channels [22].

During our experiments, we observed a second K*
channel with a lower conductance. This channel was
only rarely recorded (n = 4) and never in cell-attached
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configuration experiments. For this reason, we at first
considered that it might represent a s&conductance
state of the maxi K* channel. However, it was not
blocked by tetraethylammonium applied externally, even
at a concentration as high as 10 mM, nor by scorpion
venom, but was very sensitive to apamin. ItS conduc-
tance was small, ranging from 28 to 42 pS. The channel
was very sdective for K* over Na' and Cs* (data not
shown) and its activity appeared to be independent of
membrane potential. Although we have not yet studied
the effects of Ca®*, the channel shows a strong resem-
blance to the K* channels described in cultured muscle
[26].

The results of the present work demonstrate the
existence of a Ca’*-dependent K* channd of large
conductance in the apica membrane of the proximal
tubule in primary culture. We also identified a small
conductance K* channel the exact pharmacology of
which remains to be clarified. To our knowledge, this is
the first time that such channels have been recorded in
this structure. A survey of the literature concerning the
mammalian kidney revealed that high conductance K *
channels have been observed in the apical membranes
of rabbit [2] and rat [4] cortical-collecting tubules. A
maxi K* channel has been described in cultured cells of
the rabbit medullary thick ascending limb [21], in
primary cultures of the principal cells of cortical-collect-
ing ducts [27] and in chick kidney cells [28]. We are at
present characterizing apical channels in primary cul-
tures of cortical ascending limb, convoluted distal bright
and cortical-connecting tubule. Preliminary results sug-
gest the presence of aK ™ channel of large conductance
(92, 138 and 125 pS) [29,30]. Maxi K* channels are also
present in cultured renal cdl lines, such as MDCK [31]
or JTC 12 P3 [32]. In fact, it seems that maxi K*
channels are apically localized along most of the neph-
ron segments. The physiologica role of such a channel
would necessarily vary according to the nature of the
nephron segment. Along the distal segments, it could be
implicated in the mechanism of K* secretion (2]. The
most probable role of the channel aong the Si proximal
tubule would be the maintenance of membrane poten-
tial during electrogenic Na*/solute cotransport. This
hypothesis is supported by the results of Brown et al.
[33] who showed that actively transported sugars and
amino acids increased the K* permesbility of isolated
enterocytes, probably by activating a Ca**-dependent
K™ channdl.

As far as K* channel: of smaler conductance are
concerned, the data reported in the literature are more
scatterer’,. From voltage sensitivity and Ca**-depen-
dencc characterigtics, it would seem that severa types of
anall K* channel may exist [34,35]. For instance,
Gogelein and Greger [34] reported a weskly voltage-de-
pendent Ca*+-insensitive K* channel of 20-40 pS con-
ductance in the basolateral membrane of the straight
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proximal tubule. Parent et al. [35], found a poorly
voltage-dependent, but Ca®*-activated K* channel in
the proximal convoluted tubule. Whether the apical
small K* channel that we reported corresponds to that
described by Gogelein and Greger or to that described
by Parent et al. remains to be established. Moreover,
the existence of the same type of channel both in the
apical and the basolateral membrane would be surpris-
ing in a polarized epithelium. Thus, the question arises
of the extent to which proximal tubule cells may lose
part of their functional polarity when grown on col-
lagen-coated Petri dishes. We have previously shown
that such a culture process did not pertubate the distri-
bution of the main specific hydrolases of the brush-
border membrane [6,7]. On the basis of this observation,
it could be reasonably supposed that the channel-con-
stituting proteins were rightly inserted into the expected
membrane during epithelial growth.

Acknowledgement

The technical assistance of L. Othmani and M.
Gastineau is gratefully acknowledged.

References

1 Helman, S.I, Koeppen, B.M., Beyenbach, K.W. and Baxendale,
L.M. (1985) Pflugers Arch. 405, S71-S76.
2 Hunter, M., Lopes, A.G., Boulpaep, E.L. and Giebisch, G.H.
(1984) Proc. Natl. Acad. Sci. USA 81, 4237-4239.
3 Hunter, M., Lopes, A.G., Boulpaep, E. and Giebisch, G. (1986)
Am, J. Physiol, 251, F725-F733.
4 Palmer, L.G. (1986) Am. J. Physiol. 250, F379~F385.
5 Gogelein, H. and Greger. (1984) Pflugers Arch, 401, 424-426.
6 Merot, J,, Bidet, M., Gachot, B., Le Maout, S., Tauc, M. and
Poujeol, P. (1988) Pflugers Arch., in press.
7 Tauc, M., Merot, J., Bidet, M., Koechlin, N., Gastineau, M.,
Othmani, L. and Poujeol, P. (1988) Histochemistry, in press.
8 Adams, P.R,, Constanti, A., Brown, D.A. and Clark, R.B. (1982)
Nature (London) 296, 746-749.
9 Marty, A. (1981) Nature (London) 291, 497-500.
10 Maruyama, Y., Gallacher, D.V. and Petersen, O.H. (1983) Nature
(London) 302, 827-829.
11 Pallotta, B.S., Magleby, K.L. and Barrett, J.N. (1981) Nature
(London) 293, 471-474.

12 Hubscher, G. and West, G.R. (1965) Nature (London) 205.
799-800.

13 Kramers, M.T. and Robinson, G.B. (1979) Eur. J. Biochem. 99,
345-351.

14 Bergmeyer, H.U. (1970) in Methoden der Enzymatischen Analyse
(Weithem, K. ed.) pp. 1163-1168, Verlag Chemie, Stuttgart.

15 Switzer, B.R. and Summer, G.K. (1971) Clin. Chim. Acta. 32,
203-206.

16 Chabardes, D., Montegut, M., Mistaoui, M., Butlen, D. and Morel,
F. (1987) Pflugers Arch. 408, 366-372.

17 Handler, J.S,, Steele, R.E., Sahib, M.K., Wade, J.B., Preston, A.S.,
Lawson, N.L. and Johnson, J.P. (1979) Proc. Natl. Acad. Sci. USA
76, 4151-4155.

18 Hammil, O.P., Marty, A., Neher, E., Sakmann, B. and Sigworth,
F.J. (1981) Pflugers Arch. 391, 85-100.

19 Moczydlowski, E. and Latorre, R. (1983) J. Gen. Physiol. 82,
511-542.

20 Christensen, O. and Zeuthen, T. (1987) Pflugers Arch. 408,
249-259,

21 Guggino, S.E., Guggino, W.B., Green, N. and Sacktor, B. (1987)
Am. J. Physiol. 252, C121-C127.

22 Guggino, S.E., Guggino, W.B., Green, N. and Sacktor, B. (1987)
Am. J. Physiol. 252, C128--C137.

23 Miller, C., Latorre, R. and Reisin, 1. (1987) J. Gen. Physiol. 90,
427-449.

24 Miller, C., Moczydlowski, E., Latorre, R. and Phillips, M. (1985)
Nature (London) 313, 316-318.

25 Hugues, M., Romey, G., Duval, D., Vincent, J.P. and Lazdunsky,
M. (1982) Proc. Natl. Acad. Sci. USA 79, 1308-1312.

26 Blatz, A.L. and Magleby, K.L. (1986) Nature (London) 323,
718-720.

27 Gitter, A.H., Beyenbach, K.W., Christine, C.W., Gross, P., Minuth,
W.W. ad Fromter, E. (1987) Pflugers Arch. 408, 282290,

28 Guggino, S.E., Suarez-Isla, B.A., Guggino, W.B. and Sacktor, B.
(1985) Am. J. Physiol. 249, F448-F455.

29 Merot, J., Bidet, M., Gachot, B., Tauc, M. and Poujeol, P. (1988)
Acta. Physiol. Pharmacol. Bulgarica. 14, (Abstract) 60.

30 Merot, J., Bidet, M., Tauc, M. and Poujeol, P. (1987) J. Physiol.
(Paris) 82, 63A (Abstract).

31 Bolivar, J.J. and Cereijido, M. (1987) J. Membr. Biol. 97, 43-51.

32 Kolb, H.A,, Brown, C.D.A. and Murer, H. (1986) J. Membr. Biol.
92, 207-215.

33 Brown, P.D. and Sepulveda, F.V. (1985) J. Physiol (London) 363,
271-285.

34 Gogelein, H. and Greger, R. (1987) Pflugers Arch. 410, 288-295.

35 Parent, L., Cardinal, J. and Sauve, R. (1988) Am. J. Physiol. 254,
F105-F113.



