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Summary. Patch-clamp techniques have been applied to charac-
terize the channels in the basolateral membrane of resting (ci-
metidine-treated, nonacid secreting) oxyntic cells isolated from
the gastric mucosa of Necturus maculosa. In cell-attached
patches with pipette solution containing 100 mm KClI, four major
classes of K* channels can be distinguished on the basis of their
kinetic behavior and conductance: (1) 40% of the patches con-
tained either voltage-independent (a) or hyperpolarization-acti-
vated (), inward-rectifying channels with short mean open times
(16 msec for a, and 8 msec for b). Some channels showed sub-
conductance levels. The maximal inward conductance g, was
31 = 5 pS (n = 13) and the reversal potential E,, was at V, =
—34 = 6 mV (n = 9). (2) 10% of the patches contained depolar-
ization-activated and inward-rectifying channels with g.., = 40
+ 18 pS (n = 3) and E, was at V, = =31 £ 5mV (n = 3). With
hyperpolarization, the channels open in bursts with rapid flicker-
ings within bursts. Addition of carbachol (1 mm) to the bath
solution in cell-attached patches increased the open probability
P, of these channels. (3) 10% of the patches contained voltage-
independent inward-rectifying channels with g., = 21 £ 3 pS (n
= 4) and E,, was at V, = —24 = 9 mV (n = 4). These channels
exhibited very high open probability (P, = 0.9) and long mean
open time (1.6 sec) at the resting potential. (4) 20% of the patches
contained voltage-independent channels with limiting inward
conductance of 26 = 2pS(n =3)and E,,at V, = =33 = 3 mV
(n = 3). The channels opened in bursts consisting of sequential
activation of multiple channels with very brief mean open times
(10 msec). In addition, channels with conductances less than 6
pS were observed in 20% of the patches. In all nine experiments
with K+ in the pipette solution replaced by Na*, unitary currents
were outward, and inward currents were observed only for large
hyperpolarizing potentials. This indicates that the channels are
more selective for K+ over Na* and Cl~. A variety of K* chan-
nels contributes to the basolateral K+ conductance of resting
oxyntic cells.
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Introduction

The oxyntic cell of the gastric mucosa secretes an
isotonic solution of HCI in response to various se-

cretagogues. While it is well established that K* is
essential for secretion (Harris & Edelman, 1960;
Berglindh, 1978), the pathways for K* across the
basolateral and apical membranes and their regula-
tion in resting and stimulated oxyntic cells have not
been completely resolved. The basolateral and api-
cal membranes of the oxyntic cell contain two ex-
change pumps, the electrogenic Na*, K*- and the
electroneutral H*,K*-ATPases that actively trans-
port K™ into the cell (Ganser & Forte, 1973; Sachs
et al., 1976). To maintain K+ homeostasis K* must
be recycled across both of these membranes by spe-
cific leak pathways. The ‘basolateral membrane of
Necturus oxyntic cells possesses a high resting K*
conductance (Blum et al., 1971, Demarest & Ma-
chen, 1985) and two classes of K™ channels, regu-
lated by the second messengers intracellular Ca?*
and cAMP, have been identified in this membrane
(Ueda, Loo & Sachs, 1987). Cl~ channels, on the
other hand, have not been observed in the basolat-
eral membrane of either the oxyntic or the parietal
cell. Besides the K+ channels previously described
in the basolateral membrane of the oxyntic cell,
there may be others, as it has become apparent in
many cells that multiple types of K* pathways are
involved in ionic and volume homeostasis (for ex-
ample, see Lau, Hudson & Schultz, 1984; Ger-
mann, Ernst & Dawson 1986; Butt, Clapp & Friz-
zell, 1990).

In the present study, we have examined the
channels in the basolateral membrane of resting
(nonacid-secreting) oxyntic cells, isolated from the
Necturus gastric mucosa by enzymatic digestion in
the presence of the histamine type-2 receptor
blocker cimetidine. The results indicate that a vari-
ety of K* channels with a wide range of kinetic
behavior and conductances is present in the basola-
teral membrane of the resting Necturus oxyntic
cell.
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Materials and Methods

CELL ISOLATION

Oxyntic cells were enzymatically dissociated from the fundic
region of the gastric mucosa of Necturus using a procedure modi-
fied after Demarest, oo and Sachs (1989). The tissue, stripped
of the underlying muscularis, was incubated for 105 + 15 min in
an isolation medium consisting of a mixture of pronase
(Boehringer Mannheim Biochemicals, Indianapolis, IN) and col-
lagenase type IV (Sigma Chemical, St. Louis, MO) each added at
1 mg/ml to an amphibian NaCl Ringer solution (in mM: 85 NaCl,
20 NaHCOs, 5 KCl, 1 KHPO,, 1 CaCl,, 1 MgCl,, 10 HEPES/
NaOH at pH 7.3) containing 5 mm Dp-glucose, 1 mg/ml bovine
serum albumin and 0.1 mM cimetidine (Sigma).

After incubation the mucosa was washed with Ringer’s so-
lution and any residual mucus was removed with filter paper.
The mucosa was kept in an amphibian culture medium (Wolf and
Quimby 1964, Gibco Laboratories, Gaithersburg, MD). The oxy-
ntic cells were dispersed from the mucosa by vortexing for 1 min
and this cellular suspension was rapidly filtered through a 100 um
diameter nylon mesh. In the amphibian medium the cells and
dissociated glands spontaneously clumped and formed a pellet,
while vesicles and cellular fragment remained in suspension. The
pellet was washed twice in amphibian culture medium, and the
cells were kept in this medium either on ice or at room tempera-
ture (20°C) for periods of up to 5 hr. Oxyntic cells isolated using
this method showed two pronounced differences between those
prepared previously using the method of Ueda et al. (1987). The
cells are slightly smaller with diameters of approximately 45 pm
compared to the previously prepared cells with diameters of 50
um. The present cells also typically showed a distinctive mor-
phological difference between apical and basolateral membranes.
They had a round base and a ‘budding’ region. Under light mi-
croscopy, the region under the nucleus couid be identified as the
basolateral membrane, while the opposing ‘budding’ region was
the apical membrane (Fig. 1). Oxyntic cells showing this charac-
teristic pattern of differentiation between apical and basolateral
membranes were more often observed when animals were main-
tained in cool water (13°C) for several weeks.

CHEMICALS AND SOLUTIONS

During the experiments, the cells were normally bathed in the
NaCl Ringer solution described above. The pipette solution con-
tained (in mm): 110 KCl, 1 MgCl,, 1 or 0 CaCl,, 1 or 10 EGTA
and 10 HEPES at pH 7.2. Experiments were also performed with
the pipette containing NaCl Ringer, Na-gluconate and K-gluco-
nate solutions. The two latter solutions were prepared by substi-
tution of the appropriate Na* for K* and gluconate for Cl- in the
KCl pipette solution. Tetraethylammonium (10 mm), and quinine
{1 mm) were also added to the KCl pipette solution in some of the
experiments.

ELECTROPHYSIOLOGICAL METHODS

Patch pipettes were pulled from Corning 7052 glass and had typi-
cal resistances of 10 MQ. They were placed on the basolateral
membrane of the oxyntic cells, identified as described above.
With this preparation of oxyntic cells the mean success rate to
obtain a gigaseal was 20-25%. Excised patches were difficult to
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Fig. 1. Morphology of an oxyntic cell isolated from the Necturus
gastric mucosa in the presence of cimetidine (0.1 mMm). This is a
photograph of an oxyntic cell viewed under an inverted micro-
scope with Hoffman-modulated optics. The cells showed a round
base and a ‘budding’ region. The region under the nucleus, which
we have identified using acridine orange fluorescence, is the ba-
solateral membrane. The ‘budding’ region expands during acid
secretion and is the apical membrane.

obtain and extremely unstable and all the experiments described
in the present study were performed in the cell-attached configu-
ration.

All potentials are referred to the bath solution and ex-
pressed as pipette potentials V,. Current-voltage (I-V) relations
are plotted according to the usual convention with depolarizing
potentials (— V,) to the right of the abscissa. Inward currents, due
to cation entry from the pipette into the cell or anion exit from
the cell, are represented as downwards deflections of the current
records.

All experiments were performed at room temperature
22°Cy.

DATA ANALYSIS

Data were collected and stored in a videocassette system and
were digitized using Fetchex program of pClamp (Axon Instru-
ments, Foster City, CA). The current records were first filtered
(200 Hz--2 kHz) and then digitized at rates (50 psec-1 msec),
depending on the kinetics of the channels. All the digitized cur-
rent records were printed out for display and inspection by eye
prior to statistical analysis. Current histograms were generated
and used to estimate the size of the single channel current steps
and the open probability P, of the channels, which was defined as
the fractional open time. For a single channel P, was determined
as the ratio of the area under the current peak over the total area
of the histograms (Colquhoun & Sigworth, 1983). The area under
each peak was estimated by fitting the total current histogram by
nonlinear regression to the sums of multiple Gaussian distribu-
tions. However, in the case of rare channel events (less than 5%
of the total) or for substates of channels that could not be de-
tected statistically using current histograms, the magnitude of
the current steps were read by eye directly using a modified
version of Fetchan. Open probability P, was estimated by deter-
mining the sum of the individual single channel openings using
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the 50% threshold detection method (Colquhoun & Sigworth,
1983) and dividing by the total time analyzed. For patches that
contained multiple channels, the areas under the current histo-
grams was used to estimate P,, assuming a binomial distribution.
For channels of classes 1 (which exhibited subconductance
states) and 4 the mean open times were read by eye, whereas for
channels of classes 2 and 3 the mean open and closed times were
estimated by linear regression of the semilogarithmic plot of their
respective frequency histograms. The mean current I was ob-
tained by integration of the single channel current per unit of
time (see legend to Fig. 5B). The smooth curves on the current-
voltage relationships were drawn by polynomial interpolation.
Statistics are expressed as mean * SEM.

Results

A total of 162 successful cell-attached patches on
the basolateral membrane were obtained. Distinct
single channel current steps could be resolved in 83
patches, and this study was based on a partial anal-
ysis of 50 records. All the channels observed ap-
peared to be selective for K*. Their conductance
ranged from 3 to 77 pS, and we have been able to
classify them into four distinctive classes according
to their kinetic properties and conductances:

1} Channels which were either voltage indepen-
dent [class 1(a)] or hyperpolarization activated
[class 1(b)] and exhibited rapid kinetics with brief
mean open times (16 msec for class 1(a), and 8 msec
for class 1(b)) at the resting potential. The current-
voltage relations showed inward rectification with
subconductance states.

2) Channels which were activated by depolariz-
ing membrane potentials. With hyperpolarization,
these channels showed bursting behavior and exhib-
ited high frequency flickerings.

3) Channels which exhibited slow kinetics with
mean open and closed times of 1.6 and 0.2 sec.
These channels showed very high activity at the
resting potential.

4) Channels which opened in bursts consisting
of multiple current levels. These channels showed
very rapid kinetic behavior with mean open times of
10 msec, and their activity was independent of volt-
age.

In addition to these four classes of channels, in
20% of the patches, we observed channels with con-
ductances less than 6 pS. Because of the very small
current steps, we were unable to obtain complete I-
V curves and reliably determine the reversal poten-
tials and the selectivity of these channels.

Crass 1: K* CHANNELS WITH SUBCONDUCTANCE
STATES AND SHORT OPEN TIMES

The most common channel which was observed in
40% of the patches (n = 20} showed rapid kinetics
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of opening and closing, and could be classified into
two subtypes: (a) voltage independent (60%) and ()
hyperpolarization activated (40%). Many of these
channels seemed to show subconductance states.

Figure 2A shows typical current records for a
voltage independent channel with one main conduc-
tance and two apparent subconductance levels. Our
interpretation that the currents are from a single
channel and not from three channels is based on the
observations that (i) there were single jumps from
the baseline to the second and the main conduc-
tance levels, (ii) the sum of the three current levels
was not observed, and (iii) the ratio of the maximum
to minimum conductance was similar in all the cur-
rent records from this class of channels. On the
other hand, current records that contained multi-
ples of the same current level with fractional open
times following the binomial distribution were inter-
preted as currents from identical independent chan-
nels. The mean open time for the channel of Fig. 24
was approximately 16 msec at V, = 0 mV. The
current-voltage (I-V) relations for the three current
levels are shown in Fig. 2B. The two highest cur-
rent levels displayed nonlinear I-V curves, while
that of the lowest level was linear. All three current
levels had similar reversal potentials at V, = —30
mV. The limiting conductances for hyperpolarizing
potentials (V, between 40 to 60 mV) were 55, 12 and
9 pS, and in the depolarizing direction (V, between
=80 to —100 mV), the limiting conductances were
8, 6 and 4 pS, respectively. For this class of chan-
nels the I-V relationship of the largest conductance
level always exhibited a pronounced inward rectifi-
cation, whereas the I-V relations of the lowest con-
ductance level was linear. The lowest conductance
level was 12 = 4% (n = 3) of the largest level. The
limiting conductance in the hyperpolarizing direc-
tion (V,, between 40 to 60 mV) ranged from 10 to 61
pS with a mean of 36 = 9 pS (n = 6).

Figure 3A shows representative current records
for a patch which contained three channels acti-
vated by hyperpolarization. At low pipette poten-
tials, for instance, at V, = 0 mV, only one current
level (—0.8 pA) could be observed. The mean open
time was 8 msec. The number of current levels in-
creased as the membrane was hyperpolarized, and
at V, = 80 mV, three current levels are seen—each
is a multiple of the lowest level (—3.4 pA).

The I-V relations of the single channel current
levels are shown in Fig. 3B. The relation showed an
inward rectification with the limiting conductance
of 38 pS for V, between 80 and 100 mV, and 24 pS
for V, between —40 and ~60 mV. The reversal po-
tential was at V, = —45 mV.

The increase in open probability with hyperpo-
larizing voltages is illustrated in Fig. 3C for two
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Fig. 2. Current records and [-V relationship for a voltage-independent K* channel with three conductance states. {4) Current records
(filtered at 500 Hz) are shown for a channel in a cell-attached patch in the basolateral membrane. Numbers to the left of the traces
indicate pipette potentials (V,). The pipette contained (in mm): 110 KCl, 1 EGTA and 10 HEPES at pH 7.2. (B) shows the I-V
relationship of the three current levels. The limiting conductance in the hyperpolarizing direction (V, between 40 and 60 mV) was 55, 12
and 9 pS, and in the depolarizing direction (V, between —80 and —100 mV) was 8, 6 and 4 pS. The reversal potential was V, = —30 mV.

current histograms, at V, = 0 and 80 mV. Increas-
ing the pipette potential from V, = 0 to 80 mV in-
creased the open probability P, from 0.15 to 0.5. At
V, = 80 mV, the areas under the histograms for
each of the current levels 0, 1, 2 and 3 were 0.15,
0.34, 0.38 and 0.13, respectively, and are close to
the values of 0.13, 0.39, 0.39 and 0.13 predicted by
the binomial distribution for P, = 0.5.

In addition to the patches with multiple identi-
cal steps (Fig. 3A), small conductance substates
were also observed for hyperpolarization-activated
channels. Apart from their voltage dependence,
there was no difference in the maximal inward con-
ductance and the reversal potentials between the
voltage-independent and the hyperpolarization-acti-
vated channels. The maximal inward conductance
and the reversal potentials were 36 = 9 pS (n = 6)
and —34 = 11 mV (n = 3) for the voltage-indepen-
dent channels while the corresponding values for
the hyperpolarization-activated channels were 27 *
5pS (n="7)and —35 £ 8 mV (n = 5). In total the
conductance and the reversal potential for all chan-
nels of class 2 were 31 £ 5pS(n = 13) and —-34 + 6
mV (n = 9).

The reversal potential was in the range of rever-
sal potentials expected for a channel selective for
K* ions (V, = —30 to —40 mV, assuming a resting

membrane potential V,, of —40 mV, Blum et al.,
1971; Demarest & Machen, 1985) and an intraceliu-
lar K* concentration of 110 mM), but higher than
expected for a channel selective for C1~ (V, = —10
to —20 mV, assuming an intracellular Ci~ concen-
tration of 30-40 mm).

CLaASS 2: Kt CHANNELS WITH BURSTING AND
FLICKERING BEHAVIOR

This class of channels, which was activated by
membrane depolarization, was observed in 10% of
the records analyzed. The channels opened in
bursts for hyperpolarizing potentials, and within
each burst the channel openings exhibited a high
rate of flicker. Figure 44 shows some typical cur-
rent records for such a channel. The flickering fre-
quency within a burst at the resting potential (V, =
0) was 209 Hz. As the membrane was hyperpolar-
ized, the flickering frequency remained relatively
constant and was 210 Hz at V, = 20 mV and 244 Hz
at V, = 40 mV. The mean open time increased as
the membrane potential was depolarized (see Fig.
4C below), until for large depolarizations, the chan-
nel was virtually open all the time. For instance, at
V, = —80 mV, open probability P, was 0.95. _

Single channel I-V relationship showed an in-
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ward rectification (Fig. 4B). The limiting conduc-
tances were 77 and 23 pS, respectively, in the hy-
perpolarizing (V, from 20 to 40 mV) and
depolarizing (V, between —60 to —80 mV) limits.
The range of conductances observed for this class
of channels was 19-77 pS in the hyperpolarizing
direction. The reversal potential was V, = —39 mV
(Fig. 4B). In three experiments, the limiting inward
conductance was 40 * 18 pS and the reversal poten-
tial was at V, = —31 = 5 mV, respectively. This is
within the range of reversal potentials for channels
selective for K.

Figure 4C shows the current histograms as a

Fig. 3. Current records, I-V relationship and current histograms for a
hyperpolarization-activated K* channel. (4) The current records (filtered
at 500 Hz) for a channel in the cell-attached configuration in the
basolateral membrane are shown. The pipette solution contained (in
mmMm): 110 KCI, 1 EGTA and 10 HEPES at pH 7.2. (B) The I-V
relationship shows an inward rectification with a limiting conductance of
38 pS for V, between 80 and 100 mV, and 24 pS for V, between —40 and
—60 mV. The reversal potential was at V, = —45 mV. (C) Shown are
the two current histograms at V, = 0 mV (top) and 80 mV (bottom),
respectively. The ordinate variable F represents frequency or the
number of events.

function of pipette potential. Channel open proba-
bility P, showed a large increase with depolarizing
membrane potentials. At V, = 40, 20, 0 and —80
mV, P, was, respectively, 0.20, 0.20, 0.29 and 0.95.
The increase in P, with depolarizing voltages is due
to an increase in the mean open time of the channel.
This is illustrated in Fig. 4D, which depicts the dis-
tribution of the open and close durations of the
channel at V,, = 0 and —80 mV. There was no differ-
ence in the mean closed times, 2.4 and 2.6 msec. On
the other hand, the mean open times increased from
0.5 msec at V, = 0 mV to 64 msec when V, = —80
mV.
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Fig. 4. Current records, /-V relationship, and current histograms for a K* channel which exhibited bursting and flickering behavior.
The experiment was performed in the cell-attached patch configuration. (A4) The current records, filtered at 1 kHz, are shown. The
pipette solution contained (in mm): 110 KCI, 1 EGTA and 10 HEPES at pH 7.2. (B) The single channel -V relationship is shown. The
limiting conductance in the hyperpolarization direction (V, between 20 and 40 mV) was 77 pS and in the depolarizing direction (V,

between —60 to —80 mV) was 23 pS. The reversal potential was at V,

= —39mV_(C) Shown are the current histograms at four pipette

potentials (V,). The area under the current histograms showed the increase in P, with depolarizing voltages. Values of P,, estimated
from the 50% threshold-detection method {see Materials and Methods), were for V, of 40, 20, 0 and —80 mV, 0.20, 0.20, 0.29 and 0.95,
respectively. (D). Semilogarithmic plot is shown of the distribution of the open (filled squares) and closed durations (open squares).
Data is shown for two pipette potentials, at V, = 0 and —80 mV. The lines are drawn by linear regression. Slopes for the closed and
open durations were: at V, = 0 mV, 2.4 and 0.5 msec, and at V, = —80 mV, 2.6 and 64 msec, respectively.

The pattern of bursting of openings and rapid
flickerings within a burst for these depolarization-
activated K* channels is similar to those described
for K* channels activated by intracellular Ca*
(Barrett, Magleby & Pallotta, 1982; Moczydlowski
& Latorre, 1983). We have examined the effects of
carbachol in a cell-attached patch experiment by the
addition of the secretagogue to the bath solution.
Carbachol has been shown to initiate an increase in
intracellular Ca?* in mammalian parietal cells

(Muallem & Sachs, 1985; Negulescu & Machen,
1988). Figure 5A shows a portion of the continuous
current records of a 19-pS channel maintained at
V, = 0 mV after the addition of 1 mM carbachol to
the bath solution. Stimulation by carbachol resulted
in a two fold increase in the open probability P,
(from 0.32 t0 0.63 at V, = 0 mV) and a 50% increase
in single channel amplitude (from -0.5 to —0.75
pA). The increase in current amplitude would corre-
spond to a 15-mV hyperpolarization of the mem-
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Fig. 5. Activation of a K* channel by carbachol.
The experiment was performed on a channel
(with a limiting inward conductance of 19 pS) in
the cell-attached configuration in the basolateral
membrane. (A) A continuous record of the
currents (filtered at 500 Hz) is shown after
addition of 1 mm carbachol to the bath solution.
The bath solution was continuously perfused.
The current histograms indicate that the current
amplitudes and open probabilities are: —0.5 pA
and 0.32 for the control, and —0.75 pA and 0.63
after carbachol stimulation. The pipette solution
contained {in mM): 110 KCl, 1 MgCl,, 10 EGTA,
10 HEPES at pH 7.2, and the bath solution
contained NaCl Ringer. (B) The complete time
course of the mean current T is shown, obtained
by integration of the single channel current steps
per unit of time. The time interval used for
integration was 2 sec. The dashed line indicates
the baseline prior to carbachol stimulation.
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brane potential, assuming carbachol does not affect
single channel conductance. This value is in agree-
ment with microelectrode experiments performed
in the intact Necturus gastric mucosa (Demarest &
Machen, 1985). As a result of carbachol stimula-
tion, the mean closed time decreased from 40 to 17
msec, while the mean open time increased slightly
from 17 to 25 msec. The time course of the mean
current [ through the channel is shown in Fig. 55.

On exposure to carbachol, after a 30-sec delay, /
increased threefold from —0.16 to ~0.47 pA in less
than 4 sec and remained constant for several min.

CrAss 3: CHANNELS WITH SLow KINETICS AND
HiGH AcTivITY

Channels with slower kinetics and a very high activ-
ity at the resting potential were observed in 10% of
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Fig. 6. Current records and I-V relations for a K+ channel which exhibited high activity at the resting potential. () The current records
(filtered at 200 Hz) in the cell-attached configuration are shown. The pipette contained (in mm): 110 KCl, 1 CaCl,, 10 EGTA and 10
HEPES at pH 7.2. The bath solution was NaCl Ringer. (B) The I-V relationship showed a slight inward rectification with a limiting
conductance of 22 pS for V, between 20 and 40 mV and 14 pS for V, between —40 and —60 mV. The reversal potential was at V, = —25

mV.

the patches. Figure 6A shows the current records
for a cell-attached patch containing two such chan-
nels which are independent, as the fractional times
that 0, 1 and 2 current levels are observed (0.02,
0.19 and 0.79) at V, = 0 mV follow the binomial
distribution (with a P, of 0.87). The mean open and
closed times at V, = 0 are 1650 and 240 msec, re-
spectively. We have monitored the activity of the
channels continuously for 7 min at the resting po-
tential, and the current histogram indicated that the
high open probability (P, = 0.92) is maintained
throughout this period. Similar experiments per-
formed in three patches indicated that on the aver-
age, P, was 0.86 = 0.03 at V, = 0 mV.

The I-V relationship for each of the channels of
Fig. 6A showed a slight inward rectification with a
limiting conductance of 22 pS for V, between 0 and
—40 mV, and 14 pS for V, between —40 and —60
mV (Fig. 6B). The reversal potential was at V, =
—25 mV. The limiting inward conductance for chan-
nels observed in this class ranged from 11 to 26 pS
and was 21 = 3 pS (n = 4). The reversal potential
wasat V, = =24 + 9mV (n = 4).

There was no consistent pattern for the voltage
dependence of channel activity. For the channel of
Fig. 6A, P, was independent of membrane potential
in the hyperpolarizing direction (at V, = 0, 20 and
40 mV, P, was 0.87, 0.88 and 0.84, respectively),
and channel activity decreased for depolarizing po-
tentials. However, other channels show their maxi-
mal activity at the resting potential (V, = 0 mV) and
activity decreased for potentials away from the rest-
ing potential.

CLASS 4;: KT CHANNELS EXHIBITING
BURSTING BEHAVIOR

Channels of this class exhibited bursting behavior.
The majority of the patches where we were unable
to resolve distinct channel activity contained chan-
nels of this class. Patches with distinct current steps
were observed in 10 patches (20% of the 50 patches
that we have analyzed). These channels were found
in association with channels of class 3 in three
patches. In most cases, because of their rapid burst-
ing activity, we were unable to perform detailed
kinetic analysis on these channels.

Figure 8A shows representative current records
in a cell-attached patch for a cluster of such chan-
nels, the number of current steps could exceed 11.
The frequency of bursts did not increase with volt-
age. However, the size of the burst currents ap-
peared to increase with hyperpolarizing voltages
(Fig. 7A). At each pipette potential, there were long

-periods of inactivity of up to several seconds. For

instance at V, = —40 mV, the inactive period was
longer than 7 sec. The rapid bursts consist of se-
quential activation of identical multiple channels.
These bursts could be longer than 5 sec. Single
channel steps could be identified only at the begin-
ning and the end of the bursts. This is illustrated in
Fig. 7B for another burst of channel openings. The
currents at V, = 0 mV are displayed at a shorter
time scale, and the individual current steps of 0.5
pA could be observed.

The I-V relationship for the discrete current
steps of Fig. 7A is shown in Fig. 7C. The relation
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showed an outward rectification with limiting in-
ward and outward conductances of 22 pS (for V,
between 20 and 40 mV) and 52 pS (for V, between
—20 and —40 mV). The reversal potential is at V, =
—30 mV. There was no consistent pattern in the
rectification of the I-V curves for channels in this
class. Some channels showed outward rectification
(as in Fig. 7C), while others showed slight inward
rectification (data not shown). This may reflect the
lack of accuracy in our measurements of the single
current steps during bursting activity. In three ex-
periments, the limiting conductance in the hyperpo-
larizing direction was 26 = 2 pS. The reversal po-
tential was at V, = —33 = 3 mV, and is within the
range of reversal potentials for channels selective to
K* (see above).

In three cell-attached patches where pipette so-
Iution contained either TEA* (10 mMm) or quinine (1
mM) which are common blockers of K* channels,
channels of class 4 were observed, distinguished by
their rapid bursting behavior and mean times. We
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Fig. 7. Current records and /-V relationship for a channel
which exhibited bursting activity. (A) Current records, filtered
at 200 Hz, show multiple channels which exhibited rapid
bursting kinetics. The pipette solution contained (in mm): 110
KCI, t EGTA and 10 HEPES at pH 7.2. (B) Representative
current records are shown (filtered at 500 Hz) at V, = 0 mV
for a cluster of channels where the individual current steps are
discrete during a burst. The time scale is expanded fivefold at
the inset, and the multiple current levels are indicated by the
dashed lines. In these current records there is a channel from
class 4 which is open for most of the time. (C) The /-V rela-
tionship for the discreet current steps of Fig. 84 shows an
outward rectification with a limiting conductances of 22 and 52
pS in the hyperpolarizing and depolarizing directions (esti-
mated at V, between 20 and 40 mV, and between +20 and +40
mV, respectively). The reversal potential was at V,, = —30
mV.

have found no differences in the kinetics and rever-
sal potentials of the channels (data not shown).

ExXPERIMENTS WITH HIGH Na*
PIPETTE SOLUTIONS

Most of the channels that we have described have
reversal potentials in the range expected for chan-
nels selective for K*. Because excised patches
were unstable we were unable to test this hypothe-
sis directly, and instead we examined the reversal
potential of the channels in cell-attached patches
with the pipette K* replaced by Na'. Figure 84
shows the current records for a channel in cell-at-
tached configuration with pipette containing NaCl
Ringer’s solution (105 mmM Na*, 6 mm K* and 94
mM CI7). This channel most likely belongs to class
I(a) because it is voltage independent, the mean
open time is 10 msec (at V, = 0 mV), and the chan-
nel does not exhibit any flickerings and bursting ac-
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Fig. 8. Current records and /-V relationship for a voltage-independent channel in a cell-attached patch when pipette solution contained
NaCl Ringer. (A) The current records (filtered at 500 Hz) are shown. The pipette solution contained (in mm): 85 NaCl, 20 NaHCO;, 5
KCl, 1 KHPO,, t CaCl,, 1 MgCl, and 10 HEPES/NaOH at pH 7.3. (B) I-V relations for the channel are shown. The conductances in the
hyperpolarizing and depolarizing limits, determined for V, between 0 and 80 mV and between —20 and —60 mV, were 5 and 2 pS,

respectively. The reversal potential was at V, = —50 mV.

tivity. Figure 8B shows the -V relationship which
exhibited a rectification in the inward direction with
a conductance of 6 pS in the hyperpolarizing direc-
tion (V, between 0 and 80 mV) and 2 pS in the
depolarizing direction (V, between —20 to —60
mV). The reversal potential was at V, = 50 mV, and
is close to the value of V, = 40 mV expected for a
channel selective for K*. Since the calculated re-
versal potential for Cl™ is in the opposite direction,
at V, = —10 mV, this indicates that the channel is
poorly permeable to ClI~. The results described in
Fig. 8 are typical of all 9 experiments with the pi-
pette solution containing high Na*. The unitary cur-
rent steps were outward and always small, less than
0.5 pA, and inward currents were observed only for
large hyperpolarizing membrane potentials. The
maximal inward conductance level observed in high
K™ pipette solutions (Fig. 2B) was not observed
when pipette contained high Na*. The small out-
ward conductance for depolarizing potentials is
consistent with the observation that the I-V rela-
tions of these channels showed inward rectification.

Experiments were also conducted with the pi-
pette Cl™ replaced by gluconate—presumably an
impermeant anion. In three experiments with the
pipette solution containing 110 mM Na-gluconate
(free of K* and Cl7), the currents in cell-attached
patches were always outward, and inward currents
were not observed for pipette potentials V, as large
as 100 mV (data not shown). In six experiments
with the pipette solution containing K-gluconate,
the conductance and reversal potentials of the chan-
nels were in the same range as those obtained with

the pipette solution containing KCl. These results
are also consistent with the channels being poorly
permeable to Na* and Cl~.

In conclusion, in spite of the difficulty of classi-
fying the channels in celi-attached patches, results
of the experiments with the pipette solution con-
taining Na™* indicate that, as a whole, the channels
in the basolateral membrane are selective for K*
and poorly permeable to Na* and Cl~. Because of
the very small conductances of the channels ob-
served in cell-attached patches with high Na* pi-
pette solutions, we hypothesize that the contribu-
tion of the basolateral K* channels to whole cell
currents in the resting oxyntic cell may be small in
normal Ringer’s solutions.

Discussion

A variety of experiments, including radiolabeled
uptake studies on membrane vesicles prepared from
the basolateral membrane of parietal cells (Muallem
et al., 1985) and microelectrode experiments on iso-
lated oxyntic cells from the Necturus gastric mu-
cosa (Blum et al., 1971) and on oxyntic cells in the
intact Necturus gastric mucosa (Demarest & Ma-
chen, 1985), have shown the presence of a K* con-
ductance in the basolateral membrane of resting pa-
rietal and oxyntic cells. We have identified at least
four classes of K* channels in the basolateral mem-
brane of resting oxyntic cells. A summary of their
properties is listed in the Table. All the channels
showed nonlinear I-V relations when pipette solu-
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Table. Kinetics of K* channels in the basolateral membrane of resting Necturus oxyntic cells
Class  Freq  gma. (pS) Range E.(mV) I-V rectification Voltage Mean open® Comments

(%) (pS) activation time
la 24 36 = 9(6) 10-61 —34 = 11(3) Inward Independent 16 msec Subconductance!
1b 16 27 = 5(7) 10-47 —35 %= 8(5) Inward Hyperpolarization 8 msec Subconductance!
2 10 40 = 18(3) 19-77 =31 = 53) Inward Depolarization I  msec Carbachol-activ.
3 10 21 = 3(4) 11-26  —24 = 9(4) Inward Independent 1.6 sec High P,
4 20 26 = 23 22-30 33 = 3(3) Inward or outward Independent 10 msec Bursts

Zmex 1S the maximal conductance in the hyperpolarizing direction.
4 denotes limiting conductance in the hyperpolarizing direction.

b The reversal potential in cell-attached patches. The values are expressed as V,.

¢ determined at V,, = 0 mV.

4 Indicates that these channels may possess subconductance levels.
The experiments were performed in the cell-attached configuration on the basolateral membrane of resting Necturus oxyntic cells.
The pipette solution contained 100 mm KCI, and the cells were bathed in NaCl Ringer’s solution.

tion contained 100 mm KCI. The range of reversal
potentials for the channels showed a wide variation.
With the exception of class 3, the reversal poten-
tials are within the range of potentials expected for
channels selective for K*. The reversal potential of
class 3 channels was slightly lower, indicating that
they may not be as selective for K* over Na* and/
or CI~. The conductances of the channels over-
lapped in the lower conductance range, from 10 to
30 pS. Channels of classes 1(a), 3 and 4 are voltage
independent, while those of classes 1(h) and 2 are
activated by hyperpolarizing and depolarizing po-
tentials, respectively. Our classification of the chan-
nels according to kinetics and conductance is to
some extent arbitrary. In view of the large varia-
tions in the kinetic behavior of the channels [for
instance, class 3 and between classes 1() and ()],
and the many channels (20%) that were observed
with conductances less than 6 pS, there may be
more classes of channels than those that we have
identified.

Protein modifying agents have been shown to
modify channel properties and channel diversity
could result from enzymatic modification of K*
channels during cell isolation. Isolated oxyntic cells
are viable and functional as they have resting poten-
tials as high as —60 mV (Demarest, 1991) and re-
spond to stimulation by the secretagogues carba-
chol and ¢cAMP (present study; Ueda et al., 1987;
Demarest et al., 1989). In addition, we have found
no consistent pattern in the occurrence of the types
of channels between isolated oxyntic cells and oxy-
ntic cells in intact cell clusters which have under-
gone less enzymatic exposure, and K+ channels of
different classes are commonly observed together
in the same patch. Channel diversity is probably a
consequence of the physiological requirements of

the oxyntic cell rather than the result of channel
modification during cell isolation.

The current-voltage relations of all the K*
channels observed exhibited some degree of rectifi-
cation. The simplest rectification mechanism is de-
scribed by the Goldman-Hodgkin-Katz (GHK)
equation (see Hille (1984) for review) and is due to
unequal distribution of K* across the membrane.
This mechanism is unlikely in our experiments
since the pipette [K*] should be close to the intra-
cellular [K*]. Whether additional complications,
such as blockade by intracellular ions (i.e., magne-
sium), and the properties of the channel itself, could
give rise to the rectification observed remains to be
determined.

Multiple current levels were observed in many
patches, and could be interpreted as arising either
from a single channel with subconductance levels
(Fig. 2) or from independent channels (Fig. 3).
Channels were assumed to be independent if their
fractional open times followed the binomial distri-
bution. We have found that some patches contained
multiple current levels whose fractional open times
obeyed the binomial distribution, and within the
analysis period of 20 sec the activity of the channels
appeared to be stationary. In one patch containing
channels of class 1(b) we were able to examine the
activity for longer periods (=10 min). For all volt-
ages, we noticed that the channels appeared to be
activated in periodic bursts with a mean period 7 of
156 = 6 sec (n = 9). This period is similar to the
oscillations of membrane potential (1 = 124 + 8 sec)
recently described in isolated Necturus oxyntic
cells by Demarest (1991).

Two K* channels have previously been de-
scribed in the basolateral membrane of Necturus
oxyntic cells;: a 65-pS depolarization-activated
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channel regulated by [Ca?*]; (K¢, channel) and a 33-
pS voltage-independent channel regulated by intra-
cellular cAMP (Ueda et al., 1987). Both channels
exhibited linear I-V relationships in cell-attached
patches. Recently, Mieno et al. (1990) have also
found two K* channels of similar conductance and
regulation in the basolateral membrane of bullfrog
oxyntic cells: a 56-pS channel activated by [Ca*];
and a 28-pS channel activated by intracellular
cAMP. However, both channels exhibited inward
rectification and were not observed in nonstimula-
ted cells. Our observations agree with those of
Mieno et al. (1990) in that the I-V curves of the
basolateral K™ channels are nonlinear. We have
shown that channels of class 2 are activated by car-
bachol and hence presumably intracellular Ca?*
(Muallem & Sachs, 1985; Negulescu & Machen,
1988). In addition to the rectification of the I-V
curves, these channels also exhibited a narrower
range of conductance (19-77 pS) compared to the
K¢, channels (45-145 pS). Large conductance
“maxi-K’" channels were not observed in the
present study.

The common occurrence and voltage indepen-
dence of class 1(a) channels suggest that they may
be cAMP-activated. But intracellular cAMP is prob-
ably very low in cimetidine-treated cells and one
would expect cAMP-regulated channels to be inac-
tive. Thus it is likely that these could represent a
different class of K* channels. Sakai et al. (1989)
have observed inward rectifying K* channels in the
basolateral membrane of rabbit parietal cells. These
channels, which they found in three out of 877
patches (0.3%), had a conductance of 230 pS under
symmetrical high K* conditions and were not acti-
vated by either cAMP nor Ca?*.

Multiple subtypes K* channels appear to be a
common phenomenon in a variety of cells. More
than six distinct types of K* channels have been
found in the apical membrane of the rabbit corneal
endothelium (Rae, Levis & Eisenberg, 1988). Butt
et al. (1990) have found that the basolateral mem-
brane of canine tracheal epithelium possesses three
distinct K* conductance pathways. One of these
K* conductance pathways was induced by cell
swelling. It appears that in a variety of tissues dis-
tinctive classes of K* channels may be involved in
separate regulatory tasks.

There are several possible physiological roles
for K+ channels in the oxyntic cell: (i) The basola-
teral membrane of the oxyntic cell contains a large
K* conductance, and the resting potential of the
basolateral membrane is very close to the K* equi-
librium potential (Demarest & Machen, 1985). This
resting K* conductance is presumably involved in
the recycling of K+ pump into the cell by the Na™*,
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K*-ATPase. (ii) Gastric juice contains up to 15 mm
KCI (Makhlouf, 1981), and therefore the oxyntic
cell is being depleted of KCl during secretion. Main-
tenance of [K]; is performed by the Na*, K*-
ATPase and K* channels in the basolateral mem-
brane, the H™, K*-ATPase and a KCl exit pathway
in the apical membrane. With stimulation by either
the Ca’*- or cAMP-mediated second messenger
system, in event of an imbalance between the influx
and efflux of K*, the activation of basolateral K*
channels which is selectively responsive to each of
these second messenger systems may be necessary
(Ueda et al., 1987). (iii) With secretion, there may
be additional requirements for K*. One example
relates to the osmotic effect of ion movement from
either surface of the cell. Unless the resting and
secretory states are perfectly matched, the efflux of
K* and CI~ from either side of Cl-secreting epithe-
lia will result in either loss or gain of KCI with ac-
companying H,0, and subsequent cell shrinkage or
swelling. The loss of KCI from the apical membrane
of the parietal cell and K* from the basolateral
membrane surface will also result in cell shrinkage,
and basolateral K* channels are likely to be in-
volved in the compensatory response. Finally, (iv)
K* channels may be involved in the secretion of
pepsinogen by the oxyntic cell.

This study is the first part of a comprehensive
study to characterize the whole cell currents in the
oxyntic cell under resting and stimulated condi-
tions. The results indicate that a number of K*
channels contribute to the resting basolateral K*
conductance, and the basolateral K* conductance
of the resting oxyntic cell may be small when bathed
in NaCl Ringer’s solution. This provides the back-
ground information for identification of the K* cur-
rents in the resting oxyntic cell.
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