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ABSTRACT  The role of K* channels in cell osmoregula-
tion was investigated by using the patch-clamp technique. In
cell-attached patches from Necturus proximal tubule, the
short-open-time K* channel at the basolateral membrane could
be stretch-activated by pipette suction, where a negative
pressure of 6 cm H,0 (588.6 Pa) was sufficient to increase the
open probability of the channel by a factor of 4.0 = 0.8 (n =
7 tubules). A 50% reduction in bath esmolarity increased cell
volume by 66 + 10% and increased the K*-channel open
probability by a factor of 5.8 = 1.4 (»n = 7) in the same
cell-attached patches that were activated by pipette suction. A
kinetic analysis indicates one open state and at least two closed
states for this epithelial K* channel. Both suction and swelling
shorten the longest time constant of the closed-time distribution
by a factor of 3, without significant effect on either the mean
open time or the shorter closed-state time constant. The similar
effect of suction and swelling is consistent with the hypothesis
that stretch-activated K* channels mediate the increase in
macroscopic K* conductance that occurs during osmoregula-
tion of amphibian proximal tubules. Calculations based on a
simple model indicate that small increments in cell volume
could produce statistically significant increases in K*-channel
activity.

Swelling is known to increase K* conductance in a variety of
cell types, resulting in exit of K* down its electrochemical
gradient (1-13). This could restore swollen cells to their
original volume if K* efflux were accompanied by efflux of
an anion and followed by osmotic water flow. Involvement of
K™ in proximal tubule osmoregulation is supported by loss of
cell K* following exposure to hypotonic media (14), in-
creases in basolateral K* permeability during swelling (6, 15),
and block of volume regulation by Ba2* (10) and quinine (15),
two inhibitors of K* conductance.

Cell potential (16), cytosolic Ca2* (1, 3, 9, 17-20), pH (21),
and the ATP/ADP ratio (22) have all been proposed as
mediators of the volume-regulatory increase in K* conduc-
tance. However, the finding of stretch-activated channels in
a variety of cell types (23-26), including the proximal tubule
(27), raises the possibility that changes in membrane tension
may mediate the increase in K* conductance that occurs
during cell swelling. The present studies were designed to
investigate whether increases in cell volume can directly
activate stretch-sensitive K* channels at the basolateral
membrane of the renal proximal tubule.

MATERIALS AND METHODS

The basement membrane of early segments of Necturus renal
proximal tubule was removed manually without the use of
collagenase or other enzymes (28). The solutions used in the
paired patch-clamp experiments are given in Table 1, where
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Table 1. Compositions of solutions for paired experiments
Concentration, mM
Bath
: +
Patch  Standard High K
Component pipette Ringer Normal Hypotonic
Na* 80.0 92.0 6.4 6.4
K* 2.5 2.5 35.0 35.0
Ca?* 3.6 3.6 3.6 3.6
Mgt 1.0 1.0 1.0 1.0
ClI- 2.0 103.7 2.0 2.0
Gluconate 89.7 0 48.6 48.6
D-Glucose 0 2.0 2.0 2.0
Sucrose 23.0 0 95.0 0
Hepes 10.0 10.0 10.0 10.0
(Osmolarity,
mosM) (204) (204) (203) (100)

The pH of all solutions was adjusted to 7.5. The concentrations of
sucrose added to the pipette and high-K* solutions were determined
empirically. Although the tubules were unperfused, their short length
(=500 um) and open ends allowed the bath solution free access to

both sides of the epithelium.

the normal and the hypotonic high-K* solutions have iden-
tical electrolyte compositions.

K*-channel currents were amplified with a Dagan model
8900 patch clamp (50-G(Q probe), digitized with a pulse code
modulation processor (Sony 501 ES), stored on video tape
(Panasonic 1820 VCR), and later sampled at 5 kHz with a PDP
11/23 and 8-pole Bessel filter set at 1 kHz. In cell-attached
patches, the intracellular potential was estimated as the initial
potential under zero-current clamp conditions in a whole-cell
recording that was obtained by breaking the patch at the end
of each experiment. The transpatch potential was determined
as the difference between the intracellular potential and the
pipette holding potential. The level of K*-channel activity
was quantitated by defining the mean number of open
channels (NP,) as >, nP,, where P, is the probability that
n identical channels are open simultaneously, N is the
apparent number of channels in the patch, and P, is the open
probability of the channel (28).

Given the low open probability of this channel type,
simultaneous events were extremely rare, and the
open/closed-time kinetics were analyzed as if each patch
contained a single channel. Three sets of open/closed-time
histograms were constructed for each tubule, corresponding
to the three conditions: control, pipette suction, and swelling.
Data from presuction and postsuction control periods were
pooled to increase the number of events for kinetic analysis.
The histograms were fit with a sum of up to two exponentials,
determined by a regression of the log(events) vs. time interval
distribution. The relatively small number of total events for
each condition prevented consideration of more than a
two-exponential fit to the data. Differences in mean values =
standard errors were analyzed for significance by using
Student’s ¢ test.
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RESULTS

The short-open-time (7open = 0.8 + 0.1 msec) K* channel at
the basolateral membrane of Necturus renal proximal tubule
is activated by both pipette suction and cell swelling. With
each patch as its own control, K*-channel records were
compared for the four conditions: control, suction, control,
and hypotonic bath. Fig. 1 illustrates typical current records
from one of seven cell-attached patches. Upward deflections
from the closed state (horizontal bars) denote outward
current from cell to pipette. In Fig. 1 the transpatch potential
is +20 mV (cell — pipette), as determined from a pipette
holding potential of —40 mV and an average cell membrane
potential of —20 = 2 mV (with respect to bath). The Px/Pna.
selectivity (>20), single-channel conductance (42pS, cell-
attached), and kinetics identify this as the short-open-time
basolateral K* channel previously described (27, 28).

Although the results of pipette suction were always re-
versible, it was not possible to return swollen cells to normal
osmolarity without breaking the G() seal between the mem-
brane and the pipette. After about S min of hypotonic bath (95
mosM less than normal), the mean increase in cell volume
was 66 + 10%, as estimated with an eyepiece micrometer in
seven tubules. This was associated with consistently signif-
icant increases in the value of NP, (Figs. 1 and 2). On the
other hand, reliable increases in channel activity could not be
detected for cell swelling of less than 30%. Random varia-
tions in channel activity over short intervals prevented a
more complete description of the time course of activation
during swelling.

Use of a high-K* bathing solution (35 mM K*, 6.4 mM
Na*) was remarkably effective in maintaining both cell K*
and membrane potential within narrow limits. This is indi-
cated by the relatively constant single-channel current am-
plitude in the four conditions of Fig. 1. Since the current-
voltage relation of this channel is approximately linear (28),
changes in membrane potential or cell K* during the swelling

Proc. Natl. Acad. Sci. USA 86 (1989)

14 1

12 Cell-attached patches
12-22-87-P7
12-22-87-P8
12-23-87-P2
1-13-88-P4
1-20-88-P4
1-15-88-P5
1-22-88-P5

10 1

Normalized NP,
%
>POROX®D>

0 Y T T T
Control  Suction Control Hypotonic

Condition

Fic. 2. Effect of pipette suction and cell swelling on seven
cell-attached basolateral patches from seven isolated Necturus
proximal tubules. Control: no applied pipette suction, normal bath
osmolarity (204 mosM). Suction: negative pressure (—6 cm H0)
applied to pipette. Hypotonic: 95 mosM sucrose removed from the
bath with no change in electrolytes.

process should have produced a noticeable change in the
single-channel current.

Fig. 2 summarizes the results of seven separate experi-
ments similar to the one of Fig. 1, where paired data from
each patch are connected by straight lines and all values are
normalized to the initial control state. Application of about 6
cm H,O pipette suction increased NP, by a factor of 4.0 *
0.8, and cell swelling increased NP, by a factor of 5.8 + 1.4
Both these values were significantly different from their
respective controls (P < 0.02, paired ¢ test) but not signifi-
cantly different from each other (P > 0.2, paired ¢ test).
Hence, those patches that responded strongly to suction also
responded strongly to cell swelling. Furthermore, the effects
of either maneuver on NP, seem equally sensitive to inter-
tubule variability.

Open and closed times were constructed for five tubules
that contained a sufficient number of events and few enough
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FiGg. 1. Effect of pipette suction and hypotonic medium on K* currents in a cell-attached patch from basolateral membrane of Necturus
proximal tubule. All records in this figure were obtained from the same patch (Exp. 12-22-87-P7), using the solutions of Table 1. Upward
deflections from closed state (horizontal bars) denote outward currents from cell to pipette.
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F1G. 3. Open- and closed-time histograms for the basolateral
stretch-activated channel of Necturus proximal tubule under control
conditions with high-K* in the bath. All open-time histograms could
be fit by one exponential with mean open time 7open, Whereas all
closed-time histograms required fitting by at least two exponentials
with closed-times 7; and 7,, respectively. The symbol (7ciosea)
denotes the mean closed time of the distribution function as defined

by Eq. 1.

multiple openings to be analyzed as single-channel patches.
Fig. 3 illustrates control-state open- and closed-time distri-
butions for one such tubule. In all three conditions (control,
suction, and swelling), the open-time distributions could be
adequately fit by a single exponential. On the other hand, the
closed-time distributions for all three conditions were fit best
by a probability density function of the form A exp(—t/7;) +
B exp(—t/7,), where 1, and 7, are the closed-time constants
and the effective closed time, (7oseq), is defined by Eq. 1,
based on equation 38 of ref. 29:

(Tetosea) = (AT} + BT3)/(AT + Bry). [1]
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The shorter time constant (7;) probably reflects flickery
closures of the channel during bursting events, whereas the
longer time constant (7,) is related to the average time interval
between bursts of channel activity. The total number of
events were insufficient to consider fitting by more than two
exponentials or to consider a burst analysis of the data.

Table 2 summarizes the average time constants of the open-
and closed-time distributions for the three conditions: control,
suction, and swelling. Neither pipette suction nor cell swelling
produced a significant change in either the mean open time
(Topen = 0.8 = 0.1 msec) or the shorter time constant of the
closed-time distribution (r; = 2.0 = 0.4 msec). However, both
suction and cell swelling produced a similar, ~68% decrease
in the longer time constant (, = 49 * 8 msec) of the
closed-time distribution. This decrease in 7, appears to be
almost completely responsible for the decrease in (7.joseq) and
the 4-fold increase in NP, during suction and cell swelling.

DISCUSSION
The results of the present study indicate that basolateral K*
channels of amphibian proximal tubule can be similarly acti-
vated by both membrane stretch and cell swelling. Although
the magnitude of the change in NP, was different in each of the
seven experiments in Fig. 2, those patches that responded to
the effects of suction also responded to cell swelling.

A kinetic analysis of the current records implies that the
stretch-activated K* channel of amphibian proximal tubule
basolateral membrane has at least one open state and two
closed states. Stretch-activation of the channel is almost
entirely the result of a decrease in the closed time between
short bursts of channel openings.

Perhaps the most important result of the kinetic analysis is
that both cell swelling and pipette suction decrease the longer
closed-time constant (,) by a similar factor, without signif-
icant change in 7p., Or 1. This suggests that suction and
swelling may activate K* channels by a common mechanism.

In proximal tubule, hypotonic solutions probably increase
cell volume initially at the expense of membrane infolding,
without a real change in cell surface area. However, above a
critical cell volume, membrane tension should increase
uniformly. Although tension was not measured in these
experiments, there is evidence that osmotic swelling in-
creases both hydrostatic pressure and membrane tension in
frog and mouse oocytes (30). Increased membrane tension in
amphibian proximal tubule cells would increase the open
probability of the basolateral stretch-activated K* channels.
Subsequent exit of K* down its electrochemical gradient,
together with an accompanying anion, would reduce cell
volume if these ion fluxes were accompanied by osmotic
water flow.

Although Necturus proximal tubules do volume regulate in
hypotonic solutions (6), the presence of high K* in the bath
and the absence of an intact basement membrane apparently
prevented the changes in cell composition required for

Table 2. Kinetics of the proximal tubule stretch-activated K* channel

Mean closed times, msec

Mean open
time (7open), Msec m ) (Telosed)
Control* 0.8 +0.1 2004 49.0 = 8.0 35,6 7.6
Suction
(=6 cm H,0) 0.8 £0.1 1.9 0.2 15.7 = 2.2% 9.9 + 1.67
Cell swelling
(95-mosM hypotonic) 0.9 + 0.1 1.9 £ 0.2 16.0 + 3.0t 11.0 = 2.3

Values are averages of 5 tubules, each subjected to the same three conditions: control, suction, and
cell swelling. All values of 7open are not significantly different from one another, and all values of 7, are

not significantly different from one another.

*Includes control data both prior to suction and prior to swelling.
fSignificantly different from the respective control value (P < 0.02).
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normal osmoregulation. Nonetheless, the observed increase
in NP, during swelling could mediate volume regulation
under normal conditions. Although cell pH and metabolic
factors may still play a role in regulation of K* conductance,
it is unlikely that changes in cytosolic Ca?* could account for
the increase in K*-channel activity, since (in excised
patches) basolateral K* channels are essentially unaffected
by Ca?* (28).

The rationale for a high-K * bath solution was to clamp both
cell K* and membrane potential within narrow limits, as
indicated by the constant single-channel current amplitude in
all four records of Fig. 1. The use of high-K* solutions
throughout the paired experiments probably resulted in
higher than normal initial cell volumes. Under these “‘pre-
stretched’’ conditions, the membranes would be less flaccid
than normal and the channels would be easier to activate by
suction and/or swelling. All tubules were preincubated in a
high-K* bath, and no attempt was made to quantitate the
effect of high K* on cell volume.

The reason that large (>60%) increases in cell volume were
required to elicit consistent increases in K*-channel activity
can be understood as follows. Since the patch pipette is kept
in place throughout the four experimental conditions, it
serves to clamp the membrane patch mechanically as well as
electrically. Cell swelling presumably increases tension in
both the bulk membrane of the cell (T.) and the membrane
patch held by the pipette (T;,) according to Laplace’s law:

T. = (dc/ dp)Tm [2]

where the patch pipette diameter (dp) is =1/60th the diameter
of an amphibian proximal tubule cell (d. = 30 um). The
pipette suction (Ppacn) of —6 cm H,O required to elicit a
significant change in K*-channel activity in cell-attached
patches corresponds to a patch tension of

T, = dpPparch/4 = 0.07 dyne/cm 3]

or a uniform cell tension T, = 4.3 dyne/cm (from Eqgs. 2 and
3; 1 dyne = 10 uN).

Although the effect of osmotic swelling on membrane
geometry is not known for this preparation, it is possible to
estimate the minimum percent volume change (AV/V) re-
quired to elicit a noticeable increase in single-channel activ-
ity. For the special case of a spherical cell, AV/V is related
to cell membrane tension (T,) and the area elasticity constant
(K ) according to equations Al and A4 of ref. 27:

AV/V = (A + T/Ka)¥? - 1. [4]

It should be emphasized that Eq. 4 represents a minimum
value, since cell swelling would not necessarily produce an
immediate increase in membrane tension, and the spherical
cell assumption is an obvious idealization.

If bilayer lysis occurs after a 3% increase in area (23, 31),
and basolateral proximal tubule patches of diameter 0.5 um
can withstand (on the average) only P* = 30 cm H,0, then
for proximal tubule

KA = (dyP*)/(40.03) = 12.2 dyne/cm. [8]

Using the above values of T. and K4, Eq. 4 predicts that
a 60% increase in cell volume would be required to elicit a
measurable increase in K*-channel activity in the cell-
attached patch. This estimate compares reasonably well with
the increase in cell volume of 66 + 10% observed after about
5 min of hypotonic solution.

Cell swelling of less than 30% failed to increase NP, in any
of patches studied. However, this does not mean that K*
channels are activated only by extensive cell swelling. Large

Proc. Natl. Acad. Sci. USA 86 (1989)

volume changes were required to detect channel activity in
these experiments because of a mismatch between the pipette
diameter and the cell diameter. If the patch pipette were the
same diameter as the cell, it might be possible to record
statistically significant increases in NP, after a cell volume
increase of only 1% (see Eqs. 2 and 4 with d. = d,,). Even if
the estimate of T./K, were 10 times larger, a cell volume
increase of only 10% would be required to produce a
statistically significant increase in NP, (Eq. 4 with d; = d,).

Comparison with other stretch-activated channels indi-
cates that the basolateral stretch-activated K* channel of
amphibian proximal tubule closely resembles the stretch-
activated K* channel found in molluscan heart cells (26),
although the open-channel probability is much lower in
proximal tubule than in heart. Both channel types exhibit
fast, flickery transitions to the open state, often occurring in
bursts. Both channels have similar single-channel conduc-
tances (between 30 pS and 45 pS) and demonstrate a clear
preference for K* over other cations. This is in contrast to the
less selective stretch-activated channels described in chick
skeletal muscle (23), frog lens (32), Escherichia coli (33),
oocytes (34), and plant cells (35). A channel recently de-
scribed in cultured opossum kidney cells is activated by both
pipette suction and osmotic swelling, although it does not
appear to discriminate among Na*, K*, and Cl~ (36).

Stretch-activated K* channels may be important in elec-
trolyte homeostasis as well as in osmoregulation. The high
rates of Na* and water reabsorption in renal proximal tubule
require homocellular mechanisms for maintaining a constant
intracellular environment (37). Increments in Na*—substrate
cotransport are followed by parallel increases in transepithe-
lial Na* transport and basolateral K* conductance (38, 39).
The increase in K* conductance presumably permits enough
K* to leave the cell down its electrochemical gradient to
balance the increase in K* uptake across the basolateral cell
membrane via the Na* ,K*-ATPase. Since Na*-substrate
cotransport produces a significant cell swelling (5, 40), both
electrolyte and volume homeostasis may be mediated by
changes in cell volume.

In summary, the results of the present study suggest that
cell swelling increases K* conductance by increasing the
open probability of a stretch-activated K* channel. Exit of
K* down its electrochemical gradient, together with bicar-
bonate (or chloride) and water, would then restore cells to
their original volume. Consequently, stretch-activation of K*
channels could certainly mediate osmoregulation in the
physiological range. In addition, stretch-activated K* chan-
nels may also mediate electrolyte homeostasis during periods
of increased transepithelial transport if Na*-coupled uptake
of organic substrates increases cell volume by at least 1%.
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