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Abstract. It is well established, for all Na-absorbing
epithelia, that an increase in the rate of transcellular
Na ™ absorption is accompanied by an increase in the
conductance of the basolateral membrane to K *. For
the case of small intestinal epithelial cells from the
salamander Necturus maculosus, where the rate of
transcellular Na " absorption can be increased ma-
nyfold by the addition of sugars or amino acids to the
luminal bathing solution, it appears that this paral-
lelism between Na-K pump rate and basolateral
membrane K™ conductance is closely related to vol-
ume regulation by the enterocyte. Recent studies have
disclosed the presence of stretch-activated K™ chan-
nels, in a highly enriched basolateral membrane
fraction isolated from these epithelial cells, whose
activity is increased by an increase in vesicle volume
and inhibited by a decrease in vesicle volume or ATP.
The activity of this channel also appears to be regu-
lated by the degree of organization of the cortical
actin cytoskeleton; activity is increased by depoly-
merization of the actin cytoskeleton and decreased by
repolymerization of that structure. We postulate that
the inhibitory effect of ATP is related to its role in
promoting the polymerization of G-actin to form
F-actin. We propose that enterocyte swelling that
results from the intracellular accumulation of sugars
or amino acids in osmotically active forms brings
about disorganization of the cortical actin cytoskel-
eton and activates these channels and is, at least in
part, responsible for the “pump-leak parallelism” in
this amphibian.

Introduction
The modern era of epithelial physiology was ushered

in by three papers emanating from the laboratories of
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the great Danish biologist, Hans Ussing. In the first
(Ussing, 1949), it was demonstrated that the isolated
frog skin is capable of bringing about the net transfer
of Na™ from the outer bathing solution to the inner
bathing solution against both a concentration differ-
ence and an electrical potential difference indicating
that this is an “‘active transport process’. In the sec-
ond, Ussing and Zerahn (1951) demonstrated that the
electrical current necessary to abolish the spontaneous
electrical potential difference across — in other words,
to “short circuit”— isolated frog skin bathed by
identical solutions, can be attributed entirely to the
flow of Na" from the outer to the inner solution,
thereby solving the problem posed by DuBois Rey-
mond in 1848 (DuBois Reymond, 1848). On a per-
sonal note, in the early 1960’s the late Peter Curran
and I were supervising a group of first-year Harvard
Medical School students in a laboratory exercise in
which they were to compare the short-circuit current
across isolated frog skin with the net Na* flux de-
termined using isotopes. Professor Ussing was visiting
Arthur K. Solomon’s Biophysical Laboratories (of
which Pete and I were members) and we prevailed
upon Hans to lead the discussion after the laboratory
exercise. To our students’ delight, he opened, in his
kind manner and in his ever gentle voice, by compli-
menting them on the fact that the agreement they had
observed was much closer than he and Zerahn had
found. And, it was! Indeed, I have wondered if 1
had been the reviewer of that manuscript whether
I might not have insisted on more experiments; but,
Ussing had a way of seeing the forest for the trees.
In the third paper, Koefoed-Johnsen and Ussing
(1958) observed that the outer-facing membrane of
isolated frog skin, bathed by a sulfate-Ringer
solution, behaved as if it was solely permeable to
Na ™, whereas the inner-facing membrane behaved as
if it was solely permeable to K *. These observations
led to the now classic “double’ or “‘series membrane”
(KJU) model illustrated in Fig.1. The elegance of this
model, and certainly one of the reasons for its almost
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Fig. 1. The series of double membrane model proposed by Koef-
oed-Johnsen and Ussing for Na™ transport by isolated frog skin
(reproduced with permission from Koefoed-Johnsen & Ussing,
1958).

immediate acceptance by the scientific community, is
that it simply segregated transport processes that had
already been identified in symmetrical cells such as
erythrocytes, nerve and muscle to either the apical
(outer) or basolateral (inner) membranes, thereby
creating the asymmetry needed for vectorial flow.
Thus, by localizing Na-leaks to the apical membrane
and everything else (i.e., K-leaks and Na-K pumps)
to the basolateral membrane one could simulta-
neously account for transcellular Na ™ transport as
well as the low intracellular Na™ activity and high
intracellular K activity characteristic of virtually all
animal cells. As pointed out previously by this au-
thor, the beauty of this model was in part derived
from the fact that it was biologically parsimonious; it
introduced no new demons. It was typical of the
simple, aesthetic view of nature that characterized all
of Ussing’s thinking.

In the years that have followed its introduction,
the KJU model for isolated frog skin has been
successfully extended to describe a wide number of
Na-absorbing epithelial cells with two basic modifi-
cations.

The first is that we know that there are four
different mechanisms that may mediate Na™ entry
across the apical membrane into cells. These are (i)
the originally described Na™ channel, which is in-
hibited by very low, micromolar, concentrations of
amiloride; (ii) rheogenic cotransporters that couple
the entry of Na™ to the entry of a wide variety of
organic solutes such as sugars or amino acids; (iii)
electroneutral cotransporters that couple the entry of
Na ™ to the entry of Cl~ (e.g., NaCl or KNaCl,) and
are inhibited by a number of diuretics such as furo-
semide; and (iv) countertransporters that couple Na ™
entry to H™ extrusions from the cell and are inhibited
by high concentrations of amiloride (c.f., Schultz &
Lapointe, 2000).
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Second, it is now clear that the two membranes
that are arrayed in series do not operate indepen-
dently but instead exhibit cross-talk designed to
protect the cellular milieu interior (Schultz, 1981;
Diamond, 1982). Thus, in “tight” epithelia such as
frog skin or toad urinary bladder, inhibition of the
basolateral membrane Na-K pump resulting in an
increase in cell Na™ activity brings about an inhibi-
tion of apical membrane Na ™ channels; this subject
has been recently reviewed elsewhere (Schultz &
Lapointe, 2000). Further, changes in the rate of Na*
entry across the apical membrane, which result in
changes in the rate of basolateral membrane pump
activity and Na™ absorption, are accompanied by
parallel changes in the K conductance of the ba-
solateral membrane. This parallelism has been dem-
onstrated in every Na-absorbing epithelium studied
to date. Further, where examined, the parallelism
appears to be very precise. Thus, in Necturus urinary
bladder (Fromter & Gebler, 1977; Thomas et al.,
1983), frog renal proximal tubule (Lang, Messner &
Rehwald, 1986) and Necturus small intestine (Hudson
& Schultz, 1984) increases in the rate of Na-K pump
activity are paralleled one-for-one by increases in
basolateral membrane K conductance.

In the remainder of this paper, we will first review
the evidence for the “pump-leak” parallelism, then
examine the physiological utility of this ubiquitous
phenomenon and, finally, briefly discuss recent find-
ings suggesting the underlying mechanism in the light
of our understanding of epithelial cell volume con-
trol. We will draw mainly upon data obtained in our
laboratories on in vitro Necturus small intestine
where the rate of Na ' absorption can be rapidly and
markedly increased by the addition of sugars or
amino acids to the solution bathing the apical surface
of the tissue. Comparisons with findings on other
epithelia will be made when appropriate.

Evidence for the “Pump-Leak” Parallelism

The first direct evidence for an increase in basolateral
membrane K conductance in response to an increase
in the rate of Na entry across the apical membrane
came from electrophysiological studies such as that
illustrated in Fig. 2. Shown is the electrical potential
difference across the apical membrane (™) with
respect to the mucosal solution and the ratio of the
relative resistance of the apical membrane (+™) to that
of the basolateral membrane (+°) [i.e., (*"/r’)] before
and after the addition of alanine (or sugars) to the
fluid perfusing the mucosal surface of the tissue. In
the absence of the alanine, ™ was approximately
—40 mV cell interior negative with respect to the
mucosal solution and (+/r°) was close to unity. Im-
mediately after the addition of 5 mm alanine to the
mucosal solution, there was a rapid depolarization of
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™, which often reversed polarity, accompanied by a
marked, rapid decline in (#™/r®). The depolarization
of ™ is the result of the activation of rheogenic Na-
amino acid cotransporters that were previously qui-
escent leading to a, transient, near doubling of the
intracellular Na activity (Hudson & Schultz, 1984).
The initial decline in (#*™/r°) is due primarily to a
decline in ™ due to the fact that these cotransporters
are conductive. But, following these dramatic, rapid
events, there is a slower repolarization of Y™ to near
control values and an increase in (+™/r®) which often
reaches values greater than control in the continued
presence of the amino acid. As demonstrated by
Grasset, Gunter-Smith & Schultz, (1983), these slow
events are the result of an increase in basolateral
membrane K conductance. Those investigators
demonstrated that a fourfold increase in Na-K pump
activity, brought on by the addition of sugars or
amino acids to the mucosal solution and, hence, a
fourfold increase in the rate at which K™ is pumped
into the cell across the basolateral membrane, is ac-
companied by a decline in cell K™ activity, but no
change in the calculated electrochemical potential
difference for K, i.e., the thermodynamic driving
force for K" diffusion, across that barrier. Inasmuch
as the rate of K™ diffusion out of the cell across the
basolateral membrane must have increased fourfold
to maintain a steady-state, this must mean that the
conductance of the basolateral membrane to K
must also have increased fourfold. The decline in cell
K™ activity is almost certainly due to cell swelling.
Similar findings have been reported by Lang et al.
(1986) for frog renal proximal tubule.

Physiological Utility of the “Pump-Leak’ Parallelism

In all epithelia, the “pump-leak’ parallelism serves to
prevent inordinate swings in intracellular K content
when Na-K pump activity changes. Thus, if pump
activity is increased, in the absence of a parallel in-
crease in K" conductance, one might expect an in-
crease in cell K content, which must be accompanied
by an increase in the content of some anion, pre-

sumably Cl™, an increase in cell water content and cell
swelling. This problem is compounded in small in-
testinal and renal proximal tubule epithelial cells when
the increase in transcellular Na ™ absorption is due to
an increase in Na-entry coupled to the entry of sugars
or amino acids inasmuch as the latter are accumulated
within the cells in osmotically active forms and thus
obligate additional water accumulation. The increase
in basolateral membrane K * conductance, perhaps in
response to cell swelling (see below) almost certainly
serves to limit volume increases.

A second value of the “pump-leak” parallelism is
that, in leaky epithelia, the hyperpolarization of the
basolateral membrane due to the increase in the K *
conductance of that barrier also results in the hy-
perpolarization of the apical membrane. This in-
creases the electrical driving force for the entry of all
rheogenic Na-coupled carrier-mediated processes.
The importance of this is shown in Fig. 3, which il-
lustrates the rate of Na-coupled sugar entry across
the apical membrane of Necturus small intestinal
epithelial cells given in units of current, i.e., I{g, as a
function of the electrical potential difference, ™.
Clearly, the rate of coupled entry is markedly de-
pendent upon ™ and, indeed, is far more dependent
upon the electrical driving force across the apical
membrane than the chemical driving force. This
finding has been confirmed for the case of the Na-
coupled glucose carrier, SGLTI, expressed in Xenopus
oocytes (Parent et al., 1992) and is consistent with the
notion that the active site of the “naked” carrier
protein is negatively charged and that one of the
functions of Na " is to mask that charge.

The Link between the ‘“Pump-Leak’ Parallelism
and Volume Control

Two sets of observations suggest that volume control
by epithelial cells and the “pump-leak’ parallelism
may share a common mechanism. The first is that
swelling of epithelial cells in response to exposure to
hypotonic solutions results in a increase in the ba-
solateral membrane K, and often CI™, conductance.
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Fig. 3. An example of the effect of the electrical potential difference
across the apical membrane (™€) on the rate of Na'-coupled
sugar entry across the barrier measured as the current I& . (re-
produced with permission from Lapointe, Hudson & Schultz,
1986).

This permits the exit of KCl accompanied by water,
which limits and may even reverse the volume in-
crease (Schultz, 1989). The second is the finding that
in the course of transepithelial absorption, organic
solutes are accumulated within epithelial cells in
osmotically active forms and thus are accompanied
by water. This results in cell swelling under isotonic
conditions. In 1986, Lau, Hudson and Schultz dem-
onstrated that the increase in basolateral membrane
K™ conductance that is associated with Na-coupled
sugar absorption could be prevented by preventing or
reversing cell swelling by exposure to a hypertonic
solution, thereby linking the swelling induced by
hypotonic conditions with that invoked by solute
accumulation under isotonic conditions.

Studies on K* Channels in Basolateral Membrane
Vesicles

In an effort to gain further insight into the mecha-
nisms that regulate the K channels in basolateral
membranes of Necturus small intestinal epithelial
cells, we have succeeded in isolating a membrane
fraction of these cells that is highly enriched in Na—K
ATPase, a universally accepted marker for those
membranes, and minimally contaminated by enzyme
markers for other plasma or intracellular membranes.
Reconstitution of these membranes into artificial,
phospholipid planar bilayers revealed a K * channel
that is slowly inhibited by millimolar concentrations
of MgATP in the solution facing the inner surface of
the membrane (Fig. 4) (Mayorga—Wark et al., 1995).
Further, inasmuch as these membranes spontane-
ously form vesicles, we were able to examine the
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effects of membrane stretch resulting from swelling or
shrinking of vesicles exposed to anisotonic solutions,
on K™ channel activity. As shown in Fig. 5, exposure
of the vesicles to a solution that is hypotonic to the
intravesicular solution resulted in an increase in
channel activity, as measured by **Rb ™ uptake using
the Garty technique (Garty, Rudy & Karlish, 1983),
whereas exposure to a hypertonic solution could
abolish channel activity (Dubinsky, Mayorga-Wark
& Schultz, 1999). Depolymerization of the actin cyto-
skeleton using either cytochalasin D or a nonphar-
macologic approach abolished these responses to
anisotonic solutions (Dubinsky et al., 1999).

An increase in K" channel activity could also be
elicited by exposing the vesicles to an isotonic solu-
tion containing glucose or alanine. Under these con-
ditions, the sugar or amino acid enters the vesicle
accompanied by the isotonic equivalent of water and
also results in cell swelling. The increase in channel
activity following isotonic swelling was indistin-
guishable from that following exposure to a hypo-
tonic solution. Finally, increases in vesicle volume
under isotonic or hypotonic conditions reversed the
inhibitory effect of intravesicular MgATP on K™
permeability (Dubinsky, Mayorga-Wark & Schultz,
2000), and inhibition of single-channel activity by
ATP (see Fig. 4) could be rapidly reversed by cytoc-
halasin B (unpublished observations); in short, vesicle
swelling appears to mimic the action of cytochalasin,
which depolymerizes F-actin, on the inhibitory effect
of ATP on channel activity.

Stretch-activated K channels have been identi-
fied in the basolateral membranes of Necturus proxi-
mal renal tubule cells (Sackin, 1989) and Necturus
gallbladder (Vanoye & Reuss, 1999). They have also
been identified by a number of investigators in the
basolateral membranes of frog proximal tubule
(Kawahara, 1990; Hunter, 1990) where direct evi-
dence has been presented for their involvement in the
increase in the K" conductance of that barrier in
response to isotonic swelling accompanying Na-cou-
pled solute absorption (Cermerikic & Sackin, 1993).
Further, recently Schiitt and Sackin (1997) have
demonstrated stretch-activated channels in vesicles
devoid of soluble cytoplasmic components.

Summary and Conclusions

Studies on the ATP-inhibitable K channel identified
in a basolateral membrane fraction isolated from
Necturus small intestinal epithelial cells strongly sug-
gest that this is a stretch-activated channel and that
the effect of ATP is mediated by the well-established
role of this nucleotide in promoting the polymeriza-
tion of G-actin to form F-actin (c.f. Korn, Carlier &
Pantoloni, 1987). A model summarizing our view of
the relations among membrane stretch, the organiza-
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Fig. 5. Effect of exposure of basolateral membrane vesicles to
hypotonic or hypertonic solutions on K™ channel activity (mea-
sured as **Rb" uptake) (reproduced with permission from Du-
binsky et al., 1999).

Fig. 4. Effect of ATP added to the inner solution
on activity of a basolateral membrane K * channel
reconstituted in a planar phospholipid bilayer.

ITPRL)

0o” denotes the open state and “c” the closed
state. P, is the open-probability. The noise in the
second panel is due to stirring. (Reproduced with
permission from Mayorga-Wark et al., 1995).

tion of the cortical (submembranous) actin cytoskel-
eton, ATP and K" channel activity is illustrated in
Fig. 6. We propose that membrane-stretch, secondary
to cell swelling, brings about a disorganization of the
cortical actin cytoskeleton, as has been observed by
Cornet et al. (1987, 1993, 1994), and results in
activation of the K" channel, whereas ATP and/or a
reduction in membrane stretch has the reverse effect.
It should be emphasized that our findings do not
exclude a possible role of other K™ channel or cy-
toplasmic factors in regulating basolateral membrane
conductance in response to changes in transcellular
Na™ transport, but are certainly consistent with the
notion that alterations in cell volume and membrane
tension, which accompany an increase in intracellular
osmolytes, may be sufficient—at least for the case of
Necturus small intestinal Na ™ absorbing cells.
Finally, it should be noted that the first hint of
the “pump—leak” parallelism came from the undis-
puted father of epithelial biology himself, Hans Us-
sing, who, in a classic paper with Enid MacRobbie,
published in 1961, reported that inhibition of Na™
transport with a digitalis glycoside was accompanied
by a decrease in the K permeability of the inner
membrane and suggested ...that the active
ion transport and the passive fluxes are not entirely
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independent.” It is hoped that, in the not too distant
future, the cellular mechanisms responsible for this
prescient observation will be fully resolved.

References

Cermerikic, S., Sackin, H. 1993. Substrate activation of me-
chanosensitive, whole cell currents in renal proximal tubule.
Am. J. Physiol. 264:F697-F714

Cornet, M., Delpire, E., Gilles, R. 1987. Study of microfilaments
network during volume regulation process of cultured PC 12
cells. Pfluegers Arch. 410:223-225.

Cornet, M., Lambert, I. H., Hoffmann, E.K. 1993. Relation between
cytoskeleton, hypo-osmotic treatment and volume regulation in
Ehrlich ascites tumor cells. J. Membrane Biol. 131:55-66.

Cornet, M., Isobe, Y., Lemanski, L.F. 1994. Effects of anisosmotic
conditions on the cytoskeletal architecture of cultured PC 12
cells. J. Morphol. 222:269-286.

Costantin, J., Alcalen, S., Otero, A. deS., Dubinsky, W.P., Schultz,
S.G. 1989. Reconstitution of an inwardly rectifying potassium
channel from the basolateral membranes of Necturus entero-
cytes into planar lipid bilayers. Proc. Nat’'l. Acad. Sci.USA
86:5212-5216.

Diamond, J.M. 1982. Transcellular cross-talk between epithelial
cell membranes. Nature 300:683-685.

Du Bois Reymond, E. 1848. Untersuchungen iiber tierische Ele-
ktrizitdt. Berlin

Dubinsky, W.P., Mayorga-Wark, O., Schultz, S.G. 1999. Volume
regulatory responses of basolateral membrane vesicles from
Necturus enterocytes: role of the cytoskeleton. Proc. Nat'l.
Acad. Sci. 96:9421-9426

Dubinsky, W.P., Mayorga-Wark, O., Schultz, S.G. 2000. Potassi-
um channels in basolateral membrane vesicles from Necturus
enterocytes: stretch and ATP sensitivity. Am. J. Physiol.

Fromter, E., Gebler, B. 1977. Electrical properties of amphibian
urinary bladder.III. The cell membrane resistances and the ef-
fect of amiloride. Pfluegers Arch. 371:99—-108

Garty, H., Rudy, B., Karlish, S.J.D. 1983. A simple and sensitive
procedure for measuring isotope fluxes through ion-specific
channels in heterogenous populations of membrane vesicles.
J. Biol. Chem. 258:13094-13099

Grasset, E., Gunter-Smith, P., Schultz, S.G. 1983. Effect of Na-
coupled alanine transport on intracellular K activities and the

Hans Ussing Memorial Issue

SHRUNKEN

CLOSED

Fig. 6. Hypothetical model relating basolateral
membrane K" channel activity to membrane
stretch and cortical cytoskeletal organization.
The inhibitory effect of ATP on channel activity
is ascribed to its role in promoting the
polymerization of G-actin to F-actin.

HIGH

K conductance of the basolateral membranes of Necturus small
intestine. J. Membrane Biol. 71:89-94

Gunter-Smith, P., Grasset, E., Schultz, S.G. 1982. Sodium-coupled
amino acid and sugar transport by Necturus small intestine. An
equivalent electrical circuit analysis of a rheogenic co-transport
system J. Membrane Biol. 66:25-39

Hudson R.L., Schultz, S.G. 1984. Effects of sodium-coupled sugar
transport on intracellular sodium activities and sodium-pump
activity in Necturus small intestine. Science 224:1237-1239

Hunter, M. 1990. Stretch-activated channels in the basolateral
membrane of single proximal cells of frog kidney. Pfluegers
Arch. 416:448-453

Kawahara, K. 1990. A stretch-activated K* channel in the baso-
lateral membrane of Xenopus kidney proximal tubule cells.
Pfluegers Arch. 415:624-629

Koefoed-Johnsen, V., Ussing, H.H. 1958. The nature of the frog
skin potential. Acta Physiol. Scand. 42:298-308

Korn, E.D., Carlier, M.-F., Pantoloni, D. 1987. Actin polymeri-
zation and ATP hydrolysis. Science 238:638—644

Lang, F., Messner, G., Rehwald, W. 1986. Electrophysiology of
sodium-coupled transport in proximal renal tubules. Am. J.
Physiol. 250:F953-F962

Lapointe, J.-Y., Hudson, R.L., Schultz, S.G. 1986. Current-volt-
age relations of sodium-coupled sugar transport across the
apical membrane of Necturus small intestine. J. Membrane Biol.
93:205-219

Lau, K.R., Hudson, R.L., Schultz, S.G. 1984. Effect of hyperto-
nicity on the increase in basolateral conductance of Necturus
small intestine in response to Na'-sugar cotransport. Proc.
Natl. Acad. Sci. USA 81:3591-3594

MacRobbie, E.A.C., Ussing, H.H. 1961. Osmotic behavior of
the epithelial cells of frog skin. Acta Physiol. Scand. 53:348-365.

Mayorga-Wark, O., Dubinsky, W.P., Schultz, S.G. 1995. Recon-
stitution of a KATP channel from basolateral membranes of
Necturus enterocytes. Am. J. Physiol. 269:C464—C471

Parent, L., Supplison, S., Loo, D.D., Wright, EM. 1992. Elec-
trogenic properties of the cloned Na™ glucose cotransporter:
1. Voltage-clamp studies. J. Membrane Biol. 12:49-62

Sackin, H. 1989. A stretch-activated K * channel sensitive to cell
volume. Proc. Natl. Acad. Sci. USA 86:1731-1735

Schultz, S.G. 1989. Volume preservation: then and now. NIPS
4:169-172

Schultz, S.G. 1981. Homocellular regulatory mechanisms in sodi-
um-transporting epithelia: avoidance of extinction by “‘flush-
through”. Am. J. Physiol. 241:F579-F590



S.G. Schultz, W.P. Dubinsky: Na Absorption, Volume Control, K Channels 261

Schultz, S.G., Lapointe, I.Y. 2000. Cross-talk in epithelial cells /n:
The Kidney: Physiology and Pathophysiology. 3™ Edition. D.
Seldin, G. Giebisch, eds. Lippincott Williams and Wilkins,
Philadelphia pp. 569-584

Schiitt, W., Sackin, H. 1997. A new technique for evaluating
volume sensitivity of ion channels. Pfluegers Arch. 433(3):368—
375

Thomas, S.R., Suzuki, Y., Thompson, S.M., Schultz, S.G. 1983
Electrophysiology of Necturus urinary bladder: 1. “Instanta-
neous” current-voltage relations in the presence of varying

mucosal sodium concentrations. J. Membrane Biol. 73:157—
175

Ussing, H.H., Zerahn, K. 1951. Active transport of sodium as the
source of the electric current in the short-circuited isolated frog
skin. Acta Physiol. Scand. 23:110-127

Ussing, H.H. 1949. The active ion transport through the frog
skin in the light of tracer studies. Acta Physiol. Scand. 17:1-37

Vanoye, G.V., Reuss, L. 1999. Stretch-activated single K chan-
nels account for whole-cell currents elicited by swelling. Proc.
Natl. Acad. Sci. USA 96:6511-6516



