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The Two-Membrane Hypothesis

The study of epithelial function during the second half
of the twentieth century was patterned by the work of
Hans Ussing. Among his many contributions to
physiology, Ussing developed a simple and elegant
mechanism to explain active Na't transport by the
epidermis of the frog. This mechanism, named the
two-membrane hypothesis [6] (Fig. 1), states that
transepithelial active Na™ transport occurs by two
events in series: the passive (electrodiffusive) influx of
the cation across the apical cell membrane and the
active (pump-mediated) efflux across the basolateral
membrane. The two molecules responsible for these
events are the epithelial Na* channel (ENaC) and the
Na™*, Kt-ATPase (Na' pump), expressed in the api-
cal and basolateral membranes, respectively. ENaC is
highly selective for Na® over K* and other “physio-
logical” cations. The Na™ pump exports Na'™ and
imports Kt across the cell membrane, with a stoi-
chiometry of 3Nat:2K* per molecule of ATP hy-
drolyzed. Thus, the operation of the pump tends to
reduce intracellular [Na'] and to make the cell
membrane potential (V) more negative. Both factors
increase the electrochemical gradient for Na*t entry at
the apical membrane. Intracellular ionic contents are
maintained because the Na™ fluxes at the two mem-
brane domains are equal, and because of the presence
of a K* channel in the basolateral membrane, through
which KT recycles back to the basolateral solution.

The central idea in the two-membrane hypothesis
is this: The simplest mechanism for transcellular ion
transport across an epithelial sheet is the concerted
operation of an active transporter (“pump’’) in one
membrane, in series with a passive transporter
(“leak™) in the other membrane. The effects of the
pump on intracellular ion concentration and mem-
brane voltage provide the driving force for ion flux
across the leak.

Does the Two-Membrane Model Apply to Other
Epithelia?

ELECTROGENIC EPITHELIA

After the pioneering work of Ussing and coworkers,
studies of other epithelia revealed other transport
processes in addition to Na® absorption. Among
these, let us consider CI~ secretion [33, Fig. 24]. The
explanation is still a pump-leak system, but there are
differences with the original two-membrane model: 1)
Influx occurs via the pump, and efflux is via the leak.
The pump, located at the basolateral membrane,
raises intracellular [CI7], creating a driving force for
passive efflux, at the apical membrane, via the Cl~
channel. 2) The “influx pump” is complex, requiring
the synchronized operation of three molecules, the
Na™* pump, the Na*, K+, 2CI~ cotransporter [12] and
the K channel, all expressed in the basolateral
membrane. Thus, the CI™ influx is a secondary-active,
not a primary-active transport event. Nevertheless,
the principle is the same: two membranes in series,
one containing a pump and the other one a leak.

Another variation in the two-membrane model
is the case of transcellular absorption and secretion
of ions of the same charge. In the principal cells of
the mammalian renal cortical collecting tubule Na*
is absorbed and K™* is secreted. There is a Na*t-
transporting mechanism just like in the frog skin,
but the presence of K* channels in the apical ex-
ample results in K secretion by primary active
uptake at the basolateral membrane and passive
(electrodiffusive) efflux across the apical membrane
channels (Fig. 2B).

ELECTRONEUTRAL EPITHELIA

The notion of electroneutral transepithelial ion
transport was developed from studies in epithelia of
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Fig. 1. The two-membrane hypothesis for Na*t-absorbing “tight”
epithelia. At the apical cell membrane, Na*t entry is via a Na™-
channel. At the basolateral cell membrane, extrusion of Na™ is
mediated by the Na™ pump. K™ “recycles” via a K™ channel. From
Reuss [19] with permission.

small intestine [15] and gallbladder [4]. In fact, the
ion-entry step is not via ion channels, but via carriers,
including Na®™-Cl™ or Na®-K*-2CI™ cotransporters,
and Na*/H" and CI"/HCOj exchangers operating in
parallel. Interestingly, these epithelia are also “lea-
ky”, i.e., have a high paracellular conductance, which
helps explain why the transepithelial voltage is low,
but clearly the mechanism of the low voltage is dual.
Typically, transport of both Na™ and CI™ across the
apical membrane is electroneutral and coupled: by
cotransport in the same molecule or by the coordi-
nated operation of ion exchangers (Fig. 3 and see
below).

At the basolateral membrane of electroneutral
epithelia Na*t is transported by the Na* pump just
like in electrogenic epithelia. In contrast, ClI™ trans-
port is not paracellular, as in electrogenic Na™-ab-
sorptive epithelia, but transcellular. Two pathways
have been identified: CI” channels [16] and the K*-
CI™ cotransporter [17]. In electroneutral epithelia, K+
may be reabsorbed, secreted or recycled across the
basolateral membrane (Fig. 3). The mechanism of
active KT absorption (an example is the renal prox-
imal tubule) is unclear [32].

Beyond the Pump-Leak Idea—Focus
on the Paracellular Pathway

The two-membrane hypothesis explains epithelial
Na' transport in an elegant and simple manner.
However, research during the last three decades has
revealed features that cannot be explained by the
simple version of this hypothesis. The main two are
the demonstration of the paracellular pathway and
the discovery of adaptive mechanisms that coordinate
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Fig. 2. Ion transport in Cl -transporting epithelia. (4) Cl -secret-
ing epithelium. Intracellular [C17] is elevated above electrochemical
equilibrium by Na™-K*-2C1~ cotransport across the basolateral
cell membrane. Transepithelial secretion is induced by activation of
apical-membrane Cl~ channel(s). (B) Cl -absorbing epithelium.
CI” entry across the apical membrane is mediated by Nat-K*-2C1~
cotransporter. Most basolateral Cl™ efflux proceeds through CI™
channels. From Reuss [19], with permission.

the function of two or more transporters at one or
both cell-membrane domains.

THE PARACELLULAR PATHWAY

In the seventies, it became clear that solute fluxes can
be transcellular or paracellular. Transcellular trans-
port occurs via the cells, i.e., involves transport across
one membrane, distribution in the cell interior and
transport across the opposite membrane. In a normal
epithelium, the paracellular pathway is intercellular
(junctions and lateral intercellular spaces). The idea of
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Fig. 3. Ton transport in leaky NaCl-absorbing epithelia. (4) Na™
and CI™ enter via electroneutral exchangers. CI™ exits via channels
and/or K*-CI~ cotransport. Na*t extrusion is mediated by Na™
pump. K™ recycles via channels (basolateral or both cell mem-
branes). This model accounts for NaCl transport in most “leaky”
NaCl-absorptive epithelia. (B) Na™-Cl~ cotransport (flounder uri-
nary bladder, mammalian renal distal tubule). Basolateral trans-
port mechanisms as in top diagram. (C) Na*-K™-2CI~ cotransport
(flounder intestine). Basolateral transport mechanisms as in top
diagram. From Reuss [19] with permission.

a paracellular or “shunt” pathway was first suggested
by Ussing and Windhager [30] from studies in frog

213

skin epithelia, in which the paracellular permeability
was experimentally increased. Electrophysiological
[31, 5] and morphological [13] studies in renal-tubule
and gallbladder epithelia demonstrated a high per-
meability of the junctions. The classification of epi-
thelia into “‘tight” and “leaky” derived from this
work.

The structure of the tight junctions was debat-
able, until the recent work of Tsukita and his asso-
ciates [29], which culminated in the discovery of the
tight-junction transmembrane proteins, occludin and
claudins. The latter are present in tight junctions and
their expression is both necessary and sufficient to
form the intramembrane strands characteristic of
these structures. By itself, occludin does not form
complete strands.

The paracellular pathway plays roles in the
transepithelial transport of ions and water. These
roles are radically different in tight and leaky epi-
thelia. In the former, the paracellular path is mostly
a barrier to ions, whereas in the latter it is a conduit.

A function of the paracellular shunt is to couple
the two cell membranes electrically. In most leaky
epithelia, the relative K conductance of the baso-
lateral membrane is greater than that of the apical
membrane, and thus there is current flow between the
two membranes that hyperpolarizes the apical mem-
brane. This increases the driving force for entry of
positively-charged solutes (e.g., Na' via electrogenic
cotransporters). Examples of this mechanism are the
proximal renal tubule and small intestine, which ex-
press Nat-glucose and NaT-amino acid cotrans-
porters.

Another function of the paracellular pathway is
passive ion transport, driven by electrodiffusion
(electrical potential and/or concentration differences).
Electrogenic transcellular transport causes a trans-
epithelial voltage that can drive ion transport across
the paracellular pathway. Examples are Cl -trans-
porting epithelia such as the thick ascending segment
of the loop of Henle (Cl™ absorption) and the intes-
tinal crypts (CI™ secretion). Transcellular CI™ trans-
port generates a transepithelial voltage (positive on
the side from which CI™ is transported). This causes a
paracellular Na™ flux in the same direction as the C1~
flux (reviewed in [27]). In these epithelia, the tight
junctions are cation-selective and thus Na' and CI™
move in the same direction. Interestingly, we now
know that expression of specific claudins in the tight
junctions is related to their ion selectivity. A dramatic
example is the pathway for absorption of divalent
cations (Ca’" and Mg®") by the thick ascending
loop of Henle. This epithelium expresses claudin-16,
also named paracellin, the protein that confers the
high permeability for divalent cations to the tight
junctions [26]. The loss of function of this protein by
mutation causes a genetic disease characterized by
excessive loss of Ca®" and Mg?" in the urine.
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Water transport may be another important
function of the paracellular pathway, both in terms of
solute-coupled transport and solvent drag. I mention
these possibilities for completeness, but the focus of
this article is ion transport.

Charge- and Mass-Balance in Transepithelial
Transport

Steady-state transepithelial ion transport in the ab-
sence of external current is electroneutral, i.e., the net
charge balance of the cell and the net transfer of
charge between the bathing solutions are zero. These
physical principles are satisfied in different ways by
different epithelia.

In electrogenic epithelia (such as the frog epider-
mis) net charge transfer in the transcellular pathway
occurs in the steady state, but there is also a para-
cellular charge transfer of equivalent magnitude and
opposite sign. When the frog skin epithelium is in-
cubated with physiologic salt solutions of equal
composition on both sides and no current is applied,
the transcellular Na' flux is accompanied by a
paracellular CI- flux driven by the transepithelial
voltage. This voltage can be canceled by applying
transepithelial current. In this case, the driving force
for paracellular CI™ transport becomes zero and Na™
is the only ion undergoing transepithelial transport.
The balance of charge occurs in the external current
circuit.

In electroneutral epithelia, electroneutrality is
satisfied at each membrane by direct or indirect flux
coupling. Direct or molecular coupling denotes co-
transport or exchange, i.e., two or more ions are
transported by the same protein. Indirect coupling
means transport by different proteins. In the latter
case, flux coupling may be: a) thermodynamic (e.g.,
transport of the primary ion changes the membrane
voltage and thus the driving force for transport of the
secondary ion through another protein); b) allosteric
(e.g., primary ion transport alters the intracellular or
extracellular level of a substrate, which modifies the
activity of transporter(s) of the secondary ion by al-
losteric effects).

Under steady-state conditions, with constant cell
volume and composition, there must be a balance
between the transport rates at the two membranes.
Also, a change in the transport rate at one cell
membrane (e.g., by the effect of a hormone) must be
rapidly followed by a matching change at the oppo-
site membrane, restoring the balance. Implied in the
original formulation of the two-membrane hypothe-
sis, variations in ion-transport rate across one mem-
brane domain would be matched by the contralateral
membrane only via changes in intracellular ion con-
centration. In all epithelial cells at least one mem-
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brane domain is highly water permeable, and thus a
change in cell solute content causes a change in cell
water volume in the same direction. The existence of
a mechanism of adjustment of the transport rates at
the two membranes (‘“‘cross talk’) was proposed by
Schultz [21].

In summary, transepithelial NaCl transport sat-
isfies the electroneutrality principle. Further, during
net transport and in the steady state, the rates of ion
entry and exit must be the same if cell volume and
ionic composition are to remain constant. When only
one ion is transported (frog epidermis), cross-talk
consists of the adjustment of the transport rates at the
two membrane domains. When two (or more) ions
are transported, there must be intramembrane regu-
lation (equal rates of net transport at the same
membrane, e.g., NaCl entry with stoichiometry
Na™:ClI” = 1:1, as well as cross-talk (equal transport
rates at the opposite membrane domains, e.g., apical
NaCl flux = basolateral NaCl flux).

INTRAMEMBRANE REGULATION

Intramembrane regulation involves interactions of
fluxes mediated by carriers or channels, or between
pumps and other transport proteins. The particular
case of adjustment between the K™ transport rates of
the Na™ pump and the K* channel expressed in the
basolateral membrane is called pump-leak parallelism
[23].

Adjustment between Carriers Expressed in the
Same Membrane

In electroneutral NaCl™ absorptive epithelia, the
steady-state rates of Na' entry and CI” entry are the
same. This was originally interpreted as indicative of
Na™-CI™ cotransport [4, 15], but other studies dem-
onstrated that in most of this group of epithelia NaCl
entry involves the parallel operation of Na*/H™* and
CI"/HCOj3 exchangers [11, 18]. Using intracellular
ion-selective microelectrodes, I demonstrated that
Na™ and CI™ transport across the apical membrane of
amphibian-gallbladder epithelium can be transiently
dissociated [18]. In the steady state, however, the
fluxes are the same, probably because of changes in
intracellular pH.

For example, if Na™ is removed from the apical
solution, the intracellular [Na™] falls rapidly; the
[CI7] also falls, because of the following mechanism:
(a) Na™ removal lowers the intracellular pH (pH;),
because the fluxes via the Na®/H' exchange are
reversed; (b) the elevation of [HT]; reduces Cl7/
HCO3 exchange because the [HCO;™]; falls by ti-
tration with H* and also because the CI"/HCOj3;
exchanger undergoes allosteric inhibition by intra-
cellular acidification.
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Adjustment between Ion Channels Expressed
in the Same Membrane

Membrane-voltage changes alter fluxes via ion
channels by the change in driving force, as well as by
changes in open probability (P,) in the case of volt-
age-gated channels. In amphibian gallbladder epi-
thelium, cAMP activates CFTR, thus increasing the
apical-membrane Cl~ permeability. This depolarizes
the membrane, thus increasing the driving force for
K* efflux and also increases the P, of maxi-K™
channels expressed in the same membrane. Together,
these changes cause loss of both K* and Cl~ and cell
shrinkage [2].

Pump-Leak Parallelism

The P, of [ATP];-sensitive K™ channels is modulated
by the intracellular [ATP] and/or related parameters.
It is thought that ATP couples the rate of the pump
to the basolateral membrane Pk in epithelial cells. In
rabbit renal proximal-tubule cells [28] the [ATP];-
sensitive K™ channels are the main path for K* fluxes
across the basolateral membrane and are activated by
falls of cell [ATP]. [ATP]; decreases after stimulation
of transepithelial Na*t transport, and when [ATP]; is
elevated experimentally, the effect of the Na*t trans-
port rate on the K conductance of the basolateral
membrane disappears.

CRross-TALK MECHANISMS

Cross-talk denotes adjustment of the rates of ion
transport between apical- and basolateral-membrane
domains [7, 20, 21, 22]. The general mechanism is
thought to operate in four steps: a) primary change in
ion-transport rate at one membrane, b) signaling
event in the cell, ¢) sensing and transduction of the
signal, and d) change in transporter activity at the
other membrane domain.

Cross-Talk in Tight Epithelia

The first evidence for cross-talk was obtained by
MacRobbie and Ussing in frog-skin epithelium. In-
hibition of the Na™ pump with a cardiotonic steroid
decreased apical-membrane Py, [14]. Metabolic
inhibitors or a KT-free basolateral solution, both
expected to inhibit the pump, also decreased apical-
membrane Py, [1, 10]. These and other experiments
indicate that apical-membrane Py, in tight epithelia
is modulated by [Na™];. This effect has been thought
to be either direct or by changes in [Ca’*] and/or pH;
(reviewed in [19]). In renal collecting-duct cells,
patch-clamp experiments revealed that elevated in-
tracellular [H*] and [Ca’*] reduced the P, of ENaC
[3, 25].

The opposite relationship, i.e., Na™ entry mod-
ulating the activity of the pump, was initially thought
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to be mediated by changes in [Na™];. However, this is
not the case, as shown in experiments in several tight
epithelia (reviewed in [22] and [24]). The pump is
stimulated in the absence of measurable increases in
[Na™]; [24], denoting increases in pump rate and/or
number of molecules expressed in the membrane.

Cross-Talk in Leaky Epithelia

In epithelial cells from small intestine and renal
proximal tubule, cotransport of Na® and organic
solute depolarizes the apical (V,,) and reduces the
ratio of cell-membrane electrical resistances (apical/
basolateral = R,/R}). Later on, both V, and R,/R,
recover. The secondary rise in R,/Ry, is prevented by
blocking basolateral-membrane K™ channels with
Ba?*. These results can be explained by an increase in
K™ conductance secondary in response to the ele-
vated solute influx, perhaps mediated by cell swelling
[22]. Similar effects are produced by enterocyte
swelling by hypotonic solutions [9]. Results in renal
proximal tubule cells are similar to those described in
intestine [6].

In leaky epithelia, maneuvers that increase Na™
absorption by 2-4-fold do not elevate [Na*]; [24],
denoting Na® pump activation. The mechanism of
this effect is unknown. Possibilities include changes in
the number of operational pump molecules or in the
turnover number.

Signaling Mechanisms in Epithelial Cross-Talk

As exemplified in the previous sections, cross-talk can
take many forms and no mechanism explaining all
these modalities has been identified. Our current
knowledge is suggestive of changes in cell volume and
intracellular ion concentrations as initial signals.

Changes in cell volume are thought to influence
membrane-transport proteins by physical and bio-
chemical processes, such as membrane/cytoskeleton
tension and changes in mediator concentration, re-
spectively. The transduction of the signal may involve
changes in [Ca®"]; and protein phosphorylation. In
certain instances, pH;, [ATP];, V.., as well as other
parameters can modulate transport rates via chan-
nels, carriers and pumps. Both signals and trans-
duction mechanisms of cross-talk may be multiple
and interactive [24].

Ussing’s Legacy

Hans Ussing’s two-membrane hypothesis is the de-
finitive framework upon which the transport function
of epithelial organs came to be understood. Although
initially designed to explain electrogenic Na* trans-
port, this elegant theory has proved appropriate to
understand epithelial transport in general and re-
mains the basic tenet of epitheliology. Major progress
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has been made in comprehending epithelial structure
and function in the last five decades. The epithelial
black box was first broken by measurements of
membrane voltages and conductances, as well as in-
tracellular ion activities. The principal molecules in-
volved in transepithelial transport have been
identified and characterized, and our current under-
standing is solidly based on molecular information.
The roles of cells, paracellular pathway and extra-
cellular microdomains have been studied in depth.
Finally, the principal regulatory mechanisms of epi-
thelial transport have begun to be unraveled, also at
the molecular level. Hans Ussing not only started this
process, but also made fundamental contributions in
several areas after the initial formulation of the two-
membrane-hypothesis. Among them, the proposal of
a paracellular pathway [30] the identification of the
first cross-talk mechanism [14] and the recent devel-
opment of the solute-recirculation model to explain
isotonic transepithelial transport [8]. Hans Ussing
was a scientist of great intelligence and brilliant
imagination. He made a definitive contribution to
physiology and inspired two generations of investi-
gators to pursue the question at the center of his
scientific life, the mechanism of ion transport by
epithelia.
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