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Abstract. A model for control of the transport rate
and osmolarity of epithelial fluid (isotonic transport)
is presented by using an analogy with the control of
temperature and flow rate in a shower. The model
brings recent findings and theory concerning the role
of aquaporins in epithelia together with measure-
ments of epithelial paracellular flow into a single
scheme. It is not based upon osmotic equilibration
across the epithelium but rather on the function of
aquaporins as osmotic sensors that control the
tonicity of the transported fluid by mixing cellular
and paracellular flows, which may be regarded indi-
vidually as hyper- and hypo-tonic fluids, to achieve
near-isotonicity. The system is built on a simple
feedback loop and the quasi-isotonic behavior is ro-
bust to the precise values of most parameters. Al-
though the two flows are separate, the overall fluid
transport rate is governed by the rate of salt pumping
through the cell. The model explains many things:
how cell pumping and paracellular flow can be cou-
pled via control of the tight junctions; how osmo-
larity is controlled without depending upon the
precise magnitude of membrane osmotic permeabil-
ity; and why many epithelia have different aquaporins
at the two membranes.

The model reproduces all the salient features of
epithelial fluid transport seen over many years but
also indicates novel behavior that may provide a
subject for future research and serve to distinguish it
from other schemes such as simple osmotic equili-
bration. Isotonic transport is freed from constraints
due to limited permeability of the membranes and the
precise geometry of the system. It achieves near-iso-
tonicity in epithelia in which partial water transport
by co-transporters may be present, and shows
apparent electro-osmotic effects. The model has been
developed with a minimum of parameters, some of

which require measurement, but the model is flexible
enough for the basic idea to be extended both to
complex systems of water and salt transport that still
await a clear explanation, such as intestine and air-
way, and to systems that may lack aquaporins or use
other sensors.
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Introduction

In this paper we present a concise model of a for-
ward-facing leaky epithelium that transfers fluid in a
quasi-isotonic manner from apical to basolateral
bath. The model is intended to replace the one based
upon osmotic equilibration of transported salt which
may still be regarded by many as the �standard model�
of a fluid-transporting epithelium but which has
proved inadequate to explain many features seen in
experimental work. Although there is a long history
of dissatisfaction with the osmotic theory we do not
review that here, but rather concentrate on two more
modern developments that require explanation by a
more sophisticated model — one which incorporates
all the elements of the standard model but has novel
features that puts them into a quite different context.

The first development is that of AQP (aquaporin)
studies in different epithelial systems, in particular,
the effects of knocking out specific AQPs on fluid
transport. This has recently been extensively reviewed
[16] and may be summarized as follows: the effects of
knockouts are always to decrease the osmotic per-
meability of the membrane involved but in the
majority of cases there is no real effect on fluid
transport. This indicates that osmotic equilibration
cannot be the basis of the transport and it leaves open
the role of the AQP. In the minority of systemsCorrespondence to: A.E. Hill; email: aeh1@hermes.cam.ac.uk
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showing a real reduction in water flow, there is almost
as great a reduction in salt transport.

The second development is the emergence of
evidence for paracellular fluid transport, recently re-
viewed [30]. Although studies are confined to a small
number of different epithelia, where this has been
measured with extracellular probes, it is quite clear
that in virtually all of these the whole of the fluid is
passing the epithelium paracellularly. If these epi-
thelia are not extraordinary, and there is one basic
mechanism at work, then it is quite probable that if
these techniques were applied to other systems they
would reveal paracellular fluid flow to be very wide-
spread, if not universal.

JUNCTIONAL FLUID TRANSFER

This flow must be across an element of the tight junc-
tion which is referred to in this paper as the �junctional
fluid transfer� or JFT system, and it is this structure
that probably holds the key to the mechanism of flow.
We have argued on the basis of experimental results
that this active mechanism must be some form of
molecular peristalsis [14, 30] rather than a simple
convection which would itself require a driving force
across the paracellular pathway external to the junc-
tion. It is important to stress that experiments with
probes have revealed a JFT system that is not �leaky� as
a simple ion-conductive pathway would be, and there
is a bi-directional passive flow of small molecules and
ions that is seen in all epithelial experiments where
fluxes and currents are measured, which is functioning
in parallel with the JFT. Whatever the mechanism, the
JFT system is impelling solution through a selective
structure (determined by size, charge, or both) which
allows water through more easily than solute, and the
flow at this point must therefore be hypotonic (see the
section below, Hypotonic Paracellular Flow).

It must be stressed that the JFT system is not
considered here to be a property of all tight junctions in
transporting epithelia, but is proposed only for iso-
tonic fluid transporting systems. There is no evidence
that such a system as JFT is operating in frog skin,
urinary bladder, collecting duct or some of the strains
that form confluent epithelia (e.g., MDCK cells). In
this context the demonstration that in an MDCK
epithelium water does not flow across the junctions
[17] is compatible because this is not an isotonic fluid-
transporting system: there is a very low rate of fluid
transport (presumably over the lateral interspace
membranes) and the ratio of salt:volume transfer
shows that it is very hypertonic, about 3.5 · saline
osmolarity [30]. This example, far from ruling out
junctional fluid flow, leads to two important conclu-
sions. First, this epithelium may be regarded as one
that is relying solely on osmotic equilibration and
shows how a system behaves without JFT; there is no
detectable osmotic flow across the junction even when

osmotic flow across the epithelium is induced by
applying osmotic gradients between the baths. Second,
it is electrically leaky (60 W cm2), indicating that the
shunt path for ions can exist separately from the JFT
system. Isotonically transporting epithelia are quali-
tatively different from others and are not merely tight
epithelia (in the skin model) with added osmosis.

It has been suggested that a role for AQPs in cells
is that of osmosensors and a possible model of this
function at a molecular scale has been based on the
fact that these molecules are always tetramers and
therefore capable of allosteric modification [16]. It is
a natural extension of this idea that the AQP should
signal to another part of the cell as part of a feedback
loop. The model of epithelial fluid transport pro-
posed here uses this central idea of AQP sensing and
feedback to overcome the problem of osmotic equil-
ibration much as the thermostat controls the water
temperature in a shower (Fig. 1a).

FEEDBACK CONTROL

In a purely thermostatic system, when the hot water
is turned on the thermostat regulates the cold water
flow to bring the mixture to the temperature �set
point� which lies between that of the hot and cold
supply. In this epithelial model the osmolarity is
analogous to the temperature of the water and the set
point is the tonicity of the source bath. �Isotonic�
secretion can be defined as �isotonic to the source
bath�. By comparison, the cellular route is supplying a
hypertonic solution by pumping salt across the
membranes, which is followed by a little water drawn
osmotically across the cell — in the steady-state it will
appear that this is very little, indeed, in conformity
with the experimental finding that the water flow is
mostly paracellular. The paracellular system is sup-
plying a hypotonic solution. The AQP is functioning
as a thermostat by sensing the transepithelial gradient
and regulating — via a cell signalling system — the
magnitude of the paracellular flow to approach an
osmotic set point. This point is the osmolarity of the
source bath and in the steady-state the system in its
simplest form is an isotonic clamp operating by
negative feedback (Fig. 1b).

This provides an explanation of why virtually all
the water flows paracellularly. Although the cell
membranes possess an appreciable osmotic perme-
ability, there is no gradient to drive it through the cell
because it has been abolished by the feedback system.
The gradient of osmolarity across the cell is then close
to, but not exactly, zero, which is a condition that
cannot be attained with any clamp system. It is a
common observation that the transported fluid is
very slightly hypertonic, as it would be in a system of
simple osmotic equilibration.

The model is presented in its simplest steady-state
form, with some of its salient features presented as a
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series of graphs, much in the style of that classic
exposition of the osmotic coupling theory (standing
gradient osmotic flow) by Diamond & Bossert [5],
which explained much of what was known about
epithelial fluid transport in its day. As in their model,
we treat the salt as a single solute without building in
the electrophysiology of transport, but the problem
of mixing the two flows, cellular and paracellular, is
not treated explicitly but assumed to occur to a suf-
ficient degree in the interspace and sub-epithelium to
present a mean osmolarity to the basolateral mem-
brane. In other words, we consider local gradients to
be of secondary importance, whereas in standing
gradient flow they are central to the coupling mech-
anism, which must achieve sufficient equilibration
along the interspace system. We refer to this former
paper [5] at various points to show how the present
model converges on many of the same observations,
but differs radically in others.

The Osmosensor Model

EQUATIONS AND PARAMETERS

Three linear simultaneous equations are sufficient to
describe the behavior in the steady-state. The first
describes the paracellular volume flow jvp

jvp ¼ Am Cc � Cað Þ þ jvo ð1Þ

which is regulated by the signal input to the AQP
sensor system, (Cc - Ca), where Ca is the osmolarity

of the apical bath and Cc that of the cell. It is
proposed that the AQP molecule is sited at the
apical membrane in a forward-facing system where
it uses the apical (source) bath as the set point and
responds to the osmotic gradient across that mem-
brane, i.e., between apical bath and cell. The input
is transduced by the AQP molecule as a change in
its conformation [16] to give a signal output where
A is the gain and m is directly proportional to the
sensor density in the membrane, which is set to
unity in the basic model. A has the dimensions of an
osmotic permeability (cm4osmole)1s)1) and repre-
sents the cell signaling pathway between the sensor
and its target. This is the rate of operation of the
JFT system, jvp. The system may also have an offset
value of jvo. The offset simply allows the JFT sys-
tem to function per se when the sensor input is zero,
which has obvious implications for knockout sys-
tems, as will be discussed later. This is the heart of
the model which couples the AQP sensor to the
paracellular fluid transport system by setting its
rate.

The second equation represents the osmolarity of
the cell, intermediate between that of the apical and
basal baths Ca and Cb

Cc ¼ paCa þ pbCbð Þ= pa þ pbð Þ ð2Þ

and results from the fact that the rate of water
entering the cell, pa(Cc ) Ca), is equal to that leaving,
pb(Cb - Cc), in the steady state. It is the equation of
continuity of water flowing across the cell. pa and pb
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Fig. 1. a. The operation of an ideal (constant pressure) shower control as a feedback circuit. The temperature control (temp) determines the

set point and the system is opened by controlling the water supply (on). The fluid streams mix in the region m. The thermostat senses the exit

water temperature and the amplified difference signal reduces the flow of cold water (negative feedback). In the steady-state there will be a

small input difference depending on the size of the gain T. b. A forward-facing epithelium transporting fluid quasi-isotonically. The AQP

senses the osmotic difference between cell and source bath and the output signal controls the hypotonic fluid flow in the JFT system. The two

fluid streams mix in the basolateral space m. The cell tonicity is intermediate between that of apical bath (the effective set-point) and the

transported fluid and the difference in the steady-state will depend on the gain A.
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are the osmotic conductances of the two membranes,
being the products of osmotic permeability Pos and
membrane area of the apical and basolateral mem-
branes, e.g., pa = (Pos(a) Aa) and pb = (Pos(b) Ab).

The third describes the emergent fluid osmolar-
ity, given by

Cb ¼ Js=Jv ¼ðjvpCah þ PsðCa � CbÞ þ jscÞ=
ðjvp þ pbðCb � CcÞÞ

ð3Þ

where Js is the transepithelial salt flow and Jv, the
overall fluid transport rate. Js is made up of three
components. (i) jvpCah is the convection of salt
through the JFT driven by the fluid transport mech-
anism with a selectivity h. (ii) Ps(Ca ) Cb) is the salt
diffusion across the epithelium from apical to baso-
lateral bath where Ps is the overall permeability. This
will be dominated in leaky epithelia by the passive
permeability of the junction but as this is mainly
permeable to only one ion it will be small and has
little effect. (iii) jsc is the rate of active salt pumping
through the cell. Jv is the total volume flow into the
basolateral system comprising (i) the paracellular
volume flow jvp and (ii) the osmotic flow from cell to
basolateral space, pb(Cb ) Cc).

Eq. 3 represents what may be called a �unilateral�
solution because it assumes that the epithelium is
bathed on the basolateral membrane by its own
secretion. This is strictly true in the case of �back-
ward-facing� epithelia like exocrine glands but in
other cases only partially true when there is basolat-
eral circulation. However, the basolateral bath
osmolarity must be dominated by that of the secre-
tion, particularly in the lateral interspaces which are
not subject to stirring and usually constitute a large
fraction of the basolateral membrane area. As long as
the system gain A is set to a reasonable value the
activation of the osmosensor will be enough to drive
the secretion towards isotonicity. This is not the case
with osmotic fluid production [5] where the equations
determine that the tonicity of the transported fluid is
very sensitive to the exit concentration adjacent to the
basolateral system.

It is convenient to use a tonicity ratio Os as an
index of the hypertonicity of the transported fluid

Os ¼ Js=JvCa ð4Þ
and as a measure of the coupling between water and
salt across the system. When Os = 1 the fluid is
isotonic. In the osmotic theory Os cannot be exactly
1.0, as osmotic equilibration is never perfect in the
steady state [5]. In the osmosensor model this is also
true, but for a different reason: isotonic �clamping� by
a feedback loop is never perfect.

The feedback system then operates in the fol-
lowing way, which may be understood by consid-
ering a perturbation. If in the steady state the
apical bath osmolarity Ca is suddenly stepped up to

a new value, Os falls immediately because the cell
concentrations have not yet adjusted (Eq. 4). The
AQP system receives a decreased signal (Cc - Ca)
and according to Eq. 1 this reduces the paracellular
flow which, as discussed below, is hypotonic. This
raises the osmolarity of fluid in the basolateral
system (Eq. 3) which in turn raises the cell osmo-
larity (Eq. 2) towards the new apical value,
increasing the AQP signal. The overall effect is that
the system has raised the osmolarity of the trans-
ported fluid, driving it towards isotonicity again.
Like all feedback systems, including the ubiquitous
voltage clamp of electrophysiology, osmotic
clamping is not perfect but generates an approxi-
mation to isotonicity depending on the gain A. The
analytical solution of the equations for the tonicity
ratio Os (too cumbersome to be shown explicitly
here) indicates that, whatever the precise values of
the other parameters, it converges on 1.0 as A in-
creases. The osmosensor model, as a negative
feedback system, drives the system towards quasi-
isotonicity in the steady-state.

HYPOTONIC PARACELLULAR FLOW

At this stage it is not essential to analyze in detail
the nature of the selectivity in the JFT system. It is
likely that the channels which are responsible for
the ion conductance of the junction and the passive
permeation of small molecules are in parallel with
the fluid flow system [14]. The convection term
jvpCah of Eq. 3 is a general expression in which
h fi 1 as the solute radius approaches that of the
water and h fi 0 as the solute radius increases to
that of the pathway. For ultrafiltration flow across
a passive porous membrane, through which fluid is
forced by a pressure difference, the selectivity is
clearly due to the retardation of solute by dynamic
friction with the matrix. In the case of flow in the
JFT, there is no external pressure gradient driving
water through the system and it has been proposed
that a form of micro-peristalsis must be in opera-
tion [14, 30]. The selectivity h then arises from the
distribution of differently sized solutes between bath
and micro-components of the JFT architecture [30].
However, the same term jvpCah can apply to both
ultrafiltration and to the JFT system, and repre-
sents the fact that fluid leaves the bath at a con-
centration Ca and crosses the JFT system at a rate
jvp as a hypotonic solution, because h < 1. The
selectivity turns out to be an important property of
the JFT for the behavior of the model in general
and some justification for choosing a value for h is
necessary.

h must lie within the range 0 < h < 1 and this
fact is enough to ensure that the ratio of salt to water
is hypotonic compared to Ca. As will be seen in the
set of parameters that are used in this paper (Table 1)

80 A.E. Hill and B. Shachar-Hill: Fluid Transport: An Osmosensor Feedback Model



the value of h chosen is 0.8 and this is determined
from the size of the pathway through the JFT system
and the effective radius of salt. The possible effects of
charge on the JFT system (as opposed to the leak
pathway) are not yet known. Studies with labelled
paracellular probes in various epithelia have shown
�cut-off� radii of 4.2 Å and 5 Å for salivary glands [2,
23], 5–6 Å for intestine [15] and 5.5 Å for Malphigian
tubule [11]. The expression for the reduced area
S available for permeation through a parallel-sided
channel (as may be assumed for a JFT system) is

S ¼ 1� rs=rch ð5Þ
where rs and rch are the solute radius and channel
half-width and the selectivity [30] will be the ratio of
S for salt and water

h ¼ Ss=Sw ð6Þ
Taking a radius for small ions of 2–2.5 Å and a
channel half-width of 5 Å we obtain a value of h
between 0.71 and 0.86. The exact value is not critical
for the functioning of the model but, as will be dis-
cussed below, it determines the extent of the para-
cellular salt flow.

Basic Model Behavior

PARAMETERS

In the description of the model behavior which
follows we have chosen to use a basic set of
parameters which are representative of a typical
forward-facing epithelial cell system. Selected
parameters are then varied to show aspects of the
model behavior. In these cases all the other
parameters have the initial basic values. These val-
ues are close to those that have been determined
experimentally or, in the case of cell dimensions, are
values obtained by microscopy, although epithelial
cells vary widely. It transpires that the cell dimen-
sions are not very important, and the system will

generate isotonic fluid flow under a very wide range
of conditions. A key parameter is the gain A of the
feedback system. This parameter only has to be big
enough to push the behavior of the system into the
isotonic range—its precise value is not important
beyond a certain modest size, as will become
apparent below. With the model parameters used
here, as A is raised from zero the system moves
rapidly to an osmotically clamped state and above a
value of 2 the fluid is quasi-isotonic.

ISOTONIC TRANSPORT

In Fig. 2 the tonicity of the transported fluid is
shown when the apical (source) bath is varied. It is
apparent that the model generates isotonic fluid
transport over a large range. At the lowest values of
apical bath osmolarity Ca a tendency to deviate
from the isotonic line can be seen which is also a
feature of the osmotic equilibration model [5]. This
slight hyper-osmolarity can be diminished by
increasing the gain, which indicates that in this
model A plays a role similar to that of Pos in the
osmotic model. Until the cell signaling sequence is
determined the expected range of A cannot be
specified, but it may be that much higher values
than those used here to reach isotonicity are natural.
The two parameters have similar dimensions
(cm4osmole)1s)1) and increasing them pushes the
system behavior towards isotonicity. In this model,
when an osmosensor feedback is operating, the
system becomes insensitive to the osmotic perme-
abilities of the membranes and this is because only a
very small fraction of the fluid is crossing the
membranes by osmosis.

Table 1. The basic parameters for the model

Membrane osmotic

permeability

Pos(a,b) 2 · 10)1 cm4/s Æ osmole

Apical membrane area Aa 1 cm2/cm2 epithelium

Basolateral membrane

area

Ab 10 cm2/cm2 epithelium

Concentrations Ca,Cb 0.3 · 10)3 osmole/cm3

Salt pumping rate jsc 1 · 10)9 osmole/s Æ cm2

epithelium

Salt permeability Ps 0 cm/s

Osmosensor gain A 2 cm4/s Æ osmole
Osmosensor density m 1

Junctional selectivity h 0.8

Feedback offset jvo 0 cm/s
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Fig. 2. The osmolarity of the transported fluid as a function of the

apical osmolarity. The fluid is close to being isotonic with a slight

tendency to hypertonicity at low values of Ca. Isotonicity at all

values is increased by increasing the feedback gain A.
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WATER AND SALT TRANSPORT IN THE JUNCTION

In Fig. 3 the result of varying the gain A can be seen
for salt and water transport as a fraction of that
crossing the epithelium as a whole. Increasing the
gain diverts a larger fraction of water and salt
through the paracellular pathway. It also controls the
hypertonicity Os. When A is zero, and the model only
allows osmotic equilibration to occur, the trans-
ported fluid is hypertonic and all the water and salt
flows are transcellular. As the gain is increased we
come to a point where most of the water is flowing
through the JFT system and the system is trans-
porting isotonically. At the values of A = 2.5 and
h = 0.8, 99% of the water and 78% of the salt flow is
paracellular whilst Os = 1.005. When A = 2.5 and
h = 0.2, the paracellular water flow is still 99% but
the salt flow is 19% of the total.

This value for the paracellular salt flow is a
natural consequence of the model and appears as a
novel departure from the current osmotic theory. It
can be seen that the fraction of salt crossing the JFT
system is approaching the selectivity h. This can be
understood by considering the terms in Eq. 3. The
transjunctional salt flux is jvpCah and the total
transepithelial salt flow into the basal bath is JvCb.
As the fluid approaches isotonicity at higher gain
Cb fi Ca (i.e., Os fi 1) and in addition all the fluid
flow now becomes transjunctional in which case
Jv fi jvp. The fraction of salt crossing the epithelium
via the JFT system is then given by

jvpCah
�
jvpCa ¼ h ð7Þ

The tonicity of the transjunctional fluid is given by
Eq. 4: the ratio of salt to water crossing the JFT
system relative to the source bath Ca

Os ¼
jvpCah

�
jvp

� �

Ca
ð8Þ

Thus h plays a role along with A as one of the two
major controlling parameters of the model.

Although, as described above, we do not know
the steps of the cell signaling sequence, if A is above
2 the transported fluid is isotonic. If h is high enough,
and here we have experimental data from some epi-
thelia, the transjunctional salt flow is considerably
greater than that through the cell. But when the cell
pumping is reduced or inhibited (jsc fi 0), as shown
in Fig. 4, all the salt flow is abolished, both the cel-
lular and the paracellular. It might seem hard to
understand how paracellular fluid flow can be geared
to cell pumping, when there is no direct connection
between these processes and they take place in dif-
ferent parts of the epithelium. When paracellular flow
was demonstrated in epithelia [11, 15, 23, 29] it was
difficult to see why inhibition of active cellular salt
pumping should not leave paracellular transport in-
tact. However, it appears as a natural consequence of
the model that the feedback system couples salt and
water flow across the JFT system to the rate of cell
pumping and at the same time ensures virtually iso-
tonic flow. Using the shower control analogy, if the
hot water supply to the unit is choked down the
thermostat will turn down the cold water flow in an
attempt to maintain the preset temperature. When
the hot inflow has stopped completely the cold water
flow is zero also, and the total flow has ceased.

It has become virtually a truism in the epithelial
field that active solute transport can only occur
across cell membranes because they alone are the sites
of molecular pumps and the relevant transporters.
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Although this is widely accepted, it may be surprising
to realize that it has little support from experiment,
even after many decades. It is not a simple thing to
measure the transcellular Na transport rate per se and
compare this with the transepithelial Na flow, in the
steady state and after pump inhibition. It is usually
assumed that because a pump inhibitor such as
ouabain exerts its effect on the Na-pump at the cell
membrane, and brings transepithelial salt and water
secretion (eventually) to a halt, all the Na must be
crossing the cell. The model behavior developed here
(Fig. 4) shows that this can be an incorrect assump-
tion, however natural it may seem. Measurement of
cell fluxes in the presence of a leaky paracellular
pathway requires an analysis of time-dependent par-
tial fluxes at both cell membranes. Where this has
been done, by analyzing the partial fluxes of Na into
and out of the cell at both membranes, the results
show that only a fraction of the salt flow can be
cellular [12, 13]. Furthermore, where ion-sensitive
microelectrodes have been used in conjunction with
inhibitors of active transport the results have gener-
ally shown that the rate of Na pumping by the cell is
much less than the trans-epithelial rate (discussed in
[13]).

When paracellular probes of a range of radii have
been used to measure bi-directional fluxes in those
epithelia in which this is possible [11, 14] net fluxes of
probes have been recorded, indicating an �active
transport� of probes through the junctions. On the
basis of characteristics of the probe transport, the
mechanism proposed (micro-peristalsis, or an equiv-
alent) could easily accommodate the transport of
water and ions. There is no reason why this should be
the major conductance pathway for ions and there
may be a parallel system accounting for the electrical

leakiness and ion selectivity through which ions pass
at high rates. We have no detailed structural data yet
about the molecular architecture of the junction apart
from the identification of claudins and occludins in
the junctional complex. We do know that the sign of
the charge in the passive junctional pathway and the
pattern of ion selectivity can be altered [3]. There has
also been modelling of a junction with two channel
types, slits and pores [9], but this has been based on
earlier passive permeability experiments. We refrain
from speculating upon a detailed structure for the
JFT system that would be required to bring about the
active fluid transport but it has to satisfy certain
experimental criteria which have been discussed in a
general way [14, 30].

THE ROLE OF MEMBRANE OSMOTIC PERMEABILITY

The major effect of osmosensor feedback coupled to
the paracellular fluid transfer is that the system be-
comes insensitive to the precise values of the mem-
brane osmotic conductances pa and pb. In Fig. 5
results are shown taken from many model runs
involving variations in pa and pb from which it
emerges that the factor controlling the hypertonicity
of the fluid is the ratio pa/pb. When this is small and
the gain is as low as 1, the secretion is isotonic and Os
is close to 1.0. In this case, the fraction of water
crossing the cell is very small indeed. This is due to
the fact that Os has been clamped by the feedback so
near to 1.0 that there is virtually no transepithelial
gradient to drive water across the cell. The osmo-
sensor model solves the most contentious and sensi-
tive problem that faces osmotic equilibration theories
very directly, by directing the water flow through
another route.
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Why is the system sensitive to pa/pb rather than
the absolute values of membrane permeability? The
answer can be seen by considering Eqs. 1 and 2.
The input to the osmosensor system at the apical
membrane is the difference between cell and apical
bath, (Cc ) Ca), and the value of Cc is determined
by the ratio pa/pb. There are two extremes to be
considered. From Eq. 2 it can be seen that when
the apical permeability dominates i.e., when pa >
pb, the cell osmolarity Cc approaches that of the
apical bath, there is little input to the osmosensor
and therefore feedback control is slight. When the
basolateral permeability dominates, i.e., pb > pa,
the cell is in closer osmotic equilibrium with the
basal fluid Cb and therefore the input to the sensor
approaches (Cb ) Ca). In this situation the feedback
is maximal.

TWO AQPs ARE OFTEN PRESENT IN THE CELL

We suggest, in terms of this model, a role for another
AQP in the cell. As an AQP sensor is situated in the
apical membrane, this increases pa by virtue of its
contribution to the membrane Pos. Thus the ratio pa/
pb is increased and the feedback is diminished. To
compensate for this, the Pos of the basolateral
membrane has to be increased by insertion of an AQP
there, to reduce pa/pb and to make the cell osmolarity
mirror Cb. This insertion also overcomes the effect of
the epithelial cell geometry because the two mem-
branes do in general have different areas. Usually, the
basolateral membrane of epithelia is much larger
than that of the apical, but an increase of pa may still
need to be balanced by pb. If this is so, then the
second AQP is functioning purely osmotically to
balance the effects of the first and adjust the size of
the feedback input signal (Cc - Ca). In this case the
two AQPs have the role of osmotic channels that
control the cell osmolarity (by small water shifts) but
they do not act as major water conduits for
transcellular fluid flow, which is delegated to the
paracellular system.

Why are there often different AQPs at apical
and basolateral membranes? A possibility is that any
cell signaling sequence would be initiated by inter-
action with one AQP only (the sensor) and would
not respond to the state of another in the cell. Thus
the second AQP (ideally in this model the down-
stream or basolateral one), inserted to expose the
cell to the basolateral medium as described above,
would not interfere with the primary feedback loop.
It may be, however, that the signaling sequence is
set up to interact with only one membrane (here the
apical) into which the sensor AQP has been inserted,
and the other membrane is not recognized by the
cell signaling sequence. Whichever is the explana-
tion, the model suggests a dual role for AQPs in the
cell — to act in cell equilibration and to act as

sensors — and these functions may well require
different molecules.

Co-transporters

It has been shown that co-transporter molecules,
when expressed in oocytes, can transport water along
with solute [19]. This has been described as a form of
active water transport (�water pumps� [18]) and sug-
gested to be the basis for epithelial isotonic fluid
transport [36]. Because the rate of water transport is
not high enough to achieve isotonic flow there are
questions concerning the possible hypertonicity of the
transported fluid, and these have been addressed by
proposing that osmotic differences are largely abol-
ished by water flow through AQPs, the co-transporter
itself and the lipid membrane. The theory is there-
fore in part a theory of osmotic equilibration. The
experimental data showing paracellular flow on
which the sensor model is based [30] are not consis-
tent with any appreciable cellular water flow, but it
may be asked how the model would deal with the
presence of a certain amount of co-transporter-linked
water traversing the cell. In particular, it is of interest
to see whether the feedback is disrupted, leading to
differences in tonicity across the epithelium. In short,
how co-transporter water affects the behavior of the
ratio Os.

In Fig. 6 the effects of this have been studied by
introducing into Eq. 3 a term jvco representing the
rate of co-transporter water-pumping across the cell

Cb ¼ðjvpCah þ PsðCa � CbÞ þ jscÞ=
ðjvp þ pbðCb � CcÞ þ jvcoÞ

ð9Þ

in which we do not enquire precisely how the
pumping is organized. We assume that it represents
an overall transport of water across the cell which is
separate from both the paracellular and cell-to-bath
osmotic flow, and which is proportional to the rate of
salt pumping jsc. Although co-transporter water
transport represents a potential contribution to epi-
thelial water transport, no quantitative model system
has ever been assembled that shows how the co-
transporters at the two membranes achieve overall
isotonic transport [35]. We here assume that this
problem has been solved and that the inflow and ef-
flux rates are equal.

When there is no feedback (A = 0) the initial
values of Os for the basic parameters show that the
fluid is hypertonic (Os = 1.3). Increasing co-trans-
porter water jvco reduces Os in a linear manner until
with a high enough value it becomes hypotonic. It
would seem, on this formulation, that factors are
needed to ensure that the rate jvco is set to a value
that ensures quasi-isotonicity. However, when there
is osmosensor feedback present (A = 2), the fluid is
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isotonic at all values of jvco. This is because the
system adjusts the paracellular flow to take account
of the water flux through the cell and still drives the
system to isotonicity. Thus the model is independent
of the presence of co-transporter water fluxes and
incorporates them, irrespective of how large they may
be. Co-transporter water transport therefore requires
a scheme that ensures overall isotonic flow and this
would be provided by the osmosensor-JFT model.

Electro-osmotic Effects

In several epithelial systems the application of current
flow across the epithelium causes a change in the rate
of fluid transport (see the review in this issue [7]). A
characteristic of this flow is important — the flow is
usually created by a hyper-polarization of the existing
secretory potential. For this reason it has been con-
sidered as a possible mechanism underlying fluid
transport across the junction because it is this secre-
tory potential, not an externally applied one, which
has to drive the junctional electro-osmotic flow
in vivo. Usually, epithelia transport NaCl across the
cell and this can be done by siting the Na-extrusion
pump at either the apical or basolateral membrane
(almost always the latter, but not exclusively) and
arranging co-transporters to effect net salt transport
in a particular transcellular direction. The net effect is
that either Na+ or Cl) ions are extruded into the
downstream or secretory bath with a secretory po-
tential of the same sign. If the junction is selectively
permeable to the counter-ion its electrodiffusion
across the junction in response to the secretory
potential results in net transepithelial salt transport.

Therefore the sign of the secretory potential of the
epithelium and the sign of the charge in the junctional
leak pathway will be the same, and these are the
conditions required for electro-osmosis in the steady
state.

If electro-osmosis is present the only feasible
pathway is through charged channels spanning the
junction. This has been made the subject of detailed
studies and a theoretical model [6, 26] and there is no
doubt of the phenomenon in corneal endothelium.
Hyper-polarizing the epithelium increases the fluid
flow in the direction of the active fluid transport and
therefore the secretory potential could be drawing
water through the junctions by electro-osmosis. It has
been customary to draw a distinction between true
electro-osmosis and osmotic effects due to �concen-
tration-polarization�. When current is passed through
a membrane that is selectively permeable to only one
of the ions of (say) a uni-uni salt solution, it creates a
rise of salt concentration on one side of the mem-
brane and a fall on the other [34]. This induces an
osmotic flow of water as long as the current flow is
maintained. In general, opinion has tended to favor
the latter effect, but the key observation would be the
time-course of onset of the current-induced fluid flow.
Electro-osmosis should have a fast onset (seconds)
whilst concentration-polarization can be calculated
to have a build-up with a half-time of minutes [26].
Experimental studies indicate onset times of a few
seconds for reasonable values of the membrane
osmotic permeabilities [26].

With the sensor JFT model there is another
possibility. In the case of a membrane system such as
the forward-facing epithelium considered here we
have not considered the specific nature of either the
pumps or the ion transport through the conduc-
tance channels of the junction. With a Na pump at
the basolateral membrane, a positive secretory
potential and a Cl)-selective junction, hyper-polari-
zation should lead to the build-up of NaCl at the
basolateral membrane and a concomitant decrease at
the apical membrane by the concentration-polariza-
tion mechanism. This effect is precisely what is re-
quired to activate the AQP sensor. A rise in Cb and a
fall in Ca adjacent to the epithelium will increase the
input to the sensor system (Eq. 1) by decreasing Ca
and increasing Cc. The extent of the rise in Cc will
depend upon the values of pa and pb (Eq. 2). Before
the full concentration difference and osmotic flow can
develop to any extent the sensor input will immedi-
ately trigger a rise in paracellular fluid flow that will
act to clamp out the changes.

The speed of this response cannot be easily esti-
mated until the response of the feedback system is
known. However, the time course of the input signal
will depend initially upon the rise of cell osmolarity
Cc when salt accumulates at the basolateral mem-
brane, and this will be rate-limited by the time
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constant of the osmotic response of the cell. Very
simply, if we assume an approximation to an expo-
nential response using a diffusive permeability of the
cell membrane to water of Pw = 10)3 cm/s, the time
constant for an epithelial sheet of height h bathed on
the two sides is Pw/h. For a cell of 10 lm height this
comes out to be 1 s)1, which is equivalent to a half-
time of 0.7 s. The osmotic clamping would therefore
be a fast response if it were dependent upon the re-
sponse of the cell to a rise in osmolarity. The
clamping by the sensor-feedback system would not
allow salt to build up at the basal membrane as would
be the case in simple concentration-polarization but
the passage of current would act — if the junctional
channels were anion selective — as a mechanism
which adds to the salt pumping jsc, which is also
acting to accumulate salt adjacent to the basolateral
membrane. It can be seen from Fig. 4 that such an
effective increment in jsc would lead to a steady-state
increase in fluid flow.

The precise increase would depend upon the
magnitude of the polarization, but one important
effect would be that the increase in fluid flow would
be isotonic. This is ensured by the fact that the
feedback system adjusts the paracellular flow to
cancel any potential hypertonicity at the basal
membrane, however it may arise. In the corneal
endothelial system it has been estimated that the in-
creases in epithelial fluid flow induced by applied
currents are quasi-isotonic [26]. To an observer the
hyper-polarization of the epithelium by current-
clamp would appear as a step increase in fluid
secretion rate, probably with a fast onset time, that
would appear to be an electro-kinetic effect, and in-
deed, would actually be one. We suggest that many of
the flow responses to current clamp that have been
seen over many years in various epithelia may origi-
nate in just this way.

AQP Knockouts

The study of AQP knockouts in epithelia (null -/-
for an AQP gene) has recently been reviewed in
detail [16] in the context of the osmotic equilibra-
tion hypothesis and we briefly summarize the
findings here. The effect of knockouts gives no
support to this theory. In almost all cases where
the Pos of the AQP-containing membrane has been
measured it falls substantially, as expected, but in
most cases this does not lead to a significant
reduction of active fluid flow, or one that is ex-
pected from the fall in Pos. In those cases where the
secretion rate has been reduced the osmolarity of
the fluid has not risen proportionately. For exam-
ple, a fall of flow rate to near 50% in an epithelium
formerly transporting isotonically should lead to a
hypertonic secretion of Os = 2. As mentioned

earlier, in some of the systems studied where there
is a reduction in Jv between wild-type and knock-
outs, it has proved possible to measure the salt
transport rate as well, and this has also been found
to be reduced. The result is that the reduced fluid
flow is less hypertonic than expected from the
reduction in water flow rate. The sensor model has
also to explain this reduction in salt and water flow
which occurs after the AQP has been removed, as
does the osmotic theory.

Knockouts may be simply modelled by setting
the AQP density m to zero. In Eq. 1 there is an offset
jvo (an intercept in the linear relation) and this has
been described as the rate at which the JFT system
transports in the absence of feedback. If this is set to
zero, as in most of the model situations described
here, the model predicts that the secretion of a
knockout will be produced by osmotic equilibration
and the salt flow will remain constant, being the result
of cell pumping. The Pos of the membranes will fall to
a fraction of the wild-type level (in many epithelia, an
80–90% reduction) and the resulting secretion will be
small and very hypertonic.

However, there is no reason why jvo should be
zero. If there is an output jvo that still controls the
paracellular flow when m = 0 it will mean that
knockouts only produce a partial reduction in fluid
transport. This is equivalent to there being a con-
stitutive component of the paracellular flow jvp. The
conductances pa or pb will be reduced, depending
upon what AQP knockout was made and at which
membrane it was situated. In either case there will be
a fall in osmotic permeability of both the membrane
involved and the whole epithelium. Knockouts of an
AQP sited at the non-sensing membrane such as pb in
this case will reduce the signal input by restricting cell
osmotic exchange with the basal bath Cb (Eq. 2) and
can raise the hypertonicity of the fluid secretion by
raising pa/pb (Fig. 5).

We have seen (Fig. 4) that the system functions
isotonically when an offset is present due to the effect
of osmotic clamping. With an offset value of 5 · 10)6
cm/s the behavior of the model when the AQP is re-
moved can be seen in Fig. 7. In this figure are included
the three epithelial knockouts for which data is avail-
able for salt reduction as well as water, discussed in
[16]. It is apparent that the behavior is very similar
between model and experiment. The model predicts a
fall in both Jv and Js with a rise inOs from an isotonic
value to 1.2. The interesting point to note is that in the
case of the model, the fall in the salt and water is be-
cause there has been a large fall in fluid flow traversing
the JFT system, and this represents a coupled flow of
water and salt. As this is hypotonic, it leaves an overall
flow which is hypertonic. The experimental data show
a similar effect: the wild-type was isotonic and the
knockout is hypertonic, so the reduction can be ex-
plained as the apparent removal of a hypotonic flow.
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Assuming that the rate of salt transport through
the cell has not altered between wild-type and
knockout, the selectivity of the JFT system to salt can
be calculated. If the wild-type produces an isotonic
fluid (Os = 1) then the fall is due to a coupled
reduction of water and salt flow through the JFT
system, caused by the removal of the osmosensor
feedback. The JFT component is hypotonic (see
Hypotonic Paracellular Flow, above) and the tonicity
is controlled by h. Thus

h ’ DJs=DJv

where DJs and DJv are the fractional changes in salt
and water flow. The value of h for the three datasets
of Fig. 7 are 0. 9 [32], 0.76 [27, 33], and 0.71 [20] (left
to right) with a mean of h = 0.79. Given that these
values are estimates from the literature, they show
remarkable agreement and are similar to the value of
0.8 used here as a basic parameter in the model, de-
rived from experiments without knockouts (see
above). These falls in water and salt flow represent
the cessation, on this interpretation, of a coupled flow
across the epithelium which is both paracellular and
hypotonic.

Extension to Complex Systems

There are epithelial systems where, separated by a
short distance within a tissue, two epithelial cell types
are inter-dependent and transporting water or salt in
opposite directions. Two examples of these tissues are
(i) intestinal and (ii) respiratory epithelia. Both of
them are linked by the presence of CFTR (cystic

fibrosis transport regulator) in the apical membrane
of the cells. It is not the purpose of this section to
review in any depth the extremely complex and as yet
incomplete understanding of the regulation of ion
and water transport involved in these tissues. In most
reviews of this subject the water flow is assumed to be
osmotic in nature, but we suggest here the alternative
view that the paracellular model may play a role in
these systems where coupled water and salt transfer
are concerned.

(i) In the small intestine the crypts are generally
assumed to be sites of secretion by the �backward-
facing� ion transport model first suggested for exo-
crine glands [10, 31] and subsequently extended to
systems in which the Na-pump is transporting Na in
the opposite direction to net salt transport by the
epithelium. Fluid secreted to the lumen is reabsorbed
by �forward-facing� epithelia of the villi and there is
massive re-circulation on a local basis via a closely
shared bath. If these two streams are to be isotonic
there is no evidence that it is possible to generate
them by osmotic equilibration. The crypt cells dis-
charge salt into the crypt lumen and the expression
for osmotic equilibration in a cylindrical channel [28]
can be used to estimate the emergent osmolarity
relative to plasma

Os ¼ 1= 1� Kð Þ
where K is a function of all the relevant parameters of
the system, the length and radius of the channel (lu-
men), the membrane (apical) osmotic permeabil-
ity and the diffusion coefficient of salt, L, r, Pos and
D. Using a crypt length L and radius r of 100 lm and
1 lm, a Pos-value for the red cell of 10

)2 cm.s)1 (one
of the highest known) and the diffusion coefficient D
of NaCl in solution, the value of K is 0.345 and Os
comes out to be 1.53, which is substantially hyper-
tonic to plasma. It is not easy to find values for
normal crypt secretion, but in cholera toxin-induced
secretion the concentration of the fluid, which is
considered to be predominantly cryptal in origin, is
close to being isotonic. Like most calculations
involving the tonicity of epithelial secretion, isoto-
nicity is rarely predicted. The osmosensor model
deals with the problem faced by osmotic equilibra-
tion, operating within a particular geometry and a
limited membrane permeability, by replacing it with a
JFT system that achieves isotonic secretion.

The intestine of some lower vertebrates is lacking
in crypts but re-circulation can be followed by using
movement of paracellular probes [15]. The data for
Necturus indicate that there must be two flows,
absorptive and secretory, with different selectivities.
As water and ions will have access to these probe
channels it seems that isotonic fluid can recirculate on
a local scale through the paracellular system. In terms
of the forward-facing osmosensor model developed
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here, it is possible to turn the whole scheme around
and have salt driven from basal to apical bath (via a
Cl) or CFTR channel) with a JFT system transferring
fluid from basal to apical (in this case, luminal) bath.
This backwards-facing model would apply to secre-
tion by the crypts and is analogous to exocrine
secretion.

It may be, however, that the simple �crypt-secre-
tion, apical-absorption� model is not correct. In the
colon there is evidence that secretion and absorption
are occurring together within both crypts and apical
regions [8]. If this is so, the osmotic theory faces a
serious problem because secretion and absorption
cannot be occurring together between the basal bath
(the circulation) and the lumen in opposite directions
simultaneously. The osmotic gradient driving one
limb is in the wrong direction to drive the other. By
using a �push-pull� model for secretion and absorp-
tion in which the sensor JFT system is operating in
two directions, secretory and absorptive, in different
but adjacent groups of cells, it is possible to encom-
pass quasi-isotonic, bi-directional flow in which vir-
tually all the water and a large fraction of the salt is
recirculating via the paracellular route.

The selectivity h of the JFT that has been con-
sidered so far is that between salt and water. The
concept can be generalized very easily to include
sugars and amino-acids; indeed, the dimensions of
the JFT were determined originally with small neutral
probes [15, 23]. Therefore the absorptive limb of the
JFT would be the natural route for paracellular sugar
and amino acid absorption. This would encompass
the intestinal uptake of glucose that has been postu-
lated to occur by paracellular solvent drag across the
junction, driven by osmosis [21, 24, 25]. Although we
consider that the data do indeed reflect paracellular
solute uptake in the intestine, the mechanism pro-
posed for water uptake by osmosis across the junc-
tion faces great difficulties that cannot be examined
here, but which have been discussed in detail else-
where [30]. It is very important to emphasize again in
this context that the JFT system which forms the
basis of the sensor-feedback model, and which would
be responsible for the transport of water, small sol-
utes and ions, is not a simple osmotic or conductive
channel but an active fluid transfer mechanism con-
trolled from the cell and possessing special properties
consistent with the experimental data [14, 30].

(ii) In airway epithelia there is fluid production
by the submucosal glands which produce bronchial
and nasal fluid which is modified by the airway sur-
face epithelium. The primary production of fluid by
the glands may be isotonic, in which case similar
arguments could apply to the tonicity of the fluid as
have been advanced above for intestinal crypts and
exocrine glands. The subsequent homeostasis of the
ASL (airway surface liquid) is a dynamic process of
great importance that is poorly understood.

The main effect is that of drying out, in which
case salt is left behind and the tonicity of the fluid
increases. It has been suggested that this osmolarity is
regulated by osmotic flow from the surface cells [1]
and the total thickness of ASL, which depends upon
the total salt content when the liquid is quasi-iso-
tonic, can be regulated by salt absorption. The
problem reduces to two possible functions of the
airway epithelial cell: the secretion of fluid into the
ASL to compensate for the evaporative loss of water,
and the absorptive removal of excess remaining salt.
The airway epithelium is endowed with aquaporins
and while osmosis will make a contribution to the
first of these, it has been demonstrated that the
CFTR can react to both the Cl) concentration and
the osmotic difference across the surface membrane
[4], in which case it is possible that it acts as an os-
mosensor. The feedback model may therefore be
operative in airway epithelium. One aspect of epi-
thelial transport that has not been explored in this
paper is the production of hypotonic fluids but, as the
hypotonic JFT lies at the heart of the feedback sys-
tem, hypotonic secretion can actually be generated by
the model and it may have a role to play in the
dilution of the ASL.

We do not propose detailed suggestions at this
stage about the organization of the osmosensor
model in relation to these secretion-absorption sys-
tems. The model described here is quite flexible and
may be modified as described below. What it would
do, if introduced, is to free the general modelling of
these systems from constraints due to the limited
permeability of the membranes (Pos) upon which
osmotic equilibration and flow rate depend [5] and
introduce the ability of the system to change the
tonicity of secretion (and absorption) in a way that
osmosis cannot do at the required rate.

Model Plasticity and Other Sensors

The model described here for a forward-facing epi-
thelium with transport of salt and water from apical
to basal bath can be adapted in many ways to a great
variety of situations. One obvious adaptation is to
reverse the direction of fluid transport by the JFT
system and re-locate the osmosensor to the basal
membrane, now comparing the tonicity of the basal
bath with the cytoplasm. This would turn the system
into a fluid-secreting epithelium, such as an exocrine
gland [22]. Other adaptations are possible to fit the
two other classes of transporting epithelia which have
the Na extrusion pump sited on the apical membrane
(choroid plexus and retinal pigmented epithelium)
but with water flows directed differently with respect
to the junction.

The fluid flow does not have to be isotonic. If
A is reduced or pa/pb increased, the fluid becomes
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markedly hypertonic. More strikingly, as discussed
above, it is possible for the model to produce hypo-
tonic flows under certain conditions. This results
from the fact that while osmotic flow is based upon a
movement of water towards equilibrium, the JFT
system is capable of separating water from salt, using
the energy expenditure of the cell. The fluid flow rate
can also be increased by increasing h, behavior which
has not been explored here. Epithelial sensor-feed-
back systems have a range of rich behaviors that are
as yet unexplored, but which are not possible with
simple osmotic schemes.

Nor is it an absolute requirement for the os-
mosensor to reside on the apical membrane. It has
been situated there in the treatment of the forward
model because that is the place most sensitive to
osmotic pressure differences when the apical bath is
constant, but it could be basal. The primary concern
when producing isotonic secretion is that the system
uses the source bath as the reference and it is
therefore likely that osmosensors would be located
on the apical membrane in absorptive epithelia and
on the basal membrane, adjacent to the plasma, in
secretory epithelia such as the acini of exocrine
glands.

Most interesting, perhaps, is the possibility
inherent in Eqs. 1 and 3, for input from many ele-
ments of the cell to modulate the final fluid pro-
duction. First, the osmosensor input does not have
to come from an AQP although we have suggested
that this tetrameric molecule with its capacity for
quaternary changes is a likely candidate [16]. The
gain A is an overall parameter including all the
elements of the proposed signalling chain which are
unknown at present. Anything in the epithelial cell
which can act as a receptor and which exists in two
states can be involved in providing an input signal
to a cell signalling sequence and there is no reason
why such a receptor should not intercede to control
the JFT system, independently of, or in parallel
with, the osmosensor input. It would not be part of
a feedback loop controlling the fluid osmolarity di-
rectly, but it could be used to control many aspects
of the process such as the gain, the selectivity and
the offset.

This has immediate implications for the stimu-
lation of fluid transport by intestinal glucose and we
have suggested that a co-transporter that binds
glucose may be implicated in this [30]. The fact that
the selectivity h of the JFT system may also be al-
tered during glucose uptake has already been con-
sidered in relation to its possible convection through
the paracellular pathway [21, 25]. Another possible
sensor is CFTR in the airway which may be
responding to changes in composition of the surface
liquid [4].
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