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Abstract. The Na™ recirculation theory for solute-
coupled fluid absorption is an expansion of the local
osmosis concept introduced by Curran and analyzed
by Diamond & Bossert. Based on studies on small
intestine the theory assumes that the observed recir-
culation of Na™ serves regulation of the osmolarity of
the absorbate. Mathematical modeling reproducing
bioelectric and hydrosmotic properties of small
intestine and proximal tubule, respectively, predicts a
significant range of observations such as isosmotic
transport, hyposmotic transport, solvent drag,
anomalous solvent drag, the residual hydraulic per-
meability in proximal tubule of AQP1 (—/—) mice, and
the inverse relationship between hydraulic perme-
ability and the concentration difference needed to
reverse transepithelial water flow. The model repro-
duces the volume responses of cells and lateral inter-
cellular space (/is) following replacement of luminal
NaCl by sucrose as well as the linear dependence of
volume absorption on luminal NaCl concentration.
Analysis of solvent drag on Na™ in tight junctions
provides explanation for the surprisingly high meta-
bolic efficiency of Na™t reabsorption. The model
predicts and explains low metabolic efficiency in di-
luted external baths. Hyperosmolarity of /is is gov-
erned by the hydraulic permeability of the apical
plasma membrane and tight junction with 67 mOsm
in small intestine and < 1 mOsm in proximal tubule.
Truly isosmotic transport demands a Na™ recircula-
tion of 50-70% in small intestine but might be barely
measurable in proximal tubule. The model fails to
reproduce a certain type of observations: The reduced
volume absorption at transepithelial osmotic equilib-
rium in AQP1 knockout mice, and the stimulated
water absorption by gallbladder in diluted external
solutions. Thus, it indicates cellular regulation of
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apical Na™ uptake, which is not included in the
mathematical treatment.
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Introduction

It is a general feature of bulk water movement
between body compartments that the transported
fluid is in near osmotic equilibrium with the extra-
cellular fluid. Early studies revealed a decisive
dependence on sodium transport by demonstrating
proportionality between rate of volume flow and ac-
tive Na® flux and significant reduction of fluid
transport following ouabain treatment (Curran &
Solomon, 1957; Windhager et al., 1958; Diamond,
1962; 1964a; 1964b). These observations led to the
hypothesis that the water flux is secondary to the ac-
tive sodium flux by osmotic coupling between
ions and water in an intraepithelial compartment
(Curran, 1960; Curran & Macintosh, 1962). In a
morphological study of gallbladder, Whitlock and
Wheeler (1964) suggested that the coupling compart-
ment is the lateral intercellular space of the epithe-
lium. Diamond and Bossert (1967) provided the first
comprehensive theoretical study of the geometry and
boundary conditions of the lateral space for generat-
ing an isosmotic absorbate which resulted in their
standing gradient theory. Testing of the concept of a
lateral coupling compartment has generated numer-
ous important experimental and theoretical papers
(reviewed in: Sackin & Boulpaep, 1975; Weinstein &
Stephenson, 1981; Weinstein 1992; Whittembury &
Reuss, 1992; Boulpaep et al., 1993; Weinstein, 1994;
Spring, 1998; Schultz, 2001), Concepts of the standing
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gradient theory including water-impermeable tight
junctions were further explored in a recent theoretical
study of isosmotic transport by simple local osmosis
(Mathias & Wang, 2005). Quite different ideas have
been proposed by Fischbarg and coworkers who have
discussed experimental and theoretical evidence for
fluid movement in tight junctions of corneal epithe-
lium by way of electro-osmosis (Sanchez et al., 2002;
Rubashkin et al., 2005). As an alternative to the
standing-gradient theory Ussing suggested the so-
dium-recirculation theory of isosmotic transport,
which was developed in experimental studies on fluid
secretion (Ussing & Eskesen, 1989; Ussing et al., 1996)
and fluid absorption (Ussing & Nedergaard, 1993;
Nedergaard et al., 1999). Its application to absorbing
epithelia is the major subject of the present review.

Isosmotic or near-isosmotic transport constitutes
just one of several features characterizing solute-cou-
pled water transport. Focusing only on this function
inevitably leads to a framework with limited explana-
tory range considering the experimental observations
that have accumulated over the past 50 years:

i. The transported fluid is in osmotic equilibrium
with the surrounding solutions.

ii. Isosmotic transport takes place with no external
driving force for water.

iii. Water can be transported against an adverse
osmotic gradient, i.e., uphill, and there is an in-
verse relationship between the transepithelial
hydraulic permeability and the osmotic concen-
tration difference at which the water flux becomes
zero.

iv. The major transepithelial electrical conductance
is paracellular.

v. The metabolic cost of sodium uptake varies
among epithelia and with the experimental pro-
tocol. From about 12 to about 30 moles Na ™"
absorbed per mole O, consumed, which is below
and above, respectively, the cost of ~18 Na ™ /O,
of the Na™ /K " -pump.

vi. Solvent dragis observed, that is, water absorption
is associated with convection fluxes of large wa-
ter-soluble and plasma membrane-impermeable
molecules like dextrans, inulin, sucrose, and
mannitol.

vii. Anomalous solvent drag has been described,
which refers to an inwardly directed convection
flux of hydrophilic solutes paralleled by a net
outward flux of water.

The challenge to any theory of isosmotic transport is
that it must have capacity to predict and explain the
above features in a logical and coherent way. Com-
parable to three recent papers on solute-coupled water
transport (Weinstein, 2003; Fischbarg & Diecke,
2005; Mathias & Wang, 2005) the present review is a

discussion of experimental observations analyzed by
mathematical modeling for evaluating successful
predictions and shortcomings of the proposed theo-
retical framework.

THE KEY PROBLEM OF IsosmMoTiC TRANSPORT: CONVEC-
TION-DIFFUSION OF SOLUTES ACROSS THE INTERSPACE
BASEMENT MEMBRANE

In Fig. 1 the sodium pump flux is directed into the
lateral intercellular space (/is) in agreement with the
abundant expression of pumps in the lateral mem-
branes of transporting epithelia (Stirling, 1972;
Kashgarian et al., 1985; Pihakaski-Maunsbach et al.,
2003), which leads to a hyperosmotic and hyperbaric
lateral intercellular space. With n osmolytes and sim-
ilar composition and hydrostatic pressure, respec-
tively, of the solutions bathing the two sides of the
epithelium, the water flux, Jy across the barriers
delimiting the lateral intercellular space (tight junc-
tion, #j or interspace basement membrane, ibm) is
given by the equation (Finkelstein, 1987):

Jv:Lp AP — RT O’jACj (1)

n

j=1

Lp is the hydraulic permeability of ¢ or ibm, R the
universal gas constant, 7 the absolute temperature,
o;j the reflection coeflicients of ¢ or ibm, and AP and
AC; the hydrostatic pressure difference and the
concentration differences, respectively, between bath
and [lis. With the reflection coefficients of tight
junction being larger than those of the interspace
basement membrane, o > ¢i®™ ~ 0, water is flow-
ing from the outside of the epithelium (lumen) to the
blood side. This system has the capacity to drive
water also against an adverse transepithelial osmotic
gradient, provided the osmotic concentration of /is is
maintained above the osmotic concentration of the
luminal bath. It should be noted that at transepi-
thelial osmotic equilibrium the water flux is directed
into the cells from both sides of the epithelium. It
follows that all of the water flowing into the epi-
thelium will leave the epithelium through the inter-
space basement membrane.

If the water permeability of the apical barriers is
large a steady state would be achieved with near-os-
motic equilibrium between /is and the external baths.
However, one cannot assume that the fluid leaving /is
would also be in near-osmotic equilibrium with the
external solutions. The solute concentration of the
fluid leaving /is through the interspace basement
membrane is governed by Hertz’ convection-diffusion
equation (Hertz, 1922). Applied to a homogenous
membrane with reflection coefficient, o, and con-
sidering an uncharged solute for convenience, the
equation takes the form:
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Fig. 1. The ‘local osmosis’ model of solute-coupled fluid absorp-
tion driven by lateral Na* /K™ pumps. K fluxes are not included
and Na™ and CI™ fluxes are shown in different cells for conve-
nience. With solutions of identical composition on the mucosal and
serosal side, water is entering the cells both through the apical and
the serosal (basal) plasma membrane. Water then leaves the epi-
thelium entirely through the interspace basement membrane.

Is _
Jv

C& — g™ exp[—(1 — a5)Jv/ P
1 — exp[—(l — O's)Jv/Ps]

Js and Jy are the solute and volume flux across the
interspace basement membrane (ibm of Fig. 1),
respectively, Ci and CF™™ are the solute concen-
trations on the two sides of the boundary, while Pg is
its solute permeability. It follows that the fluid
emerging from the basal exit of /is would have a
composition identical to that of /is if one makes the
volume flux Jy tend to infinity. It turns out, however,
that for systems discussed here the ratio, Jy/Ps, is not
very large. Hence the flux of a solute leaving /is
contains a significant diffusion component together
with the convection component resulting in an
emerging fluid that is hyperosmotic (calculated as
Js/Jy) relative to the fluid in /is (and baths).

For illustrating the problem, Fig. 2 depicts the
concentration of the emerging fluid as a function of
the volume flux out of /is at three different solute
permeabilities of ibm that cover likely values of ver-
tebrate epithelia. The reflection coefficient, which
supposedly is small, is set to o5 = 107>. The equi-
valent resistances of ibm are also given in Fig. 2 for
indicating the physiological relevance of chosen sol-
ute permeabilities. They have been calculated by the
equation (Sten-Knudsen, 2002):

R-T- (Cslis _ Csserosa)
F. CSlis . C;erosa . Pisbm -In (Clsls / Csserosa)
Eq. 3 is valid for monovalent ions near equilibrium
with R = 8.31 Joule - K™"mol™", T = 310° K, and

F = 96485 Coul'mol™'. The calculations shown in
numbers in Fig. 2 represent the volume flux of rat

(1— o) (2)

3)
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Fig. 2. The concentration of the fluid emerging from the lateral
intercellular space is governed by Hertz’ equation (text Eq. 2). The
graphs indicate the concentration of the emerging fluid as function
of the volume flow through the interspace basement membrane
(conf. Fig. 1). Increasing solute permeability and decreasing water
flow raises the concentration of the emerging fluid, which rises far
above the concentration of the lateral space.

proximal tubule (65 nl-cms™>s™'). Due to its very high
water permeability it is not unlikely that the osmotic
concentration of /is is quite close to that of the
bathing solutions (see below). In the calculations
shown here it is assumed that C2* = 301.5 mOsm for
C$% = 300 mOsm, that is, the difference of 0.5% is
so small that it would be impossible to detect it by
available methods. It can be seen that even with the
chosen very small hyperosmolarity of /is and with a
permeability of ibm, which is in the range of esti-
mated values for rat proximal tubule, corresponding
to R®™ = 0.6 Q-cm” (Weinstein, 1992), the emerging
fluid would be significantly hyperosmotic (337.6
mOsm versus 301.5 and 300 mOsm, respectively).
With a similar flow rate and for R®™ = 2.6 Q-cm?
the absorbate is near-isosmotic. At an even smaller
solute permeability, corresponding to R®™ = 26
Q-cm?, Jg/Jy is practically equal to Clsis. However,
with a paracellular resistance of 5-10 Q-cm? in
proximal tubule, values of R®™ > 2 Q-cm” may be
too high. The conclusion is that because the convec-
tion is overlaid by diffusion it is by no means justified
assuming similar solute concentration of /is and the
fluid flowing out of /is.

Isosmotic Transport

In the standing-gradient theory of Diamond and
Bossert (1967) the diffusion flux from the lateral
intercellular space is eliminated by assuming the
boundary condition, (dCy/dx)™™ = 0. Thus, with
os = 0 we obtain Js/Jyv = C{ (conf. Eq. 2),
corresponding to truly isosmotic transport. The
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Na /K " -pumps were assumed concentrated at the
upper end of the closed lateral intercellular space for
creating a local hyperosmotic fluid in /is. The osmotic
gradient is subsequently dissipated as the fluid moves
toward the open end of /is and more water is added
by osmosis from cells.

A quite different solution to the problem of
isosmotic transport assumes that ions are being
recirculated back into /is by a regulated Na ' -gra-
dient-driven ion transporter in the basal plasma
membrane (Ussing & Nedergaard, 1993; Nedergaard
et al., 1999). According to this concept the genera-
tion of an isosmotic absorbate is regulated and
depending on ATP consumption by the lateral Na ™/
K " -pumps both for creating a hyperosmotic fluid in
lis and for adjusting the transported fluid to the
demanded osmolarity. This theory does not require
non-uniform distribution of pumps and channels on
the lateral intercellular membranes, and even in its
most simple design with well-stirred lateral space it
appears to work well with relevant combinations of
physiological observables (Larsen et al., 2000; 2002).
It is the intention of the present review to focus on
the concept of ion recirculation and its quantitative
applications to the relatively water-tight small
intestine and the highly water-permeable proximal
tubule.

Small Intestine

Small intestine is a ‘leaky’ epithelium with a low-
resistance paracellular shunt and rheogenic active
Na™ transport (Barry et al, 1965; Frizzell &
Schultz, 1972; Halm et al., 1985a). Large amounts
of fluid are crossing the intestinal wall, in human
subjects as much as 56 liters per day. In response
to manipulating the transepithelial gradients of
osmotic concentration in absence of solute uptake,
water is moving freely across the intestinal epithe-
lium and into lumen if the mucosal bath is made
sufficiently hyperosmotic with respect to the sero-
sal bath. Fluid uptake can take place against a
considerable adverse osmotic gradient, e.g., 145
mosm'kg™! in rat jejunum (Parsons & Wingate,
1958) and 75 mosm-kg™' in rabbit ileum (Naftalin
& Tripathi, 1986). Under physiological conditions,
however, salt and water are transported in the in-
ward direction in such a way that the absorbate is
isosmotic with the mucosal fluid (Curran & Solo-
mon, 1957). Furthermore, fluid is flowing in the
inward direction in the absence of an osmotic
gradient, but if the net solute uptake is stopped the
net water movement also stops (Curran, 1960).
Curran concluded that by depending on the active
uptake of salt the fluid uptake as well depends
on energy metabolism of the intestinal epithelial
cells.

STRATEGY OF EXPERIMENTAL APPROACH

Since water flow is secondary to fluxes of sodium it is
important to identify the pathways taken by this ion
and the fluxes through these pathways. Unidirec-
tional sodium fluxes through toad small intestine
were studied by the method of pre-steady state flux-
ratio analysis, which can be applied for any combi-
nation of transport mechanisms (electrodiffusion,
convection, active transport, co-transport, etc.) pro-
vided the epithelium is in a physiological steady state.
With this method advantage is taken of the theoret-
ical result that for a single pathway the ratio of uni-
directional fluxes is time-invariant and equal to the
value of the stationary flux ratio (Steen-Knudsen &
Ussing, 1981). Thus, if the flux ratio is time-variant,
more than one pathway is available for transport of
the ion. While the flux ratio of '¥’Cs™ turned out to
be time-invariant with the steady state being reached
relatively fast as compared to **K ™ fluxes, the ratio
of **Na™ could be split up into two components of
different time constants (Nedergaard et al., 1999).
These results were interpreted in the following way:
Only the paracellular pathway is available for trans-
epithelial fluxes of '*’Cs™, whereas **Na™ is trans-
ported along the paracellular as well as the cellular
pathway. This interpretation agrees with the finding
that '¥’Cs ™ entering epithelial cells via the Na™ /K *-
pump are being trapped in the cellular compartment
(Nedergaard et al., 1999). Thus, transepithelial tracer
fluxes of Cs™ must have taken a paracellular path-
way. The results compiled in Table 1 were used for
estimating the mechanism of paracellular transport as
well as the recirculation flux of Na ™.

PARACELLULAR FLUX-RATIO ANALYSIS: EVIDENCE FOR
PARACELLULAR WATER UPTAKE

With identical concentrations on the two sides of the
epithelium and with a transepithelial electrical po-
tential difference of V't = —3.9 mV (Table 1) simple
electrodiffusion of a monovalent cation would result
in the following flux ratio (Ussing, 1949):

ara, in

' Jpa‘ra, in C!ulnen ZFVT
Na _ YCs _ ] exp
ara,out ara,out serosa
NRa e G RT

=0.86 (4)

Not only are the measured flux-ratios above—not
below—unity, but they are also different from one
another (Table 1). This would indicate a different
inwardly directed driving force acting on the two
ions, which exceeds the outward force associated with
the lumen-negative Vr. Solvent drag, which discrim-
inates between the ions according to their atomic
diameter, would be a most likely candidate. Formally
it is possible to set up a flux-ratio equation that takes
into account interactions of ions and water in the
delimiting membranes of /is (Larsen et al., 2002):



E.H. Larsen and N. Mebjerg: Solute-coupled Water Transport in Epithelia 5

Table 1. Experimental and computed transepithelial potential difference (V1) and ion fluxes in small intestine

Vl Jf\\ffl legra.in Jge;ru.out Jge:‘m,in/‘lgzm,uut Jé’:ra.in/‘]g?m,uut

mV pmol/s/cm? Na ™ Recirculation
Expt.* -39 + 1.8 773 £ 56 450 = 40 130 + 20 3.66 £ 0.34 2.06 £ 0.12 0.65 + 0.03
Model? -3.7 1083 395.2 108.4 3.65 2.21 0.63

*From Nedergaard et al. 1999. # From Larsen et al. 2002. Na ™ recirculation is here indicated at percentage of sodium ions pumped into the
lateral space that is derived from serosal bath. It is calculated by Eq. 8.

Jpara, in C!umen ZFVT
Jara. out Jserosa 288 )
ij : Cj RT
(1— ajtJ)JI\J, (1- G}bm).]"\t,’m

i ibm
P, P;

()

exp

Here, Jy and P; denote the water flux and the ion
permeability, respectively, of the membrane barrier
indicated by superscript. If _JtJ ~ Jiom, nga ~ atC’s,
oM = oM ~ 0 and Py, < PYM, Pl < PEM, and
with two monovalent cations sharing paracellular
translocation route, Eq. 5 reduces to an expression of
the type:

4
PNa

para,in ara, in 4
‘]Cs _ ( ‘]pNa ) fes (6)

ara,out ara, out
Je T

If it is assumed that the tight junction discriminates

between the two ions according to their diffusion
coefficients in water, i.e., P%a/Pgs ~ DNa/Dcs = 0.66,
one predicts (Eq. 6 and Table 1) a ratio of paracellu-
lar Cs™ fluxes of 2.2. This in fact is not significantly
different from the measured ratio of 2.06 + 0.12
(Table 1), indicating that solvent drag on the two
ions causes the deviation of their flux ratios from the
ratio of electrodiffusion fluxes (Eq. 4). Thus, from
being peculiar deviations from Eq. 4, the two experi-
mental flux ratios follow logically from the assumption
of transjunctional water flow between the epithe-
lial cells. This interpretation is in accordance with
earlier studies on streaming potentials across small
intestine, indicating convection fluxes of small ions
through lateral spaces (Smyth & Wright, 1966).

INTERPRETATION OF UNIDIRECTIONAL CELLULAR Na ™
Fruxgs: CALCULATION OF THE RECIRCULATION FLUX

The two unidirectional cellular fluxes listed in Table 1
are associated with the lateral sodium pump as shown
in Fig. 3. According to this interpretation, the lateral
pumps constitute a source delivering the radioisotope
into the reversible paracellular pathway, which will
not affect the ratio of transepithelial unidirectional
fluxes:

cell ara, in
U -
Jcell7 return Jpara,out
ms Na
ell, return ara, in
‘](s:m . Jfl:]a (7b)
Jeell "~ ypara,out
sm Na

With the above set of equations and the fluxes esti-
mated by experiments (<! and J<!!, Table 1) the two
return fluxes were calculated (Table 2). An estimate
of the recirculation flux can then be obtained

according to:

erosa—cell—lis ell ell, return
JSNa Som T J(s:m

_ sm
ump - cell, return cell, return
M Jeell Tl et 4 g

(8)

In experiments with the intestinal preparations a re-
circulation flux of 0.65 = 0.03 was obtained. In other
words, the above calculations indicated that 65% of
the sodium ions pumped into the lateral intercellular
space is derived from the serosal bath, while the
minor component of 35% enters from the luminal
solution via the apical membrane before it is pumped
into /is.

MATHEMATICAL MODELING OF TRANSPORT BY SMALL
INTESTINE

The large recirculation flux estimated above was of
considerable concern as it indicated an implausibly
high NaCl concentration of the lateral intercellular
fluid. For analyzing the problem in details it was
decided to develop a mathematical model of the
epithelium, in the first place with electroneutral sol-
utes, an approach that was subsequently extended by
incorporating charged diffusible elements (Na™, K™,
ClI") and glucose together with a non-diffusible
intracellular anion (47"). With a single cell type and a
lateral extracellular space the model contains 5
membrane barriers. The forces driving solute and
water fluxes across the individual membranes are due
to gradients of electrical potentials, ion and osmotic
concentrations, and hydrostatic pressures. They all
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Fig. 3. Interpretation of unidirectional cellular fluxes in small
intestine with ms and sm indicating the ‘mucosa to serosa’and ‘serosa
to mucosa’ direction, respectively. With the Na* /K " -ATPase on the
lateral plasma membrane, Na* fluxes in both directions enter
the lateral space via sodium pumps. Whether the flux departs from
the luminal or the serosal solution, a fraction of the pumped
flux returns to the departing compartment with the associated
fluxes indicated by Jh et and Jeolh e pregpectively. JSClretum jg
expected to be relatively large because water is flowing in the inward
direction. The directly measured unidirectional fluxes are J<! and

ms

Jl - respectively, while the two return fluxes can be estimated

sm ?

by Egs. 7a and b.

Table 2. Sodium fluxes defined in Fig. 3 and calculated according
to Egs. 7a and b (N = 5 preparations). From Nedergaard et al.
1999.

cell cell, return cell
Jms J; ms > Jsm

pmolcm™ s

cell, return
Jsm

880 £+ 130 260 + 60 430 + 90 1730 + 320

have to be included in the mathematical description
for obtaining insights about relationships between
biophysics of the membranes and their bioelectrical
features, interactions between water and ion fluxes,
and conditions for solute-coupled fluid transport.
The outline of the model is given in Fig. 4. The model
contains equations for ion and water fluxes based
upon electrodiffusion and convection theory, and
empirical equations handling transport by pumps and
cotransporters. The steady-state criteria are expressed
by mass conservation of all diffusible elements and
water, electroneutrality in intraepithelial compart-
ments with the further requirement that the net
charge flux across the epithelium is equal to the
clamping current (which is zero in the computations
shown below). A compliance model of cells and /is
associated with infinitely large external baths provide

2Na
Glu 2K
Ma
2C1 :
2C1
Na
K
Cl
H.O

am——»

1 :
i H 2K -
: ! ce—— ibm
P oo
Na. K.Cl L i, 2o : . NaK.Cl
HO. Glu 1 poot oyt : H.O, Glu
1 s .
n "‘”.II" 5
n .
- :
L
veell  pveell el \
+ frvamen fiemers ( POl ( ¥ ( !’HI snsao i
(.;m“ Tl;‘ ; ] (] I : T
s T T P e

ell
vol

Fig. 4. Transport mechanisms on the three membrane domains of
the model epithelium represented by the apical plasma membrane
(am), the lateral plasma membrane (/m), and the serosal (basal)
plasma membrane (sm). The functional polarity of the model epi-
thelium is given by the transport systems being turned on during
computations. The mathematical equations governing the fluxes of
ions and water through individual pathways are listed in the ori-
ginal papers (Larsen et al., 2002, 2006). The fourteen dependent
variables are the solute concentrations, electrical potentials (serosal
bath grounded), and hydrostatic pressures of cells and lateral space
together with the transepithelial potential difference (current-clamp
mode) or transepithelial current (voltage-clamp mode). With reg-
ulated Na™ recirculation turned on, the kinetic parameter of the
Na™ gradient-driven co-transporter in sm becomes a dependent
variable, as well, with the extra equation expressing the dependence
of the demanded osmolarity on solute and water fluxes through ibm
and sm. Modified from Larsen et al. (2006).

the hydrostatic pressures of the two intraepithelial
compartments on which their volumes depend. The
independent variables of the model (ion permeabili-
ties, reflection coefficients, kinetic parameters of
pumps and cotransporters, hydraulic permeabilities,
etc.) were chosen to obtain a good description of all
experimental observables like transepithelial ion
fluxes, transepithelial electrical potential difference,
membrane conductances, intracellular ion concen-
trations, and membrane potentials. The computed
results to be discussed below are robust, that is,
perturbations of the independent input variables
about their chosen reference values provided mathe-
matical solutions revealing essentially the same fea-
tures of the model epithelium.
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Fig. 5. Reference state of toad small

intestine  model.

Clumen — 9 = 118 mM, CRTe = Ci¥1°% = 2mM, and CEP" =
CE* = 120mM. Computed ion concentrations are in mM, elec-

trical potentials in mV, ion fluxes in pmolcm™s™!, and volume
flow is in nl'em™>s~!. Regulated Na™ recirculation is turned on,
resulting in truly isosmotic transport (240 mOsm) and a recircu-
lation of —Jyc K™ /AP — 1060/1691 = 0.63. This means
that 63% of sodium ions pumped into /is is derived from the serosal
bath in order to achieve truly isosmotic transport. Note that despite
Cls being not much above CR (121.1 and 118 mM, respectively),
the Na' concentration of the fluid emerging from /lis is,
JEm /Jom = 1974/9.168 = 215mM, illustrating that the diffusion
flux across ibm is large relative to the convection flux across this
boundary. Modified from Larsen et al. (2002).

CoMPUTED RECIRCULATION FLUX

Table 1 compares experimental and computed fluxes
and transepithelial potentials and in Fig. 5 is shown
the reference intestinal model with computed intra-
cellular concentrations and fluxes of water and ions.
The major conclusion is that with the cellular con-
centrations, membrane potentials, and the transepi-
thelial fluxes correctly simulated, the model computes
a recirculation flux of 0.63 when truly isotonic
transport is being demanded. This is obtained with a
fairly small osmotic concentration difference between
lis and the serosal bath (Ar = 6.6 mOsm, Fig. 5).
Nevertheless, with a Na™ concentration difference of
3.1 mM across the interspace basement membrane
the net flux of this ion from /is to serosal bath is
computed to be 1974 pmolem™>s™'. Accordingly,
with the water flux of 9.168 nl'em *s™' the Na '
concentration of the fluid emerging from /is is 215
mM. In conclusion, the relatively large recirculation
flux estimated from the experiments with the small

intestine does not seem to reflect a particularly high
concentration of ions in the lateral space but is
associated with fairly large convection-diffusion
fluxes across ibm. As might be expected this result is
not very sensitive to choice of entrance mechanism
for Na™ in the apical brush border membrane. Thus,
if an SGLT1 2Na " /glucose/210 H,O ‘water pump’ is
assumed (Loo et al., 1996; Meinild et al., 2001;
Zeuthen et al., 2006) computations predicted a Na ™"
recirculation flux of 0.56. The somewhat lower re-
circulation is due to the active component of water
uptake generated by the apical cotransporter (Larsen
et al., 2002). Furthermore, these computations
reproduced the significant contribution of glucose to
the total osmotic concentration of the absorbate as
discovered by Curran & Solomon (1957). Likewise, a
relatively large recirculation flux is predicted with an
NKCC transporter being the apical entrance mech-
anism, as found for the small intestine of the winter
flounder (Halm et al., 1985b; see also the original
paper by Larsen et al., 2002 for more details).

VALIDATING FURTHER ASPECTS OF THE MODEL

Volume perturbations of intraepithelial compart-
ments result from the integrated response of fluxes
across all 5 membranes. Simulations of such changes
would underscore the predictive power of the model.
The uptake of water and sodium ions, respectively,
follow different pathways; water flows through the
paracellular pathway, while the Na® flux is pre-
dominantly translateral. Computations showed that
the cell volume as well as the lateral intercellular
space volume decreases, by 10% (cell) and 85% (lis),
respectively, in response to replacing NaCl on the
luminal side by a nonpermeant non-electrolyte (Lar-
sen et al., 2002). These predicted volume changes
should be compared to observed changes of cell and
lateral space volumes of gallbladder exposed on the
lumen side to sucrose, which amounted to 23% (cell)
and 84% (lis), respectively (Spring & Hope, 1979).
The large volume change of the lateral space is caused
by the decreased pump flux of Na™ into /is whereby
the NaCl pool and the water volume of /is decreases
together with a decrease of the hydrostatic pressure.
Elimination of the apical Na™ uptake per se results in
a decrease of the intracellular NaCl pool. However,
the associated decrease of CCN"'IL leads to an increase of
the influx of all three ions via the basal NKCC
transporter as well, which would result in an increase
of the cellular ion pools. The cell volume change from
one steady state to the other depends on these two
counter-acting processes.

Kidney Proximal Tubule

Model analysis revealed a fairly strong dependence of
the osmotic concentration of /is on the hydraulic
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permeability of the apical barriers, and predicted
decreasing Na " recirculation for obtaining an iso-
tonic transportate with increasing hydraulic perme-
ability (Larsen et al., 2000; 2002). This result spurred
a recent analysis of ion and water reabsorption by the
highly water-permeable kidney proximal tubule to
investigate the demand on Na™ recirculation in
computations that faithfully reproduce measured
fluxes and bioelectrical characteristics as well as the
very high water permeabilities of the plasma mem-
branes. Another purpose was to explore conditions
for reproducing the high metabolic efficiency of Na "
reabsorption and to develop a quantitative descrip-
tion integrating this property with experimental
fluxes and electrophysiological characteristics (Larsen
et al., 20006).

EXPERIMENTAL STUDIES

A major fraction of the glomerular ultrafiltrate is
reabsorbed in the proximal tubules as an isosmotic
fluid. Early studies suggested that reabsorption takes
place in the absence of external osmotic driving forces
driven by active Na ™ transport (Windhager et al.,
1958), in agreement with subsequent demonstration
of abundant expression of the Na® /K "-ATPase in
kidney (Jorgensen, 1981). Nevertheless, it is still a
matter of discussion whether water uptake is driven
by transepithelial osmotic gradients as well (e.g.,
Weinstein, 1986; Tripathi & Boulpaep, 1989; Boul-
paep et al., 1993; Schafer, 1990; Whittembury &
Reuss, 1992; Weinstein, 1992; Spring, 1998). Luminal
dilution towards the distal end of perfused proximal
tubules ( £ 3.9 mOsm, depending on absorption rate)
has been observed in connection with volume
absorption in bilaterally perfused segments with 154
mM-NacCl solutions aerated with 100% O, (Green &
Giebisch, 1984). The developed luminal hypo-osmo-
lality was eliminated and fluid absorption stopped in
cyanide-poisoned preparations, indicating its depen-
dence on metabolic energy (active ion transport).
Accordingly, it was speculated that active transport
of the solute initially generates a transepithelial
osmotic gradient, which more distally drives water
through the epithelium of very high hydraulic per-
meability. A similar mechanism was proposed for
fluid reabsorption along the proximal tubule of the
AQP1 knockout mouse (Vallon et al., 2000). When
25 mM-NaHCOj; replaced a similar amount of NaCl
in the bath (which then was gassed with 95%0,/
5%C0O,, Green & Giebisch, 1984), net volume flow
increased, but reabsorption now occurred in the
absence of measurable osmotic gradients (<1.1
mosmkg™"). It was discussed that fluid uptake under
these conditions would be driven by an effective os-
motic gradient if the reflection coefficient of NaHCO;
is greater than that of NaCl. Another way of
approaching the problem of solute-coupled water

transport was suggested in a study of bilaterally
perfused rat proximal tubule by Green et al., 1991,
who demonstrated fluid absorption which could not
be accounted for by the prevailing ion gradients nor
by the transepithelial hydrostatic and osmotic forces.
The active Na ™ flux and the associated solute-cou-
pled water flux were studied in low-bicarbonate
perfusates, and were both stimulated by the peritu-
bular protein concentration. The luminal osmotic
pressure needed for stopping fluid reabsorption was
11 and 20 mosmkg™' H,O, respectively, in experi-
ments with the two mentioned peritubular protein
concentrations. The authors concluded: “This finding
places the rat proximal tubule in league with other
epithelia, such as small intestine and gallbladder,
which transport water both isotonically and against
an adverse osmotic gradient™.

Whereas it is widely recognized that bulk water
movement across the tubular epithelium is a passive
consequence of the active Na™ transport, it has been
much debated whether water is transported entirely
across the tubular cells or whether tight junctions
constitute additional passage ways for transtubular
water uptake (reviewed in, e.g., Berry, 1983; Tripathi
& Boulpaep, 1989). However, solvent drag on
diffusible ions (Fromter et al., 1973; Schafer et al.,
1975) and membrane-impermeable non-electrolytes
(Whittembury et al., 1985; 1988) as well as compari-
sons of experimental estimates of transtubular and
transcellular hydraulic permeabilities (Whittembury
et al., 1985; 1993) point to a significant transjunc-
tional water flow that parallels water uptake along
translateral and transcellular pathways. The signifi-
cant cellular hydraulic permeability is associated with
the cloned water channel protein, aquaporin-1
(Denker et al., 1988; Preston et al., 1992), which is
expressed at high levels in the apical and basolateral
plasma membranes of the proximal tubule (Agre &
Nielsen, 1996; Nielsen et al., 2002).

MoDELING KIDNEY PROXIMAL TUBULE: SIMPLIFICATIONS
AND CHOICE OF VARIABLES

The kinetic constants of the plasma membrane trans-
porters were adjusted to achieve simulation of
intracellular ion concentrations and the overall
transepithelial fluxes in reasonable agreement with
measured values. A major simplification follows from
having only three diffusibleions, Na™, K™, and CI™, in
the model. Therefore, the bicarbonate and carbonate
fluxes associated with specific transporters of the ba-
solateral membrane (Guggino et al., 1983) and the
apical CI7/HCO; and Na"/H™ exchange fluxes
(Karniski & Aronson, 1985) cannot be reproduced.
Another major simplification concerns the ion
entrance mechanisms of the apical membrane of which
only an NKCC transporter (e.g., Whittembury et al.,
1993) and a Na ™ channel (Gogelein & Greger, 1986)
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Table 3. Measured and computed bioelectric properties of proximal tubule with the model’s independent variables of solute transporters
listed in Larsen et al. 2006 and hydraulic permeabilities listed in Table 4.

Jv INa Vr Ry CcNeil‘ CcKell CEE]I—I Vccll Rapicu] fRo
nlem 257! nmolem™2 57! mV Q-cm? mM mM mM mV Q-cm?
Rat 65 9.4 —2-2be 5° 17.59 113° 18" 76° 260° 0.74°
Model 62.1 9.3 =29 7.8 15.2 115 12.9 -84 222 0.88

*Windhager 1979; PFromter 1979; Rector 1983; YYoshitomi & Fromter 1985; *Edelman et al. 1978; ‘Cassola et al. 1983.

carry significant fluxes in the computations presented
here. It is not a problem per se to omit glucose from the
bathing solutions since the NaCl-dependent volume
reabsorption takes place in isosmotic proportions also
in absence of glucose in the bathing solutions
(Windhager et al., 1958; Morel & Murayama, 1970).
The advantage of the NKCC transporter is that it al-
lows the simulation of two important transport fea-
tures of the tubular epithelium, viz., the cellular
accumulation of CI™ above equilibrium via an elec-
troneutral apical mechanism and a K concentration
of the absorbate of about 5 mM, which we could not
obtain if this ion is transported across the epithelium
entirely by paracellular convection. The reflection
coefficients of tight junctions were taken from the
experimental study of Fromter et al., 1973, and the ion
permeabilities and the hydraulic conductance of the
paracellular pathway were chosen such as to obtain a
paracellular conductance of 5-10 Q-cm? (Frémter,
1979) and convective flows of the three ions. All
independent variables are listed in the original paper
(Larsen et al., 2006).

A ProxiMAL TUBULE MODEL

Data from mammalian (rat, rabbit) proximal con-
voluted tubule were used to model epithelial cells and
interspace with luminal and peritubular baths of
identical composition, Clumen = CI% = 145 mM,
Clumen — CSC&OSa — SmM C(l:lllllen — %EIIPSH — 150 mM’
resultmg in quantities listed in Table 3 together
with corresponding experimental data. Both intra-
cellular concentrations and the membrane conduc-
tances are simulated reasonably well. The
transepithelial osmotic permeability of the reference
model epithelium is P = 0.31 cms™' with a
reversal of water flow for Am,, = —11 mOsm (lu-
men hyperosmotic). The corresponding numbers for
mammalian proximal tubule are Pr = 0.24-0.35
cms™! (Schafer & Andreoli, 1979; Weinstein, 1992)
and Am,, = —11 or —20 mOsm, depending on the
peritubular protein concentration (Green et al.,
1991). The associated transepithelial fluxes
are (pmolem™>s™") Jna = 9277, Jx = 321, Jo =
9598 and with a transepithelial volume flow of 62.1
nL - cm™>s™' the computed composition of the
absorbate is C2, = 149.4mM, C2 = 5.2mM, and

Na*t — K+~
3 li = 154.6 mM, that is, the nominal osmotic

§ 14577 Na’ .U, =977

Ju= 2453
=856 —T>» 464K — > J, =266
J,=9127 1o15041Cr =001 ., =9253
1 300.83 mOsm
J=6L1 — 100012atm _, J,=63.1
J,=1.0 152 Na’ J=-10
153K’
e = 12.8CI
-2.87 my 157.0 4", n=-0.75 Y =0
G 128 mS/cm® 300.35 mOsm
1.00008atm V" =-8

Fig. 6. Reference state of mammalian kidney proximal tubule
model with Na™ recirculation turned off. Luminal and serosal
baths of similar composition: C"":‘e“ = " = 145mM,
C%;";“e“ = Cg* = 5mM, and Clumen — Ceross — 150mM. Com-
puted ion concentrations are in mM, electrlcal potentials in mV,
ion fluxes in pmolcm™>s™', and volume flow is in nlcm s~
The high hydraulic permeability of apical barriers results in
concentrations of ions in the lateral space very close to those of
baths. The sodium concentration of the emerging fluid is
Jiom /Jim = 9277/63.1 = 147.0mM and if truly isosmotic trans-
port is demanded, the associated recirculation flux would be 4.1%
(see Fig. 7D).

concentration of the transported fluid is 309 mOsm.
Thus, accounting for the major fluxes and hydros-
motic and bioelectrical features integrated in an
overall satisfying description of the tubular epithe-
lium, the reference model produces a 3% hyperos-
motic absorbate. In an experimental nephron
preparation, most likely, this would be judged
isosmotic within experimental errors.

NEAR-IsosMOTIC AND TRULY IsosMOTIC TRANSPORT
Fig. 6. depicts the model epithelium with intraepi-

thelial concentrations together with the associated
water and ion fluxes. It is noted that this model
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Fig. 7. In the highly water-
permeable proximal tubule
isosmotic transport is
achieved by metabolically
neutral mechanisms and
mechanisms requiring
investment of metabolic
energy. A. Computations
predict raised osmolarity of
the absorbate with increasing

Serosal Membrane P, (cm/s)

J ' J ion permeability of the
0.05 0.10 0.15 interspace basement

membrane (conf. Fig. 2).
B. Eliminating exit fluxes
through the serosal plasma
membrane and reducing the
osmotic permeability of this
membrane leads to an

° osmolarity of the absorbate

that is isosmotic within 1%.
C. As expected (text Eq. 2), a
small reflection coefficient of
\ ibm, here o = 0.03, results in
° isosmotic transport. D. Ton
recirculation constitutes a
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simulating major bioelectric and hydrosmotic features
well (see also Table 3) predicts the fluid in the lateral
space of mammalian proximal tubule to be isosmotic
within less than 1 mOsm with CJ . = 145.8mM.
Nevertheless, the sodium concentration of the fluid
emerging from the lateral space is 9277/63.1 = 147.0
mM. This is obtained with a resistance of the inter-
space basement membrane of R®™ = 1.1 Q-cm”. With
a tight junction resistance of 7.0 Q-cm?, this value of
R™™ may be in the upper range of possible physio-
logical values. Varying this parameter between 0.4
and 3.3 Qcm? resulted in a computed range of
osmolarities of the absorbate between 314 and 307
mOsm while the osmotic concentration of the inter-
space fluid changed by less than 0.02 mOsm about a
value of 300.85 mOsm (Fig. 74). This result under-
scores the decisive influence of the permeability of the
interspace basement membrane on the osmotic con-
centration of the absorbate. The computations also
indicate that within the range of likely permeabilities
of the interspace basement membrane the osmotic
concentration of the absorbate varies from values that
are so close to the osmotic concentration of the sur-
rounding solutions that the difference cannot possibly
be detected to values that would impose a significant
extracellular salt load on the organism. It would be
expected (Eq. 2) that the absorbate’s osmolarity ap-
proaches that of the /is (and bath) if R®®™ becomes
sufficiently large (Fig. 2). Nevertheless, the computed
osmolarity approaches a value of about 306 mOsm for
large R®™ (Fig. 7A). This is a trivial consequence of

fourth mechanism by which
isosmotic transport is

% Recirculation achieved (Larsen et al., 2006).

solute fluxes directed from cells into the serosal bath
and of water uptake across the serosal plasma mem-
brane (Fig. 6). If the exit of ions from the cells is en-
tirely via the lateral plasma membrane and the
recirculation of water across inner barriers is sup-
pressed by reducing the serosal membrane’s osmotic
permeability the absorbate’s osmolarity approaches
the tonicity of the bathing solution within less than 1%
(Fig. 7B). With all fluxes of the serosal membrane
eliminated, computations predicted Py = 0.12 cm/s
with a reversal of water flow for An,., = —29 mOsm
(not shown in figures). In principle and for all practical
purposes this might be a mechanism for achieving
isosmotic transport. It should be noted, however,
that immunoperoxidase labeling has localized AQP1
to all three plasma membrane domains of proximal
tubule (Nielsen et al., 2002), which makes this
way of obtaining isosmotic transport unlikely.
Following Sackin & Boulpaep (1975), another way of
reducing the tonicity of the absorbate would be to
introduce a finite reflection coefficient of the
interspace basement membrane as depicted in
Fig. 7C. In the example shown, with ¢'°™ = 0.03 of
all three diffusible ions, the concentrations of the ab-
sorbate are C2¥, =145.0mM, C%:=5.0mM, and
Cits = 150.0mM. The quantitative morphometric
analysis by Welling et al. (1987) indicated that the
basal region of the tubular space may constitute a
resistive barrier for fluxes out of /is. It is unknown
whether this is compatible with a finite, however
small, reflection coefficient for small ions. A fourth
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way of adjusting the tonicity of the absorbate would
be to recirculate ions back into /is by a regulated Na ™
gradient-driven co-transporter in the basal mem-
brane. In the highly water-permeable mammalian
proximal tubule and with the chosen ibm permeabili-
ties the recirculation flux is predicted to be small for
achieving truly isotonic transport resulting in a small
extra load on the lateral Na' /K" -pumps (4.1%,
Fig. 7D). With R™®™ reduced to, e.g., 0.4 Q cm?, which
may well be within the physiological range of value,
the predicted osmolarity is 314 mOsm (Fig. 74) and
the predicted recirculation 6.2% for truly isosmotic
transport (Larsen et al., 2006). The point is that
putative recirculation fluxes in mammalian kidney
would be small and possibly not easy to demonstrate
experimentally.

In conclusion, by way of few examples covering
possible permeability properties of the serosal plasma
membrane and the interspace basement membrane it
is indicated how truly isosmotic transport can be
achieved by metabolically neutral mechanisms as well
as by a mechanism that depends on cellular energy
metabolism.

PARACELLULAR SOLVENT DRAG AND METABOLIC
EFFICIENCY OF Na ¥ REABSORPTION

The hyperosmotic lateral intercellular space and the
transepithelial potential difference of —2.9 mV per se
would generate an outwardly directed flux of the
positively charged sodium ions through tight junc-
tions. However, significant solvent drag on Na ™ in
tight junctions results in an inwardly directed flux
amounting to Jy,, = 2453 pmol-cm™*s~', which is of a
magnitude comparable to the pumped ﬂux (Fig. 6).
Formally, in an electrodiffusion-convection regime the
Ina-V relationship of the tight junction is given by:
1, = 6% (V9 - B, + o) (9)
In which G%d is the Na™* conductance of tight junc-
tion, 7Y is the electrical potentlal difference between /is
and the luminal solution, Ey;, is the equilibrium po-
tential of the Na " distribution between the two com-
partments, and (I)l o 1s the driving force resulting from
the convection process With the following computed
numbers, f =237 pA cm™?, GRJ =6.57 mS cm ™,
V“ — 88" mV, EY =0.138 mV, we obtain
=39.1 mV. This indicates reabsorption of Na™

by tranSJunctlonal convection to be little influenced by
polarity shifts along the proximal nephron of the
numerically small potential difference across tight
junctions'.

!Considering bidirectional fluxes of isotopes through two
membranes in series we arrived at the same general con-
clusion (Larsen et al., 2006).

In the reference state of the model the flux of
Na' into /is via tight junctions amounts to 2453
pmol-cm™ s™!, which is about one third of the Na*
flux of 6824 pmol-cm™*s™! pumped into /is across the
lateral plasma membrane (Fig. 6). That is, of a Na ™"
reabsorption of 9277 pmol cm™ s™' a large fraction,
2453/9277 = 0.26, is bypassing the pump. With a
stoichiometry of the pump of 3 Na™/ATP and a
mitochondrial ‘P/O-ratio’ of ~3 this would corre-
spond to ~24.5 moles Na™ per mole O, consumed.
This is significantly above the theoretical ratio of 18
Na " /O,, but not as large as 28-32 Na " /O, observed
in several mammalian kidney studies (Deetjen &
Kramer, 1961; Lassen & Thaysen, 1961; Lassen et al.,
1961; Thurau, 1961; Torrelli et al., 1966). Although
the difference between predicted and observed ratios
should not be ignored, the conclusion is that in a
model reproducing the major bioelectrical and
hydrosmotic properties of the proximal tubule the
paracellular convective Na™ flux improves signifi-
cantly the metabolic efficiency by which the large
filtered load of Na™ is reabsorbed. The driving force
resulting from the convection is a function of the
ratio of volume flow and sodium permeability. The
convection flux increases with decreasing ion perme-
ability as inferred from the convection-electrodiffu-
sion equation governing the Na™* flux through tight
junction (Larsen et al., 2002):

S = (%P +J3(1 _aga)).

Clumen . exp[FVY/(RT)] -exp [Jg‘ (1 - aga) /pga] —Clis

exp[FVU/(RT)]-exp [J{j,(l —aNq) / P}, } 1
(10)

A decrease of the ion permeability of the tight junc-
tion, however, increases its electrical resistance and
thereby the transepithelial potential difference, which
will drive Na™ into the lumen. In proximal tubule a
balance has evolved with a sodium permeability
resulting in a significant inward convection flux at a
numerically small transepithelial potential difference.

It has been suggested that plasma membrane-
impermeable solutes enter /is via tight junctions while
water enters /is entirely via cells, thus giving rise to
convection-diffusion of the solute from /is into the
serosal bath. With no frictional interaction between
solutes and water in tight junction channels this
mechanism is to be considered a case of pseudo-sol-
vent drag (Barry & Diamond, 1984). This situation is
easily simulated by assuming Lg = 0, adjusting Lg"
and L™ for obtaining a volume reabsorption
resembling that of the reference model, and by letting
the diffusible ions pass tight junctions by way of pure
electrodiffusion. With no other changes of input
variables, to give just one example of robust com-
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Table 4. Hydraulic (Lp) and osmotic water (Py) permeabilities of the kidney model. Lp is expressed in SI units used in the Fortran program

and in three frequently used units in physiological literature.

Unit (m/s)/(N/m?)  Lp cm?/(cm>s) per osm/kg  cm?/(cm*s) per mmHg  cm®/(cm>s) per atm Py cm/s
Apical plasma membrane 1.10-1071 2831073 1.47-1077 1.11-107* 0.157
Basal plasma membrane 1.10-107" 2.83107° 1.47:1077 1.11-107* 0.157
Lateral plasma membrane 1.60-107""! 4.12:1073 2131077 1.62:107* 0.229
Tight junction* 5.00-1071° 1.29-107" 6.67-107° 5.07-107° 7.16
Interspace basement membrane  5.00-107 1.29-10" 6.67-10™ 5.07-107" 716

*It should be noted that there is a significant difference between computed transepithelial osmotic permeability of the AQP(—/-) simulation,
Py = 0.078 cms™! (Fig. 8) and the tight junction’s osmotic permeability, P‘}J = 7.16 cms™', listed in Table 4. This discrepancy follows
logically from the osmotic effect of the external non-permeant solute being opposed by the osmotic effect of accumulated ions in /is, which
means that the true driving force for water uptake becomes small (‘intraepithelial solute polarization’, Weinstein & Stephenson 1981).

putational results, we obtained a shunt conductance
of 7.8 Q-cm?, a transepithelial potential difference of
-44 mv, CF.=1455 mM, Cig =4.66 mM
s =1502 mM, Jy = 43.1 nl cm >s™', and an
osmolarity of the absorbate of 308 mOsm. However,
computations also predicted that the reabsorbed
Na™® flux being less than the pumped Na ™ -flux, in
casu, JLP/JRIP = 0.95  associated  with  a
continuous loss of Na ™ from /is into the luminal bath
through tight junctions, J}ila = —308 pmol-cm s,
This result is in accordance with computations
obtained with the ‘electroneutral’ model, see Larsen
et al. (2000), which contains a more detailed discus-
sion of the issue, and it predicts previous
experimental studies on MDCK cells in which
tight junctions were shown to be Na-permeable
(Kovbasnjuk et al., 1995) but water-tight
(Kovbasnjuk et al., 1998). Therefore, model simula-
tion of pseudo-solvent drag together with the above
experimental observations on intact mammalian
kidney showing reabsorption of Na™ with high
metabolic efficiency (Na™ /O, = 28-32) add further
evidence that paracellular solute uptake under equi-
librium conditions cannot be driven by pseudo-sol-
vent drag.

Mammalian kidney proximal tubule is just one
example of leaky epithelia with high metabolic effi-
ciency of Na ™ absorption. In a study of rabbit gall-
bladder Martin & Diamond (1966) showed that the
ratio of the sodium flux near transepithelial equilib-
rium and the associated oxygen uptake is about 24
Na“/O,. In a subsequent study Frederiksen and
Leyssac, 1969, confirmed the high metabolic efficiency
in rabbit gallbladder by reporting 30 Na ' /O, and
they showed that the ratio dropped to about 13 Na "/
O, upon dilution of the bathing solutions to half
Ringer’s strength. In a previous model study gall-
bladder data were simulated that predicted a signifi-
cant drop of the Na " /O, ratio, from 25 to 12 Na ™" /O,
as a result of diluting the external compartments from
300 to 50 mOsm with no other changes of independent
variables (Larsen et al., 2000). Like the kidney

example above, in gallbladder the Na " /O, ratio > 18
is the result of the recirculation flux being smaller than
the paracellular convective uptake of Na*. Upon
dilution of the luminal bath the computations pre-
dicted that the paracellular convection flux of Na ™ is
being reduced relatively much more than the recircu-
lation flux, thus providing a logical explanation for
the experimental findings. In experiments with the
biological preparations the rate of fluid uptake was
significantly stimulated by diluting the external baths.
This result was not predicted in our model simula-
tions. To reproduce this finding as well, the apical
entrance mechanism for Na™ would have to be
stimulated independently of bath dilutions.

In summary, the treatment above with water-
permeable tight junctions fulfills the requirement of
predicting solvent drag. The evidence for water-per-
meable tight junctions is indirect, but taken together
our discussions above lead us to the conclusion that a
significant number of experimental observations find
their logical explanation if it is assumed that tight
junctions are water permeable. Thus, our analysis has
indicated significant physiological functions of tight
junctions by reconciling the surprisingly low meta-
bolic cost of Na " reabsorption and the low electrical
resistance of the paracellular pathway. Further con-
sequences of a finite water permeability of tight
junctions are discussed below.

WATER FLUXES AND HYDRAULIC PERMEABILITIES

Table 4 lists the standard model’s hydraulic perme-
abilities (Larsen et al., 2006). Lp and its equivalent
osmotic permeability, P, is listed in the frequently
used units and in SI units (used in our computer
program). Below, these numbers will be discussed
together with the osmotic water permeability of the
epithelium obtained by the conventional protocol in
which a non-permeating electroneutral molecule at
different concentrations is added to the bathing
solutions while the transepithelial volume flow is
recorded. With this protocol, according to computed



E.H. Larsen and N. Mebjerg: Solute-coupled Water Transport in Epithelia 13

Jy, (@l'em™s™)

100
Pf(cm~s'1)
® Control 0.314
O AQP(-/-) 0.078
AQP(-I-)

serosa - T[ITIUCOSH

Control

An_, =-11 mOsm™

TevV

Fig. 8. Imposing a difference of osmotic concentration across the
model epithelium reveals capacity for uphill water transport with
reversal of water flow for Ar = —11 mOsm (luminal bath hyper-
osmotic) and a tissue osmotic permeability of 0.314 cm-s~'. Elim-
ination of the hydraulic permeability of all three plasma
membranes (am, sm, and /m) for simulating the AQP1 knockout
mouse predicts a residual osmotic permeability of 0.078 cm's™". The
rate of water absorption for Anr = 0 is practically unaffected.
Modified form Larsen et al. (2006).

results, the model is exhibiting uphill water transport
with an osmotic permeability, Py = 0.31 cm's™! and
reversal of water flow for An,., = —11 mOsm (‘con-
trol’ of Fig. 8). As mentioned above, these numbers
are in reasonable agreement with measured values of
mammalian proximal tubule. Eliminating the
hydraulic permeability of all three plasma membranes
for simulating the aquaporin-1 knockout mouse re-
duced P; by 75% [AQP(-/-), Fig. 8] 2, which should
be compared to a reduction of 78% in knockout mice
(Schnermann et al., 1998). In the model the residual
volume flow is confined to tight junctions and is
driven by a hyperosmotic and hyperbaric lateral
intercellular space. The y-axis intercepts are about the
same for ‘wild type’ and ‘knockout’ simulations
(Fig. 8). In contrast, in AQP1 knockout mice the
fluid reabsorption at transepithelial osmotic equilib-
rium is reduced to half of the fluid reabsorption in
wild-type mice (Schnermann et al., 1998), indicating a
reduced active flux of Na™ into /is presumably caused
by down-regulation of the Na ™ flux across the apical
membrane. The above analysis leads to the conclu-
sion that the reduced volume reabsorption at osmotic

’In the AQP1(—/-) computations the relationship between
Jy and Am is not strictly linear but upward concave. In the
original paper P; was estimated near equilibrium, which
resulted in a somewhat larger Py (Larsen et al., 2006)).

equilibrium in knockout mice cannot be a simple
direct effect of lack of expression of AQPI.

Concluding Remarks

The sodium recirculation theory for solute-coupled
fluid absorption developed from experimental studies
on small intestine handles truly isosmotic transport
between body compartments. It is an expansion of
the local osmosis concept introduced by Curran,
1960. Diamond and Bossert, 1967, analyzed physical
and geometrical conditions for obtaining isosmotic
transport in such a system. The sodium recirculation
theory differs from that of Diamond and Bossert in
assuming uniformly distributed Na ™ /K " -pumps on
the lateral membranes and ascribing a dual role of the
pumps in transporting fluid from one side of the
epithelium to the other. Firstly, by generating a
hyperosmotic and hyperbaric lateral space the pumps
provide the condition for fluid uptake at equilibrium
conditions as well as against an adverse transepithe-
lial osmotic gradient. Secondly, energy is expended
also in regulating the tonicity of the transported fluid
by pumping sodium ions, returning through the basal
plasma membrane via Na ' -gradient-driven trans-
porters, back into the lateral space. Mathematical
modeling of the leaky epithelium predicts such dif-
ferent observations as truly isosmotic transport,
hyposmotic transport, solvent drag, the range of
metabolic expenses associated with transepithelial
Na™ absorption, the residual hydraulic permeability
in proximal tubule of AQP1(—/-) mice, and the in-
verse relationship between hydraulic permeability
and the concentration difference needed to reverse
transepithelial water flow. Thus, the mathematical
model is in agreement with a wide range of experi-
ments.

The study is supported by a frame grant from the Danish Natural
Science Research Council, 272-05-0417.26
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