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ABSTRACT The rat proximal tubule epithelium is represented as well-stirred, compliant cellular and paracellular
compartments bounded by mucosal and serosal bathing solutions. With a uniform pCO2 throughout the epithelium, the
model variables include the concentrations of Na, K, Cl, HCO3, H2PO4, HPO4, and H, as well as hydrostatic pressure

and electrical potential. Except for a metabolically driven Na-K exchanger at the basolateral cell membrane, all
membrane transport within the epithelium is passive and is represented by the linear equations of nonequilibrium
thermodynamics. In particular, this includes the cotransport of Na-Cl and Na-H2PO4 and countertransport of
Na-H at the apical cell membrane. Experimental constraints on the choice of ionic conductivities are satisfied by
allowing K-Cl cotransport at the basolateral membrane. The model equations include those for mass balance of the
nonreacting species, as well as chemical equilibrium for the acidification reactions. Time-dependent terms are retained
to permit the study of transient phenomena. In the steady state the energy dissipation is computed and verified equal to
the sum of input from the Na-K exchanger plus the Gibbs free energy of mass addition to the system. The parameter
dependence of coupled water transport is studied and shown to be consistent with the predictions of previous analytical
models of the lateral intercellular space. Water transport in the presence of an end-proximal (HCO3-depleted) luminal
solution is investigated. Here the lower permeability and higher reflection coefficient of HCO3 enhance net sodium and
water transport. Due to enhanced flux across the tight junction, this process may permit proximal tubule Na transport to
proceed with diminished energy dissipation.

INTRODUCTION
The proximal tubule reabsorbs the bulk of the plasma
filtrate created at the glomerulus. In the mammalian
kidney, this is a briskly transporting epithelium, and the
large volume of water transported is powered by metaboli-
cally-driven solute reabsorption (Windhager et al., 1959;
Morel and Murayama, 1970). The actual forces that drive
this water from tubular lumen to peritubular capillaries
remain an area of controversy. In part, this controversy
derives from the high water permeability of this epithe-
lium, with the consequence that the net forces required are
small, and their measurement is technically difficult. Nev-
ertheless, the available data indicate that the observed
water transport cannot totally be ascribed to the establish-
ment of a transepithelial osmotic gradient (with a tubule
lumen hypotonic to plasma). Indeed, along the length of
the proximal tubule, the tubule fluid osmolality was found
to be isosmotic with plasma (Gottschalk, 1963), or at best,
only slightly hypotonic (Bishop et al., 1979; Green and
Giebisch, 1982).

For the mammalian proximal tubule the rationalization
of the forces of water reabsorption is further complicated
by the changing ionic composition of the luminal fluid as
one moves from early to late proximal tubule. Due to
acidification of tubule contents there is progressive deple-
tion of luminal bicarbonate. Although cryoscopically
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nearly isosmotic to plasma, the late proximal tubule solu-
tion is higher in chloride and lower in bicarbonate than the
peritubular plasma. This ionic asymmetry can provide a
force for net water reabsorption if the osmotic reflection
coefficient for bicarbonate is greater than that for chloride.
Available data indicate that this is likely for proximal
tubule, both from measurements of reflection coefficients
(Ullrich, 1973) and measurements of water flux across
perfused proximal tubules with an imposed transtubular
ionic gradient (Schafer et al., 1975, Neumann and Rector,
1976). Nevertheless, these forces are operative only in the
later segment of the proximal tubule and still may provide
for only a fraction of the net water reabsorption. One is led,
therefore, to consider mechanisms of intraepithelial
solute-linked water transport. Intraepithelial solute-solvent
coupling has been well-documented in such tissues as
gallbladder and small intestine, that, like the proximal
tubule, can sustain large volume flows between isosmotic
media. Like the proximal tubule, this volume flow is
proportional to the rate of metabolically driven salt trans-
port. It is generally believed that in these epithelia the
lateral intercellular space is the locus of intraepithelial
solute-solvent coupling. Salt transport into the interspace
creates a region of hypertonicity that pulls water across
highly permeable cell membranes. Small elevations of
hydrostatic pressure within the interspace propel this solu-
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tion outward across the basement membrane and into the
serosal bathing medium. The feasibility of such a system
has been demonstrated by elaboration of mathematical
models that can simulate the water transporting parame-
ters of the gallbladder epithelium (Weinstein and Stephen-
son, 1981a).

Several mathematical models have been used in connec-
tion with proximal tubule water transport. Sackin and
Boulpaep (1975) and Huss and Marsh (1975) published
single solute, nonelectrolyte models of the lateral intercel-
lular spaces of the proximal tubule of Necturus and of the
rat. Although these models allowed for solute diffusion
within the interspace, the solutions of the model equations
showed no significant solute gradients. Based on this work,
and subsequent confirmation both numerically and analyt-
ically in gallbladder models (Weinstein and Stephenson,
1981 b), we consider the interspace as a single, well-stirred
compartment. Sackin and Boulpaep (1975) used this sim-
plification to formulate a model of Necturus proximal
tubule that included the cell as a well-stirred compartment
and that recognized the two ionic species, Na+ and Cl-.
This permitted the inclusion of electrical potential as a
model variable and the incorporation of model parameters
obtained from electrical experiments. Huss and Marsh
(1975) and, subsequently, Huss and Stephenson (1979) in
a single solute cell and interspace model, included a
compliance law for the lateral intercellular space. This
represented more realistically the observed changes in
interspace dimensions in response to variations in pressure.
Schafer et al. (1977), modeling the lateral intercellular
space of the rabbit proximal tubule, were the first to
incorporate the bicarbonate species in their model, and in
particular, to formally consider the effect of chloride-
bicarbonate asymmetry on water transport. Their boun-
dary conditions, however, included an infinitely permeable
channel basement membrane, and thus implicitly denied
the possibility of substantial intraepithelial solute-solvent
coupling. The intraepithelial coupling of solute and water
fluxes will be considered here in detail. Finally, note the
elegant model by Wang and Deen (1980) of CO2 transport
across the rat proximal tubule cell. The model predicted
only a small CO2 gradient across the tubule, comparable
with that which was subsequently measured (3.3 mm Hg
across the early proximal tubule, by Gennari et al. [ 19821).
In this investigation a uniform pCO2 has been assumed
throughout the cell and interspace.
The model of proximal tubule presented here is com-

prised of well-stirred, compliant, cellular and intercellular
compartments bounded by infinite luminal (mucosal) and
peritubular (serosal) bathing media. The model solutes are
Na+, K+, Cl-, HC03-, HP04= H2PO4-, and H. Within
the cell there is an anionic impermeant species that may
also serve as a proton buffer. In the Model Equations
section the time-dependent mass balance equations are
formulated for this system in a manner that allows for
interconversion of species according to pH equilibria. In

the Membrane Transport Equations section the transport
laws for each species across the individual membranes
within the model system are shown. Except for a metaboli-
cally driven Na+-K+ exchange at the basolateral cell
membrane, all ion movement is given by the linear rela-
tions of nonequilibrium thermodynamics. At the apical
membrane of the proximal tubule cell, the movement of
Cl-, H2P04-, and H+ are all coupled to the movement of
Na+. In this section a condition is derived for the degrees of
coupling of these species to insure that the apical cell
membrane is a "passive" structure in the thermodynamic
sense. The Choice of Parameters and Numerical Methods
section displays the parameters chosen for the model, taken
to achieve compatibility with what is known of the rat
proximal convoluted tubule. Here the arguments will be
made for choosing basolateral K+-Cl- cotransport as a
mechanism for rationalizing the net fluxes of these species
with the electrical resistance of the membrane.
The steady-state solution of the model equations and

some of the "permeabilities" of the model epithelium are
presented in the Steady State Open-Circuited Epithelium
section and compared with data from the rat. Utilizing the
thermodynamic formulation of the membrane transport
equations, the energy dissipation of the model epithelium is
calculated and related to the free energy of hydrolysis of
ATP. In view of the interconversion of reacting species
there is no simple mass conservation that can be verified
for these species. What is done, however, is that the
relatively small free-energy input from mass entry into the
system is added to the energy input from the Na+-K+
exchanger and this sum is shown equal to the energy
dissipation. Conservation of energy is verified for each
steady-state problem to within the limits of accuracy of the
computer.
The final section explores the water transporting proper-

ties of the model epithelium. The parametric dependence
of uphill water transport and of isotonic transport for this
acidifying epithelium are shown to be in qualitative agree-
ment with results previously derived for the gallbladder
epithelium. Isotonic transport is found to be crucially
dependent upon cell membrane water permeability, but
little influenced by interspace basement membrane solute
permeability. Intraepithelial solute-solvent coupling, how-
ever, is enhanced both by high cell membrane water
permeability and by low interspace basement membrane
solute permeability. When such coupling is significant, the
cell membrane water permeability will be substantially
greater than the epithelial water permeability measured
with an imposed osmotic gradient. The effect of luminal
bicarbonate depletion on water transport and proton trans-
port is calculated for several values of pCO2. In these
circumstances it is shown that in the presence of anion
asymmetry the paracellular pathway may assume
increased importance as a route for Na reabsorption. This
paracellular reabsorption occurs with a substantially
reduced energy dissipation per mole of sodium transported.
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It suggests a selective energetic advantage for the low
resistance shunt pathway in this segment of the nephron.

GLOSSARY

Subscripts

M
S
I
E

MI
ME
IE
IS
ES

Compartments
luminal (mucosal) solution
peritubular (serosal) solution
intracellular compartment
lateral intercellular space or extracellular chan-
nel

Membranes
apical cell membrane
tight junction
lateral cell membrane
basal cell membrane
channel basement membrane.

Intensive Variables
a refers to any compartment subscript; t, time.
CO(t) electrical potential, mV
Pa(t) hydrostatic pressure, mm Hg
CJO(t) concentration of solute i, mmol/cm3 i _ 1, Na+; i - 2, K+;

i3,Cl-;i -4,HCO-; i =5,HPO-; i -6,H2PO4; i
7,H.

C, cell impermeant species osmolality, mOsM/cm3
C,B,,f, CHBf cell buffer concentrations, unprotonated and protonated

forms, mmol/cm3
sA(t) electrochemical potential of species i, J/mmol.

Membrane Properties
refers to any membrane subscript.

L4 water permeability, cm/s . mm Hg
or,, reflection coefficient of solute i
LA,a thermodynamic coefficient for solutes i and j, (mmol)2/J s

cm2
qj degree of coupling between solutes i and j, dimensionless
g,o partial conductance of solute i, (Ucm2)-'
Pif, permeability of solute i, cm/s
A#, area, cm2/cm2 epithelium.

Flows'
, refers to any membrane subscript, a to any compartment.
J.,(t) volume flow, ml/s . cm2
J.4(t) flux of solute i, mmol/s * cm2
J: metabolically driven transport of solute i
*+, energy dissipation due to flux of solute i, J/s * cm2
Gi, free energy input due to mass entry, J/s. cm2.

Geometric Parameters
a refers to cell or channel.
L(t) cell (channel) height, cm
S cell circumference, cm/cm2 epithelium (mean)
V. volume, cm3/cm2 epithelium
PE channel compliance, (mm Hg)-'
VL cell height compliance, (mm Hg)-'.

'Flows in the direction away from the lumen are positive; flows from cell
to channel are positive.

Constants
z; valence of solute i
z, impermeant species valence
pKc pK for the bicarbonate-carbonic acid pair
pKp pK for the phosphate buffer
pKB pK of cell buffer
RT product of gas constant and temperature
F faraday.

Derived Variables
CR ratio of transepithelial osmotic flux to water flow (reabsorbate

concentration), mOsM/ml
C. reference osmolality
-y osmotic coupling coefficient (CO/CR)
CM mucosal equilibrium osmolality, deviation from reference for

which reabsorbate osmolality is equal to luminal osmolality
(serosa at reference)

Cs serosal equilibrium osmolality, deviation from reference for
which reabsorbate osmolality is equal to peritubular osmolality
(mucosa at reference)

C strength of transport, maximum osmotic gradient against which
volume can be transported.

MODEL EQUATIONS

The model configuration is depicted schematically in Fig. 1
and the notation used for the model variables and parame-
ters is indicated in the Glossary. There are four compart-
ments to the system representing the luminal or mucosal
(M) solution, the peritubular or serosal (S) solution, the
intracellular compartment (I), and the lateral intercellular
space or extracellular compartment (E). Within each
compartment, a, we consider the hydrostatic pressure, pa,
the electrical potential, O., and the concentrations, Ci,,
where i = 1, ..., 7 refers to Na+, K+, Cl-, HCO-, HPOj
H2PO4, and H+, respectively. The cell also contains imper-
meant species with osmotic activity, C,, and a concentra-
tion of unprotonated buffering sites, CB.f, and protonated
buffering sites CHBUr. The volumes of the cell and channel
are designated V,, ca = 1, E. In the model calculations, the
cell and channel pressure, voltage, and ionic concentra-
tions, and the cell buffer concentrations are unknowns of
the system, thus comprising 20 variables. In the open-

LUMINAL
SOLUTION

PERITUBULAR
SOLUTION

FIGURE 1 Schematic representation of the proximal tubular cell and
lateral intercellular space (LIS). At the apical cell membrane there is
cotransport of Na+ with Cl and with H2P04, as well as Na+/
H+ countertransport. At the lateral cell membrane there is K+-Cl-
cotransport and a metabolically driven Na+/K+ exchanger.
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circuited epithelium the transepithelial potential, #6M, is an
additional variable. Otherwise all luminal and peritubular
variables are specified, as well as the epithelial pCO2.

In reference to Fig. 1, there are five membranes in the
model system, namely, the apical cell membrane (sub-
scripted MI), the basal cell membrane (IS), the lateral cell
membrane (IE), the tight junction (ME), and the channel
basement membrane (ES). Across each membrane, i,B
there is a volume flow, JV,, and for each species, i, a solute
flux J4. Thus, per unit time, the net efflux from the cellular
compartment, Qil, may be written Qi1 = Jils + JilE - jiMI,
and efflux from the channel, QiE, is QjE = JiES - JilE
JiME-
The mass conservation equations for the model may now

be formulated. Any volume loss of cell or channel (a = I,
E) must result from net volume efflux

d
-d ta=Qva ~~~~(1

- log C7, - pKB = log--
CHBUf (8)

Within both cell and channel, electroneutrality is preserved
at each moment in time. With z; the valence of species i,
this means that in the channel

7

E ZiCiE = °i-I
(9)

and in the cell
7

E ziC;I + ziC1 - CBUf = °
i-I

(10)

where z, is the valence of the osmotically active imper-
meant species. Eqs. 1-10 constitute the system of 20
equations corresponding to the 20 unknown intensive vari-
ables within the epithelial compartments. When the open-
circuited preparation is to be modeled, the condition of zero
net current is represented by equation

Similarly for the nonreacting species (i = 1, 2, 3), any
solute loss must result from net solute efflux

d
-d (Ciata) = Qia- ~(2)

The reacting species must be considered separately.
Within the cell there is conservation of total buffer

d
d [Vl(CBUf + CHBU)] = 0 (3)

For both cell and channel the loss of total phosphate must
be balanced by the efflux of total phosphate

-d [ V.(C5a + C6A)] = Q5a + Q6a- (4)

Finally, the net creation of protons within the cell must be
equal to the new buffer created within the cell in the form
of bicarbonate, basic phosphate, or impermeant base

d rd
(V1C71) + Q71 = [dt (V1C41) + Q41]
dt ~~dtd

+ d (VI51) + Q51 + d (VICBUf). (5)dt ~~~~dt

A similar equation, without impermeant buffer, applies to
the interspace.
The reacting species are assumed to be always at pH

equilibrium. This yields the additional model equations

C4a
pH. - 6.1 = -log C7a- 6.1 = log 0.03 . pC2 (6)

PHa- 6.8 = -log C7a- 6.8 = log-. (7)

For the cell, a similar type of relation is assumed to exist
for the impermeant buffer

(1 1)E Zi (JiME + JiMI) = 0-
i-I

For the mass balance Eqs. 1-5 the cell and channel
volumes are expressed as linear functions of the pressures
within each compartment. This approach is, of necessity,
empirical, but is intended to eliminate the unrealistically
large swings in intraepithelial hydrostatic pressures that
may occur in models of fixed geometry. In the gallbladder,
for example, Spring and Hope (1978) have shown that
even small increments in serosal hydrostatic pressure may
result in substantial increases in the volume of the lateral
intercellular space. As in previous gallbladder models, the
area of the channel basement membrane, AES, has been
written in the form of a compliance relation of the cell and
channel pressure difference

AES = AOE[I + VE(PE - PI) - (12)

The channel flares linearly to its widest bulge, b - AES, at
the midpoint and then tapers linearly to a fixed tight
junction area, AME. The volume of the channel is then

VE= 4(AES + 2b * AES + AME),4
(13)

where L is the height of both cell and channel, i.e.,
epithelial thickness. The cell height itself has been written
as a function of the intracellular pressure and, as in
previous models, is of the form

L = LO [1 + VL(PI - PM)]- (14)

With this type of a compliance relation (and a relatively
large VL), intracellular pressures remain small in the model
calculations reported in this work. Note that the cell height
is also the epithelial volume (cm3/cm2) so that the cell
volume is calculated as the difference of epithelial volume
and channel volume, VE.
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MEMBRANE TRANSPORT EQUATIONS

To solve the system of equations developed in the preceding
section, it remains to specify the membrane fluxes in terms
of the intensive variables. Fromter (1974), following Sauer
(1973), has presented a set of relations in a form conve-
nient for physiological problems. For a system of n solutes,
the volume flow, Jv, across a membrane is

n

J, = LpAp- LRTZo i ACi, (15)
i-I

where Ap and AC represent pressure and concentration
differences across the membrane of interest. Lp is the water
permeability of the membrane, oj is the ionic reflection
coefficient, and RT the product of the gas constant and
absolute temperature of the system. For solutes, the flux Ji,
is written as the sum of three terms, representing convec-
tive, diffusive, and metabolically driven transport

n
= (1 - j)CjJ, + E LijAtij + JaIct (16)

ji-
Here A,ij is the electrochemical potential difference of the
solute across the membrane

AAj = RTAln Cj + zjFA# (17)

and C, is a mean membrane concentration of species i

C~
Al C, (18)

The coefficient, L1j, relates the flux of species i to the
electrochemical driving force on species j. When i : j this
permits a representation of coupled solute fluxes. From
thermodynamic theory, mutual interactions (near equilib-
rium) are equal, so that Lij = Lji (Sauer, 1973).

For subsequent considerations it will be useful to relate
the coefficients of Eq. 16 to the common measures of ion
permeation, the partial conductance, and the permeability.
When ion-ion interaction is absent (Lij = 0 for i = j), a
change in voltage, A#/, will induce a change in the current
carried by species i of the amount, AI = ziFAJ, =
z'2F2L1A,&. The partial conductance, gi, is therefore

gi = z 2F2Lij, (19)

and the total electrical resistance of this membrane is just

R=|Fgi (20)

The change in solute flux in response to a small change in
solute concentration is AJi = LiiRTAln Ci = LiiRT(AC1/C1),
so that the permeability, Pi, is

LiiRT (21)
Zi(1

In the model calculations presented the coefficients, Lj,
have been taken as constant parameters. Their selection is
indicated in the following section.

For the passive transport of dilute solutions across
membranes, in the steady state, Sauer (1973) has identi-
fied the dissipation of free energy, 4), as the product of the
flows and conjugate driving forces used in Eqs. 15 and 16

n-t = J, AM-RT E- ACi + E JiAli.
i-l i-l

(22)

The energy input into the system from metabolically
driven transport is just the sum of terms

n

i-I

for each of the membranes for which JP . 0. In this
model of proximal tubule, such active transport terms
pertain only to the lateral cell membrane, and for the
sodium and potassium species. There is, however, an
additional input of free energy from mass addition to the
system. In the normal mode of transport, solutes and water
are continually added to the luminal solution and removed
from the peritubular solution. When these solutions differ,
either in ion concentration or in electrical potential, a net
transfer of free energy occurs. For the luminal solution, for
example, this energy input, GM, would be equal to the sum

7 7
GM = (JVME + JVMI)(PM - Z RTCjm) + (JiME + JiMI)AjM-

Within the cell and channel the net creation of a species
(Qi, > 0) is an additional source of free energy. Thus for
the cell, for example, the energy input, GI, is

7

C,= E i,
i-l

Note these energy calculations are valid only for the steady
state problems, in which the compartment volumes are
constant. In the model calculations presented the free
energy input from mass addition is usually a tiny fraction
of the total energy dissipation of the system. Nevertheless,
it must be included to verify conservation of energy.

For a passive membrane, that is, without metabolically
driven transport, there is an additional constraint in the
choice of the coefficients Lii. According to the second law of
thermodynamics, any choice of driving forces (AAi) must
result in a set of flows (J1) in such a manner that the energy
dissipation

n n n
4) = E Ji,Ali = E LjjAAjAi

i-I i-I j_l

is positive. In other words, the matrix L = (Lij) must not
only be symmetric, it must also be positive definite. This
poses a special problem for the selection of coefficients for
the apical cell membrane. Since in the present work this
membrane is to be a passive membrane, one must have a
means of selecting positive definite matrices. In the
remainder of this section a simple method for such parame-
ter selection is presented. It utilizes the fact that for this
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membrane all ion coupling is presumably with a single
species, i.e., Na+.
To formulate this result recall the "degree of coupling"

utilized by Essig and Caplan (1968) in their analysis of the
matrix of resistive coefficients. For ease of notation, denote
Lj = Ljj, and define the degree of coupling, qj, of species j to
Na (species 1) by

q= Llj (23)

When qj is positive a transmembrane driving force for
sodium results in cotransport of species j; conversely a
negative qj represents countertransport. Then for the
matrix, L, of the form

Lji .**. * Lln

0

0

L4-

Proposition. L is positive definite if and only if
Li >O,j= 1,... ,nand

n

q2 < 1 (24)
j-2

It is straightforward to verify that

det(L) j-)(IJ L). (25)

Then if L is positive definite Li > 0 for each i = 1, n so that
the second factor on the right is positive. Further, if L is
positive definite then det (L), the product of its eigen-
values, must also be positive. This means that the first
factor on the right is positive.
Now suppose Eq. 24 is true; consider the quadratic

form
n n

(X, LX) = LjXX + 2 7 LIjXIXj
ji- j-2

= LI[|Xl+ 2X 2EL1]j +E Xjn- L,
j

-

= Ll[X2 + 2X XX + X

+ f LJX2 X(I ) X

= LIXI + YEL ]2
j-2 )2]

+ | Lj X?2 qj Xj)]

But by the Cauchy-Schwartz inequality

(j-2 j)( 2 ) LjX2
and, using Eq. 24

(.i )j-2 j-2

Thus the difference of these terms is nonnegative and the
quadratic form is positive, as desired.
As a consequence of this proposition, the actual task of

choosing parameters for the apical cell membrane is that of
choosing the straight coefficients, Lj, and then the degrees
of coupling, qj, so that Eq. 24 is satisfied. The coefficients
Lij are then back-calculated according to Eq. 23. The
parameter selections are indicated in the following sec-
tion.

CHOICE OF PARAMETERS AND
NUMERICAL METHODS

Unless otherwise specified the parameters used in the
model calculations are those displayed in Table I. Wher-
ever possible, parameter choices have been made so as to be
concordant with experimental data from the rat proximal
tubule. Although for many of the parameters there are no
direct experimental determinations, their choice has been
dictated by the desire to achieve cellular concentrations
and potential (Table II) as well as whole epithelial fluxes
and permeabilities (Table III) compatible with the rat
proximal tubule epithelium.
The apical cell membrane area, amplified by microvilli,

has been taken equal to the lateral cell membrane area,
amplified by membrane infolding, both 45 cm2/cm2 epi-
thelium. The equality of these two membrane areas has
been demonstrated in rabbit proximal convoluted tubule
by Welling and Welling (1975) who found an amplifica-
tion factor of 20 or 36, depending on either a basal or apical
epithelial reference area. The unit membrane water per-
meability has been taken at 3.8 x 10-4ml/s . cm2OsM.
This is only slightly larger than the estimate of the water
permeability of the rabbit proximal straight tubule peritu-
bular membrane of 2.9 x 10-4mI/s * cm2 OsM by
Gonzalez et al. (1982) and within the range of unit water
permeabilities for red cell membranes (Macey, 1979). The
cell membranes have been taken to have reflection coeffi-
cients of 1.0, so that all solute species exert their full
osmotic effect. This is compatible with the data of Gon-
zalez et al. (1982) for proximal tubule and Persson and
Spring (1982) for gallbladder cells. The channel basement
membrane water permeability used is that of Welling and
Grantham (1972) for rabbit proximal tubule basement
membranes, and their finding of basement membrane
solute reflection coefficients of zero is also incorporated
into the model. The water permeability of the tight junc-
tion is, at present, unknown for any epithelium. In the
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present calculations, the water permeability of the junction
was chosen so as to be equal to the transcellular water
permeability. Solute reflection coefficients were then
selected to achieve agreement with the whole epithelial
reflection coefficients determined for the rat proximal
tubule (Table III).
The apical membrane sodium permeability is the major

determinant of the net transepithelial sodium flux. This
value was selected, therefore, so as to yield the desired flux.
Spring and Giebisch (1977) have shown that the basola-
teral sodium pump may be thought of as a high capacity
transporter that increases its activity in a linear fashion in
response to increases in the intracellular sodium concentra-
tion. An empirical pump law has been incorporated into
the model (Table I) with constants chosen to achieve an
intracellular sodium concentration comparable with that
obtained by electron probe analysis (Thurau et al., 1981).
Note that in all the model calculations it is the concentra-
tions of the ionic species that are employed. Obviously, in
the mass balance equations, the concentrations are neces-
sary to specify the compartmental solute contents, but
ionic activities should be employed in calculating the
driving forces across membranes. The activity coefficients,
relating cell ion activity to ion concentration, are, unfortu-
nately, unknown. The use of concentrations in these calcu-
lations introduces, implicitly, the assumption that activity
coefficients for each compartment are equal. The accept-
ability of this assumption has been suggested by Spring
and Kimura (1979) but cannot be considered secure
(Khuri, 1979).

Based on studies of the Na-K ATPase in red cells, nerve,
and in several epithelia, it appears that the hydrolysis of
each molecule of ATP is associated with the outward
movement of three sodium ions and the inward movement
of two potassium ions (Glynn and Karlish, 1975; Nielsen,
1979; Kirk et al., 1980). Accordingly, a metabolically
driven potassium pump has been included in the lateral cell
membrane, transporting at a rate that is two-thirds of the
active sodium flux. This creates a large, potassium influx
into the cell and poses somewhat of a problem for selecting
potassium permeabilities of the cell apical and basolateral
membranes. If one considers an intracellular potassium
concentration of 135 meq/liter (Thurau et al., 1981) and
an intracellular potential of -74 mV (Fromter et al.,
1971), or as in the present model calculations, 141 meq/
liter and -73 mV, then relative to a peritubular bath with
5 meq/liter potassium, the electrochemical driving force
for potassium out of the cell is 1.1 or 1.3 J/mmol. These are
comparable with the driving force of 1.6 J/mmol obtained
recently by Cemerikic et al. (1982) using K-selective
microelectrodes. If potassium exit back across the baso-
lateral membrane were entirely diffusive and amounted to
5 x 10-6 mmol/cm2s (half the net sodium flux), then,
using the model parameters, the thermodynamic perme-
ability coefficient for potassium would be 3.8 x 10-6
(mmol)2/J . s . cm2. Using Eq. 19, this corresponds to an

TABLE I
PARAMETER VALUES

Constants
RT - 1.9 x 104 mm Hg . cm3/mmol

- 2.5 J/mmol
F - 96.5 C/meq
pKc= 6.1
pKp = 6.8
pKB = 7.5

Dimensions and impermeant species concentrations
Apical cell membrane area

(AMI) 45 cm2/cm2 epithelium
Tight junction area (AME) 1.85 x 10-4 cm2/cm2 epithelium
Cell perimeter (S) 3.6 x 104 cm/cm2 epithelium
Cell height (L)cm L = 0.0012 [I + 0.8(P1 - PM)]
Channel basement membrane area (AES) cm2/cm2 epithelium

AES - 0.011 [I + 0.13(PE - PI)]
Channel volume (VE) cm3/cm2 epithelium

VE -
L

[AME + 20 - AEs + AES]4
Reference cell volume (V°I) 0.0012 cm3/cm2 epithelium
Reference impermeant

species concentration*
(C) 40 mOsM/liter

Reference total cell buffer
concentration* (CO.f +
CH,Bf) 60 mmol/liter

Membrane properties
channel channel cell cell
tight basement apical basolateral
junction membrane membrane membrane

Lp cm/s . mm Hg
2.0 x 10-3 2.0 x10-4 2.0 x 10-8 2.0 x 10-8

Reflection coefficient, a
Na 0.75 0.00 1.0 1.0
K 0.75 0.00 1.0 1.0
Cl 0.30 0.00 1.0 1.0

HCO3 0.90 0.00 1.0 1.0
HPO4 0.90 0.00 1.0 1.0
H2PO4 0.90 0.00 1.0 1.0
H 0.20 0.00 1.0 1.0

Thermodynamic straight coefficients Li (mmol)2/J s * cm2
Na 5.0 x 10-2 4.0 x10-3 4.0 x 10-8 2.0 x 10-9
K 2.0 x 10-3 1.0 x10-4 1.0 x 10-8 3.0 x 10-8
Cl 4.0 x 10-2 4.0 x10-3 1.8 x 10-l 1.8 x 10-8

HCO3 2.0 x 10-3 2.0 x10-3 5.0 x 10-'° 1.2 x 10-8
HPO4 1.0 x 10-4 2.0 x 10-4 8.0 x 10-" 1.0 x 10-I
H2PO4 1.0 x 10-4 2.0 x 10-4 1.0 X 10-9 4.0 x 10`0
H 1.0 x 10-3 2.0 x10-3 2.7 x 10-8 4.0 x 10-'°

Degrees of coupling
Apical membrane

q13 = 0.60 (Na-Cl)
q=6- 0.25 (Na-H2PO4)
q17 = -0.70 (Na-H)

Basolateral membrane
q23- 0.70 (K-Cl)

Sodium-potassium pump at the basolateral membrane
J,a 6.0 x 10-4 [C,,- 0.0081 mmol/s . cm2
J = -0.67 J,ac

*Actual impermeant concentrations are computed according to

C, ( Vol/V,)c C,.
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electrical resistance of 28 12cm2 indicating a pathway four
times more conductive than the total electrical conductiv-
ity of the membrane (Fromter, 1979). Exit across the
apical membrane cannot be important since the resistance
here is roughly three times that of the peritubular mem-
brane (Fromter, 1979). A particularly convenient solution
to this problem of potassium exit is the possibility of
coupled K-Cl exit across the basolateral membrane. This
will now be considered in relation to chloride transport.

Evidence suggests that in the rat proximal tubule there
is substantial transcellular chloride flux and that this
chloride enters the cell across the luminal membrane in
association with sodium. Such NaCl cotransport has been
clearly demonstrated in gastrointestinal epithelia (Frizzell
et al., 1979) and in the proximal tubule of Necturus by
Spring and Kimura (1978). In the rat there is substantial
NaCl reabsorption when the lumen contains a high chlo-
ride, bicarbonate-depleted solution (Green and Giebisch,
1975a), and two-thirds of this flux may be inhibited by the
luminal application of furosemide (Lucci and Warnock,
1979). Given these observations, luminal membrane chlo-
ride permeability and coupling coefficient to sodium have
been selected to achieve the desired reabsorptive chloride
flux. The problem of basolateral chloride exit involves
considerations similar to those for potassium. For a cellular
chloride concentration of 35 mM, a peritubular concentra-
tion of 113 mM, and a cell electrical potential of -74 mV,
there is a driving force for chloride across the basolateral
membrane of 4.1 J/mmol. To obtain a flux of 5 x 10-6
mmol/s . cm2 (half the net sodium flux) across this
membrane requires a straight permeability coefficient of
1.2 x 10-6 (mmol)2/J . s * cm2 or a partial conductance of
89 Q2cm2. As indicated above, this is comparable with the
total conductance of this membrane. However, in ion
substitution experiments no appreciable chloride conduc-
tance is found (Fromter, 1974). The existence of basola-
teral K-Cl cotransport, as has been posited for gallbladder
(Reuss, 1979; Gunter-Smith and Schultz, 1982), can
provide a mechanism for electrically silent chloride exit
and has been incorporated into this model. Chloride-
bicarbonate countertransport would appear to be energeti-
cally unfavorable for chloride exit (Table II).
The presence of a Na+/H+ countertransport system in

the apical membrane of the rat proximal tubule was
securely established by Murer et al. (1976) using a suspen-
sion of vesicles prepared from this membrane. Such coun-
tertransport has been confirmed in the rabbit proximal
tubule by the vesicle experiments of Kinsella and Aronson
(1980). In both preparations the Na+/H+ exchange is an
electroneutral process, indicating one-to-one stoichiome-
try. Note that the thermodynamic coefficients selected for
the apical membrane in this model represent an amalgam
of several parallel pathways for sodium through the mem-
brane. As such, the net coupling of sodium to proton flux
may be far from complete. In their micropuncture experi-
ments in the rat proximal tubule, Green and Giebisch

(1975b) have indicated maneuvers that can substantially
change the coupling of these fluxes. The model parameters
have been chosen so as to achieve the desired net luminal
acidification rate, a neutral cell pH (Khuri, 1979), and
substantial bicarbonate permeability of the basolateral cell
membrane (Fromter and Sato, 1976). A baseline pCO2 of
50 mm Hg has been used in accordance with the data of
Gennari et al. (1982).
The coupling of Na+ to H2PO4 at the apical cell

membrane has been suggested by Bank et al. (1974), and
has been incorporated into this model. The magnitude of
the coefficients at apical and basolateral membranes was
selected to obtain reasonable cell phosphate concentrations
and a phosphate to sodium net flux ratio comparable with
their luminal concentrations (Sutton et al., 1979). It may
be verified in Table I that for the coupled fluxes at the
apical cell membrane q3 + q2 + q7 = 0.91, so that the
proposition of the previous section guarantees that this is a
thermodynamically passive structure.

There is little guidance from the literature in the choice
of permeabilities for the components of the paracellular
pathway, tight junction and channel basement membrane.
There is, presumably, no ion-ion coupling at either of these
structures, so that the permeability selection is essentially a
choice of partial conductance for each species. The total
resistance of the tight junction is of the order of 5 Qcm2
(Fromter, 1979) and this was taken as a constraint on the
model parameters. The resistance of the channel basement
membrane was assumed to be 1 I1 cm2, which gave
reasonable agreement with the net water permeability of
the epithelium. (The effect of basement membrane solute
permeability on epithelial water permeability will be con-
sidered in the last section.)
The numerical methods used in solving the model equa-

tions were those described in detail by Stephenson (1978)
for kidney models, and used previously in the solution of
epithelial problems (Weinstein and Stephenson, 1979).
For time-dependent problems the derivatives were repre-
sented by a finite difference scheme centered in time. The
nonlinear finite difference equations were then solved
iteratively using Newton's method. The problems were
coded in FORTRAN, running under the RT- 11 operating
system, on a PDP/ 11/23 processor (Digital Equipment
Corp., Marlboro, MA) with 256 kilobytes of memory. A
single, steady state problem required -1 min of central
processing unit (CPU) time for solution.

STEADY STATE OPEN-CIRCUITED
EPITHELIUM

Table II displays the solution of the model equations for
the open-circuited epithelium bathed by equal, Ringer-like
solutions. The concentrations and potentials within each
compartment are listed in the Intensive variables section of
Table II. The open circuit potential of 1 mV is in agree-
ment with that found by Fromter and Sato (1976) and is a
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TABLE II
SOLUTION OF THE MODEL EQUATIONS FOR THE OPEN-CIRCUITED

EPITHELIUM BETWEEN EQUAL RINGER'S SOLUTION MEDIA (PCO2 = 50 mm Hg)

Intensive variables 1M

1.0

PM

0.0

CM

Na
K
Cl
HCO3
HPO4
H2PO4
pH
CBUf
CHBuf
C,
Osmolality

140.0
4.9

113.0
25.0
3.0
0.9
7.32

286.8

OE

0.21

PE

9.0

CE

142.9
4.0

114.1
25.7
3.1
0.9

mV

mm Hg

mmol/liter

7.33

290.8

MM-S ME - AS

Na
K
Cl
HCO3
HPO4
H2P04
H

0.10
0.10

-0.10
-0.10
-0.20
-0.10
0.10

0.073
-0.50
0.0035
0.051
0.042

-0.0034
-0.051

J/mmol

41
-73.4

PI

0.1

C'

23.1
140.9
38.9
25.3
13.9
4.1
7.33

25.5
38.0
42.3

288.5

Os
0.0

PS

0.0

Cs

140.0
4.9

113.0
25.0
3.0
0.9
7.32

286.8

MI - MS

-11.58
1.29
4.43
7.12

17.98
10.87
-7.12

Fluxes
JVME JVMI

14.7
JME

Na
K
Cl
HCO3
HPO4
H2PO4
H

0.74
0.24
0.42

-0.018
0.12 x 10-3

-0.41 x 10"
0.027

Current 58.1

28.3
JMI

8.95
-0.54
4.79

-0.16
-0.065
0.34

-4.18

-58.1

JVIE

ni/s. cm2
29.0
JIE

nmol/s- cm2
8.96

-0.65
4.69
3.66
0.078
0.19

-0.12
Aamp/cm2

27.3

J,ES JVis

43.6 -0.6
JES

9.70
-0.41
5.12
2.35
0.23
0.031

-1.24

JIs

0.23 x 10-2
0.11
0.10
0.085
0.18 x 10-2
0.43 x 10-2

-0.28 x 10-2

85.4 -85.4

Free energy changes at the apical and lateral cell membranes
,tMI (DIE

erg/s
Volume 1.2 1.3
Na 1,045 -1,043
K 6.4 -11.5
Cl -217 208
HCO3 11.7 259
HPO4 11.9 13.9
H2PO4 -37.0 20.4
H -302 8.6
Total 521 -544
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consequence of the negative current across the apical cell
membrane (Table II, Fluxes section). At this membrane,
the extensive coupling of sodium to anions and to proton
countertransport permits a positive inward sodium flux to
establish a net outward current. Although the water trans-
porting properties of this model will be considered in detail
in the following section, note that the model predicts that
the cell is only 1.7 mOsM/liter hypertonic and the inter-
space 4.0 mOsM/liter hypertonic to the lumen. Neither of
these values is experimentally discernible, but they are,
nevertheless, sufficient to drive the large water flow across
this epithelium.
The electrochemical potentials of the solutes with

respect to the peritubular solution are indicated in the
Intensive variables section of Table II. Within the cell, no
ion species is at its equilibrium potential. Due to active
transport at the basolateral membrane, the intracellular
sodium is in a deep potential well, and the sodium-proton
exchange at the apical cell membrane creates a potential
well for protons within the cell. Due to the uniform pCO2
within the system and the reaction equilibrium of protons
with bicarbonate, the elevation of bicarbonate above its
equilibrium potential is equal and opposite in sign to the
lowered proton potential. Similarly, the sum of proton and
basic phosphate potentials is equal to that for acid phos-
phate. Because of the coupled apical entry, the chloride
and phosphate are also above equilibrium. In the case of
potassium, the potential reflects the balance of metaboli-
cally driven input at the basolateral membrane plus the
accelerated efflux at this membrane by coupled chloride
transport. In this model the balance is a positive potassium
potential, and is in agreement with microelectrode observa-
tions (Cemerikic et al., 1982).
The free energy changes at the cell apical and lateral

membranes have also been indicated in Table II. The
energy dissipation at the tight junction, channel basement
membrane, and cell basal membrane are all small, with a
total contribution of only 23 erg/s. The major loss of free
energy in the system occurs at the cell apical membrane
with the influx of sodium across a large potential differ-
ence. Here some of this energy is recovered with the uphill
transport of chloride, phosphate and protons, all showing
negative dissipation. Of course, the total dissipation for this
membrane is positive. At the lateral membrane, the meta-
bolic energy input is 1,163 erg/s. Most of this, 1,055 erg/s,
appears as uphill sodium transport, while the remainder
derives from the potassium flux up its small potential
gradient into the cell. The figures for sodium and potas-
sium dissipation, which appear in the table, -1,043 and
-11.5 erg/s, reflect both the energy input and the back
diffusion of these ions across the lateral membrane. The
major dissipative energy losses at this membrane are
associated with the efflux of chloride and bicarbonate.

Within the first five significant figures, the energy input
from the Na-K exchanger balances the energy dissipation
from passive membrane fluxes. When the energy input

from mass entry into the system is included, 0.018 erg/s,
then energy balance is verified to within the limits of
machine accuracy (0.3 x 10-' erg/s). The total energy
expenditure, 1,163 erg/s or 0.28 x 10-4cal/s, may be
referred to the net sodium transport of 9.4 neq/s, so that
the cost of transport is 3.0 cal/meq. This figure may be
related to some of the known metabolic parameters of
proximal tubule. The changes in renal oxygen consumption
with respect to changes in sodium transport have given an
estimate of 20-30 meq of sodium transported for each
millimole of 02 utilized (Cohen and Kamm, 1981). A P/02
ratio of 6 and an energy of hydrolysis for ATP of 14
cal/mmol (Veech et al., 1979) translates into 2.8-4.2
calories available for each milliequivalent of sodium to be
absorbed. The concordance of this estimate with the
computed dissipation is reassuring, but also suggests the
requirement of efficient metabolic energy transduction by
the Na/K ATPase.

Table III shows a comparison of some epithelial permea-
bilities measured for the rat proximal tubule with those
determined for the model. The Lp for the model epithelium
was computed using the open-circuit preparation with the
addition of 1 meq/liter of an impermeant species into the
luminal solution. The ionic reflection coefficients and ionic

TABLE III
COMPARISON OF TRANSEPITHELIAL FLUXES AND
PERMEABILITIES OF RAT PROXIMAL TUBULE WITH

THOSE ACHIEVED BY THE MODEL

Rat Model

Fluxes
neq/s * cm2

Na 9.4* 9.7
Cl 5.1* 5.1
HCO3 2.65* 3.6

RTLp mI/s. cm2OsMx 0l'
43.6t 45.4

Reflection coefficient (ai)
Na 0.7§ 0.70
Cl 0.43§ 0.44
HCO3 1.0§ 0.88

Permeability (Pi) cm/s x IO
Na 24.7§ 16
K 27.1§ 24
Cl 21.2§ 29
HCO3 6.7§ 4.2

Electrical resistance QCM2
Total 511 6.7
Tight junction 6.8
Apical cell membrane 26011 196
Basolateral cell membrane 9011 77

*Values as given in the work of Windhager (1979).
::Values as given in the work of Giebisch and Windhager (1973).
§Values as given in the work of Ullrich (1973).
II Values as given in the work of Fromter (1979).

BIOPHYSICAL JOURNAL VOLUME 44 1983162



permeabilities were computed using the short-circuited
epithelial model. Here, for example, 1 meq/liter of sodium
with 1 meq/liter of an impermeant species added to the
luminal solution could be compared with the effect of
adding 1 meq of the impermeant species alone. By subtrac-
tion, this yields values for AJY/ACIM and AJI/ACiM, the
changes in volume and sodium flux with changes in the
mucosal sodium concentration. The reflection coefficient
for sodium is thus

Lp AC,M (26)

and the sodium permeability is computed by

pi = _, - (I -oI)C1 i. (27)
ACIM ACIM

Here Eq. 27 assumes that AjaCt/AClM, the change in
metabolically driven sodium transport produced by a
change in luminal sodium, is relatively small. The anala-
gous computations were done for K+, Cl-, and HCO both
for increments and decrements of 1 meq/liter; the two
permeabilities were averaged and recorded in Table III.
The electrical resistance determinations of the epithelium
and its individual membranes are the only nonsteady state
calculations of this section. For these experiments the
epithelium is resting at short circuit at t = 0, when a step
increase or decrease of 10 mV is made in the transepithelial
potential. The time-dependent system of model equations
is then solved for time increments of 2 ms, and the changes
in transmembrane currents and potentials at t = 6 ms are
used to compute the individual membrane resistances.
One of the important uses of a model, such as this, where

all the intraepithelial fluxes and concentrations are known,
is the scrutiny of the predictions of simpler representations
of epithelial function. One such formulation, used by
Fromter et al. (1973) in their elegant studies of rat
proximal tubule, is the elimination of the coupled solute
fluxes from Eq. 16

A = (1 - i)C?J" + PC . + Jact (28)RT

or

ji JF + Jd + act. (9II ~~~~~(29)
Here the solute flux is represented as a sum of convective,
diffusive, and active transport terms. If we use the con-
stants determined in Table III for the model epithelium to
analyze the open-circuit fluxes, we obtain for JF, JP, and
JPCt 1.8, 0.9, and 7.0 neq/s * cm2 in the case of sodium and
2.8, -1.3, and 3.6 neq/s * cm2 in the case of chloride. With
reference to the actual fluxes in Table II, we find that the
transjunctional fluxes, JME, and transcellular fluxes, JIE,
are 0.7 and 9.0 for sodium and 0.4 and 4.7 for chloride. It
appears, therefore, that the omission of the cross coeffi-

cients from Eq. 16 in this case has caused a substantial
underestimate of the active transport of sodium and chlo-
ride and overestimate of the passive fluxes.

WATER TRANSPORT

A program for the systematic exploration of the water
transporting properties of a model epithelium has pre-
viously been outlined and applied to transport across
nonacidifying gallbladder epithelia (Weinstein et al.,
1981). In this scheme, volume and solute transport
(mOsM/s * cm2) are viewed as functions of the mucosal
and serosal osmolality

JV = JV(JCM Cs; C0)
(30)

JS = J'S(CM, Cs; C0)-

Here C0 is a reference osmolality, and CM and Cs represent
deviations of luminal and peritubular solutions from the
reference.
The reabsorbate concentration, CR, is defined by

(31)CR(CM, CS; C0) JJ.

and is the osmolality of the solution transported by the
epithelium. When identical media bathe the tissue (CM =
Cs = 0), a useful measure of intraepithelial solute-solvent
coupling may be defined by

C0 C JV
CR(°,0; C0) JS/C0

(32)

Eq. 32 indicates that the osmotic coupling coefficient, y, is
equal to the observed volume flow in the absence of
external forces, relative to the volume flow required to
achieve tra-nsport at the reference osmolality.

In the proximal tubule, osmotic transport equilibrium is
achieved when the osmolality of the transported solution is
equal to the osmolality of the luminal contents. This
equality may be represented by

CO - CM = CR(-CM, 0; CO)- (33)

The left-hand side of Eq. 33 is the luminal osmolality, and
C*M is the deviation from reference at which transport
equilibrium has occurred. The right-hand side indicates
that the reabsorbate osmolality is to be evaluated with the
serosal solution at the reference osmolality. A known,
unaltered peritubular osmolality would be a legitimate
assumption, for example, for an isolated perfused proximal
tubule or for a microperfused segment of proximal tubule
with its relatively large capillary blood flow. At osmotic
transport equilibrium the lumen will continue to be
depleted of solutes and water, but its osmolality will remain
unaltered. An analogous osmotic transport equilibrium
may be calculated for the increment in serosal osmolality,
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which results in equality with the transported solution

CO + CS* = CR(0, CS; CO). (34)

This condition may be found in experimental maneuvers in
which the peritubular solution is small in volume and, in
fact, generated by the reabsorbate (Barfuss and Schafer,
1981). When both Cm* and Cs are small, relative to the
reference osmolality; the epithelium is said to transport
water isotonically.
The characterization of water transport must also

include the capability of the epithelium to transport water
against an adverse osmotic gradient. The gradient that just
brings water transport to a halt is termed the "strength of
transport." This is denoted by C, and is specified as the
solution to the equation

Jv(C, 0; C0) = 0. (35)

From very general considerations (Weinstein et al., 1981)
it can be shown that if an epithelium is capable of both
isotonic transport and transport against a significant
osmotic gradient, then intraepithelial coupled water trans-
port must be substantial (y z 1). This is the case, for
example, in the rabbit gallbladder epithelium or the rat
small intestine. The strength of transport for proximal
tubule, is, at present, unknown. Bomsztyk and Wright
(1982), however, have reported that in the rat proximal
tubule, microperfused with a low bicarbonate solution (10
meq/liter), an additional 30 mmol/liter of mannitol was
required in the luminal solution to nullify volume reabsorp-
tion. The interpretation of these observations is compli-
cated by the presence of several forces affecting water
movement. Water reabsorption is enhanced by the anion
asymmetry, perhaps accounting for as much as 9 mOsM/
liter, and by capillary blood protein, perhaps as much as 4

VOLUME FLOW 30
(ni/a)

-I0
0.140 0.165 0.190

LUMINAL SODIUM CONCENTRATION
Immol/Xmi)

FIGURE 2 Volume transport as a function of luminal sodium: variation
of channel basement membrane solute permeability. Each curve corre-
sponds to a set of experiments in which all the basement membrane solute
permeabilities have been scaled; 1, reference x 10; 2, reference x 5; 3,
reference x 2; 4, reference; 5, reference x 0.5; and 6, reference x 0.2.
Luminal sodium is increased by the addition of NaCl; peritubular sodium
remains at 0.140 mmol/ml. The intersection of each curve with the line
J, = 0 indicates the strength of transport for that model.

REASSORSATE
OSMOLALITY

(owm)

0 0.135 0.
LUMINAL SODIUM CONCENTRATION

Immol/mi)

FIGURE 3 Transport tonicity as a function of luminal sodium: variation
of channel basement membrane solute permeability. Each curve corre-
sponds to a set of basement membrane solute permeabilities as in Fig. 2.
Luminal sodium is decreased by the removal of NaCl; peritubular sodium
remains at 0.140 mmol/ml. Mucosal transport equilibrium occurs when
the reabsorbate osmolality is equal to the luminal osmolality.

mOsM/liter in oncotic pressure (Lewy and Windhager,
1968). It may be the case, therefore, that intraepithelial
solute-solvent coupling in the rat proximal tubule provides
a strength of transport equal to 17 mmol/liter of mannitol
(or 24 mmol/liter of NaCl). This is comparable with the
strength of transport of the model epithelium with the
reference parameter set (see below).
The parametric dependence for these features of water

transport has been completely delineated for a nonelectro-
lyte model of the lateral intercellular space (Weinstein and
Stephenson, 198 la). Isotonic transport was achieved
whenever the cell membranes and tight junction, in paral-
lel, were sufficiently water permeable, and was unin-
fluenced by channel basement membrane solute permea-
bility. The capability of uphill water transport, by contrast,
was solely determined by the degree of solute trapping
within the interspace, and predicted by the ratio of solute
transport, J., relative to channel basement membrane

1.200

REABSORBATE
OSMOLALITY

(osm)
0.600

0.287

O.000 ' 'J .
a A

I

0.140 0.145 O.N15
PERITUBULAR SODIUM CONCENTRATION

(mmol/mI)

FIGURE 4 Transport tonicity as a function of peritubular sodium:
variation of channel basement membrane solute permeability. Each curve
corresponds to a set of basement membrane solute permeabilities as in
Fig. 2. Peritubular sodium is increased by the addition of NaCl; luminal
sodium remains at 0.140 mmol/ml. Serosal transport equilibrium occurs
when the reabsorbate osmolality is equal to the peritubular osmolality.
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VOLUME FLOW
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FIGURE 5 Volume transport as a function of luminal sodium: variation
of mucosal water permeability. Each curve corresponds to a set of
experiments in which the water permeabilities of the tight junction, apical
cell membrane and lateral cell membrane have been scaled; 1, reference
x 0.05; 2, reference x 0.1; 3, reference x 0.2; 4, reference x 0.5; 5,
reference; and 6, reference x 2. Luminal sodium is increased by the
addition of NaCl; peritubular sodium remains at 0.140 mmol/ml. The
intersection of each curve with the line J, = 0 indicates the strength of
transport for that model.

solute permeability. The epithelial water permeability, Lp,
was found to depend on both parameters, cell membrane
water permeability and interspace outlet resistance. When-
ever the epithelium was capable of significant uphill water
transport, the measured Lp was shown to be an underesti-
mate of the cell membrane water permeability.

Figs. 2-7 and Table IV summarize the results of a series
of osmotic experiments using the proximal tubule model.
Fig. 2 displays the effect on transepithelial volume flow in
six series of steady state experiments in which the luminal
NaCl concentration was increased. Each curve corre-
sponds to a different set of values of channel basement
membrane solute permeabilities, in which all the thermo-
dynamic coefficients for this membrane were multiplied by
a common factor. The reference values are those given in
Table I, and the experiments span a 50-fold range of

2.000
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FIGURE 6 Transport tonicity as a function of luminal sodium: variation
of mucosal water permeability. Each curve corresponds to a set of water
permeabilities as in Fig. 5. Luminal sodium is decreased by removal of
NaCl; peritubular sodium remains at 0.140 mmol/ml. Mucosal transport
equilibrium occurs when the reabsorbate osmolality is equal to the
luminal osmolality.
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0.14 0.16 >0.16
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FIGURE 7 Transport tonicity as a function of peritubular sodium:
variation of mucosal water permeability. Each curve corresponds to a set
ofwater permeabilities as in Fig. 5. Peritubular sodium is increased by the
addition of NaCI; luminal sodium remains at 0.140 mmol/ml. Serosal
transport equilibrium occurs when the reabsorbate osmolality is equal to
the peritubular osmolality.

permeabilities. For each of the experiments, as the luminal
salt concentration is increased, the net volume flow
decreases. The intersection of each curve with the line, Jv =
0, gives the strength of transport, C, for that model, and
these are indicated in the upper section of Table IV. As the
solute permeability of the channel outlet decreases, the
strength of transport increases. The y-intercept of each
curve corresponds to the volume flow when the bathing
media are identical, and thus, indicates the degree of
solute-solvent coupling for each model. As is apparent from
Fig. 2 and Table IV, intraepithelial coupling is enhanced
by decreased basement membrane permeability. Finally,
when these experiments are repeated using an impermeant
species the slope of each curve is just the osmotic water
permeability of the epithelium. Table IV lists the values of
RTLp determined at the point of identical bathing media

TABLE IV
EPITHELIAL WATER PERMEABILITY, EQUILIBRIUM
OSMOLALITIES, STRENGTH OF TRANSPORT, AND
INTRAEPITHELIAL SOLUTE-SOLVENT COUPLING.
VARIATION OF CHANNEL BASEMENT MEMBRANE
SOLUTE PERMEABILITY AND MUCOSAL WATER

PERMEABILITY

RTLP CM CS e y

Ai/s- cm2. OsM mOsM/liter
PES x 1/5 2.8 9.6 12.1 77.2 0.84

x 1/2 3.7 8.3 9.4 40.0 0.75
Reference 4.6 7.4 8.0 23.2 0.66

x 2 5.7 6.8 7.1 12.9 0.53
x 5 7.0 6.4 6.5 5.7 0.36
x10 7.7 6.2 6.3 3.0 0.24

LpM X 1/20 0.7 47.0 58.0 18.0 0.15
x1/10 1.1 34.4 39.8 20.0 0.25
x 1/5 1.9 22.8 25.3 21.3 0.37
x 1/2 3.2 12.0 13.0 22.4 0.54

Reference 4.6 7.4 8.0 23.1 0.66
x2 6.3 4.9 5.2 24.2 0.74
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and shows the increasing epithelial water permeability
brought about by increasing basement membrane solute
permeability. When a transepithelial osmotic gradient is
imposed, the accumulation of solute within the interspace
will tend to oppose this gradient and impede water flow.
With larger basement membrane solute permeability, such
intraepithelial solute accumulation is diminished.

Fig. 3 shows the effect on reabsorbate osmolality of
small decrements in the mucosal NaCl concentration and
Fig. 4 shows the effect of small increments in peritubular
NaCl. In each figure, net solute flux is computed as twice
the sum of sodium and potassium fluxes. Both figures
include six curves corresponding to the basement mem-
brane solute permeabilities considered in Fig. 2. For the
highest solute permeability the intraepithelial coupling is
lowest and the reabsorbate osmolality for identical bathing
media exceeds 1 M. Nevertheless, in each figure, the six
curves nearly have a common point of intersection, and the
attainment of osmotic transport equilibrium is little
influenced by the channel basement membrane solute
permeability. Table IV indicates the values of the transport
equilibria, CM and Cs*, for each parameter set. For the
reference parameter set, luminal transport equilibrium is
achieved at an osmotic deviation of 7.4 mOsM/liter, or a
decrease in luminal sodium of 3.7 meq/liter. This 2.6%
decrease from reference could well have escaped experi-
mental detection, although recently Green and Giebisch
(1982) have reported small degrees of luminal hypotonicity
in perfused rat proximal tubules.

Between the luman and the lateral intercellular space,
water may cross either the tight junction or the apical and
lateral cell membranes in series. In Figs. 5-7, the water
permeabilities of these "mucosal membranes" have been
varied together over a 40-fold range to assess the effect on
net water transport. Fig. 5 contains a series of experiments
similar to Fig. 2, in which increments in luminal NaCl
concentration retard water reabsorption. The figure dem-
onstrates that the strength of transport is little affected by
the mucosal water permeability, although examination of
the y-intercepts (and reference to Table IV) shows that
intraepithelial solute-solvent coupling is enhanced by
greater cell membrane water permeability. Similarly, as
would be anticipated, whole epithelial, LP, is increased with
greater cell membrane water permeability. Note, however,
that the increase in mucosal water permeability by a factor
of 40 results in only a ninefold increase in LP. This reflects
the greater influence of solute-solvent coupling within the
interspace at the higher cell water permeabilities. Figs. 6
and 7 show the substantial impact of the membrane water
permeabilities on the reabsorbate osmolality and the
attainment of osmotic transport equilibra. With reference
to Table IV, only permeabilities at least as great as in the
reference parameter set may be said to be compatible with
isotonic transport.
The foregoing discussion has emphasized the similarity

of the proximal tubule model to the gallbladder models by

focusing on the dynamics of intraepithelial solute-solvent
coupling in the lateral intercellular space and the role of
external osmotic forces in water transport. For the proxi-
mal tubule, transporting in vivo, an additional force for
water reabsorption has been recognized in the anion asym-
metry generated by luminal acidification (Barratt et al.,
1974; Schafer et al., 1975). In the rat proximal tubule,
proton secretion typically results in luminal bicarbonate
concentrations of from 5-10 meq/liter by the midportion
of the tubule (Fromter, 1975). This creates a bicarbonate
gradient from peritubular capillary to lumen with an
oppositely directed chloride gradient. Because the tubule
chloride permeability is greater than that for bicarbonate,
the net result is a positive luminal electrical potential, and
with it, an enhanced driving force for passive sodium
reabsorption. Further, the greater reflection coefficient for
bicarbonate results in a significant transepithelial force for
water reabsorption. These mechanisms may be demon-
strated in this model of rat proximal tubule.

Figs. 8-10 and Table V display the results of a series of
steady state experiments in which the luminal solution has
been progressively acidified by the addition of HCI. This
titrates both bicarbonate and phosphate buffer and the
bicarbonate concentration has been indicated on the abcis-
sa. The pCO2 has been kept at 50 mm Hg and all
parameters remain at their reference values (Table I). Fig.
8 shows that for a decrease of bicarbonate concentration
from 25 meq/liter to 5 meq/liter there is a progressive
increase in luminal electrical potential, sodium reabsorp-
tion, and volume flow. Below 5 meq/liter bicarbonate,
volume flow increases only slightly and the sodium flux
and potential actually decline. This decrease in electrical
potential with the most acid luminal solutions reflects an
enhanced bicarbonate entry as well as backflux of protons
across the tight junction. Fig. 9 contains graphs of the
luminal pH and luminal acid flux during these experimen-
ts. The curve of net acid entry reflects the balance of proton
secretion, proton back-diffusion, and passive bicarbonate

VOLTAGE 2
(mvolt)

15

SODIUM FLUX 12
(nmol/s)

12

9F
100

VOLUME FLOW TO I
(ni/si 7

40
0.0 12.5 25.0

LUMINAL BICARBONATE
CONCENTRATION (mmol/L)

FIGURE 8 Variation of luminal bicarbonate concentration with constant
PCO2 (50 mm Hg): Effect on transepithelial potential difference, sodium
flux and volume flow. Luminal bicarbonate concentration has been
decreased by titration with HCI; peritubular solutes are at their reference
concentrations.
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FIGURE 9 Variation of luminal bicarbonate concentration with constant
pCO2 (50 mm Hg): effect on luminal acidification. These are the same
experiments indicated in Fig. 8. The graph of proton secretion indicates
net proton flux across the cell apical membrane. "Net acid entry"
includes proton secretion, proton backflux across the tight junction, and
diffusion of bicarbonate into the lumen.

diffusion into the lumen. Thus, although proton secretion
by the apical Na+/H+ exchanger continues down to a
luminal pH of 6.0, net acid entry ceases at a luminal
bicarbonate concentration of 5 meq/liter and a pH of 6.6.

Fig. 10 addresses the effect of luminal acidification on
the energetic cost of sodium reabsorption. Between luminal
bicarbonate concentrations of 25 meq/liter and 5 meq/
liter there is a rise in the net transepithelial sodium flux
that is completely attributable to an increase in the passive
flux across the tight junction. There is, in fact, a slight
decline in the sodium flux across the cell apical membrane
due to decreased sodium/proton exchange. Since sodium
flux across the apical cell membrane is down a large energy
hill, any reduction in this flux will result in decreased
energy dissipation for the system (bottom panel). Thus,
when the bicarbonate has reached 5 meq/liter, there has
been a small decline (6.5%) in the absolute dissipation
(Table V). Of more significance, however, is the fact that
the transcellular fraction of sodium reabsorption has fallen
substantially (from -90% to 60%) so that the relative cost,
in terms of calories per milliequivalent, has similarly fallen.
Below 5 meq/liter bicarbonate there is a sharp rise in the
total energy dissipation, and this reflects increased dissipa-
tion at the tight junction due to bicarbonate and proton
diffusion.

It is worth reporting that the experiments of Figs. 8-10
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FIGURE 10 Variation of luminal bicarbonate concentration with con-
stant pCO2 (50 mm Hg): effect on sodium flux and energy dissipation.
These are the same experiments as indicated in Fig. 8. Middle, the
fraction of transepithelial sodium flux that traverses the apical cell
membrane. Bottom, total energy dissipation of the system.

have been repeated with the ambient pCO2 at 20 and 80
mm Hg. The resulting curves for net transport were
virtually superimposable with the figures presented. Chan
et al. (1982) have shown, however, that in the perfused rat
proximal tubule, luminal acidification is increased with
elevation of the ambient pCO2. The results of these calcu-
lations suggest therefore that the observed increase in
acidification may be due to an effect of CO2 that has not
been reckoned with in this model. Such an effect could be
the incorporation of new apical membrane (with additional
sodium-proton exchangers) as seen in turtle urinary blad-
der (Gluck et al., 1982). More likely, it may be a nonlinear
enhancement of apical membrane Na+/H+ exchange,
which has been reported with cytosolic acidification (Aron-
son et al., 1982).

This model may also be used to elucidate the changes
within the proximal tubule cell in response to luminal
acidification, as they occur over time. This is illustrated in
Fig. 11 in which the transient responses of several variables
have been plotted following an abrupt decrease in luminal
bicarbonate from 25 meq/liter to 5 meq/liter (pH 7.32 to
6.62). Note that each panel shows a control, steady state
value, followed by a logarithmic time scale permitting
display of events from 0.1 to 100 s after the step change in
luminal solution. Immediately after the luminal acidifica-
tion there is net acid entry into the cell across the apical

TABLE V
EFFECT OF LUMINAL ACIDIFICATION ON OPEN CIRCUIT POTENTIAL, NET TRANSPORT, AND ENERGY

DISSIPATION

CM(HCO3) AM JNa JV JH

mmol/liter mV neqls- cm2 nl/s. cm2 neq/s- cm2 erg/s cm2
25 1.0 9.7 43.6 -3.5 1,163
15 2.3 12.0 65.8 -2.5 1,108
5 3.0 13.4 85.3 -0.1 1,087
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FIGURE 11 Transient response following luminal acidification: apical
membrane fluxes, cell ion concentrations, and potential. At t = 0 the
luminal solution is replaced by one that has been titrated to a bicarbonate
concentration of 5 meq/liter (at pCO2 = 50 mm Hg). The abcissa for all
six graphs indicates a steady state control period, C, when bathing media
are equal, and then the experimental time period from 0.1 to 100 s on a
logarithmic scale.

membrane and an abrupt fall in sodium reabsorption.
Within the first 10 s the cell has been acidified to a pH of
6.92. At this point, acid secretion has resumed and sodium
reabsorption has returned to nearly normal. With the
transient fall in apical sodium entry, there is a decrease in
cell sodium concentration that is partially restored in the
time period following the initial 10 s. In the first few
seconds, the early loss in cell volume causes a slight rise in
the cell potassium concentration. However, with time, the
decreased cell sodium results in decreased basolateral
potassium uptake that yields a lower steady state cell
potassium concentration. Finally, note that examination of
the cell potential after the first 10 s of the experiment
would lead one to posit an electroneutral Na+/H+
exchange process at the apical cell membrane. The early
time course, however, reveals a substantial depolarization
of the cell by the apical membrane proton gradient.

CONCLUSION

A model of the proximal tubule epithelium of the rat has
been formulated in which both the sodium transporting
and proton secretory properties of the tubule have been
represented. Although this is the first mathematical model
to achieve this degree of comprehensiveness, it is, in a
sense, the minimal model that can be used to study the
important forces that drive luminal solute and water
reabsorption. For each of the component membranes of the
epithelium, the mass transport equations have been cast
according to the formalism of linear nonequilibrium ther-
modynamics. This has been especially important for the
representation of coupled ion fluxes across the luminal
membrane of the proximal tubule cell, where the multiplic-
ity of ions coupled to sodium permits an inadvertent
introduction of an energy source into the model. The
analysis of the matrix of thermodynamic permeability
coefficients eliminates this danger, and a simple criterion

for a passive membrane has been indicated. Indeed, one
result of this investigation is that a plausible model of
proximal tubule may be elaborated, whose only energy
input is the Na+/K+ ATPase at the lateral cell mem-
brane.

With the appropriate choice of parameters, the steady
state solution of the model equations shows intracellular
concentrations and transepithelial fluxes and permeabili-
ties compatible with the rat proximal tubule. Of interest,
the calculated energy dissipation for this model epithelium
is consistent with the energy available for transport from
the hydrolysis of ATP. In addition, the presence of intra-
epithelial ion-ion coupling may provide a significant source
of error in assigning the active components to the individ-
ual ion fluxes, unless this coupling is specifically accounted
for in the data analysis.
With the present parameter set, about two-thirds of the

observed water transport can be accounted for by intraepi-
thelial solute-solvent coupling, i.e., solute transport into a
slightly hypertonic lateral intercellular space. The remain-
ing water flow must be driven by transepithelial driving
forces, either luminal hypotonicity and/or anion asymme-
try (which together account for -8 mOsM/liter). In the
presence of low luminal bicarbonate, there is, in addition to
increased water flow, enhanced reabsorption of sodium
across the tight junction. The calculation of the energy
dissipation in this case shows a decreased energetic cost for
sodium reabsorption and suggests a selective advantage for
the presence of a paracellular shunt pathway.

In view of the continuing advancement of microelec-
trode technology, as well as the study of isolated membrane
preparations, this can be considered, at best, a tentative
model of the rat proximal tubule epithelium. Nevertheless,
although the parameter set may require frequent revision,
the underlying mathematical structure of the model should
be more durable. This type of model provides a useful, if
not necessary, means of integrating a wide variety of
experimental observations.
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