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Summary. To explain how hydrostatic pressure differences between tubule lumen and
interstitium modulate isotonic reabsorption rates, we developed a model of NaCl and water
flow through paracellular pathways of the proximal tubule. Structural elements of the model
are a tight junction membrane, an intercellular channel whose walls transport NaCl actively
at a constant rate, and a basement membrane. Equations of change were derived for the
channel, boundary conditions were formulated from irreversible thermodynamics, and a
pressure-area relationship typical of thin-walled tubing was assumed. The boundary value
problem was solved numerically. The principal conclusions are: 1) channel NaCl con-
centration must remain within a few mOsm of isotonic values for reabsorption rates to
be modulated by transtubular pressure differences known to affect this system; 2) basement
membrane and channel wall parameters determine reabsorbate tonicity; tight juction pa-
rameters affect the sensitivity of reabsorption to transmural pressure; 3) channel NaCl con-
centration varies inversely with transmural pressure difference; this concentration variation
controls NaCl diffusion through the tight junction; 4) modulation of NaCl diffusion through
the tight junction controls the rate of isotonic reabsorption; modulation of water flow
can increase sensitivity to transmural pressure; 5) no pressure-induced change in permeability
of the tight junction or basement membrane is needed for pressure to modulate reabsorption;
and 6) system performance is indifferent to the distribution of active transport sites, to
the numerical value of the compliance function, and to the relationship between lumen
and cell pressures.

Glossary of Symbols

channel cross-section area, cm?

maximum channel cross-section area, cm?

volume flow rate, dimensionless

NaCl concentration gradient, (mOsm ¢cm™ %) x 10~ 3

NaCl concentration gradient, dimensionless

NaCl concentration, (mOsm cm™ 3) x 1073

arithmetic mean NaCl concentration (mOsm cm™ %) x 1073
NaCl concentration, dimensionless

channel NaCl diffusion coefficient, cm? sec™*

emergent osmolality, (mOsm cm™3) x 1073
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channel wall hydraulic permeability, dimensionless

NaCl active transport rate, dimensionless

basement membrane hydraulic permeability, dimensionless

tight junction hydraulic permeability, dimensionless

basement membrane NaCl permeability, dimensionless

tight junction NaCl permeability, dimensionless

NaCl reflection coefficient, tight junction, dimensionless

NaCl reflection coefficient, basement membrane, dimensionless

hydraulic permeability, cm sec™ * mm Hg™ ! or NaCl permeability, cm sec™
distance, dimensionless

NaCl active transport rate, mOsm cm™
compliance parameter, mm Hg™ !
hydrostatic pressure, mm Hg

cell hydrostatic pressure, mm Hg
osmotic pressure, mm Hg
volume flow rate, cm? sec™ :
universal gas constant, mm Hg 7~ ' mol ™!
AJA .« dimensionless

channel circumference, cm

NaCl reflection coefficient

absolute temperature, °K

hydrostatic pressure, dimensionless
channel length, cm

distance, cm

pump distribution, dimensionless

1

2 1

sec”

1

MR NS LY S TS e e

Subscripts

B basement membrane
BS  basement membrane, NaCl
IS interstitial space
lumen
0 isotonic
T tight junction
TS  tight junction, NaCl

Isotonic fluid reabsorption by the renal proximal tubule is powered
by active transport of NaCl, but the rate of fluid reabsorption is known
to vary with the levels of hydrostatic and colloid osmotic pressure in
the plasma of blood perfusing peritubular capillaries [4, 5, 6, 8, 12, 24,
27, 29]. When changes in these préssures increase the movement of fluid
from interstitial space to capillary lumen, the rate of fluid reabsorption
by the tubule increases; pressure changes in the opposite direction inhibit
tubular fluid reabsorption. Because this modulation of reabsorptive rate
involves no obvious chemical signalling, there is considerable interest
in providing a mechanism that does not require selective control of the
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rate of active transport. Attention hds therefore focussed on whether
the passive elements of the system are responsible for the modulation
of reabsorption.

A change in the rate of fluid removal by the capillaries will change
interstitial hydrostatic pressure, and with it, the transtubular hydrostatic
pressure difference. The region of the tubule wall most likely to respond
to changes of transtubular hydrostatic pressure is the complex formed
by the tight junction and the lateral intercellular channel. The intercellular
channel was first suggested as the route of fluid reabsorption in the gall-
bladder [18, 32]. Tormey and Diamond [32] concluded that the narrow
confines of these channels provide a restricted space in which osmotic
equilibration could proceed to isotonicity before the reabsorbed fluid
entered the interstitial space. Diamond and Bossert [10] showed by means
of a mathematical model that this pathway was capable, at least in princi-
ple, of generating an isotonic absorbate. But hydrostatic pressure is not
a variable in Diamond and Bossert’s model, so that modulation of reab-
sorptive rate by hydrostatic pressure cannot be predicted unless the model
is modified.

More recent studies [3, 9, 12-15, 17, 27, 32] have brought to light
the fact that the tight junction provides a relatively low resistance shunt
pathway for the movement of ions between the lumen and the intercellular
channel. The question has naturally arisen whether the flow of NaCl,
of water, or of both, across the tight junction might be responsive to
the transtubular hydrostatic pressure difference. The results of several
studies imply rather strongly that reduction of the transtubular hydrostatic
pressure difference leads to dilatation of the intercellular channels [3,
11,17, 27, 30]. Although it is easy to understand how this pressure differ-
ence might affect the extent of dilatation of the channels, it is less clear
how flow processes at the tight junction might be influenced.

We have formulated a mathematical model of the tight junction-lateral
intercellular channel complex. Our broad goal is to achieve some qualita-
tive understanding of the interactions between tight junction transport
processes and the formation of an isotonic reabsorbate, and the depend-
ence of these processes on the transmural hydrostatic pressure. We under-
took this effort despite the lack of sufficient data to yield a unique solution,
and despite the lack of techniques for measuring NaCl concentration
or volume flow rate in the small confines of the channel that could test
the model, because the boundary value problem is so nonlinear that it
defies intuitive understanding. The results suggest some constraints- on
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the operation of the system that have not emerged from the simpler model
of Diamond and Bossert [10].

Derivation of Equations

The derivation of the differential equations follows the lines used by
Diamond and Bossert [10], except that we introduce the channel pressure
asanew dependent variable (or free parameter) of the system. We consider
the channel to be a cylinder of length X, having a constant circumference S,
and having a uniform cross-sectional area A over its length, as shown
in Fig. 1. The channel is assumed to be compliant with a maximum area
A..... Located along the walls are pumps which move solute from the cell
interior into the channel. The walls are otherwise impermeable to solute.

Some measurements suggest that the Na™ and Cl~ permeabilities of
the peritubular membrane are small but not zero [36]; by extension, the

LUMEN

TIGHT JUNCTION,

BASEMENT MEMBRANE

INTERSTITIAL SPACE

LUMEN EQUIVALENT TIGHT JUNCTION MEMBRANE:
PRESSURE = P HYDRAULIC PERMEABILITY =L¢
CONC.=2Co., . SOLUTE PERMEABILITY = Lys

REFLECTION COEFFICIENT =0
. «DA
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INTERSTITIUM: EQUIVALENT BASEMENT MEMBRANE:
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CONC.=2Cy SOLUTE PERMEABILITY = Lgg
PROTEIN CONC.=Cp REFLECTION COEFFICIENT = og

Fig. 1. Diagram of a section of proximal tubule wall, and the idealized channel as it is
used in the model



Pressure-Modulated Reabsorption 309

channel walls might also be permeable. The experiments on which these
conclusions are based were designed under the assumption that all ionic
fluxes crossed the epithelial cells. But the paracellular pathway was also
available to the tracers used, and so the values of peritubular membrane
permeability are probably overestimates. For the purposes of this model,
we simply assume that passive NaCl flow through the channel wall is
negligibly small in comparison to other processes contributing to mass
balance, but not necessarily zero.

Consider a short segment of the channel between x and x+A4x; if
g(x) is the volume flow rate at x, then the difference between g(x+ 4 x)
and ¢(x) is the rate of fluid flow through the wall. This flow is proportional
to the wall area (S4 x), thé unit hydraulic permeability (L), and the total
transmural hydrostatic and osmotic pressure difference across the channel
wall. The channel hydrostatic pressure is p, and the cell pressure is p;
the osmotic pressure of the channel fluid is IT(x). We assume the cell
interior to be isotonic, therefore we denote its osmotic pressure as I7,.
Standard analytic techniques yield the differential equation

2 SLp~p)+ ()~ L)],  0SxSX. 1)

The osmotic pressure is given by
I(x)=RT C(x), (2)

where C(x) is the osmolar concentration of solute in the channel at x.

Solute moves into the channel segment between x and x+ 4 x axially
by diffusion and convection, and radially by active transport. The differen-
tial equation describing this process is second order; for convenience,
we write it as two first-order equations,

“dc

€y o B
db 1
e ab D ) (19— 1 NG, (@

dx AD AD AD

Here A is the channel cross-sectional area, D is the diffusion coefficient
of NaCl, and N(x) is the active pumping rate at x. The cross-sectional
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area A we express as a fraction of the maximum cross-sectional area,

A = rAmax' (5)

where 0<r< 1.

We assume that the ends of the channel are covered by uniform mem-
branes. The boundary conditions are formulated using the equations of
irreversible thermodynamics derived by Kedem and Katchalsky for homo-
geneous membranes [19]. We assume that each end process can be treated
as a homogeneous membrane having a permeability equivalent to that
of the actual end membrane. One important consideration in deriving
the boundary conditions is the behavior of the end membrane geometry
as the channel area changes. Micrographic data yield little insight, so
we tested two conditions at each end. First, we assumed that the area
of the actual end opening remains constant for all channel areas; second,
we assumed that the end opening area remain a constant fraction of
the channel area. These two views would appear to encompass all other
relationships between membrane and channel area. We incorporate these
conditions through a m'odiﬁcation of the equivalent membrane permeabili-
ties by the area ratio r.

For the tight junction, with constant area, the equation for fluid flow is

4(0)=L;[(p, ~p)+o(TO)— )], (6)

while if the area varies in proportion to the channel area, the equation
is '
q(0)=L;r[(p,—p)+o(10)—1I,)]. (7

In these equations, p; and p are the hydrostatic pressures in the lumen
and channel, respectively, and I1, and II(0) the osmotic pressures on
the luminal and channel sides, respectlvely, of the equivalent tight junction
membrane. The reflection coefficient for NaCl is denoted by ¢. The hy-
draulic permeablhty LT is the area-adjusted permeability of the membrane
with units cm® sec™ ! mm Hg ™ *.

For solute flow across the tight junction when the area is constant
the conservation equation is

4(0) C(0)— AD b(0)=(0) C1(1 =)+ Lpg[C,—CO;  (8)
if the area is proportional to the channel area, the relation becomes

q(0) C(O)—Ab b(0)=¢(0) Cr(1—0)+Ly5r[C,— C(0)]. ©
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Here C, is an average concentration in the tight junction channel. Since
the concentrations on both sides of the membrane are very close, we
use the arithmetic mean of these two concentrations. As with the hydraulic
permeability, the solute permeability L is the area-adjusted permeability
with units cm?® sec™ ! ‘ _

At the basement membrane, we form similar conditions. For mass
flow, when the area is constant, we write '

q(X)=Lgl(p—p;s)+ ol s — (X))], (10)

and when the area is variable,

q(X)=Lgr[(p—p;s)=05(I1;s— IH(X))]. (11)

The terms p;g and I1,;4 are the hydrostatic and osmotic pressures, respec-
tively, in the interstitial space. The NaCl reflection coefﬁcient of the base-
ment membrane is .

For solute flow across the basement membrane with constant area,
we write

q(X) C(X)—AD b(X)=q(X) Cx(l —0p) + Lys[C(X)—Cy5].  (12)
For variable area, the relation is
4(X) C(X)—AD b(X)=q(X) Cx(1—0,)+ Lgsgr[C(X)—C;5].  (13)

Here, as in the equation for tight junction solute flow, we use the arithmetic
mean of the concentrations on both sides of the membrane to approxi-
mate Cp. For the first studies in this paper, we shall assume that both
the tight junction and the basement membrane area are constant. In a
later section, we shall show how the results are affected by our ch01ce
of the membrane geometries.

The formulation we have used assumes that NaCl moves as a single
solute, rather than as dissociated Na™ and C1™ ions. When the only solute
is a uniunivalent salt, the summation of the forces acting on the ion
pair leads to cancellation of the electrical terms, because the valences
are of equal magnitude but opposite sign. This summation is required
to satisfy macroscopic charge neutrality. When the presence of other ions
is taken into account, the formulation of the boundary conditions and
of Egs. (3) and (4) will have to include electrical terms.
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Egs. (1), (3) and (4) are the differential equations of the model, and
the boundary conditions are given by Egs. (6), (8), (10) and (12). Since
there are only three equations, but four boundary conditions, we require
one additional degree of freedom. We obtain this by allowing the channel
pressure p to be a free parameter.

In all cases, we assume that the NaCl .osmolar concentrations of the
lumen, cell interior, and interstitium are isotonic (300 milliosmolar).
Thus, C; and C,g are each replaced by C,.

In order to simplify the study, we introduce certain dimensionless
variables. Define a new distance variable A as

J=x/X. | a9

Next, define a dimensionless flow variable as

q(%)
=7 15
) ISLX 13
The new dimensionless concenfration variable is
Cch)—C,
= (16

o

v(4) is an excess concentration over isotonicity. Finally, define a dimen-
sionless concentration gradient as

)= b, 17

4]

The hydrostatic pressures are normalized by dividing by IT,. Thus, the
channel pressure becomes

; | (18)

the interstitial pressure becomes
D, s=prs/11,, (19)

the lumen pressure is
¢L=pL/H07 (20)
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the cell pressure is

&=p/I1,. | (21)

We also introduce a number of dimensionless constants, defined as

k, =II (SLX) / AmsxD ’(22)
A_ D » |
w=(2)/ (5" ), 2
ky=Lg/(SLX), (24)
= Lp/(SLX), (25)
A_ D
ks= Ly / ( “;( ) (26)
A D
k6=LTS/( ";{ ) | Q27
k,=0, (28)
ky=ay, ‘ (29)
r= A/Amax‘ . X (30)

All of the physical parameters in Eqgs. (22)—(30) have been defined
except for Ny. In Eq. (23), N, is the total rate of solute pumping into
the channel, measured in milliosmoles per second. For the results to be
described, we used a uniform pump distribution over the length of the
channel. In a later section, we shall discuss the effects on the solution
of other distributions.

Segel [28], who worked with the Diamond-Bossert model [10], showed
that there exist a number of equally valid normalization procedures that
can be used to convert equations of change for intercellular channels
to dimensionless form. Our normalization procedure differs from Segel’s
in four respects. First, Segel scaled the length variable to the fraction
of the channel length over which the pumps were localized; we used
the length of the entire channel because we were primarily interested
in simulating transport over the whole length of the channel. Second,
Segel scaled the concentration variable to isotonic concentration ; we scaled
a concentration difference variable to isotonicity, because of the small
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differences our preliminary simulations led us to anticipate. Third, we
scaled hydrostatic pressures to the osmotic pressure of isotonic fluids;
Segel did not consider the effects of pressure. Fourth, we scaled end
membrane permeabilities to channel solute conductance or channel wall
fluid conductance; Segel did not consider end membrane processes.

In terms of these dimensionless variables and parameters, the system
equations are

do
=) +(B- ), , 6
dy
=), | (32)
_ k
%=% {a(d) pA+[1+9(A)] YD+ (@ - D)1} —;Z—Z(i), (33)
where »
z(A)=1, 0Z4AL1, (34)

with boundary conditions

(0) = e, [&, — D +k,7(0)], 65)
520 [k 404k T - p0= =250, 36
a(1)=k, [r_zs—qﬁ,s—ksyu)], | (37)
Bay 1y +a+k>y;)] B)="2501). (38)

(In Eq. (36), z(4) is the pump distribution function normalized to Ny=1.)

One other quantity of interest is the osmolality of the emergent fluid.
This is the ratio of the rate of solute flow to the rate of fluid flow across
the basement membrane. The solute flow is given by the right-hand side
of Eq. (12), and the water flow is g(x). Letting E represent the emergent
osmolality, we write

qoo[gg%ﬁfi]u—aa+Lm[cm3—ch

E= ™ : (39)
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Fig. 2. Channel compliance curves as used in the model, showing a soft function and a
stiff function

Substituting for ¢(X) and C(X) from Egs. (10), (15) and (16), and using
the expressions for the dimensionless parameters k5 and ks from Eqgs. (24)
and (26), this reduces to

ksy(1) k ] (40)

(D)

E=6, [(1 " 2 ) (1=ke)t kiky(®—Ppg—kgy(1)

In order to determine how the flow responds to pressure changes
across the epithelium, we require a relation between channel pressure
and channel cross-section area. We consider the channels to be thin-walled
tubes. As such, the compliance function would be expected to have a
characteristic sigmoidal shape, which can be approximated by a hyperbolic
tangent function. If we let r be the ratio of channel area to the maximum
channel area, then typical compliance curves, as shown in Fig. 2, have
the equation

1

F=W, . (41)
where (p—p) is the pressure difference between channel and cell, and
¢ is a constant. The value of this constant determines the stiffness of
the system. If £ is large, then the system is very soft, that is, the area
changes rapidly in response to small pressure changes, then the channel
pressure is near the cell pressure. For our basic parameter set, we chose
a fairly stiff function, where & was 0.083. With this value, a pressure
difference of 26.5 mm Hg is required to change the cross-sectional area
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from 0.5 to 0.9 of the maximum. Further discussion of the sensitivity
of the system to our choice of ¢ will be given in a later section.

Numerical Results

The boundary value problem of Egs. (31)~(38) was solved numerically
via quasilinearization [2]. The integration was carried out using a fourth
order Adams-Moulton predictor-corrector method with a step size of
0.01 in 4. All calculations were performed by an IBM 370/158 digital
computer. Convergence was obtained when a solution was within 0.1 per-
cent of the solution from the previous iteration.

Our first estimates of the values of the dimensionless parameters were
made by estimating minimum and maximum values of the physical param-
eters that comprise them. The extrema of ky, k,,..., ks generally differed
by 8 to 10 orders of magnitude. Preliminary numerical experiments quickly
showed that for the model to yield physiologically reasonable results,
the values of the dimensionless parameters would have to be confined
to considerably narrower ranges. We shall discuss each of the parameters
in detail.

ky: This parameter is the ratio of the water permeability of the channel
wall (SLX) to the axial diffusion permeability of the channel (4,,,, D/X).
The larger this ratio is, the greater is the flux of water across the wall;
this leads to more rapid osmotic equilibration of the channel fluid.

The minimum value of k£, occurs when (SLX) is minimum and (A4,,,, D/
X) is a maximum. The channel length X we estimated from micro-
graphs [25] to lie between 30 and 100 p. For the circumference S we note
that Diamond and Bossert have estimated the widths of channels in trans-
porting epithelia, and quote values from 0.01 to 1 p[10]. If we assume
that these values are for near maximally distended channels having approx-
imately circular cross-sections, the circumference ranges from 0.05 to 5 p.
From these same estimates- of channel width, we find that the value of
A, lies between 10~ 1% and 10~ & cm?.

The diffusion coefficient D for NaCl in free solution at low con-
centrationsis 1.47 x 10~ > cm?/sec [26]. However, in these restricted chan-
nels, the value may be somewhat lower. For example, Spring [30] assumes
that the value may be only 1/5 of its free solution value. We would
expect D, then, to lie between 0.3 x 10~ ° and 1.47 x 10~ ¢m?/sec.

Numerical values of the wall permeability L are the least reliable of
the parameter values. A possible guide is the overall hydraulic permeability
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of the epithelium. Ullrich [33] cites experimental measurements of rat
proximal tubule permeability in the range 1.5x 107 to 7.3x 10" ¥ cm
sec” ! mm Hg™ !. Since a part of the flow measured in those studies may
have been through the tight junction-intercellular channel and not through
the cell, these values would overestimate the cell membrane permeability.
We thus estimate that the value of L will lie between 10~ *° and 10”7 cm
sec” ! mm Hg™'.

Using these values, we find that the range of SLX is from 1.5x 107 '8
to 5x 1073 ¢cm3 sec”'mmHg !, and the range of A, D/X is from
3x 10716 to 5x 1071 cm?® sec™!. Using these extrema, the range of k;,
is from 2x 107 % to 1 x 107.

k,: The parameter k, is the ratio of the rate at which solute is pumped
into the channel to the rate of axial diffusion. One estimate of the range
of values of N, is given in Ref. [14] as 107 ° to 107 '* osmoles per sec
per cm? of channel wall area. The channel wall area SX lies between
1.5%x 1078 cm? and 5% 107 % cm?, so the value of N, will-lie between
10~ ** and 10~ 2% osmoles/sec. Since mammalian proximal tubule shows
a high transport rate, we shall confine our studies to the higher values,
and even extend the range, so N, will be in the range 107'¢ to 10713
osmoles/sec.

Using this range for N, and the range of (A4,,,, P/X) determined above,
we find that the value of k, will lic between 10~ 2 and 10°.

ks, k4 These are the ratios of the equivalent end membrane hydraulic
permeabilities to the total channel wall hydraulic permeability. Although
the hydraulic permeability of the basement membrane has been determined
in one experiment [35], the geometry of the basement membrane process
is sufficiently indeterminate so that we were unable to assert a definite
value for the total membrane permeability. At the tight junction, even
less is known of the properties. Because of these uncertainties, we chose
to look at the system behavior when the hydraulic permeabilities were
substantially larger or substantially smaller than the side wall permeabili-
ties. Accordingly, we allowed k5 and k, to take values between 10.0
and 0.01. . ,

ks, k¢: These are the ratios of the solute permeabilities of the basement
membrane and the tight junction membrane, respectively, to the axial
diffusion permeability of the channel, 4, D/X. As with the hydraulic
permeabilities, reliable data are lacking; so we allowed these parameters
to assume values between 10.0 and 0.01. »

k-, kg: These dimensionless constants are the osmotic reflection coeffi-
cients of the tight junction channel and the basement membrane, respec-
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tively. We assumed a value of 0.3 for k,, and for kg we assumed 0.01.
We shall show later how the values of these parameters affect the system
behavior.

In order to choose a representative set of values, we varied the pa-
rameters within the ranges given above until the solution satisfied two
criteria:

1. The reabsorbate must be essentially isotonic, which we have defined
as being within 2% of exact isotonicity.

2. Thereabsorptive flow must be responsive to changes in the transepithe-
lial pressure difference; Spitzer and Windhager [29] show that where
the peritubular oncotic pressure is increased from 0 to 30 mm Hg,
the reabsorptive flow increases by approximately 25 percent. If we
assume that interstitial pressure varies directly with capillary pressure,
then we set this response as a goal for the model.

Preliminary numerical studies led us to select the following set of
dimensionless parameters, which satisfy the criteria reasonably well:
k=120, k,=0.03, k3=1.0, k,4=0.1, k5=0.05, ks=1.0, k;=03,
k=0.005. The results discussed in the following paragraphs were obtained
using this reference parameter set. The value of N, the total solute pump-
ing rate, was taken to be 10~ '> osmoles/sec. In all the simulations we
carried out, lumen pressure was held constant at 10 mm Hg, and interstitial
pressure was allowed to vary from 10 to —30 mm Hg. The convention
used to define the pressure difference was lumen pressure minus interstitial
pressure. A pressure difference of 0 mm Hg means that both lumen and
interstitial pressures are 10 mm Hg; a pressure difference of 20 mm Hg
means that lumen pressure is- 10mm Hg and interstitial pressure is
—10mm Hg. Except in one set of simulations where cell hydrostatic
pressure was deliberately varied, the cell pressure was assumed to be the
same as lumen pressure, or 10mm Hg. The reason for assuming cell and
lumen pressure to be the same is the finding that the basement membrane
by itself accounts for virtually all of the elastic properties of the isolated
perfused proximal tubule [35].

Figs. 3 and 4 show the channel concentration and volume flow rate
profiles at transmural hydrostatic pressure differences of 0 and 20 mm Hg.
In both cases, the NaCl concentration is nearly constant along the length
of the channel. Since the rate of active transport is the same in both
cases, the concentration is a function primarily of the volume flow rate;
the higher theflow rate, the lower the concentration. The channel con-
centration is less than isotonic at 20 mm Hg transmural pressure difference



Pressure-Modulated Reabsorption 319

2 .
o 3010F
'—
;I: AP=0mm Hg
'_
> ~
x .3005 /
S
2o
o =2
o
A4 OO —eorm — — e ————— .
o 8‘.3000 - -
Z m——
<Z[ AP=20mm Hg
g 2995 1 ) [ TR T W 1
0 .2 4 .6 8 - 1O

FRACTIONAL DISTANCE

Fig. 3. Channel concentration profiles for two transmural pressure differences. The parameter
set is the reference set as given in the text
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Fig. 4. Channel flow profiles for two transmural pressure differences. The parameter set
is the reference set given in the text:

(and also at larger pressure differences) because the volume flow through
the tight junction is from lumen to channel, and the fluid that enters
the channel at the tight junction is hypotonic. The channel NaCl con-
centration declines near the tight junction at 0 mm Hg transmural pressure.
This decline reflects the loss of NaCl by diffusion through the tight junc-
tion. : :
At both 0 and 20 mm Hg transmural pressure difference, volume flow
rate increases nearly linearly with distance. The curve for 0 mm Hg has
a slight upward concavity near the tight junction in the same region
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where the NaCl concentration declines. The continuous increase of the
volume flow rate arises from the failure of the net driving force on water
to vanish, which is in turn due to the use of a uniform distribution of
pumps along the channel. Other pump distributions can yield nonlinear
volume flow curves and can permit equilibration of hydrostatic and
osmotic pressures across the cell membrane in the vicinity of the base-
ment membrane (vide infra).

The values for volume flow rate at a fractional distance of 1.0 are
the values for reabsorption by the entire channel system. For the two
transmural pressures shown in Fig. 4, the emergent flows differ by
1.03 x 10~ 12 ml/sec, while at the tight junction, the flows differ by only
0.61 x 10~ 12 ml/sec. For the choice of parameters used here, the response
of the system to a change in transmural hydrostatic pressure is mediated
in part by an alteration of the rate of fluid flow through the tight junction,
and in part by an alteration of the rate of NaCl diffusion through the
tight junction. The rate of fluid flow through the tight junction is propor-
tional to the sum of the hydrostatic and effective osmotic forces acting
across that boundary. Reducing interstitial hydrostatic pressure (increas-
ing the transmural pressure difference) reduces channel hydrostatic pres-
sure and so tends to increase fluid flow from lumen to channel. This
effect serves to reduce channel NaCl concentration, so that diffusive NaCl
flux through the tight junction is reduced. More NaCl is therefore available
to exert an osmotic effect on the cell membrane bounding the channel.
Thus, despite the fact that the channel NaCl concentration is less when
the transmural pressure is 20 mm Hg than when the pressure is 0 mm Hg,
the net driving force moving water across the cell membrane is actually
greater with the transmural pressure of 20 mm Hg. Near A=1, the sum
of the hydrostatic. and osmotic pressures is 7.4 mm Hg at a transmural
pressure difference of 20 mm Hg, but only 6.9 mm Hg with the transmural
pressure at 0 mm Hg.

. A striking feature of these results is that the osmotic and hydrostatic
forces are of the same order of magnitude. The conventional view of
forces governing water movement across cell membranes is that osmotic
forces are larger than hydrostatic ones. Yet whenever we changed pa-
rameter values in an effort to raise the channel NaCl concentration, the
channel hydrostatic pressure would rise to physiologically unreasonable
levels, and the system would lose sensitivity to changes of transmural
hydrostatic pressure in the range known to be effective with the proximal
tubule. Clearly, the channel hydrostatic pressure rises under these circum-
stances because of the driving force on water movement across the cell
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Table 1. Values of system variables-obtained ‘using‘th‘e reference set of parameters.

Transmural — Flow Emergent  Channel Channel

pressure * (ml/sec) osmolality — pressure area

(mm Hg) (osm) (mm Hg) (relative)
0 ' 2.83x 107 12 0.301 16.2 0.63

10 3.35%x 10712 0.299 73 0.44

20 3.86x 10712 0.298 — 1.6 0.28

30 434x 10712 0.296 —10.6 0.15

40. 4.80x 107 12 : 0.296 —19.7 0.08

membrane exerted by the high NaCl concentrations. But as channel hy-
drostaticpressurerises, changes of transmural hydrostatic pressure by some
fixed amount, say 20 mm Hg, have a progressively smaller fractional effect
on channel hydrostatic pressure. Our results suggest, therefore; that sensi-
tivity of flow rate to the transmural hydrostatic pressure difference requires
that the channel NaCl deviate only slightly from isotonic levels. Machen
and Diamond [23] estimated NaCl concentrations in intercellular channels
of rabbit gallbladder and concluded that the deviation from isotonicity,
though real, was small.

Table 1 lists the values of certain system variables, computed with
the reference parameter set. The rate of reabsorption varied nearly linearly
with the transmural hydrostatic pressure difference; the sensitivity of flow
to pressure was somewhat greater than the value reported by Spitzer
and Windhager [29]. Emergent osmolality varied slightly, but remained
within 2% of isotonicity. Channel hydrostatic pressure tracked interstitial
pressure, always remaining higher than interstitial pressure. The relative
cross-section area of the channel declined with increasing transmural hy-
drostatic pressure, because the change of channel hydrostatic pressure
altered the hydrostatic pressure difference between the cell and the channel..
Atatransmural hydrostatic pressure difference of 0 mm Hg, channel pres-
sure exceeded cell pressure, while at transmural differences of 10 mm Hg
‘or greater, cell pressure exceeded channel pressure.

In the following sections, we shall discuss the sensitivity of the system
to our choice of parameters and also to our assumptions regarding the
geometry.

A. Parametric Sensitivity

* In this section we shall discuss the effects on system performance
of changing the values of the dimensionless parameters over a wide range,
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usually four orders of magnitude. In all cases, we assume that the end
membrane areas remain constant, and that the channel compliance is
stiff (£=0.083). For all the parameters except k,, the pumping rate is
assumed constant at 10™ !° osmoles/sec; for k,, the parameter value is
assumed to change in response to changes in the pumping rate.

ky: An increase in k, corresponds to an increase in the channel wall
permeability relative to the axial diffusion permeability. When &, is small,
little water enters from the cell, hence the channel fluid becomes hyper-
tonic. The emergent fluid is hypertonic, since the hypertonicity of the
channel fluid results in a large diffusive flux into the interstitium, and
the convective flow is small compared to this diffusive flux. As k, increases,
the channel fluid approaches isotonicity so that convective flow is large
compared with diffusive flow, and a near isotonic reabsorbate results.

Table 2 shows how the system response changes when k, takes on
values 0.01, 0.1, 2, and 3.0 times its reference value. When k; is small,
the hypertonicity of the channel fluid results in high hydrostatic pressures.

When k,; becomes very large (greater than about 40), the solution
becomes unstable near the ends of the channel. The extremely high wall
permeability leads to hydraulic equilibrium along the channel, while the
permeabilities of the end membranes lead to solute concentrations not
at hydraulic equilibrium with the cell. These conditions are not compatible
with the model assumptions of no radial concentration gradients and
uniform equivalent end membranes. Thus, for high values of k4, the model
of the end processes: would have to be recast as a partial differential
equation system. Although this is computationally feasible, its imple-
mentation would require considerably more morphological data than are
now available. We shall thus limit the discussion to those results shown
to be compatible with our model.

k,: The changes in the system operation as k, changes are shown
in Table 3. The value of k, is proportional to the solute pumping rate.
With small to moderate increases of k, over the reference value, water
flow through the cell wall can increase sufficiently so that the emergent
fluid remains isotonic. When k, becomes very large, however, the channel
fluid becomes hypertonic, both channel pressure and emergent osmolality
increase markedly, and the sensitivity of flow rate to transmural hydro-
static pressure declines. The channel fluid becomes hypertonic at high values
of k, because convective flow is insufficient to sweep out all the NaCl
being pumped; the channel concentration rises until additional diffusive
flow develops across the basement membrane and tight junction to ensure
mass balance. The reabsorbate becomes hypertonic because of the aug-
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mented diffusion of NaCl across the basement membrane, and also because
the concentration near the basement membrane is hypertonic, so that
even the convective flow becomes hypertonic. The channel pressure rises
because of the increased rate of fluid flow into the channel, and because
of the limit to the dilatation of the channel imposed by the compliance.
The loss of sensitivity to variations of transmural pressure when k, is
high can be attributed to the high channel hydrostatic pressure. If the
channel pressure is of the order of several hundred mm Hg, variations
of transmural pressure within the physiological range of interest will induce
trivial fractional changes in the channel pressure, and the performance
of the system will not be altered significantly. Only when the channel
pressure has approximately the same value as the hydrostatic pressures
in the structures that border the channel will transmural pressure exert
significant control over the rate of fluid reabsorption.

ks The value of k5 is proportional to the value of the basement
membrane hydraulic permeability. As shown in Table 4, when k5 is de-
creased, fluid encounters greater resistance as it flows into the interstitium,
and channel pressure rises. The rise in channel pressure opposes water
movement from the cell, so that the rate of fluid reabsorption falls, channel
NaCl concentration rises, and the reabsorbate becomes hypertonic. If
the value of k5 is above approximately 0.5, however, the reabsorbate
is very nearly isotonic. Increasing k5, in reducing the outflow resistance,
allows the rate of fluid flow into the interstitium to increase modestly.
Major increases of k3 have little effect on the performance of the system.

k4: Changes in k, reflect changes in the tight junction hydraulic per-
meability; the effects are shown in Table 5. When k, is reduced from
its reference value, water flow through the tight junction declines. When
the transmural hydrostatic pressure difference is 0 mm Hg, the fluid flow
is from channel to lumen; reducing k, therefore forces the flow that
would have crossed the tight junction to move instead across the basement
membrane, so that total reabsorptive flow increases. When the transmural
pressure difference is 20 mm Hg, the flow at the tight junction is from
lumen to channel; reducing k, therefore eliminates this flow and the
reabsorptive rate declines. Sensitivity to variation of transmural hydro-
static pressure declines as k, is reduced, because of the lost ability of the
system to move water through the tight junction. Some sensitivity is
retained, however, because the diffusion of NaCl through the tight junction
continues despite the reduction of fluid flow through the tight junction.

When k, becomes larger, fluid flow through the tight junction becomes
more sensitive to variations of transmural hydrostatic pressure. When



R.E. Huss and D.J. Marsh

326

BH W Jo 21nssdId TRINWSURI) 18 3101 MOJJ oY) AQ PIPIAID S wu (7 Jo 8:%8& J GAS
"SOSED & 10F 33s/$oj0Ws0 ;01 =°N ‘ores Surdwnd o1nfog ‘191 21 UT PIST] 195 F0UIJAT ) JO S804 91k sidjourered WI0)SAs 19710 Y} 10] SONJRA O], 4

nuwsue.

1) 1% 9181 Moy 9AndIosqesI o) St POIBMOED) 4

WNWIXeW JO uonoel)

91°0 050 L10 0 8T0 £9°0 98°0 60 €860  $860 “BaTE UOTIIIS-SS010 [OUULY))
0°01— 101 I'6~ L0l 91— 9L Lig SO 68 09 Y Wi ‘axnssard one1soIpAy puuey)
L6T0 000  L6TO  00E0 860  IOE0 . 80£0  SIED OO0 ObKD JBJOWSO ‘ANIRIOWSO JULFIoWIY
sel Se'l 9¢'1 Lel et 953121 40[] aA1dI0SqeaI Jo oney

1€ 81°¢ ey . ste 98¢ €87 161 o1 910 TETO 7701 % (99s/[wr) orer moyy aandiosqesy

: SY ur ‘eousrofyip axnssoxd

0T 0 0c 0 0T 0 0T 0 0T 0 YLISOIPAY TRINWSTURL];
0°001 001 01 1o &y

100

LANMqeaniiad ofnRIPAY SUBIQUSTE JUIWOSE] SSI[UCISTOWIP 3] €y JO UOIIRLILA O} 20UEWIOIAd WaISAS JO ANAISUSS ' o[qel



327

Pressure-Modulated Reabsorption

S ww  Jo omssard [EMWSULI). 18 918I MO} oY) Aq PIPIAIP- SH W (o7 JO dnssad [eINWSUES) Y& 0ex MO[J 2ATIdI0SqRSI o1} SE PAIRIMI[E) o
S o T . 'S9SBD [[€ JOJ

908/$9[0TS0 , _0T==‘ON ‘@1e1 Suidwmnd oinjo§ "yxe) &Yy UL PaISI] 198 90ULIRJRI S} JO 2sOY) 2xe sivowered Ta)sAs JOUI0 IY)- I0) SAN[BA YL .

wWawIxel jJo uooeyy

o 850 E0 090 8T°0 £9°0 92°0 £9°0 970 £9°0 “2aJe UOIIIS-SS0ID [OUULT)
6S g€l 0C [y 91— 791 r'c— 91 y'T— #'01 3 ww ‘omssaxd onEIsoIpAY PUULY)
6620  TOE0 8670 T0£0 860 1060 86T0 10£0 8620 . T0€°0 TR[OWSO “AN[R[OWSO USBIoWY
1Ty 6£°C 9¢'1 171 611 4S3TBI MOTJ dA1IdI0SqET JO Olfey

0€'L €Ll 'S T€'C 98¢ €87 £5°¢ 6T ov€ £6'C 2107 x (098/Tur) dyex Moy oandiosqeayy
SH W ‘90uaIojIp 2Inssaid

0T 0 0T 0 0T 0 o 0 0T 0 O1BISOIPAT] [PINWISUEIT,
001 01 10 100 100°0 vy

LAnpqeswad ornespAy uonounf 1yS1) SSI[UOTSUSWIP U3 7y JO SUONIBLIEA 0) souewrrojrad wWasAs Jo bgu_m:om, "¢ 9Iqe],



328 R.E. Huss and D.J. Marsh

the transmural hydrostatic pressure difference is 0 mm Hg, the magnitude
of the fluid flow from channel to lumen is increased, so less fluid is
available for the formation of the reabsorbate. When the interstitial hy-
drostatic pressure declines, the flow is from lumen to channel; when k4
is large, this flow is large, and since the tight junction flow is added
to the fluid in the channel, the reabsorptive rate increases. Thus, the
sensitivity of reabsorptive flow depends heavily on the value of k,, over
a range of values spanning four orders of magnitude. The criterion we
used for selecting the reference value was that it yielded a reasonable
fit to the limited data available.

ks: A change in the solute permeability of the basement membrane
has little effect on the system operation, as can be seen from Table 6,
until k5 becomes large (on the order of 0.5); at that point, emergent
osmolality becomes anisotonic. The reason for this effect is that the con-
centration of NaCl near the basement membrane need not be strictly
at isotonic levels. When ks takes on very high values, diffusive flow across
the basement membrane increases to numerically significant levels, and
determines emergent osmolality. Provided that ks is sufficiently small,
the system is insensitive to the exact value chosen for the parameter.

ke: The NaCl permeability of the tight junction is proportional to k.
If k¢ is small, there can be little back diffusion through the tight junction,
and solute pumped into the channel can leave only by crossing the base-
ment membrane. Thus, as shown in Table 7, reducing k¢ when the trans-
mural hydrostatic pressure difference is 0 mm Hg increases the rate of
fluid reabsorption because NaCl is now unable to diffuse from channel
to lumen. In contrast, when the transmural pressure difference is
20 mm Hg, the concentration gradient across the tight junction favors
NaCl diffusion into the channel; reducing k¢ eliminates this source of
NaCl, and less is available to extract water from the cells to form the
reabsorbate. The overall effect of reducing k¢ is to reduce the sensitivity
of the system to changes of the transmural hydrostatic pressure difference.
Increasing k¢, on the other hand, exaggerates the diffusive flux, whatever
its direction, and increases the sensitivity to changes of transmural pres-
sure. Since there is now abundant evidence that NaCl crosses the tight
junction [3, 9, 11-14,17, 27, 30], k¢ must be assigned some nonzero value.
The value we selected provides a reasonable fit to the data available.

k-: Increasing the tight junction reflection coefficient has the effect
of reducing the sensitivity to transmural pressure changes. The magnitude
of this effect is shown in Table 8, where k- is varied from 0.01 to 0.99.
As k- increases, the effective osmotic pressure across the tight junction
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increases. Thus, when k- is 0.1 and at 0 mm Hg transmural pressure,
net water flux across the tight junction is from channel to lumen; when
k4 1s 0.9, the water flux is in the opposite direction. With the reference
set of parameters, the sensitivity of reabsorptive flow to transmural hydro-
static pressure depends in part on the water flux across the tight junction.
As k- increases, the hydrostatic pressure difference across the tight junction
becomes a smaller fraction of the total driving force on the water flux,
and the sensitivity declines. Conversely, when k- is near zero, the effective
osmotic pressure difference across the tight junction is small, the hydro-
static pressure difference is the principal determinant of water flow through
the tight junction, and the sensitivity to transmural pressure is enhanced.
As with the other tight junction parameters, the value of k, has no signifi-
cant effect on emergent osmolality.

kg: The value of the basement membrane reflection coefficient has
very little effect on the reabsorption rate, but it is a principal factor
in determining the osmolality of the reabsorbate. If kg is large (greater
than about 0.05), the reabsorbate is mgmﬁcantly hypotonic. These results
are shown in Table 9.

B. End Membrane Conditions

In the derivation of the equations, we assumed that the area of both
the basement membrane and the tight junction membrane remain constant.
In this section, we examine the consequences of allowing these arcas
to be variable. For the variable basement membrane, the dimensionless
boundary value equations corresponding to Egs. (35) and (36) are

2(0)=k,r[ @y — P +k,;7(0)] (42)

and
k ' 0)
50 [l + 045 2] - 0= ~ks100) @)
For the variable tight junction, the eduations are

(1) =k r[®— Bps—kg p(1)] (44)
and ‘ ’

5o [ e+ (1419 ] = ) =k 45)
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Fig. 5. Emergent flow as a function of the transmural pressure difference for all four combina-
tions of end membrane geometries. B.M.=basement membrane, T.J.=tight junction,
Vbl. = variable

In all cases, the dimensionless parameter values, compliance function,
pumping rate, and pump distribution function are unchanged from the
reference case. Fig. 5 shows the flow as a function of transmural pressure
for all four combinations of end conditions. The Figure shows that when
the tight junction is variable, the flow seems to approach a saturation
value. This is due to the reduction in the tight junction area as the channel
area decreases with increased transmural pressure. The reduced area thus
reduces the solute and water fluxes through the tight junction, hence
flow modulation is more difficult. At very small areas, this modulating
flux is éffectively cut off.

Allowing the basement membrane area to vary with channel area
has a similar effect, though not so pronounced. Reducing the-area has
the effect of reducing the permeability of the basement membrane relatlve
to the fixed area case, hence the flow is reduced.

The choice of geometry of the tight junction has little effect on the
emergent osmolality. When the basement membrane is held fixed, the
emergent osmolality ranges from 0.301 at 0 mm Hg transmural pressure,
t0 0.296 at 50 mm Hg transmural pressure. When the basement membrane
is variable, the same pressure Varlatlon leads to a change in osmolality
from 0.301 to 0.298.

There has been some speculation that the mechanism of flow modula-
tion by hydrostatic pressure is a variation in tight junction solute permea-
bility induced by changes in cross-section area of the channel [17]. Our
results show that the tight junction need not' vary its permeability to
account for the known behavior of this system. Moreover, given the
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assumptions of our model (constant pumping rate, symmetric compliance
function, constant channel circumference, etc.) we conclude that the tight
junction geometry should remain constant to provide the type of flow
modulation observed by Spitzer and Windhager [29]. However, no such
conclusion can be reached regarding the basement membrane. Although
some curvature of the response function is apparent, the curve does not
differ radically from the limited experimental data available. Thus, it
is still possible that the actual system responds to alterations of transmural
hydrostatic pressure with a variation of the basement membrane area.
The choice of fixed basement membrane area as the reference case is
therefore arbitrary.

C. Pump Distribution

We initially assumed that the pumps were distributed uniformly over
the length of the channel. We tested three other distributions to determine
whether the choice of a distribution function influenced the results. First,
we assumed that the pump density decreased uniformly from the tight
junction to the basement membrane; second, we assumed that the density
decreased parabolically from the tight junction to the midpoint of the
channel, with no pumps on the second half; third, we distributed all
the pumps uniformly over the first 10% of the length, following the model
of Diamond and Bossert [10]. The four distributions are displayed
in Fig. 6. : ‘

Shown in Fig. 7 are the concentration profiles along the channel for
each distribution, for a transmural pressure difference of 0 mm Hg. The
system performance variables for all four distributions are shown in
Table 10. These values show that changing the distribution only mildly
affects the operation of the system. Such differences as do exist are due
to increases in the diffusive backflux into the lumen as a result of moving
the pumps closer to the tight junction.

Fig. 8 shows the concentration profiles at a transmural pressure of
20 mm Hg. In this case, all the distributions result in a hypotonic channel
fluid near the serosal end of the channel. The cases where the pumps
are concentrated near the luminal end have a higher concentration near
the tight junction, hence diffusive backflux is greater than for the case
of uniform distribution. This results in a higher solute backflux into the
lumen. The greater hypotonicity results from the fact that no. pumps
exist on the later portion of the channel in two of the cases; thus, the
system can reach hydraulic equilibrium with the cell. When pumps .are
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Fig. 9. Flow profiles for four pump distribution functions. Transmural pressure
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located all along the channel, equilibrium is not reached, and the osmolality
is somewhat higher.

Fig. 9 shows the flow profiles over the length of the channel, for
zero transmural pressure. The rate of change of flow is proportional
to the local concentration difference between channel and cell; thus the
flow curves follow directly from the concentration curves of Figs. 7 and 8.

D. Compliance

The model behavior was examined for various values of the compliance
parameter £. Three values were used: the standard value, 0.083, an ex-
tremely stiff value, 0.01, and a very compliant value, 0.44. The system op-
eration changed negligibly over this range; the lack of sensitivity is due
to the fact that the flow is determined by the channel pressure. The area
adjusts by the particular compliance function being used.

We also tested the compliance function using a variable basement
membrane. Fig. 10 shows the response curves for three values of £. As
the channel becomes softer (¢ becomes larger), the response curve departs
more from linearity. When the channel compliance is very soft, the channel
is either nearly completely open or nearly closed; there is only a very
small pressure range where the area occupies intermediate values. In this
case, the channel pressure is relatively insensitive to transmural pressure.
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Fig. 10.. Emergent flow for two basement membrane geometries and various compliance
functions. The tight junction area is fixed in all cases. B.M. basement membrane,
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This insensitivity is also reflected in the channel solute concentration,
which changes little; thus, the reabsorption rate also becomes insensitive
to transmural pressure. On the other hand, when the channel is extremely
stiff, there is very little change in area with transmural pressure, but
the channel pressure changes nearly as much as the transmural pressure,
and the system responds very well to changes in transmural pressure.
However, the channel area remains virtually constant, and micrographic
data for different transport rates indicate that significant area changes
do occur, at least in the jejunum [11]. Hence, we would reject the very
stiff compliance function in conjunction with the variable basement mem-
brane. For the case of fixed basement membrane area, the insensitivity
of the response function to the compliance curve permits no precise estima-
tion of £. In view of the number of parameters in this model, the fact
that the performance is insensitive to one of them is to be counted as
a positive advantage.

E. Cell Pressure

In our original analysis, we assumed that the cell pressure would remain
constant and equal to the lumen pressure for all values of interstitial
pressure. However, the cell itself will be a reactive element of the system,
so we tested the effect of a variable cell pressure by allowing the cell
hydrostatic pressure to equal the arithmetic mean of the lumen pressure
and the channel pressure. Table 11 shows the resulting values of flow,
emergent osmolality, channel pressure, and channel area for this conﬁgu-
ration and for the reference case.
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Table 11. Sensitivity of system performance to assuming cell hydrostatic pressure fixed or

variable

Transmural Flow Emergent Channel pressure  Relative
pressure (mlfsec) x 10~1%  osmolality (mm Hg) channel area
(mm Hg)

“Variable Fixed Variable Fixed Variable Fixed Variable Fixed
0 2.89 2.83 0.301 . 0.301 16.3 162 0.57 0.63
10 3.32 3.35 0.300 0.299 7.2 73 047 0.44
20 3.74 3.86 0.299 0.298 - 19 — 16 038 0.28
30 4.17 4.34 0.298 029%. —11.0 —106 0.30 0.15
40 4.59 -4.80 0297  0.296 —-20.1 —19.7 0.22 0.08

In the case of a variable cell pressure, there is little change in the
channel pressure, but a significant change in the channel area. The de-
creased sensitivity of area results from the decrease in the pressure difference
between cell and channel compared to the fixed cell pressure case.

A further consequence of this decreased cell-channel pressure difference
is the reduced sensitivity of emergent osmolality to decreases in the intersti-
tial pressure. When the cell pressure decreases along with the channel
pressure, the anisotonicity of the channel fluid is less than in the fixed
cell pressure case. Thus, the convective flux is more nearly isotonic, and
the diffusive flux is reduced.

The response of this system is very nearly linear, but the sensitivity
of flow to changes in transmural pressure is somewhat lower than that
in the fixed cell pressure case. In the fixed case, changing transmural
pressure from 0 to 20 mm Hg results in a 36 percent increase in flow;
when the cell pressure is allowed to vary, only a 29 percent increase occurs.
In general, the degree to which the Cell pressure changes with changes
in 1nterst1t1a1 pressure has relatively little influence on the operation of
the system.

Discussion

There-are seven experimentally established facts about the behavior
of the tight junction-intercellular channel complex in the proximal tubule
and similar epithelia that are useful in formulating our model or in judging
its fidelity. These are:

1. The reabsorptive rate can be reasonably well estimated under normal
circumstances [15]. This rate was used to provide an estimate of k,, which
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is proportional to the rate of active transport, since the isotonicity of
the reabsorbate creates a direct dependence of the volume rate of reabsorp-
_ tion on the rate of active transport.

2. The reabsorbate is isotonic under every experimental circumstance
thus far examined [20, 34, 37]. In the proximal tubule, where roughly
two-thirds of the glomerular filtrate is reabsorbed, the tubular fluid has
never been found to be anisotonic, a fact that implies that an isotonic
fluid has been reabsorbed from the isotonic filtrate. The experimental
technique used to establish this fact has been measurement of the freezing
point depression. These measurement techniques, as they are practiced
in renal micropuncture laboratories, have an error of +2-3%. Regardless
of the choice of pump distribution and other parameter values used,
there was some dependence of reabsorbate tonicity on reabsorption rate.
The range of computed tonicities was within the limits of uncertainty-
of the measurement methods, however, so that the model conforms to
the known behavior of the system. The dependence of reabsorbate tonicity
on reabsorptive rate arises from the variation of channel hydrostatic pres-
sure with reabsorptive rate. In general, any change in the- system that
raises channel pressure leads to an increase in reabsorbate tonicity.

3. Variations in the transmural hydrostatic pressure difference, usually
imposed by changing the protein concentration in plasma perfusing the
peritubular capillaries, cause changes in the rate of isotonic fluid variations.
Increased transmural pr‘essure enhances the rate of reabsorption, while
decreased transmural pressure decreases reabsorption [4-8, 11, 16, 17,
21, 24, 29]. The model results reflect these changes. Since reabsorptive
rate and transmural pressure differences have not been measured simul-
taneously, it is not possible to compare the responsiveness of the model
with that of a real epithelium. We have assumed that there is a linear
relationship between peritubular plasma oncotic pressure and interstitial
pressure, and have sought to match the performance of the model to
the data of Spitzer and Windhager [29], who perfused peritubular capil-
“laries with synthetic plasmas and measured the effects on fluid reabsorp-
tion. The relationships between capillary variables and interstitial pressure
may be nonlinear, but we have elected to ignore this possibility in the
absence of specific indications to the contrary. Thus, because Spitzer
and Windhager [29] found a linear relationship between plasma oncotic
pressure and reabsorption rate, the model was tuned to yield a similar

- relationship. The feature that permits this linearity is the constancy of
the permeability-surface area product of the tight junction membrane.
Future experiments may reveal a more complex relationship between trans-
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mural pressure and reabsorption rate; for the present, the model suggests
rejection of the notion that the properties of the tight junction change
in response to variations of transmural pressure.

4. Sugar molecules as large as sucrose and raffinose pass through
the tight junction [1, 15, 22, 30]. We interpret this result to mean that
water can also cross the tight junction, so that the value of k,, which
is proportional to the water permeability of the junction, is not zero.
A consequence of assigning some positive value to k, is that flow of
water through the tight junction becomes a significant phenomenon in
the modulation of reabsorption by transmural pressure.

5. The tight junction provides a pathway for the passage of NaCl
This assumption, which is a major departure of our model from that
of Diamond and Bossert [10}is supported by a good deal of electrophysio-
logical evidence in proximal tubule of the rat [27] and of Necturus [3, 30],
in the small intestine [11], and in the gallbladder [13]. This evidence sup-
ports the decision to assign a nonzero value to kg, the dimensionless
NaCl permeability of the tight junction. It should be understood that
the modulation of the diffusive flux of NaCl through this pathway is
an absolute requirement for maintaining near isotonic reabsorption while
transmural pressure is being manipulated. With a constant pumping rate,
isotonic reabsorption is compatible with a variable rate of reabsorption
only if the NaCl flux through the tight junction adapts to the transmural
pressure difference. In our simulations, the direction of this flux can change
from channel to lumen at low flow rates to lumen to channel at high
flow rates. Whether the flux changes direction in life remains to be deter-
mined, but that it must change in magnitude to ensure isotonicity seems
certain. : ' :

6. The cross-section area of the channel increases with decreasing
transmural pressure in the model, because reducing the transmural pres-
sure difference diminishes the pressure difference driving fluid from the
channel into the interstitium, and the channel therefore distends. Electron-
micrographic evidence supports this finding for the small intestine [11],
but is inconclusive in the proximal tubule [7, 31]. The permeability of
the proximal tubule tight junction-channel complex to sugars [1, 22] and
the electrical conductivity [3, 27, 30] increase with decreasing transmural
pressure. These changes have been interpreted as reflecting dilatation of
the channel. The model results are consistent with such interpretations;
a dilated channel will offer less diffusive resistance to sugars than a narrow
channel, and 4 dilated channel with an elevated NaCl concentration will -
be more conductive than-a narrow channel with a lower. NaCl con-
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centration. The simulations show that the dilatation is governed to a
large extent by the value of the compliance parameter, while the perform-
ance of the system is otherwise indifferent to this choice. Thus, the
failure to find significant variation of channel area with transmural pres-
sure is not critical in judging the general validity of the hypothesis that
flow modulation is carried out in the tight junction-lateral intercellular
channel complex. The results suggesting variations in channel cross-section
area have been important in the development of present thinking about
this system. So far as we can judge, however, this variation is only a
consequence of the hydrostatic pressure difference across the cell mem-
brane, and, at least in the steady state, has no important effects on the
operation of the system.

7. The cross-section area of the channel decreases with decreasing
pump rates. This phenomenon was first noted by Tormey and Dia-
mond [32]. In our simulations, reductions of k,, the dimensionless pumping
-rate, led to smaller channel cross-section areas, as shown in Table 3. While
these changes are not as extreme as those reported by Tormey and
Diamond, the use of a softer compliance could have made them so.

Because of the fact that the number of parameters exceeds the number
of quantitative experimental results, no unique solution can be found. The
sensitivity studies reveal that for certain of the parameters, namely ki,
ks, ks, kg and £, there is a range of values that enables the system to
behave in a manner consistent with experimental results. For each of
these parameters, any value within this range will suffice. The value of
k, determines the rate of reabsorption which is to be modulated by the
transmural pressure difference, and which is therefore known.

Three parameters change system performance over the entire range
of values studied — four orders of magnitude for k, and k¢, and 0.01 to 0.99
for k5. The exact value of each of these parameters matters very much
to the system, but there are no data that would permit assignment of
precise values. These three parameters constitute the set of phenomenologi-
cal coefficients for the tight junction membrane. From experimental
results, we know that NaCl diffuses through the tight junction, and from
the simulations it would appear that this diffusive flux must be altered
if the rate of isotonic reabsorption is to be modulated by transmural
pressure, so that k¢ cannot be zero.

Whether there is a water flux across the tight Junctlon remains to
be determined. The permeation of sugar molecules suggests there could
be significant water permeability although the magnitude of the water
permeability and of the reflection coefficient can only be estimated from
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such data with the help of specific physical models under the assumption
that tight junction movement is rate governing. As discussed above, there
1s some evidence that the channel and the basement membrane provide
some resistance to the flow of these materials. When the lumen of the
proximal tubule is perfused with solutions containing protein, the reab-
sorption rate is not affected. This result suggests cither that the water
permeability of the junction is nearly zero, certainly a real possibility,
or that the tight junction reflection coefficient for protein is nearly zero,
an unlikely possibility. The difficulty with the interpretation of experiments
in which proteins are brought in direct contact with the cell membrane
‘is that Donnan effects may alter cell function directly. Since we have
" held k, constant, the model could not predict such an effect. Thus, we
cannot answer the question of whether there is a water flux at the tight
junction. :

The question of tight junction water flow is important because the
results of our simulations suggest that a water flux can have a significant
amplifying effect on the diffusive flux of NaCl. When water flux is from
channel to lumen, as with a 0 mm Hg transmural pressure difference,
the tight junction water flux raises the channel NaCl concentration which
increases the diffusive backflux. Reversal of the water flux, as can be
produced by increasing the transmural pressure difference, lowers the
channel NaCl concentration below isotonic levels, so that the diffusive
flux is from lumen to channel. If the tight junction water flux is eliminated
by reducing the tight junction water permeability, the NaCl concentration
of the channel still rises. with diminished transmural pressure, and vice
versa, but the excursions of the NaCl concentration are less than when
water flows across the tight junction, and the sensitivity of reabsorption
rate to transmural pressure is therefore diminished.

The results of our simulations provide yet another reason for wanting
to determine the magnitude of the tight junction water flux. Table 6 shows
that the basement membrane solute permeability must remain below some
bound if reabsorption is to remain near isotonic. As shown in Fig. 3,
the NaCl concentration in the channel varies with transmural hydrostatic
pressure, creating a concentration gradient across the basement membrane.
If the diffusive flux is large relative to the convective flux, reabsorption
will not be isotonic for most values of transmural pressure. In order
to provide sensitivity of reabsorption to transmural hydrostatic pressure,
we assigned a value to the tight junction NaCl permeability that, as it
happens, is 20 times the basement membrane permeability. The surface
area of the basement membrane through which NaCl and water flow
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is undoubtedly larger than the corresponding surface area of the tight
junction. The relationship between the surface areas of the two structures
suggests that the tight junction should have the lesser of the two permeabili-
ties, but factors other than cross-sectional area can obv1ous1y determine
the permeability of a structure.

Even if both tight junction and basement membrane are 51mple neutral
channels, with a NaCl permeability ratio equal to the area ratio, it is
still possible to have the model meet the performance criteria of isotonicity
and pressure sensitivity by increasing the tight junction water permeability.
For example, if the tight junction NaCl permeability .is reduced to the
same value as the corresponding basement membrane parameter, and
the tight junction water permeability is increased so that it equals the
basement membrane water permeability, the reabsorbate remains isotonic
and the rate of reabsorption is sensitive to variations of transmural pres-
sure. The major difference between the model with this set of parameters
and the model with the reference set is in the path that water takes.
With the reference set and a transmural pressure difference of 20 mm Hg,
12% of the reabsorbate enters the channel through the tight junction
while the remainder crosses the lateral wall from the cells: With equal
permeabilities and a transmural pressure difference of 20 mm Hg, more
than 60% of the reabsorbate flow enters across the tight junction. As
the tight junction water permeability increases, the model comes to behave
as a simple hydraulic shunt. It is difficult to reconcile such large water
flows across the tight junction with the results of protein perfusion experi-
ments [16], and so we selected a set of parameters that minimizes but
does not eliminate these flows.
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